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PREFACE
Tissue engineering and tissue regeneration is rapidly expanding research
area which involves interdisciplinary approaches to the development of
regenerative medicine aimed at restoring and improving the functioning of
tissue as well as a whole organ. It brings together various disciplines from
material engineering, natural science and life science fields with the
intention to alleviate present challenges of harvesting and storing tissues
for transplantation. It has been demonstrated that adipose derived stem
cells possess versatile therapeutic potential in various clinical contexts such
as facilitation of wound healing, bone and cartilage regeneration and
rehabilitation of cardiac functions among others.
On the other hand material engineering has developed improved
procedures for preparation of nano-sized materials which emerged as
promising candidates in producing scaffolds able to better mimic the
nanostructure in natural extracellular matrix. Overall, nanomaterials exhibit
superior performance comparing to microparticulate matter. They exhibit
improved biocompatibile, mechanical, physico-chemical and magnetic
properties which advance tissue growth and regeneration.
The aim of this book is to address recent advances in the field and to review
the preparation and functioning of various nano-materials (nanoparticles,
nanofibers and the surface modifications of implantable materials) in the
biological context. Furthermore, the book summarizes the applications of
nano-materials to various tissues, which are classiﬁed into four types
depending on their functions: protective, mechano-sensitive, electro-active,
and shear stress-sensitive tissues.
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1.1. INTRODUCTION
Since 1994, when Cao et al. showcased their auricular implant grown on a
mouse’s back and thereby inspired the field of biomedical research with awe
[1,2], whole-organ engineering has been proof-of-concept and a growing
interest in the field of regenerative medicine. Whole-organ engineering
attempts concentrate on creating fully functional organs in vivo. Therefore it is
essential to deepen our understanding of the composition of individual tissues,
and the interfaces between tissue types. Besides offering a three-dimensional
physical structure to house the cells within a given tissue, the extracellular
matrix (ECM) also allows for signal transductions that direct the
morphogenetic process integrated into the tissue. Cell-surface receptor
binding sites found on ECM molecules promote cell proliferation,
differentiation, adhesion, migration and survival. Natural ECMs consist of
proteins and polysaccharides secreted by cells. Many of these molecules are
‘multimodal’, providing binding sites for both cell and ECM protein [3].
Comprehensive reports on specific natural ECM molecules and their respective
functions have been published [4-8]. ECM in organ systems comprises two
major components, which include the basal lamina and the stromal matrix.
Although ECM composition of various tissues can be dissimilar, the basal
lamina, found bordering epithelial sheets, primarily consists of collagen IV and
laminins, while stromal or interstitial matrices include diverse compositions
such as fibrillar collagen I or hyaluronic acid [3].
Incorporating natural materials into engineered tissues and organs has many
benefits. As described above these natural molecules provide functional cell
and ECM adhesion sites. In addition natural ECM molecules offer improved
biocompatibility over synthetic alternatives, as well as genetic conservation in
terms of use with xenogenic products [8,9]. Over the years, a shift has been
notable. Biomaterials have advanced from incorporating inert materials into
the body, to creating bioactive and bioresponsive material implantations, in
the pursuit of repairing organ functionality or regenerating tissue. The use of
natural ECM materials integrates all of these efforts.

The main focus of this chapter is to showcase the developments in whole-organ engineering, which reclaims natural tissue derived materials and
natural / synthetic blends in innovative ways (Table 1). In this chapter, we use
the tooth as an illustrative example of a developing organ, and discuss current
efforts and future applications toward whole-organ tooth engineering using
natural ECM molecules.
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Table 1. Natural extracellular matrix molecules incorporated into engineered organs
and tissues
Natural ECM components

Collagens

Gelatins
Hyaluronic acid/hyaluronan

Engineered
organ/tissue

Ref.

Cartilage
Blood vessels
Nerves
Ligament
Bladder
Teeth
Lymphoids

[2,42]
[44,48,49,117]
[45,125]
[54]
[55]
[82, 94-97, 133]
[121]

Blood vessels
Nerves

[42,117]
[125]

Skin
Blood vessels
Cartilage

Laminin

Peripheral nerves

Silk/fibroin

Skin
Ligament
Mineralized
osteodentin

[51,52,136]
[44]
[135]
[43]

Skin
Nerves
Cartilage

[53,136]
[73]
[135]

Chitin/chitosan

Cardiac muscle
Bone

[66]
[67]

Syndecan-1

Breast

Genipin

Fibrin

Perlecan

Cardiac muscle
Blood vessels
Lymph vessel

[53]
[54]
[92]
[66]
[71]
[69]

[123]

1.2. THE CURRENT STATE OF THE ART FOR NATURAL
SCAFFOLDS
Even though in an early stage, current progresses in engineering whole organs
with natural materials include decellularizing cadaveric or animal tissue for
scaffold use, electrospinning nanofiber scaffolds or functionalizing
environmentally
responsive
matrices
(Diagram 1).
Whereas
in
decellularization the 3D tissue architecture is reused, maintained and
4
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characterized, electrospun fibers and responsive materials attempt to recreate
functional niches for cells within a 3D-fabricated environment. These
technologies are thoroughly tested along a continuum from prototypical
in vitro models to human clinical studies. However, significant information can
be acquired through the incorporation of natural ECM molecules in all of these
efforts as we advance towards engineered whole organs.

Diagram 1. Schematic diagram summarizing the different natural scaffolds

1.2.1. Decellularization of tissue
Reconstructing a fully functional ECM remains an elusive task. Therefore,
decellularization, a gentle process of cell and associated nucleic acid debris
removal, has been used to create acellular scaffolds for tissue and organ
engineering. These scaffolds retain the original architecture of organs and
tissue interfaces, giving rise to a source of allogenic and xenogenic whole-organ grafts. Decellularization has been carried out on a variety of tissues of
various organs such as the urinary bladder, small intestinal submucosa, blood
vessels, heart valves, pericardium, tooth buds, trachea and esophagus, as well
as musculoskeletal regions such as the temporomandibular joint [9-22]. This
method of creating acellular scaffolds has resulted in commercial products and
tissue substitutes [23-27].
5
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As bioengineering methods advance towards the formation of more complex
geometries, the decellularization process has evolved to meet the strict
standards needed for allograft studies. As Gilbert et al. suggested, there is
variability amongst tissue types in terms of effective decellularization methods
[24]. While a certain decellularization treatment may efficiently remove
cellular material in a given tissues, it may be less effective in another tissue.
Denser, thicker tissues and organs may require more robust decellularization
methods to insure penetration throughout the tissue, while less dense tissues
may require more gentle techniques. In addition, the effectiveness of cell
removal and tissue damage varies based upon the method of decellularization
(chemical, enzymatic or physical) [13,14,24,28]. Decellularization methods
attempting to optimize decellularization reagent incubation time, temperature,
concentration or number of solvent cycles, have been reported with varying
degrees of success based upon histology, scanning-electron microscopy and
mechanical testing of the resulting decellularized scaffold product
[12,19,20,28].

In human allograft studies of tracheal tissue, optimized tissue penetration was
achieved by circulating cycles of detergents to remove nucleic materials
[19,20]. While verification of cell removal is typically quantified by DNA
content post-decellularization by means of spectrophotometry [29-32], further
characterization of the remaining major histocompatibility complexes (MHCs)
is essential for clinical human allograft studies. For the decellularized human
whole-trachea graft, MHC class I and II removal was monitored. To
decellularize the tissue, multiple washes in 4 % sodium deoxycholate and
2000 kU deoxyribonuclease I were alternated with water rinses. After
25 cycles of detergent washes, immunohistochemistry demonstrated removal
of human leukocyte antigen-A (HLA-A), HLA-B and HLA-C antigens, with
minimal expression of MHC II antigens. Likewise, serology screens of HLA
recipient antidonor antibody production verified complete absence of foreign
proteins for as long as 2 months post-surgery [20].

Most of the commonly known decellularization methods require multiple days
of treatment, and require large rinsing volumes in order to insure complete
decellularization. Novel decellularization procedures based on sodium chloride
show promising results in obtaining intact decellularized tissues while
significantly reducing the procedure time. Bühler et al. have demonstrated the
decellularization of full-sized minipig livers within 24 h [33], while Price et al.
were able to achieve the same using lungs from 20–30 kg pigs using their own
method [34]. In both studies collagen and glycosaminoglycans were preserved.
However, using these new rapid protocols may require more attention to the
preservation of intact ECM components.
Excessive decellularization can degrade the ECM, resulting in collagen damage,
glycosaminoglycan depletion, as well as elastin cleavage [24,35]. Accordingly,
protocols should be designed to detect and minimize destruction, while
preserving the mechanical integrity of the tissue. Often, retention of ECM
6
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architecture is validated in comparison to untreated cadaveric tissue with
microscopy
to
ensure
tissue
integrity
is
not
compromised
[12,13,17,22,28,32,35]. Using histological methods, the extent of ECM damage
in collagen-dominated tissue has been quantified by measuring collagen
crimping amplitude and periodicity, which can result from exposure to
detergents such as sodium dodecyl sulfate [17,35]. Other imaging techniques
such as scanning-electron microscopy have been used to visualize and
compare nanostructures (e.g., the weave, coil and strut fibers in the
decellularized heart study) in decellularized and non-decellularized cadaveric
tissue [32]. Together, these studies show that with optimal treatment,
decellularized tissues can maintain ECM antibody epitope expression in such
molecules as collagens, laminin and fibronectin in immunohistochemistry and
immunofluorescence studies [13,15,18,21,30,36]. Table 2 summarizes the
various ECM molecules characterized in select decellularized organ and tissue
studies.

Just as the chemical composition of the ECM affects organ functionality,
mechanical integrity must also be preserved in decellularized tissues.
Mechanical testing can be used to quantitatively evaluate the effects of
decellularization. As an example, to accommodate ventricular load and
associated cardiac stresses, decellularized rat heart cross-sections were
demonstrated to exhibit ventricular tissue anisotropy measurements that were
similar to cadaveric tissue, with respect to stiffness and tangential modulus.
Table 2. Extracellular matrix molecules characterized in decellularized organ and
tissue studies

Natural ECM components

Collagens

Laminin

Engineered organ/tissue
Bladder
Blood vessels
Heart valve
Pericardium
Trachea
Esophagus
Cornea
Pulmonary roots
Meniscus
Ligament
Hearts
Teeth
Bladder
Heart valve
Esophagus
Teeth

Ref.

[9]
[11]
[12,13,15,17]
[18]
[20]
[21]
[28]
[29]
[30]
[31,35,36]
[32]
[103]
[9]
[13]
[21]
[103]
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Natural ECM components

Engineered organ/tissue

Cytokeratins

Trachea

Ref.

Blood vessels
Heart valve
Pericardium
Esophagus

[11]
[12,13,15,17]
[18]
[21]

Fibronectin

Esophagus
Heart
Teeth

[21]
[32]
[103]

Glycosaminoglycans

Bladder
Pericardium
Heart valve
Meniscus
Ligament

[9]
[18]
[12,13,17]
[30]
[31,35,36]

Elastin

Chondroitin sulfate

Meniscus

[4]

[30]

Recent developments in decellularization methods focus on retaining wholeorgan functionality in animal models [32] and in allogenic clinical studies [20].
As mentioned previously, Ott et al. has characterized the mechanical properties
and ECM composition in an animal model, whereas Macchiarini et al.
characterized clinical factors for allograft implantation of tracheal tissue in
humans. In both studies, decellularization approaches were followed by
functional studies of the decellularized tissues, to confirm recapture of the
necessary physiologic functions of the recellularized organ.

Measures of restored function have included quantification by physiological
parameters. For example, 24 h after recellularization in a coronary perfusion
bioreactor, electrical stimulation was introduced in vitro to an entire rat heart.
The decellularized rat heart, which was repopulated with a mixed population
of cardiac cells, regained approximately 2 % pump function of an adult rat
heart, and 25 % pump function of a 16 week fetal human heart as evaluated by
its performance under physiologic preload, afterload, intraventricular pressure
and electrical stimulation. Furthermore, doses of phenylephrine administered
to the recellularized whole heart were also able to stimulate contractility
similar to extrinsic control mechanisms that exist physiologically [32].
Likewise, improved muscle contractility force up to 85 % of pre-injury levels
was seen after muscle-derived decellularized ECM was implanted in
full-thickness defects in the lateral gastrocnemius of Lewis rats. Seven days
post-injury, the implanted decellularized ECM were reseeded with bone-marrow-derived mesenchymal stem cells which led to the formation of new
muscle tissue [37].
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Similarly, in the decellularized human whole-trachea graft study, the restored
physiological function of airway clearance in the allogenic, trachea graft was
evaluated. The ratio of forced expiratory volume in 1 s to forced vital capacity
(FEV1 : FVC) taken before and 3 months after surgery, determined that the
graft resulted in a reversal of airway obstruction [20]. As additional clinical
studies are completed, we will continue to learn more about the instructive
nature of decellularized grafts, including the preservation of angiogenic
cytokines [20], as well as other chemokines preserved from previous niches
that may affect morphogenesis [4,14,38,39].

1.2.2. Electrospun nanofibers

Electrospinning is a nanofabrication technique that generates nonwoven fibers
of uniform, reproducible composition on a physical scale that is
topographically compatible with the cells that reside upon them. The ability to
electrospin natural materials offers the benefits of incorporated peptide motifs
that synthetic materials lack, although natural materials can be too weak to
form reproducible nanofibers, and are therefore often blended with
biocompatible, synthetic polymers to create composite fibers with added
strength [40]. Furthermore, the addition of natural polymers to synthetic
fibers has improved the adhesion, viability and proliferation over synthetic
material alone [41,42].

Besides having the ability to form nanoscale fibers, 3D assemblies of natural or
natural / synthetic blend fibers can also be used to create composite
structures, allowing for a closer replication of natural nanoscale ECM fiber
composition within an organ. For instance, the basement membrane bordering
epithelial sheets consists primarily of fibrillar proteins such as collagen IV and
laminin [3]. In terms of structure, electrospun laminin I meshes have recently
been fabricated to resemble basement membrane [43]. Bead-like structures,
usually indicative of spinning limitations in terms of thinness, were preserved
in the laminin spun fibers due to the replication of ‘matrisome’ structures
found in the natural basement membrane. Laminin meshes, in comparison to
laminin films, induced more adherent, elongated morphologies commonly
associated with neuronal-like cells, as well as β3 tubulin expression in
serum-free media, without the use of chemical additives. The addition of
exogenous nerve growth factor (NGF) did not increase the frequency of neurite
extensions per cell, in comparison to the frequency of laminin nanofibers
without NGF. Neal et al. postulated that the topography and the associated high
surface area of electrospun fibers were attributable to the extensions [43].

Layer-by-layer depositions, multilayer mixing, dual-mandrel electrospinning
and magnetic electrospinning have also been used to manufacture
multidimensional scaffolds [44-47]. Elastomeric vascular graft-fabrication
methods have been investigated for over 30 years. Recent efforts have
incorporated electrospinning to create a composite graft from poly(ethylene
9
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oxide), segmented polyurethane and UV-crosslinked collagen I by rotating a
traversing movable mandrel [44]. The use of cytotoxic crosslinkers was
avoided for the bioadhesive, collagen component of the scaffold. Instead, UV
crosslinking was used to render the collagen insoluble, but still capable of
swelling.

Since the time that Kidoaki et al. demonstrated multidimensional construction
of an electrospun vascular graft [44], other groups have proceeded to implant
and characterize 3D electrospun scaffolds in vivo. Using sheep and rabbit
models [48], a poly(ε-caprolactone) / collagen vascular graft was evaluated
based upon functional and physiologic parameters such as patency, platelet
adhesion resistance, as based on previous studies that had established upper
limits for burst pressure (4912 ± 155 mmHg), tensile strength (4.0 ± 0.4 MPa)
and adequate elasticity (2.7 ± 1.2 MPa) [49].

The current challenge is to devise methods that allow for reducing the
cytotoxic solvent and / or crosslinker levels currently used to produce natural
and natural / synthetic blended fibers [50]. The process of electrospinning
often includes the addition of organic solvents to dissolve polymers prior to
spinning [51]. Crosslinkers are used to strengthen spun fibers and render
natural fibers more water resistant [42]. Some natural-spun fibers have
circumscribed or reduced cytotoxic solvent or crosslinker usage by using
techniques such as melt electrospinning, or by replacing organic solvents and
crosslinkers with less toxic alternatives [40,43,52,53].

Electrospun fibers are increasingly becoming incorporated into many different
applications. 3D tissues are being formed with spun nanofibers incorporated
into composite designs [48,54-57], and hydrogel 3D composites with stitched
fibers have been tested in animal models [54,55]. Thus, as biomimetic studies
reduce the amount of cytotoxic crosslinkers and solvents used in electrospun
scaffolds, continued efforts to improve biocompatibility may increase the
frequency and efficacy of electrospun scaffold use in clinical trials for
whole-organ engineering applications.

1.2.3. Responsive materials, remodeling and engineered gradients

The term ‘smart material’ encompasses many materials that recapitulate the
dynamic nature of ECM remodeling in an engineered whole organ.
Traditionally, ‘smart materials’ include materials such as piezoelectric sensors,
shape memory alloys and polymer-responsive gels, which can respond to
environmental fluctuations through physical or chemical changes. Smart
polymers respond to changes in pH, ionic strength, chemical species,
enzyme–substrate interactions, magnetic fields, temperature, electric fields,
mechanical stimulation, as well as ultrasound irradiation [58,59]. These
materials exploit responsiveness for a triggered release. In response to the
changing environment, smart polymer hydrogels can swell, thus facilitating an
intended deployment of the triggered response, such as drug release.
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Various corneal tissue-engineering groups have harvested ex vivo cellular
sources found in short supply, and expanded and implanted the cells using
tissue sheet technologies that employ thermoreversible polymer coated tissue
culture plates [60,62]. While poly(N-isopropylacrylamide) (PIPAAm) derived
implanted cell sheets restored function to the affected corneas, PIPAAm
derived cell sheets have most successfully been used in 2D applications to date,
and cannot fully replicate cell-matrix remodeling dynamics of large, 3D organs
[58]. The combined use of PIPAAm derived cell sheets with other synthetic
scaffold materials and natural ECM polymers may be more successful in
recapitulating 3D tissue and organ activities.

Natural matrix remodeling has been well documented in organs such as bone.
In orthopedics, guided bone regeneration has been pursued using natural
materials fabricated into scaffolds, such as demineralized bone, which
possesses osteoinductive properties [62]. Recently, demineralized bone has
been manufactured as a nanoscale bone matrix (NBM) powder and
incorporated within poly(L-lactide) (PLA) electrospun fibers [63]. Human
mesenchymal stem cells (MSCs) osteodifferentiated on both PLA and PLA-NBM
scaffolds in vitro, and accelerated mineralization was observed of human MSC
seeded PLA-NBM fibers implanted in vivo [64]. PLA-NBM also provided a
scaffold exhibiting mechanical properties higher in average tensile strength
and Young’s modulus than PLA alone, while exhibiting lower values than
cortical bone [63]. As a result, PLA-NBM constructs can provide osteoinductive
cues and may approximate the mechanical properties of immature bone
undergoing remodeling with minimal loading [63]. After 12 weeks in vivo, the
defect was almost 90 % smaller than its original size, demonstrating the
responsive remodeling potential of PLA-NBM [64].

Smart materials are seen as an attractive alternative to decellularized donor
tissue, whose supplies will always remain limited. These smart materials
preferably contain ECM molecules as well. To address this problem,
Shiloh et al. developed a method to collect ECM secreted by skeletal muscle
myoblasts, and form it into implantable smart scaffolds [65]. In this study, rat
skeletal myoblasts were seeded onto foams that served as a scaffold. After
4 weeks in culture, a construction of skeletal myoblasts, ECM and scaffold
material was formed. At this time, the scaffold was dissolved using a solvent;
leaving behind tissue consisting of accumulated ECM and skeletal myoblasts.
After decellularization the ECM was implanted in a rat dorsal subcutaneous
site. At 4 weeks post-implantation, the implanted ECM materials were found to
be incorporated into the surrounding tissue, and host cells had penetrated the
material. By 12 weeks post-implantation almost all of the implanted ECM
material was degraded.
Likewise, the fabrication of heart muscle using natural ECM matrices is being
claimed as a new type of natural smart material [66]. Blan et al. manufactured
a composite scaffold of chitosan, a natural biomaterial that was solubilized
11
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with acetic acid, and later pH neutralized after freezing and lyophilization.
Fibrinogen was added for scaffold gelation, followed by a thrombin coating, the
incorporation of cardio myocytes and an added layer of fibrin. In terms of
organ function, this group monitored contractility as well as ECM architecture.
To create a responsive scaffold, degradation time was manipulated based upon
lysozyme concentrations from 2 h – 2 weeks. One advantage of using a
responsive enzyme-substrate scaffold is the ability to match changes in matrix
metalloprotease activity to that of cell-secreted matrix remodeling [66,67].
With controlled degradation, cell migration can also be manipulated, although
it is important to consider and control for potential unbalanced remodeling
and tumorigenic consequences [68-70].

Scaffold degradation processes can also dynamically change cellular cues such
as migration. As proteolytic activity degrades the ECM, cryptic binding sites are
unveiled, and matrix-bound growth factors become untethered [68,71]. Cell
migration occurring along a gradient, such as that which occurs during
chemotaxis (chemical gradient), haptotaxis (cellular adhesion site gradients)
and durotaxis (rigidity gradients), can therefore be manipulated based upon
the design of the ECM [39,72]. Further studies in 3D have been able to
demonstrate more physiologically relevant applications by creating matrices
with natural materials that take advantage of durotaxis [73,74].

Although advances in whole-organ engineering have origins in 2D in vitro
models, current methods for bioengineering functional tissues, including tissue
decellularization and use of electrospun nanofibers and smart materials, are
progressing to 3D scaffolds. It has been shown to be an oversimplification that
cells behave the same in 3D as they behave in 2D [74-78]. Cell-matrix
adhesions to the ECM are exaggerated in 2D cell cultures–the adhesions are
stronger than those of cells in 3D models and of the cell in vivo [76]. Likewise,
3D matrix adhesions are not recreated in 2D [76]. Although better than 2D
modeling, 3D models mimic static, short-term conditions and may oversimplify
parameters such as oxygen diffusion [75,79]. Therefore, it is important and
necessary to verify in vitro results with parallel in vivo model investigations.

1.3. WHOLE-TOOTH ENGINEERING
The tooth is an excellent example of a developing organ directed by the
reciprocal interactions of mesenchymal and epithelial tissues over time [80].
Bioengineering strategies have targeted tooth regeneration using various
combinations of scaffolds, growth factors and cells [81-84]. Approaches using
tissue recombinations, and pelleting cells in a scaffold-free environment, are
also popular strategies for whole-tooth engineering [85,86]. In addition,
groups have investigated the location of the implantation site for engineered
implants as a morphogenetic means of developmental signaling. The diastema,
or toothless region within the rodent jaw, has been shown to provide a site for
12
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whole-tooth formation, thus demonstrating the potential for teeth to
regenerate and erupt in a native environment [87,88].

While cell pellets alone have been used in other studies to avoid the need for
scaffolds [89,90], Nakao et al. included a collagen droplet method to contain
pelleted E14.5 dental epithelial and mesenchymal cells within a collagen gel
matrix [82]. Dissociated cell pellets generated from mouse embryonic molar
and incisor dental epithelium and mesenchyme were both able to form
predentin, dentin and enamel-like tissue, with specificity confirmed by in situ
hybridization studies. These E14.5 droplet constructs were able to reassemble
into proper tissue layers, whereas older E16.5 cells could not self assemble
[82]. As the effects of collagen were not explored in this model, additional
studies can be used to improve our understanding of ECM provided spatial and
temporal cues for tooth development.

Ongoing studies in the Yelick laboratory have worked towards engineering a
whole tooth, as well as hybrid tooth–bone constructs [91-97]. Notably, these
studies have focused exclusively on the use of post-natal dental epithelial and
mesenchymal tissue derived cells, as opposed to embryonic dental cells. Tooth
regeneration studies using adult post-natal dental cells derived from
unerupted pig molar teeth and human wisdom teeth are more relevant to
human tooth tissue engineering, as human embryonic dental cell populations
are generally not available for this purpose. In order for these approaches to
achieve clinical status, what remains to be understood and perfected is how
best to maintain the spatial organization of the dental epithelial and dental
mesenchymal tissues, to guide not only the shape and size of a tooth and
surrounding alveolar bone, but also to achieve proper compartmentalization of
individual tissue types [92]. For instance, studies have observed ectopic
alveolar bone growth within dental tissues [81,96]. Likewise, the ECM
components associated with functional tooth-root formation and for functional
tooth eruption are critical to our understanding. Histological and
immunohistochemical approaches are followed to study the presence of
critical ECM components like collagen, fibronectin, and laminin in
bioengineered tooth-buds (Figure 1). Similarly, preliminary analyses in a
5.5 month old porcine molar model have demonstrated some ECM fiber
organization within the bioengineered tooth-bud and surrounding alveolar
bone. Areas of collagen, keratin and fibronectin were shown to co-localize
within vascular regions of the dental pulp as well as in enamel epithelium [98].
Future studies will elucidate further ECM organization and composition in
these bioengineered teeth.
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Figure 1. Immunohistochemical analyses of the extracellular organization of
bioengineered porcine molar tooth-buds show positive staining for fibronectin (A),
collagen I (B) and laminin (C). Higher magnification images of the boxes in (A) are
found in (i) and (ii). Likewise, higher magnification images of the boxes in (B) and (C)
are found in (iii), (iv) and (v). Fibronectin expression is observed in blood vessels and
near odontoblasts (dental papilla). Collagen I is seen in the dental follicle, dentin and
near odontoblasts. Laminin-α1 was stained brown in the dental papilla, follicle and
dentin. Scale bars = 1000 μm in (A, B and C) and 100 μm in (i-vi).

With respect to human tooth re-engineering efforts, further characterization of
the ECM molecules involved during critical stages of tooth development are
imperative. Others have applied the roles of biglycan, and subsequent
amelogenin expression, to nanofiber scaffolding to study enamel maturation
[99-101]. Mouse knockout models have also elucidated the role of Tbx1 and
enamel formation [102]. Still, further exploration of additional ECM molecules
and corresponding spatial organization within the tooth are needed for the
educated design of effective scaffolds for whole tooth tissue engineering. ECM
molecules such as collagen I, osteocalcin, amelogenin, dentin matrix protein,
dentin sialoprotein and bone sialoprotein were present in the bioengineered
toothbud and tooth–bone hybrid constructs made of silk and poly(glycolic
acid) (PGA) / poly(lactide-co-glycolide) (PLGA), respectively [92,95,96]. Some
of these ECM molecules, such as collagen I, fibronectin, collagen IV, and laminin
can be preserved in decellularized porcine tooth buds [103]. When reseeded
with dental progenitor cells, these ECM molecules could contribute to an
enhanced organization of the seeded cells. As we continue to characterize the
locations and 3D organizations of additional fibrillar proteins and
proteoglycans in native tissue and natural ECM scaffolds, we will gain an
improved understanding of the spatial organization and function of the natural
tissues within the tooth and bone, which guide and maintain final form and
functions.
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1.3.1. Ongoing challenges in whole-organ engineering
Thus far, the majority of clinically relevant grafts that have been constructed to
date are designed for use in hollow organ regeneration and repair [55].
Implicit in the creation of solid organs, including teeth, is the proper
integration of functional angiogenesis, lymphangiogenesis and neurogenesis
within an organ or organ system [104,105]. An ongoing obstacle in
angiogenesis is defining a targeted approach to facilitate invasion of
vasculature into the developing organ, to provide sufficient oxygen to tissues
with volumes greater than 2–3 mm3. As host-vessel ingrowth requires a finite
time to penetrate into the depth of the implanted tissue, necrosis can occur
prior to sufficient vascularization, resulting in implant failure. Many studies
have explored means to facilitate bioengineered angiogenesis [106,107] and
ongoing in vitro attempts to prevascularize engineered tissue may have a
future in in vivo applications [104,108-110]. Notably, one study has already
demonstrated evidence of angiogenesis in vivo attributed to multi-cell type
co-culture [111]. Others have incorporated mesenchymal cells with endothelial
cells in 3D scaffold models to successfully create neo-vasculature network
formation [112].

Despite these advances, the extent of successful penetration of functional host
vessels into bioengineered tissues and organs has yet to be determined.
Additional efforts have considered designing vascular network-based
physiological models that consider length, diameter, pressure and flow rate, as
vessels anastomose into vascular beds as well as recon-verge. These networks
are especially applicable in branched, ordered tissues such as the lung or liver
[105]. Furthermore, control of vessel architecture is relevant not only in terms
of geometric function, but also in terms of maintaining vessel growth
[70,105,113,114]. Specific to matrix-induced angiogenic efforts, groups are
beginning to identify pro- and anti-angiogenic motifs on natural ECM peptides
such as collagen IV [113,115,116]. From these data, gradients to drive
angiogenic potential within a construct have been manufactured [117].

Another relatively new subset of angiogenic tissue engineering involves
integrating lymphatic system formation in bioengineered tissues and organs.
Similar concerns that exist in promoting angiogenesis persist with
lymphatogenesis, in terms of controlling tissue growth and preventing
metastatic behavior [118,119]. Animal models are currently being explored to
investigate balancing pathologies in the lymphatic system [120-122]. However,
it was found that lymphatic endothelial cells do not sprout to form a vessel
unit, but rather the cells migrate to a site individually and allow unidirectional
flow [123]. Perlecan, an ECM molecule involved in vascular homeostasis, was
produced in a tissue-engineered model of skin regeneration within a rat model,
although interestingly the ECM molecule was only formed after the
construction of the lymph vessel and was expressed in the direction of flow
[123]. Therefore, integration of a lymphatic system to prevent edema from
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developing in an engineered organ may also be affected by changes in the ECM
environment. As engineered organs become more prevalent, systemic
integration with the lymphatic system will provide an immune response
‘watchdog’ to maintain homeostasis via lymphatic vessels, and to sustain
hydrostatic and osmotic pressures at vessel-tissue interfaces [122].

Although tissue-engineering platforms exist to guide axonal growth [124],
more cohesive strategies are needed to innervate engineered constructs in a
controlled manner. Currently, autologous epineurium [125], or better still an
autologous sural graft [126], serve as gold standards for peripheral nerve
regeneration. However, autografts have caveats, from supply shortages to the
fact that they may not be made-to-order in terms of nerve length, may create
wound pain and often have a motor function recovery rate of less than 40 %
[125,126]. To innervate an organ, the graft should match the mechanical
properties of surrounding areas, allow for diffusion, provide the appropriate
degradation when a nerve regenerates and provide migratory guidance cues to
recruit nearby axons from a neural growth cone or other means of taxis
[124,126]. Current neural-tube materials include, but are not limited to,
PGA–collagen, PLGA, poly(L-lactic acid), silicon and hydroxyapatite (HA)collagen hydrogels [125,126]. While synthetic neural tubes may offer
improved stiffness, the same synthetic materials have caused complications
such as inflammatory responses and scarring [125,126].

Directing neurogenesis in a precise manner for efficient integration of
implanted tissues within the host, and to test for restored function of the
nerve, are ongoing struggles. A recent rabbit facial nerve defect model, which
tested a HA-collagen hydrogel construct with NT-3 growth factor and
xenogenic neural stem cells, found minimal signs of immune response and
successful migration of donor cells to affected areas [125]. However,
Zhang et al. were not able to demonstrate improved neuromuscular function
using HA-collagen implants, based on ethology and electromyography results.
Functional innervation studies are still difficult to prove in animal models,
although various tests have been established for peripheral nerve recovery
[126,127]. As Li et al. have previously surmised that axonal guidance needs
multiple cues for nerve regeneration, which could include integrating physical
stimulation [124]. For example, 780 nm laser phototherapy, when applied
transcutaneously to peripheral nerve-damaged patients, significantly
improved motor function as well as voluntary muscle activity in partially
paralyzed limbs [128]. These studies demonstrate that cell growth and specific
antibody expression should be coupled to a test of restored function, and may
need to include multiple cues for guided regeneration.
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1.4. UNMET NEEDS
Efforts to engineer organs, including teeth, are still struggling to identify
available and reliable cell sources, and to optimize efficient incorporation of
cells into scaffolds. While the multipotency of adult stem cells is being realized
as an autologous source for various tissues, limitations remain for
re-engineering immature tissue [129]. For instance, since enamel forming
tissues have undergone apoptosis prior to tooth eruption, it is necessary to
identify a dental epithelial cell source for bioengineered enamel production.
Although current studies use murine, rat and porcine tooth germ tissues,
animal-derived cells are not suitable for clinical applications in humans.
Epithelial Rests of Malassez (REM), present in mature human periodontal
tissues, may be a suitable source for human dental epithelium [130]. In
addition, current attempts to reprogram cell sources include the development
of spontaneously derived immortalized murine dental epithelial cell lines,
which when grown in low calcium-supplemented media, can express enamel
markers such as amelogenin [131,132], and the use of single-cell suspensions
generated from tooth germ tissue [133]. Lessons from these studies should
assist efforts to generate suitable human dental epithelial cell lines from
available tissues such as Hertwig’s epithelial root sheath or epithelial cell REM.
Recently, however, Sharpe et al. used adult human gingival cells as an epithelial
cell source. When combined with mouse embryonic tooth-inducing
mesenchyme cells, dental tissue was formed. The adult human gingival cells
contributed to the formation of ameloblast-like cells and rests of Malassez
[134]. Furthermore, chimeric teeth, generated from autologous dental
mesenchyme combined with xenogenic dental epithelium, may eventually be
used as a clinically relevant alternative approach [86,90].

Incorporating cells into decellularized and / or fabricated scaffolds is also a
parameter in need of improvement. While many studies use bioreactors to
facilitate cell seeding, reports of uneven adhesion and proliferation persist
[11,32]. Direct injection of cells into scaffolds may create cell clusters rather
than even cell distributions, depending on cell migration and cell adhesion
receptor binding sites. For example, although Blan et al. directly injected
cardiomyocytes into smart chitosan material, this approach did not produce
the necessary contractile responses owing to low cell retention. However,
injection of cells mixed with fibrin gel allowed for cell adhesion to the scaffold
[66]. Methods for cell penetration into, retention on and proliferation within
scaffolds are anticipated to improve as strategies to promote angiogenesis
throughout bioengineered organs continue to advance, and allow for
continuous recruitment of host progenitor cells to the implant site. As
supporting scaffolds degrade over time, questions remain, such as: Will the
regenerating tissue unit be able to grow and remodel? Will engineered organs
possess the appropriate ECM signals for proper growth and remodeling, based
upon the proposed regression, and pruning models of blood vessel and nerve
formation [71,113,126]? Although defined methods to properly manipulate
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and monitor angiogenesis, lymphangiogenesis and neurogenesis in
bioengineered organs remain unclear, they will undoubtedly improve as
additional functional, long-term studies using whole-engineered organs are
completed.

1.5. FUTURE PERSPECTIVE
Whole-organ engineering is a new field with plenty of room to grow, and a
multitude of multi and inter-disciplinary talents are involved in this pursuit. As
we continue to learn more about natural ECM materials, fabrication
technologies will also advance. Over the next few years, we will continue to
learn more about the composition, degradation and remodeling rates of
decellularized cadaveric allografts, as the demand for clinical studies and the
number of potential commercial products increases, and as methods for
improved removal and detection of MHC antigens continue to improve. As
microarray techniques continue to improve high throughput screening, we will
be able to better characterize serology screens for foreign antigens in
decellularized cadaveric tissues.

Likewise, the generation of thin electrospun fibers with less toxic solvents and
crosslinkers will improve current tissue-engineering efforts. Natural
crosslinkers, such as genipin, have already shown improved biocompatibility
over glutaraldehyde in tissue fixation [135-137]. Other groups have
demonstrated incorporation of genipin into natural ECM hydrogels [73,138]
and natural electrospun nanofibers [53]. With improved nanofiber production
methods, more complex 3D electrospinning techniques can be used to find
better ways to integrate a variety of fabricated scaffold layers on the
mesoscopic scale.

Smart polymer technologies should increase in clinical relevance as the
demonstrated use of composite corneal implants becomes more prevalent. As
3D synthetic scaffolds develop or as natural ECM analogs are better
characterized based on remodeling characteristics, implants will become more
dynamic, thus reducing the number of surgeries needed for a procedure.
Similarly, more long-term studies will assist in our understanding of the
biocompatibility and degradation processes of scaffolds over time, along with
the associated cascade of matrix metalloprotease activities and soluble
cytokines, which redefine and remodel the ECM. Looking beyond the next few
years, pluripotent reprogramming technologies such as induced pluripotent
stem cells and piggyBac will continue to improve [139-141], and new and
useful human embryonic cell lines will be created. Thus, these cells will
provide new sources for organ engineering to study ECM synthesis and
turnover. As instructive scaffold technologies continue to improve, we
anticipate being able to directly control and monitor cell behavior, migration
and differentiation throughout the morphogenetic process of any organ
18
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formation. As such, the field of whole-organ tissue engineering has a bright and
promising future.
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2.1. INTRODUCTION
Biomaterials and engineered tissue constructs face a significant risk of failure
due to the immune response to such foreign bodies. While synthetic materials
can be precisely engineered to maximize the desired therapeutic effects,
further interventions are needed to mitigate this host response. A new area of
research has focused on the immunomodulatory properties of adipose-derived
mesenchymal stem cells (ASCs), which have been demonstrated in numerous
in vitro and in vivo studies to significantly modulate immune responses and
immune cell activity in a variety of contexts.

Since stem cell-seeded constructs and scaffolds have already been developed, it
naturally follows whether ASCs can be incorporated into future iterations of
engineered tissues to reduce the negative effects of a host immune response
against the therapeutic intervention. This chapter will focus on evidence for
the promising role of ASCs in facilitating the successful therapeutic
implantation of engineered tissues by means of immunomodulation.

2.2. FOREIGN BODY IMMUNE RESPONSES
IN TISSUE ENGINEERING
Surgical insertion of an engineered scaffold for tissue engineering will yield a
two-fold reaction: one mediating acute wound healing, and another mediating
the foreign body response to the artificial substrate. The former process has
been well studied and follows a highly predictable course. Acute wound
healing is mediated primarily by immune cells (such as neutrophils and
macrophages), associated chemokines / cytokines, platelets, fibroblasts, among
other mediators intrinsic to the damaged tissue. The clotting cascade, mediated
by platelets and fibrin clots, initiates the healing process, and leads to secretion
of platelet-derived growth factor (PDGF) and transforming growth factor-β
(TGF-β). These factors, as well as mast cell degranulation, facilitates the
chemotactic influx of inflammatory cells such as neutrophils. TGF-β also serves
to guide matrix deposition in conjunction with other signaling mediators.
Epithelialization and subsequent fibrosis of the wound leads to final closure
[1].

The foreign body response to the biomaterial has significant implications on
the functionality and success of that device / tissue and this is a significant
challenge for engineers, clinicians, and researchers today. Mitigating the
complex immune response to a foreign body serves as a critical point of
therapeutic intervention to increase the chance of success in tissue engineering
applications. Initial interactions between blood components (particularly
plasma proteins and complement mediators) [2] and the biomaterial directly
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induce subsequent acute and chronic inflammatory processes, resulting in
infiltration of the material and the surrounding tissue by neutrophils,
lymphocytes, and monocytes. Macrophages, unable to phagocytose the
biomaterial, undergo fusion to form the giant cells that characterize the foreign
body response. A complex array of signaling molecules and cellular mediators
orchestrates this process [3]. An overview of the foreign body response is
depicted in Figure 1.

Figure 1. Overview of the foreign body response to biomaterial implantation and
current strategies to minimize its effects

The fibrotic response to foreign bodies has significant downstream effects on
the functionality of a biomaterial, particularly if the material is bioactive with
regards to delivery of drugs or signaling molecules [4]. Fibrosis and
inflammatory responses have also been shown to loosen implanted calcium
phosphate-containing organic matrices used in bone regeneration [5]. The
pre-existing inflammatory milieu in myocardial infarction, in addition to
response to the scaffolds used in cardiac patches for assisted tissue
regeneration can decrease the survival of cells within the engineered patch [6].
Thus, it becomes evident that control and modulation of the immune response
is critical for the success of a therapeutic intervention involving engineered
26
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tissues and biomaterials, and that biomaterial failure due to pathological
fibrosis and immune activation is present in a wide array of therapeutic
applications.
Initial studies into this immune response and technological limitations urged
biomaterial engineers to either account for inevitable fibrosis or minimize
antigenicity of the material components [7]. However, achievement of truly
‘bioinert’ substances remains challenging, and, thus, biomaterials must be
designed in such a way so as to adaptively regulate the immune response,
rather than hide from it. In order to achieve this, further characterization of the
foreign body immune response in terms of intercellular interactions,
phenotypic diversity of the cellular mediators, signaling mediators, and
qualities of the scaffold material itself can result in proactive interventions to
mitigate the negative effects of pathological fibrosis [8-10].

One approach involved the exploration of degradable polymeric biomaterials.
Use of more permanent biomaterials can result in a chronic inflammatory
process, leading to increased risk of therapeutic failure. The benefit of
degradable constructs is that the host immune response will be inherently
self-limited. However, it is necessary to ensure that degradation products of
these temporary scaffold structures are non-toxic [11]. Specific modulation of
macrophage response to biomaterials has also been suggested by utilizing
materials with uniform, spherical, and interconnected pores, modulation of
nano-scale biomaterial topography, local interleukin-4 (IL-4) administration,
and administration of phosphatidylserine-presenting liposomes (to mimic
anti-inflammatory characteristics of apoptosis [12]. Biomaterials can also be
modified to modulate macrophage adhesion by grafting specific peptide
sequences to the material surface [13].

Other techniques have included coating with biocompatible materials, such as
natural polymers and synthetic hydrogels. However, these coatings may
themselves be immunogenic and prone to degradation over time, in addition to
concerns regarding coating adherence to the biomaterial and safety of
synthetic coatings [14]. Local reservoirs of steroids or non-steroidal
anti-inflammatory drugs (NSAIDs) can also serve to artificially modulate the
immune response to the foreign body. Enhancement of vascularization around
the biomaterial may prove necessary in certain applications, and can be
achieved by addition of vascular endothelial growth factor (VEGF) and limiting
use of corticosteroid immunomodulatory agents [14].

While multiple approaches currently exist to limit pathological fibrosis of
biomaterials used in tissue engineering, no consistent or comprehensive
solution exists to effectively modulate the entire immune response. The best
solution would be an adjunct to the existing biomaterial that can modulate the
immune system with a response that is itself susceptible to feedback. It should
also be readily incorporable into existing scaffolds in a wide variety of
therapeutic contexts, and enhance pro-tolerogenic immunologic effects
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towards biomaterials in a diverse, multifactorial manner. For this reason,
adipose-derived stem cells, which have been demonstrated to have potent
immunomodulatory effects, and can readily seed scaffolds used in tissue
engineering, can serve a powerful role in enhancing the survival of engineered
tissues [15].

2.3. ADIPOSE-DERIVED STEM CELLS (ASCs)
Adipose-derived stem cells (ASCs) are a type of mesenchymal stem cell (MSC),
which are defined as a cell population that displays adherence to plastic, a
specific array of surface antigen expression, and differentiation potential into
osteoblast, adipocyte, and chondrocyte lineages [16]. MSCs are isolated from a
wide range of tissues, such as bone marrow, placenta, thymus, Wharton’s jelly,
umbilical cord blood, and adipose tissue, among a number of other tissue
sources [17]. Molecular characterization of ASCs from uncultured stromal
vascular fraction includes a surface marker expression panel of
CD45−CD235a−CD31−CD34+CD13+CD73+CD90+CD105+. Since ASCs share
molecular characteristics with bone marrow-derived MSCs, ASCs can be
uniquely characterized from the latter by expression of CD36 and lack of
CD106 expression [18]. ASCs are also capable of differentiating into neuronal
[19] and myocyte lineages [20,21].

One of the most appealing qualities of ASCs is the relative ease of isolating such
cells from body tissues. Protocols have been developed to allow for collection
of 250,000–375,000 ASCs from a single milliliter of human lipoaspirate
following 4–6 days of culture in 10 % fetal bovine serum. Since lipoaspirate is
readily collected during liposuction, tremendous numbers of ASCs can be
relatively easily isolated from patients for use in therapeutic interventions
[15,22]. Trypsin-mediated tissue digestion for ASC isolation may also provide
an inexpensive method to harvest this cell population following lipoaspiration
[23]. Successful culture of ASCs in xeno-free media without serum has also
been achieved, further supporting consistent isolation and maintenance of
ASCs in economically efficient in vitro conditions [24].

ASCs have been shown to have therapeutic potential in a wide range of clinical
contexts. Addition of ASCs to skin wounds was shown to result in improved
healing dynamics, particularly with enhanced angiogenesis / capillary
formation in the wound site, increased epithelialization, and better cosmetic
results due to decreased scarring. Wound healing enhancement was attributed
to both ASC differentiation and release of paracrine molecules [25]. ASCs were
also shown to facilitate resolution of chronic, nonhealing wounds [26].

Other current therapeutic applications of ASCs include acceleration of
peripheral nerve regeneration following injury [27], regeneration of bone and
cartilage, and to facilitate survival of fat grafts in breast augmentation and
facial lipoatrophy [28]. ASCs have also served therapeutic roles in
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rehabilitation of cardiac function following myocardial infarction / ischemia as
well ischemic injury due to peripheral vascular disease. Preliminary evidence
for ASC-derived-insulin-secreting cells in the treatment of Type 1 Diabetes has
also demonstrated promising results. The role of ASC in fistula repair has been
explored, although currently remains inconclusive [29].
Ultimately, the features of ASCs that allow for such widespread therapeutic
benefits in a variety of clinical contexts make it a promising candidate for the
demands of enhancing success in the clinical use of engineered tissues.

2.3.1. Bioactive properties of ASCs

ASCs have been shown to have significant immunomodulatory properties, in
addition to secretion of growth factors. In promoting immunological tolerance
and facilitating growth of an engineered tissue construct, ASCs can serve a
significant role in the success of therapeutic interventions involving tissue
engineering. Not only can stem cells be used to provide cell types needed for
tissue regeneration, but the pleiotropic paracrine-mediated effects of ASCs can
also facilitate a rich, pro-healing environment.
What exactly constitutes the secretome of ASCs that make it such a potently
bioactive cell population? Signaling mediators include growth factors and
immunomodulatory agents such as TGF-β, hepatocyte growth factor (HGF),
VEGF, indoleamine-2,3 dioxygenase (IDO), interleukin-10 (IL-10),
prostaglandin E2 (PGE2), nitric oxide (NO), heme oxygenase 1 (HO-1), and
human leukocyte antigen (HLA-G) among numerous other mediators [30,31].
Other MSC subpopulations are known to secrete IL-6, IL-8, and IL-12, as well as
interferon-gamma (IFN-γ), macrophage colony stimulating factor (M-CSF), and
hepatocyte growth factor (HGF) [17,32]. While the secretome of the cell
population has been closely studied, one cannot also ignore the many
secondary effects of ASC-mediated signaling. By modulating secretory patterns
of other cells, local ASC administration can have systemic modulations of
various extracellular signals, mediators, and structural proteins [33]. However,
the ASC secretome has been shown to have intrinsic immunomodulatory
effects without the need for ASCs simultaneously present, as evidenced by an
experiment demonstrating variation in the level of various cytokines following
infusion of a mouse with the supernatant of an ASC culture [34].

The secretome can be characterized by analyzing various functional
consequences of ASC paracrine signaling (Figure 2). Angiogenesis mediated by
ASCs is largely due to secretion of TGF-β, VEGF, and basic fibroblast growth
factor (bFGF) [31]. Secretion of these pro-vascularizing signals is thought to be
induced by a localized state of hypoxia [35,36]. Furthermore, ASCs may display
characteristics of pericytes and directly secrete various regulatory proteins
that control and organize networks of endothelial cells into functional
vasculature [37]. In the context of wound healing, ASCs were shown to
potentiate this process through the secretion of some of the various growth
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factors and extracellular matrix (ECM) components discussed above, such as
collagen I, fibronectin, fibroblast growth factor 2, VEGF, and TGF-β, among
other signaling mediators [31,38].

Both of these qualities are critically important for the functionalization of an
engineered tissue implant. Enhanced vascularization facilitates oxygenation of
the otherwise ischemic tissue, in addition to delivery of various metabolic
substrates needed for implanted cells to function properly in their therapeutic
environment. Activation of wound healing processes leads to secretion and
deposition of ECM components, leading to the integration of the implanted
biomaterial into surrounding tissue, enhancing its therapeutic success.
Although the immune response poses a significant barrier, ASCs are
sufficiently capable of reducing this adverse effect.

Figure 2. Immunomodulatory and angiogenic secretome of ASCs (image from
American Research Products) [30,31,39-41]
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2.4. ASC-MEDIATED IMMUNOMODULATION
The immunomodulatory capacities of MSCs are widespread, affecting various
cellular members of the immune system such as T cells, B cells, dendritic cells
(DCs), and natural killer cells [42]. However, such capacities differ among the
different sources of MSCs, and various studies have looked into identifying the
most potent stem cell population for immunomodulatory effects. ASCs have
been demonstrated to be more potent at immunomodulation as compared to
MSCs isolated from bone marrow (BMSCs) with respect to suppression of
peripheral blood mononuclear cell (PBMC) proliferation, inhibition of
monocyte differentiation into DCs, and show a higher level of cytokine
secretion [43]. Another study compared ASCs and BMSCs with regards to
effects on lymphocytes and found the two cell populations to have similar
immunosuppressive capacities, dependent highly on the number of cells while
also ‘highly variable’ between different samples of isolated ASCs [44]. Another
group demonstrated that MSCs isolated from placenta can show greater
immunomodulatory effects than either ASCs or BMSCs [45].

Interestingly, the immunosuppressive properties of ASCs may continue after
subsequent differentiation, as proposed by a study examining such properties
following TGF-β3-induced chondrogenesis of ASCs [46]. Additionally, ASCs
genetically modified to overexpress IL-4 were shown to have a stronger
anti-inflammatory response in the context of experimental autoimmune
demyelination [47]. Ultimately, the potent immunomodulatory properties of
ASCs may play a role in a diverse array of therapeutic functions, from
mediating tolerance in HLA-mismatched cell-based therapies and potentially
restoring immunological balance in autoimmunity.

2.4.1. Effects on antigen-presenting cells

Since the immune system consists of a diverse set of players, it is important to
understand how MSCs / ASCs are able to modulate the activity and behavior of
each cellular component [17]. DCs and macrophages are efficient antigenpresenting cells (APCs), serving a critical initiating role for inflammation by the
immune system [42]. Since APCs serve to deliver antigens from scaffolds and
other components in engineered tissues to induce the downstream
inflammatory response, effective suppression of APC activity can serve a
significant role in maintaining the integrity of the engineered construct.
Factors secreted by ASCs have been shown to inhibit differentiation of
monocytes and DCs. Furthermore, ASCs are able to affect DC endocytosis,
hinder migration of DCs to lymph nodes, induce regulatory phenotypes in both
macrophages and DCs, and modulate downstream T cell activation [48-52].
Thus, potent modulation of APC activity by MSCs / ASCs can be utilized
effectively to increase success in the context of engineered tissues.
Downstream of APC endocytosis of the antigen is its presentation to effector
arms of the immune system, including CD4+ T cells that activate other arms of
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the immune system. Interestingly, ASCs have potent effects on T lymphocytes
as well. ASCs can affect helper T cell differentiation by changing the
intracellular milieu of transcription factors and cytokine secretion profile
[42,53]. It was previously noted that Th1 differentiation could be affected
downstream of DC immunomodulation [50]. Specific suppression of the Th17
[54] and Th2 [55] subsets by ASCs has also been observed. In cross-species
interaction of human ASCs with murine T lymphocytes in vitro, the mechanism
of suppression of T cell proliferation was demonstrated to involve
cyclooxygenase-2 (COX-2) [56]. Another group demonstrated a significant role
for PGE2 in modulating T lymphocyte transcription factors and cytokines to
underlie the immunosuppressive effects. Interestingly, exosomes of ASCs were
shown to be sufficient in inducing suppressive effects on T cell activation,
differentiation, proliferation, and IFN-γ secretion [57]. With regards to
cytotoxic T lymphocytes, MSCs could suppress development of but not actual
cell lysis by these cells [58].

2.4.2. Effects on T lymphocyte populations

Direct inhibition of T cell activity by ASCs in a model of rat orthotopic liver
transplantation was shown to reduce acute rejection [59]. Similar effects were
shown in the ASC-mediated immunosuppression of human T cells from
patients with rheumatoid arthritis [60]. The ASC-mediated suppressive effects
on T cells, although with great therapeutic benefit, may however come with
dangerous consequences. ASCs in breast cancers may modulate T cells in such
a way so as to induce a tolerogenic environment, thereby protecting tumor
cells from immune attack [61].

In addition to direct immunosuppression of effector T cell populations,
MSCs / ASCs are capable of inducing the proliferation and maintenance of both
CD4+ and CD8+ regulatory T cell (Treg) populations [60,62]. The elevated
presence of Tregs around an engineered implant can enhance immune
tolerance of the artificial material. It has been demonstrated that the Tregs
induced by ASCs are functional and capable of suppressing proliferation of
effector immune cells [63]. Low oxygen conditions were shown to facilitate
Treg induction by ASCs [64], which can be of particular utility in engineered
implants, which are not immediately vascularized and thus experience locally
hypoxic conditions. Supplementation of ASCs to the post-transplant regimen in
a rat model of vascularized composite allotransplantation led to increased
numbers of Tregs in circulation, which was implicated in the enhanced
post-transplant tolerogenesis in these rats [65].
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2.4.3. Effects on B lymphocytes
Immunomodulation by ASCs does not end with APCs and T lymphocyte
subsets, but may also include regulation on the level of B lymphocytes and
natural killer (NK) cells. BMSCs have been shown to suppress B lymphocyte
proliferation via the programmed death ligands (PD-L1 and PD-L2) [66]. Other
effects on B cells by MSCs include suppression of terminal differentiation [67],
in vitro inhibition of antibody production [68], and downregulation of factors
necessary for chemotaxis [69]. ASCs, in particular, can induce the development
of a regulatory B cell population, further controlling B cell activity [70]. MSCs
have been known to suppress activity of NK cells with regards to IFN-γ
secretion and proliferation [51,71,72]. ASCs, specifically, are capable of such
suppression [73] and are themselves poorly susceptible to lysis by NK cells
[74].

2.5. IMPORTANT CONSIDERATIONS IN ENGINEERING
The immunomodulatory properties of ASCs are in turn modulated by a diverse
list of variables. Local presence of IFN-γ from T and NK cells is necessary for
MSC-mediated immunomodulation, as this resulted in secretion of IDO by the
MSCs to suppress the activity of other immune mediators [75,76]. IFN-γ
stimulation of MSCs was also associated with MHC-II expression, which weighs
heavily in MSC antigen presentation and subsequent allogenicity [77]. It is
important to note that ASC-mediated suppression of T cell proliferation is
strongly dependent on its passage, with early passage ASCs actually
stimulating proliferation, and later passage cells suppressing it [78]. Thus, the
immunomodulatory characteristics of the ASCs in an engineered construct will
depend on the inflammatory microenvironment around the implant.

Application of ASCs / MSCs in engineered tissues requires culturing and
integration of cells in vitro within constructs. Subsequent proliferation of MSCs
may have effects on their immunomodulatory capacities due to degradation of
telomeres. Extension of telomeres through enhanced expression of telomerase
was shown to retain immunosuppressive capabilities in the immortalized cell
lines [79]. Beneficial to its proposed application in controlling inflammatory
responses against engineered tissues, ASCs also demonstrate increased
potential for immunosuppression in an inflammatory environment [80]. The
age of the donor appears to be inversely proportional to the
immunosuppressive capacity of the isolated ASCs as well [81].

Particularly important to engineering processes, the method by which ASCs
are cultured can also weigh significantly on their immunomodulatory capacity
[82]. This finding was corroborated by a later study, which also demonstrated
the ability to isolate and expand ASCs in xeno-free and serum-free media,
although this negatively impacts its immunosuppressive properties. Hypoxia
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also markedly enhances the functions of ASCs, which is useful in poorly
vascularized tissue initially surrounding artificial implants. These functional
changes include increased proliferation, anti-apoptotic and angiogenic factor
secretion, and altered adhesion dynamics to ECM proteins [25,83].

2.5.1. Differentiation potential of ASCs

In addition to serving an immunoprotective role towards the engineered
tissue, ASCs are also capable of differentiating into various soft and connective
tissues that facilitate integration of that specific tissue into the body (Figure 3).
ASCs are multipotent, being able to undergo adipogenic, osteogenic, myogenic,
and chondrogenic differentiation, (differentiation is limited to mesodermic
lineages) [84]. Interestingly, according to some, ASC spheroids showed similar
chondrogenic potential as BMSCs in a monolayer, but were less effective than
the latter in cartilaginous differentiation in high-density 3D culture formed
from spheroidal aggregates of cells [85]. Human ASCs have also demonstrated
the ability to develop a smooth muscle-like morphology [86]. ASCs can also be
induced into a neuronal lineage, serving another exciting role for this cell
population in the realm of tissue engineering [87]. Other applications include
direct differentiation into corneal epithelial-like cells [88], dentine pulp tissue
[89], cell types similar to pancreatic β cells with insulin-secreting capabilities
[90], and cardiomyocyte-like cells for post-myocardial infarction repair
[89,91,92].

As mentioned above, the pro-angiogenic properties of ASCs provide an exciting
platform in the realm of tissue engineering. Since the surgical integration of an
engineered tissue implant naturally results in loss of perfusion to that area, a
proper return of blood flow through direct endothelial differentiation and
VEGF secretion in that area is needed to supply nutrients and oxygen to
regenerative cells [93]. ASCs have thus demonstrated potent roles for
angiogenic repair in ischemic tissues, such as in myocardial infarction [94].
ASCs have been shown to not only directly differentiate into endothelial cells
and incorporate into existing vascular structures [95], but may also have a role
in supporting that population. Abluminal localization and subsequent
development of pericyte-, smooth muscle-, and mesenchymal-like properties in
ASCs allows ASCs to directly interact with endothelial cells to maintain the
functional and structural aspects of vasculature [96]. These interactions have
already been demonstrated to potentiate angiogenesis around implants,
raising the possibility for its clinical use in tissue engineering [97].
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Figure 3. Demonstrated differentiation potential of ASCs

2.6. CURRENT THERAPEUTIC APPLICATIONS OF ASCs
The bioactive properties of ASCs have been extensively studied in a wide range
of clinical contexts, from effects on tumors to post-transplantation
immunosuppression and autoimmune conditions. This extensive array of
evidence lends credence to the fascinating potential of these cells in treating
and mitigating disease. This, coupled with the relative ease by which they can
be isolated, creates an exciting future for ASCs.

2.6.1. Immunomodulation in transplantation
and immune-mediated disease

Tolerance to engineered tissues can be likened to that which is required
following allogenic transplant. Current post-transplant immunosuppressive
regimens contain chemical suppressors of immune mediator proliferation.
New research suggests that supplementation of this regimen with
immunomodulatory ASCs can enhance the development of tolerance and
reduce the onset of rejection [102]. This combination therapy was
demonstrated to have significant results in tolerogenesis in an orthotopic
hind-limb vascularized composite allotransplantation model in rats [103].
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These successful results have also been demonstrated in large animal models,
with enhanced prolongation of heterotopic hind-limb transplantation in swine
[104]. Several potential issues must be noted in the use of ASCs / MSCs in
post-transplant regimens. These include maintenance of the ASC populations
in vivo due to natural clearance, specifications regarding dosage and method of
delivery, and the potential for drugs in the post-transplant regimen to
themselves negatively modulate the immunomodulatory capacity of ASCs
[105]. The potential for success in using ASCs in transplant has been
demonstrated in a humanized mouse model of skin grafts [106] and even in a
patient who underwent kidney transplant [107]. Evidence also exists for the
capacity of ASCs to mitigate the severity of graft-versus-host-disease (GVHD)
following bone marrow transplant [108].
Immunomodulation by ASCs has proved useful in the context of autoimmune
and immune-mediated diseases. Systemic treatment with ASCs has been
showed to decrease Th1 response and increase Treg levels (with associated
elevation in IL-10 levels) to alleviate the severity of colitis in a murine model of
drug-induced colitis [109,110]. Early evidence also points to the utility of MSCs
as a therapeutic adjunct in the treatment of multiple sclerosis [111,112].
Through suppression of Th1 and Th17 subsets in combination with
upregulation of Tregs, ASCs were demonstrated to improve outcomes in
murine
experimental
autoimmune
hearing
loss
[113].
This
immunosuppression of T lymphocytes was also demonstrated to reduce the
severity of symptoms in rheumatoid arthritis [60]. ASCs were also shown to
decrease the incidence of necrosis following autologous fat grafting [114].
Through the upregulation of VEGF and IL-10, intracerebral implantation of
ASCs demonstrated significantly improved functional outcomes in a mouse
model of Alzheimer’s disease [115].
The vast potential of ASCs is readily apparent. This cell population is readily
available and plentiful in lipoaspirates, isolatable by various protocols, and has
a rich array of bioactive properties ranging from immunosuppression to
localized enhancement of growth and repair. As implanted engineered tissues
face hefty challenges from the host immune response and demand localized
wound repair for proper integration into the body, the mechanisms by which
ASCs have been demonstrated to modulate local environments in vitro and
in vivo can be harnessed through integration into scaffolds and artificial
constructs. This is another promising area of study, and is discussed in the
following section.

2.6.2. Oncology

Stem cell therapy appears to have a mixed picture when it comes to induction
or reduction of cancerous tumors. As was previously stated, the combination of
growth factor secretion and immunosuppression by localized presence of ASCs
can protect and induce the growth of breast cancer cells [61]. Breast cancer
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cells co-cultured with ASCs were shown to have increased markers for
malignancy and may lead to worse outcomes [98]. ASCs increased motility and
metastasis of cancer cells and may stabilize tumor vasculature in breast
cancers as well [99]. Interestingly, stromal tissue isolated from adipose tissue
was shown to lead to increased cell death in pancreatic cancers [100]. ASCs
also demonstrate the capacity to hone on tumor cells, and this has been used
therapeutically to assist in drug delivery to these sites [101].

2.7. INTEGRATION OF ASCs WITH SCAFFOLDS AND
ARTIFICIAL CONSTRUCTS
To realize the full potential of ASCs enhancing the successes of engineered
tissues, it is first necessary to understand how ASCs can be integrated into
scaffolds currently used in these applications. Evidence has existed for over a
decade regarding the seeding of scaffolds with ASCs. A 2005 publication
examining techniques to facilitate osteochondral engineering determined that
ASCs could be successfully integrated into chitosan scaffolds without undue
toxicity on those cells [116]. The adhesive properties of the scaffold specifically
to encourage ASC attachment and proliferation can be enhanced by the
application of specific peptide sequences to its surface [117]. ASCs were also
shown to have potential in tissue engineering particularly in vascular
generation through seeding of tubular scaffolds [118] and adipogenesis
following seeding of gelatin sponges [119]. ASCs were also proposed for the
seeding of calcium phosphate scaffolds to facilitate surgical repair in spinal
fusion [120].

Considerable research has been conducted to determine specific
characteristics of the scaffold that facilitate the use of ASCs in various clinical
contexts. Not only does the material of the scaffold weigh heavily on ASC
seeding and subsequent proliferation and differentiation, but also the pore size
and shape, which has significant effects on vascularization of the biomaterial.
Understanding how various scaffold-based technologies have proven useful in
laboratory and clinical settings can yield useful information into how ASCs can
be integrated into existing tissue engineering applications across the body.

2.7.1. Wound healing

One area where ASCs have proven useful is in the context of wound healing. As
previously mentioned, the hypoxic conditions within the wound coupled with
the angiogenic properties and differentiation capabilities of ASCs make them
potent candidates to accelerate the wound healing process. However, effective
use of these cells requires their integration into a matrix that can be easily
applied within the wound, which may be irregularly shaped. Acellular scaffolds
may facilitate these functions of ASCs, and this has been hypothesized to be an
effective solution to enhance wound healing [121]. Cell sheets of ASCs have
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been demonstrated to enhance the degree of wound healing in a mouse model
[122.123]. One study found that ASCs integrated into an ECM patch were
necessary for their survival and subsequent enhancement of skin wound
healing in mice [124]. Hydrogels have been shown to maintain ASC viability
within the wound, thereby prolonging their healing capacities for a longer
period of time [125]. Decay in ASC healing properties may be mitigated by the
use of low level laser therapy, which can act to stimulate these cells [126]. In
terms of biomaterials, chitosan and PLCP-P123 (nonwoven nanofibrous
material with structural similarity to ECM) scaffolds have been shown to be
effective in the wound healing process mediated by ASCs [127-129].

2.7.2. Bone / soft tissue repair

Effective scaffold-based ASC therapy can also prove useful in the treatment of
defects in bone by optimizing the osteogenic potential of these cells. As in skin
wound healing, the architecture and composition of the scaffold plays a critical
role in this process. Scaffolds that bear resemblance to bone (calcium
phosphate-based scaffold with polycaprolactone and hydroxyapatite
components), particularly those that have been co-cultured with osteoblasts,
show success in facilitating ASC differentiation into bone within the
architecture of the scaffold [130]. As seen previously in skin wound healing,
use of low-level laser therapy can enhance bone regeneration as well [131]. In
addition to mimicking scaffolds with natural bone, the density of the scaffold
structure also weighs on the differentiation potential of ASCs [132]. A recent
study demonstrated that a stacked scaffold structure can also enhance the
osteogenic potential of ASCs [133].

2.7.3. Angiogenesis

Scaffold material (either naturally derived or synthetically generated) has also
been shown to weigh on ASC angiogenic potential [134]. Seeding of ASCs into
commercial dermal substitutes can also promote angiogenesis [135,136]. It is
interesting to note that the method by which ASCs are integrated into the
scaffold (injection vs. onlay seeding) can play a role in the extent of subsequent
vascularization of the graft due to differential effects on migration of cells
through that scaffold [137]. Additionally, seeding of ASC spheroids into a
porous polyurethane scaffold proved more effective at facilitating growth of a
higher density of vessels than seeding with individual ASCs [138]. However,
the angiogenic potential of ASCs need not require direct contact by those cells.
Encapsulation of ASC spheroids with a polytetrafluoroethylene filtration
membrane, which allows soluble mediators to diffuse into the local
environment, demonstrated increased vascularization in that area [139].

38

The promising role for adipose-derived mesenchymal stem cells in tissue regeneration

2.7.4. Neuronal regeneration
Scaffold-integrated ASCs can also facilitate neuronal regeneration. The use of
decellularized adipose tissue as the ECM scaffold grafted into a mouse model of
cavernous nerve damage to simulate post-prostatectomy injury, demonstrated
neural regrowth and return of penile erection [140]. Seeding of ASCs into
porous gelatin and chitosan scaffolds grafted into mouse model of traumatic
brain injury also revealed enhanced repair, attributed to induction of ASC
differentiation into neuron-like morphologies [141,142]. Targeted axonal
repair following transection and Wallerian degeneration is also enhanced with
the use of nerve guidance conduits seeded with ASCs [143].

2.7.5. Other applications of ASC-seeded scaffolds

This platform has been utilized in a variety of other clinical contexts as well
(Figure 4). Submucosa-seeded ASCs enhance erectile function following
damage to tunica albuginea and application of the graft over the injury [144].
Virally modified ASCs integrated into a 3D PLGA / alginate scaffold
demonstrated a method to promote the development of cartilage [145].
Scaffolds of decellularized cadaveric tendon seeded with ASCs also facilitated
regeneration of tendon tissue through direct induction of tenocyte
differentiation [146,147]. Pelvic floor reconstruction, specifically in the context
of fascia regeneration, was also enhanced with ASC-seeded implants [148].

What are some of the factors of the scaffold that may regulate ASC activity? As
stated before, the actual composition of the scaffold can weigh heavily on this
point. Development of scaffolds of composite material mixed with
decellularized adipose tissue demonstrated greater ASC viability and
subsequent differentiation into adipogenic lineages [149]. These properties
were also encouraged by seeding ASCs in layers of calcium alginate hydrogels
[150]. Surface modification of a chitosan-based scaffold allowed for a push
towards ASC differentiation into cardiac muscle [151]. Use of
polyhydroxybutyrate / poly(hydroxybutyrate-co-hydroxyhexanoate) scaffolds
enhanced cartilage development from seeded ASCs [152].

Several treatment conditions can encourage ASC seeding and integration into
scaffolds. One demonstrated technique to improve adhesion of ASCs to
non-woven poly(L-lactic acid) scaffolds is oxygen plasma treatment prior to
seeding [153]. Culture conditions, specifically the media / serum, also can have
an effect on initial density of ASC seeding of scaffolds [154]. These studies
reveal that the exact material of the scaffold, any modifications to the
biomaterial, and architecture will have to be tailored carefully to optimize the
desired effects of the seeded ASCs. Therefore in future applications of ASCs to
enhance the effectiveness of engineered tissues, one must consider how the
scaffold can affect the activity and differentiation potential of ASCs, in addition
to effects on vasculogenesis, which is largely affected by pore architecture.
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Figure 4. Overview of demonstrated uses and subsequent benefits of ASC-seeded
scaffolds in clinical contexts

2.8. FUTURE DIRECTIONS AND CONCLUSIONS
All of this established evidence points to a promising future for ASCs in tissue
engineering. This is a highly versatile and readily available cell population that
has repeatedly demonstrated characteristics favoring its use in this clinical
context. Its multipotent properties, ability to secrete a variety of
growth-inducing and immunomodulatory mediators (hence the term
immunomodulatory secretome), and ability to integrate into existing scaffold
materials point to its increased use in new biomaterials and artificial tissues.
However, much work remains before ASCs can become a feasible treatment
modality. Current regulations restrict the breadth of ASC-based therapies such
that cells must remain within the operating room with the patient. To date, if
cells are brought outside the operating room to undergo culturing or
engineering in a laboratory, they may not be replaced into a patient. Patient
safety is of paramount concern, and in vivo animal studies as well as
preliminary human safety trials must be conducted to open the doors to
further testing. With strong evidence available regarding its benefits,
ASC-based therapies must address these necessary safety concerns to open the
40
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doors to further, but well-regulated, clinical studies.All benefits and challenges
of ASCs are listed in Figure 5.

Figure 5. Benefits and challenges of using ASCs in clinical applications

In conclusion, the many challenges currently experienced by bioengineers,
clinicians, and translational researchers in the effective in vivo application of
biomaterials may be mitigated or solved by the effective addition to ASCs.
However, further work remains to be done to fully characterize and describe
their clinical potential and safety to achieve full clinical use. Although ASCs are
largely limited to laboratory use and study at this point, as discoveries emerge
and as regulations will change, these cells will offer an exciting new chapter in
the field of regenerative medicine.
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3.1. INTRODUCTION
Polymeric nanomaterials are materials ranging from 1–1000 nm in size in at
least one dimension and are associated with having a larger surface area than
their larger-scale material cousins. Their peculiar nanosized structure confers
different properties to the nanomaterials in comparison to bulk polymers. The
main advantages of polymeric nanomaterials are that they can be designed
with a variety of compositions, sizes and possible morphologies, surface
chemistries, and surface topographies [1]. In recent years, polymeric
nanomaterials have attracted increased attention as they can be developed to
exhibit a variety of unique properties for a wide range of applications to meet
market needs. Indeed, if recent trends continue, polymeric nanomaterials will
emerge as the fastest growing domain in the near future [2].
Biodegradable polymers contain functional groups that may be cleaved in vivo
leading to the fragmentation of the polymeric chains and therefore to their
solubilisation. Biodegradable polymeric materials are used when it is
necessary for a medical device to degrade over the time and these materials
must fulfil some prerequisites to be considered useful for such purposes: do
not impart inﬂammatory or toxic responses upon implantation, have an
acceptable shelf life, possess a degradation rate in physiological conditions in
accordance with the intended application, have appropriate initial mechanical
properties with pertinent variations over the material degradation period,
generate non-toxic degradation products that may be metabolised and cleared
from the body, and have appropriate processability and sterisability for the
intended application [3].

Biodegradable nanomaterials can be divided into four categories: spheres,
hydrogels, micelles and fibres. They have been employed for a wide variety of
applications in the biomedical field such as drug or biomolecular delivery
systems, vaccines, scaffolds for tissue engineering and even wound dressings
[4,5]. As biodegradable nanoparticles are digested internally and cleared from
the body, they are often chosen over their non-biodegradable counterparts.
Moreover, their application for the delivery of drugs and bioactive molecules
has been shown to improve the bioavailability, the solubility and the retention
time of the encapsulated systems. Indeed, with non-biodegradable drug
carriers, the release of therapeutic agents may be poor due to their high
molecular weights which can impede diffusion through the polymer matrix.
Furthermore, when using biodegradable systems, the interaction with the
biological environment is also increased leading to better tissue absorption
and intracellular penetration. Therefore, the comparative therapeutic index is
increased with enhanced tolerability and low toxicity risks [6]. In tissue
engineering applications, scaffolds based on biodegradable nanofibres offer
several advantages, such as a large surface area-to-volume ratio, high and
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tunable porosity, malleability to facilitate a wide variety of shapes, superior
mechanical properties compared to regular fibres, and finally high axial
strength combined with high ﬂexibility. Moreover, their morphologies closely
match the architecture of natural tissue extracellular matrix, since nanofibres
possess the same dimensions as collagen or cellular cytoskeleton fibres.
Therefore, nanofibre-based scaffolds enhance biological activity resulting in
better cell attachment, proliferation and maintenance of phenotypic
expression [7].

The first section of this chapter presents a background of the biodegradable
polymers used in medical applications. Then, the development of nanofibres
and nanofibrous scaffolds as well as nanoparticles, with a view to medical
applications, is explored. Finally, the surface modiﬁcations applied to such
nanomaterials are covered in more detail.

3.2. BIODEGRADABLE POLYMERS
Biodegradable polymers are divided into two categories. Synthetic degradable
polymers have the advantage of not presenting immunogenicity, being
synthesised with reliable sources, and being manufactured to obtain
predictable properties. They mostly degrade hydrolytically since they contain
hydrolytically labile chemical bonds in their backbone. Their degradation rates
are influenced by the polymer molecular weight, morphology, crystallinity, as
well as the device size and shape [8]. Natural polymers share similar traits
with extracellular matrix polysaccharides or proteins. They can be recognised
by the biological environment, may avoid toxicity issues, and may aid in the
attachment, proliferation and differentiation of cells since they contain
biofunctional molecules. However, natural polymers are complex and are
difficult to purify and characterise, which in-turn makes them difficult to
obtain as uniform raw materials. Moreover, natural polymers are
enzymatically degraded and their degradation rates, ranging from a few hours
to 6 months, are not easily controlled since enzymatic activity can differ
between hosts [9]. The chemical structures of some biodegradable polymers,
both natural and synthetic, that are widely used to develop nanomaterials are
given in Figure 1.
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Figure 1. Chemical structures of synthetic and natural biodegradable polymers that
are commonly used to develop nanomaterials
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3.2.1. Aliphatic polyesters
Aliphatic polyesters, such as polyglycolide (PGA), polylactide (PLA), their
copolymers poly(D,L-lactide-co-glycolide) (PLGA), and poly(ε-caprolactone)
(PCL), etc., have been widely used for biomedical applications due to their
diversity, synthetic versatility, and ease of degradation [3]. They are generally
synthesised at high temperatures by ring-opening polymerisation of the
corresponding cyclic monomers. They degrade by hydrolysis of the ester
linkages along the backbone producing biodegradable metabolite monomers
that can be resorbed via metabolic pathways. Their degradation kinetics
depend on various factors such as the polymer nature, the monomeric
composition, molecular weight, conformation, and physicochemical
characteristics [10].

PGA is a highly crystalline polymer that exhibits high melting and glass
transition temperatures (Tm = 225–233 °C, Tg = 35–45 °C). It degrades fairly
rapidly in vivo (1–12 months) and its degradation results in the production of
glycolic acid that, at high concentrations, lowers the pH of the surrounding
tissue and may cause inﬂammation [9]. PLA is a relatively hard semi-crystalline polymer poly(L-lactide) (PLLA) with a high melting temperature
(Tm = 170–200 °C, Tg = 55–65 °C) when synthesised with L-lactide, or an
amorphous polymer poly(D,L–lactide) (PDLLA) when obtained with D,L-lactide.
PDLLA has only a glass transition temperature of around 55 °C and therefore
has a lower tensile strength in comparison to PLLA. Moreover, PLLA degrades
very slowly (5 months–5 years), while PDLLA has an intermediate degradation
rate (12–16 months) [11]. Consequently, PLGA made of various compositions
of D,L-lactide and glycolide monomers, is one of the most successfully used
biodegradable polymers in the development of nanomaterials [6]. Indeed, the
mechanical properties and the degradation times can be modulated with the
lactide/glycolide ratio. Moreover, PLGA degrades into lactic acid and glycolic
acid that are metabolised by the body through the Krebs cycle. As a
consequence, the use of PLGA nanosystems is associated with minimal
systemic toxicity [12]. The US Food and Drug Administration (USFDA) have
approved the use of PLGA for human use and nanomedicines. PLGA is soluble
in a wide range of solvents and various therapeutic agents have been
successfully encapsulated into or adsorbed onto PLGA nanoparticles [6].

PCL is a semi-crystalline polyester with a low glass transition temperature that
makes it semi-rigid at room temperature (Tm = 58–65 °C, Tg = −65 to −60 °C).
Therefore, PCL may be processed to obtain various shapes, such as spheres,
fibres, porous materials, etc., as PCL shows good organic solvent solubility and
an innate malleability. Moreover, PCL may be compatibly blended with a wide
range of other polymers and is also used as a soft block in polyurethane
formulations [13]. PCL degrades slowly (2–3 years) in comparison with the
other polyesters and is especially interesting for the preparation of long-term
drug delivery systems, such as one-year implantable contraceptives [14]. PCL
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degrades by hydrolysis leading to low-concentrations of caproic acid that does
not cause signiﬁcant negative reactions in the surrounding tissues, and is
completely metabolised since caproic acid enters the citric acid cycle. PCL also
degrades through enzymatic attack. The bioactivity of PCL is well documented
and it is approved by the USFDA for the formulation of nanoparticles [15,16].
Various molecules have been successfully incorporated into PCL
nanoparticles/nanofibres to increase their therapeutic value [6]. PCL-based
nanofibres have also widely been developed as scaffolds for tissue engineering
[16,17].

Poly(3-hydroxybutyrate) (PHB) is the simplest member of the poly(3-hydroxyalkanoate) family. This natural polyester can be produced
biotechnologically leading to a high semi-crystalline polymer (Tm = 168–
182 °C, Tg = 1–15 °C). PHB could be used for various applications in the
biomedical field due to its biocompatibility and biodegradability, as well as the
non-cytotoxicity of its metabolic products [18]. Indeed, PHB degradation leads
to D-(−)-3-hydroxy-butyric acid, which is a normal constituent of blood.
Although PHB possesses a chemical structure very similar to the synthetic
biodegradable polyesters, it degrades very slowly due to its high crystallinity.
Therefore, PHB nanoparticles present great potential as depot devices [19]. To
reduce its crystallinity and result in materials with better processability, as
well as to increase its degradation rate, PHB is often copolymerised with
3-hydroxyvaleric acid (HV). PHB and P(HB-HV) may find applications as tissue
engineering scaffolds and drug delivery nanoparticles [20].

3.2.2. Other synthetic biodegradable polymers

Polyanhydrides are the most widely investigated biodegradable polymers.
Indeed, anhydride bonds (CO–O–CO) are highly sensitive and degrade through
hydrolysis into corresponding dicarboxylic acids. The degradation occurs by a
surface erosion mechanism, which allows for the release of encapsulated drugs
at constant and slow rates. Furthermore, the chemical composition of
polyanhydrides can be customised to develop materials with a wide range of
degradation kinetics. Aliphatic linear polyanhydrides degrade within a few
days, while polyanhydrides containing aromatic groups take longer to degrade,
as much as a year [21]. As a consequence, it is possible to control the drug
release rate as well as the release pattern. Moreover, polyanhydrides possess a
hydrophobic backbone that prevents water penetration which protects the
encapsulated drugs from hydrolysis [22].
Aliphatic polycarbonates, such as poly(trimethylene carbonate) (PTMC), are
elastomeric polymers with excellent ﬂexibility and softness that make them
easy to process. Moreover, sensitive drugs can be encapsulated into
polycarbonate-based nanoparticles under mild conditions. PTMC degrades
slowly (> 1 year) by surface erosion and advantageously does not produce
acidic degradation products. Indeed, PTMC degradation leads to
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1,3-propanediol and carbonic acid [13]. PTMC is generally copolymerised with
other cyclic lactones and some of the copolymers have been commercialised
and are approved by the USFDA for clinical applications [23].

Polyphosphazenes are hybrid organic-inorganic polymers that contain a
phosphorus-nitrogen backbone and organic or organometallic side groups that
are attached to the phosphorus atoms, which dictate the polymer properties. A
huge selection of substituents may be easily introduced by common organic
chemistry and the inorganic backbone can degrade by hydrolysis with rates
ranging from a few hours to years, depending on the side groups. The
degradation leads to neutral products and may have a pH buffering effect when
combined with polyesters [24]. Polyphosphazenes are flexible polymers with
good processability and they may participate in noncovalent bonding which
in-turn may create new interfacial interactions with biological systems.
Consequently, the unique structural diversity of biodegradable
polyphosphazenes associated with their potential multifunctionality should
allow for the design of nanomaterials with superior biological characteristics
[25]. Polyphosphazenes-based nanofibres and nanoparticles show significant
promise in drug delivery and tissue engineering applications. Interestingly,
organometallic derivatives of polyphosphazenes combine the electronic
properties associated with the transition metal anchored to the side groups
and the processing advantages of organic polymers. Polyphosphazenes may
also be used as coatings on hydrophilic superparamagnetic nanoparticles in
order to enhance their water dispersibility and colloidal and chemical stability
[26].
Other synthetic biodegradable polymers are also susceptible to hydrolysis.
Poly(ortho esters), poly(p-dioxanone), poly(propylene fumarate), and
poly(ester urethanes) have been used on their own and as copolymers in
biomedical applications [27].

3.2.3. Polysaccharides

Polysaccharides are found in numerous organisms, such as in mammals,
insects, marine organisms and plants. They are the homopolymers or
copolymers of monosaccharides, and are very diverse in their chemical
structure and composition, molecular weight, and ionic character, leading to
various biological activities. Polysaccharides have been widely used in
biomedical applications since they are non-toxic, possess a high content of
functional groups that can be easily chemically modified, and have excellent
properties. Polysaccharide-based biomaterials can be designed as
self-assembled micelles, cross-linked nanogels, and ﬁbrous meshes.
Accordingly, they are employed for various nanomedicine applications such as
in drug delivery carriers, biosensors and tissue engineering scaffolds [28].
Chitosan is a modiﬁed polymer prepared by the partial N-deacetylation of
chitin, which is one of the most abundant natural polymers and found in the
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exoskeletons of insects and arthropods. Its chemical and physical properties
depend on its molecular weight, degree of deacetylation, and the distribution
of the acetyl groups in the backbone. Chitosan is easier to develop as a
biomaterial than chitin due to its better solubility in water and organic
solvents. Chitosan is a cationic polymer that possesses polyelectrolyte
behaviour and may complex with various negatively-charged biomolecules
which enhances its biological activity and makes it a very effective
mucoadhesive. Furthermore, it is capable of chelating various metal ions [7].
The structure of chitosan is similar to glycosaminoglycans present in the
human body, and it has been shown to elicit a minimal foreign body response
and to have a stimulatory influence on immune cells, which may stimulate
wound healing processes [3]. Moreover, the cationic structure of chitosan also
confers antimicrobial properties, cellular binding capabilities, hemostatic
properties, as well as anti-bacterial and anti-fungal properties [29]. Lysozyme
and chitosanase degrade chitosan into glucosamine and the in vivo degradation
rates range from between weeks to 6 months, depending on the degree of
deacetylation [30].
Alginates are unbranched copolymers of β-D-mannuronic acid (M) and
α-L-guluronic acid (G), existing as mixed salts of calcium, magnesium, sodium
and potassium. They are found in brown algae and their physicochemical
properties depend on the proportion and the distribution of M and G
monomers which are intrinsically linked to the source origin [31]. Alginates do
not enzymatically degrade in vivo since alginate lyases are found in algae and
marine microorganisms, and they do not possess bioactive sequences which
may be recognised by cells [30]. However, alginates are abundant and are
relatively low in cost. They show excellent biocompatibility, low toxicity, and
non-immunogenicity. They also possess high functionality and they may easily
form hydrogels through simple gelation with divalent cations [29]. Moreover,
alginates can electrostatically interact with oppositely charged chitosan and
poly(L-lysine) to develop hydrophilic nanocarriers with high potential as
vectors in biomedical and pharmaceutical applications [32,33].

Dextran is produced from sucrose through bacteria or yeast fermentation. It
consists essentially of α-1,6 linked glucopyranoside residues with a small
percentage of α-1,3 linked residues. The length and arrangement of branches
differ depending on the enzyme’s bacterial source. Dextran is cleaved by
microbial dextranases and slowly degrades in comparison with other
polysaccharides. Due to its high content of hydroxylic groups, dextran may be
easily functionalised [34]. Additionally, it is a natural analogue of poly(ethylene
glycol) (PEG) and therefore dextran derivatives are used in a wide range of
biomedical applications because of their excellent solubility in aqueous
solutions, biocompatibility and nonfouling properties. Dextran-based
hydrogels can also be formed by physical or chemical crosslinking. Recently,
dextran-based nanogels have been developed to act as cell tracking probes for
advanced in vivo imaging techniques [35].
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3.2.4. Glycosaminoglycans
Glycosaminoglycans are linear, anionic, naturally occurring polysaccharides
primarily
composed
of
glucuronic
acid,
iduronic
acid
and
N-acetylgalactosamine with variable sulfation patterns, which is critical for
biological activities. Indeed, the sulfation content plays a major role in
glycosaminoglycan-protein binding. As the synthetic development of
glycopolymers with high reproducibility and yield has yet to be achieved, the
use of natural glycosaminoglycans is of interest for the design of bioactive
biomaterials. Heparin is one of the most studied glycosaminoglycans due to its
high negative charge density which can be attributed to the presence of
approximately 2.7 sulfate groups per disaccharide unit. Such high negative
charge density enables interactions with several proteins. Heparin has mainly
been used as a surface coating to functionalise a variety of nanomaterials [36].

Hyaluronic acid (HA) is the most commonly used carbohydrate-based natural
polymer in tissue engineering. It is composed of D-glucuronic acid and
N-acetyl-D-glucosamine. HA is the only non-sulfated glycosaminoglycan and in
contrast to other glycosaminoglycans, it does not covalently bond to proteins.
HA is synthesised at the inner wall of the plasma membrane and is present in
the extracellular matrix, connective tissues and synovial ﬂuids. It is the most
abundant natural polymer present in the human body and more than 50 % is
found in the skin, lung and intestine. Commercial HA is produced from animal
tissues and microbial fermentations [37]. HA can be obtained in a wide range
of molecular weights, up to 107 g mol–1, which allows HA to assume a variety of
roles within the body. Indeed, high-molecular-weight HA is considered
anti-angiogenic and non-immunogenic and plays a role in maintaining cell
integrity, while low-molecular-weight HA is considered inflammatory,
immuno-stimulatory and angiogenic and induces receptor-mediated
intracellular signalling. In vivo, HA is enzymatically degraded by hyaluronidase,
β-D-glucuronidase, and β-N-acetyl-hexosaminidase at a high degradation rate
(from hours to 1 month). HA degradation leads to glucuronic acid and
N-acetylglucosamine, which are finally metabolised to carbon dioxide, water
and urea [30,38]. Because of its excellent biocompatibility and
physicochemical properties, HA has been widely used in wound dressings,
drug delivery applications and for tissue engineering including cartilage, liver,
vascular, dermal, ophthalmic and nerve repair or regeneration. However, the
commercially available HA homopolymer is too mechanically weak to be used
as a supportive scaffold and its half-life is too short for long-term clinical
applications. As a consequence, HA is often chemically modiﬁed or cross-linked
to allow for the development of nanofibres, nanogels or self-assembled
nanoparticles [29,37,39]. Moreover, it was demonstrated that when sulfur-modified, HA shows a higher binding affinity to growth factors than heparin
[36].
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3.2.5. Proteins
Proteins are essentially high-molecular-weight amino acid polymers arranged
in a three-dimensional folded structure that are naturally degraded by a wide
range of proteases. Proteins display a wide range of biological functions in
nature which has motivated a significant amount of interest in the
development of protein-based biomaterials. Collagen accounts for about a
fourth of the total protein content of the human body. It is a fibrous protein
that maintains the structural integrity of the extracellular matrix in tissues. Its
primary structure is a polypeptide chain composed of repeating triplets of
glycine-X-Y, where X and Y are typically proline and hydroxyproline. There are
28 types of collagen molecules and collagen type I (present in the skin, tendons
and bones), represents 90 % of all collagen types [40]. Collagen-based
nanofibres have been applied for wound dressings and preliminary vascular
tissue engineering. However, commercial sources of collagen type I are
generally derived from rat tail, bovine dermis, or human placenta. Therefore,
recombinant systems have been developed due to the risks associated with
infectious disease transmission from allogenic or xenogenic materials, the
potential for immunogenicity, as well as the high cost of purification, quality
concerns, and product homogeneity for mass production [30].

Gelatin is obtained by the denaturation and physicochemical degradation of
collagen and its properties depend on the production process. Gelatin consists
of 19 amino acids and is arranged in single-stranded molecules. It possesses
similar hemostatic properties to its collagen precursor and is enzymatically
degraded by collagenases [41]. Gelatin is soluble in aqueous solutions;
however it possesses cationic and anionic groups coupled with strong
hydrogen binding ability, which can make fibre-forming a challenge. Many
molecules have been successfully encapsulated into gelatin-based
nanoparticles, and the mechanical stability of nanofibre-based scaffolds may
be enhanced by chemical crosslinking with various agents [6,40].

Silk is a natural protein mainly produced by silkworms and spiders. Silk fibre
possesses a crystallised and compact structure consisting of hydrophobic
fibroin as the core protein coated by hydrophilic sericin, which maintains the
physical structure of fibroin. The presence of sericin is the main concern in
terms of usefulness for biomedical applications, since it is associated with
hypersensitivity reactions and poor biocompatibility. When sericin is removed,
or absent, like in silk fibres from spiders, the immune response is similar to
that of other biomaterials [30]. Fibroin is highly biocompatible, biodegradable,
induces a limited inﬂammatory response, and possesses excellent mechanical
properties. Moreover, silk-based biomaterials have high thermal stability over
a wide range of temperatures (up to 250 °C) and therefore they can be
sterilised by autoclave. Silk degradation occurs through enzymatic proteolysis
from enzymes such as chymotrypsin, actinase, and carboxylase. The
degradation rate in vivo can be tailored from months to years based on many
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factors, such as the silk processing conditions and the physical characteristics
of the material. Silk-based biomaterials have been widely processed as
nanofibre-based scaffolds for tissue engineering applications and wound
dressings [40,42].

3.3. POLYMERIC NANOFIBRES AND NANOFIBROUS
SCAFFOLDS
Polymeric nanofibres have been developed for a variety of applications. In the
medical field, the market of nanofibre-based materials is very nascent and
therefore research in this area is rapidly expanding [43]. The potential medical
applications are in the development of scaffolds for tissue engineering, carriers
of bioactive compounds and cells, and in wound dressings. Additionally,
in-terms of positively promoting cell-polymeric matrix interactions, the high
surface area of the nanostructured, nanofibrous scaffolds allows for oxygen
permeability and provides sufficient space for nutrient and waste exchange
[44]. Moreover, in wound dressings, fluid accumulation at the wound site is
limited and the material pore size prevents bacterial penetration. When used
as carriers, nanofibrous materials may offer site-specific delivery of multiple
drugs, genes and growth factors. Furthermore, their morphology and porosity
can be modulated to control the molecule release profile [45]. Finally, the
nanofibre-based scaffold surface can easily be functionalised by chemical or
physical methods in order to carry various functionalities.

3.3.1. Fabrication

As illustrated in Figure 2, three main techniques are used to fabricate
nanofibres based on biodegradable polymers: electrospinning, thermally-induced phase separation and self-assembly.
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Figure 2. Main techniques used for the development of polymeric nanofibres
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Among the three, electrospinning is the most widely studied technique. It is a
simple, cost-effective, robust, and versatile process capable of producing
polymeric fibres from a variety of polymer melts and solutions, with nanoscale
diameters ranging from 50–1000 nm or greater. The electrospinning setup
includes a high voltage power supply between a polymer solution or melt
reservoir and a grounded collector (Figure 2). Due to the electric field, the
polymer solution surface at the end of the spinneret is electrically charged,
with even charge distribution over the surface. Under the influence of
electrostatic interactions, an increase in the electrical potential leads to a drop
distortion into a so-called “Taylor cone”. When the applied electric ﬁeld
reaches a critical value, the repulsive electrical forces overcome the surface
tension forces and a jet is ejected continuously from the tip of the Taylor cone.
Eventually, the electriﬁed jet is attracted by the grounded collectors of
opposite polarity placed under the spinneret. The space between the spinneret
tip and the collector allows for solvent evaporation and therefore a solid
polymeric non-woven fibrous matrix is deposited on the surface of the
collector [46]. Conventional electrospinning produces randomly oriented
nanofibres; however, aligned electrospun fibres (uniaxially aligned, radially
aligned or in a wavy form) can also be obtained when using rotating and dual
collectors or by manipulating the electrical field. Finally, the flat matrix may be
stacked, folded, wound and twisted to fabricate three dimensional scaffolds
with various shapes such as sheets, tubes or threads [47]. The morphology of
the fibrous matrix is influenced and controlled by the polymeric solution
parameters (viscosity, conductivity, surface tension), processing parameters
(electric ﬁeld, distance between the spinneret and the collector, flow rate and
spinneret diameter) as well as ambient parameters (temperature, humidity).
Indeed, the polymer nature determines the rate of degradation, while the
solution and processing parameters determine the nanofibre diameter and the
amount of polymeric beads that may be formed along the fibre [5].

Thermally-induced phase separation (TIPS) is a relatively simple procedure
with very minimal requirements in terms of equipment. The TIPS approach
allows for great processing ﬂexibility with overall shape and pore structure
control, as well as allowing for the design of extracellular matrix-like
nanofibres ranging from 50–500 nm. Moreover, TIPS can be combined with
other techniques to create simultaneous nano- and macro- architectures
through the formation of macroporosity in the nanofibrous matrix, and to
fabricate nanoﬁbrous hollow microspheres without the need for a template
[48-50]. The TIPS method involves five basic steps: polymer dissolution, liquid-liquid phase separation process, polymer gelation, solvent extraction, and
eventually freezing and freeze-drying under vacuum (Figure 2). TIPS is based
on the thermodynamic instability of a homogenous solution of polymer in
solvent which, by cooling the solution below the polymer glass transition
temperature, will spontaneously separate into two phases: polymer-rich and
polymer-lean phases. Upon extraction and freeze drying, the polymer-rich
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phase solidifies to form the polymer skeleton and eventually leaves behind a
solid polymeric scaffold whose morphology is affected by processing variables
such as the polymer nature, concentration, solvent, and temperature.
Therefore under the right conditions, nanofibrous scaffolds may be developed.
Actually, gelation is the step that controls the porous morphology since low
gelation temperature leads to nanoscale-fibre scaffolds, whereas high gelation
temperature leads to a platelet-like structure due to crystal nucleation and
growth. However, the fibre average diameter is not significantly affected by
gelation conditions or polymer concentration [5].

Self-assembly involves the spontaneous organisation of individual molecules
into an ordered structure or pattern through non-covalent interactions such as
hydrogen bonding, van der Waals forces, electrostatic forces, or hydrophobic
forces (Figure 2). The goal of self-assembly is the formation of thermally stable
protein-like molecular architectures, through the creation of nanofibres from
synthesised small molecules and oligopeptides with a well-defined chemistry.
For instance, oligopeptides consist of alternating hydrophilic and hydrophobic
amino acids forming stable β-sheet structures. When an aqueous peptide
solution is added to a physiological salt-containing solution, β-sheets pack
together to form double-layered β-sheet nanofibres, without the need for
temperature changes [51]. Self-assembly is a simple process for nanofibre
fabrication. It can also be used to easily encapsulate cells in a hydrogel and can
be used in an injectable form for in situ scaffold formation. Control of self-assembly in the design of nanofibres is carried out by switching the pH,
through the introduction of divalent ions, and by varying the temperature and
the concentration. However, self-assembly is limited by the choice of molecules
whose synthesis is time-consuming and quite expensive. Self-assembly also
leads to nanofibres in a gel-form, while electrospinning and TIPS give
nanofibres in a dehydrated-form. Moreover, the self-assembly process does not
easily allow for the control of pore size and shape within the hydrogel, and
leads to small fibre diameters in comparison to those fabricated by other
techniques. Indeed, individual fibre diameters are around 10–20 nm, and fibre
lengths can only reach several micrometers [49].

3.3.2. Properties

The process and the processing parameters have a significant effect on the
geometric properties of the nanofibres obtained, which determine the physical
and mechanical properties of the polymeric materials. Some examples of
polymers and solvents used for designing nanofibres by electrospinning and
TIPS, associated to the fibre diameters, are given in Table 1.
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Table 1. Examples of nanofibre diameters in correlation with solvent, polymer nature
and concentration, obtained by electrospinning and TIPS
Polymer

Solventa

PCL

CHCl3
FA/CHCl3
FA/AA

PDLLA

Conc.b
(w/v%)

Electrospinning

TFE

10
10
10

20.8

FDc
(nm)

4173
222
266
750

PCL/PLLA

CHCl3/MeOH

8–11

347–1340

P(HB-HV)

CHCl3

18

571

PCL/PTMC
PHB

Polyphosphazene
Chitin

DCM/DMF

CHCl3/DMF
CHCl3
HFIP

Chitosan

H2O/AA

HA

HCl

Alginate/PEO
Dextran

Collagen

8

14
7
6

49–74

8

75

H2O/AA

PLLA

THF

1–7.5

CHCl3/DIOX

1–5

PCL/PLLA
PLGA
PHB

THF
THF

110

1.3

HFIP
HFA

1200

40–130

10.6

Gelatin
Silk

950

7

H2O
H2O

203–302

10

3–7

TIPS
5

5–12

80–300
186

100–1200
110

250–500

FL/FD
ratiod

Ref.

–

[55]

–

[54]

–
–
–
–
–
–
–
–
–
–
–
–
–

164–169

6.1–12.5

161–170

4.8–8.0

95–175

259–569

–

3.1–11.7

[70]
[66]
[18]
[71]
[72]
[73]
[73]
[74]
[75]
[76]
[63]
[77]
[42]
[60]
[78]
[79]
[61]

Gelatin
MeOH/H2O
5–10
157–177
3.2–6.7
[50]
a Solvent abbreviations: AA: acetic acid, CHCl : chloroform, DCM: dichloromethane,
3
DMF: N,N-dimethylformamide, DIOX: dioxane, FA: formic acid, H2O: water, HCl:
hydrochloric acid, HFA: hexaﬂuoroacetone, HFIP: 1,1,1,3,3,3-hexaﬂuoro-2-propanol,
MeOH: methanol, TFE: 2,2,2-triﬂuoroethanol, THF: tetrahydrofuran
b Conc.: polymer concentration
c FD: fibre diameter
d FL/FD ratio: fibre length/fibre diameter ratio
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Electrospun nanofibre diameters may be increased by increasing the flow rate,
the spinneret tip diameter and its distance from the collector, and decreasing
the voltage and the solution charge density. Moreover, the viscosity of the
solution impacts on the uniformity of the bead-free nanofibres [52]. Indeed,
there is an optimal feed solution viscosity for electrospinning since no
continuous fibres may form at very low viscosity, whereas the ejection of jets
from highly viscous polymer solutions is very difficult. In the optimal range, a
more viscous feed solution, due to the higher polymer concentration and
molecular weight, leads to larger and more uniform fibre diameters with a
reduction in the number of beads along the fibres [53]. For instance, PCL/PLLA
nanofibres electrospun from a chloroform/methanol solution had dense bead
structures with a smaller diameter for low concentrations of PCL/PLLA, in
comparison with a concentration of 11 w/v % which resulted in fibres almost
four times larger with bead-free structures (Table 1) [54]. Van der
Schueren et al. have demonstrated the importance of the solvent during the
electrospinning process. Indeed, different solvents lead to different polymer
solution surface tensions, and a high surface tension tends to inhibit the
electrospinning process. For instance, using chloroform as the solvent led to
uniform PCL fibres in the microscale range, while the binary system of formic
acid / chloroform resulted in smaller fibres in the nanoscale range with
noticeable beads. When using the formic acid / acetic acid system, the number
of beads drastically decreased (Table 1). The composition of the binary system
also impacted on the eventual fibre diameter. By increasing the amount of
acetic acid from 10 v% to 80 v%, the average fibre diameter showed a minor
increase (from 545 to 662 nm), though this was associated with a large
increase in the standard deviation (from 80 to 420 nm). This trend was
attributed to changes in the solution conductivity [55]. Porous nanofibres can
also be fabricated by inducing phase separation between the polymer and the
solvent, which can be induced through temperature reduction or by using a
highly volatile solvent [56,57]. Finally, the composition of fibres can be easily
tailored by using different polymers, composite materials and encapsulations
during electrospinning, which may also lead to changes in the nanofibre
diameters. Khatri et al. have demonstrated that the fibre diameter decreased
from 860 to 715 nm with increasing PLLA ratio in PCL/PLLA blends [58].
When magnetite nanoparticles were encapsulated into the PCL nanofibres
during the electrospinning process, the nanofibre diameter decreased from
864 nm to 202 nm through the inclusion of up to 15 % of magnetite
nanoparticles, which can be attributed to changes in the solution electrical
conductivity and viscosity. Nevertheless, the addition of 20 % of magnetite
nanoparticles increased abruptly the fibre diameter to 664 nm. This
phenomenon was explained by the agglomeration of magnetite nanoparticles
resulting in a too high solution viscosity and a low electrospinnability [59].

The nanofibrous structure is also affected by the processing parameters when
using the TIPS method for nanofibrous scaffold preparation (Table 1). The
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solvent and the gelation temperature have a huge impact on the morphology of
the foam. Indeed, if the polymer / solvent mixture is cooled fast to a low
temperature that allows the solvent to freeze into a solid state, a solid-liquid
phase separation will take place instead of the liquid-liquid phase separation.
As a consequence, channel and ladder-like features are observed instead of
nanofibrous networks. However, when the polymer / solvent mixture is
appropriate, nanofibrous structures are obtained even at low gelation
temperatures. Ma et al. have demonstrated the peculiarity of the PLLA/THF
system, where nanofibrous scaffolds were obtained only with temperatures of
below 15 °C [60]. Li et al. reported that THF and DMF could not produce PHB
nanoﬁbrous structures, while nanofibrous scaffolds were obtained by using a
chloroform / dioxane mixture and gelation temperature of below 4 °C [61].
Moreover, the authors have found that the average fibre diameter was not
affected by the gelation temperature; however the interfibre spacing, which
can be related to the fibre length / fibre diameter ratio, decreased and became
more uniform at lower gelation temperatures. The same trend is observed
when the polymer concentration was increased [60,61]. In this way, the
porosity of the scaffold may be controlled.

Mechanical characterisation of nanofibres and nanofibrous scaffolds is crucial
for tissue engineering applications because the scaffold must provide a
mechanically stable support for cell development, and must be able to
withstand the forces exerted by growing tissues and physiological activities.
Some mechanical properties of polymeric nanofibres and nanofibrous scaffolds
obtained by electrospinning and TIPS are given in Table 2. The values are
different from those obtained in equivalent bulk materials [27]. Indeed for
fibre-based materials, the mechanical properties are affected by the polymer
molecular weight, morphology, crystallinity, as well as the material size and
shape such as porosity, pore area and fibre size, density and orientation [44].
For instance, when electrospun fibre-based materials are developed with
aligned fibres, the modulus and the tensile strength increase and the
mechanical behaviour becomes anisotropic in comparison to randomly
arranged fibres [62,63]. The fibre size also affects the mechanical properties as
a reduction in the size improves the orientation and decreases the quantity of
defects in the structure. As a consequence, a higher modulus and strength are
generally obtained. The mechanical behaviour of electrospun fibre-based
materials may also be tailored by: applying thermal post-treatments, using
polymer blends, crosslinking the fibres, modifying the fibre surface, as well as
encapsulating nanoparticles [44]. Ramier et al. have demonstrated that the
incorporation of hydroxyapatite nanoparticles within PHB nanofibres
increased the elastic modulus and the tensile strength by 67 % and 51 %,
respectively. In contrast, when the hydroxyapatite nanoparticles were sprayed
over the PHB nanofibres during the electrospinning process, the mechanical
properties drastically decreased. This can be attributed to the higher porosity
of the scaffold due to weaker interactions between the fibres and the
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hydroxyapatite nanoparticles [18]. Nanofibrous scaffolds obtained by TIPS
exhibit significantly better mechanical behaviour than solid-walled porous
scaffolds [50]. Moreover, the mechanical properties can be tailored by using
polymer blends and by varying the polymer concentration in the gelling
solution [60,61]. Indeed, an increase in the polymer concentration leads to a
higher network density associated with lower porosity. As a consequence, the
Young’s modulus and the tensile strength both increase [60].
Table 2. Examples of mechanical properties of some polymeric nanofibres and
nanofibrous scaffolds obtained by electrospinning and TIPS
Polymer
PCL

Young’s
Modulus
(MPa)
6–60

PDLLA

13.9–70

PHB

238

PLLA

PLGA

Chitosan
Collagen

10–66

30–140
155

80–262

Gelatin

105–499

PHB

40

PLLA

4–20

Tensile
Strength
(MPa)

Strain at
Break
(%)

1.1

1.8

Electrospinning
0.6–40

0.6–7.7

[46,59,65,80]

2

[62,65]

0.1–7.8

1.8–127

4.07

0.12

1.8–45
10.7

3–12

7.3

[40,65]
[18]
[81

[40,46,63]

6–9

[60]

10.6–96

0.7

6

0.15–0.6

[65,70]

–

2.3–12

TIPS

Ref.

[40,46]
[61]

The physical properties of the nanofibrous scaffolds are crucial as they
influence the degradation behaviour of the material as well as the biological
properties. Indeed, it was found that the fibre diameter influences the cell
spreading proliferation, migration and differentiation [40,64]. Cells migrate
poorly into small-diameter fibre scaffolds and readily penetrate into large-diameter fibre scaffolds. However, cells are restricted to spreading along
single fibres for large-diameter fibres, whereas cells are guided by the
underlying fibrous matrix for small-diameter fibres. As a consequence, cell
differentiation is more extensive on fibres with smaller diameters. Moreover,
cells are also affected by the fibre alignment. Since cells adhere and elongate
along the fibre axis, a more organised deposition of extracellular matrix is
obtained in aligned fibre-based scaffolds. As a consequence, the resulting
tissues possess higher stiffness and modulus in comparison with tissues
formed by cells seeded onto random fibre-based scaffolds [64]. Finally, cells
have a higher proliferation rate on scaffolds that are more stable because
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scaffolds lose their porosity and structural integrity when degrading, thus
preventing cell adhesion and ingrowth [65]. The degradation behaviour of
macroscale degradable polymers has been comprehensively studied and was
found to depend on a wide range of parameters, such as the polymer
composition, molecular weight, crystallinity, porosity, material size and shape.
However, it is important to note that the degradation rate of polymers is
different between the bulk material and the nanofibre-based scaffolds. For
some polymers, the degradation rate of larger structures is faster than that of
nanofibres due to autocatalysis in larger structures [66]. Nevertheless, the
hydrolytic degradation was found to be much more rapid for nanofibrous
scaffolds obtained by TIPS in comparison to solid-walled scaffolds, even if the
wettability in the nanofibrous scaffold is smaller because of small interfibre
spacing and the large amount of relatively-hydrophobic surface area. Indeed,
the high amount of surface area offers more available sites for polymer
hydrolysis. Besides, fibre aggregation occurs during the degradation leading to
a decrease in the surface area of the nanofibrous scaffolds, which consequently
induces a reduction in the degradation rate with time [67]. Fibre aggregation
during degradation is also observed for electrospun nanofibres that are
prepared from polymers with glass transition temperatures lower than the
degradation temperature. For some polymers, the degradation results in fibre
swelling. The fibres may also change from smooth and straight to coil and
wavy [65]. For rigid and crystalline polymers associated with slow degradation
rates, the fibres tend to break along the fibre axis and the broken ends are
more susceptible to hydrolytic attacks [68]. Some attempts to reduce the
degradation rate have led to the design of nanofibres with various polymer
blends as well as composite nanofibres with encapsulated apatitic
nanoparticles. Indeed, Ji et al. demonstrated that the incorporation of apatite
nanoparticles within PLGA/PLC electrospun fibres had a buffering effect as the
nanoparticles neutralised the acidic degradation products that are generated
upon polymer degradation, hence slowing down the scaffold degradation [69].

3.3.3. Applications of nanofibrous materials

The ultimate goal of tissue engineering approaches is to successfully repair and
restore the function of damaged or diseased tissues. An important feature of
tissue engineering is the design of polymeric scaffolds that may be used as
carriers for therapeutic cell delivery to the defect region, or may act as space
fillers that would recruit surrounding cells and allow tissue development. As a
consequence, compelling requirements have been identified for scaffold
design: (1) biocompatibility and biodegradability with an appropriate
degradation rate; (2) adequate morphology; (3) multi-scale interconnected
porous structure; (4) optimal mechanical strength; (5) surface properties that
could regulate appropriate cell activities [82]. Various scaffolds have been
prepared using many different methods including particulate leaching, textile
technologies, and phase separation [83]. Although these scaffolds exhibit
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certain advantages, their pore sizes and fibre diameters are often micron-scale,
far from the natural nano-scale of extracellular matrix. As a consequence, cells
attach and spread in a flatten pattern and still exhibit a two dimensional
topography, similar to if they had been cultured on 2D flat surfaces [84]. In
addition to the architectural similarity with natural extracellular matrix,
nanofibrous and nanofibre-based scaffolds can absorb more proteins due to
their high surface area and porosity, and therefore present more binding sites
to cell membrane receptors. As a consequence, they may enhance cell adhesion
and provide an excellent micro/nano environment for cell proliferation and
activity [85]. Since a number of natural and synthetic biodegradable polymers
have been successfully fabricated as nanofibres, nanofibrous scaffolds have
been explored for many tissue engineering applications. Thus, they have been
investigated for use in bone regeneration as well as soft tissue regeneration,
such as for the regeneration of cardiovascular tissue, cardiac grafts, nerve,
cartilage, ligament and skin [5,42,86]. Therefore, numerous studies have
investigated the behaviour of various cells, including cardiomyocytes,
chondrocytes, keratinocytes and stem cells seeded over nanofibrous materials
[61,65,85,87]. In wound healing applications, nanofibre-based materials
possess many advantages. Indeed, they help generate dressings with good
oxygen permeation, sufficient drainage of wound exudates, and facilitate the
protection of the wound from infection and dehydration. Moreover, they may
accelerate the healing process by promoting the migration of cells on the
wound surface, and may also reduce wound contraction leading to a decrease
in patient morbidity [77,85]. Finally, due to the ease of nanoparticle
incorporation within the nanofibres, antimicrobial wound dressings may be
further developed [70].

Polymeric nanofibres may also be used to encapsulate and deliver bioactive
hydrophilic and hydrophobic molecules for therapeutic applications. The
solubility and compatibility of the drug in a drug/polymer/solvent system are
decisive factors for the elaboration of nanofibrous carriers, since the system is
aimed to deliver a sufficient amount of a drug for an adequate period of time
and has to avoid the degradation of drugs during the fabrication process [88].
A wide range of therapeutic molecules, including drugs, proteins, genes and
growth factors, have been successfully encapsulated within fibre structures,
physically coated or chemically attached on their surfaces [89,90]. For instance
in the electrospinning process, drug loading can be achieved through various
techniques such as; post-spinning modiﬁcations that prevent the drug from
exposure to the electrospinning process; direct electrospinning of
drug/polymer blends that boasts the advantage of being a single-step method;
and co-axial or emulsion electrospinning which can be used to develop core-shell morphologies that contribute to prolonged release [47]. Compared with
other formulations, electrospinning also offers a high loading capacity. As a
matter of fact, the high surface area of nanofibres allows for fast and efficient
solvent evaporation limiting drug crystallisation, and therefore leading to the
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formation of amorphous dispersions. Moreover, due to the ﬂexibility of the
nanofibre processing, a variety of fibre compositions, porosities and structural
architectures may be developed in order to control the drug eluting proﬁles
and to meet the needs of the targeted physiological environment. Indeed, the
release mechanism is highly dependent on the distribution of the drug
molecules in the fibres as well as the fibre morphology. In this way, the drug
release pattern can be tailored by varying the drug travelling distance and
diffusion pathway, which are directly related to the polymer degradation
mechanism and the drug/polymeric matrix affinity [90]. The principal
advantage of nanofibrous carriers over cast-films is the increased drug release,
prolonged availability and site-speciﬁc delivery into the body, thus achieving
high local bioactivity and low systemic side effects. Furthermore, simultaneous
administration of multiple drugs may be achieved by encapsulating various
therapeutic agents within the same nanofibrous carrier. To ensure the
independent controlled release of each drug, sequential electrospinning has
been developed to obtain multilayered membranes consisting of various drugs
and basement nanofibres [88]. It has also been demonstrated that the
encapsulation of drugs into nanospheres which have been subsequently
incorporated within nanofibrous scaffolds, reduces the burst release and
allows for drug delivery over a prolonged duration [45]. Biodegradable
polymeric nanofibre-based carriers can be applied for the prevention of postsurgical adhesions and infections, local chemotherapy, transdermal drug
delivery, and tissue engineering [45,47].

3.4. POLYMERIC NANOPARTICLES
Polymeric nanoparticles (PNPs) are defined as particulate dispersions or solid
particles of 10–1000 nm in size. Within these PNPs, therapeutic agents (such
as drugs, DNA, proteins, etc.) as well as fluorescent labels can be dissolved,
entrapped, encapsulated or can be attached to the nanoparticle matrix. Two
conformations of polymeric nanoparticles are known to exist (Figure 3). The
term “nanocapsule” is used when the polymer forms a core, in which a
molecule of interest can be entrapped. The other common structure is called
nanosphere and refers to a nanoparticle made of entangled polymer chains in
which the molecule of interest is present. It is important to note that the
molecule can also be absorbed or covalently attached onto the surface of the
nanoparticles.
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Polymer

Molecule of interest
Figure 3. Schematic representation of a nanosphere (left) and a nanocapsule (right)

3.4.1. Advantages and applications of polymeric nanoparticles
There has been considerable research interest in using particulate delivery
systems as carriers for small and large molecules in drug delivery. Particulate
systems, such as nanoparticles, have been used as a physical approach to alter
and improve the pharmacokinetic and pharmacodynamic properties of various
types of drug molecules. Indeed, the nanometre-size promotes effective
permeation through cell membranes and stability in the blood stream.
Polymeric nanoparticles have been extensively studied as particulate carriers
in the pharmaceutical and medical fields, because they show promise as drug
delivery systems. This potential can be attributed to a number of factors
including: their controlled and sustained release properties [91,92],
subcellular size, which allows for relatively higher intracellular uptake
compared to other particulate systems [93], possible improvement of the
active substance stability [94], and biocompatibility with tissues and cells
when synthesised from materials that are either biocompatible or
biodegradable [95]. Polymers are very convenient materials for the
manufacture of countless and varied molecular designs that can be integrated
into unique nanoparticle constructs with many potential medical applications
[12]. Other advantages of nanoencapsulated systems as active substance
carriers include: high drug encapsulation efficiency due to optimised drug
solubility in the core, low polymer content compared to other nanoparticulated
systems such as nanospheres, drug polymeric shell protection against
degradation factors such as pH and light, and the reduction of tissue irritation
due to the polymeric shell (Scheme 1) [96,97]. As a consequence, PNPs have
been extensively studied as drug carriers in the pharmaceutical field [98,99]
and different research teams have published reviews about the nanoparticle
formation mechanisms [91-101], the classification of nanoparticulated systems
[98], and the techniques employed for the preparation of nanocapsules
[96,102].
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Scheme 1. Advantages of polymeric nanoparticles (PNPs)

3.4.2. Methods for nanoparticle preparation
The properties of PNPs have to be optimised in accordance with the particular
application. In order to achieve the properties of interest, the mode of
preparation plays a vital role. Thus, it is highly advantageous to have
appropriate preparation techniques at hand in order to obtain PNPs with the
desired properties for a particular application. Several methods have been
developed with nanoparticle sizes generally ranging in the scale of
100–500 nm [100]. These techniques are classified according to whether the
particle formation involves a polymerisation reaction or a direct arrangement
of pre-formed polymers and a desolvatation of macromolecules [102-104]. The
polymerisation methods can be further classified into emulsion and interfacial
polymerisation, and there are two types of emulsion polymerisation – organic
and aqueous – depending on the continuous phase. The availability of different
synthetic approaches allows for considerable flexibility in the preparation and
functionalisation strategy of multifunctional PNPs.

3.4.2.1. Self-assembly

Due to their unique chemical structures, amphiphilic (co-)polymers tend to
self-assemble into nano-aggregates in aqueous solution [105,106]. To obtain
PNPs containing active organic substances, a mixture of amphiphilic
(co-)polymers and organic active substances is firstly dissolved in a ‘‘good’’
solvent and then quickly added to an excess amount of a ‘‘poor’’ solvent. Thus,
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the hydrophobic segments of the polymer tend to aggregate and encapsulate
the organic substance in the core, while the hydrophilic polymer segments act
as a shell to stabilise the PNPs. Moreover, upon conjugating the active organic
substance to the hydrophobic ends or side chains of the amphiphilic
(co-)polymer, the polymer-substance conjugates form nanoparticles with the
organic active substance embedded and anchored in the polymeric matrix.
Additionally, the polymer hydrophilic segments could be decorated with
functional groups for further conjugation with specific targeting moieties to
cater to versatile biological tasks.

3.4.2.2. Polymerisation

In a typical polymerisation method, the organic solvent, containing monomers
and organic active substances, is uniformly dispersed into stable and small oil
droplets in the presence of an emulsifier in an aqueous solution through
ultrasonification. The polymerisation of monomers in oil droplets starts with
the addition of initiators into the emulsion to yield organic nanoparticle
dispersions (Figure 4). Further solvent evaporation results in well-dispersed
PNPs. In this method, the organic substance can be either reactive or nonreactive to the monomers during polymerisation [107,108].

Figure 4. Schematic illustration of organic active substance-encapsulated PNPs
prepared from in situ polymerisation: (1) Addition of monomers and organic
substances in water containing an emulsifier; (2) dispersion with sonication;
(3) addition of an initiator to initiate the monomer polymerisation to yield organic
substance-loaded PNPs

3.4.2.3. Emulsification / solvent evaporation
Emulsification-solvent evaporation involves two steps (Figure 5). The first step
requires emulsification of the polymer solution into an aqueous phase. To do
so, the polymer organic solution containing the dissolved drug is dispersed
into nanodroplets, using a dispersing agent and high-energy homogenisation,
in a non-solvent or suspension medium such as ethyl acetate. During the
second step, polymer solvent is evaporated by increasing the temperature
under pressure or by continuous stirring, inducing polymer precipitation in
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the form of nanospheres [109]. When the solvent is added into the emulsifier-containing aqueous solution under ultrasonication or vigorous stirring, small
organic droplets are stabilised by the emulsifier to generate a homogeneous
oil-in-water emulsion. After organic solvent evaporation, a stable suspension
of PNPs in water is obtained and the nanoparticles surfaces can be used for
further functionalisation. However, this method can only be applied to
liposoluble drugs, and limitations are imposed by scale-up of the high energy
requirements in homogenisation. Frequently used polymers in this method are
PLA, PLGA, PCL, and PHB. Drugs or model drugs encapsulated in this way
include: albumin, texanus taxoid, loperamide, pranziquantel, cyclosporin A,
nucleic acid and indomethacin.

Organic Solution
Polymer + drug in water
non-miscible solvent
Aqueous Solution
Stabiliser in water

Step 2
Solvent
Evaporation
Step 1

Figure 5. Schematic representation of the emulsification-evaporation technique

3.4.2.4. Nanoprecipitation
Nanoprecipitation is also known as the solvent displacement method. It differs
from emulsion in organic solvents since it involves the precipitation of a
pre-formed polymer from an organic solution and the diffusion of the organic
solvent in an aqueous medium, in the presence or absence of a surfactant
[109]. Using PLA as an example, PLA is dissolved in a water-miscible solvent of
intermediate polarity and this phase is subsequently injected into a stirred
aqueous solution containing a stabiliser surfactant. Polymer deposition on the
interface between the water and the organic solvent, caused by fast diffusion of
the solvent, leads to the instantaneous formation of a colloidal suspension
[110]. To facilitate the formation of colloidal polymer particles during the first
step of the procedure, phase separation is performed with a totally water-miscible solvent that is also a non-solvent of the polymer [111]. The solvent
displacement technique allows for the preparation of nanocapsules when a
small volume of non-toxic oil is incorporated into the organic phase.
Considering the oil-based central cavities of the nanocapsules, high loading
efficiencies are generally reported for lipophilic drugs when nanocapsules are
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prepared. Furthermore, hydrophilic segments of the polymeric matrix orient
into the aqueous phase and facilitate further functionalisation of the PNPs.
However, the usefulness of this simple technique is limited to water-miscible
solvents, in which the diffusion rate is enough to produce spontaneous
emulsification [110]. Moreover, even though some water-miscible solvents
produce certain instability when mixed in water, spontaneous emulsification is
not observed if the coalescence rate of the droplets is sufficiently high. Finally,
this method is only practically applicable to lipophilic drugs because of the
miscibility of the solvent with the aqueous phase, therefore it is not an efficient
means to encapsulate water-soluble drugs. This method has been applied using
various polymeric materials such as PLGA, PLA, PCL, and poly(methyl vinyl
ether-comaleic anhydride) [112-115]. It has been well adapted for the
incorporation of cyclosporin A, with entrapment efficiencies as high as 98 %
reported [116]. It can also be used for the preparation of highly loaded
nanoparticulate systems based on amphiphilic h-cyclodextrins to facilitate the
parenteral administration of the poorly soluble antifungal drugs Bifonazole
and Clotrimazole.

3.4.2.5. Salting-out

Salting-out is based on the separation of a water miscible solvent from aqueous
solution via a salting-out effect. The salting-out procedure can be considered as
a modification of the nanoprecipitation process. The polymer and drug are
initially dissolved in a solvent such as acetone, which is subsequently
emulsified into an aqueous gel containing the salting-out agent (electrolytes
such as magnesium chloride, calcium chloride, and magnesium acetate, or
non-electrolytes such as sucrose) and a colloidal stabiliser such as
poly(vinylpyrrolidone) (PVP) or hydroxyethylcellulose. The selection of the
salting-out agent is important because it can play an important role in the
encapsulation efficiency of the drug (Table 3). Stirring causes the dispersion of
the solvent as irregular sized globules in equilibrium with the continuous
phase, and the stabiliser is absorbed on the larger interface; further
homogenisation results in smaller globules. The oil-in-water emulsion is
diluted with a sufficient volume of water or aqueous solution to enhance the
diffusion of acetone into the aqueous phase, thus inducing the formation of
nanospheres. The addition of water and the heating step destabilises the
equilibrium and causes the diffusion of the organic solvent to the external
surface. During the transport of the solute, PNPs are produced with sizes
ranging from 100–200 nm. A heating step also encourages the production of a
final suspension free of organic solvent which is more uniform in size. Both the
solvent and the salting-out agent are then eliminated by cross-flow filtration
[96]. To remove the non-encapsulated drug, the PNP suspension is generally
filtered and ultracentrifuged followed by re-suspension in an adequate volume
of water. The salting-out process has been used in the preparation of
biodegradable PNPs with high efficiency and is easily scaled up. The main
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advantage of salting-out is that it minimises stress to the protein encapsulants
[57]. It does not require an increase of temperature and therefore may be
useful when heat sensitive substances have to be processed [117]. Moreover,
the amount of drug encapsulated into the PNPs can be modulated by varying
various parameters such as drug concentration, rate, temperature, and the
nature of the polymer ligands. Some studies have suggested that drug loading
can also be increased by varying the pH value of the solution [118,119]. The
greatest disadvantages are exclusive application to lipophilic drugs and the
extensive nanoparticle washing steps [120].
Table 3. Properties, advantages and disadvantages of some non-electrolyte salting-out
agents and colloidal stabilisers
Salting-out agents and
colloidal stabilisers
Chitosan
Dextran
Sucrose
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Properties

Advantages/disadvantages

Natural, cationic,
hydrophilic, linear,
biodegradable

Can be used in non-viral gene
delivery

Natural

Improves the stability of
proteins during lyophilisation

Natural, branched,
hydrophilic,
biocompatible

PEG

Synthetic, neutral,
hydrophilic, linear,
biocompatible

PVP

Synthetic, branched,
hydrophilic

Permits the anchoring of
biovectors and drugs when
functionalised with amino
groups

Remains stable in high ionic
strength solutions with varying
pH values
Enhances blood circulation time
(a few hours)
Permits functionalisation
Forms covalent bonds with
drugs containing nucleophilic
functional groups
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3.4.3. Examples of nanoparticles obtained from biodegradable
synthetic and natural polymers
Chitosan-based nanoparticles have been widely developed to encapsulate
proteins such as bovine serum albumin, tetanus and diphtheria toxoid
vaccines, anticancer agents, insulin, and nucleic acids [121]. Chitosan enhances
the absorption of peptides such as insulin and calcitonin across the nasal
ephithelium. The methods proposed to prepare chitosan-based nanoparticles
are based on the spontaneous formation of complexes between chitosan and
polyanions or the gelation of a chitosan solution dispersed in an oil emulsion.
The nanoparticles obtained by formation of the spontaneous complex have
smaller diameters (200–500 nm).

Collagen has been widely used as a biomaterial for years due to its promising
biocompatibility, low antigenicity and biodegradability [122]. Although
collagen forms hydrogels without the use of chemical crosslinking,
nanoparticle preparation needs additional chemical treatments due to weak
mechanical strength. For instance, collagen nanoparticles are often prepared
by electrostatic interactions with sodium sulfate employed as a desolvating
agent [123]. A recent study reported on the preparation of collagen-based
nanoparticles (340 nm) with methods using lipid vesicle cages, which allow for
the control of both the particle dimensions and the gelling environment during
the collagen polymerisation [123]. Due to the ease of particle size control, their
large surface area, high adsorption capacity and dispersion ability in water,
collagen-based nanoparticles can be applied for the sustained release of
various drugs.

Gelatin solutions undergo a coil-triple helix transition followed by aggregation
of the helices, enabling the formation of nanoparticles. Moreover, the high
number of functional groups on the polymer backbone can be used for
chemical modification such as for crosslinking and the addition of ligands.
Thus, gelatin is a much used biopolymer in the production of nanoparticles to
be used as delivery carriers. A number of methods have been reported to
prepare
gelatin-based
nanoparticles
including
desolvation
(a
thermodynamically driven self-assembly process), emulsion and crosslinking
with poly(ethylenimine) and glutaraldehyde, nanoprecipitation, coacervation,
and the grafting of hydrophobic anhydrides to the amino groups of primitive
gelatin to form self-assembled micelles [109,124-126]. Emulsified gelatin
droplets can also be hardened by cooling the emulsion below the gelation point
in an ice bath, resulting in gelatin-based gelled nanodroplets which can be
subsequently cross-linked with formaldehyde [127]. The particle sizes range
from between 100–600 nm with a mean of 280 nm, and crosslinking can
significantly increase the particle size. This technique is useful for heat
sensitive drugs; however, a number of drugs can be undesirably covalently
bound to the gelatin during the formaldehyde treatment. Furthermore, a
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significant disadvantage of the crosslinking agent relates to its toxicity, and this
point must be carefully considered.

The PLGA-based nanoparticulate system is one of the most successful and
interesting colloidal systems. Indeed, PLGA nanoparticles protect the
therapeutic agents, increase their stability and can be used for the controlled
delivery of therapeutic molecules with improved pharmacokinetic and
pharmacodynamic profiles. However, PLGA nanoparticles suffer from a
significant limitation due to their high level of opsonization by the
reticuloendothelial system (RES) [128]. To address this negative aspect,
several methods and procedures have been utilised for the surface
modification of PLGA nanoparticles in order to produce PLGA-based
nanoparticulate systems which are not readily recognised by RES. This goal
has been achieved by coating the surface of the nanoparticles with more
hydrophilic agents to cover the hydrophobic surface and to provide stealth
nanoparticles. Moreover, in some applications such as bone tissue engineering,
there is a need for a resorbable polymeric systems with sufficient strength and
toughness. It is most likely that a single phase system would not possess all the
necessary material characteristics, and hence modifications of the polymer
matrix may be needed to modulate the properties of the composite and
generate the required bioactive material. However, separation at the
composite filler-polymer interface suggests that bonding between all of the
components of a multi-phase system is required to obtain a mechanically and
thermally stable material. In this context, the development of PLGA-hydroxyapatite (nHAP) nanoparticles functionalised by collagen is a
promising approach [129]. This synthesis is carried out in several steps. In the
first step, the ring-opening polymerisation of D,L-lactide and glycolide
monomers is initiated by hydroxyapatite nanoparticles. Thereafter, the
polymerisation product is activated for collagen attachment (Figure 6).
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Figure 6. Schematic representation of the synthesis of collagen-PLGA-nHAP
nanoparticles: formation of PLGA-nHAP system followed by activation and attachment
of collagen [129]

3.5. SURFACE MODIFICATION
Polymeric nanoparticles, nanofibres and nanofibrous scaffolds have been
developed for a variety of applications in the medical field, such as for tissue
engineering and for the delivery of bioactive molecules. However, while the
biodegradability and bulk properties may match the needs of the intended
application and generally motivates the polymer choice, the inert nature of
synthetic biodegradable polymers may not facilitate the attachment of
bioactive compounds and can lead to a lack of biological recognition. For
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instance, the surface chemical nature plays a vital role in tissue engineering
because it impacts on the biological response [130]. To develop nanoparticles,
nanofibres and nanofibrous scaffolds as useful nanobiomaterials, it is essential
to tailor their surface properties and therefore a variety of approaches leading
to high functionalities have been developed as post-treatments
[49,89,131,132]. Consequently, surface-functionalised nanomaterials allow for
coupling with a wide range of biological and therapeutic molecules that may be
released in a timely and proper manner or that may provide bio-modulating or
biomimetic microenvironments for cells and tissues [89].

3.5.1. Surface modification of nanofibrous scaffolds

In the biomaterial field, a variety of approaches have been proposed to change
the polymer surface: introduction of polar groups by surface treatment,
adsorption of biomolecules, and the covalent immobilisation of bioactive
compounds [89,133-138]. In theory, any techniques used for the surface
modification of polymeric biomaterials may be applied to polymeric nanofibres
and nanofibrous scaffolds, as long as the process does not degrade the polymer
nor changes its nano-features.

Simple physical adsorption is the most straightforward and convenient
method to immobilise bioactive agents, such as enzymes, proteins, growth
factors and drugs, onto a polymeric surface. In this technique, electrostatic
interactions, hydrogen bonding, hydrophobic interactions, or van der Waals
interactions are the driving forces leading to the surface adsorption. The
efficiency of the adsorption may be enhanced by surface treatments that
modify the hydrophilicity of the materials, such as plasma treatment or wet
chemical methods [131]. Although it is the simplest approach to
functionalisation, the control over the bioactive agent retention is limited, and
conformational change and loss of bioactivity may take place when
immobilising proteins [49,133]. However, non-covalent adsorption is
sometimes desirable in drug delivery applications. For instance, postsurgical
anti-adhesion barriers are biomaterials that physically separate the wound site
from an adjacent organ or tissue, and concomitantly deliver infection
preventing antibiotics. Consequently, a rapid drug release proﬁle is highly
desirable [89]. Another way to physically immobilise charged therapeutic
molecules is the use of layer-by-layer assembly. In this method, polyanions and
polycations are alternately deposited on a charged polymer surface, resulting
in a multilayer coating in which the drug is encapsulated. This
functionalisation technique is easy to implement and can be used with a wide
compositional range of the coating layer. However, it is not applicable to
uncharged drugs and the release proﬁle is inﬂuenced by the thickness of the
coating [89].
In contrast with physical adsorption, covalent immobilisation provides a stable
bond between the bioactive compound and the polymer surface, and therefore
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provides a more efficient coating, extends the bioactive agent retention, and
may prevent its metabolism [133]. Prior to the biomolecule covalent
immobilisation, the generation of reactive functional groups on the polymer
surface is necessary. This may be achieved by various wet chemical or plasma
treatments. For instance, carboxylic acid and amine groups can be generated
with oxygen, ammonia, or air plasma treatments [132]. They also may be
generated on biodegradable polyesters through hydrolysis with sodium
hydroxide and aminolysis with a diamine, respectively [136,137,139,140].
However, strong reaction conditions should be avoided to ensure maintenance
of nano-feature and polymer. Subsequently, after activation of the
functionalised polymer surface, the biomolecule is tethered directly or through
the use of a linker molecule. A variety of conjugation techniques have been
developed [133]. Covalent bonding and physical adsorption may also be
combined. For instance, various methods have been considered to covalently
attach heparin onto polymeric scaffolds for tissue engineering applications.
Afterwards, growth factors can be bound to heparin with preservation of their
stability and biological activity through the retention of their native
conformation [137,141]. In another example, hydroxyapatite was coated onto
nanofibrous biodegradable polyester (PLA or PCL) surfaces [131,139]. In a
first step, the nanofibres surface was activated in an alkaline solution in order
to generate carboxylic acid groups. In a second step, the nanofibrous material
was dipped in Ca and P-rich solutions and finally, immersed in simulated body
fluid. The mineralization occurs through the carboxylic acid groups that
chelate calcium ions and initiate the mineral nucleation. The coating can be
tailored by varying the incubation time and the simulated body fluid
composition. In the end, the mineralised polymer exhibited higher osteoblastic
responses (cells adhesion and growth) with better expression of the bone
extracellular matrix genes than those on unmodified nanofibres. These new
nanofibrous materials have potential as bone regeneration membrane [139].

The cost and the control for the covalent immobilisation of biomolecules
remains a critical step for controlling the cell response. Moreover, the covalent
bonding may partially inactivate the bioactive compound. Therefore, the
introduction of multi-functional groups is an easier way to change the charge
or the chemical composition surface of a polymer, and therefore to tune the
rearrangements of proteins that adsorb from the cell culture serum onto the
polymer surface and to modulate the ultimate cell response [142,143]. With
this in mind, surface graft polymerisation is a simple, effective, and versatile
approach with a wide range of possibilities in terms of functionalisation and
composition due to the vast choice of monomers available. Moreover, multifunctional groups can be introduced with a high density without modifying the
polymer bulk properties. Surface graft polymerisation can be initiated by
various techniques, such as plasma discharge, ultraviolet light, ozone
oxidation, γ-rays, electron beams, and Cerium IV treatment [144]. Again, the
processing conditions should be carefully controlled to ensure the polymer and
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nano-feature integrity is maintained. Furthermore, to confer surface
hydrophilicity and provide functional groups for the subsequent
immobilisation of bioactive compounds, surface graft polymerisation can also
be used to covalently attach bioactive polymers, such as poly(sodium styrene
sulfonate), which is known to influence protein adsorption and cell response
[138,145].

3.5.2. Coupling strategies for the biofunctionalisation of
nanoparticles

The association of one or more biologically relevant molecules at the interface
of nanoparticles defines a nanoparticle-bioconjugate with biological activity
such as selective binding. Biomolecules of interest may include one or more of
the following:
•

Peptides, proteins, and antibodies

•

Carbohydrates

•
•

•

•

Enzymes and ribozymes

Oligonucleotides and aptamers
Lipids

Drugs or other biologically active small molecules

The interest in these bioconjugate materials arises from the combination of
nanoscale size with the nearly infinite diversity of physical properties and
chemical functionality that can be obtained through organic chemistry. Indeed,
PNPs can be designed to:
•
•

Carry molecular cargo externally or internally
Carry hydrophilic or hydrophobic cargo

•

Release cargo gradually

•

Evade the reticuloendothelial system and other immune responses

•

•

•

Exhibit “smart” physicochemical responses to environmental stimuli
(e.g., pH, thermal response)
Biodegrade

Target different tissues or cell types

These different properties are tailored through the selection of the chemical
composition of the PNPs. Bioconjugates of polymer and amphiphile
nanoparticles are typically prepared to assist targeting, with antibody
conjugates being particularly common. While there is no characteristic surface
chemistry due to the diversity of materials, the introduction of carboxylic acid
or amine groups into the polymer / amphiphile composition for bioconjugation
is routine. Overall, the bioconjugation chemistry of PNPs is generally dictated
by the functional groups associated with the material.
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3.5.2.1. Methods of coupling
Various coupling methods have been widely studied (Figure 7). Carbodiimide
coupling is used to covalently link carboxylic acid to amine groups via
formation of a ‘‘zero length’’ amide bond [146]. The key advantage of this
procedure is that it involves no lengthy linker species, so that the
hydrodynamic radius of the PNPs is minimised. The most common
carbodiimide coupling strategy uses 1-ethyl-3-(dimethylaminopropyl)
carbodiimide hydrochloride (EDC or EDAC) as the coupling agent, which has
been applied for enzyme-to-PNP coupling with retention of up to 50–80 % of
the enzymatic activity, depending on the enzyme [147,148] (Figure 7-A). The
efficiency of the coupling reaction can be increased by stabilising the
O-acylisourea intermediate by formation of the succinimide ester using
N-hydroxysuccinimide (NHS) or sulfo-NHS. Bis(N-hydroxysuccinimide) can
also be used without a carbodiimide activation agent, allowing for the
conjugation of two amine moieties thanks to the two NHS ester groups [149].
When PNPs bear hydroxyl groups on the surface, the activated species may be
directly coupled via a net dehydration reaction leading to ester linkages [150].
Maleimide may be used to conjugate primary amines to thiol groups as
illustrated in Figure 7-B [151]. The most commonly used maleimide-derived
coupling reagent is sulfosuccinimidyl-4-(maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC). Maleimide coupling has been widely used to
conjugate biomolecules such as DNA, herceptin and proteins [152-154].
Another common route for bioconjugation is the Cu(I)-catalysed alkyne-azide
cycloaddition reaction, also known as ‘‘CuAAC’’ or ‘‘click chemistry’’, which
involves the coupling of an alkyne group to an azide moiety resulting in a
1,2,3-triazole ring as the strong covalent bond between the PNPs and the
biofunctional agents (Figure 7-C). This process has been demonstrated to be
highly versatile since either alkyne or azide moieties can be expressed on the
biofunctional agent, suitable for conjugation of a variety of species including
small molecules. Combined with the variety of ligand head groups available for
nanoparticle-ligand bond formation, this procedure has a lot of potential as a
coupling approach for bioconjugation. Furthermore, the one-step click process
has been shown to give the possibility of introducing multiple functionalities
onto PNPs [155].
Finally, charged PNPs may be coupled either with oppositely charged
biological and polymeric species, or indeed to different oppositely charged
nanoparticles (Figure 7-D) [156,157]. Some obvious examples of biological
application are the coupling of negatively charged DNA or liposomes to
positively charged PNPs [158,159]. Moreover with careful tuning of the pH, it
is possible to couple a variety of proteins, which can be cationic, anionic or
neutral [160].
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Figure 7. Schematic representation of various coupling methods: A) carbodiimide
coupling used to covalently link PNP bearing carboxylic acid groups to amine moietiesbearing antibodies, B) Maleimide coupling of amines with thiol groups using sulfoSMMC as the linker, C) Schematic of Cu-mediated alkyne-azide cycloaddition (‘‘click
reaction’’), D) Ionic coupling between antibodies and PNPs

3.5.2.2. Polymers as conjugating agents on PNPs
Small molecules can be used as ligands to act as a sort of physical barrier
preventing the nanoparticle cores from coming into contact with each other.
This approach is associated with a very small increase in the nanoparticle
hydrodynamic radius. However, care must be taken not to make the molecular
shell too thin as this leads to an insufficient steric barrier, resulting in reduced
nanoparticle stability and aggregation [112]. By contrast, polymers also make
excellent ligands to surround nanoparticles and act as a substantial physical
barrier, which leads to a higher hydrodynamic radius in comparison to using
small ligands [128]. This effect is desirable for in vivo applications requiring a
long circulation time, but disadvantageous if rapid diffusion to the
extravascular space is required; essentially, size is a very important factor in
the biodistribution of PNPs [161]. Indeed like small-molecule stabilising
agents, the concentration of polymeric stabilisers may be used to control the
nanoparticle core morphology [112,159].
There are many suitable polymeric ligands that enable water solubility, most of
which are based on PEG and common carbohydrates such as starch, dextran
and chitosan [102,103,121]. PEG is especially suitable for nanosystems
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requiring long circulation times in blood, as it reduces the degree of
opsonisation and provides excellent long-term stability in high salt
concentrations and pH extremes [162]. Moreover, PEG end chains can be
modified to provide chemical functionality or ionic stabilisation, and allow for
the selective attachment to nanoparticle surfaces and subsequent
biofunctionalisation (Table 4) [156]. Therefore, PNPs decorated with different
ligands could be used for therapeutical purposes. For instance, appropriate
functionalisation of PNPs with targeting moieties could enable selective
recognition and interaction with specific cancer cells. Indeed, the proper
orientation of the targeting moiety can promote the antigen binding and the
subsequent spontaneous cell internalisation.

Finally, nanoparticle surface charge can also have an important influence on
their interaction with cells and on their uptake. Positively charged
nanoparticles seem to allow for a higher extent of internalisation, due to the
ionic interactions established between the positively charged nanoparticles
and the negatively charged cell membranes [159]. Moreover, positively
charged nanoparticles seem to be able to escape from lysosomes after being
internalised and exhibit perinuclear localisation, whereas the negatively and
neutrally charged nanoparticles prefer to colocalise with lysosomes.
Nanoparticle surface charges can be modulated through functionalisation with
polymeric ligands to facilitate a higher degree of internalisation. For instance,
PLGA nanoparticles have negative charges which can be shifted to neutral or
positive charges by surface modification with PEG or chitosan, respectively
[12,121].
Table 4. Examples of PEG derivative ligands used for chemical functionalisation of
PNPs
PEG derivatives used as
ligands

PEG
bis(carboxymethyl)ether

Thiol-PEG-carboxylic ether
Cholesterol PEG
PEG bis(amine)
PEG bis(azide)

Chemical structure

Functionalisation

Carbodiimide coupling
Ionic PNPs
Carbodiimide coupling
Ionic PNPs
Carbodiimide coupling
Ionic PNPs
Sulfo-SMCC coupling
Ionic PNPs
Click chemistry
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3.6. CONCLUSION
After a presentation of the biodegradable polymers used in medical
applications, this chapter gave an overview of the principal approaches that
can generate nanofibres and nanofibrous scaffolds as well as nanoparticles.
The choice of the method and the processing parameters are crucial for the
control of the nanofibrous and nanoparticle architecture and size as well as
their properties. Post-treatments and conjugations are often applied to modify
the surface chemistry leading to functionalised materials with biological cues.
Due to the annual growing of the global nanomaterial market, research and
development at the material scale is still challenging for the production of new
nanomaterials that could be used as biomimicking scaffolds and bioactive
nanocarriers.
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4.1. INTRODUCTION
The past several decades have brought about an ever-increasing requirement
for nanomaterial-based scaffolds that could be used to: a) explore cellular
behaviors by mimicking in vivo extracellular matrix conditions, or b) modulate
cellular behaviors by manipulating them on material interfaces. This chapter
describes the development of easy-to-handle, high-throughput methods – a
combination of common integrated circuit (IC)-compatible manufacturing
procedures with features of mass production capacity–to create in vitro
nanomaterial scaffolds and platforms to modulate cellular behavior and
growth micropatterning for a variety of mammalian cells. Microfabrication has
already been integrated into techniques of photolithography, reactive-ion
etching, metal nanoparticle-assisted etching, and chemically-based surface
modification. These approaches enable us to sufficiently design and create
artificial scaffolds with small-scale features to probe cell-substrate
interactions.

In the natural environment, cell-to-cell or cell-to-milieu interactions are crucial
for the formation of organs and tissues in vivo. Exploring the interactions
between materials and mammalian cells is a meaningful and interesting
subject in various research communities including tissue engineering,
regenerative medicine, and biosensors [1]. The ability to manipulate
mammalian cell-material surface interactions has offered us a myriad of
profound knowledge into biology-related research including mechanotaxis, cell
viability, and stem cell differentiation [2,3]. Cell-material surface interactions
are largely and intimately determined by the interplay of adhesive molecules
at the cell-material interface. These adhesive molecules affect various cellular
functions, such as division, proliferation, cell migration, differentiation, and
structural protein distribution [4-6]. Various molecular mechanisms
influencing the way that cells discern and react to their surrounding milieus
have been explored, including ligand-integrin interactions [7-10], surface
hydrophobicity or hydrophilicity, [11-13] and topography [14-21]. Because
biomedical engineering places great significance on cell adhesion, the
development of biomimetic materials to enable cell attachment and sustain
desirable architecture has been widely investigated [22,23]. Notably, it has
been shown that the actin cytoskeleton is a critical and dynamic structural
component of the mammalian cell milieu that responds to changes in surface
modification and, in doing so, alters characteristics of adhesion. Substrate-related modifications (often stimulations), for instance, can enhance actin
polymerization and affect focal adhesion complexes [24]. Various
collaborations between biology and engineering researchers have sought to
develop biocompatible scaffolds to modulate cellular responses in vitro. As a
result, controlling cellular environments using artificial scaffolds has become
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an area of devoted, albeit difficult, research that carefully and thoughtfully
integrates the regulation of both scaffold function and cell development. Most
research in this field makes use of plastic cell culture dishes to perform
experiments, but such surfaces are morphologically dissimilar to the natural
extracellular matrix. Recent advances in the development of three-dimensional
environments that can provide a more natively relevant surrounding support
scaffold for cells have spawned crucial advances in understanding various
physiological and pathological conditions [25-29]. In other literature, the
differences between in vitro and in vivo outcomes have been extensively
discussed [30].

Several approaches have been used to create nanomaterial-based scaffolds for
in vitro experiments. Research exploring cell-material surface interactions at
the nanometric scale can be catalogued into two groups, the examination of
cellular responses to i) adhesion molecules on various substrates (chemically
based approach) [31,32], or to ii) surface stiffness [33-37] and topographic
features (physically based approach) [38-41]. With regard to chemical
approaches, various chemicals or proteins micropatterns can be used to
efficiently modulate cellular function. For example, cell adhesion and neurite
outgrowth can be modified by chemically patterned surfaces [42-44]. Further,
self-assembled monolayers of alkanethiols have been shown to influence the
action potential of neurons [8]. Physically-based approaches, which use
micro-/nano-topographically altered surfaces, can influence cytoskeletal
remodeling, cellular morphology, and cellular spreading [45,46]. The effects of
topographic features, including the effects of a variety of micro-/nano-scale
geometries on cellular behaviors, have been investigated. Such investigations
include experimental review of microposts [47-50], nanogratings [51,52],
microgrooves [53], microperiodic structure [54,55], micropillars [56,57],
nanopillars [58], and nanofibers [59]. In a notable example of both physical
and chemical influences working together to affect cellular response, substrate
topography has been shown to work in concert with chemical signaling to
regulate cell behaviors [53]. The topographical dimension of adhesive
molecules, such as collagen fibers, laminin, and fibronectin exists in the
nanometric scale in nature; hence, to mimic in vivo conditions, it is necessary to
examine the physiological and physical effects of nanoscalar surface
modifications, especially with regard to the manner by which they affect
chemical contact sites for the regulation of cell activity. At present, our
understanding of the physical and chemical properties that, together, affect
interactions between the cell and the substrate surface and modulate specific
cell behavior remains immature. This chapter, which discusses nanomaterials
including oxidized silicon nanosponges and functionalized chitosan
membranes coated with different monolayers of functional groups, may
provide a suitable preliminary platform to further investigate cellular
behaviors using biocompatible and biomimetic conditions that resemble
in vivo milieus. The development of suitable artificial structures in vitro is
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crucial in several medical fields including nerve regeneration, small-scale
biomedical devices, and nanofabrication methodology.

Another challenging issue in biomedical engineering is determining how to
array cells with a desired pattern on artificial scaffolds. The specific
arrangement of cells is crucial to understand cell-to-scaffold interaction, but it
is also important as a means of mimicking in vivo conditions. For example,
native neural cell cultures are composed of a random arrangement of neural
cells, a situation that is hard for researchers to emulate because neural cells
prefer to aggregate into non-uniform groups. Using microfabrication, scientists
can control neural cell adhesion and growth, which allows for experiments that
better illuminate genuine neurobiological mysteries [42,60-63]. Current
promising progress in microfabrication has allowed for cellular patterning in
desired regions. The common microfabrication techniques for creating precise,
solid surface micropatterns include nanoimprint lithography [64],
microcontact printing [65-68] and microfluidic-based processes [69].
Microcontact printing technology, developed by Dr. Whitesides’ research
group (Harvard University), has become the most common approach for
transferring protein patterns onto cultural substrates [70]. However,
disadvantages of this method, namely surface sticking and an unstable yield
rate, need to be overcome before it is suitable for mass production. Also,
because the elastomeric stamp in this process is flexible, deformation
frequently occurs when pressing the stamp onto a solid surface.

Studies have examined a variety of surface property changes that can be
leveraged to specifically arrange cells on desired regions [11,71]. The capacity
for mammalian cell micropatterning is a preliminary requirement for the
development of artificial stents, suitable biosensors, and implantable artificial
tissues. For this reason, the demand for nanomaterial-based in vitro scaffolds
that can micropattern mammalian cells has been increasing, especially in the
fields of regenerative medicine and tissue engineering. The core of this
chapter, which is based on a selection of the past five-years’ published
research, includes an examination of the following nanomaterial-based
devices: 1) artificial scaffolds to be used as in vitro platforms for studying
cellular biology while mimicking the natural environment of the extracellular
matrix (e.g., silicon wafer and glass materials); and, 2) implantable materials
(e.g., chitosan membranes) to assist regenerative medicine, including organ
transplant and nerve conduit procedures.
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4.2. OXIDIZED SILICON NANOSPONGES
To investigate cellular behaviors in biomimetically and physiologically-relevant situations in vivo, oxidized silicon nanosponges have been fabricated
using inorganic, oxidized silicon wafers, a commonly used material in IC
manufacturing processes. It is worth noting that IC manufacturing industries
using silicon-based platforms have the following characteristics: 1) robustness;
2) ease-of-use; and, 3) expandability to mass production. Therefore,
silicon-based platforms have considerable potential for various applications in
the field of biomedical engineering. Furthermore, oxidized silicon substrate
can be modified with various functional group monolayers to detect cell
responses, including organization of the cytoskeleton, biochemical changes,
and cell adhesion. Moreover, because photolithographically-based
microfabrication can be used to create specifically micropatterned regions and
hydrophobic nanosponges on silicon surfaces, micropatterning of mammalian
cells can be achieved to facilitate the insightful examination of cellular
morphology. Sections 4.2 and 4.3 largely describe Yang’s studies examining
mammalian cell response and patterning on oxidized silicon nanosponges
[72,73].

4.2.1. Surface modification of silicon substrates

Nanosponges have been fabricated on monocrystalline silicon surfaces via
Ag-nanoparticle-assisted etching (Figure 1a) [74,75]. In these experiments, a
silicon wafer was immersed into 0.01 M silver nitrate solution for
approximately 5 min. Following formation of a metallic catalyst layer, the
substrate was soaked in etchant containing hydrogen fluoride (HF, 49 % wt)
and hydrogen peroxide (H2O2, 30 % wt) at a mixture ratio of 3 : 1 (v / v) for
3 min. The procedure for fabricating nanosponges on a silicon surface was
formerly developed by Peng et al. [75]. In order to enhance biocompatibility,
the silicon surfaces were fabricated to create a 20 nm-thick silicon dioxide
layer. The wafer surfaces were hydroxylated by O2 plasma treatment for
10 min via vapor deposition of silanol groups in a vacuum chamber
(Figure 1b). Following this, a silanol-hydroxyl reaction was used to create a
self-assembled molecular layer on the surface [76]. In total, six types of
surfaces containing various chemical modifications and nano-topography were
created,
including
pristine
oxidized
silicon
surfaces,
perfluorodecyltrichlorosilane (FDTS)-grafted oxidized silicon surfaces,
(aminopropyl)trimethoxysilane (APTMS)-grafted oxidized silicon surfaces,
pristine oxidized silicon nanosponge surfaces, FDTS-grafted oxidized silicon
nanosponge surfaces, and APTMS-grafted oxidized silicon nanosponge
surfaces.
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Figure 1. Fabrication of modified silicon substrates. (a) Ag nanoparticle-assisted
etching was used to fabricate silicon nanosponges. Through vapor deposition process,
different chemical functional groups were self-assembled on silicon nanostructures.
(b) The scheme of the self-assembled functional groups. Surface chemical modification
was created by O2 plasma treatment for surface hydroxylation Next, the reaction
between hydroxyl and silanol reacted. Finally, the monolayer was self-assembled on
the interface [72].
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4.2.2. Substrate surface characteristics
The hydrophobicity of the aforementioned surfaces was measured using a
water contact angle meter. The results indicate that the water contact angles
were 29° ± 2°, 110° ± 3°, 41° ± 2°, 1° ± 1°, 148° ± 4° and 2° ± 1° for pristine
oxidized silicon substrate, FDTS-grafted oxidized silicon substrate, APTMS-grafted oxidized silicon substrate, pristine oxidized silicon nanosponge, FDTS-grafted oxidized silicon nanosponge, and APTMS-grafted oxidized silicon
nanosponge, respectively (Figure 2). Note, FDTS functional groups can
increase substrate surface contact angle on more hydrophobically coated
surfaces. While, the nano-topography of surfaces coated with functional groups
may enhance hydrophobicity, silicon surfaces grafted with APTMS functional
groups were still hydrophilic and displayed a contact angle of less than 90°.

Figure 2. Contact angles and SEM images of modified substrates. (a) Pristine oxidized
silicon substrate; (b) FDTS-grafted oxidized silicon substrate; (c) APTMS-grafted
oxidized silicon substrate; (d) Pristine oxidized silicon nanosponge; (e) FDTS-grafted
oxidized silicon nanosponge; (f) APTMS-grafted oxidized silicon nanosponge [72].

4.2.3. Cellular morphology on oxidized silicon surfaces
Chinese hamster ovary (CHO) cells were selected to study the interaction
between cells and the aforementioned substrates. Figure 3 displays
morphological images of CHO cells following 2 h of culture. The CHO cells
grown on oxidized silicon surfaces appeared analogous to those grown on
culture plates (Figure 3a). Figure 3d displays CHO cells stretched out and
showing a rounded-up shape on pristine oxidized silicon nanosponges.
Figures 3b and 3e show CHO cells cultured on FDTS-grafted substrates but, in
these images, nanospikes are no longer observed and the cells have a smaller
rounded-up shape. On the APTMS-grafted substrates, CHO cells were known to
spread up to 100 μm in size (Figure 3c, 3f). This morphology is caused by the
NH2+ functional group of APTMS [77]. In comparison, CHO cells were seeded on
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pristine oxidized silicon nanosponges and pristine oxidized silicon substrate
for durations of 30, 60, 120, and 240 min. Figure 4 shows that, despite the fact
that CHO cells showed flat morphology on the pristine oxidized silicon
substrates, the cells appeared to be rounded-up on the pristine oxidized silicon
nanosponges, and differentiated numerous nanospikes visibly emanate from
the somas attached to the nanoposts of the oxidized silicon nanosponges.
Nanosponges were thus seen to offer physical support for cells to adhere to the
oxidized silicon surfaces.

Figure 3. SEM images of CHO cells seeded on functionalized surfaces after 2 hours of
culture. (a) Pristine oxidized silicon substrate; (b) FDTS-grafted oxidized silicon
substrate; (c) APTMS-grafted oxidized silicon substrate; (d) Pristine oxidized silicon
nanosponge; (e) FDTS-grafted oxidized silicon nanosponge; (f) APTMS-grafted
oxidized silicon nanosponge [72].
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Figure 4. SEM images of the contact morphology of cells seeded on pristine oxidized
silicon substrate and oxidized silicon nanosponge after different culturing durations
(a-30: after 30 min of culture on pristine oxidized silicon substrate, b-30: after 30 min
of culture on oxidized silicon nanosponge). Cells cultured on pristine oxidized silicon
substrate for 30, 60, 120 and 240 min, respectively [72].

4.2.4. Cytoskeleton remodeling on different surfaces
Cytoskeletal orientation and focal adhesion formation are products of the
interactions between cell shape and the extracellular matrix [78]. Cytoskeletal
organization of CHO cells was examined to determine the influence of
nanosponges via staining with rhodamine-conjugated phalloidin (Figure 5).
Note, the CHO cells seeded on pristine oxidized silicon nanosponges showed
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filamentous actin clustered in a punctuate manner, which could represent the
adhesive dots of cell-nanoposts. These results indicate that actin
polymerization is restricted along a specific direction when CHO cells
encounter nanoscale adhesive dots on nanosponges.

Figure 5. Confocal microscope images of the nucleus and cytoskeleton of CHO cells
seeded on silicon surfaces. (a) Pristine oxidized silicon substrate; (b) FDTS-grafted
oxidized silicon substrate; (c) APTMS-grafted oxidized silicon substrate; (d) Pristine
oxidized silicon nanosponge; (e) FDTS-grafted oxidized silicon nanosponge;
(f) APTMS-grafted oxidized silicon nanosponge [72].
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4.2.5. Cell attachment assays
Cell attachment assays have been carried out by re-culturing CHO cells for
different time durations. Greater cell adhesion was observed in cultures using
nanosponges compared to pristine oxidized silicon substrates, FDTS-, and
APTMS- grafted substrates (Figure 6). These outcomes suggest that
nano-topography is a determining factor in cell immobilization.

Figure 6. Cell attachment after 30, 60, 120 and 240 min of culture on silicon substrates
with various surface modification. The error bars represent the standard deviations of
cell number. The p values were compared with the pristine oxidized silicon substrates
[72].

4.3. MICROPATTERNED SILICON SUBSTRATES
AZ4620 photoresist was micropatterned onto a monocrystalline silicon wafer
surface to act as the protective layer during photolithography. The
micropatterned silicon wafers were selectively etched using Ag nanoparticle-assisted etching. Subsequently, the surface was chemically modified as
previously mentioned. Finally, photoresist was removed with acetone, and the
silicon substrate with micropatterned features was prepared for further cell
behavior study (Figure 7).
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Figure 7. Schematic of the integrated circuit (IC)-based microfabrication for
fabricating micropatterned silicon substrates. The designed patterns were fabricated
through photolithography and Ag nanoparticle assisted etching. And then, the chemical
surface modification was created via vapor deposition. Finally, mammalian cells were
seeded on a micropatterned silicon surface [73].

4.3.1. Cell response to micropatterned silicon substrates
Because CHO cells could cross over the nanosponge gap between two flat
silicon stages, the distance between two flat silicon stages was adjusted
(Figure 8a, 8b). The maximum distance between two flat silicon stages that
CHO cells could cross was approximately 40 µm (Figure 8c, 8d). For this
reason, the desired distance of nanosponge gap for two flat silicon stages was
set to 80 µm to prevent cells from crossing. The results indicate that HIG-82
fibroblasts and CHO cells prefer to attach onto a flat oxidized silicon surface
rather than onto FDTS-grafted oxidized silicon nanosponges. With increasing
cell culture time, cells gradually migrated from FDTS grafted oxidized silicon
nanosponges. Further, Figure 9 shows that when HIG-82 fibroblasts and CHO
cells were arranged on pristine oxidized silicon stages, HIG-82 fibroblasts were
prone to connect together but CHO cells were not. CHO cells re-arranged on
pristine oxidized silicon stages but the cell-to-cell connection was not
discovered.
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Figure 8. SEM images of CHO cells crossed over two silicon stages; (a) top view, (b)
cross-section view. (c) Schematic of CHO cells crosses over two silicon stages. (d) The
distance between two silicon stages with nanosponge gap that CHO cell would cross
over versus the suspended percentage. The largest distance between two silicon stages
was 40 µm for CHO cell to cross over. The error bars represent the standard deviations
of the suspended percentage [73].
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Figure 9. Staining images of F actin (red) and nucleus (blue).
CHO cells and HIG-82 fibroblasts were at different culture durations on
micropatterned silicon substrates [73].
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4.3.2. Cell fusion analysis
Membrane fusion, including endocytosis and intracellular transport, is an
integrative biological procedure [79]. In this research, micropatterned silicon
substrate with a hydrophilic-hydrophobic boundary (created using pristine
oxidized silicon surfaces and FDTS-grafted oxidized silicon nanosponges) was
used to examine whether the cell-to-cell connections of HIG-82 fibroblasts
were due to membrane fusion. To verify whether membrane fusion occurred
when HIG-82 fibroblasts connected together, NBD C6-HPC was used to mark
the phospholipid membrane. The results indicate that few fibroblasts fused
together when cultured on micropatterned oxidized silicon substrates after
3 days of culture (Figure 10a). Further, when the width of flat regions was
reduced to 5 µm, more HIG-82 fibroblasts were likely to fuse together;
indicating that cell density may play a critical role in membrane fusion, since
HIG-82 fibroblasts were not prone to stay on FDTS-grafted nanosponges. On
the other hand, single CHO cells placed on 5 µm width flat regions re-arranged
quite quickly, but did not fuse together (Figure 10b).

Figure 10. Cell membrane staining. The picture area is about 590 µm by 440 µm; the
total cell number in one picture was approximately 300 via calculating the nucleus in a
staining picture. (a) Staining pictures of nucleus (blue), F actin (red) and membranes
(green). (b) Fusion ratios of CHO cells and HIG-82 fibroblasts after 3 days of culture.
The error bars represent the standard deviations [73].
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4.4. FUNCTIONALIZED CHITOSAN MEMBRANES
Chitosan-based biomaterials (chitin-based biopolymers) derived from nature,
have been approved by the US Food and Drug Administration (US FDA).
Typically, chitosan is used in a myriad of biotechnologically-related
applications for implantable materials, including neural regeneration, and drug
carriers [80-84]. Additionally, chitosan is a biodegradable polymer that is a
suitable carrier of implantable materials for regenerative medicine [85,86].
Despite technological advances, it is still challenging to modify physically-based factors (e.g., topography, geometry, and stiffness) on chitosan
membranes. Recent advances in the development of chitosan membranes (a
naturally derived biomaterial or “soft” material) prepared via microfabrication
may help overcome existing restrictions and achieve several objectives in the
field of tissue engineering. Chitosan-based platforms possess the following
unique advantages: 1) they can be used to easily control cell function, and 2)
they are suitable for tissue regeneration, due to mechanical properties,
biological properties, and biomimetic characteristics. Furthermore,
nanostructures on chitosan surfaces can provide uniform but non-periodic
nanostructures that more closely mimic physiologically relevant
microenvironments. Note, micro / nanoscaled features can be integrated onto
chitosan membranes via multiple IC-based manufacturing processes. These
modified chitosan membranes may be used to study cellular behaviors and
micropatterning of mammalian cells. Paragraphs four and five describe Shuai’s
studies, which display mammalian cell response and patterning on chitosan
membranes with surface modification [87,88].

4.4.1. Surface modification of chitosan membranes
The scheme of microfabrication for chitosan membranes with flat and
nanostructured surfaces is displayed in Figure 11. Chitosan solution contains
1 % (w / v) chitosan powder (190–310 kDa) in 1 % v / v acetic acid. Flat
chitosan membranes were prepared by soaking diced silicon wafers in
chitosan solution. After casting chitosan solution onto flat or nanostructured
silicon wafers, the chitosan membranes were generated by drying for 6 h in an
oven at 60 °C. Finally, diced treated silicon wafers were immersed in
0.1 M NaOH so that newly cast chitosan substrate could be peeled from the
silicon wafer material. Functionalized chitosan membranes were modified
through molecular vapor deposition on flat chitosan surfaces [72,73], and four
types of chitosan membranes were created, including flat chitosan membranes,
O2-plasma-treated chitosan membranes, FDTS-grafted chitosan membranes
and nanostructured chitosan membranes, to regulate cellular behaviors.
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Figure 11. (A) Fabrication of chitosan membranes. The flat chitosan membranes were
created via soaking chitosan solution onto a silicon mold, and then flat chitosan
membranes were peeled off of the silicon mold in 0.1 M NaOH solution. (B) Fabrication
of nanostructured chitosan membranes. The nanostructured chitosan membranes
were created by soaking chitosan solution onto silicon nanosponges. After solvent
evaporation, chitosan thin film processed a nanostructured surface that duplicated the
silicon nanosponge [88].

4.4.2. Surface characteristics of chitosan membranes
Various chitosan membrane morphologies are shown in Figure 12. As
evidenced by measurements of water contact angle for each of the chitosan
surfaces examined, those chitosan surfaces treated with O2 plasma
demonstrated more hydrophilicity because there were more hydroxyl groups
on their surface. FDTS-grafted surfaces produced a rise in measurable contact
angle due to the presence of more fluorine groups. Note, the hydrophilicity of
chitosan membranes was also enhanced by nano-topographically scaled
features on the chitosan membranes. To closely examine surface differences,
flat and nanostructured chitosan surfaces were examined via atomic force
microscopy (AFM). Due to size restrictions of the AFM cantilever probe,
accurate measurement of nanostructured chitosan surface was difficult, but
differences between flat and nanostructured chitosan surfaces (relatively
rough surface) could be distinguished.
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Figure 12. Surface morphologies of physically / chemically modified chitosan
membranes (a) SEM images and contact angle examination of chitosan surfaces with
different surface modifications including flat, O2-plasma-treated, FDTS-grafted and
nanostructured. (b) Atomic force microscopy images of flat and nanostructured
chitosan membranes [88].

4.4.3. Cellular morphology on modified chitosan surfaces
To examine cellular response to surface modification, NIH/3T3 fibroblasts
were cultured on various chemically / physically modified chitosan
membranes. Figure 13 displays phase contrast and staining image results from
these experiments, which indicate the following: 1) cell proliferation was
inhibited when NIH/3T3 fibroblasts were seeded onto nanostructured
(nanotextured) chitosan surfaces, 2) NIH/3T3 fibroblasts cultures grew to a
larger projected cell area on O2 plasma-treated surfaces than on FDTS-grafted
and nanostructured surfaces, and 3) NIH/3T3 fibroblasts spread and
proliferated on O2-plasma-treated chitosan surfaces. Our study suggests that,
because the distance between chitosan-based nanostructures (about
80–100 nm) was consistent with the distance between two integrin clusters of
cells, cell spreading was limited. Therefore, the extension of actin fibers was
restricted as well.
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Figure 13. NIH-3T3 fibroblasts immobilized on pristine, O2-plasma-treated,
FDTS-grafted and nanostructured chitosan surfaces after 12, 24 and 48 h of culture.
(A) Phase contrast images of NIH-3T3 fibroblasts attached on chitosan surfaces with
different culture time. (B) Staining images of F actin (red) and nucleus (blue) of
NIH-3T3 fibroblasts. (C) Statistics of projected cell areas, and (D) cell densities of
NIH-3T3 fibroblasts after 12, 24 and 48 h of culture. Data are mean ± standard
deviation (N = 6, n = 20) [88].

To probe the interactions between integrin α1β1 in NIH/3T3 fibroblasts and
chitosan-based nanostructures, rhodamine fibronectin was immobilized onto
chitosan-based nanostructures to specifically bond with integrin α1β1 on cell
membranes. Figure 14 shows that fibroblasts adhered and spread out on the
nanostructured chitosan membranes after 1 h of culturing due to the
fibronectin coating, which promoted both cell spreading and attachment.
Results indicate that integrin clusters truly connected to chitosan-based
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nanostructures. Furthermore, we observed more NIH/3T3 fibroblast integrin
α1β1 expressed in cultures grown on the flat chitosan membranes than in cell
cultures grown on nanostructured chitosan membranes (Figure 15).
(a)

(b)

(c)

(d)

(e)

Figure 14. Staining images of nucleus (blue) and integrin α1β1 (green) of NIH-3T3
fibroblasts seeded on nanostructured chitosan membranes with rhodamine
fibronectin (red) treatment after 1 h (a and b) and 24 h (c and d) of culture. The results
display that fibroblasts spread out on the nanostructures after 1 h of cell culture due to
fibronectin coating, an extracellular matrix protein, support cell attachment and
spreading out. These figures suggest that integrins truely attached onto single
chitosan-based nanostructures and saveral integrins could gather onto single
nanostructures. (e) Scheme of integrin attached onto chitosan-based nanostructures
(nanosponges) with rhodamine fibronectin coating [88].
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(a)

Flat

(b)

Nanostructured

Figure 15. (a) Staining images of integrin of NIH-3T3 fibroblasts on flat and
nanostructured chitosan surfaces after 48 h of culture. (b) Staining intensity of
expressed integrin α1β1 of single fibroblast per its adhesive area on flat and
nanostructured chitosan membranes. Data are mean ± standard deviation
(N = 5, n = 10) [88].

4.5. SINGLE-CELL CHITOSAN MICROARRAY
Micropatterning single cells at specific locations would be beneficial for
probing cellular responses to drugs. A single-cell chitosan microarray with
mixed flat and nanostructured surfaces was cast from a silicon mold that was
fabricated through microfabrications including photolithography and Ag
nanoparticle-assisted etching. First, photoresist was removed from the silicon
mold, and then chitosan solution was cast onto the mold. This chitosan
membrane was dried in an oven at 60 °C for approximately 6 h. The single-cell
chitosan microarray was then peeled of of the silicon mold after soaking in
1 M NaOH. HeLa cells (cancer cells) were subsequently cultured on the surface
of these microarrays for drug screening experiments (Figure 16). HeLa cells
were treated with a chemical compound, cytochalasin D, which inhibited actin
polymerization by disturbing actin microfilaments and causing cell apoptosis.
Finally, in order to determine the percentage of apoptotic cells per total cells,
annexin V-FITC was applied to label cells (Figure 17). The results show that
approximately 59 % of the HeLa cells underwent apoptosis after 1 h with
10 mM cytochalasin D treatment, compared to merely 4 % apoptotis when
HeLa cells were treated with cytochalasin D-free medium. In a final
experiment, cytochalasin D was cleared away from cell cultures via washing
with phosphate-buffered saline (PBS). Subsequently, these cells were
incubated in cytochalasin D-free medium again for 1 h and for 24 h to examine
actin microfilament morphology. The results show that, after just 1 h,
recovered cells were still apoptotic. Nevertheless, the apoptosis percentage
was reduced to approximately 30 % because the recovery duration was
increased. This finding suggests that cells may re-enter the cell cycle and may
have been able to reconstruct their filamentous actins.
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Figure 16. The fabrication of single-cell chitosan microarray. Micropatterned silicon
mold was fabricated via photolithography and chemical etching. And then the single-cell patterns on chitosan membrane were transferred from silicon mold via solution
casting. After peeling from mold with NaOH solution, single-cell chitosan microarray
was prepared for cell culture [88].
(a)

(b)

(c)

Figure 17. Drug screening applications on single-cell chitosan microarray. (a) Staining
images of HeLa cells on microsquared chitosan microarrays. Color representation:
F-actin (green), G-actin (red) and nucleus (blue). (b) Apoptotic cell percentage of HeLa
cells cultured on a single-cell chitosan microarray and pristine chitosan membranes
after 1 h of incubation with cytochalasin D treatement. Then, cytochalasin D was
cleared away for next 1 h and 24 h incubation (recovery period). In the control group,
HeLa cells were seeded in the medium without cytochalasin D treatment. Data are
mean ± standard deviation. (n = 20, N = 6(six samples)). (c) Staining images combined
phase contrast images. HeLa cells were labeled with DAPI and Annexin V-FITC [88].
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4.6. NANOROUGH GLASS SURFACES
Because the mechanosensitivity of embryonic stem cells (ESCs) to the
physiological milieu remains unclear, some researchers have recently shown
interest in regulating cell-nanoscale surface interactions to further explore
stem cell response on material interfaces [89-91]. Among these pieces of
research, Chen et al. developed an easy-to-handle microfabrication method for
precisely controlling and micropatterning the nanoroughness of glass surfaces.
The glass material, a common material used in cell culture, possesses the
following advantages: 1) chemical ligands can be easily modified on its surface
to promote cell affinity, 2) glass material is transparent, so it is beneficial for
immediate observation via optical microscope, and 3) topographical
modifications are easily fabricated on silica-based glass wafer surfaces via
IC-compatible microfabrication. This study indicates that nanoroughness on
glass surfaces could be useful for examining resultant regulatory signaling for
different human embryonic stem cell (hESC) behaviors. Section 4.6 describes
Chen’s studies regarding the microfabrication of nanorough glass surfaces and
their application for probing stem cell responses [92,93].

4.6.1. Microfabrication method for creating local nanoroughness
Specifically nanoroughed regions can be created on a glass wafer via
IC-compatible microfabrication, including photolithography and reactive-ion
etching (RIE) techniques. In Chen’s studies, the photoresist layer was
micropatterned onto each glass surface using photolithography. Then, the
non-photoresist-protected regions with variously shaped designs were
bombarded with RIE over different durations to generate randomly
nanoscaled surfaces [94]. Note, the reactive ion species generated via SF6 and
C4F8 gases striking the unreactive glass substrate resulted in some defects,
causing the glass surface to be reactive toward the etchant species. Finally,
photoresist was removed by solvents, and the nanorough glass substrate was
prepared for further stem culture purposes (Figure 18).

Figure 18. Fabrication of nanorough glass surface. The photoresist layer was
micropatterned on a glass wafer surface via photolithography. Then, the glass wafer
was fabricated via RIE process to generate the nano-scale surface. After the RIE
process, photoresist was removed (stripped) with solvents. The nanorough glass
substrate was prepared for further stem culture purposes [93].
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4.6.2. Surface characterization of nanorough glass surfaces
Glass surfaces were processed with RIE at different durations in order to
generate various levels of surface nanoroughness. Figure 19 shows statistical
and scanning electron microscope (SEM) images displaying the different levels
of nanoroughness produced by variations in glass substrate etching time. The
roughness of the unprocessed glass surfaces, measured via atomic force
microscope (AFM), was about 1 nm (the root-mean-square roughness, Rq).
After the glass wafers were fabricated via RIE, the Rq ranged from 1–150 nm,
which corresponded to different treatment durations. Furthermore, by
precisely designing masks for photolithography, variously shaped nanorough
islands could be achieved.
(a)

(b)

Figure 19. (a) The glass surfaces were processed with RIE at different durations in
order to generate various levels of surface nanoroughness. (b) SEM images of
micropatterned glass surfaces, including nanorough characters, square, circle,
and triangle islands. (c) SEM images of glass surfaces with (middle and bottom)
and without (top) treatments of RIE processes, with their rms nanoroughness
indicated [93].

4.6.3. Cellular responses of hESCs on nanorough surfaces
Nanorough glass surfaces with different extents of nanoroughness were used
as a growth substrate to probe functional responses of hESCs. First, the glass
surfaces were coated with vitronectin to enhance self-renewal of hESCs. In
terms of observation via scanning electron microscopy, hESCs showed highly
branched, spreading morphology on a smooth glass surface (Rq = 1 nm) after
24 h of culture. However, hESCs showed short cytoplasmic extensions and less
spreading on a nanorough glass surface (Rq = 150 nm). Furthermore, hESCs
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displayed selectivity of cell immobilization between different extents of glass
substrate nanoroughness. The results show that hESCs preferred to selectively
adhere and aggregate onto the available smooth islands (Rq = 1 nm) rather
than onto the nanorough regions (Rq = 70 nm) after 24 h of culture. Further,
hESCs kept their stemness and showed positive expression of Oct3/4+ during
the selective adhesion process (Figure 20a). Note, Oct3/4− hESCs, which
expressed spontaneous differentiation, did not show any adhesion preference
and preferred to randomly immobilize on the micropatterned glass surfaces
(Figure 20b). With increased surface roughness, Oct3/4+ hESCs adhered less
to surfaces regardless of treatment with Y27632, which is typically applied to
promote survival of hESCs (Figure 20c). Figure 20d shows that hESCs were
prone to self-renewal on the non RIE-treated glass surfaces after 7 days of
culture.
(a)

(b)

(c)

(d)

Figure 20. (a) Phase-contrast images show that Oct3/4+ hESCs displayed selectivity of
cell immobilization between different degrees of nanoroughness after 24 h of culture.
(b) Phase-contrast images shows that Oct3/4− hESCs randomly attached on a
micropatterned nanorough glass surface. (c) Adhesion percentage of hESCs on
different roughnedd surfaces after 24 h of culture. (d) Rate of Oct3/4+ hESCs on the
different level of nanoroughness glass surfaces after 7 days of culture [93].

4.6.4. Coculture system on nanorough glass surfaces
To further explore whether other cell types displayed responses similar to
those of hESCs regarding glass surface roughness, NIH/3T3 fibroblasts were
seeded onto the nanorough glass surface for examination. The results show
that NIH/3T3 fibroblasts preferred to attach to the micropatterned nanorough
islands with different geometries (Figure 21a, 21b). The micropatterned
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nanorough glass surfaces could be used to control the adhesion location of
NIH/3T3 fibroblasts and the adhesion selection of NIH/3T3 fibroblasts was
contrary to that of hESCs. Intriguingly, these differences in cell preference, i.e.,
the desire to attach onto flat or nanorough surfaces, offered a strategy to part
different cell types for coculture systems. The results show that hESCs and
NIH/3T3 fibroblasts selectively attach onto flat and nanorough regions after
48 h of culture (Figure 21c). Statistical analysis indicates high cell separation
efficiency when using micropatterned nanorough glass surfaces to separate
hESCs and NIH/3T3 fibroblasts (Figure 21d).
(a)

(b)

(c)

Figure 21. (a) Phase-contrast images of clusters of NIH/3T3 fibroblasts adhering onto
nanorough islands (Rq = 70 nm) with various patterns after 24 h of culture. (b) Cell
adhesion percentage of NIH/3T3 fibroblasts on the flat glass surface (Rq = 1 nm) and
the nanorough glass islands (Rq = 70 nm). (c) Merged optical microscopic image of
coculture Oct3/4+ hESCs and NIH/3T3 fibroblasts spatially separating on a
micropatterned nanorough glass surface after 48 h of culture. Cells were stained for
nucleus (DAPI, blue) and Oct3/4+ (red). (d) Percentages of NIH/3T3 fibroblasts and
hESCs located on the flat (Rq = 1 nm) and nanorough (Rq = 70 nm) regions of the
micropatterned nanorough glass surfaces after 48 h of culture [93].
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4.7. CONCLUSION
This chapter describes three types of new nanomaterial-based, in vitro cell
culture platforms for modifying surfaces through IC-based microfabrication
techniques, all of which display mass production potential. First, oxidized
silicon nanosponges can be easily fabricated with various micro-/nano-surface
patterns and have been shown to provide an easy-to-use, high-throughput
in vitro platform for obtaining comprehensive insight into cell morphogenesis
and exploring cellular responses in biomimicking environments. Secondly,
chitosan material, a US FDA / US Environmental Protection Agency (US EPA)-approved biomaterial, demonstrates a wide range of potential applications as
an implantable material for organ transplants and wound dressing. More
importantly here, we found that single-cell chitosan microarrays, which can be
cast from silicon molds, are useful for generating micro-/nano-structures on
soft material surfaces that can subsequently be used for drug screening
applications. Furthermore, chitosan membranes can also be functionalized
through chemical modification to probe cellular behaviors. Thirdly, nanorough
glass surfaces can be fabricated via microfabrication strategies to provide an
efficient regulatory signal over different hESC behaviors as well as provide a
selectively separating coculture system. We believe that silicon wafers,
chitosan, and glass nanomaterial-based platforms are beneficial for creating
inexpensive but stable in vitro cell culture devices for biomedical engineering
and regenerative medicine.
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5.1. INTRODUCTION
The Stratum Corneum (SC), the outermost layer of keratinized cells, called
corneocytes, is a specific skin protective barrier consisting of an intercellular
lipid-like substance with a lamellar crystalline gel structure, which acts as a
mortar between the corneocytes. It is highly active in lipid enzymatic synthesis
and has the ability to adapt to the environment (Figure 1) [1].

Figure 1. Lamellar structure of Stratum Corneum

Barrier recovery and skin homeostasis, in fact, are the result of restoration of
these lipids, that also involves control and normalization of keratinocyte
turnover (Figure 2) [2]. When barrier perturbation becomes persistent, the
processes of lipid and keratin synthesis can escalate, and if it becomes chronic,
a pathogenic sequence of hypertrophic scars and keloids may appear in wound
healing [3].
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Figure 2. Skin homeostasis with keratinocyte turnover

Defects created by severely damaged skin caused by large burns or chronic
wounds, modify the synthesis of the extra cellular matrix (ECM) and therefore
impede the skin's ability to breathe, retain or expel water, and defend itself
against harmful bacteria, oxidants and toxins. Thus, the main function of the SC
is to provide protection for preserving the body from external insult. In fact,
the skin represents the first line of defence and is the guardian of the body's
organs; as a consequence, when the skin is burned beyond a certain percentage
of total body area, death may occur. This is the reason why injured skin needs
to be immediately covered with a dressing capable of restoring tissue integrity,
maintaining homeostasis, and preventing invasion of toxic substances and
pathogens. The four main goals of burn wound care are, in fact: (a) prevention
of infection, (b) maintenance of a moist environment, (c) protection of the
wound from external aggressions, and (d) reduction of scar formation [4].

Therefore, a medical dressing has to establish a barrier to environmental
irritants, impede microbial growth, maintain a moist environment, and allow
exchange of gaseous and nutritive ingredients. Moreover, it should not adhere
to the wound, in order to allow new tissue growth, and it must be easily
removed. For this purpose, specialized non-woven tissues made from
engineered biomaterials are used that are biocompatible, non-allergenic, and
non-toxic. They also promote wound healing because they can modulate ECM
synthesis and regulate microbial growth.
In addition, the application of appropriate fibres capable of making the nonwoven tissues free of binder and chemicals, and of carrying active ingredients
for tissue repair and tissue regeneration, are becoming important concerns in
the field of medical textiles. For better skin tissue regeneration, in fact, natural
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polysaccharides like chitin or chitosan are required (Figure 3), since they seem
to promote production and deposition of ECM in a tissue-specific way [5].

Figure 3. The polysaccharide chemical structures of cellulose, chitin and chitosan

Chitin, in fact, is the second most abundant biopolymer after cellulose and is
found mainly in the exoskeletons of shellfish and insects, and in the cell walls
of mushrooms. When nanostructured, it is considered to have great potential
for application in tissue engineering scaffolds, drug delivery and dressings, as
well. For this purpose, Morganti et al. developed and patented a single closed
method for the preparation of chitin nanofibrils (CN) as shown in Scheme 1.
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Scheme 1. Chitin nanofibril production cycle

128

A chitin nanofibril-based non-woven tissue as a medical dressing…

It has been shown that this natural polymer, when nanostructured and
electrospun, organized as a porous ECM-like structure (Figure 4), allowing
cells to be seeded; thus having favourable biological properties for tissue
regeneration [6-8].

Figure 4. ECM-like porous structure of a non-woven tissues based on the use of CN at
scanning electron microscope (SEM)

For these reasons, our group has produced non-woven tissues based on CN
cross-linked with hyaluronic acid (HA) by use of the gelation method and
electrospinning technology (Figure 5) [9].

Figure 5. Non-woven tissues have been obtained by the gelation method and
electrospinning technology, using HA and CN block-copolymeric nanoparticles.
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The advantage of these natural CN-based non-woven tissues over the others is
the capacity to control the thickness and composition of nanofibres, as well as
the porosity of the obtained meshes. It is possible, in fact, to synthesize fibres
of the desired diameters by the simplest and most economical method. The
pore size and density, in reality, play an important role in many biomedical
applications, resembling the architecture of the ECM [10]. The main
parameters in controlling the diameter and uniformity of the electrospun
nanofibres are: polymer molecular weight and concentration, viscosity, surface
tension and conductivity of the solution / suspension, and the voltage selected.
Thus, electrospinning, which also provides the possibility of combining
different nanomaterials (NM) to produce polymeric nanocomposites, offers
enormous advantages over traditional non-woven tissues made by macro-or-micro sized polymers.

5.2. THE MARKET
As recently reported [11], the available medical non-woven market is
projected to reach US $20 billion by 2017, and the market size for
nanotechnology is expected to grow to over US $3 trillion [12]. In these
growing markets, "non-woven tissues remain the component of choice for
providing appropriate protection to the skin, due to their ability to create
barriers either from the structure of the non-woven itself or from an additional
active coating for personal protective apparel" [13].

According to this report, advanced medications are used to a large extent in
healthcare for making products designed to provide appropriate “protective
barriers” between the patient and himself, patient and physician, and between
different patients. The reason for such barriers is to reduce the spread of
hospital infections, which are still rising worldwide along with antibiotic-resistance.

What about the production locations? Even though China is the current leading
global exporter of non-woven roll goods, for the future of manufacturing,
converting and using these medical dressings will represent potential
opportunities of growth for the home markets, primarily because of
geopolitical instabilities, unpredictable fuel costs, and increasing regulations
[14,15]. In any case, to be competitive in the global market, product innovation
is necessary, especially to enhance the quality of life of elderly or disabled
people [16]. In the wound care industry, the goal is to create thinner dressings
that are made by sustainable bionanotechnology with the use of active and
green nanoparticles that have similar absorption properties as foam dressings.

Incoming wound care dressings must provide the ability to assess the speed
and progress of wound healing, and permit the use of antimicrobial agents to
minimize the potential for infections. In this field, nanotechnology may have a
positive and strong impact. To this end, the possibility of directly binding
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antimicrobial components, such as Ag+ ions or other active ingredients, into
the CN fibre before producing the non-woven tissue has been shown by
electrospinning technology [17]. With this new technique it has been possible
to reduce the concentration of Ag+ ions in the final product, and strongly
reduce its potential toxicity, and its environmental impact while maintaining
its antibacterial effectiveness. However, the industrial sustainability of the
entire life cycle of any medical dressing has to involve the use of safe,
biodegradable, and recyclable active ingredients and fibres, causing less
burden overall on human beings and the environment.

5.3. CHITIN NANOFIBRIL-HYALURONIC ACID
NANOPARTICLES
The use of CN, HA and their derivatives are gaining popularity because they are
natural polymers produced from the by-products of fisheries, according to the
European Union (EU) and Organisation for Economic Co-operation and
Development (OECD) programs for a forthcoming greener economy [18,19].
Both of these polymers are totally biodegradable, biocompatible, ecologically-friendly, and compostable. It is interesting to underline that, while HA is a
polymer distributed along our body, as a fundamental component of the ECM,
chitin has the same backbone (Figure 6) and is an important component of
human cartilage that is necessary for bone articulation. For instance, chitin's
reduced synthesis during the aging process is one of the causes of osteoporosis
(Figure 7).

Figure 6. Chitin has the same backbone of HA
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Figure 7. The reduced synthesis of glucosamine is one of the cause of osteoporosis:
right normal tissue, left osteoblasts tissue of a patient affected by osteoporosis

Nonetheless, it is important to remember that while the environment is rich in
chitinase enzymes, capable of metabolizing chitin-derived compounds, the
human body possesses 18 families of the same enzyme, named chitotridase
[20], which are necessary to catatabolize chitin / chitosan into its components:
glucosamine and acetyl glucosamine. These important molecules, useful for the
synthesis of glycosaminoglycans (Figure 8), are also involved in the process of
glycosylation, which is necessary to bond amino acids and glycoside
compounds (Figure 9).

This is the reason that CNs are non-toxic and completely safe for both humans
and for the environment, when recovered as composites of the micro
dimension or as single components of nanodimensions.

Figure 8. Glucuronic acid, a component of HA, and glucosamine, a component of chitin
are molecules necessary to produce glycosaminoglycans
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Figure 9. Physiological process of glycosylation involving glucose and N-acetyl
glucosamine

The block copolymeric micro / nanoparticles CN-HA have been obtained by the
gelation method in distilled water followed by refinement of the micro
lamellae, as the result of the combination of electropositive CN and
electronegative HA (Figure 10). Control of their size and dimensions has been
verified by a Zetasizer and by SEM [21,22]. It is interesting to underline that
during the gelation method, before mixing together the two water suspensions
of CN/HA, different active ingredients, both water and oil-soluble, may be
solubilised in advance by the use of surface active agents. According to the
designed method, the nanoparticles can entrap the ingredients into their
structure before the refinement process. Moreover, it is possible to regulate
the size of the particles and the surface electrical charges, thereby modulating
their penetrability towards targeted delivery. The obtained nanoparticles, in
fact, have shown an ability to disturb the SC lamellae and increase their
diffusion through the skin layers, because of the cationic character of CN.
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Figure 10. Copolymeric nano lamellae and nanoparticles obtained by complexing CN
with HA, by SEM

During the patented chitin nanocrystals (nanofibrils) production process, the
final fibril composition is about 30 units of glucosamine / acetyl glucosamine
in about a 1 : 1 ratio, in contrast to natural chitin in crustaceans where acetyl
glucosamine is predominant (Figure 11).

Figure 11. Chemical structures of CN and Chitosan. When the degree of N-acetylation
(DA) is greater than 50 %, the polysaccharide is considered to be CN. When the DA is
less that 50 %, the polysaccharide is considered to be chitosan.

For this reason, both CN and chitosan, which are positively charged, can form a
complex with many types of negatively-charged polymers and large molecules,
such as HA or lignin.

This property of CN-based composites has been shown to be significant in the
modulation of cell behaviour during tissue regeneration [23-25]. It seems
possible that positively-charged CN, interacting with negatively charged
glycosaminoglycans and proteoglycans, fundamental components of the ECM,
may have an important role in tissue regeneration. This could be the reason for
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the regenerative activity in repairing burned skin that was recently shown by
the use of non-woven tissues made by CN as the main component (Figure 12)
[26].

Figure 12. Repairing activity on a burned skin obtained by the use of a non-woven
tissue made by CN bonded with Ag+ ions

Of course the final composition of the obtained nanoparticles is fundamental to
their activity, for example, at the skin level. Following exposure, in fact, some
NM have been shown to penetrate beyond the skin, with the extent of
penetration being dependent on the ability of the NM to cross biological
barriers. However, skin penetration is also a function of NM size and other
properties, such as surface charge, as well as formation of the protein or lipid
corona on the NM surface [27]. Moreover, the excellent mechanical properties
of CN combined with its good gas barrier properties also may find many
applications in the food packaging industry. Thus, as a producer of CN, our
research group participated in the EU project n-CHITOPACK (www.nChitopack.eu).
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5.4. CONCLUSIVE REMARKS
Nanoscience constitutes a challenging scientific frontier capable of engineering
materials on the scale of a nanometer, i.e. a billionth of a meter (Figure 13.),
revolutionizing modern life. Thus, nanotechnology, as one of the key enabling
technologies (KETs) identified by the EU commission [28] for contributing to
sustainable development of high-tech applications, is expected to stimulate
industrial growth innovation and development, not only in electronics but also
in plant growth, in food packaging, and in cosmetic and pharmaceutical fields
(Scheme 2). It has been predicted, therefore, that by 2020 nearly every
industry will be affected by this new scientific frontier.

Figure 13. The nanometer scale

On the nanoscale, in fact, common materials can take on new physicochemical
and biological properties, opening up new possibilities of exploitation for
commercial small, medium enterprises (SMEs). For these reasons, the use of
bionanomaterials is steadily increasing day by day due to the new properties
addressed by the reduced dimensions of the ingredients used.
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Scheme 2. Display of expected nanotechnology’s stimulation of industrial growth
innovation and development in electronics, in plant growth, in food packaging, and in
cosmetic and pharmaceutical fields

This new technology particularly impacts industrial sectors, such as cosmetics,
drugs and advanced medications, where safety and social health are important
elements.

To this end, the last published data show a significant increase in the
production of the most representative nanomaterials with an expected growth
of 2 billion jobs by the end of 2015, and more than 1000 nano-enabled
products currently available on the market in more than 20 different countries.

In this context, the EU is responsible for 30 % of nanomaterial manufacturing
and use, including polymers containing nano-reinforcements. It is important to
underline, in fact, that one of the main applications of nanotechnology in
material science is the development of polymer nanocomposites, which are
polymers reinforced with a low quantity of nanosized organic or inorganic
ingredients dispersed into the polymer matrix.
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5.5. ROLE OF CN AND CHITIN-DERIVATIVES IN
COMPOSITE DEVELOPMENT
Thus, in composite manufacturing for the development of biocomponent fibres
by meltdown (casting) and spunbound (electrospinning) technologies, the use
of CN or CN-HA nanoparticles offers enormous advantages over traditional
macro- or micro-sized fillers and applications across a wide range of industrial
sectors, such as food packaging and advanced medications, as revealed by the
recent results of the EU research projects n-CHITOPACK (www.nChitopack.eu),
Bio-Mimetic
(www.biomimetic.eu),
and
Chitofarma
(www.mavicosmetics.it).

Through these projects, in which the MAVI Nanoscience Centre has been
involved as an owner of CN technology and processes, thin transparent and
flexible food-packaging based on the casting technology (Figure 14), hard food
packaging for meat and / or coffee-caps (Figure 15), advanced medications and
beauty masks (Figure 16) have been obtained.

Figure 14. The casting production at lab level (By courtesy of G. Tischenko)
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Figure 15. Coffee-caps and hard food containers made by PLA and CN

Figure 16. Advanced medications (right) and beauty masks (left) made by the use of
CN

All of these containers, based on the use of CN, are totally biodegradable and
compostable, and are safe for both humans and the environment. Moreover, it
is interesting to underline how the mechanical properties of the films made of
CN, chitosan and glycerol, generally used to temporary pack sandwiches, have
shown more than three times higher elasticity and mechanical strength
compared with those of cellulosic paper. On the other hand, hard containers
made of poly(lactic acid) (PLA) reinforced by CN, have shown better resistance
to the aging process, but still possess the same interesting compostability, and
easy biodegradability recovered from the advanced medications also.

Thus the one-off use of this film and daily use of these hard food containers
could decrease environmental pollution by the major utilization of chitin waste
and reduced consumption of petrol-derived polymers. In addition,
deforestation and the presence of greenhouse gas emissions also will be
reduced because of the major use of the plant biomass.
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In conclusion, the intricate composite network obtained by the meltdown and
electrospun natural fibers, such as CN from crustacean waste and
lignocellulosic compounds and manmade PLA from plant biomass, open new
perspectives to produce promising biomimetic candidates for practical
applications in biomedicine and tissue engineering [29], as well as in the food
packaging field.
As previously reported, chitin-based biomaterials have favourable biological
properties for tissue regeneration, since they are capable of restoring function
and architecture of both aged and damaged skin [30]. These polysaccharide
polymers play major roles in maintaining body contours by providing
mechanical cushion and protection in recovering epithelium and soft tissue for
their regeneration [31,32], making them safe for the human body and the
environment.

In addition, it is important to underline the capacity that CN have shown for
delivering active ingredients in the optimum dosage, increasing their
bioavailability at skin level, and enhancing their efficacy compared to normal
chitin, probably because of CN's nanodimensions of 240 x 7 x 5 and needle-like
crystal form (Figure 17).

Figure 17. CN by SEM

According to our first obtained results on the use of CN as a skin regenerative
ingredient [33], new efforts of our group are focused on better understanding
the activity of CN when used to make block copolymeric nanoparticles for
pharmaceutical and cosmetic use, or to produce polymers for making
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nanocomposites with other natural fibres for making biomedical non-woven
tissues and/or innovative food packaging.

Our future goal is to use CN, lignin, and other lignocellulosic compounds to
produce innovative anti-aging emulsions / beauty masks and regenerative
advanced medications, as well as to use PLA for making innovative food
packaging that is completely biodegradable and compostable.
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6.1. OVERVIEW OF THE ELECTROSPINNING PROCESS
After the first observation of electrospinning (electrostatic spinning) by
L. Rayleigh in 1897, followed by its first patenting in 1902 by J.F. Cooley and
W.J. Morton, in 1914 J. Neleny reported that a liquid jet could be emitted from a
charged liquid droplet in the presence of an electrical field [1]. Twenty years
later, when A. Formhals patented a process that allowed the spinning of
synthetic fibres using electric charges [2,3], electrospinning became a valid
technique to produce small-sized fibres. Following Formhals’ pioneering work,
researchers have focused on an in-depth understanding of the electrospinning
process. In 1969, D.G. Taylor published on the jet formation process, examining
the behaviour of the polymer solution droplet at the edge of a capillary under
an electric field. From his studies he obtained the characteristic value of the
elongated conical fluid structure known as the Taylor cone [4], generated at
the tip of the needle due to the electrostatic forces being exerted at the fluid’s
surface. Since the early 1990s, the work of D.H. Reneker and co-workers
focusing on the use of electrospinning for generating one-dimensional (1D)
polymer nanostructures has attracted the attention of many researchers [5-7].
Although other methods can also be employed towards the fabrication of 1D
nanomaterials, namely drawing [8], self-assembly [9,10], melt-blow [11],
phase-separation [10], and template synthesis [12], electrospinning is
considered to be the most popular and versatile fibre fabrication method [13].
It can be used to produce continuous synthetically and naturally-derived
polymer nanofibres [6,14,15] with diameters ranging from micrometers down
to a few nanometers [14]. Its simplicity, cost-effectiveness and applicability,
not only to polymers [14,16] and ceramics [17,18] but also to composites,
enable the development of polymer-based fibrous nanocomposites via the
combination of polymers with inorganic nanofillers [19].
Although experimentally the electrospinning process is relatively simple and
straightforward, the electrospinning mechanisms are rather complicated,
including among others the Taylor cone theory [20], the bending instability
[21] and the electrically forced jet-stability theory [22].

A simple electrospinning set-up consists of four major components: A high-voltage power supply, a syringe with a metallic needle, known as a spinneret,
a syringe pump used for delivering the solution through the spinneret at a
constant and controllable rate, and a grounded metallic (conductive) collector,
on which the produced fibres accumulate (Figure 1).
Direct current (DC) power supplies are typically used in electrospinning,
although the use of alternating current (AC) potential is also feasible. A high-voltage power supply is connected with both the needle and the collector. The
positive electrode (anode) is connected to the needle and the negative
electrode (cathode) is placed onto the collector, which is usually grounded. In a
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typical fibre-generating process, a syringe is filled with a polymer solution and
a high voltage (up to 30 kV) is applied between the syringe nozzle and the
collector. The syringe may be placed perpendicularly, letting the polymer fluid
drop with the help of gravity, or horizontally in respect to the grounded
collector.
By applying a high voltage, the pendent drop of the polymer solution at the
needle tip of the spinneret is highly electrified and the induced positive
charges are evenly distributed over the droplet surface. The electrostatic
repulsion forces developed between the surface charges and the electrostatic
force exerted by the external electric field are the major electrostatic forces
acting on the droplet. Under these electrostatic interactions the hemispherical
surface of the fluid at the tip of the needle’s syringe elongates, forming the
Taylor cone. At a critical voltage, i.e., once the strength of the electric field has
surpassed a threshold value, the electrostatic repulsive forces overcome the
surface tension of the solution and force a jet to erupt from the tip of the Taylor
cone. The jet follows a direct path towards the grounded collector for a very
short distance from its origin and reaches a bending instability point. After this
point the jet undergoes a stretching and a rapid whipping process, as
illustrated in Figure 1.

As the charged jet accelerates towards lower-potential regions, it dries in flight
upon solvent evaporation, whereas the increase in the electrostatic repulsion
forces generated between the charged polymer chains results in fibre
elongation and consequently reduction in fibre diameters. With the
combination of jet-bending instability and solvent evaporation, the jet
eventually becomes solidified on the collector in the form of randomly oriented
nanofibres.

Homogeneous
polymer solution
Injector
Polymeric fibrous membrane
Whipping jet

Grounded collector

High voltage
power supply
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Figure 1. Schematic presentation of a basic electrospinning set-up
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As long as a polymer can be electrospun into nanofibres, ideally the diameters
of the fibres should be consistent and controllable, the fibre surface defect-free
or defect-controllable, and continuous single fibres should be collectable.
However, research performed during the last 15 years on polymer processing
via electrospinning has shown that the aforementioned are by no means easily
achievable [14] and that the success of the whole process is governed by
different parameters. The latter are classified in terms of: (a) Solution
parameters, including viscosity / concentration [16,23-25], conductivity
/ solution charge density [15,26-29], surface tension [16,23,30-32], polymer
molecular weight [23,33,34], dipole moment, and dielectric constant
[14,23,35,36]; (b) Processing parameters, including electrical potential
[36-38], solution flow rate [23,39], needle diameter [7,40,41], and distance
between the syringe needle tip and the grounded collector [14,15,24,42,43];
(c) Ambient parameters, including solution temperature, humidity and air
velocity in the chamber; and finally (d) Collector composition, geometry and
motion [15,16,23,35]. Based on the above parameters, different results may be
obtained using the same polymer system and electrospinning set-up. Thus, it is
difficult to provide quantitative relationships that can be applied across a
broad range of polymer / solvent systems. However, there are general trends
which are useful when determining the optimum conditions for a certain
system, which are summarized in Table 1 [44].
Table 1. Influencing parameters on the fibre morphology in the electrospinning
process
Solution properties

Concentration / Polymer molecular weight / Viscosity
Low concentration / viscosity leads to beaded fibres and droplets.
Fibres with fewer beads and free of droplets are obtained by increasing
the concentration / viscosity.
Low polymer molecular weight / viscosity (regardless of
concentration) also generates beaded fibres, whereas polymers of extra
high molecular weight are more difficult to spin.
Fibres generated from viscous solutions appear to be relatively
continuous and thicker compared to fibres generated from low
viscosity solutions, which tend to be shorter and finer.
Conductivity / Solution charge density
Thinner fibre diameters with fewer beads are obtained upon increasing
conductivity whereas the tendency of droplet formation during the
process is reduced.
The increase of the net charge density can be realized via the addition
of salts in the polymer solution.
Surface tension
By reducing the surface tension of the polymer solution, fibres can be

[14,26,45,46]
[23,32-34]
[25,36,47]

[27-29]

[16,35,39]

[5,14,46,48]
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Solution properties
obtained without beads.
Solutions with lower surface tension lead to the effective elimination of
beads and the generation of fibres with larger diameters.
Different solvents may contribute differently to the surface tension.
Dipole moment and dielectric constant
Solvents with high dipole moment values result in the successful
fabrication of continuous electrospun fibres.
Process parameters

[16]

[14,36]
[49]

Applied voltage
The increase of the applied field (related to the change in the instability
mode – change in the shape of the jet initiating point) causes an
increase in fibre length.
The jet diameters are also affected by applied voltage changes.
Although initially they seem to decrease with increasing voltage,
further increase results in thicker fibre diameters, due to a higher mass
flow from the needle tip.
The increase of the voltage leads to the decrease of the beads, while
further increase results in the formation of beaded fibres due to the
decrease in the stability of the initiating jet.

[7,24,37,50]

Needle tip-to-collector distance
The fibre diameter decreases by increasing the distance, whereas the
formation of wet fibres and beaded structures is usually obtained by
shortening the distance between the needle-tip and the collector.

[15,24,42,43]

Polymer flow rate
At too high flow rates beaded defects can be observed.
Upon increasing the flow rates both diameters and pore size increase.

Collector composition and geometry
The more conductive collectors dissipate the charge of the fibres,
whereas when this charge is not dissipated the fibres repel one
another, resulting in the generation of a more porous structure.
Ambient parameters

Temperature
The increase in temperature results in the generation of fibres with
smaller diameters due to the decrease of the polymer solution viscosity.
Humidity
An increase in the humidity level results in the appearance of small
circular pores on the surface of the fibres, while a further increase leads
to pore coalescing, and the drying of the fibres is prevented.
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[36,38]

[7,23,43]

[23,48]

[7,23,28]
[7,23,28]
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6.2. ELECTROSPINNING TECHNOLOGY IN TISSUE
ENGINEERING
Tissue engineering or regenerative medicine deals with the development and
application of biological and therapeutic substitutes that restore, maintain, or
improve tissue function by using matrix scaffolds derived from natural or
synthetic polymers. These scaffolds need to be viable with human cell systems
for the repair or regeneration of damaged or failed cells or tissues provoked by
injury, disease, or congenital defects [51,52]. Significant considerations include
the nanoscale dimensions and the three-dimensional (3-D) structure of these
scaffolds, since many biologically functional molecules, extracellular matrix
(ECM) components, and cells interact in the same range operating in 3-D, and
mimic the properties of certain fibrous components of the native ECM in
tissues [23,53].
General characteristics that are considered to be essential in scaffold design
include the acceptable shelf-life and biocompatibility without eliciting
undesirable responses such as inflammation and toxicity upon implantation in
the body [51,54]. The degradation rate of the material should match the time
required for the healing or regeneration process. The scaffold should be fully
biodegradable and the degradation products should be non-toxic, and able to
be metabolized and cleared from the body. Moreover, for maximum cell
loading and cell-matrix interactions, high porosity and pore size are essential
parameters for an appropriate scaffold destined for use in tissue engineering
applications [51,54,55]. The mechanical properties, which depend mainly on
the chemical structure and crosslinking density, play an important role in the
adhesion and gene expression of the cells and their matching with the tissue at
the implantation site [55].
Fibrous nanomaterials have been exploited in many biological applications,
such as biosensing [56,57], drug delivery [58-60], bioseparation [61] and
tissue engineering [62-64], thus opening new possibilities in the biomedical
arena. As aforementioned, one of the most popular and versatile nanofibre
fabrication techniques used for the production of synthetically or naturally-derived nanofibrous materials is electrospinning [38]. The materials derived
from this technique exhibit a range of unique features and properties,
including extremely long length, very small diameters resulting in high surfaceto-volume ratios, highly porous structures, lightweight properties, and low
cost [15,16,65,66]. Moreover, these materials are characterized by very good
mechanical properties especially in the case of fibrous nanocomposites,
derived from the incorporation of a variety of functional micro / nano particles
within the fibres. More precisely, different nanoparticles or nanofiller types
may be dispersed in polymer solutions, which are then electrospun to generate
composites in the form of continuous nanofibres and nanofibrous assemblies
[52,67].
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These outstanding properties render electrospun polymer-based fibrous
materials promising candidates for many applications, not only in the
biomedical field, such as scaffolds in tissue engineering and drug delivery
systems [38,68-70], but also in environmental applications including filtration
and water remediation processes [71] and in catalysis [72] (Figure 2). Since
the major challenges in the field of nanofibres is their utility as biomaterials
and specifically in tissue engineering applications, many researchers have
exploited the recent advances of this technology for producing a wide range of
nanofibrous polymeric materials, both natural and synthetic, that have been
used as scaffolds in tissue engineering [68].

In particular, electrospun nanofibres derived from biopolymers such as
collagen [73,74], alginate [75,76], hyaluronic acid [77], chitosan (CS) [78], and
starch [79], synthetic polymers such as polyurethanes, polymethacrylates,
aliphatic polyesters such as poly(lactic acid) (PLLA) [80,81]. polycaprolactone
(PCL) [24,82] and poly(glycolic acid) (PGA) [83], poly(vinylpyrrolidone) (PVP),
poly(acrylonitrile) (PAN), poly(vinyl alcohol) (PVA), poly(ethylene oxide)
(PEO) [84], poly(ethylene terephthalate) (PET) [85] and their combinations
have demonstrated great potential as scaffold platforms for musculoskeletal
and connective tissue engineering (including bone, and skeletal muscles) [86],
skin tissue engineering, vascular tissue engineering and neural tissue
engineering, provided that they possess the correct design parameters as
mentioned above [87-89].

6.3. ELECTROSPUN MAGNETOACTIVE NANOCOMPOSITES
IN TISSUE ENGINEERING
One of the most exciting and developing classes of advanced materials are
nanocomposites, which have gained considerable interest due to their
potential applications in many technological and scientific fields [90]. These
materials comprise two or more phases of different chemical constituents or
structures, with at least one phase having nanometric dimensions [91]. The
combination of functional inorganic / organic fillers at the nanometer scale
with polymer-based fibres produced by electrospinning leads to novel and
attractive nanocomposite systems which exhibit promising features for many
applications including biomedicine [68,92,93], catalysis [72,94], in
environmental [95], and in energy-related applications [27,91]. The
combination of the properties of the different components and the enhanced
materials’ properties derived from the development of organic–inorganic
interfacial interaction phenomena has led to an improved performance
compared to pristine polymer fibres [26,35,91,96].
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Figure 2. Schematic presentation of electrospun polymer-based fibrous materials
employed in different applications

Among other inorganic nanoparticulates, magnetic nanoparticles (MNPs) offer
attractive possibilities in biomedicine and are more beneficial compared to
microparticles, since they exhibit controllable size ranging from a few
nanometers up to tens of nanometers, and dimensions smaller than or
comparable to those of cells (10–100 μm), viruses (20–450 nm), proteins
(5–50 nm) or genes (2 nm wide and 10–100 nm long) [97,98], improving
tissular diffusion [99,100]. Moreover, therapeutic NPs with diameters ranging
from 10–100 nm can be distributed throughout the circulatory system and
penetrate small capillaries [62]. Surface modification provides additional
functions rendering them ideal candidates as contrast enhancement agents in
magnetic resonance imaging (MRI), in biomolecular detection, cell tracking,
and for targeted drug delivery in tumor therapy [100,101]. Additionally, MNP
destined for use in drug delivery must retain sufficient hydrophilicity and must
not exceed 100 nm in size (including the surface coating), so as not to be
recognized by the reticuloendothelial system (RES). RES is a class of cells
existing in different locations within the human body that are phagocytic, i.e.,
they can engulf and destroy bacteria, viruses, and other foreign substances
such as nanoparticles [102].
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To date, numerous examples have appeared in the literature dealing with the
fabrication of electrospun magnetoactive polymer-based fibrous
nanocomposites that mainly focus on synthetic and characterization aspects
[103]. In such materials different types of polymers including natural
polymers, biopolymers and synthetic polymers, have been combined with
magnetic nanoparticles (MNPs) including iron oxide (magnetite) (Fe3O4)
[60,104-106], maghemite (γ-Fe2O3) [107-109], cobalt (Co) [110], nickel (Ni)
[111], iron-platinum (FePt) [112,113] NPs etc. From all the above, iron oxide
NPs have been the most widely studied due to their biocompatibility, nontoxicity, and stability and are, by far, the most commonly employed MNPs in
biomedical applications [114].

MNP-loaded therapeutic systems have shown promising results in tissue
engineering applications. More precisely, it has been demonstrated that
magnetoactive tissue engineering scaffolds can be used in the treatment of
bone diseases by promoting the proliferation and differentiation of osteoblasts,
increasing osteointegration, and accelerating new bone formation [115].
According to previous reports, a possible mechanism explaining this effect
might be that the presence of MNPs embedded within a tissue engineering
scaffold may induce mechanical stresses on the bone tissue, which in turn
results in an enhancement in cell growth, proliferation and differentiation.
Moreover, it was suggested that the Fe2+ ions released from the Fe3O4
nanoparticles may also promote cell growth and differentiation. Osteoblasts
have the ability to incorporate metal ions, where phagocytosis of metal oxide
NPs with diameters smaller than 1000 nm by osteoblasts was also observed.
Y. Wu and co-workers (2010) have reported that osteoblast-like cells of the
series MG63 incorporated Fe3O4 magnetic NPs. The response of the
metalloproteinases found within the ECM of the osteoblasts to the NPs resulted
in the modulation of the ECM. Additionally, it was demonstrated that
controlled bone growth may be realized by magnetically promoting osteoblast
proliferation and differentiation in Fe3O4-containing hydroxyapatite [116].
Furthermore, it has been reported that the Fe3O4 NPs stimulate mesenchymal
stem cell growth owing to their ability to suppress intracellular H2O2, thus
leading to the acceleration of the cell cycle progression [117-119]. Based on
previous literature reports, the applied static magnetic field promotes cell
proliferation even in the absence of magnetic nanoparticles [119], thus
stimulating bone tissue regeneration [120,121]. X. Ba et al. (2011) reported on
the enhanced proliferation of osteoblasts under moderate static magnetic
fields (SMFs) on magnetic-free scaffolds [122]. The authors stated that even in
the presence of moderate SMF osteogenic differentiation an activity of the
osteoblasts is promoted. The introduction of magnetic nanoparticles results in
further enhancement in cell growth, proliferation and differentiation, thus
demonstrating that the applied magnetic field in combination with the
embedded magnetic nanoparticles acts in a synergistic manner [119].
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electrospinning

Polymer solution + metal ion
precursors
electrospinning
Polymer solution + MNPs

electrospinning

Polymer solution

Figure 3. Schematic presentation of different routes employed for the fabrication of
magnetoactive electrospun nanofibres

Electrospun magnetoactive polymer-based nanofibres can be generated either
by the direct mixing of MNPs (pristine or pre-stabilized by polymers or
surfactants) with the polymer solution followed by electrospinning
[108,123,124], through the electrospinning-electrospraying process
[55,66,103,125] or via post-magnetization processes (Figure 3).
Examples include PAN / Fe3O4 [126], poly(ε-caprolactone)/FePt [112],
PEO / PLLA / Fe3O4 [60], PVP / PLLA / Fe3O4 [127], poly(methyl methacrylate)
(PMMA) / Fe3O4 [128,129], and polyurethane (PU) / Fe2O3 [123].
However, only a limited number of literature examples so far have dealt with
the evaluation of electrospun magnetoactive polymer-based membranes as
tissue engineering scaffolds, focusing more on bone regeneration processes.

Bone is a complex, highly organized living organ forming the structural
framework of the body. It is composed of an inorganic mineral phase, namely
hydroxyapatite, and an organic phase of mainly type I collagen. The treatment
of bone injuries through tissue engineering depends, among others, on the
mechanical properties of the bone tissue, the porosity, hardness and the
overall 3-D architecture.

J. Meng et al. (2010) studied cell proliferation, differentiation and ECM
secretion of osteoblast cells in the presence of magnetoactive electrospun
nanofibrous composite mats under a static magnetic field, providing a system
with promising application potential in bone tissue engineering and bone
regeneration treatment [109]. More precisely, nanofibrous scaffolds composed
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of γ-Fe2O3 nanoparticles coated with meso-2,3-dimercaptosuccinic acid
(DMSA), poly(D,L-lactide) (PLA), and hydroxyapatite nanoparticles (nHA) were
fabricated by electrospinning. Upon applying a static magnetic field
(0.9–1.0 mT), a significantly higher proliferation rate and faster differentiation
of osteoblast cells were displayed.
PCL-based magnetoactive electrospun nanofibrous scaffolds were fabricated
by J.T. Kannarkat and co-workers (2010) for potential use in bone healing and
regeneration [130]. From their studies they concluded that the MNPs do not
alter the stability of the fibrous PCL scaffold. Moreover, they demonstrated that
the MNPs did not prohibit cell growth; on the contrary, cell clustering was
observed after 9 days of cell culture. Cell elongation was also observed,
indicating cell differentiation. As stated by the authors, such cell elongation
phenomena may be attributed to the high surface area of the electrospun
fibrous scaffold, facilitating multiple site attachment.

Electrospun superparamagnetic aligned fibrous bundles were developed by
W.Y. Lee et al. (2011) to be tested as biomaterial scaffolds. The development of
aligned tissue engineering scaffolds is of paramount importance since the
alignment of cells plays an important role in the skeletal muscle tissue
characterized by a well-oriented architecture. This material consisted of highly
oriented electrospun poly(L-lactide-co-glycolide) (PLGA) fibres with embedded
superparamagnetic iron oxide NPs (SPION). Cell alignment and differentiation
by using mouse C2C12 myoblasts (ATCCCRL-1772) demonstrated that C2C12
myoblasts proliferate along the direction of the aligned fibres, similarly to
native skeletal muscle tissues [131]. In the presence of an externally applied
magnetic field the generated cell rods self-assembled into highly ordered 3-D
tissues. These results demonstrate the high potential of magnetoactive
polymer-based fibrous bundles as a scaffold promoting cell growth and as a
cargo for the magnetic field-induced generation of highly oriented 3-D
cell-dense tissues.

Y. Wei et al. (2011) have reported on the fabrication of magnetic biodegradable
fibrous mats by means of the electrospinning technique, with potential use in
bone regeneration. More precisely, they have prepared a magnetoactive
nanofibrous scaffold based on native polysaccharide CS, PVA, and Fe3O4 NPs.
MG-63 cells were cultured on the Fe3O4 / CS / PVA nanofibrous membranes to
evaluate the cell growth dynamics. The obtained results demonstrated that cell
adhesion and proliferation increased in the presence of the MNPs [132].

The performance of magnetoresponsive fibrous mats on bone regeneration
was also studied by K. Lai et al. (2012) who have reported on the fabrication of
magnetic biocompatible fibrous scaffolds consisting of poly(lactic-co-glycolic
acid) (PLGA) and superparamagnetic Fe3O4 NPs with variable nanoparticle
loading. The authors studied their effect on different bone cells (Rpse17/1.8
and MC3T3-E1) in the absence of an external magnetic field. The magnetite-containing nanocomposite scaffolds exhibited excellent biocompatibility,
154

Magnetoactive electrospun nanofibres in tissue engineering applications

enhanced osteoblast cell attachment and proliferation at an early culture time
in comparison to the pristine PLGA fibrous analogues [133].

Aligned superparamagnetic nanofibres comprising poly(lactic-co-glycolide)
(PLGA) and MNPs (Fe3O4) have been developed by H. Hu et al. (2013) by
employing magnetic electrospinning. This electrospinning variation utilizes a
magnetic field that causes the parallel stretching of magnetoactive polymer
fibres. The effect of the fibre alignment on the cell performance was studied by
using C2C12 myoblast cells. The magnetically aligned nanofibres exhibited
superior cell attachment and proliferation in comparison to their randomly
oriented analogues, offering guide cell growth along the longitudinal axis of the
nanofibres [134].

J. Meng et al. (2013) reported on the fabrication of a novel nanofibrous
composite scaffold by means of the electrospinning technique. The
magnetoactive scaffold composed of superparamagnetic γ-Fe2O3 NPs, nHA NPs
and PLA resulted in the acceleration and induction of a higher amount of
osteocalcin positive cells in situ, under a static magnetic field [135].

A nanocomposite fibrous substrate for bone regeneration was also prepared
by D. Shan et al. (2013). The magnetoresponsive matrix composed of PLLA and
Fe3O4 NPs was prepared by using a modified chemical co-precipitation method.
The dispersion of the MNPs within the fibrous mat showed a positive effect in
cell attachment, while enhanced cell attachment was obtained when compared
with the pristine PLLA nanofibres [136].

R.K. Singh et al. (2014) have reported on magnetic electrospun nanofibrous
scaffolds, based on PCL and iron oxide MNPs, with mechanical and biological
properties applicable for bone regeneration. Among others, the authors
demonstrated that the presence of MNPs within the non-woven fibrous mats
results in an enhancement of their mechanical performance. Moreover, it was
shown that osteoblastic cells favoured the MNPs-incorporated nanofibres,
providing excellent cellular interactions compared to the pristine PCL [137].

Since the presence of a magnetic field significantly influences the cell
behaviour, in a last example L. Li et al. (2014) have studied the influence of a
SMF of moderate intensity on osteoblast and 3T3 fibroblast cultures by using
randomly oriented and aligned electrospun magnetic composite nanofibrous
mats consisting of a biodegradable polyester, namely PLA and iron oxide MNPs
[138].
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6.4. CONCLUSIONS
The unique properties of magnetic nanoparticles, in combination with the
special characteristics of electrospun polymer nanofibres have led to the
development of novel, multifunctional fibrous nanocomposites with
outstanding properties for tissue engineering applications, focusing more on
bone regeneration processes. Recent studies in this field have demonstrated
that the use of polymer-based magnetoactive electrospun fibres leads to an
enhancement in cell growth, proliferation and differentiation in comparison to
their pristine fibrous polymer analogues. The exact mechanism by which
magnetic scaffolds promote cell proliferation is still under investigation
[132,133,137] and the area of magnetically-triggered tissue engineering is
wide open for further development in the near future.
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7.1. INTRODUCTION
The use of magnetic nanoparticles (MNPs) in medicine can be broadly
sub-classified into four themes. Firstly, the use of nanoparticle-bound
antibodies to magnetically separate or guide small molecules and drugs;
secondly, imaging techniques based on the local magnetic field created by the
nanoparticles (magnetic resonance imaging, magnetic particle imaging, and
magnetoresistive biosensing); thirdly, nanoparticle-guided delivery of
therapeutic cells to different organs using applied magnetic field; and fourthly,
magnetic thermotherapy where magnetic fluids are used to heat up a local
environment through heat dissipation triggered by an alternating current (AC)
magnetic field [1,2]. This chapter will focus on using magnetic nanoparticle to
deliver therapeutic cells to target specific organs.

The great advantage of cell based therapies is their regenerative capacity to
replace lost tissue, a capacity not achievable in conventional drug therapy. A
major challenge in the field of regenerative medicine, however, is to develop
efficient methods of cell delivery to damaged areas of the body. This problem
can be broken down into issues of: the number of cells to be targeted; how to
make surgical procedures as minimally invasive as possible; and how to
facilitate adequate retention and integration of cells in the area of interest.

In cell therapy, magnetic nanoparticles have been used to label cells both for
the purposes of tracking their passage through the body and also to enhance
their targeting to a particular site [3]. This involves labelling cells with
particles prior to loading into an organism and then exposing that organism to
a magnetic field. This approach relies on the fact that the normal human body
contains relatively little magnetic material (like iron) and so exposure to
magnetic fields usually has little impact. Recent studies have shown that
magnetic labelling of cells is relatively easy and safe [4].
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7.2. TYPES OF NANOPARTICLES
MNPs can be classified as superparamagnetic, paramagnetic, ferromagnetic or
ferromagnetic depending on their magnetic cores, and contain manganese,
gadolinium or, most commonly, iron oxide [5]. As iron oxide based
nanoparticles have been used most widely for cellular interventions, we will
discuss about only iron based particles in the rest of the chapter.
Superparamagnetic iron oxide nanoparticles (SPIONs) are the most widely
used magnetic nanoparticles among other iron oxide particles. The core is
usually made of magnetite (Fe3O4) or maghemite (γ-Fe2O3). To prevent
agglomeration of the colloidal suspension and to enhance biocompatibility the
surface of the SPION is usually covered with a compatible coating. There are
various types of SPIONs with different kinds of coatings; however the most
appropriate type for a specific cell labelling remains to be determined. A
number of synthetic and natural coatings have been used to date, such as
dextran and carboxymethylated dextran, alginate, starch, polyethylene glycol
(PEG), poly D,L-lactide-co-glycolide (PLGA), and organosilane. Small molecules
with charged surface such as citrate, amino acids, hydroxamate, and
dimercaptosuccinic acid have also been used as SPION coatings [6].

7.3. MECHANISM
Cell migration plays critical role not only in therapy but also in development,
angiogenesis, immune response, wound healing and cancer metastasis. During
these processes cells undergo directed migration in the presence of motogenic
stimuli as an external guidance cue [7]. This steering mechanism coupled to
the basic motility machinery has been exploited by sensing aligned fibers or
gradients in concentration, mechanical properties or electric field [8]. It has
been well established that cells undergo chemotaxis in response to soluble
cues, haptotaxis in response to graded adhesion in the underlying substrate,
electrotaxis in response to electric fields, and durotaxis in response to
mechanical signals in the environment [9,10]. While the cell migration
behaviour, signal transduction and cytoskeleton dynamics elicited by other
directional cues has been largely determined, responses to magnetic
directional cues are much less understood.
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Figure 1. Schematic representation of magnetic nanoparticle labelled cellular
migration toward the magnetic field. Internalized nanoparticles do not direct cellular
migration if there is no external magnetic field (A). In presence of the external magnet
(B), the cellular magnetic particles lined up towards the field and provide cells a
mechanical cue to migrate (C). Image reconstructed from Bradshaw et al. (2015) [11]
with permission from The Royal Society of Chemistry.

Upon internalization of the nanoparticles inside the cell, the MNPs get confined
inside endosomes, which are submicrometric vesicles of the endocytotic
pathway. Their movement can be modulated in response to an external
magnetic field (Figure 1). The general mechanism of magnetic nanoparticles
based cell migration involves these endosomes behaving as small magnets and
attract each other via dipole–dipole interactions with the aid of the magnetic
field. Eventually they will form small chains in the direction of the magnetic
field and provide the cell a magnetic moment toward the field [11].
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7.4. THERAPEUTIC CELL DELIVERY
Developing new ways of delivering cells to target tissue is a major challenge in
translating cell therapeutics research into clinical use. The number of
transplanted cells, the site of transplantation and the route of administration
are the important parameters that influence effective implementation of
cellular transplantation strategies in regenerative medicine. Less invasive cell
transplantation, but sufficient cell retention and engraftment in the tissue of
interest are essential to achieve a significant therapeutic benefit. Magnetic
force based targeting enables delivery of significant numbers of therapeutic
cells to key areas of specific organs. Here we report some of the preclinical
studies where magnetic targeting has been used to deliver therapeutic cells to
diseased tissue.

7.4.1. Eye disorders

Vision impairment is one of the commonest disabilities. Developed countries
are facing the challenges of combating a number of progressive blinding
disorders, such as age-related macular degeneration (more than 14 million
people blind or severely impaired), retinitis pigmentosa (~ 1 / 3500), and
diabetic retinopathy (~ 4.2 million people over the age of 40 in the United
States) [12-15]. With retinal degenerations so prevalent worldwide, new
approaches of treatment would be widely applicable. Moreover, it will bring
significant advancement in improving the quality of life as well as remove
pressure from the healthcare systems. Cell based therapies, directing at genetic
abnormalities or at modifying pathological processes, hold much promise in
treating a wide variety of diseases that lead to vision loss [16]. The major
approaches of cell based therapies for retinal degeneration includes cell
replacement and providing neuroprotection. While cell replacement therapy is
facing the challenges of developing functional photoreceptor cells from human
embryonic stem cells / induced pluripotent stem cells (hESCs / iPSCs) and
proper integration of them in the retina, the discovery of mesenchymal stem
cells (MSCs) and their versatile characteristics open an attractive field of
investigating neuroprotection in dystrophic retina [17].

Apoptotic cell death is a central mechanism in many blinding retinal diseases,
such as retinitis pigmentosa (RP) and also the atrophic (dry) form of agerelated macular degeneration [18,19]. Therefore, therapeutic approaches
targeting apoptotic cell death could play major role in preventing vision loss.
The concept of neuroprotection by inhibiting cell death has emerged over the
last decade and a range of factors, such as ciliary neurotrophic factor (CNTF),
brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic
factor (GDNF), and basic fibroblast growth factor (bFGF), have been identified
as potential neuroprotectants. Major concerns with the neurotrophic factors
are either they are too large to cross the blood–retinal barrier (BRB) or are
associated with undesirable systemic complication [20]. Cell-based therapies,
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with their paracrine effects, have overcome the complexities associated with
systemic delivery of these molecules. However, there are issues, like targeting
cells to disease tissue, potential for collateral damage, breaching local tissue
barriers, ease of delivery method and repeatability, which still require
significant considerations [21]. Targeting cells to specific loci is particularly
important in diseases of central nervous system (CNS). For instance, regional
differences in tissue function in human retina can make randomly targeted
therapy suboptimal. In age-related macular degeneration, cell therapy needs to
be targeted specifically at the macular (cone rich central) region of the retina
since cells delivered into the peripheral retina will have no functional benefit
or might even disrupt normal tissue function. The direct injection of cells into
the macula is feasible; however there is significant risk of complications, which
increases with repeat injections. In a recent study, intravenous fluidMAG-Dlabeled MSCs were magnetically targeted to upper hemisphere of the
dystrophic rodent retina by placing a disc magnet in the orbit (Figure 2). These
magnetized MSCs produced enhanced amount of neurotrophic factors (GDNF
and CNTF) and anti-inflammatory factors [interleukin-10 (IL-10) and
hepatocyte growth factor (HGF)] in the retina which, in turn provides better
neuroprotection [21].
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Figure 2. Flat-mount images of rat retinas (a, c, e) in control animals and (b, d, f) after
magnetic targeting of mesenchymal stem cells (MSCs). Arrows indicate small areas of
magnetic mesenchymal stem cells in the retinas without a magnet applied (a, c, e). The
dashed white circle shows the position of the orbital disc magnet. MSCs have been
labeled with Qtracker 655 and appear red/orange on the image. Image reconstructed
from A. Yanai et al. (2012) [21] with permission of the author.

7.4.2. Spinal cord injury

Spinal cord injury (SCI) is a devastating traumatic injury that can lead to
serious neurological deficit and permanent invalidity. The sensory deficits
occur due to tissue damage, loss of neurons, axonal degeneration and the poor
ability of axons to regenerate across the lesion [22]. This limited regeneration
capability of the central nervous system poses the greatest challenge in
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developing an effective therapy for SCI. Among the potential therapies that
have been tested in preclinical and clinical studies, transplantation of stem
cells showed promising results. Stem cells can replace lost neurons, provide
permissive growth environment and thus enhance regeneration [23]. Despite
the potential, stem cell approach has some serious limitations like low
efficiency in delivery, retention and engraftment. A significant therapeutic
benefit can be achieved from minimally invasive but highly effective delivery
strategy. For SCI model, intrathecal delivery is such a technique where there is
more cell retention and survival with higher delivery efficiency than
intravenous route. Magnetic targeting can achieve higher efficacy by
promoting the homing of cells to the site of injury. A number of groups have
reported that a significant number of magnetic nanoparticles labeled cells can
be accumulated at SCI lesion via magnetic targeting [3,24,25]. With magnetic
targeting improved behavioral response was also recorded compare to
conventional cell delivery.

Figure 3. Magnetic targeting of MSCs to the site of SCI. (A) In vivo model of the noninvasive magnetic targeting model. (B) Schematic representation of the magnetic
targeting mechanism. Images reconstructed from D. Tukmachev et al. (2015) [24] with
permission from The Royal Society of Chemistry.

Inappropriate focusing ability is one of the common disadvantages of the
magnetic delivery strategies. Magnetic field gradient is at its highest value at
the pole where maximum cell capturing occurs. However, most of the times the
poles cannot be placed near or at the target site, which renders the system
rather inefficient and limited. To overcome these problems, a Czech group has
developed a minimally invasive magnetic targeting strategy for SCI model that
enables efficient cell retention at a lesion site after intrathecal delivery [24].
This system consists of a ring shaped holder with two cylindrical magnets
facing their same poles toward each other (Figure 3A). This arrangement
169

Chapter 7

creates a focusing zone (named trapping area) where the vertical and the
horizontal magnetic force components nullify each other and prevent cells
from further movement. The system can be manipulated to place the focusing
zone exactly on the lesion site. The cells can be guided to a lesion site in a rat
model within two hours of intrathecal delivery with this system, which is
significantly higher than the usual 10–12 h (Figure 3B) [24].

7.4.3. Cancer

A major difference in cell based therapeutic approach between cancer and
regenerative medicine is that in cancer, the cells generally mean to cause
necrosis rather than regeneration in the target site. For cancer therapy, wide
variety of cells, including erythrocytes, bacterial ghosts, genetically engineered
stem and dendritic cells, have been manipulated as novel drug-delivery
systems. The goals of all sophisticated drug delivery systems, which are
currently being investigated, are – to be nontoxic and biocompatible, have long
half-life, better targeting and less remote accumulation, multi-drug loading and
tracking capability. Cell-based systems have been proved to be a better drug
carrier considering all these facts, than the synthetic nanoparticulate system.
Red blood cells (RBCs) have been extensively investigated as a vector for
cell-based drug-delivery system because of their easy access, inherent
bio-compatibility, flexibility, in vivo stability and long systemic half-life.
However, in some cases the small size of RBCs limits their chance to directly
approach the tumor cells as well as their extravascular diffusion ability. To
circumvent this problem a chimeric RBC, called RBC-IONP-Ce6-PEG, has been
developed by a group of scientist where they attached iron oxide nanoparticle
coated with Chlorin e6 (Ce6), – clinically used photodynamic agent, on the
membrane of mouse RBCs and loaded the cells with doxorubicin (DOX) – a
chemotherapy drug) (Figure 4). For further stability the nanoparticles were
coated with PEG. Intravenous delivery of these cells showed higher stability,
longer systemic circulation and high efficient tumor penetration when an
external magnetic field is applied. This strategy also demonstrated low remote
organ retention and a synergistic tumor growth inhibition effect after
performing a combined photodynamic and chemotherapy [26].
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Figure 4. Preparation and delivery of magnetic RBC. Schematic diagram showing
(A) the preparation steps of theranostic RBCs modified with magnetic nanoparticles,
Ce6, DOX, and PEG; and (B) in vivo magnetic tumor targeting. Image Reconstructed
from C. Wang et al. [26] with the permission of the author.

7.4.4. Heart diseases
Cardiovascular diseases, such as myocardial infarction, are the leading causes
of death and disability worldwide [27]. Myocardial infarction (MI) is the
irreversible damage of the healthy and contractile myocardium. The tissue
becomes akinetic and fibrotic and the heart cannot pump blood at its full
potential. Although the current available treatments have greatly impacted the
trajectory of patient health following a MI, the rate of mortality and morbidity
still remains very high [27,28]. In recent years, stem cell based regenerative
therapy has emerged as a potential therapy. A number of preclinical studies
have reported improved cardiac function after administering cells to treat MI
through direct myocardial injection. However, this cell delivery method
includes rapid cell loss caused by leakage of the injected cell suspensions and
needle mediated direct tissue damage. Thus, alternative cell therapy strategies
have been explored. A Japanese group has recently developed 300 μm thick
cell sheet, comprised of 10–15 piled-up magnetized cells, using magnetic force
(Figure 5). This cell sheet, comprising either mesenchymal stem cells or
induced pluripotent stem cells, induced angiogenesis when transplanted into
an ischemic mouse heart [29,30]. They termed this nanoparticles aided system
as magnetic force based tissue engineering system (Mag-TE). Lipid coated iron
oxide nanoparticles labeled free cells in a small plate with media, forms a
sheet-like structure by piling up according to the magnetic force after 24 h of
incubation. In this approach magnetic nanoparticles and force have been used
for structural purpose rather than directional.
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Figure 5. Development of iPS cell-derived cell sheet by combining magnetic
nanoparticle and the extracellular matrix (ECM) precursor embedding systems.
Fluorescence-activated cell sorting (FACS) sorted, purified cells were mixed with
magnetic nanoparticles and incubated for 2 h. 106 labeled cells were mixed with ECM
precursor and seeded onto ultra-low-attachment plates. When these plates were
placed on a cylindrical neodymium magnet, a vertical magnetic force was applied to
the plate. After washing and media replacement, the incubation was continued for an
additional 24 h. Image reconstructed from K. Tetsutaro et al. (2013) [28] with the
permission from the author.

7.4.5. Respiratory disease
The airway epithelium is the primary environmental barrier and has a number
of important physiological functions which includes humidifying the air,
regulating the airway smooth muscle, eliminating inhaled pathogens and
particulates, and recruiting immune cells in response to injury. Chronic airway
diseases, for instance chronic obstructive pulmonary disease (COPD), cystic
fibrosis and lung cancer, cause a large number of morbidity and mortality
worldwide [31]. Although lung transplant is considered as a viable treatment
options for these patients, its aspect is severely limited by donor options and
post-surgical complicacy [32]. A rapidly growing number of investigations of
stem cells and progenitor cells based therapies as well as ex vivo lung
bioengineering have offered exciting new avenues for providing novel
potential therapeutic approaches for respiratory diseases [31]. Like other
fields, failure to deliver significant number of cells to the target site severely
undermines the utility of airway repair by cell therapy.
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Magnetic nanoparticles based cell targeting has showed promising results so
far in long term cell engraftment. Labelling endothelial progenitor cells with
magnetic nanoparticles and targeting them with Halbach cylinder magnet has
increased the number of retained cells in a tubular structure, which in
principle, compatible with airway epithelium (Figure 6) [33]. In this technique
the tubular scaffold, positioned inside the cylindrical Halbach magnet, faced an
intense magnetic field that draw the nanoparticles labelled cells and facilitates
an efficient and uniform delivery. In an early work, dynamic rotational cell
seeding has been used to seed autologous cells onto the lumen of
decellularized trachea, prior to transplantation into a human recipient [34].
Although the technique was clinically successful, the continuous movement
between the cell suspension and scaffold surface over a period of 96 h made it
inefficient. Compare to this technique, magnetic targeting produce an uniform
cellular distribution on the graft luminar surface in only 2 h [33].

Figure 6. A schematic representation of the Halbach cylinder cell-seeding device. The
Halbach cylinder consisted of 12 NdFeB rods, 75 mm long, with a 1208 rotation angle
for the magnetization orientation set into aluminium housing. The bore of the cylinder
was designed to house a 50 ml tube that contains the membrane scaffolds during the
tissue engineering process. Image reconstructed from M. Gonzalez et al. (2012) [33]
with the permission from the author.
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7.5. SAFETY
Unlike other forces such as light, electric fields and ultrasound for
manipulating therapies, magnetic fields have a very minimal effect on
biological systems. Moreover, it can reach and penetrate safely and deliver
cells to deep in to the tissue targets. Nonetheless there are negative effects of
these particles and they can be divided into direct (immediate) and indirect
(mediated). The direct effects are conferred by the influence of nanoparticles
on cells – their accretion in the cytoplasm, docking on membranes, mechanical
destruction of cell membranes, conformational changes of cytoskeleton and
functional impairment of biopolymers [1].
The indirect influence of nanoparticles can be mediated by a number of factors,
like peroxide modification of molecules with alteration of their properties,
changes in homeostasis parameters, activation of endogenous damage factors,
coagulating and kallikrein–kinin systems. These features appear in response to
the exposure of nanomaterial into the cell. Nannoparticles could also be
involved in stimulation of the immune system through hapten or adjuvant
activity, as well as mediated by cytokines secreting activated phagocytes [1].

7.5.1. Toxicity

A number of studies have investigated the cytotoxic potential of several
different magnetic nanoparticles on different cell types and generally have
found no or low cytotoxicity at lower concentration (> 100 μg ml−1). This
cytotoxicity is mostly conferred by the fact that the core of the particle contains
a transition metal [35]. Other factors such as composition of the coating or its
breakdown products, cell-media composition etc. can also play a role in
conferring the cytotoxicity. The core generally has high dispersion rate and the
large specific surface area allows a large number of transition metal atom, such
as Fe atoms, to interact with the cellular environment by accepting or donating
electrons, thus stimulating the formation of ions and radicals [35]. Most
commonly formed radicals are reactive oxygen species (ROS), such as the
superoxide anion, hydroxyl radicals and the non-radical hydrogen peroxide.
Higher dose or greater reactive transition metal leads to increased production
of ROS. Higher ROS level has been associated with significant toxic effect such
as peroxidizing lipids, disrupting DNA, modulating gene transcription, altering
proteins and resulting in decline in physiological function and apoptosis. Aside
from producing directly from the particle surface, ROS can also be generated
from leaching of iron molecule, altering mitochondrial function and inducing
cell signaling pathway (Figure 7) [36].
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Figure 7. Schematic representation of potential SPION induced cellular toxicity. Image
reconstructed from N. Singh et al. (2010) [36] with the permission from the author.

Coating

Dextran

Table 1. Toxicity study of nanoparticles on different cell types
Size

Concentration

35 nm

10 mg mL−1

100–150
nm
30 nm

Cell

Incubation
time

macrophages
(human)

14 days

hTERT-BJ1
(human
fi broblasts)

3 days

mildly toxic [41]

1 day

mildly toxic [42]

L929 (mouse
fibroblasts)
and K562
(human
leukemia)

2 days

toxicity was
dependent on
nanoparticle
shape and size
[43,44]

0.1 mg mL−1

macrophages
(human)

10 mg mL−1

malignant
mesothelioma
cells (human)

15 nm

0.05 mg mL−1

10–100 nm

0.2 mg mL−1

poly(vinyl
alcohol)

82 nm

0.2–20 mM

silica

50 nm

4 mg mL−1

GL261 (mouse
brain tumor
cells)

A549
(human lung

Toxicity

7 days

20 % viable [38]

3 days

mildly toxic [40]

mildly toxic [39]

IC50 =
4 mg mL–1 [45]
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Coating

Size

Concentration

30–120 nm

10 μg mL−1

61–127 nm

0.03 μg–
3 mg mL−1

10–20 nm

36 mM

tetraheptyla
mmonium

30 nm

2.5 μg mL−1

Tween 80

30 nm

1-hydroxy
ethylidene1.1bisphosphonic
acid

20 nm

25–
500 μg mL−1

aminesurface

2 days

dose- and
size-dependent
damage [46]

human heart
(HCM), brain
(BE-2-C), and
kidney (293T)
cell lines

cells were viable
(< 40 %) after
1 day [48]

K562 (human
leukemia)

3 days

cells were viable
(< 60 %) after
2 days [49]

0.1 mg mL−1

mesenchymal
stem cells (rat)

2 days

cells were viable
(70 %) [51]

SMMC-7721
(human
hepatocellular
carcinoma cells)

12 h

cells were viable
(10 %) [52]

NIH3T3 cells

24 h

Mesenchymal
stem cells (rat)

24 h

Dose and
coating
dependent [53]

Mesenchymal
stem cells
(human)

24–72 h

human like
collagen

35.5 nm

25 to
250 μg mL−1

none

20–40 nm
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macrophages
and dendritic
cells
(human)

adenocarcinoma
epithelial cells)

1 day

123.52 g mL–1

50–75 nm

Toxicity

5 days

13.8 nm

200 nm

Incubation
time

HepG2 (human
liver carcinoma
cells)

chitosan

starch

Cell

0.05–
0.5 mg mL−1
1.0 mg mL−1

25–
400 μg mL−1

macrophages
J774 (mouse)

aortic
endothelial cells
(porcine)

1–6 h

24 h

high positive
charge causes
severe
cytotoxicity [47]

dose- and timedependent
damage [50]

>95 % cells
survived [21]

Dose dependent
[54]
Dose and time
dependent [55]
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Besides ROS mediated cytotoxicity, several other nanoparticle-induced cell
injury mechanisms have been proposed, such as genotoxicity, actin
cytoskeleton disruption [54] and loss of mitochondrial membrane potential.
The exposure of nanoparticles can lead to deleterious DNA damage that may
initiate carcinogenesis. It has been reported that intramuscular injection of
iron dextran complex is associated with spindle cell and pleomorphic sarcoma
in rat [37]. Exposure to iron oxide nanoparticles can also induce actin stress
fiber formation. Actin has many important cellular functions, including
morphological stability, adhesion, motility, and permeability. Actin stress fiber
formation and increased cell elastic modulus may negatively impact one or
more of these functions. These stress fiber formation can also be a secondary
effect of ROS accumulation in response to nanoparticles. A study showed that
ROS scavengers reduced actin stress fiber formation and cell death in
endothelial cells after nanoparticles exposure [54].

Mitochondrial membrane potential loss increases in a dose dependent manor
in human mesenchymal stem cells exposed to nanoparticles. Mitochondrial
membrane potential (ΔψM) plays important role in adenosine triphosphate
(ATP) synthesis, the redox system, and cell defense mechanisms. The loss of
ΔψM may activate oxidative stress response, which can lead to
neurodegenerative disorder, metabolic diseases, aging and cancer. Down
regulation of superoxide dismutase (SOD), glutathione S-transferase mu 3
(GSTM3), glutathione peroxidase (GPx), and TNFRSF1A expression in human
mesenchymal stem cells (hMSC) may be attributed to nanoparticle induced
loss of mitochondrial membrane potential. TNFRSF1A is associated with
increase production of ROS, mitochondrial membrane damage and onset of
apoptosis [55].

Although the dose of nanoparticle administered for cellular therapy is only
1.25–5 % of the total stored iron in the body, magnetic targeting can results in
higher localized iron concentration in the target site. This excessive
accumulation of nanoparticles can lead to imbalance of iron homeostasis and
can cause aberrant cellular responses. The nanoscale size of the magnetic
nanoparticles also allows them to diffuse across biological membrane and
tissue barrier. That can potentially induce cytotoxicity by impairing the
functions of the major component of the cell, like mitochondria, nucleus and
DNA [36].
So far a large number of apparently contradicting results on toxicity of
nanoparticles have been reported due to various cell types tested and the
difference in concentrations used. Thus, the primary cells and established cell
lines with different physiology would be ideal to generate standard which is
more representative for a variety of cells. Table 1 gives an overview of the
investigated toxicities of various cell types.
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7.5.2. Biochemical effects
The biochemical effects of the magnetic nanoparticles have been studied
extensively. The major type of nanoparticle, SPION, with or without its
different surface coatings, may result in cellular alteration including actin
cytoskeleton’s modulation, alteration in gene expression profiles, disturbance
in iron homeostasis, activation of signaling pathways and impairment of cell
cycle [36]. As speculated the effects vary depending on the cell and particle
type. For instance, SPION does not affect the viability, proliferation, multiple
differentiation and membrane antigen of bone marrow derived MSCs [56]. But
adipose derived MSCs showed higher osteogenic differentiation capability
when incubated with SPION in vitro [57].

As discussed earlier, some cells showed increased ROS production when
incubated with nanoparticles. Higher ROS activity can lead to a number of
biochemical and physiological changes in the cells. For instance, in endothelial
cells iron oxide nanoparticles induce ROS formation which disrupts the actin
cytoskeleton and alters cell morphology, locomotion, chemotaxis and
mechanics [54]. While not cytotoxic, a high dose of nanoparticle interferes with
actin cytoskeleton, which decreased the cell proliferation in neural progenitor
cells and human blood outgrowth endothelial cells [58]. In another study,
exposure to nanoparticles rearranges the dynamic cortical meshwork of
F-actin in human microvascular endothelial cells and increased permeability
on the membrane [59].The mechanism that changes actin dynamics involved
ROS induced glycogen synthase kinase 3 beta (GSK-3beta) inhibition through
activation of the Akt signaling pathway. Akt also plays important role in insulin
signaling and in linking growth factor signaling via phosphoinositide (PI)
3-kinase to basic metabolic functions, such as synthesis of protein and lipid,
carbohydrate metabolism and transcription. Therefore, iron oxide
nanoparticles could potentially lead to perturbation of these normal cellular
and physiological pathways through Akt signaling [37,59].
The change in actin cytoskeleton architecture also leads to modification of
actin-associated genes. Microarray analysis of human fibroblast cells showed
higher expression of genes associated with actin remodeling after 48 h
exposure to nanoparticles. Genes of other pathways have also been influenced
by nanoparticles in different cells. For instance signal transduction pathway
genes such as integrin subunits, tyrosine kinases and several members of the
protein kinase C family showed increase expression in presence of SPION.
Other genes related to cell movement and interaction such as growth
hormones, ion channels, and Ras-related proteins can also be upregulated by
nanoparticles. SPION exposure also induce reorganization of fibroblast’s
matrix material by significantly increasing the expression of ECM proteins and
matrix metalloproteinases [60].

Expression of endocrine hormones, such as insulin, glucagon and somatosatin,
were observed on pancreatic islet cells after labeling them with Resovist
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(carboxydextran-coated SPION), only insulin showed higher expression along
with its transcription factor Beta-cell E-box trans-activator (BETA2). Higher
expression of insulin in response to nanoparticle has two clinical significance.
First, islet cells labeled with magnetic nanoparticle can produce more insulin
for patient undergoing cell transplant; Second, higher insulin induces iron
uptake by fat cells by increasing ferritin synthesis and localizing transferrin
protein on the membrane. Under pathological conditions, such as cancer,
atherosclerosis, hypertension and arthritis, iron can leave its ferritin bound
steady state condition. Thus higher insulin can initiate a vicious cycle where
higher iron uptake results in more insulin production and iron overloading in
the cell. As we discussed before, this could lead to accumulation of highly toxic
ROS [61,62]. Secretion of other paracrine factors and secreted proteins can
also be modified by MNPs. Glial derived neurotrophic factor (GDNF) and ciliary
neurotrophic factor (CNTF) from mesenchymal stem cells showed opposite
secretion profile in presence of increasing SPION concentration. While higher
concentration of SPION has an inhibitory effect on GDNF, it has a stimulatory
effect on CNTF [63].

Exposure to magnetic nanoparticle augments cell cycle progression via
upregulating cell cycle controlling proteins. For instance, mesenchymal stem
cells showed higher accumulation of hyperphosphorylated retinoblastoma
tumour suppressor protein pRb, cyclins and cyclin-dependent kinases (cyclins
B, D1, E, CDK2 and CDK4), when labelled with Resovist (Ferucarbotran). At the
same time negative regulators of the cell cycle, such as p21Cip1, and p27Kip1,
members of the CIP / KIP family as well as tumor suppressing p53 showed
decreased expression. Since iron oxide nanoparticles can also activate Akt
pathway, it can be speculated that nanoparticle exposure induces proliferation
and survival by PI3 / Akt mediated escaping apoptosis mechanism [59,64].
Cell-cycle analysis in another study indicated that high dose of Fe3O4
nanoparticles altered the cell-cycle progression in human mesenchymal stem
cells. Although no significant arrest in the S-phase and the G2 / M compartment
was evident, a dose dependent increase in the sub-G0–G1 population was
observed [55].

7.5.3. Metabolism

The metabolism of the magnetic nanoparticles can be subdivided into cellular
and physiological level. In the cellular level different types of cells handles the
nanoparticles in more or less similar fashion nanoparticles enter the cells via
endocytosis, accumulate in the endosomes and ultimately fuses with lysosome.
The acidic environment of endosome accelerates the dissolution of the
nanoparticles, which is slowly released to the cytoplasm and eventually
contributes to the total cellular pool [35]. In the physiological level, cell death
due to iron overload or any other reasons lead to accumulation of the
nanoparticles in ECM. The absorption, metabolism and excretion of the
particles in the ECM is actively conducted by the reticuloendothelial system
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and its component like the mononuclear phagocytes. Any nanoparticles not
engulfed by the RES system or leaked to the blood get picked up by the iron
binding proteins. Transferrin, ferritin and lactoferrin are the major iron-binding proteins in the circulatory system of the vertebrate organisms. Iron
released from the nanoparticles, carried by these proteins to various organs
and tissues. The typical final bio-distribution of iron oxide nanoparticles is
80–90 % in liver, 5–8 % in spleen and 1–2 % in bone marrow. Majority of the
nanoparticles are carried to liver for metabolism and subsequently used by
RBC or excreted by kidney. Small iron nanoparticles (> 10 nm) are usually
rapidly removed through extravasation and renal clearance, whereas large
particles (> 200 nm) are sequestered by the spleen via mechanical filtration
[35].
For the physiological metabolism, blood compatibility is an essential property.
Blood compatibility and blood contact characteristics should always be
evaluated before clinical trials to gauge the safety of the nanoparticles. There
are several clinical assays available, such as prothrombin time, activated
clotting time, activated partial thromboplastin time and thrombin time, which
can determine the coagulation properties of the particles. Effective protein
adsorption actively influences nanoparticles fate and bio-distribution inside
the body. Generally, nanoparticle size, surface charge, surface coating, shape,
and stability contribute the interaction of the nanoparticles with proteins.
Sometimes the preliminary modifications of coating the nanoparticles with
lipids or polysaccharides make them more amenable for bio-distribution [36].

7.6. CONCLUSION
In summary, magnetic nanoparticles exhibit unique properties which endow
various advantages and opportunities in biomedical applications including
targeted cellular therapy. Locating cells using magnetism and directing their
passage along magnetic fields is evolving as a particularly useful, non-contact
approach in solving targeting and tracking problems in regenerative medicine.
Theoretical adverse effects have yet to be realized in preclinical studies
showing large-scale, serious adverse effects at MNP doses that would be
applicable in cell therapeutics. The consensus, however, is that while some
nanoparticles are safe for certain biomedical applications, they need to be
considered more carefully for other uses. Surface coatings and particle size
seem to be crucial parameters for the observed MNP-induced adverse effects,
as they are critical determinants of cellular responses and intensity of effects.
There is an urgent need for more rigid, standardized nanoparticle toxicology
research because many of the published toxicology studies report conflicting
results. In addition, longer preclinical and clinical prospective studies, that are
sufficiently powered, are needed to establish the most important therapeutic
targets for this emerging technology.
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8.1. INTRODUCTION
Recent advances in nanotechnology have enabled us to see, measure, and
control nano-scaled objects at the desired level. This technology has allowed us
to envision how to fabricate and regenerate tissues and organs by smart tissue
scaffolding, and has facilitated the development of highly efficient clean and
green energy conversion devices. Although we are now in the stage of utilizing
various methodologies to manipulate atoms and molecules to get new
functional materials, the design of novel materials with well-defined structures
that perform particular functions is still challenging in materials science [1].
Many material researchers have focused their efforts on developing new
materials through endless reiteration of rational design and performance
characterization processes. However, nature may have already solved such
material design issues through the process of evolution. Thus, mimicking
natural functional materials may be crucial to developing the desired
functional materials. Some examples includes glass sponges (optical fibers) [2],
brittle stars (optical lens array) [3], diatoms (sophisticated periodic
structures), abalone shells (fracture resistant materials) [4], bones (support
structures for vertebrates) [5], and cells (exquisite self-replicating
biomachines) [6-8]. Most bio-organisms have specific functions and
self-templated hierarchical structures that are difficult to mimic. Most unique
characteristics are dependent on genetic information, which works as a
molecular machine to control many specific functions by translating the
desired proteins and precisely programmed processes in biosystems. Proteinbased “bottom-up” synthesis of nanoscale functional materials and devices is
thus one of the most promising areas in the newly emerging field of
nanobiomaterials [9-12]. Identifying active basic buildings blocks from
biological examples is crucial in biomaterial design because of the complicated
nature of biological materials.

Meanwhile, the genetic engineering of phage viruses has recently provided
various opportunities for building novel bio-nanomaterials by integrating
various disciplines, including biology, chemistry, physics, materials science,
and electric engineering. By mimicking the evolutionary process in nature,
phages can be used for identifying protein (or peptide) sequences that can
specifically recognize desired (target) materials at the molecular level [6,8].
These recognition elements can be used as a basis to design unprecedented
materials by synthesizing inorganic nanomaterials and developing sensory
materials. Additionally, due to their well-defined shape, viral particles can be
used to self-assemble various ordered structures which can create novel
functional nanomaterials for various applications, including energy generation
[13,14], biosensors [15,16], semiconductors, and tissue regenerating materials.
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In this chapter, I would like to introduce the unique features of phage viral
particles and the recent accomplishments in phage-based materials as a tool to
fabricate functional nanomaterials and potential future applications in
regenerative medicine.

8.1.1. The M13 bacteriophage

Bacteriophages (phages) are prokaryotic viruses that can infect bacterial host
cells. The name “bacteriophage” can be translated to “bacteria eater” in Greek.
Like its name, once the phage infects the bacterial host, the virus exploits the
host biosynthetic machinery to produce many identical copies of the viral
particle itself. Phages are also one of the most common organisms on earth.
Phages are composed of protein capsids surrounding outer surfaces of the viral
particles (shells) and genomic materials (DNA or RNA) inside of the protein
shells (Figure 1). There are many different types of phages depending on their
genomic material, life cycle, and shape. Genomic materials can be either DNA
or RNA in a single stranded or double stranded form. Depending on the
replication process, the phage can be lysogenic or lytic. Lysogenic phages infect
host cells and inject their genomic materials. The genetic materials then
overtake host cell metabolism to reproduce the identical genetic material and
corresponding proteins. These products are delivered to the host cell
membrane and the new phages are packaged and released. Therefore,
lysogenic phages do not break the host cell wall. However, lytic phages invade
the host cell and replicate inside of the host cells. Right after replication, the
phages destroy the host cell wall and the newly amplified phages can infect
other host cells. There are many different shapes of phages, such as linear
(M13, Fd, F1, Ff) or spherical (MS2). Some phages possess very sophisticated
shapes. For example, the T4 phage possesses an icosahedral head and a long
tail connected by a cylindrical body. Although the shape, composition, and life
cycles are different, phages can replicate exact copies of themselves because
they possess the phenotype and genotype in the same body. Because of this
property, phages are excellent candidates to develop nanomaterials (Figure 1).
Thanks to commercially available genetic tool kits, the M13 phage has been
extensively used for the further development of evolvable nanoscale materials
for information mining, the synthesis of new materials, and the self-assembly
of various nanostructures.

8.1.2. Phage structure

The M13 phage is a bacterial virus comprised of a single stranded DNA
encapsulated by various major and minor coat proteins. It has a long rod
filament shape that is approximately 880 nm in length and 6.6 nm in width
(Figure 1A) [17,18]. The viral capsid is composed of 2,700 copies of helically
arranged major coat protein, pVIII, and 5–7 copies of minor coat proteins, pIII,
pVI, pIX and pVII, located at either of its ends [17,18]. The M13 phage can
infect and propagate only within bacteria displaying F-pili, such as Escherichia
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coli (E. coli) [19]. It is a non-lytic bacterial virus, meaning that it does not break
the bacterial cell membrane upon exit, but instead is secreted through a
protein pore channel in the bacterial membrane [17,20,21]. Bacterial host
growth is slowed down due to increased metabolic demands of phage
production, but continues after infection [22]. These qualities allow for easy
mass amplification of the bacteriophage in bacterial culture. For the last two
decades, the chemical or biochemical landscape of the phage structure was
greatly expanded through genetic engineering of the phage [23-26] and
site-specific bio-orthogonal organic synthesis approaches [27-30].

Figure 1. Schematic diagram of various distinct structures of various phages. (A) Long
rod structure of the M13 bacteriophage with genomic schematic diagrams to show
each protein expressed on the M13 phage surface. (B) Sophisticated structure of the T4
bacteriophage with an icosahedral head and long tail connected through the cylindrical
body. (C) Spherical structure of the MS2 bacteriophage.
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8.2. PHAGE ENGINEERING
Many foreign DNA or synthetic DNA sequences can be integrated into the
phage genome and expressed at various sites of the phage body through
genetic engineering [26,31]. Various non-natural amino acids have been
expressed on the phage surface using amber codon tRNA approaches [32,33].
In addition, site-specific chemical reactions have been developed and enable
further modification of the phage surface with various chemicals such as
fluorescent dyes or chromophores for various applications, including
biochemical imaging and energy harvesting applications [28-30].

8.2.1. Genetic engineering of phages

Phage engineering can be performed by utilizing the phage’s genetic
information on coat proteins. Phage display is a practical example of how to
make engineered phages for different purposes. In terms of modification types,
these can be divided according to the modified coat protein, i.e. type 3, type 8,
type 88 and / or a combination of modifications (Figure 2). Using standard
recombinant DNA technology, the expression of foreign peptides (or proteins)
of interest can be achieved by the incorporation of corresponding coding
sequences into replicable viral coat DNA. Table 1 summarizes representative
constructed synthetic phages with different types of coat modifications and
their applications [34].

Figure 2. Multifunctional synthetic phage construction. (A) Type 3 phage engineering,
(B) Type 8 phage engineering, (C) Type 3+3 phage engineering, (D) Type 8+8 phage
engineering.
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Table 1. Selected reports of constructed engineered phages

Peptide sequences

Engineering Type

Targeted Protein

DGEA

8

Integrin α2β1

RGD

IKVAV

3 and 8
8

HPQ

3 and 8

KRTGQYKL

3

RLIVGDPSSFQEKDADTL
YWQPYALPL

3

3 and 8

GERWCFDGPRAWVCGWEI,
GGNECDIARMWEWECFERL,
RGWVEICAADDYGRCLTEAQ

8+8 and 3+3

QEVCMTSCDKLMKCNWMAA
M

8+8 and 3+3

GGCADGPTLREWISFCGG
AFDWTFVPSLIL

TAWSEVLDLLRR

SSCESPEVDYLECLY,
LQCRYDQLIEEWRCEY

Ref.

Integrin αVβ1

[35-38]

Streptavidin

[37,40]

FGFR

[42]

Integrin α6β4
Chlamydia

IL-1R type I
VEGFR

[35]
[39]
[38]
[41]
[43]

8+8

TpoR

[44]

3

PMCA4

[47-49]

3

8+8

CCR5
DR5

B-cell
maturation
antigen

[45]
[46]
[50]

8.2.1.1. pIII minor coat, or pVIII protein engineering
pIII minor coat protein engineering (Type 3) is relatively well-known for the
insertion of foreign peptides. Foreign peptides displayed on all five pIII
subunits are constrained to lie very close to each other, but their attachment to
the virion surface is probably quite flexible. For these reasons, it is likely that
such displayed peptides can form multivalent interactions with immobilized
selectors or cellular receptors. Phage display has been developed for use as an
information mining tool [26,51,52], in which the diversity of the amino acid
libraries presented by the phage provides information on binding between the
peptide and its target [53-55]. Recently, a synthetic phage displaying the
fragment antigen-binding (Fab) in the pIII region was utilized in phage display
and expanded regarding its capacity to express peptides with variable size,
selectivity and sensitivity [56]. Phage display has been used to identify the
peptides mimicking many functional peptides, including chemokines or
chemokine receptors, and was then utilized to study and target the roles of
chemokines and their receptors [41,57-59] (see Table 1).

The Lee group [23,35-37,39] has mostly utilized pVIII engineering for tissue
engineering purposes, but also performed pIII engineering to make a
multifunctional synthetic phage for sensing and capturing purposes (Table 1).
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Foreign peptides displayed on pVIII were introduced soon after pIII display
was introduced. “Landscape” peptide presentation on the major coat protein of
the filamentous phage has been utilized to template inorganic crystals for
energy and memory storage devices [60-63] and to make stimulus-responsive
materials [64]. Phages have also been exploited for medical applications, such
as targeted drug [65,66], gene [67], and imaging agent [68] delivery, and as a
tissue engineering scaffold material [35]. Merzylak et al. presented a cell
signaling Arg-Gly-Asp (RGD) motif on pVIII proteins for a tissue engineering
scaffold applications [23,35]. The approach used to display a foreign peptide
on every copy of pVIII protein demonstrated how other functionally designed
groups can be presented on the phage filament with quantitative analyses on
the characteristics of the inserts and their constrained sequences expressed on
a phage particle.

8.2.1.2. pVI, pVII or pIX minor coat protein engineering

Other minor coat proteins, i.e. pVI, pVII or pIX, have been used in phagemid
format, with mosaic display of inserted foreign peptides [69,70]. Fusion
proteins were expressed on pVII and pIV from the phagemid as procoats with
ompA and pelB leaders. Since these proteins are likely to interact with one
another in the phage capsid, this method may be useful for engineering
antibodies or integrins, which are dimeric proteins. This technology was later
extended to construct a large, human single-chain Fv (scFv) antibody library
on pIX [71].

8.2.1.3. NN type engineering

Mosaic display using type 88 or 33 systems overcomes two potential
disadvantages of pVIII major coat modification (Type 8) and pIII minor coat
modification [72,73]. Type 88 vectors contain a synthetic recombinant pVIII
gene beside wild type pVIII genes. To minimize recombination between the
recombinant and wild type pVIII genes, the sequence of the recombinant pVIII
gene is designed to be very different from the wild type pVIII gene, while
encoding the same amino acid sequences. Similarly, type 33 system has two
pIII genes, one full length and one truncated (amino acids 198–408). The
former expresses a functional pIII, while the second gene produces a fusion
protein.

8.2.2. Directed evolution of phages

One of the most remarkable features of phage-based materials versus other
engineering materials is the ability to direct the evolutionary processes of the
material. Evolutionary processes mainly consist of diversification, selection,
and replication processes. In nature, mutation can occur during the replication
process of a gene and diversify the species with various new functions. By
mimicking the evolutionary process in nature, phages can be used as a
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template to perform directed evolutionary processes, called phage display
[26,31]. Phage display is a fast evolutionary screening process that allows for
isolating specific binding peptides to various desired material targets. All of the
phage coat proteins can be genetically modified to display relatively short
(< 8–20 amino acid) peptide sequences. Insertion of randomized DNA
sequences into specific gene locations of the phage genome generates a highly
diverse library of peptides (up to 1011 random sequences) on the viral particles
[26,51].

8.2.2.1. Phage display to select functional peptide sequences

To select a functional peptide sequence for a given target material, the
engineered phage library pool goes through several rounds of selection
processes (Figure 3). Mostly, these processes depend on the affinity for the
target material. However, it is also possible to screen other functional proteins.
As for affinity selection, the phages are allowed to bind to the target. The
non-bound phages are then washed away, and the bound ones are eluted. The
eluted phages are amplified through E. coli bacterial host infection. These
processes are repeated several more times under more stringent binding
conditions to enrich for phages with greater affinity for the target material in
each consecutive round. Finally, the dominant binding peptides emerge and
are identified through DNA analysis of the phage genome. Phage display on pIII
is most often utilized since, as the biggest phage coat protein, it allows for
greater peptide sequence variability and size, as well as the display of
constrained libraries [26,55]. The lower valency of the protein (only 5 copies
as opposed to 2700 for pVIII) allows for the selection of peptides with higher
affinity towards the target, due to a lack of avidity effects [25]. Recently, a
major coat engineered library has been developed and used for various
inorganic material syntheses, such as semiconductor or electric materials and
conjugating the phage with carbon nanotubes [6,8,13,14,74]. By combining
with microelectro-mechanical system (MEMS) techniques, Liu et al. recently
developed a microfluidic device to perform the phage display process in an
automated manner on a small scale [75].

8.2.2.2. Phage display to identify protein interactions

The phage display technique was originally developed for small peptide
antibodies or for identifying protein epitope-like ligands. The main advantage
of this approach is that the use of an amino acid library allows for the
identification of an epitope sequence in a protein, which is not necessarily in
sequential order, but could assemble and become functional through protein
folding [25]. Furthermore, presentation of such a library on a phage protein
allows for an immediate connection between the identified peptide and its
encoding genetic sequence [24,25]. Since the inception of this method, a
variety of peptide ligands have been discovered for protein-protein interaction
including specific protein binding [76-78], DNA binding [79], receptor binding
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[80,81], and cell and tissue binding [82]. Furthermore, through the use of
phage display, identified short peptide motifs can be further matured for better
binding against the target of interest [83,84]. For example, phage display was
instrumental in determining the best binding conformation for the well-known
RGD motif, as well as for elucidating the different sequences of RGD flanking
residues for specificity to a certain type of integrin binding [80].

Figure 3. Schematic diagram of the phage display process

8.2.3. Chemical engineering of phages
Although genetic engineering approaches have been widely used to design
novel bionanomaterials, there are two main motives for the development of
methods for the chemical functionalization of phages: 1) The functional groups
expressed by genetically programmable bionanomaterials are limited to
peptides composed of natural amino acids, which cannot incorporate the vast
(bio)chemical diversity of natural or synthetic compounds. While genetic
engineering is powerful for tuning every coat protein copy, excessive
mutations diminish the packaging, replication, and assembly efficiency of the
phage. 2) To expand the use of phages in novel functional applications such as
(bio)chemical sensing, bioimaging, and tissue engineering, the chemical
functionalization of the M13 phage is essential. The phage capsid is aligned
along the shaft and is composed of 2,700 copies of pVIII and ~ 5 copies of the
minor coat proteins pIII, pVI, pIX, and pVII located at either end [17,18]. The
50-residue pVIII (98 % by mass) is composed of three distinct domains,
namely a negatively charged hydrophilic N-terminal domain (1–20), an
intermediate hydrophobic domain [21–39), and a positively charged domain
(40–50) that interacts electrostatically with phage genomic DNA. Only the
N-terminal domain is exposed to the medium, allowing it to be targeted for
194

M13 bacteriophage nanomaterials for regerative medicine

genetic or chemical functionalization. The final five residues of pVIII are
structurally unconstrained, thus providing an optimal target for genetic
engineering. Additionally, the minor coat protein pIII, which resides on one tip
of the phage, has been extensively exploited in phage display owing to its
flexibility and the accessibility of its N-terminus [85], which allows for the
insertion of various peptide lengths, including larger proteins (> 100 amino
acids) [86]. This section will focus on the chemical functionalization of pVIII
and pIII, which have more tolerance to genetic mutation for inserting specific
amino acids, thereby leading to facile chemo-selective modification.
Incorporation of synthetic functional groups in a site-specific and quantitative
manner is a challenging issue in chemical functionalization with further
application in biomedical areas. With the growing expectations for phages as a
potential bionanomaterial in the development of next-generation functional
materials, the functionalization of phages by combined biological and chemical
methods is gaining enormous interest.

The two most important challenges during the functionalization of M13
bacteriophages with synthetic functional groups are: 1) the incorporation of
functional groups at the desired active sites under mild reaction conditions
where the phage structure is retained, and 2) coupling synthetic functional
groups with multiple copies of proteins that have abundant potential reactive
groups. Therefore, the chemical conjugation strategy in phage modification
requires mild and facile chemo-selective reactions. Researchers have recently
begun to understand the site-specific chemical accessibility of amino acids
within the coat proteins. To achieve a controlled and orthogonal chemistry on
the phage, several amino acids (cysteine, N-terminal alanine, lysine, N-terminal
serine / threonine, aspartic acid / glutamic acid, and tyrosine) are often
exploited as target residues (see Table 2). Either wild-type or genetically
engineered phages displaying specific amino acid(s) on the exposed coat
protein domain were used for chemical functionalization. In the wild-type
phage, amino groups in N-terminal alanine and in lysine (Lys8) and carboxylic
acid groups in glutamic acid (Glu2) and aspartic acid (Asp4 and Asp5) on pVIII
are considered viable targets for selective chemical functionalization such as
amide bond formation. In order to utilize a wide range of chemo-selective
modifications in phages, cysteine and other amino acids such as N-terminal
serine / threonine or tyrosine, which do not appear in the solvent-exposed
domain of the wild-type coat proteins, are used in genetic engineering. Several
chemo-selective modification methods have been employed for each
incorporated amino acid residue (see Table 2). This development of
site-specific organic synthesis approaches [27,28,30,87] enables phage
surfaces to be modified with various chemicals such as fluorescent dyes,
chromophores, enzymes, and synthetic oligomers (e.g., poly(ethylene glycol)
(PEG)), and allows them to be used in various applications, including
bioimaging, biosensing, tissue engineering, and energy harvesting [28,30,87].
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Table 2. Selected reports of chemically functionalized phages [88,89]

Target amino acid

Chemical reaction

Incorporated materials

Benzylation [93]

Tris(bromomethyl)benzene

Cysteine (genetically
incorporated) on
pVIII

Alkylation [90-92]

Alanine (N-terminal)
and lysine on pVIII

Amide formation and
1,3-dipolar
cycloaddition

Alanine (N-terminal)
on pVIII

Transamination and
oximation

Fluorophore [101] and PEG
[101]

Aspartic acid and
glutamic acid on pVIII

Electrostatic
interaction

Oligolysine [102]

Cysteine (genetically
incorporated) on pIII

Aspartic acid and
glutamic acid on pVIII
Serine on pIII

Tyrosine on pVIII

Amide formation
Oxidation and
oximation
Diazotization

Alkyl, proxyl, and
fluorescein

Arg-Gly-Asp-Ser (RGDS)
peptide [94], biotin [95],
fluorophore [96,97], PEG
[98], enzyme [99], and
prodrug [100]
Diamino compound or
fluorophore [98]

Mannose and biotin [103]

Diazonium compound [104]

8.2.4. Self-assembly of phages
Controlling the assembly of basic structural building blocks in a systematic and
orderly fashion is an emerging issue in various areas of science and
engineering, including physics, chemistry, material science, biological
engineering, and electrical engineering. The self-assembly technique can be
used to develop functional nanostructures associated with organic-, inorganic-nanoparticles, copolymers, and proteins, and has several unique advantages,
the most important of which is its easy processing [7,88,105-107]. Functional
nanostructures can be achieved at low cost since the solvent-based procedure
utilized in their creation can proceed without additional manipulation of the
physics, chemistry, and vapor pressure of the solvent of the basic structural
building blocks. The regular formation of highly packed building blocks
increases device performance by increasing the density of building blocks per
unit volume [108,109].

The construction of building blocks using self-assembly techniques is inspired
by biological systems [2,110-112]. Although mimicking the biological process
of assembly is still in its infancy due to the uncertainty and complexity of the
structure, using natural building blocks can be a solution to overcome this
obstacle. Of the natural materials, including DNA, collagen, yeast, and viruses,
viruses were recently highlighted as unique natural building blocks for the
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self-assembly process [113-116]. Furthermore, the M13 bacteriophage has
attracted significant attention in the field because of its easy growth and
handling properties. The use of biological materials as templates enables
non-toxic synthesis at low cost. Phages are virus nanofibers approximately
880 nm in length and 6.6 nm in diameter and are safe for use in humans. They
can be easily modified genetically and chemically to provide specific functions.
Phages can also be used as a template to reveal the homogeneous distribution
and percolated network structure of inorganic nanostructures under ambient
conditions [13,89,117-118]. Inexpensive and environmentally friendly
synthesis is possible through M13 bacteriophage engineering.

8.2.5. Fabrication of the M13 bacteriophage self-assembly (M13SA)
building block
The traditional preparation of M13SA is based on the layer-by-layer (LBL)
assembly technique. By using linear poly(ethylene imine) and poly(acrylic
acid), this controlled molecular interaction leads to a regular orientation of the
bacteriophage [119-121]. Recently, novel techniques for 2-D and three-dimensional (3-D) assembly of the M13 bacteriophage were introduced.

2-D structure fabrication: Low permeability has been a significant issue in 2-D
fabrication because of the thickness of traditional membranes in the active
area. Current research efforts are therefore primarily focused on making thin
membranes that maintain separation efficiency with high permeability [122125]. Interconnected basic structural building blocks can provide structural
integrity and large-scale production with excellent permeability [126,127].
However, the range of the pore size distribution due to the non-uniform
integration of the building blocks limits the application of this system; using
the M13 bacteriophage could be a solution to this problem. Lee et al. generated
a unidirectionally aligned 2-D M13 bacteriophage structure on a graphene
oxide (GO) surface using a simple fabrication method [128]. The genetically
programmed pIII protein placed at the end of the M13 bacteriophage had
specific binding interactions with the carboxylate-functionalized edges of the
GO. The relatively neutral body of the virus had a weaker connection with the
GO surface, which was less chemically active than the end of the virus with the
GO edge. The genetically modified pIII protein made strong salt-bridge type
interactions with the GO edge via hydrogen bonding. The pIII protein,
displayed with a disulfide bond-constrained peptide, made a strong cyclic
structure with the edge of the GO and the aligned virus in the same direction
owing to the energetic affinity of peptide geometry [129]. In contrast, the pVIII
protein on the virus body demonstrated slight electrostatic repulsion due to
the inherent negative charge. The fabricated M13 virus on the GO surface could
be unidirectionally aligned by the external shear force of a water stream. This
technique, which orients the direction of M13 by the dipping and sweeping
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procedure, was previously reported [130]. Actual alignment of the M13 virus
was observed using transmission electron microscopy (TEM). Through this
approach, it is anticipated that highly orientated 2-D viral structures can be
produced on both a large scale and at low cost, while maintaining high
performance [129].

3-D structure fabrication: While 2-D phage formation is important for the
application of thin structures such as ultrathin membranes, the 3-D structure
of phage is also essential for engineering batteries [131], piezoelectric
generators [132], and photovoltaics [133]. Chen et al. reported the generation
of a polyaniline (PANI) and single walled carbon nanotube (SWNT) composite
3-D structure using the M13 bacteriophage as a template [134]. PANI is an
excellent conductive polymer and exhibits enhanced performance when mixed
with SWNT. PANI and SWNT composites have been studied extensively
through different assembly methods such as colloidal mixtures [135],
electrostatic deposition [136], electropolymerization [137,138], radical
polymerization in solution [139], and direct polymerization on SWNT supports
[140-143]. However, poor dispersion and aggregation of SWNTs in the
composites has limited the progress of these studies. Chemical modification of
SWNTs [139,141] by adding surfactants [140,143] or binders [137,144] was
applied to overcome this hurdle. Although the fabrication of composites was
successful in this approach, heavy loading of SWNTs to achieve efficiency
created another obstacle for further applications due to the high associated
costs. A phage was introduced as a template to generate a better PANI/SWNT
composite because of its efficient dispersion ability. It was genetically
engineered to bind SWNTs along the length of the bacteriophage, thereby
allowing SWNTs to be clustered without aggregation. The M13/SWNTs
composite was cross-linked to form a hydrogel type scaffold. The continuous
3-D porous M13/SWNTs scaffold was successfully combined with PANI using a
direct polymerization method. This result represents one of the best cost-effective solutions, since the aqueous-based synthetic process allows for
reduced cost and easy large-scale production.

8.2.6. Application of (M13SA) as an artificial extracellular matrix
(ECM)

Wang et al. reported that specific fibronectin peptides (RGD and PHSRN)
displayed on the bacteriophage matrix with unique topology serve as an ECM
for differentiating mesenchymal stem cells (MSC) into osteoblasts [145]. The
phage-based film can provide a unique rigid / groove nanostructure, and the
ECM topology had a significant influence on cell behavior such as cell
differentiation by cell shape elongation [146-148]. This demonstrates that the
rigid / groove structure formed through self-assembly of the M13
bacteriophage significantly induced the elongation and parallel alignment of
rat MSC. In addition, insertion of RGD and PHSRN peptides into the M13
bacteriophage increased cell adhesion and viability [145]. The simultaneous
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functionality of ECM topology and peptides via the M13 bacteriophage could be
a novel strategy in stem cell research.

Wang et al. also suggested a 3-D structure of M13 bacteriophage-based ECM
for vascularized osteogenesis of MSC [149]. It is known that new bone
formation is promoted by proper angiogenesis [150]. Thus, to induce bone
tissue angiogenesis in an artificial ECM, RGD peptides that contain the blood
vessel regeneration factor, αv integrin, were introduced through the M13
bacteriophage. RGD peptides are highly unstable when mixed physically or
chemically with ECM or medium. Therefore, an RGD-displayed virus matrix
could be a possible solution for maintaining RGD peptides in the ECM for a long
period in order to achieve successful bone regeneration in vivo. To test this, an
RGD-displayed virus-based matrix was implanted into a rat radial bone defect.
The vascular endothelial growth factor (VEGF) and wild type M13 were used
as positive and negative controls, respectively, for comparison. Quantification
of the bone volume of the RGD-displayed virus-based matrix sample showed
comparable results in comparison to the normal bone tissue sample. The
number of blood vessels formed was approximately 50 % greater than the
positive control. The RGD-displayed virus-based matrix induced the formation
of vascularized bone without VEGF [149]. Based on these results, the
application of various peptide-displayed bacteriophages in nanomedicine and
regenerative medicine is highly anticipated.

8.3. TISSUE ENGINEERING
The field of tissue engineering strives to fulfill a need to regenerate, repair, or
replace biological tissue damaged due to injury or disease. The regulatory
approval process for medical devices, and especially combination therapies
that encompass products containing both biomaterials and cells, is
staggeringly long. Therefore, most of the commercial products currently
available are based on some of the initial efforts in tissue engineering that
focused on cellular therapies, such as biomaterial skin substitutes and
bioactive bone filler materials [151]. As the market and clinical penetration of
tissue engineering-based technology is still extremely low, while the basic
science knowledge of materials and molecular biology, as well as the knowhow of technology transfer strategies for this field is rapidly growing, the
creative space for improvement and innovation is vast. The blueprint design
considerations of tissue engineers are based on the cellular microenvironment
in vivo. There the cells are in close contact with the other cells, as well as ECM.
The structure and composition of the ECM is highly dependent on the cell and
tissue type it contains, but is generally an interconnected network of proteins,
carbohydrates, and proteoglycans (highly branched combinations of the other
two). The ECM is continuously synthesized and remodeled by the cells that it
surrounds. The ECM scaffold is fibrillar in nature, and contains proteins with
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diameters ranging from 5–300 nm [152]. This matrix provides physical
support to cells, but also along with neighboring cells often provides
topographical cues for cell polarization or migration. Furthermore, the
components of the ECM, as well as the ligands and receptors displayed on
other cells, serve to provide chemical signaling to cells. The signals for
adhesion, migration, proliferation, and differentiation are provided by
differential exposure of integrin binding sites, as well as growth factors and
cytokines. These signaling motifs can either be presented directly upon
contact, or be hidden and only exposed upon matrix remodeling, or in the
context of tissue injury [153-155]. Furthermore, the matrix components can
bind soluble growth factor molecules from the physiological milieu and
present them to cells as needed, as seen with the laminin-bound heparan
sulfate proteoglycan that binds and presents bFGF upon demand to neural cells
[153,154]. Such a complicated and dynamic environment is nearly impossible
to capture with current technologies. A highly simplified cellular environment
is the goal of engineered materials that strive to preserve only the most
important physiological functionalities.

8.3.1. Architecture for tissue engineering materials (physical cues)

In imitating tissue-specific architectures, many tissue engineering efforts have
been directed towards making a biomimetic nanofibrous environment
conducive to cell growth. Nanoscale features are much smaller than the size of
a cell, and so allow cells to experience a more physiological 3-D environment
and retain their normal shape. Materials that are in the microscale range are
often bigger than the size of a cell, and present a 2-D surface for cell binding,
which forces the cells to spread and flatten, therefore changing their natural
morphology [156]. Nanoscale features more closely resemble the dimensions
of receptors and extracellular proteins, and provide a greatly increased surface
area for ligand immobilization and cell attachment. Filopodia, i.e. cell sensory
units, have previously been observed to interact with islands as small as 10 nm
in height [157]. Additionally, cells grown on substrates with nanoscale
topographical features have been shown to upregulate a different set of genes
than on substrates with microscale features [158], explaining differences in
cell behavior, including increased proliferation and differentiation seen on
nanoscale topographies [158,159]. Many tissues such as nerves, cornea,
muscles, blood vessels and cartilage, and cell processes such as migration,
contractility, and polarization are influenced by the underlying topography of
their environments. Cell alignment, elongation, and migration have long been
noted to occur in a preferential direction if grown on a material with a
directionally oriented topography such as fibers, ridges, or steps [159-163].
This is in part is due to the structural organization and assembly of the
cytoskeleton that can converts the mechanical input stimuli of the surrounding
substrate into the chemical response output of regulatory cell signaling
pathways [164]. Cell alignment and elongation depend on a probability that a
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cell will make a successful protrusion in a given direction. It is more favorable
for actin and microtubule filaments to assemble in a plane, rather than over a
physical obstacle such as an edge or a sharp turn [165,166]. Therefore, it is
more likely that filopodia protrusions formed by polymerizing actin and
microtubule filaments will also extend in a plane, initiating focal adhesions and
leading the cell to polarize and elongate if an obstacle is present. Numerous
studies have been designed to study the extent of cell alignment on steps and
fibers of different dimensions, investigating factors such as the width of the
feature, depth, and spacing [161,162]. Both the polarization of fibroblasts and
the extension of neural cell processes have been shown to be guided by such
features in vivo during development [167,168] and tissue remodeling [169], as
well as in in vitro studies [159,161,162,165].

8.3.2. Receptor-ligand interactions for tissue engineering materials
(chemical cues)

Cells respond to their surroundings in part by specific receptor-ligand
interactions that occur at their plasma membrane. Both the display profile of
cell receptors and the availability of surrounding ligands differ from tissue to
tissue, cell to cell, and even at various stages of development for a given cell
[153,155,170]. For example, the quantity of epidermal growth factor receptors
(EGFR) expressed on neural progenitor cells differs during the different stages
of development, and their number and engagement determines whether the
cell will remain in a progenitor state or differentiate [155,171]. Additionally,
whether this engagement is transient, as often occurs with soluble
presentation of ligands, or sustained as in the example of covalently linked EGF
molecules on a substrate, can determine the differentiation behavior of cells
[155,172]. Furthermore, receptor activation is almost never a singular event.
The importance of receptor density and even more so clustering on controlling
cellular adhesion has been demonstrated by constructing spatially controlled
patterns of RGD peptides [153,172,173]. Receptor aggregation is important for
the phosphorylation of cytoplasmic receptor segments, which initiates the
recruitment of other cytoplasmic molecules that in turn trigger an intercellular
relay (i.e. the tyrosine kinase signaling pathway) transmitting ligand
engagement events to gene transcription [153,155]. As discussed above,
in vivo, the cell is often presented with a multitude of different signals
simultaneously to elicit specific reactions. This synergy has also been
demonstrated with tissue engineering substrates where a mix of ligands, i.e.
adhesive molecules and growth factors, elicits stronger activation of cell
behavior rather than each ligand presented individually [153,172,174].
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8.3.3. Current technologies for tissue engineering materials
Several technologies have been utilized to create materials incorporating the
biomimetic features described above to study cell responses and the utility of
these materials as tissue engineering matrices. Nanotextured surface
topographies have been created with a variety of lithography-based
techniques. Lithographic fabrication methods such as nanoimprint lithography,
e-beam lithography, microcontact printing, and embossing are based on the
concept of transferring a pattern to a surface [175,176]. This is accomplished
by using a mask or masking materials (such as in colloidal lithography) to
shield a pattern, and then applying energy, either UV or electrons, to
selectively strengthen or etch the exposed parts of the sensitive substrate
material. Very precisely ordered patterns maybe produced, and a resolution of
5 nm has been achieved with techniques such as nanoimprint lithography
[161,162,177]. Even though such microfabrication methods provide incredible
techniques to study cell behavior in vitro, they are difficult to transfer to large
scale in vivo tissue engineering applications due to the high costs of
production, small area of patterning, and difficulties in translating this method
to three dimensions [162]. To create a more biomimetic 3-D scaffold for cell
growth, both fibrous and gel materials have been implemented.

Nanofibrous networks have been made utilizing techniques such as
electrospinning, peptide self-assembly and polymer phase separation.
Electrospinning methodology uses a high strength electrical field to spin fibers
from melted polymer solution droplets and deposit them on a substrate. The
various parameters of the process, including polymer composition, field
strength, and the distance between the spinneret and the substrate can be
adjusted to produce fibers of various diameters. Furthermore, an electrically
grounded rotating drum can be used as a collector to achieve orientation
alignment of the deposited fibers [159,175,176,178]. A variety of
biodegradable synthetic polymers (poly(L-lactide) (PLLA), poly(glycolic acid)
(PGA), and polycaprolactone (PCL)) and biopolymers (collagen, fibrin, and silk)
have been successfully spun into fibrous mats and used as cell substrates. The
advantages of electrospinning methodology include the ease of production,
biomimetic nanofibrous structure, and the wide applicability to a variety of
materials. Some of the disadvantages include difficulty in fiber reproducibility
from study to study due to many adjustment parameters, as well as difficulties
in producing porous 3-D materials [178,179].

Phase separation is another method to create a polymeric nanofibrous
scaffolds. Phase separation is based on multi-component systems becoming
unstable and separating into multi-phase materials under certain
thermodynamic conditions [180]. The phase that contains the majority of the
solvent is removed, leaving a porous nanofibrous polymer foam [178]. Both
synthetic (PLLA or polyurethane) and bio polymers (collagen) have been used
to create such scaffolds [176,178,181]. The process is low cost and does not
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require specialized technology. The morphology of this material closely
resembles the structure of the native ECM, with nanofiber dimensions
controlled to tens of nanometers. The porosity of the material can be
controlled with varying parameters such as the choice of solvent, the
concentration of polymer solutions, and the incorporation of beads.
Disadvantages include the time-consuming process involving several steps
such as raw material dissolution, gelation, solvent extraction, freezing, and
drying. Also, the orientation of the fibers within the created matrix cannot be
controlled with the current phase separation techniques [176,178,179].

Specially designed self-assembling peptide amphiphilic materials have been
shown to form nanofibrous materials. The mechanism of self-assembly is
based on the design of the peptide unit and depends on the ionic concentration
of the solvent, and the hydrophobic-hydrophilic interactions of these units
with the solvent, which drive the packing of these amphiphilic molecules into
β-sheet type materials [12] or nanofibers [11]. This method has been shown to
form highly hydrated and porous hydrogels that can either be used in vitro as a
cell culture substrate, or can be injected and formed in vivo to facilitate tissue
repair [11,12]. Additionally, amphiphilic peptide units have been previously
designed to carry physiological cell receptor ligands such as RGD or IKVAV.
Fibers resulting after the assembly of these units present a very high density of
peptides, and have been shown to influence cell differentiation behavior [11].
Some of the disadvantages of this approach include the high cost of the selfassembling units obtained via peptide synthesis. Furthermore, the orientation
of these materials is hard to manage, and the resulting structures are often
susceptible to uncontrolled degradation by enzymes [179].

Hydrogels are a class of highly hydrated polymer materials that are used for
tissue engineering scaffolds. They can be composed of hydrophilic synthetic
(PLLA or PGA) or natural (collagen, fibrin, or hyaluronic acid) polymer chains.
The biological and mechanical properties of hydrogel materials can be
controlled by varying the composition of the gel, and the degree as well as the
method of its crosslinking [153,182]. As hydrophilic materials, the gels are not
inherently adhesive to cells; however, they can be readily decorated with
adhesive peptide groups via crosslinking, or by the incorporation of peptide
sequences within the polymer chain [153,182,183]. Additionally, incorporation
of enzyme substrates can allow for the control of gel degradation and
sequestering active peptide groups. Another attractive property of these
materials as tissue engineering scaffolds is their ability to be injected to the
injury site and gel in vivo, if this polymerization process is, for example,
temperature dependent [153,182]. A disadvantage of this material is the lack
of orientation control in the hydrogel structure [179].
As a monodisperse population of filamentous particles, concentrated phage
solutions can be aligned through both self-assembly to form liquid-crystalline
like structures, and via the application of an external force for longer
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macroscale orientation. Furthermore, the major and minor coat proteins
located on the phage shell can be genetically and chemically modified to create
a controlled, spatially dense presentation of biologically active molecules. Due
to these reasons, we will investigate the use of the M13 filamentous phage as a
macromolecular building block for the creation of directionally oriented and
biologically functionalized tissue regeneration scaffolds in the next section.

8.4. PHAGES FOR TISSUE REGENERATION
Tissue engineering scaffolding materials are ultimately designed to imitate
ECM, the fibrous protein network that houses cells in vivo. This network
provides cells with physical support and guidance through the specific
topographical and chemical presentation of various adhesive sites and growth
factors. Therefore, in order to control cellular behaviors such as adhesion,
proliferation, and differentiation within man-made scaffolds, their surface
functionalization with bioactive molecules is highly desirable [172,184,185].
Furthermore, control over the density of such bioactive groups [11,174,186]
and their geometric patterning [186-188] has been shown to be important in
the ability of biomaterials to modulate such behaviors. The majority of current
fabrication methods rely on chemical processing to functionalize biomaterials.
With this method, the final density of bioactive groups presented on the
surface is ultimately dictated by the bulk solution concentration [172,185,189].
The local binding properties of the material surface, such as charge, or the
availability of reactive groups or receptors dictate the final spacing of the
bioactive groups. Most techniques that allow for a very precise micro and
nanoscale chemical patterning of a substrate are lithography based (i.e. dippen lithography) and are hard to replicate in large scale or in 3-D scaffold
materials [184,187]. Recently developed nanofabrication techniques, such as
peptide self-assembly, electro-spinning, and polymer phase-separation come
closer to mimicking the natural ECM topographically. However, the controlled
presentation of single or multiple functional groups is still lacking
[11,174,184].

Viruses are some of the best characterized structurally organized large
molecules. Their nanoscale size and the inherent monodispersity of their shape
and surface chemistry are better than can be achieved with most synthetic
nanoparticles to date [190]. Both genetic and chemical pathways have been
used to modify either single or multiple virus capsid proteins with functional
groups [67,186,190-192]. Moreover, novel binding ligands can be found
through evolutionary phage display screening methods [26,52,54]. Such
functionalized virus particles have been demonstrated to selectively bind both
inorganic and organic particles. Additionally, the templation of virus particles
has been utilized for electronic and magnetic materials [193,194], as well as a
variety of medical applications [65,66,68]. The M13 bacteriophage is a
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filamentous bacterial virus. It has a defined long-rod shape at 880 nm long and
6.7 nm in diameter, with precisely positioned major and minor capsid proteins.
These coat proteins can be genetically engineered to express short peptide
groups [115,193]. M13 has been previously genetically engineered phage to
display cell-adhesive peptides such as RGD and IKVAV on every copy of its
pVIII protein [195]. Furthermore, such modified filamentous phages for the
construction of aligned 2-D and 3-D materials that are able to support and
control the polarization of cells such as fibroblasts and neural progenitor cells
was demonstrated [195]. Chimeric displays of binding groups on M13 phage
have been demonstrated previously for drug delivery [67], enzyme-linked
immunosorbent assay (ELISA) [196], and electronic [193] applications.
Additional engineering of the M13 phage to express biotin-like His-Pro-Gln
(HPQ) motifs on their capsid proteins will allow for a functional expansion of
potential scaffold interactions with the cells, as it will be able to present a
variety of immobilized avidin conjugated growth factors and cytokines. The
unique biochemical and structural features of genetically engineered phages
can be also used in the context of tissue engineering / regeneration in order to
control cellular growth or differentiation.

8.4.1. Chemical cue control by engineered phages

Merzlyak et al., for example, have explored the use of genetically modified M13
phages as a novel building block for neural cell engineering materials to make
functional biomaterials for tissue regeneration by chemical cue control [35].
This was accomplished by engineering the phage to display specific cell
signaling motifs, and then assembling the viral particles into a macroscopic
scaffolding material. Many peptide expression systems have previously been
demonstrated on the various capsid proteins of the phage through the creation
of peptide libraries [26,72]. However, as a biological particle for peptide
display, phages possess the inherent limitation of having to be successfully
expressed and assembled within the E. coli bacterial host, which restricts the
type and number of peptides that can be displayed [18,197-199]. These
researchers developed a novel cloning approach for the display of an integrinbinding RGD motif on every copy of the pVIII major coat protein [35]. The
researchers constructed the phage using a partial library, in which an
engineered octamer insert for pVIII included a constrained RGD group that
was surrounded by flanking degenerate residues. This allowed for the
expression of inserts that retained the desired function of the RGD motif, and
yet were biologically compatible with E. coli during the intricate phage
replication process. After the construction of engineered phages that stably
displayed either RGD or IKVAV peptide groups on every copy of the pVIII
protein, they constructed aligned 2-D and 3-D scaffolding materials containing
phages and tested their applicability for tissue engineering. The
biocompatibility of the engineered phage materials was tested by growing
NIH-3T3 fibroblasts and neural progenitor cells on phage films and in phage205
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-containing media [35,200]. Both cell types showed normal morphology and
proliferation when in direct contact with phage materials. Neural progenitor
cells either retained their progenitor state or differentiated towards the neural
cell phenotype depending on the medium conditions. It was then
demonstrated that 3-D phage materials could support the proliferation and
differentiation of neural progenitor cells. Both RGD and IKVAV phage matrices
facilitated colony formation of neural progenitor cells, which sustained over
85 % viability during the 7 day observation period. In comparison to RGE and
wild type phage controls, RGD and IKVAV phages resulted in enhanced binding
and spreading of neural progenitor cells with high specificity. Finally, by
simple extrusion or spinning of the phage solution, the researchers
constructed aligned 3-D phage fiber matrices with embedded neural
progenitor cells. The resulting phage fibers encouraged neural cell
differentiation and directed cell growth in parallel to the long axis of the fibers
[35]. Chung et al. showed that mechanical shearing of the phage solution on a
glass substrate resulted in 2-D directionally oriented films. These oriented
films were shown to direct the alignment and morphology of fibroblasts,
osteoblasts, and neural cells [200].

8.4.2. Physical cue control by engineered phages

Studies on the chemical cues and physical cues provided by synthetic phages
were performed with RGD and Asp-Gly-Glu-Ala (DGEA) peptides on
engineered phage films and fibers. Yoo et al. demonstrated the early osteogenic
differentiation of mouse preosteoblasts by using a collagen-derived DGEA
peptide on nanofibrous phage tissue matrices [39]. They constructed a major
coat protein engineered with DGEA, Asp-Gly-Asp-Ala (DGDA) or Glu-Gly-GluAla (EGEA) peptides. By genetic engineering of the phages, they constructed
nanofiber-like phages having 2700 copies of the target peptide from the
inserted genes with 2 and 2.7 nm spacing laterally and axially, respectively. By
constructing the phage-based tissue matrix system, they could investigate the
specific effect of biochemical cues, which can be tuned precisely at the single
amino acid level with little changes to other physical and chemical properties.
They characterized the chemical cue or physical cue effects of DGEA and of
RGD peptides on the synthetic M13 phage backbone by applying MC3T3
preosteoblast cells on fabricated phage 2-D film and 3-D fibers. They observed
pronounced outgrowth of preosteoblasts on DGEA phage matrices, and the
cells spread very well throughout the samples on the DGEA phage matrices.
Cells on DGDA, EGEA or RGE phages, which were different by one single amino
acid from DGEA or RGD phages, showed that the responses were DGEA
peptide-specific, demonstrating that synthetic phage-based chemical cues can
be controlled by genetic engineering. A competition assay with the peptide
corresponding to the engineered phage confirmed that the peptide-specific chemical cues were controlled by the synthetic phage. The DGEA
peptide-specific outgrown morphology of preosteoblasts on the 2-D cultures
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phage matrices were also observed in 3-D cultures. In addition, the DGEAspecific morphological responses of preosteoblast cells were linked to early
osteogenic differentiation by DGEA peptides.

Virus structure can give more effective and efficient physical cues. The
self-assembly capabilities of phages with patterning techniques can enhance
phage-specific biochemical and physical cues. Yoo et al. developed a facile
method of patterning genetically engineered M13 bacteriophage by employing
microcontact printing methods to provide human fibroblast cells with specific
biochemical and physical cues [36]. They demonstrated that nanofibrous
structures, along with the biochemical signals presented by the phage
microstructures, were critical to guiding cellular growth and morphology. The
enhanced cellular morphological responses to RGD phage topology, rather than
the RGD peptide itself, showed that the phage nanofibrous structure
contributes to controlling physical cues. Especially rod-like viruses such as
M13 and tobacco mosaic virus (TMV) can control their physical cues and
mechanical cues, even based on concentration alone. Lin et al. reported on the
formation of diverse patterns resulting from drying a solution of rod-like TMV
particles in a glass capillary tube [201]. The concentration of TMV, the salt
concentration in the aqueous solution, and the surface properties of the
capillary tube interior were used as three key factors to govern such combined
self-assembly behavior. The formation of hierarchical structures, which can be
used for guiding directional cellular growth, was determined by the preferred
orientation of TMV at the air-liquid interface as well as the pinning-depinning
process. By controlling these key factors, they could generate surface
roughness together with a patterned structure, which was then used for rat
aortic smooth muscle cell (SMC) culture to direct the orientation of cells. These
researchers could generate either stress-induced SMC alignment or 2-D
patterns by utilizing the TMV patterns.

8.4.3. Multifunctional phage materials

The physiological cellular environment presents a variety of cell signaling
motifs simultaneously, including adhesive sites, growth factors, and cytokines
that influence cell behavior [153,172,202,203]. Similarly, engineering
materials incorporating several signaling motifs simultaneously have shown
this synergy to be more effective than a single motif alone [153,172,174,204].
For example, a study by Dr. Jeffrey Hubbell’s group demonstrated that the
incorporation of several functional peptide groups derived from laminin into a
fibrin matrix at the same time resulted in a synergistic effect on cell
differentiation. The cell neurites extended further into the combination
peptide matrix then was predicted by just an additive effect from each peptide
[174]. Immobilization of growth factor molecules to the matrix surface, instead
of their untethered encapsulation within it, can decrease the uncontrolled
release of these molecules, as well as their internalization and metabolism by
cells, and therefore provide cells with a more directed and sustained signal,
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further influencing their behavior [172]. Multiple chemical cue controls can be
provided by using the M13 engineered phage system. Yoo et al. developed a
facile growth factor immobilization system by utilizing multiple functionalized
M13 synthetic phage-based matrices [37]. The growth factor immobilized by
the M13 synthetic phage, together with phage’s nanostructure itself, provided
a simplified cellular environment which actually consisted of signaling motifs,
growth factors, and topological structure effects. The engineered phage-based
system showed its advantages in providing multi-functional chemical cues.
Multiple signaling and therapeutic peptide motifs can be simultaneously
displayed on the pIII, pVIII, and pIX protein coats of the M13 phage through
genetic modification [26,72]. These researchers constructed HPQ (His-Pro-Gln)
peptides on either the pVIII or pIII phage coat protein. The HPQ motif allows
for binding to streptavidin-conjugated molecules, so that streptavidin
conjugated growth factors can be immobilized without any size limitation, by
decorating the M13 phage coat protein. This facile growth factor
immobilization approach by an engineered phage may be useful for studying
biochemical cues in cell biology and also in creating tissue engineering
materials. Through HPQ sites, they were able to immobilize streptavidin-conjugated bFGF and NGF onto phage matrices. They also modified the RGD
peptide, which is well-known to promote cell adhesion and affect the
distribution of cells, on major coat proteins. They demonstrated that growth
factors immobilized on the multi-functionalized M13 phage matrices with HPQ
and RGD peptides were functional and could direct cell growth towards
desired cellular morphologies by the RGD peptide and towards cellular fate, i.e.
bFGF for proliferation and NGF for differentiation (Figure 4).

With the phage particle, modular with the HPQ motif, a variety of factors can
be immobilized on the phage matrix, correspondingly influencing different cell
behaviors or even different cell types. For example, EGF can be immobilized on
the phage to induce the differentiation of progenitor cells into the neuronal
phenotype [172]. Similarly, bone morphogenic protein (BMP) and insulin
growth factor (IGF) can be immobilized to assist in the differentiation of
osteoblasts [204]. Furthermore, VEGF can be immobilized onto the matrix to
enhance endothelial cell adhesion for vascular tissue engineering [205].
Several excellent recent reviews have describe the function of many
biologically relevant short peptide groups, growth factors, and cytokines
[153,172,204,205]. Additionally, as vascular cells are aligned in their native
environment, the alignment capabilities of the phage matrices could be further
beneficial for their defined directional growth. If needed, even further
functionalization of the phage can be accomplished by various chemical
conjugation schemes, which have recently been employed in modifying other
virus particles [190,192]. After the design and engineering of the individual
phage macromolecules, their various ratios can be mixed in a homogenous
solution at different concentrations to further explore how molecular
concentration gradients can influence cellular behavior in vitro [206]. After
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such systematic analysis, the design parameters that work best can be
incorporated into a final mix solution to be tested on in vivo systems.

Figure 4. Multifunctional phage-based tissue engineering materials. Neural progenitor
cells cultured on top of synthetic phages responded to the growth factor immobilized
by HPQ phages via streptavidin. The physical and chemical cues provided by synthetic
phages could control cellular behaviors [37].

8.4.4. Immune study of phage materials
As the phage material we discussed is ultimately designed for in vivo
applications, synthetic phage-based future works will explore both the in vitro
and in vivo immunogenic response to phage matrices. We hypothesize that the
phage matrix as a foreign protein mass will be recognized as a “non-self”
material via the complement system [207]. In the immune privileged
environment of the central nervous system, microglia, i.e. the specialized
immune cells of the brain, will likely mediate the immune response [68,208].
Previous studies have seen no inflammation-related damage at phage targeted
tissue sites [68]. However, if a greater concentration of the phage activates
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microglia, their recruitment to the site of injury may actually facilitate nerve
tissue regeneration by enhancing the clearance of cellular and ECM debris in
the glial scar, and expression of the growth factors, and the expression of
native extracellular proteins such as laminin [209]. To explore a similar
mechanism of action, there is currently a Phase II clinical trial study to test the
efficacy of injecting macrophages into the site of spinal injury on stimulating
regeneration [187]. In vitro immunogenic studies will be conducted to assess
the potential of phage materials to induce an immunogenic inflammatory
reaction. Similar to a study conducted by Ainslie et al. testing the inflammation
reaction of the material nPTFE [210], a panel measuring the level of
immunostimulatory or inhibitory cytokines can be performed on the
supernatant from macrophages grown on phage substrates. Tissue culture
polystyrene can serve as a negative control, and macrophages stimulated by
lipopolysaccharides as a positive control. The levels of cytokines present can
be assessed for their immunostimulatory and immunoinhibitory activity. If
very high levels of immunostimulating molecules such as IL-1 or TNF-α are
observed, the phage may be modified to express complement inhibiting
peptides [211,212]. Furthermore, as was done in a study by Silva et al., in vivo
studies can be performed by injecting the phage solution into the spinal cord
area of rat subjects [11]. Following the injection, the behavior of the animals
can be evaluated for changes. After culling the animal, the injection site can be
evaluated using histological studies to assess tissue inflammation and fibrosis.
A previous study that targeted an engineered phage solution to a β-amyloid
plaques in the brain did not observe any adverse tissue reactions in the
histological analysis [68].

8.4.5. Mechanical and degradation properties of phage materials

Control of the mechanical and degradation properties of biomaterials are
important for tissue engineering applications. In an optimal engineering
scenario, the material that is intended to replace or repair a tissue will remain
at the site of injury until it is remodeled by cells and replaced by the naturally
produced ECM [153,182]. Previous work with hydrogels has demonstrated
that both the concentration of the polymer macromolecule units and the
degree of their cross-linking can be used to tune the mechanical properties and
the rate of degradation of these materials [153,182]. The Lee group
encapsulated the phage materials in an agarose gel to keep them stable in the
media solution over the course of the experiment [35,39]. A future project that
can further improve upon phage scaffolds is to increase their stability in
aqueous media environments. Preliminary work conducted on crosslinking
chemically biotinylated phages with streptavidin showed much improved
stability of the phage fibers, which remained in solution for over a week
without degradation [95].
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8.4.6. Gene delivery systems
Drug delivery and tissue regeneration materials are often very closely related
in both function and architecture. In fact, there is one perspective in the
scientific community that tissue engineering scaffolds are just a delivery
system of cells into the body [185]. Additionally, the line between the two
areas becomes blurred when controlled growth factor or cytokine release is
incorporated into the matrix to influence either the contained or the
surrounding cells [172,182,185,204]. By the streptavidin crosslinking methods
described above, small therapeutic drug molecules may be incorporated into
the matrix. Furthermore, the link to the phage can be engineered to be
dependent on enzymatic cleavage [153,213], so that the delivered molecules
are released only when they are sequestered by cell activity. Therapeutic
genetic material to induce tissue regeneration can be incorporated into the
phage DNA and carried within the phage capsule for specific delivery to cells
via receptor uptake [67]. As the M13 phage is non-lytic, they will be
continuously produced by bacteria without causing bacterial wall rupture or
the resulting debris. By designing peptide expression on the phage capsid,
phages can be more locally targeted to cell receptors (i.e. via RGD or another
ligand). Phage display technology has allowed for the identification of novel
homing peptides that target unknown cell surface proteins. The targeting
peptides can be incorporated into bacteriophage coat proteins through the
genetic engineering techniques described previously [67]. These include
peptides (RGD, glioma-binding peptide) [214,215], HER2 receptor targeting
antibody [216], growth factors (EGF or FGF2) [217-219] and the penton base
of adenovirus [220]. Similar to drug delivery, nucleic acid materials are now
being incorporated into scaffolding materials for delivery to cells.
Furthermore, it has been shown that DNA materials that are tethered to the
matrix, rather than just encapsulated, are more effectively transferred to cells
[221]. Phage particles engineered as described above to contain the genetic
load for cell delivery, as well as specific cell targeting peptides, can be cross-linked with streptavidin units to produce stable tissue engineering scaffolds.
As these scaffolds are taken up and degraded by endocytosis [222], the phage
could release its gene cargo and further induce cell behavior.

8.4.7. Diagnosis and therapeutic applications

Thanks to phage display technology, we have considerable useful peptide
information, which can be developed further for imaging and the diagnosis of
certain diseases, such as cancer [223]. Such applications can be directly
assayed by Phage-Chips [17]. Yoo et al. demonstrated multifunctional phage
matrices that were optically readable for cell proliferation and morphology.
The self-assembled nanofibrous network structure enhanced surface plasmon
resonance (SPR) monitoring signals, and biochemical cues displayed by phage
surfaces controlled cellular proliferation and morphology at the same time. For
therapeutic applications, antibody phage display has been developed and
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tested for clinical approval [224]. Another application study of utilizing M13
engineered phage properties was also introduced by adopting different useful
virus parts. Hajitou et al. constructed a hybrid phage with two genes from the
phage and the nucleus integrating gene from AAV, called inverted terminal
repeats (ITR). Additionally, these phages were engineered to express an
integrin binding peptide on minor coat proteins. Therefore, the RGD peptide
induced internalization of the phage through integrin-mediated endocytosis
and the ITR led to improved transgene expression, which was linked to the
function of the delivered gene in the cytoplasm. The resulting AAV/phage
system provided superior tumor transduction over the phage alone. Topical
delivery of this therapeutic synthetic phage material onto localized disease
areas with specific integrating functions might reduce the risk of the side
effects and enhance the efficiency of drug delivery.

8.4.8. Tissue engineering and regenerative medicine applications

The aim of tissue engineering is to create desired artificial tissues or organ
scaffold structures. Consequently, studies in this field require combining
biomaterials and cells to closely mimic in vivo tissue environments. Natural
tissue microenvironments are composed of networks of various nanofibrous
proteins, such as collagen or fibronectin. Therefore, as discussed above, the
M13 phage can be the predominant viral type utilized for this purpose because
of its ability to display peptides on its coat proteins in various manners, its
ability to replicate in large quantities, and its ability to self-assemble into
nanofilaments. The multifunctional merits of M13 phage engineering can be
further synergized with chemical modification or by conjugating growth
factors. As a result of these traits, many studies have investigated using these
phages as a platform to enhance the chemical, physical, and mechanical
properties of biomimetic matrices (Figure 5). 2-D phage films with nanogroove
topography using a facile shearing method or a layer-by-layer method were
formed for neural progenitor cell regeneration and differentiation (left top in
the Figure 5) [35,95]. In combination with signaling peptides on phage coats,
physical properties, such as phage alignment and hierarchical ordering of
phages, can help to control cell behavior (left bottom in the Figure 5) [36].
These phages displaying DGEA, a bone-specific peptide, have also been used
for the engineering of hard tissues, such as bone (right top in the Figure 5)
[39]. Multiple protein coat engineered M13 phages expressing HPQ, a biotin-like peptide, on minor coat proteins and RGD on major and minor coat
proteins promoted neural progenitor cell proliferation or differentiation
according to the streptavidin-conjugated growth factors, which were specific
for neural cells (right bottom in the Figure 5) [37].

Many of the uses of phages in tissue engineering applications are similar to
those previously discussed. Although the lack of patentability and the food and
drug administration (FDA) guidelines, as well as safety concerns, are still
challenging, the success of previous studies using M13 phages for tissue
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engineering / regeneration research drives optimism that further clinical
applications will emerge from this field. In vivo animal studies can help to
further characterize the efficacy and safety of phage-based tissue engineering
matrices.

Figure 5. Phage based tissue engineering for soft and hard tissues. M13 phage coat
proteins can be engineered for various tissue engineering purposes.

8.5. SUMMARY AND FUTURE PERSPECTIVES
In this chapter, the use of M13 bacteriophages (phages) has been explored as a
novel building block together with providing specific functions for tissue
engineering / regeneration materials. Prior to using M13 as a biomimetic
tissue engineering scaffold material, the phage is decorated with cell signaling
motifs. An incredible diversity of peptide expression has been previously
demonstrated on the various capsid proteins of the phage through the creation
of peptide libraries [26,51,52]. A novel cloning approach to display an integrin
binding RGD motif on every copy of pVIII was introduced to decorate the major
coat protein of the M13 phage. Merzlyak et al. did this by using a partial library
method, where an engineered octamer insert for pVIII included a constrained
RGD group surrounded by a degenerate residue library. This allowed the
expression of full inserts that retained the desired RGD motif yet were
favorably compatible with all the protein interactions inherent in the phage
replication process within E. coli. Furthermore, they systematically analyzed
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the allowed amino acid sequence space for pVIII inserts by making constrained
libraries with chemically variable residues (positive, negative, and
hydrophobic) [35]. This approach can be useful for engineering phage particles
with a very dense uniform display of short signal peptide motifs that may be
beneficial for tissue engineering materials [11,35,174,183].

After demonstrating the phage as a filament particle able to form aligned
scaffolds that are both conducive and instructive to cell growth, further phage
design improvements can be made by making it multifunctional. The phage
was then engineered to incorporate an adhesive peptide motif (RGD) on pVIII,
and a constrained biotin-like HPQ motif on the pIII protein [37,67,225]. There
are limits in the ability of the phage to display a multivalency of protein
molecules based on the size and sequence of the insert [26], and it cannot be
altered via genetic means to present functional carbohydrate molecules. By
exploiting the binding affinity of the biotin-streptavidin bond, with an
engineered biotin-like HPQ group, we imparted modular functionality to the
phage building block [37]. Any growth factor, cytokine, or otherwise
therapeutic molecule conjugated to avidin will be able to bind to our
engineered HPQ phage and further functionalize the matrix [37,226].

In summary, we have introduced the utilization of M13 bacteriophage as a
functional building block for tissue engineering matrices that can guide the
adhesion, polarization, and alignment behavior of cells and promote tissue
regeneration. We have also presented a number of avenues that can be used to
expand this area of research further to immune / chemokine study and use
phages for highly functional and useful biomaterials with potential
applications in diagnosis and therapy.
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9.1. INTRODUCTION
Atherosclerotic cardiovascular diseases (CVDs), a systemic narrowing and
hardening of arteries, include conditions such as coronary arterial disease,
carotid artery stenosis, and peripheral arterial disease. CVDs are a leading
cause of death or impaired quality of life for millions of individuals in
developed nations. The most common corrective procedure for CVDs is
surgical intervention using autologous arterial and/or venous grafts. However,
the use of autologous grafts leads to prolonged operative times and increased
risk of peri-operative infection. Additionally, many patients lack suitable donor
tissue, either as a result of their underlying vascular disease or previous
surgery. Synthetic materials such as expanded poly(tetrafluoroethylene)
(ePTFE, Goretex®) and poly(ethylene terephthalate) (PET, Dacron®) provide
an alternative strategy, but when applied to small-diameter (<6 mm) arterial
grafts, this approach has limited efficacy due to various complications such as
progressive stenosis, thrombosis, calcium deposition, host rejection, increased
risk of infection, and the persistent need for anticoagulation therapy.

The purpose of tissue engineering is to develop alternative materials that
integrate with the patient’s native tissue to restore physiologic function [1].
This often involves the use of biodegradable synthetic materials, termed
scaffolds, to provide a three-dimensional surface for cellular proliferation and
neotissue formation during neovessel remodeling. In addition, the traditional
concept of tissue engineering consists of the isolation and use of cells or cell
substitutes, and the integration of the isolated cells and scaffold via a seeding
technique [2]. In 1986, Weinberg and Bell produced what was widely regarded
as the first tissue-engineered blood vessel substitute. It consisted of bovine
endothelial cell (EC), smooth muscle cell (SMC) and fibroblast cell cultures
embedded in a collagen gel [3]. However, this tissue-engineered construct
lacked adequate strength and required reinforcement with a Dacron® mesh. In
following years, vascular grafts were improved, refined, and ultimately
reached clinical application in 1999 [4]. The first human clinical trial
investigating tissue engineered vascular graft (TEVG) implantation in children
with congenital heart defects began in 2001. The highly porous biodegradable
polymeric scaffold was comprised of poly(L-lactide-co-ε-caprolactone) (PLCL)
reinforced by poly(glycolic acid) mesh [5] and seeded with bone marrow
derived mononuclear cells (BM-MNCs). The application of TEVGs in a lowpressure environment for patients with congenital heart disease has several
advantages such as growth potential, favorable biocompatibility, and low risk
of infection or rejection. Clinical evidence has now established that TEVGs are
safe and effective to use in pediatric patients undergoing extracardiac total
cavopulmonary connection procedures [5-7]. However, to apply TEVGs to an
arterial system, a scaffold must be able to withstand mechanical loadings akin
to the native artery such as arterial pressure, shear stresses, durability, and
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compliance. With this in mind, the efficacy of various TEVG types, with or
without cell seeding, for small diameter arterial grafts has been demonstrated
in animal models [8-11].

A biodegradable vascular graft is completely reconstituted by host-derived
cells over the course of its inflammation-mediated process [12]. It was
previously believed that the progenitor cells in BM-MNCs differentiated into
mature vascular cells in the developing TEVG. In fact, small populations of
hematopoietic and vascular progenitor cells were identified within seeded
BM-MNC populations. However, the number of seeded cells in the graft
decreased rapidly within the first few days after implantation, ultimately
resulting in the absence of all BM-MNCs within one-week, leaving many
questions as to the mechanism of TEVG neotissue formation [12]. Even though
the complete mechanism of neotissue formation during graft-material
absorption remains to be fully elucidated, multiple TEVG remodeling processes
have been proposed. In this chapter, we introduce the remodeling process and
putative mechanisms of neotissue formation in arterial TEVGs, and lastly
feature the differences in scaffold materials and constructions to fabricate an
ideal arterial TEVG.

9.1.1. Neoartery components as a basis for TEVG remodeling
9.1.1.1. Endothelial cells (ECs)

ECs possess various physiologic functions in vivo, such as the transport of
blood constituents, thromboresistance, angiogenesis induction, and blood
pressure control via vasoconstriction/vasodilation. Additionally, ECs are able
to prevent neointimal hyperplasia through the inhibition of bioactive
substances responsible for extracellular matrix (ECM) production, and smooth
muscle cell (SMC) migration and proliferation.

The development of a confluent endothelial monolayer is a vital and primary
step for well-organized TEVG neotissue formation. However, ECs have limited
capacity for regeneration and can no longer divide after about 70 cell cycles. In
humans, currently available graft implants show limited EC ingrowth, typically
not extending 1–2 cm beyond the anastomoses [13]. After implantation for
peripheral artery disease, the number of ECs observed on the luminal surface
of synthetic grafts was less than 10 % of that seen in native vessels [14]. To
improve graft surface endothelialization, EC seeding has been applied to
synthetic arterial grafts. However the clinical efficacy of EC seeding to produce
patent synthetic grafts remains a controversial topic [15]. As a result, the
safekeeping of ECs from damaging factors, such as oxidative and sheer
stresses, remains a major hurdle for the clinical application of arterial TEVGs.
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9.1.1.2. Smooth muscle cells (SMCs)
SMCs regulate vasocontraction and are an integral component of an efficient
and stable blood vessel. SMCs are the predominant component of the ECM
complex that ultimately defines blood vessel mechanical properties [3]. Yue et
al. investigated the seeding of cultured SMCs onto biodegradable scaffolds
implanted in rat aortas, and in comparison to unseeded controls, the implanted
constructs demonstrated rapid neomedia formation [16]. Similarly,
Niklason et al. developed a tissue-engineered graft by seeding SMCs onto a
poly(glycolic acid) (PGA) scaffold that was then cultured in vitro in a pulsatile
radial stress environment for 8 weeks [17]. The SMC-seeded PGA grafts
demonstrated physiologic and mechanical functions comparable to native
human vessels and are being considered for clinical application [18].

SMCs are complex cells capable of existing in heterogeneous populations and
switching phenotypes when exposed to various stimuli (i.e. contractile to
synthetic) [19]. A synthetic dedifferentiated SMC phenotype is characterized
by its migration, proliferation, and ECM synthesis in the vascular wall. These
dedifferentiated SMCs can be identified early on in the developing vasculature
through α-SMA expression detection [20]. In contrast, the contractile
apparatus of differentiated SMCs have less proliferation potential and are
distinguished by their expression of differentiated SMC markers such as
smooth muscle-myosin heavy chain (SM-MHC) [20]. Although synthetic SMCs
are necessary to obtain favorable ECM formation in neovessels during the
neotissue remodeling process, excessive synthetic SMCs may also induce TEVG
stenosis causing neotissue hyperplasia.

9.1.1.3. Extracellular matrix (ECM)

As the scaffold degrades, the ECM undergoes continuous remodeling. The ECM
is predominantly comprised of elastin, proteoglycans, and collagen type I and
III. ECM mechanical properties that are relevant to arterial vessel function
includes tensile stiffness, compressibility, and elasticity. Collagen provides the
ECM with the tensile strength to resist rupture and proteoglycans contribute to
ECM compressibility [21,22].

Elastin is the most important component of the ECM as it confers elasticity to
arteries. It prevents dynamic tissue creep by stretching under load and recoils
back to its original conformation after the load is released. Elastin is also a
potent autocrine regulator of vascular SMC activity. Accordingly, elastin’s
regulatory effects are significant in preventing fibrocellular pathology [23].
Upon insult however, elastic matrices are difficult to repair due to: 1) poor
elastin precursor (tropoelastin) synthesis by adult cells, 2) inefficient
recruitment and crosslinking of tropoelastin into an elastic matrix, and 3)
further organization into elastic fibers [23,24]. Hence, the resourceful
utilization of elastic materials and tropoelastin coatings on scaffolds, may be
helpful to augment arterial TEVG elastin functions.
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9.1.2. Tissue remodeling process in arterial TEVG
A better understanding of the tissue remodeling process is critical for the
improvement, continued development, and rational design of arterial TEVGs.
Neovessel formation is a dynamic process characterized by progressive
scaffold degradation due to hydrolysis, cellular infiltration into scaffold, and
ECM deposition. As the remodeling time course and process can be altered
through the use of different materials and scaffold structures, the trade-off
between scaffold degradation and neotissue formation must be considered
when TEVGs are applied to the high pressures of arterial circulation.

During the acute phase of tissue remodeling (within 6 weeks post
implantation), vascular neotissue of arterial TEVGs constructed with
poly(L-lactic acid) (PLA) fibers coated with PLCL are characterized by: 1)
collagen type I and III deposition, 2) a lack of elastin, 3) SMC proliferation in
the medial layer, and 4) partial endothelialization in the internal scaffold
lumen [8]. Within 4 months post-implantation, favorable endothelialization is
achieved (Figure 1) [25], along with gradual increases in collagen deposition,
SMC proliferation, and elastin deposition (Figure 2) [25].

Figure 1. Endothelial cell identification with CD 31 immunohistochemical staining.
Grafts at 4, 8, 12 months after implantation and native abdominal aortas of mice were
explanted and analyzed [25].
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Figure 2. Representative histologic image of Masson’s Trichrome staining for collagen
deposition, Elastica van Gieson (EVG) staining for elastin formation, and
immunohistochemical smooth muscle actin (SMA) staining for smooth muscle cells
within the neointimal at 4, 8, 12 months after implantation into mouse abdominal
aorta [25].

The primary cellular component during the early stages of arterial TEVG
remodeling are matrix metallopeptidase 9 (MMP-9) promoted macrophages
and monocytes [26]. MMP-9 is the most prominent MMP type present during
foreign body inflammatory responses [27] and is shown in an acute phase of
neotissue formation, peaking 1 week after TEVG implantation, and decreaseing
thereafter. Moreover, SMC migration is dependent on both MMP-9 and -2.
MMP-2 is primarily produced by inflammatory cell stimulated mesenchymal
cells and peaks during the late phase of neotissue formation. However, MMP
activity in the arterial TEVG model, though similar to the venous model, is
prolonged because of remaining fiber remnants.
TGF-β is a multifunctional cytokine that regulates cell adhesion, migration,
differentiation, proliferation and apoptosis. TGF-β signaling plays an essential
role in vascular remodeling and disruptions to its signaling pathway is known
to cause vascular dysfunctions such as aortic aneurysms. After short-term
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(6 week) follow-up, PLA-PLCL aortic grafts possessed adequate mechanical
properties and strength to function as arterial grafts and displayed no signs of
aneurysmal change [8]. However, many grafts formed aneurysmal changes or
ruptured later (12 months) with TGF-β elevation [25]. Thus, continuous TGF-β
elevation may induce vascular dysfunction of arterial TEVGs followed by
subsequent aneurysmal changes. Of further interest, angiotensin receptor
blockers are known to inhibit TGF-β signaling and prevent aortic aneurysm in
Marfan syndrome [28,29]. Consequently, angiotensin receptor blockers have
the therapeutic potential to prevent aneurysmal changes in arterial TEVGs.

9.1.3. Calcific deposition

Implants are susceptible to calcification during neovessel remodeling, a
potentially fatal longer term complication. However, the role that the physical
scaffold structure has on long-term calcific deposition in arterial TEVG
neotissue remains a field yet to be studied.

Chondroid metaplasia takes place in intimal hyperplasia layers and contributes
to arterial TEVG calcification [30]. Although the precise mechanisms
underlying osteogenic differentiation of vascular cells during atherosclerosis
remain undefined, vascular SMCs can undergo osteogenic differentiation and
calcification [31,32]. However, normal vascular SMCs have the potential to
prevent calcium deposition as they express transcription factors of both
osteogenesis and osteoclastogenesis. Well organized neointima, abundant with
SMCs, better prevents calcific deposition in comparison to thin neointima on
small-pore nanofiber grafts (Figure 3) [33]. Therefore, a degree of neointimal
SMCs is required to eliminate calcium deposition and sustain the balance of
osteogenesis and osteoclastogenesis.
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Figure 3. Large-pore PLA-PLCL grafts created a well-organized neointima and
prevented calcific deposition compared to small-pore, electrospun PLA-nanofiber
grafts [33].

The scaffold degradation period is another key aspect to consider calcification
in tissue remodeling for biodegradable vascular grafts [10]. At one year follow
up, in a rapid remodeling process, fast degrading elastomers developed into
well-organized neotissue without calcification [34]. In contrast, high density
(small pore size) nanofiber fabric have longer polymer degradation periods
and lack transmural cellular migration onto the scaffold [33]. Consequently,
the combined effects of small pore size and slow degradation, results in
calcified deposition in neotissue remodeling and prolonged foreign body
reactions.

9.2. PUTATIVE MECHANISMS OF NEOTISSUE FORMATION
IN TEVG REMODELING
Although, the precise mechanism of neotissue formation in TEVG remodeling
remains to be fully elucidated, molecular and cellular mechanisms underlying
TEVG remodeling and vascular neotissue formation have been proposed.

9.2.1. Inflammatory mediated process

Monocyte and macrophage mediated inflammation plays a crucial role in
vascular neotissue formation (Figure 4), as well as the development of stenosis
in a scaffold [12]. Clodronate is known to deplete monocytes and macrophages
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in vivo. Liposomal clodronate was administered into a mouse model to
evaluate the function of monocytes and macrophages, and the study
demonstrated the importance of monocytes/macrophages in TEVG tissue
remodeling as clodronate administration effectively suppressed neotissue
formation and vascular repair [35]. On the other hand, excessive macrophage
infiltration produces neotissue hyperplasia, which leads to stenotic/occluded
grafts.

Figure 4. Proposed mechanism of neovessel formation after implantation of a
cell-seeded biodegradable scaffold. Early pulse of monocyte chemoattractant protein-1
(MCP-1) and related cytokines from seeded bone marrow-derived mononuclear cells
(BM-MNCs) enhances early monocyte recruitment to the scaffold. Infiltrating
monocytes release multiple angiogenic cytokines and growth factors (e.g., VEGF),
which recruit smooth muscle cells and endothelial cells [12].
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Macrophages in the scaffold release a variety of chemokines, cytokines, and
growth factors. Macrophage-derived signaling molecules induce migration of
adjacent host SMCs and ECs into the scaffold. As scaffold degradation begins,
macrophages, fibroblasts, and SMCs start to deposit ECM, which continues to
undergo remodeling throughout the formation of a viable TEVG. Given
sufficient time, the biomechanical properties of the neovessel are no longer
determined by scaffold characteristics, but are instead characterized by its
collagen and elastin content [36]. As a final result, the TEVG has completely
transformed into a neovessel, with cellular, biomechanical, and physiologic
characteristics similar to that of a native vessel.

9.2.2. Endothelial-to-mesenchymal transition

The classical mechanism for cell differentiation is for progenitor cells to
transform from immature to mature cell types via a well-ordered pathway. On
the other hand, the endothelial-to-mesenchymal transition (EndMT) is a
complex process, where endothelial cells lose their cellular polarity and
adhesion abilities, while gaining migratory and invasive properties as they
develop into mesenchymal cells, including SMC-like and fibroblast-like cells
[37]. The EndMT has been shown to occur in wound healing, organ fibrosis,
and also contributes to postnatal processes, such as promoting vein graft
remodeling [38]. The EndMT contribution to vascular neotissue and stenosis
formation have been demonstrated during TEVG remodeling [39]. TGF-β is
thought to drive EndMT in both a small mothers against decapentaplegic
(SMAD)-dependent and independent manner [40,41]. To this end, anti-TGF-β
therapy has been pointed to for its potential utility to prevent TEVG stenosis.

9.2.3. Cell source for TEVG remodeling

In contrast to previous suggestions, neotissue cells are not derived from
seeded cells [42]. Instead, several sources have been proposed for the
spontaneous in vivo endothelialization and SMC proliferation in TEVGs. Such
proposals include: 1) the transanastomotic outgrowth from the adjacent native
blood vessel, 2) transmural ingrowth of capillaries from the adventitial side of
the vascular graft, and 3) the migration of circulating endothelial progenitor
cells from the luminal surface of vascular grafts (Figure 5).
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Figure 5. Schematic image of cell source for TEVG remodeling. Three different sources
have been proposed for the spontaneous in vivo endothelialization and SMC
proliferation in TEVGs.

9.2.3.1. Adjacent blood vessel (Transanastomotic outgrowth)
Transanastomotic outgrowth from the adjacent blood vessel is the principal
source of SMCs and ECs in implanted TEVGs [43]. After implantation however,
transanastomotic outgrowth slows down gradually [44], and typically does not
extend 1–2 cm beyond the anastomoses [13]. Additionally, transanastomotic
intimal hyperplasia is a major contributor to graft failure. Transanastomotic
outgrowth provides sufficient endothelial coverage for short vascular grafts in
small animal models, however other cells sources will be necessary to obtain
favorable SMC proliferation and endothelialization in longer grafts.

9.2.3.2. Transmural ingrowth

Transmural endothelium ingrowth was clearly distinguished experimentally
from transanastomotic outgrowth by using a unique looped interposition graft
model and provides another realistic mechanism of spontaneous in vivo
endothelialization [44]. Capillaries can penetrate the graft wall and provide
sources of SMCs and luminal endothelium, where the aforementioned cells can
adopt large vessel phenotypes. Moreover, capillaries can prove rapid coverage
of porous synthetic graft surfaces that are in contact with the arterial
circulation [14]. Of note however, is that tightly knit, electrospun nanofiber by
itself, or used as a scaffold sheath to provide mechanical strength, may restrict
transmural capillary ingrowth and/or cell migration from outside the graft.

9.2.3.3. Migration from circulating blood stream

CD34+ endothelial progenitor cells (EPCs) exist in circulating blood and can
differentiate into mature ECs [45]. After mobilization from bone marrow,
CD34+ EPCs participate in postnatal neovascularization [46]. After seeding
onto decellularized xenogeneic arterial grafts, ex vivo expanded EPCs isolated
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from peripheral sheep blood, effectively achieved luminal coverage. This
indicates EPCs possess the ability to endothelialize TEVGs [47]. Additionally,
bone marrow cells may have potential to give rise to other vascular progenitor
cells that contribute to vascular remodeling [48]. To increase EPC and smooth
muscle progenitor cell migration from the peripheral blood onto the luminal
surface, a stromal cell-derived factor-1α/heparin coating was applied to a
TEVG. The coated TEVG resulted in accelerated endothelialization and SMC
differentiation [49].

9.3. BIODEGRADABLE POLYMERS FOR ARTERIAL TEVGs
The role of a scaffold is to provide a temporary three-dimensional structure for
cellular attachment, infiltration, and proliferation. Scaffold materials should be
highly porous and possess biomimetic properties, thereby facilitating cellular
infiltration, neotissue formation, and integration with native tissue [50].
Biodegradable polymers utilized in arterial scaffolds are well suited to fulfill
these requirements (Figure 6).

Figure 6. Flowchart for arterial scaffold. Both synthetic and natural materials are
applied to arterial TEVGs as a biodegradable polymer.

Biodegradable polymers serve as temporary blood vessel scaffolds before
being replaced by ingrowing tissue. Scaffold degradation first exhibits loss of
mechanical properties, followed by a decrease in mass/volume. The
degradation rate of biodegradable polymers depends on its initial molecular
weight, exposed surface area, and crystallinity. The ideal scaffold for vascular
applications meet the following criteria: 1) provides a suitable surface for cell
adhesion and proliferation, 2) is highly porous to allow for neotissue growth
and the exchange of nutrients and metabolic waste, and 3) is biodegradable,
ultimately restoring physiologic function without reinforcement with
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non-degradable synthetic materials such as Goretex® and Dacron®. The crucial
first step in vascular engineering construct design is the selection of
appropriate biodegradable scaffold materials and this is dependent on various
factors, such as biocompatibility, biodegradability, and mechanical properties
(Table 1).
Table 1. Biodegradable polymers for TEVGs. Tm: melting temperature; Tg: glassforming temperature; Mpa: mega pascal; GPa: giga pascal; P(LA/CL): copolymer of Llactide and ε-caprolactone; PCL: poly(ε-caprolactone); PHB: poly(3-hydroxybutyrate).
Polymer

Tm

Tg

PGA
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PLA

P(LA/CL)
(50 : 50)

P(LA/CL)
(75 : 25)
PCL

PHB

Elastic
modulus (GPa)

36

Initial
tensile
strength
(Mpa)
890

170

56

900

105

17

12

140
60

177

22
60
4

500
50
43

Elongation
at break
(%)

Degradation
period

30

2–3 weeks

8.5

25

6–12 months

0.9

600

4–6 weeks

–

5

8.4
4.8
0.3

70
70

8–10 weeks
12 weeks

> 6 weeks

Several biodegradable polymers have been investigated for their suitability in
arterial tissue engineering applications. PLA and PCL are commonly used
materials for constructing arterial scaffolds due to their successful clinical
history [51]. Both PLA and PCL have hydrophobic properties and are
maintained within the body for prolonged periods of time. Combining PCL and
PLA forms new copolymers called PLCL. Further fine tuning of PLCL scaffold
mechanical properties and degradation rates is accomplished by changing
molecular weights through composition ratio adjustments. The feasibility of
PLA-PLCL scaffolds as small diameter arterial conduits in high pressure
environments in vivo has been confirmed [8]. Natural proteins, such as silk
fibroin and chitosan, have also been utilized as biodegradable materials for
small diameter arterial grafts, and have shown favorable vessel remodeling
with long-term patency (Figure 6) [52,53].

9.3.1. Structural characteristics of arterial TEVGs

Ideal small diameter arterial TEVGs are; readily available (“off-the-shelf”),
biocompatible, easily implanted, capable of transforming into neotissue
comparable to that of native arteries, and is resistant to thrombosis,
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aneurysmal dilatation, and ectopic calcification [54]. Biodegradable scaffolds
with large pore sizes, fast degradability, and high elasticity are thought to be
crucial to obtain the aforementioned TEVG characteristics, as well as promote
better and more rapid neotissue formation in small-diameter arterial grafts.

9.3.1.1. Sponge type scaffold

Highly porous, PLCL sponge-type scaffolds, reinforced with PGA mesh, have
been successfully applied clinically in low pressure environments [5]. PLCL
co-polymer, prepared from 50 % L-lactide and 50 % ε-caprolactone, has high
elasticity that is suitable for tissue-engineering applications [55,56]. Even
though outer layer reinforcement is required to withstand high arterial
pressure, PLCL sponge type scaffolds show great potential and promise as
arterial scaffolds due to their elastic properties [57].

While the slow degradation of certain polymers aids in mechanical property
retention, allowing grafts to endure high pressures for longer periods of time,
it consequently results in undesirable delayed tissue remodeling. Wu et al.
were able to demonstrate rapid tissue remodeling using a sponge type scaffold
composed of the fast degrading poly(glycerol sebacate) (PGS) elastomer [10],
and in a rat arterial implantation model, the PGS scaffold displayed favorable
vessel remodeling, in addition to good patency [34].

9.3.1.2. Electrospinning technique

Electrospinning technologies have enabled the production of nanofiber-based
scaffolds, and because of their ability to improve cellular infiltration and
endothelialization in comparison to standard synthetic grafts [58], have shown
promise with regards to arterial scaffold fabrication (Figure 7).

Figure 7. Representative electronic microscope images of poly(lactic acid) nanofiberbased scaffold for aortic graft. Electrospinning technologies have enabled the
production of nanofiber-based scaffolds, which have shown promise with regard to
arterial scaffold fabrication [54].
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Small-diameter electrospun scaffolds composed of PCL [59], and PLCL [60],
have shown good surgical and mechanical properties with high patency rates
in an arterial implantation model. However, small-fiber diameter and tightly
knit electrospun scaffolds displayed poor cellular migration into the scaffold,
causing prolonged neotissue remodeling and foreign body reactions. On the
other hand, electrospun thick-PCL-fiber, with large pore scaffolds enhanced
the remodeling process and vascular regeneration by mediating M2 phenotype
macrophage polarization [61]. Furthermore, electrospun nanofibers show
more promise with their encapsulation and controlled drug release potentials
[60,62] that may one day lead to cell-free TEVGs.

9.4. CONCLUSION
Arterial TEVGs must be able to withstand high arterial pressure until they are
completely reconstituted by host derived cells. Well-designed arterial TEVGs
require the formation of well-organized neotissue, characterized by: confluent
endothelialization surrounded by SMCs, favorable elastin deposition, and the
absence of calcification and stenosis. For the next generation of arterial TEVGs,
scaffold improvements will focus on: facilitating cellular infiltration through
high porosity and large pore sizes; and fast scaffold degradation in order to
enable rapid remodeling, thereby reducing calcification caused by foreign body
reactions.
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10.1. INTRODUCTION
Vascular disease, or atherosclerosis, is a widespread disease of civilization and
the number of patients with this disease is constantly increasing.
Atherosclerosis is a degenerative disease of the vascular wall. Its development
is a long process that involves solidification of the artery wall and narrowing of
its lumen to form so-called atherosclerotic plaques. As a result of this
narrowing, there is insufficient blood circulation to the organ supplied by a
vessel. The main cause of atherosclerosis is an increased level of cholesterol in
the blood. A higher risk of its occurrence is associated with diabetes, high
blood pressure, obesity and cigarette smoking [1,2].

In most developed countries, atherosclerosis is the most common cause of
death since it is a contributing factor to most heart attacks and strokes, yet a
hundred years ago it belonged to the rare and unstudied diseases. Diet and
lifestyle change (to consume more fruits, vegetables and fish; to reduce excess
weight; to eliminate smoking and alcohol intake and to increase the frequency
of physical activity) can provide possible protection [1].
Vascular surgery undoubtedly belongs among the highly specialized branches
of medicine. Close cooperation between angiologists and diabetologists plays
an important role in the diagnosis and in solving of both acute and chronic
vascular diseases. The area of vascular surgery involves venous issues
(varicose veins, oedema and venous insufficiency) and arterial issues (signs of
limb ischemia, narrowing of the arteries or their closures).

The use of autologous vena saphena magna as a patch or bypass is always a
priority for the reconstruction of peripheral vessels. In cases where it is
impossible to perform autologous reconstruction, alternative vascular grafts
(graft knitted from polyester yarn, graft made from expanded
poly(tetrafluoroethylene) (PTFE) and others) are used. Implantation of
artificial vascular grafts is associated with a higher risk of infection [1].

Infection is the most serious complication of vascular surgery, which
significantly increases the morbidity and mortality of patients in this field.
Infection is closely related to the increased use of artificial vascular grafts,
which started during the second half of the 20th century. According to
literature sources, infection affects 2–3 % of patients undergoing vascular
surgery [1,2,8,9].
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10.2. VASCULAR GRAFTS
The implanted vascular graft must heal well into the arterial system and
should fully take over the function of the original arteries. The vascular graft
healing process is quite specific for the system and should be completed within
all layers of the arterial wall. Vascular graft should ensure a permanent
mechanical support and its properties must not negatively affect the formation
of a new blood vessel wall [1,2,10].

10.2.1. Properties of vascular grafts

The main criterion for introduction of implants into the practice is their
biosecurity. There are strictly defined tests that evaluate the safety of the
materials that come into contact with a patient’s tissues and blood. Most of the
tests are performed in vitro, i.e., in cell culture, but tests using laboratory
animals are irreplaceable. It is impossible to create conditions in tissue culture
that imitate the behaviour within the organism. However, the development of
technologies for in vitro testing is advancing, and therefore, the number of
laboratory animals needed is decreasing. However, vascular grafts must still
meet a number of criteria, which can be divided into biological, surgical and
technical properties [1,2,10].

10.3. TYPES OF VASCULAR GRAFTS
Vascular grafts are divided into three groups. The first is the biological
substitutes: biological origin, regardless of further modification and
adaptation. Another kind of graft is artificial: they are made from
non-biological material. A third group of grafts are designated as special types.
In these grafts, basic characteristics are amended by modifications, the
parameters of which are not possible to define as in the previous two basic
groups [1]. Individual groups of artificial vascular grafts are further subdivided
according to the manufacturing technologies used (Figure 1).
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Figure 1. Basic sorting of commercially produced types of vascular grafts. Dividing
them into separate subgroups is according to natural or artificial origin of recovered
material and according to techniques of vascular grafts industrial production.

10.3.1. Biological vascular grafts
Biological, autologous grafts are selected in cases where a low flow rate or an
increased risk of infection is expected. However, the limitation of their use
depends on the availability and also on the dimensions (length, lumen).
Biological grafts can be further subdivided into the following categories:
•

•
•

vascular autograft – graft is removed and implanted in the same
organism

vascular allograft – graft is removed from one organism and implanted
into another organism of the same species
vascular xenograft – graft removed from one organism and implanted
into another organism of a different species

It should be noted that even autologous transplantation has its drawbacks and
obstacles. The main challenge is obtaining a graft with the required
dimensions. Every large artery is critical for supplying an organ and cannot be
removed without sequelae. Atherosclerosis does not only affect particular
parts of the body but also the disease overall, and therefore, the same
implanted tissue will tend to develop the same pathological changes [1,2].

10.3.2. Artificial vascular grafts

Currently, there are three basic types of artificial vascular grafts. They differ in
their properties, which are given by production technology. The first group
consists of the so-called knitted grafts. These grafts are prepared by knitting
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synthetic fibres, typically polyester fibres. The walls of these grafts are porous.
Blood loss is minimized by impregnation with collagen or gelatin. The second
group includes woven grafts. These grafts have walls with very low porosity.
Their disadvantage is insufficient anchorage of the internal fibrin layer. Grafts
of expanded poly(tetrafluoroethylene) (ePTFE) are so-called casted artificial
grafts and form the third group. They are non-porous and their water-repellent
walls are suitable for the smaller flow rates. Predominantly grafts with small
diameter are used due to their higher price. Textile grafts can be used in the
chest, abdomen and pelvic areas. PTFE grafts cannot be used in peripheral
reconstructions, but can be used for arteriovenous connections, e.g., locations
on the forearms, arms and legs. The selection of materials for vascular grafts is
nowadays subject to rigorous quality control, frequently regarding
biocompatibility. Polyester fibres, PTFE and most polyurethanes fulfil these
requirements. The synthetic materials dacron and teflon are currently most
commonly used for the production of fibres [1,2].

10.4. INFECTIONS OF VASCULAR RECONSTRUCTIONS
Infection complicates approximately 2–3 % of angiosurgical operations
[10,11]. Complications that follow a surgical operation may occur immediately
after surgery or even several days or weeks later (Table 1). The emergence of
infection is influenced by many factors. Some of them can be eliminated, while
others cannot be affected. Often, the infection is associated with a risk of loss of
a limb or even death. Complications are associated with high morbidity and
mortality due to the accompanying sepsis [12]. Infection may occur because of
nonspecific complications. Timely and correct anamnesis and clinical
examination of the patient is important. For these reasons, it is important to
transfer vascular surgery patients with incidence of infection to specialist
centres, which have excellent diagnostic and therapeutic options and
particularly experienced, professional staff [1,8,11,13].

10.4.1. Classification of infection

The following modified classification by Szilagyi is the most commonly used in
practice [14]. A first-degree infection skin involves only the skin, a seconddegree infection extends into the subcutaneous tissue above the
reconstruction and a third-degree infection affects vascular reconstruction.
Within 30 days after the primary vascular operation, the infection is referred
to as an early, and 1 month after implantation, a late infection. Infection of
reconstruction can even occur 10 or more years after the primary operation
[14].
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10.4.2. Possible risks of infection
The presence of defective limbs during the vascular reconstruction increases
the risk of late infection and the necessity of reoperation. This risk also
increases in the case where a patient suffers from multiple diseases, such as
diabetes mellitus, renal insufficiency, nicotine abuse or infectious fungal
aneurysm, etc. Before the operation, it is important to eliminate an eventual
chronic infection [15,16].

The incidence of infection increases with reoperation in the same area. In the
case of artery operation, the duration of the reconstruction plays a role (artery
exposure time). In order to prevent colonization of the reconstruction
immediately after implantation, it is necessary to operate in surroundings
protected by coagulum [1,17,18].
New procedures and technologies have been introduced into clinical practice
for the reduction of infections by implanted vascular grafts. These are
laparoscopic and robot-assisted surgery.
Table 1. List of early and late complications during operations in transplant surgery
and percentage risk of emergence of complications. Adapted from [19].
Early
complications

Risk (%)

Other reoperation

13

Thrombosis

2

Infections of the
skin and
subcutaneous
tissue
Vascular
reoperation
Embolism

Haemorrhage
Amputation

15

Late complications
Infections of the
skin and
subcutaneous
tissue
Prosthetic
infection

2

Pseudoaneurysms

1

Thrombosis

1
2

Risk (%)
2
3
4

Vascular
reoperation

18

Amputation

5

Embolism

11
0

10.4.3. Bacteria causing postoperative infection
The causative agents of infection are usually Staphylococcus aureus,
Staphylococcus epidermidis, and Gram-negative bacteria, especially Escherichia
coli. Information about infection by MRSA (methicillin-resistant Staphylococcus
aureus) can be also found in the literature. In most cases, results of cultivation
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are negative, despite a macroscopically obvious infection of reconstruction
[1,12,14,15,17,18].

10.4.4. Treatment
There are many recommended practices for the treatment of infections after
vascular reconstruction. Some papers report options for infection treatment in
the affected area by the long-term lavage (by disinfectant or antibiotics). In
most cases, experts are inclined to agree that it is impossible to get rid of the
infection in the already infected graft. The infection is only suppressed by the
use of antibiotics or disinfectant. Usually, reoperation is necessary [1,20].
Despite the efforts of manufacturers of vascular grafts, none of them are 100 %
resistant to infection.

10.5. SURFACE MODIFICATION OF VASCULAR GRAFTS
Vascular grafts are an essential part of contemporary medicine and find their
application in clinical practice. They are prepared from fabric, the
nanostructuralized network of which resembles the extracellular matrix in
natural blood vessels and improves the biocompatibility of artificial blood
vessels [21]. Vascular grafts have to be further modified to increase their
biocompatibility, leading to acceptance by an immune system. The graft must
also be modified to maintain flow and anticlotting properties.

Bacterial infections (especially those caused by Staphylococcus aureus) belong
to the most serious complications of operations associated with the use of
vascular implants [22-24]. Vascular grafts may therefore be modified by
antibiotics that are bound to collagen or gelatin [22,25]. The drawback of
antibiotic use is a rapid development of bacteria that are resistant to these
drugs. Another possibility for antibacterial modification is the use of silver ions
and the more effective silver nanoparticles [26-29]. Additionally, silver
nanoparticles can be used in combination with palladium nanoparticles and
other antibacterial agents [30,31]. Antimicrobial biopolymers, such as
hyaluronic acid and chitosan, are also known. Both substances are highly
biodegradable and biocompatible with the human organism [32,33].

The most common technique for the assessment of antimicrobial activity of the
test component is a disc dilution method, which uses impregnation of discs
(from woven vascular grafts with a diameter of 1 cm) by the test substance.
After their attachment to the agar in Petri dishes coated by bacterial culture,
the formation of inhibition zones is monitored, indicating the degree of
antimicrobial activity (Figure 2).

250

Polymer- and nanoparticle-based surface modification of artificial vascular grafts

Figure 2. Testing the antimicrobial activity of vascular grafts by the dilution method.
Squares from the knitted vascular graft (made by VUP Medical, a.s., Brno, Czech
Republic) are soaked with the antimicrobial compound and placed into a Petri dish
covered with the bacterial culture diluted to an absorbance of 0.1 AU. After 24 h of
incubation (37 °C) the resulting inhibition zones are measured. An increasing size of
the inhibition zones indicates increasing antimicrobial activity of the test substance.

10.5.1. Modification by metal or semimetal nanoparticles
Nanotechnologies are one of the most advanced scientific disciplines today.
The aim is to form nanoparticles that are in compliance with the size, shape,
structure and distribution in the organism. Metal nanoparticles with a size of
1–200 nm may be modified by layers of different compounds, such as
biopolymers [34]. Nanoparticles prepared by this method show altered
physical and chemical properties compared with nanoparticles based only on
metals [35,36].
Due to specific properties of the nanoparticles, they are used as catalysts and
important components of sensors based on optical or electrochemical
methods. They have also found wide use in biomedical applications that
require bacterial sterility [37]. A high catalytic ability, given by the large
surface of the nanoparticles, and the ability to generate reactive oxygen species
causes a high reactivity of nanoparticles, which thus become more toxic to
bacteria [38].
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Using modern techniques, metal nanoparticles can be functionalized, and thus
it is possible to increase their antimicrobial activity [39]. Due to their
properties, nanoparticles exhibit greater retention in the body, so it is easier to
achieve the desired distribution effect [40].

One potential solution that can reduce the number of infections in operations
is the application of silver nanoparticles (micrograph depicted in Figure 3)
[4,5]. Silver nanoparticles are commonly used in the textile industry and in
medicine [41]. Until recently, silver nanoparticles were commonly used for
implant materials that reduced the incidence of postoperative complications.
However, over time these applications were associated with a potential risk of
toxicity [42].

Figure 3. AgNPs characterized by scanning electron microscope (SEM). Micrographs:
a) SEM HV: 15 kV, view field: 1.445 µm, WD: 3.761 mm, det: InBeam, b) SEM HV: 15 kV,
view field: 8.668 µm, WD: 2.984 mm, det: InBeam.

Silver ions affect the process of cell proliferation and silver ions and
nanoparticles have thus found the use in dermatology for facilitating wound
healing and in a wide spectrum of therapeutic use [43].

The mechanism of silver nanoparticle action is still unclear. However, the
possible effects of silver nanoparticles are proposed on the basis of enzyme
inhibition, alteration of membrane integrity, penetration into the bacterial
cytoplasm and accumulation in the periplasmic space or in the formation of
reactive oxygen species. It was confirmed that the composition of the cell wall
and plasma membrane plays an important role in the penetration of
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nanoparticles into cells. In G+ bacteria, transmittance is significantly slower
than in case of G− bacteria [44].

Another, newer option in terms of nanotechnology and bacterial infections, is
selenium nanoparticles. Selenium nanoparticles were investigated for various
medical applications and as a potential material for orthopaedic implants [45].
Studies that point out the ability of the selenium compounds to inhibit the
growth of bacteria and the formation of bacterial biofilms are now available
[45]. In a number of selenium compounds (such as 2,4,6-tri-paramethoxyphenylselenopyrylium
chloride,
9-para-chlorophenyloctahydroselenoxanthen, and perhydroselenoxanthene) in vitro antibacterial activity,
particularly against Staphylococcus aureus has been demonstrated. However,
the effects of elemental selenium nanoparticles remain largely unknown
[46,47].

10.5.2. Modification by nonpolymeric or polymeric substances

Application of metal ions or nanoparticles in combination with other
substances having antimicrobial properties is another way to increase
antimicrobial activity [30,31]. The combination of nanoparticles with certain
polymeric substances was confirmed to be very effective at minimizing the risk
of bacterial infection [6,7]. Complexes of polymer materials with silver
nanoparticles are widely used as growth inhibitors of G+ and G− bacteria [48]
and also as the substances used for the treatment of post-traumatic and
postoperative tissues [49,50].

The first of the most commonly used polymeric substances, chitosan,
possessed a number of useful properties [7]. Chitosan is a linear
polysaccharide composed of 2-amino-2-deoxy-D-glucopyranose and
2-acetamido-2-deoxy-D-glucopyranose units [51]. It is synthesized either in an
animal body or artificially by partial deacetylation of chitin, which is the main
component of crustacean shells [52]. It is the most widespread biopolymer
material [53]. Due to its nontoxic properties, biocompatibility and
biodegradability, chitosan is used in targeted drug delivery [54] and also
stands out for its antimicrobial properties. For this reason, it is commonly used
as a substance to maintain the sterility of artificial implants [55,56]. Due to the
polymeric structure of chitosan, it easily forms complexes with metals [56-58].

Another equally important polymeric material that is utilized in the formation
of complexes with metals is hyaluronic acid. Hyaluronic acid, or its salt, is a
linear polysaccharide of disaccharide units of D-glucuronic acid and
N-acetylglucosamine [59]. It is naturally present in mammals, extracellular
matrix, muscle and nerve tissues in the vitreous humor and on the skin [60]. It
is compatible with the human organism and biodegradable [61-64]. Hyaluronic
acid synthesis occurs in the plasma membrane of fibroblasts [65]. Hyaluronic
acid in the intracellular matrix binds water to proteins, is involved in the
construction of extracellular matrix and also plays an important role in the
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organization of proteoglycan complexes in soft connective tissues [32,33]. The
greatest incidence of this polymer in humans is in areas with proliferating
cells. Due to its organization, hyaluronic acid is used in eye surgery, tissue
engineering and cosmetics, which are used to accelerate tissue regeneration
[66-70].

Interactions of biopolymer materials with metals are based on the binding of
metal ions to the amino groups of chitosan via chelating mechanisms [71].
Similar mechanisms have also been described in connection with the binding
of metal ions or nanoparticles to hyaluronic acid [72].

One of the other biopolymer materials is adiponectin. Adiponectin is a protein
produced mainly by mature adipocytes and is present in a surprisingly large
amount in human plasma [73]. It was found that adiponectin significantly
regulates the metabolism of carbohydrates and lipids, and increases the
utilization and transport of glucose and free fatty acids into muscle, liver and
fat cells [74]. Adiponectin in human plasma occurs in the form of several
polymeric isoforms. Adiponectin accumulates subendothelially in damaged
areas of vessel walls and increases in adiponectin significantly reduce the
progression of atherosclerotic lesions in animal models of atherosclerosis.
Hypoadiponectinemy was found to be an independent predictor of
cardiovascular disease in patients with advanced stage renal insufficiency. In
further work, high plasma levels of adiponectin was associated with a low risk
of myocardial infarction in men [75].

10.5.3. In vivo application of surface modified vascular grafts

Finally, the application of modified vascular grafts in animal cell cultures was
used. In our experiments in vivo, three different cell lines (quail and human
fibroblasts and endothelial cells) were studied. All lines were stabilized at the
beginning of experiment in two independent passages, while ensuring optimal
conditions of cultivated media. Cultivation was carried out at 37 °C and 5 %
CO2. In addition, we designed a simple simulation of blood flow through
oscillation. For the assessment of biological properties, we found that the cells
exhibited very good morphological properties. The cell lines were further
characterized based on other indicators, such as the structure of the nucleus
and nucleolus, the activity of mitochondria and RNA. During each experiment,
there were no significant differences in the input morphological indicators
(Figure 4).
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Figure 4. Morphological indicators of used cell cultures

Cell cultures were grown on various types of cultivation surfaces (various sizes
of specialized Petri dishes, cultivation bottles or cultivation tubes). We did not
observe any major differences between cultivation on various types of
surfaces. Therefore, it was possible to interchange the individual cultivation
methods as necessary.

Figure 4 shows a massive growth of fibroblasts in the central portion of the
prosthesis after the application of 25 ng mL−1 of adiponectin. Figure 5 shows
the cultivation of fibroblast cells in a culture tube, which was subsequently
placed on a thermomixer. To these tubes, it was possible to place the vascular
prosthesis and subsequently add a fibroblast cell culture. Moreover, it was
possible to apply the adiponectin to the different parts of the graft.

255

Chapter 10

Figure 5. Possible methods of cell cultivation

If the vascular prostheses were placed on a cycler (simulation of blood flow), it
was possible to observe a better growth of the cell culture on the surface of the
graft. The amount of cells captured on the vascular graft has increased about
30 % compared with the variant without oscillation. However, the intensity of
oscillation could not exceed 20 Hz or else the caming cells would grow less
rapidly. Figure 6 shows photographs of the cultivation of vascular grafts in a
cultivation bottle. There the cells also grow and colonize the graft.

Figure 6. Cultivation of fibroblasts on grafts in a cultivation bottle
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Cell lines derived from endothelium showed similar behaviour to that of
fibroblast cells. If the cell lines were cultivated on the graft in the presence of
adiponectin, a gradual increase in cell amount was observed (Figure 7). The
amount of cells increased by an average of 20–30 % in comparison with
vascular grafts without the application of adiponectin. In the experiments, the
adiponectin concentrations in the range of 5–15 ng mL−1 were monitored.
However, the increase in cell amount in these experimental variants was
similar.

Figure 7. Cultivation of endothelial culture on the fabric after application of
adiponectin

The aim of this prospective study was to verify the properties of the new
species of vascular grafts with adiponectin in the experiment. Before
conducting clinical trials of a new kind of vascular graft on humans, it is
necessary to evaluate the rheological and immunological response of this
vascular graft in live animals in vivo. The experiment cannot be replaced by
alternative methods in vitro. The number of animals is chosen so that the study
is informative, while being feasible under the given conditions.

A Sheep model was selected as an experimental animal due to the similar
behaviour of the arterial vessels in sheep to those in humans. According to
literal data, for the transplantation of vascular grafts of the required size, only
sheep are suitable for experimentation with vascular grafts in the carotid
artery, due to the size of the carotid artery and the long and easily accessible
neck [76-80]. Another advantage is that in the postoperative period, sheep
require minimal care and monitoring is not so expensive.
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Nine sheep were observed from 30–100 days (3 sheep every 30 days). All
implanted grafts (vascular prostheses in the control group and vascular
prostheses with adiponectin) remained feasible during the experiment.
Favourable macroscopic images of the implanted grafts with adiponectin in the
sheep body have demonstrated excellent healing of grafts due to their good
rheological properties. This image was more favourable than those of the
grafts in the control groups, both in the terms of the reaction of the
environment (the control group had a prosthesis with a more pronounced
reaction) and in terms of the subtleties of the inner surface of the graft (the
control group had a rough inner surface). Histological findings demonstrated
the high quality and speed of healing of the prostheses with adiponectin.

Figure 8. Transplantation of artificial vascular graft with adiponectin into the sheep
body as a replacement for carotid artery

10.6. CONCLUSION
The material used, preoperative preparation, the actual surgical procedure and
postoperative care play important roles in vascular surgery during vascular
reconstructions.
The selection of vascular grafts is usually determined by surgeons.
Traditionally, they used to favour the use of artificial vascular grafts knitted or
woven, which were coated with a compact layer of either collagen or collagen
with subsequent treatment. This is a modification of the antibacterial effect.

Nowadays, the selection of artificial vascular grafts is very diverse. But in spite
of such a wide range of materials, surgeons struggle with the emergence of
sepsis at the reconstruction site. There are many different opinions on how to
proceed in the treatment of infections: whether to treat the infection or to
reoperate. Time plays a particularly important role in this case. Early diagnosis
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and detection of advancing infection can rescue the patient's limb, or even
their life.
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11.1. INTRODUCTION
In the last few decades, tissue engineering has emerged as a promising
multidisciplinary approach for the repair and regeneration of damaged bone
tissue.

The molecular events that underline the degenerative temporomandibular
joint (TMJ) diseases are poorly understood. Mechanical stresses are generated
during functional or para-functional movements of the jaw, adaptive
mechanism of the TMJ may be exceeded by free radical accumulation leading
to a dysfunctional state (i.e. disease state). Biologically relevant free radicals
are very reactive and unstable molecular entities that have an unpaired
electron and they can produce participate in the propagation chain reaction to
form a new radical. Although oxygen free radicals participate in many
physiological processes, they can be harmful to tissue when either their action
or their generation have been left uncontrolled. The most common source of
free radicals in biological systems is oxygen. The elevation of reactive oxygen
species (ROS) lead to oxidative stress that causes molecular damage to the vital
structures and functions.

This chapter addresses the principal intrinsic and extrinsic factors that impede
integration and describe how manipulation of these factors using a host of
strategies can positively influence cartilage integration based on the designer
biomaterial scaffolds and combinations designed by others and us in vitro
development.

11.1.1. Introduction to temporomandibular disorders: anatomy
and physiology summary

Signs and symptoms of temporomandibular disorders (TMDs) may include
pain, impaired jaw function, malocclusion, deviation or deﬂection, limited
range of motion, joint noise, and locking. Headache, tinnitus, visual changes,
and other neurologic complaints may also accompany TMDs. Because of many
etiologic factors, the diagnosis and treatment of patients with TMDs is
complex. TMDs can be subdivided into muscular and articular categories.
Differentiation between the two is sometimes difficult because muscle
disorders may mimic articular disorders, and they may coexist. Myogenic
disorders include myalgia (myofascial pain (MFP), ﬁbromyalgia), myospasm,
Articular
disorders
include
splinting,
and
ﬁbrosis / contracture.
synovitis / capsulitis, joint effusion, trauma / fracture, internal derangement,
arthritis, and neoplasm.
TMJ is a compound articulation formed from the articular surfaces of the
temporal bone and the mandibular condyle. Both surfaces are covered by
dense articular ﬁbrocartilage. Each condyle articulates with a large surface
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area of temporal bone consisting of the articular fossa, articular eminence, and
preglenoid plane. The TMJ functions uniquely in that the condyle both rotates
within the fossa and translates anteriorly along the articular eminence.
Because of the condyle’s ability to translate, the mandible can have a much
higher maximal incisal opening than would be possible with rotation alone.
The joint is thus referred to as “gynglimodiarthrodial”: a combination of the
terms gynglymoid (rotation) and arthroidial (translation) [1].

A cartilaginous disc resides between the articular surfaces of the temporal
bone and mandibular condyle. Although other articular cartilages are
composed of hyaline cartilage, this disc is composed of ﬁbrocartilage; thus, the
disc contains a much higher percentage of collagen, increasing its stiffness and
durability. The disc does not have any direct vascularization or innervation;
however, the posterior attachment of the disc (also known as retrodiscal
tissue) is both highly vascularized and highly innervated and, therefore,
pertinent to the discussion of joint pain. The superior lamina of the retrodiscal
tissue limits extreme translation, whereas the inferior lamina limits extreme
rotation. The lateral pterygoid muscle controls the opening of the mandible.
The superior segment of this muscle attaches to the anterior portion of the
disc, and the inferior segment attaches inferior to the condyle. As both
segments contract the condyle translates anteriorly along the articular
eminence, and the disc remains interposed between the condyle and the
temporal bone at all points of translation.
The joint is stabilized by three ligaments: collateral (discal), capsular, and
temporomandibular. These attach to the disc at the medial and lateral poles of
the mandibular condyle, as well as to the temporal fossa. These ligaments limit
extreme condylar movement. The capsular ligament surrounds the joint space
and disc and acts to contain the synovial ﬂuid within the joint space.

The capsule is lined by a synovial membrane. Synovial tissue covers all
intra-articular surfaces except for the pressure-bearing ﬁbrocartilage (i.e. disc,
condyle, eminence). The synovial tissue is highly innervated and vascularized
and has regulatory, phagocytic, and secretory functions. The synovial ﬂuid has
metabolic and nutritional functions and is essential to joint surface
lubrication [2].
The masseter, medial pterygoid, lateral pterygoid, and temporalis muscles are
the muscles of mastication. The masseter, medial pterygoid, and temporalis are
primarily responsible for mandibular closure and bite force, whereas the
lateral pterygoid and infrahyoid muscles are responsible for mandibular
opening. Mandibular movement is also inﬂuenced by the digastric, geniohyoid,
mylohyoid, stylohyoid, sternohyoid, omohyoid, sternothyroid, and thyrohyoid
muscles, which as a group coordinate complex mandibular movements
including opening, protrusion, retrusion, lateral excursion, and closure.
At rest, the condyle is seated passively in the temporal fossa with the
ﬁbrocartilage disc interposed at the most superior and anterior position of the
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condyle. Mandibular opening commences with contraction of the lateral
pterygoid and infrahyoid muscles, which rotates the condyle. Mandibular
opening proceeds with lateral pterygoid contraction pulling the condyle
forward along the articular eminence (translation). The superior segment of
the lateral pterygoid muscle coordinates the translation of the disc with the
condyle. During jaw closing the ligaments and retrodiscal lamina pull the
condyle and disc back into resting position.
The TMJ receives its vascular supply from the superﬁcial temporal, maxillary,
and masseteric arteries. Innervation of the joint is provided mainly by the
auriculotemporal nerve and, to a lesser extent, the masseteric and posterior
deep temporal nerves. The production of synovial fluid is also under a certain
amount of neuronal control.

11.1.1.1. Temporomandibular disorders: general introduction

The term “TMJ pain” varies greatly in meaning among clinicians, patients, and
the general population. Historically, symptom-based classiﬁcation of the
disorder has been problematic. As stated by Laskin [3,4], the difﬁculty began
with the introduction of a “TMJ syndrome.” Then clinicians erroneously
grouped a “variety of etiologically unrelated conditions into one diagnostic
category based on the fact that they produced similar signs and symptoms,”
and this led to “one diagnosis equals one treatment.” Only later was it
recognized that many of these patients suffered from muscle-related
conditions. The terms MFP and myofascial pain and dysfunction (MPD)
evolved [5], and “TMJ disorders” became “TMDs.” were differentiation of the
TMDs into articular (joint) and nonarticular (myogenic) disorders can be made
and will be further discussed.

11.1.1.2. Myogenic disorders

Traditionally, it was thought that structural abnormalities (i.e. dental
malocclusion, condylar malposition) led to muscular dysfunction and pain
[6,7]. Muscles were thought to be under an increased burden in the presence of
these skeletal and / or dental misalignments. As such, a “vicious cycle” model
was proposed: Structural → abnormality → muscle hyperactivity ↔ pain ↔
mandibular dysfunction where pain and muscle hyperactivity potentiate each
other and emotional stress is thought to have an additive effect [6,7]. Over
time, there has been a lack of scientiﬁc evidence to support this theory.
MFP of the masticatory muscles is more frequently induced by stress-related
parafunctional habits (i.e. clenching and grinding) and rarely by mechanical
causes such as occlusal prematurities or high dental restorations. MFP and
MPD, although considered to be muscular disorders, are thought to possibly
play a causative role in degenerative disease of the TMJ.
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11.1.1.3. Articular disorders
The etiology of articular disorders may be degenerative, traumatic, infectious,
immunologic, metabolic, neoplastic, congenital, or developmental.
Articular disc displacement (internal derangement) Anterior disc displacement
(ADD) is the most frequently encountered articular disorder. Disc
displacement (also known as internal derangement) is deﬁned as “a
disturbance in the normal anatomic relationship between the disc and condyle
that interferes with smooth movement of the joint and causes momentary
catching, clicking, pop-ping, or locking” [8-11].

The ability of the joint to adapt to biomechanical stress and disc derangement
has been a subject of debate. In his classiﬁcation system, Wilkes [12] promotes
the theory that internal derangement logically progresses to degenerative joint
disease (DJD). Historically, surgical and nonsurgical approaches have been
used to reposition the displaced disc, with the goal of arresting this
progression [13]. In an opposing view, Milam [9] states that “the adaptive
capacity of the TMJ is not inﬁnite …some individuals are… capable of mounting
an adaptive response to an articular disc displacement; other individuals may
not adapt to these structural derangements, and a progressive DJD may result.”
Factors considered to compromise the adaptive response include age, sex,
stress, and illness [9,14]. He concludes that disc derangement may exist
variably as cause or effect, but does not always progress to disease.

11.2. FREE RADICALS AND TEMPOROMANDIBULAR JOINT
IN ACTION
Mechanical stresses are generated during functional or para-functional
movements of the jaw, adaptive mechanism of the TMJ may be exceeded by
free radical accumulation leading to a dysfunctional state (i.e. disease state).
Biologically relevant free radicals are very reactive and unstable molecular
entities that have an unpaired electron and they can produce participate in the
propagation chain reaction to form a new radical. Although oxygen free
radicals participate in many physiological processes, they can be harmful to
tissue when either their action or their generation have been left uncontrolled.
The most common source of free radicals in biological systems is oxygen. The
elevation of ROS lead to oxidative stress that causes molecular damage to the
vital structures and functions. ROS are generated on a regular basis in
biological pathways as a product or as a signal transducer.
However, excessive production or ineffective scavenging of ROS can cause over
accumulation, which can injure or kill cells. All basic molecules in living
organisms can be attacked by ROS, e.g., lipids, carbohydrates, proteins and
nucleic acids [15-17].
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The unsaturated fatty acids of cell membrane lipid are susceptible to
peroxidative reaction. Lipid peroxidation of cell membranes has been
implicated in the wide range of tissue injuries and diseases. Accumulation of
lipid hydroperoxides in a membrane disrupts its function and causes it to
collapse and have range of cytotoxic radicals. The most series of which are
aldehydes. They may also react with transition metals like iron or copper to
form stable aldehyde such as malodialdehyde for example, which will damage
the cell membrane. Because hemoglobin constitutes the largest iron store in
the body, it is speculated to be a potential source of redox activity iron, which
can catalyze the formation of free radicals that might be damaging to the joint
[18].

Antioxidant defense mechanisms involve both enzymatic and non-enzymatic
strategies. Common antioxidants include the vitamins A, C and E, glutathione,
and the enzymes superoxide dismutase, catalyse, glutathione peroxidase and
glutathione reductase. They work in synergy with each other and against
different types of free radicals. Antioxidant enzymes in living organisms have
evolved as very sophisticated and effective scavengers of ROS. Superoxide
dismutase (SOD) is an essential antioxidant enzyme protecting many cellular
components by converting two superoxide anions into a molecule of hydrogen
peroxide and one molecule of oxygen. SODs are found in many organisms
including all oxygen-consuming organisms [19].

11.3. AETIOLOGY OF TEMPOROMANDIBULAR JOINT IN A
NUTSHEL
Most of the scientists explain that osteoarthritis (OA) as an inflammatory
process, TMJ disorder beingthe most frequent one , is characterised by
proliferative changes in the synovial and primary degeneration of the cartilage
and surrounding tissues [20,21]. It is found that 28 % of the adult population
have symptoms and clinical signs of TMD [22,23]. The aetiological factors of
TMJ disorders as follows: systemic diseases (rheumatoid arthritis (RA),
psoriasis, pseudogout, ankylosing spondylitis, etc.), secondary inflammatory
component from the neighbouring regions (otitis, maxillary sinusitis,
tonsillitis), trauma (chronical), prevalence of dental arch defects e.g. missing of
molar teeth [24], malocclusion, endocrinological disturbances, odontogenic
infections (impacted third molars). Presence of specific bacterial organisms
such as Staphylococcus aureus, Streptococcus mitis, Mycoplasma fermentas,
Actinobacillus actinomycetemcomitans in the synovial fluid have been found
[25]. Serum antibodies against Chlamydia species in patients with
monoarthritis of the TMJ have also been reported [26].
Although patients without internal derangement may develop OA [27], a
complex two-way relationship exists. Controversy continues as to whether disc
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derangement is a cause or a result of DJD; however, scientiﬁc evidence strongly
supports the latter conclusion [27-31].

11.4. PATHOGENESIS OF TEMPOROMANDIBULAR JOINT
UP TO DATE
Inflammation mainly affects the posterior disc attachment [20,27]. Several
inflammatory mediators play an important role in the pathogenesis of TMJ
disorders like tumor necrosis factor alpha (TNF-α), interleukin-1beta (IL-1β),
prostaglandin E2 (PGE2), leukotriene B4 (LkB4), matrix metalloproteinases
(MMPs), serotonin or 5-hydroxytryptamine (5-HT) [22,28]. MMPs are the early
marker or detector to determine TMJ arthritis [27]. Serotonin is the mediator
of pain and inflammation is produced in enterocromaffin cells of the
gastrointestinal mucosa and absorbed by platelets. It is also produced in the
synovial membrane and in the synovial fluid which causes TMJ pain in cases of
systemic inflammatory joint diseases [28-31]. Inflammation results in tissue
response as: vasodilatation, extra vasation, release of mediators, activation of
nociceptors, release of neuro peptides as substance P (SP), neuropeptide Y
(NPY), which stimulate release of inflammatory mediators like histamine and
serotonin and hyperalgesia.

11.4.1. Capsulitis and synovitis

Inﬂammation of the capsular ligament may manifest with swelling and
continuous pain localized to the joint. Movements that stretch the capsular
ligament cause pain with resultant limitation of such movement. Signiﬁcant
inﬂammation may increase joint ﬂuid volume. When this occurs, one may see
an ipsilateral posterior open bite (lack of contact between maxillary and
mandibular teeth) secondary to inferior displacement of the condyle [7].
Similarly, inﬂammation due to trauma or abnormal function may affect the
retrodiscal tissue. Edema in this area may cause anterior displacement of the
condyle and an acute malocclusion with painful limitation of mandibular
movements.
The highly innervated and vascularized synovial membrane digests debris and
pain mediators released from cartilage degradation. When this ability is
overwhelmed, inﬂammation (acute synovitis) results. Inﬂammation of the
synovial membrane is an early sign of DJD [32]. Inﬂammatory and pain
mediators have been identiﬁed in TMJ synovial ﬂuid [33,34]. Chemical
breakdown of degenerative byproducts is thought to stimulate the production
of inﬂammatory and pain mediators (PGE2 and LkB4, among others) through
the arachidonic acid cascade. PGE2 is a powerful vasodilator and LkB4 attracts
inﬂammatory cells. Their presence creates acute synovitis pain and stimulates
further damage from cytokines and proteases. For this reason arthrocentesis
and arthroscopy for joint lavage and lysis of adhesions are believed to have a
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therapeutic effect [35-37]. These procedures remove particulate debris and
pain mediators, aiding reduction of joint inﬂammation and pain. Results are
similar with and without disc repositioning [35]. Lysis of adhesions may
improve range of motion. Steroid injections are also used to reduce synovial
inﬂammation and pain. Recent investigations have looked at intra-articular
morphine for sustained pain relief in patients [37]. Research is now focusing
on the role of biochemical mediators in the development and progression of
TMJ pain and dysfunction [19,33] and the identiﬁcation of biochemical
“markers” of TMJ disease [14].

11.4.2. The artritides

Arthritis of the TMJ has many etiologies: frequently OA and RA and less often
infectious, metabolic (gout), or immunologic (ankylosing spondylitis, lupus).
DJD, also known as OA, has a multifactorial pathogenesis including
biomechanical, biochemical, inﬂammatory, and immunologic insults. Excessive
and repetitive mechanical stress has been implicated [19]. Inﬂammatory
mediators and waste products may play a role in DJD [34-49]. Inﬂammatory
states cause changes in the viscosity of synovial ﬂuid, which changes its ability
to nourish the articular cartilage, thus changing cartilage metabolism.

11.5. POTENTIALS SOLUTIONS TO THE
TEMPOROMANDIBULAR JOINT PROBLEM THROUGH
BIOMATERIALS
11.5.1. Temporomandibular joint and regeneration scaffolds
The craniofacial structure consists of bone, cartilage, soft tissue, nerves, and
blood vessels. Acquired defects after cancer surgeries, trauma as well as
congenital or developmental deformities require a reconstructive procedure as
the bones of the craniofacial region support the rest of the elements. The
procedures used today for temporomandibular reconstruction are mostly
autologous, allogenic, or alloplastic, with variable clinical outcomes and
morbidities [50]. Distraction histogenesis has emerged as a possible
alternative to regenerate ramus condyle unit [51].

Regeneration using osteoconductive scaffolds, osteoinductive growth factors,
committed progenitor cells and stem cells is being investigated by researchers
and surgeons alike [52]. Osteoconduction and osteoinduction are very
important features for bone tissue scaffolds. Osteoinduction implies the
process of the conversion of non-osseous cells into bone forming cells, whereas
osteoconduction is the process by which implanted scaffold supports the bone
growth [53].
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The ideal bone construct for repair should be able to replicate the lost
structure, restore function, be harmless, reliable and biodegradable i.e. should
degrade during the process of tissue regeneration and replaced with fully
functional tissue.

11.5.2. Scaffolds: general introduction

A crucial requirement for joint repair is that the scaffolding should be attached
to the cartilage lesions and should integrate with the tissue. Not only this but
also the attachment must balance temporary mechanical function with mass
transport to aid biological delivery and tissue engineering. In addition to being
patient specific, the scaffolds should facilitate cell attachment and regulate cell
differentiation. Also they must be biodegradable, with nontoxic by-products,
and exhibit favourable resorption kinetics to maintain initial stability.

The materials can be divided into natural or synthetic, based on the sources.
Natural scaffolds may be subdivided into [54] protein based matrices such as
collagen and fibrin [55], mineral-based matrices such as autogenous, allogenic
and xenogenic bone grafts, and [56] carbohydrate-based matrices such as
alginate, agarose, chitosan (CTS), and hyaluronan. Synthetic materials have
been used extensively both in vitro and in vivo. They include poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL) and their derivatives,
for example poly(lactic-co-glycolic acid) (PLGA). The synthetic materials have
been popular because of their easy moulding characteristics, relatively easy
production, and the ability to control dissolution and degradation. However,
their major weakness is biocompatibility. They are degraded by a hydrolytic
reaction, thereby high concentrations of acidic by-products and particulates
can be released, causing inflammation, giant cell reaction and chondrocyte
death owing to a reduction in pH 50.

11.5.3. Biomaterial for scaffolds

The major materials used in craniofacial tissue engineering are natural and
synthetic polymers, ceramics, composite materials, and electrospun nanoﬁbers
[57]. Biomaterial to be used as a scaffold must possess sufﬁcient mechanical
strength, large pore volumes and pore interconnectivity to allow continuous
tissue in growth, and transport properties to allow the inﬂux of nutrients and
elimination of waste products [58]. Randomly positioned pores contribute to
better cell seeding and better cell aggregation in the designed scaffolds [59].
Natural scaffolds like collagen type I, CTS, calcium alginate, hyaluronic acid,
and composites have been shown to be osteoconductive, but with problems
like lack of mechanical strength when implanted, risk of infection,
immunogenicity, and rapid degradation rate [60-65].
Bone contains 85 % calcium phosphate, hence ceramics such as hydroxyapatite
(HAp), tricalcium phosphate (TCP), and composites such as biphasic calcium
phosphate (BCP), have been widely investigated for bone scaffolds. The HA
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ceramics are well suited as biomaterials because of their biocompatibility, not
eliciting an inﬂammatory response, lack of immune reaction, and easy
radiographic assessment. TCP demonstrates a too fast degradation rate in vivo,
whereas HA degrades too slowly, is not resorbed, and resides in the defect for
several years after callus formation. BCP has more favorable degradation rates
compared with TCP and HA. However, the problem with use of ceramics is
their brittleness which makes them mechanically inadequate for load bearing
[65-67].

Polymers include poly(ethylene glycol) (PEG), PGA, poly-L-lactic acid and
poly(D-lactic acid) (PLA), PLGA, PCL, poly-urethanes, and composites.
Polymers are ﬂexible and biode-gradable through their hydrolysis or by means
of cellular or enzymatic pathways when implanted. Polymers have low
mechanical strength and hence are often combined with high-modulus micro
or nanoscale ceramic constituents like HA.

11.6. INTELLIGENT FUNCTIONAL BIOMATERIALS
11.6.1. Hydrogels as carrier molecules
The idea of developing a drug that selectively destroys diseased cells without
damaging healthy cells was proposed by the Nobel Prize winner Paul Ehrlich,
almost a century ago. He called this hypothetical drug the “magic bullet” [68].
Today, several decades later, many scientists have focused their attention on
the development of ideal drugs that specifically target the site of action. Such a
targeted drug-delivery system needs three components: a therapeutic agent, a
targeting moiety, and a carrier system. The choice of the carrier molecule is of
high importance, since it can significantly affect the pharmacokinetics and
pharmacodynamics of the drugs [69,70]. Hydrogels are natural polymers that
have been widely used as carrier systems into which; the drug can be
incorporated by passive absorption or chemical conjugation. Hydrogels are
biocompatible hydrophilic three-dimensional matrices that can act as drug
carriers and protectors, especially for peptide and protein-based drugs.
Because of their hydrophilic characteristics, hydrogels have improved
bioadhesive properties, which make them suitable carrier materials for
sustained topical drug-delivery systems for targeted treatment of some of the
oral diseases [71,72].

11.6.2. Interpenetrating polymeric network hydrogels as a topical
drug-delivery system in the oral environment

Multicomponent drug-delivery systems have found several potential
diagnostic and therapeutic applications. Among these, the interpenetrating
polymeric network (IPN) has emerged as one of the most useful functional
biomaterial. IPNs are entanglement of polymers with at least one network
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synthesized and / or cross-linked in the presence of the other. They are ideally
held together only by a permanent topological interactions [73], presenting a
three-dimensional network structure that provides free volume space for an
easy encapsulation of drugs.

Many researchers suggest that specifics IPN characteristics, such as, non-separable network, adhesive property, high-tensile strength and
biocompatibility enabled the enhancement of the implementation of these
hydrogels. Furthermore, IPNs are distinguishable from blends, block
copolymers, and graft copolymers for two important reasons; firstly, an IPN
swells but does not dissolve in solvents, and secondly, the creep and flow is
suppressed. Because of its distinguishable features, these biocompatible,
nontoxic and biodegradable polymers are acquiring a unique place in various
biomedical applications, such as, cartilage scaffolds, biological tissue graft,
tissue engineering, wound dressing and for drug delivery [74-76].

IPNs can be prepared for different applications and by using various matrices
such as poly-urethane, polybutadiene, methacrylic acid, L-lysine, glutamic acid,
poly(vinyl alcohol), carboxymethyl cellulose, poly(acrylic acid), gelatin,
poly(vinylpyrrolidone), alginate, dextran, xanthane, guar-gum, CTS, PEG, HAp,
etc. [77-83].

The
newly
designed
hydrogel
system,
bioactive-functionalized
interpenetrating network (BIOF-IPN) hydrogel, presented in this chapter
represents a novel interplay between bio-molecular scaffold designs with
functionality. The system optimizes the use of the host : guest science playing
an important role as a “build-in” free radical defense mechanism, and acting as
a “proof of concept” for the functional multi-dimensional restorative repair
materials. This chapter reports the preliminary investigations of the BIOF-IPN
utilizing a combination of materials such as CTS in the restorative and
regenerative dental field specifically aimed at TMJ in vitro evaluations [84-93].

11.6.3. Chitosan

CTS is a natural, biodegradable, non-toxic, mucoadhesive and biocompatible
polymer that has garnered immense attention in the pharmaceutical field,
inclusive as a vehicle for oral drug-delivery. The suitability of CTS based IPN
hydrogels stems from their capability of imbibing large amount of body fluid
without solubilisation, great potential for encapsulation of a large amount of
drugs, and adaptability to be combined with specific responsive polymer(s).

Furthermore, it presents good biocompatibility, low toxicity and unique
biological and physical-chemical characteristics [94]. The primary reactive
functional groups (hydroxyl and amine groups) located on the backbone of CTS
allow for chemical modification to control its mechanical and solubility
properties. When a hydrophobic moiety is conjugated to a CTS molecule, a
chemically cross-linked three-dimensional nanoparticle is formed that can
physically (entanglement) or chemically, encapsulate a number of drugs. When
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applied to a specific site of action, the immobilized active agents or
biomolecules are released in a well-defined and precise manner [95].

CTS is metabolized by certain human enzymes, especially lysozyme, and is
considered biodegradable [96]. It is also a non-immunogenic, non-carcinogenic
and mucoadhesive polymer, which makes it a suitable candidate for biomedical
applications, such as wound management, tissue engineering and drug
delivery vehicle [97-101]. CTS as well shows permeation enhancer properties,
and it can improve the paracellular route of absorption, which is important for
the transport of hydrophilic compounds such as therapeutic peptides and
antisense oligonucleotides across the membrane [102-104].

CTS has generated considerable interest as a bioadhesive material. The
interactions are strong at acidic and slightly acidic pH levels in oral
environment, at which the charge density of CTS is high, and an increase in the
molecular weight of CTS results in a stronger adhesion [105]. CTS also displays
additional biological properties viz., regenerative effect on connective gingival
tissue, accelerates formation of osteoblast, is haemostatic, fungistatic,
spermicidal, antitumor, anticholesteremic and immune adjuvant [106].

11.6.4. Temporomandibular joint bioengineering: general
introduction

Ideal engineered constructs for mandibular condyle regeneration must have
integrated bone and cartilage layers in a single osteochondral construct to
meet the demands for anatomic, structural, and functional regeneration. The
challenge in TMJ bioengineering is to promote matrix synthesis and tissue
maturation of stem-cell-derived chondrogenic and osteogenic cells in
biocompatible and bioactive scaffolds, which may be possible by incorporating
an array of growth factors and / or transcription factors separately for
chondrogenesis and osteogenesis. The mechanical properties of the tissue-engineered mandibular condyle must match with that of an anatomic condyle
for in situ implantation into the human TMJ. Also, the tissue-engineered
mandibular condyle must have a remodeling potential [107].

11.6.5. Temporomandibular joint disc bioengineering up to date
summary

The earliest such study was performed in rabbit disc where cultured cells were
used in collagen I meshes [108]. Later hyaline cartilage was engineered in the
shape of a human TMJ disc [109]. Four years later, Girdler harvested hyaline
cartilage cells along with chondroprogenitor cells and cultured them to form
disc [110]. Recently, human and porcine disc cells have been cultured in
2 dimensions on expanded poly(tetraﬂuorethylene) monoﬁlaments, PLA
monoﬁlaments, polyamide mono-ﬁlaments, and natural bone mineral blocks
[111].
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Recent studies have identiﬁed that a scaffold of non-woven PGA mesh in
combination with cell seeding technologies, could provide an engineered disc
[112]. Three growth factors: insulin-like growth factor-I, basic ﬁbroblast
growth factor and transforming growth factor-β1 have been assessed in
maintaining disc-like tissue in culture [113,114].
In another study, a scaffold material composed of porcine-derived extracellular
matrix, conﬁgured to mimic the shape and size of the TMJ, was implanted in a
canine model of bilateral TMJ discectomy. The results showed the formation of
site-appropriate, functional host tissue resembling native TMJ disk [115].

Poly(glycerol sebacate) (PGS), a biocompatible, biodegradable elastomer, was
used as a porous scaffold material for the TMJ disc, where goat
ﬁbrochondrocytes were seeded at three seeding densities (25, 50, 100 million
cells mL−1 scaffold), respectively, and cultured. The results showed that cell
seeding density and culture time, both effect the biochemical and
biomechanical properties of PGS scaffolds. The ﬁndings demonstrated PGS as a
favorable scaffold material for TMJ disc engineering [116].

11.6.6. Chitosan/gelatin/hydroxyapatite scaffolds as potential
biomaterials for hard tissue regeneration: in vitro approach

Bones are rigid organs that support and protect various organs of the body.
Repair techniques for bones with defects or loss due to disease, trauma or
tumor resections are the subject of intensive research [117]. Bone grafts – a
well recognized and standard treatment method for reconstructive orthopedic
surgery [118] – employ three types of bone or tissue substitution: allograft,
autograft and xenograft. Allografts transplant bone or soft tissue from one
individual to another in the same species. Allografts have many advantages,
including osteoinduction and strong mechanical properties, but carry the risk
of disease transmission from the donor, such as HIV, hepatitis or cancer.
Autografts, or autologous bone transplants, transplant bone tissue from one
site to another in the same individual. This graft offers excellent
biocompatibility and does not stimulate host inflammatory response. However,
the procedure may cause long lasting pain and discomfort for the patient.
Furthermore, there is additional risk of wound infection at the surgery sites
[119]. Xenografts remove cells or sections of tissue from one species and graft
them on or into a different species. Bovine bone [120] and mollusk shell [121]
are common materials used in xenografts. However, the bioactive properties of
xenografts are weaker than allografts and autografts. To improve xenografts, a
new treatment technique has been introduced for bone or tissue repair called
bone tissue engineering – a procedure to regenerate damaged bone by
implanting cells, proteins and scaffold to provide mechanical support for gap
areas [122]. Bone substitute morphology has many forms, such as a compact
and porous structure. As bone replacements, a compact structure provides
good mechanical strength while a porous structure is suitable for cell
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attachment and blood supply [123]. Bone tissue engineering creates a
biological material that provides the option for implantation and/or
prosthesis. Bone tissue engineering has three main requirements:
osteoconductive biomaterial scaffolds, osteogenic cells and osteoinductive
molecules [124]. Materials widely used in bone tissue engineering include CTS,
gelatin and HA. CTS is a polysaccharide that can be synthesized from
crustacean shell and squid pen. CTS’s structure is similar to
glycosaminoglycans, the major component of the extracellular matrix of bone
and cartilage [125,126]. Gelatin can be obtained by thermal denaturation and
chemical degradation of collagen [127], and is known to benefit cell viability
[128]. In the meantime, HA has a chemical composition similar to human
mineral tissue and can be synthesized from many natural sources with
calcium-based structures, such as bovine bone, mollusk shell and coral
[129-131]. In combination, these three biomaterials offer potential synergies
between physical properties and bioactivity for use as bone substitutes in bone
grafts, benefiting a range of surgical applications.

11.6.7. Chitosan/hydroxyapatite for bone/hard tissue engineering

Research on biomaterials for bone implantation and replacement has
expanded considerably over the last four decades. In recent years, significant
progress has been made in organ transplantation, surgical reconstruction and
the use of artificial prostheses to treat the loss or failure of an organ or bone
tissue. The establishment of a load bearing biomaterial must be incorporated
with natural bone. The implanted biomaterial should possess the following
criteria: biocompatibility, osteoconductivity, high porosity and biomechanical
compatibility [132]. For this requirement, autografts and allografts are used
extensively for bone grafts. In the autograft technique, bone from another part
will be harvested within the body, and this material fills the gap and provides
optimal osteoinductivity, osteoconductivity and osteogenic properties.
However, it has its own disadvantages: autografting often leads to
complications in wound healing, additional surgery, donor pain and an
inadequate supply of bone to fill the gap [133]. The main problem of the
allograft technique has been linked with rejection problems and therefore use
of immunogenic natural 572 polymer composite materials are becoming
increasingly important as scaffolds 573 for bone tissue engineering. Next
generation biomaterials should combine bioactive and bioresorbable
materials, which mimic the natural function of bone and activate in vivo
mechanisms of tissue regeneration. Composite materials based on
combinations of biodegradable polymers and bioactive ceramics, including CTS
and HAp, are discussed as suitable materials for scaffold fabrication. These
composites exhibit tailored physical, biological and mechanical properties as
well as predictable degradation behavior. The appropriate selection of a
particular composite for a given application requires a detailed understanding
of relevant cells and/or tissue response. An overview of these findings is
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presented and discussed in this review, highlighting the influence of material
preparation methods, scaffold mechanical strength, in vitro activity of scaffold
materials and chemical interaction with CTS polymer matrixes. The chapter
also emphasizes future artificial bone materials, suggesting the utility of
polymer composites in this field of biomaterials science. The limitations and
concerns, such as adverse rejection reactions and the risk of acquiring
transmissible diseases (AIDS and hepatitis) from tissues and fluids. have
created substantial interest in the development of artificial materials as bone
graft substitutes [134]. Very few compounds are classified as bioactive,
biodegradable and osteoconductive. CTS and HAp are among the best bioactive
biomaterials in bone tissue engineering and renowned for their excellent
biocompatibility with the human body environment [135].

Various marine sources polysaccharides have been used for treatment of bone
diseases like osteoporosis [136], arthritis [137], and so on. In order to create a
moist environment for rapid wound healing, a hydrogel sheet composed of a
blended powder of alginate, chitin/CTS and fucoidan has been developed as a
functional wound dressing [138].

11.6.8. Composite materials for bone tissue engineering

Composite materials are now playing predominant role as scaffolds in bone
tissue engineering. CTS has numerous advantageous properties for orthopedic
applications, as described above and elsewhere [139], which make it ideal as a
bone graft substituent. CTS scaffolds are flexible and their mechanical
properties are inferior to those of normal bone, as it is unable to support load
bearing bone implants. Moreover, CTS itself is not osteoconductive, although
addition of ceramic materials improves its osteoconductivity and mechanical
strength. CTS scaffolds alone cannot imitate all the properties of natural bone.
The substantial development of composite materials with CTS mimics all the
properties of bone. As proven, calcium phosphate materials are
osteoconductive to mimic the inorganic portion of natural bone, while
CTS / HAp composite materials show promise in mimicking the organic portion
as well as the inorganic portion of natural bone (Figure 1). Several studies have
been conducted with CTS / HAp composite materials for bone tissue
engineering [140-145]. Calcium phosphate compounds are of great interest in
the field of bone tissue engineering. HAp [Ca10(PO4)6(OH)2] is one of the most
stable forms of calcium phosphate and it occurs in the bone as a major
component (60–65 %) [146]. HAp also possesses a variety of uses, including
orthopedic, dental and maxillofacial applications. Therefore, HAp has recently
emerged as an important compound for artificial bone preparation. It
stimulates osteoconduction being gradually replaced by the host bone after
implantation. It is being used for orthopedic replacements, especially in bone
regeneration and dental implant treatment. The mechanical properties of HAp
are poor, though, so it cannot be used for load bearing bone tissues. Polymers
have been used to improve the mechanical properties of HAp (compressive
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strength, Young’s modulus, fracture toughness) [147]. When CTS is combined
with HAp, it might be able to mimic the function of natural bone.

Figure 1. Chemical interaction between HAp and CTS

11.6.9. Carbon nano tubes for bone tissue engineering
Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical
nanostructure and constructed with length-to-diameter ratio of up to
28,000,000 : 1. These cylindrical carbon molecules have novel properties,
which make them potentially useful in many applications in nanotechnology,
electronics, optics and materials sciences. CNTs have a high Young’s modulus
(1.0–1.8 TPa), high tensile strength (30–200 GPa) and high elongation at break
(10–30 %). In addition, they have extremely small size (about 1–10 nm in
diameter), high aspect ratio (> 1,000), high structural and chemical stability,
and stiffness, as well as remarkable electrical, thermal, optical and bioactive
properties [148,149]. All these properties make CNTs especially promising
candidates as reinforcement fillers in the development of nano composites. It
has been observed that the combination of CNT with CTS leads to an enormous
increase in the mechanical strength of the composite [149].
CNTs hold great interest with respect to biomaterials, particularly those to be
positioned in contact with bone such as prostheses for arthroplasty, plates or
screws for fracture fixation, drug delivery systems, and scaffolding for bone
regeneration. The most important concerns for the use of CNTs as a
biomaterial are tissue safety, but only few reports have addressed the toxicity
of CNTs. In particular, bone tissue compatibility is extremely important for
using CNTs in biomaterials. Usui et al., who first developed CNT, found that
these tubes have good bone tissue compatibility and are capable of permitting
bone repair and becoming closely integrated with bone tissue and accelerate
bone formation stimulated by recombinant human bone morphogenetic
protein-2 [150].
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A big challenge in the bone tissue engineering is mechanical strength
improvement of the scaffold materials. One of the main purposes of creating
CTS composites is to improve the mechanical strength of the material. CNT is a
promising material to fulfill that gap due to its strong mechanical properties.
Several authors have developed many composites as well as scaffold materials
with CNT. It has been observed that cell adhesion on multi-walled CNT
(MWCNT) coated dish is much higher than that on the collagen coated dish
[151].

Our approach to the complexity of the developing suitable model for the
in vitro TMJ prototype model to investigate excessive free radical generation
and harnessing of the imbalance comes from a different angle: developing
functional CTS based hydrogel system [84-94]. CTS is a natural cationic
polysaccharide derived from chitin, with the structural composition being
heavily influenced by the pH factors. The unique property of the CTS lies in its
ability to form a controlled biofunctional interface with the dentin, enamel,
restorative materials, as well as to the skin and other oral tissues. This process
occurs through a favorable chemical and structural compatibility of the
bioactive material (Figure 1). The biointeractive tissue influenced properties of
CTS and its derivatives highlight an opportunity for development of dual
functional restorative materials such as BIOF-INPs. The important points to
address in developing the in vitro model to evaluate the amount of TMJ
damaged caused by the oxidative stress as well as promote the repair of the
fibrous cartilage and provide specific antimicrobial defense as well as pain
management “in situ” and asses the cytotoxicity of the new materials lead us to
design and investigate specific class of hydrogels and the preliminary results
are summarized in the Figure 2.
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Figure 2. Summary of the performance of designer bioactive materials investigated in
our group. a. SEM images of the prepared biomaterials. b. SEM images of the active
hydroxyapatite surface exposed to artificial saliva. c. Microbiological evaluation of the
prepared biomaterials. d. Cytotoxicity investigation summary of functionalized
biomaterials. e. and f. Drug delivery capacity of the biomaterials evaluated in the study
and evaluation of dentin regeneration capability of the materials in vitro.
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In summary the Figure 2 represents the scanning electron microscope (SEM)
of the typical BIOF-INPs material designed and used in the study. The SEM
images of the reactive surface of the dentin (as model of fibrous hard tissue)
structure after application of the hydrogen (Figure 2b immediately after
application. Sample is kept in the artificial saliva for the entire time. The
undamaged mouse 3T3 fibroblast cell(s) after application of the BIOF-INPs in
the Figure 2a and damaged mouse 3T3 fibroblast cell(s) after application of the
standard material in the Figure 2c. The example of Staphylococcus aureus
inhibition zones and application of the therapeutic agent containing BIOF-INPs.
Cumulative release of the Naproxen as a model therapeutic component of
BIOF-IPN as summarized in the Figure 2e. The SEM images of the reactive
surface of the dentin structure after application of the hydrogen (Figure 2d
immediately after application. Sample is kept in the artificial saliva for the
entire time).
Present results demonstrate the capability of the BIOF-IPNs to play an
important role in the functional multi-dimensional therapeutic restorative
repair materials.

11.7. CONCLUSION AND FUTURE DIRECTIONS
This chapter brings together the advances in basic material science,
biotechnology and designer functional materials with the specific aim of
exploiting molecular mechanistic understanding of TMJ disorders with
particular emphasis on the harnessing of excess of free radicals via functional
biopolymers. The advantage of the intelligent designer functional materials
represents amalgamation of molecular design, mechanism, bioanalytical
advancement, molecular biology and ability to easily refocus the aim of the
problem at hand make these materials only limited by imagination, creativity
and multidimensional science linking scientist, health professionals and will
only continue to progress when the recent advances will cross successfully the
barrier from in vitro molecular design to in vivo application.
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12.1. BONE BIOLOGY
Skeleton plays several important roles in the human body: while it houses and
protects from injuries critical internal organs and tissues (e.g. brain, heart,
lungs, bone marrow and spinal cord), it provides, as well, body mechanical
support, movements and locomotion capability. Bones supply insertion sites
for ligaments and muscles and, acting as levers, permit, through the joints, the
transmission of muscular forces between the different parts of the body.
Besides the role of internal framework, human skeleton has also crucial
metabolic functions, which include those of mineral storage and maintenance
of calcium homeostasis, endocrine regulation of chemical energy (by the
release of osteocalcin), acid-base balance, and blood cells production
(hematopoiesis processes) that takes place in the bone marrow niche [1].

According to their localization, bones origin from three lineages: the somites,
the lateral plate mesoderm, and the cranial neural crest. Bone tissue can be
formed following two main pathways, which are represented by
intramembranous ossification (for some skull, facial and pelvic bones), or by
endochondral ossification (mainly in appendicular and axial skeleton, and in
some cranial bones). Whereas both processes embrace mesenchymal
precursors as origin of bones, they differ in the characteristics of osteogenesis:
during intramembranous ossification, bone progenitors directly differentiate
into osteoblasts; on the other hand, during endochondral ossification,
mesenchymal cells aggregate, and further differentiate into chondrocytes, up
the more differentiated states, called hypertrophied- and post-hypertrophied
chondrocytes, that form a mineralized template for the ingrowth of newly
differentiated osteoblasts, before dying by apoptosis [2]. Gradually,
cartilage/bone become greatly supplied with blood. Bone is, in effect, a highly
vascularized tissue, and this aspect is crucial to bear bone development, to
maintain bone homeostasis and to support bone repair, since blood and
endothelial cells serve as suppliers of nutrient, oxygen, hormones and growth
factors, and for the elimination of wastes and of the main toxic end products.
Osteoclasts are also recruited from blood precursors in the site of bone
formation for remodeling the extracellular matrix (ECM) of the newly
synthetized bone into a solid bone matrix. Osteoclasts attach to the bone,
dissolve the mineral matrix and, subsequently, the organic matrix, to let free
hole for osteoblasts to deposit organic matrix to form osteoid [3-5]. The
mineralization of this bone ECM begins several days after osteoblasts have
deposited the collagenous matrix. The mineralization process, as well as the
osteoblast differentiation, are, at least partially, coordinated by the gap
junction-mediated intercellular communication (GJIC), and, more particularly,
by the connexin 43 (cx43) component [6]. The biomineralization process is a
complex of events that, besides the fine regulation of inorganic
phosphate/pyrophosphate balance and the calcium/phosphate supply, is
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controlled by a variety of mechanisms. These mechanisms include: chemical
effectors (e.g. ECM, with its proteins, serves as an activator, and as a
source / reservoir of growth and differentiating factors, and enzymes
cofactors), physical stimuli (e.g. mechanic and electrical forces created by the
interactions between cells and cell-matrix), morphological features and
structural aspects (cyto-architecture and tissue geometry, known to be
involved in the regulation of gene expression), and by the peculiar
characteristics of the microenvironment (e.g. proteolytic enzymes, collagen,
and matrix vesicles) [7,8]. Other important paracrine regulators of bone
homeostasis are present in the bone microenvironment, and include bone
morphogenetic proteins (BMPs, osteogenic factors), fibroblasts growth factors
(FGFs, mitogen and angiogenic factors), insulin like growth factor (IGF,
osteogenic factor), Wnt (mitogen and osteogenic factor), Indian hedgehog
proteins (Ihh), or hormonal regulators of osteogenesis, such as
1,25 Dihydroxy-vitamin D (anabolic effect and promotion of osteogenic
differentiation), parathyroid hormone-related peptide (PTHrP), estrogens
(inhibitors of bone resorption), androgens (inhibitors of bone turnover and
resorption, and promoters of a subsequent increased in trabecular and cortical
bone mass), calcitonin (inhibitor of osteoclasts secretions, and activator of
osteoblasts differentiation), growth hormone (GH), and glucocorticoids
(activators of bone resorption) [9-12]. Moreover, 1,25-Dihydroxy-vitamin D3
was also shown to stimulate osteoblast for synthesizing vascular endothelial
growth factor (VEGF) and, consequently, endothelial cells. Some membrane-associated proteoglycans are supposed to control osteogenesis by interacting
as co-receptors with growth factors [13]. In the end, it is important to keep in
mind that, in addition to cell-ECM interface, cell-cell interactions are essential
for bone formation and maturation. Besides the GJIC, that directly joins two
juxtaposed cells and allows the direct exchange of molecular signaling from
cytoplasm to cytoplasm, cadherins play a key role in regulating cell
condensation, osteogenesis and bone mass [14-17]. Deletion of cx43 in
knockout (KO) mice induces a delay in ossification and craniofacial
abnormalities [18]. Concerning cadherins, the “block” of N-cadherin (by a
specific inhibitor or by an antibody) results in the decrease of adherens
junctions between osteoblasts, and in a down-regulation of osteoblastic gene
expression [19].

Bone is constantly remodeled, in order to better face the daily physical activity,
which is often accompanied by “microcracks”. To perform such turnover, a
basic multicellular unit – comprising bone cells, chemical factors (i.e. growth
factors, chemokines, cytokines, systemic hormones), cell adhesion molecules
and bone ECM – is essential to allow bone resorption (by osteoclasts), and
consecutive bone formation (by osteoblasts). Moreover, the activity of this unit
is regulated by numerous local and systemic parameters, such as physical
conditions, electric charges and mechanical loads. Also microcapillaries were
shown to be involved in the bone remodeling process: they serve either as
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intermediators between the bone marrow and the bone surface to be
remodeled, or for recruiting bone cell progenitors in the remodeling site [20].
A delicate equilibrium exists between bone building and bone resorption, but,
due to the difference in their kinetics, even a minor imbalance versus
resorption can result in dramatic consequences.

12.1.1. Bone: a composite biomaterial

Bones are particularly dense connective tissues, where the specific ECM
represents about the 92–95 % of the whole mass. Bone ECM consists of two
phases: organic (32 % of volume, and about 40 % of bone dry weight) and
inorganic (43 % of volume, and about 60 % of bone dry weight) [21,13]. ECM is
responsible for guiding cells behavior by furnishing chemical, physical, and
topological instructions. Moreover, aqueous phase is also very important for
bone homeostasis, since the loading–unloading cycles induce interstitial flows
and pressure gradients [22]. This hydrodynamic flow – and others resulting
forces (i.e. matrix/cell strains, shear stress, hydrostatic forces and electrical
fields) – regulate the behavior of mechanosensing cells, such as osteocytes,
and, furthermore, because of the high mass transfer generated around the
cells, they also bring nutrient, hormones, minerals and oxygen to all bone
components. Concerning osteocytes, Klein-Nulend and co-workers also
hypothesized that this cell type could also sense loading stimuli thanks to its
capability to adjust its own morphological configuration, and the distribution
of cytoskeletal proteins, according to the mechanical loading pattern it is
subjected to [23,24].

The organic components of bone ECM include structural fibrillar proteins, such
as collagen (type I collagen represents about the 90 % of the organic part of
bone, while type V and type III collagens are present in a few amount), and
elastin, that are embedded in an amorphous matrix, made of non-collagenous
proteins. The most abundant non-collagenous protein is osteonectin (ONN), a
SPARC matricellular protein (SPARC, Secreted Protein Acidic and Rich in
Cysteine); important are also fibronectin (FN), thrombospondin, osteocalcin
(OCN) and matrix GLA protein, two gamma-carboxyglutamic acid-containing
proteins, fibrillin-1 and -2, alkaline phosphatase (ALP), glycosaminoglycans
(GAGs), and proteoglycans (hyaluronan, versican, decorin and biglycan) [25,7].
Furthermore, bone ECM also comprises cell surface receptors involved in cell
attachment, and integrins, which interact with the Arg-Gly-Asn (RGD)
sequence of ECM proteins (type I collagen, thrombospondin, FN, etc.). These
interactions between integrins and ECM, play a crucial role in the osteoblastic
differentiation process [26]. Osteopontin (OPN) and bone sialoproteins (BSPs)
are also involved in the binding of osteoclasts to bone EMC. Collagen
orientation and its organization as lamellar material are responsible for bone
properties, and for its flexibility and tensile strength, whereas little is known
regarding the role of non-collagenous proteins to this concern. ECM
proteoglycans are known for their osmotic capacity, that, in response to the
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application of mechanical forces, allow the diffusion of nutrients and gases
within bone tissue; the mineralization process extremely decreases this
movement of molecules (and cells) [13]. GAGs containing heparin sulfate are,
for example, involved in the role of ECM reservoir, since they bind growth
factors by non-covalent links.

The inorganic component of bone ECM represents the mineral phase of this
tissue, and, mainly, comprises phosphate and carbonate of calcium, crystals of
hydroxyapatite (HA), pyrophosphate, di-phosphate and phosphate esters. It
also includes other ions, such as magnesium, sodium, fluoride, zinc,
manganese, and iron. The inorganic component of ECM contributes to the
compressive strength, as well as to the stiffness of bone.

Lamellar bones are made of two different components. The main material is
represented by orientated type I collagen fibrils, assembled in well-ordered
arrays, and including proteoglycans and non-collagenous proteins. In these
arrays, HA is within collagen fibrils. The second material is disordered, and
comprises individual collagen fibrils, without ordered-arrangement,
proteoglycans, non-collagenous proteins, and an ample ground mass. This
more randomly distributed material includes HA crystals inside and outside of
the fibrils, and incorporates canaliculi and osteocytes’ processes [27].

12.1.2. Bone properties

The anisotropic and mechanical properties of bones are related not only to
their 3D structure, but also to their composition, and to the arrangement and
the linkage between their different molecular components. For example, the
mechanical properties of bone change, according to the deposition of
apatite / HA crystals [28]; they also depend on bone porosity. The porosity of
bones greatly varies according to the site, and to the type of bone: it is
comprised between 5–30 % in the compact bone, whereas it is about 30–90 %
in the trabecular one [29]. Moreover, bone characteristics can vary from bone
to bone (anatomical location), but also within the same bone (bone region),
according to age, gender, nutritional state, state of health, calcium availability,
sedentary vs. intense physical activities, loading vs. unloading [30]. Finally,
bone mass is regulated by leptin, that interacts with its receptor on
hypothalamic neurons, and inhibits bone formation (probably by a serotonin-dependent mechanism/s), and should be further mediated by the
β2 adrenergic receptor [3,31,32]. Ghrelin, known to counteract leptin action,
was shown to regulate bone mass by activating osteoblasts and, thus, bone
building [33,34].

Mechanical loading is transduced from mechanosensing cells (osteoblasts and
osteocytes) into a physiological input, that allows the regulation of bone mass,
homeostasis, healing and repair. Focal adhesion kinase (FAK) is believed to be
important in mediating mechanotransduction in bone cells, at least when the
stimulus arises from shear stress [35]; however, Castillo and co-workers seem
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to indicate that FAK activation could be important only in in vitro systems,
rather than in the in vivo situation [36]. Other membrane structures sense
mechanical stimuli. They include cell glycocalix, adherens-junctions, integrins,
connexins (mainly cx43), and stretch-activated cation channels (L-type
voltage-sensitive Ca2+ channels) [37,38]. Mechanical loading stimulates bone
formation either directly, by activating osteoblasts and inducing their
differentiation, or indirectly, after osteocytes’ activation [39]. Mechanical
loading also induces the synthesis of prostaglandins, ALP and type I collagen.
Mechanical strain was shown to play a crucial role in bone homeostasis and
repair. In vitro, MC3T3-E1 osteoblastic cells, stimulated by growing tensile
strains, increased the mRNA synthesis of osteoprotegerin (OPG), an inhibitor
of the osteoclastogenesis, while decreased receptor activator of nuclear factor
kappa B ligand (RANKL) expression [40], thus suggesting that mechanical
strain can regulate osteoclastogenesis and, at a higher scale, bone
modeling / remodeling. The main molecular mediators involved in
mechanotransduction are related to nitric oxide (NO), Wnt and prostaglandins
pathways. Mechanical stretching and cell tension were also shown as
potentially more potent than chemical signals to guide cell behavior and even
stem cell commitment [41,42]. The mechanotransduction from loading to
physiological response of bone, in vivo or in vitro, is regulated at different
levels, from cytoskeleton, cell shape and elasticity, and it is also related to the
Wnt/β-catenin signaling pathway [43,44]. In vitro, mechanical stimuli
(oscillatory fluid flow) seem to increase osteogenic differentiation of mouse
bone marrow (BM)-derived stem cells, at least by epigenic processes (DNA
methylation) [45].
Bone stiffness and load-bearing strength are mainly determined by the
inorganic components of bone and, more particularly, by the concentration of
minerals in the ECM. On the contrary, the organic phase of bone is responsible
for the elasticity and flexibility properties of the tissue. The Tensile Strength
(TS) is provided by collagen, according to its organization, its orientation, and
to the distance between the fibrils; the resistance is also related to matrix
organization and collagen cross-links [46]. From the organic matrix,
proteoglycans are responsible for the resistance to compressive forces.

12.1.3. Bone cell types

Whereas in the bone marrow cells such as fibroblasts, adipocytes, progenitor
cells and stem cells can also be found, the typical bone cells are represented by
osteoblasts, osteocytes, osteoclasts, and by the resting surface cells. Bone is a
dynamic tissue in a permanent renewal and remodeling state. Such a
renew / adaptation state is allowed, in normal adult bones, by a delicate
coupling between osteoclast-mediated resorption activity and osteoblastmediated bone formation. Bone remodeling depends on mechanical and
biological / chemical cues.
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Osteoblasts arise from pluripotent mesenchymal precursors, and are highly
specialized cells, involved in bone building. Osteoblastogenesis is under the
control of hormones and cytokines (parathyroid hormone, prostaglandins,
insulin-like growth factor-1 (IGF-1), transforming growth factor beta (TGF-β),
and interleukin 11 (IL11)), as well as under that of Wnt/β-catenin pathway,
Twist family factors and BMPs [47-49]. Osteoblastic differentiation from
precursors is inhibited by the macrophage colony stimulating factor (M-CSF)
[50], while runt-related transcription factor 2 (RUNX2) (controlled by the
osterix proteins activator of bone formation) represents its main
transcriptional up-regulator [51]. Osteoblasts are responsible for the synthesis
of bone ECM (type I collagen, fibronectin (FN), ALP, osteopontin (OSP),
osteocalcin (OSC), and bone sialoproteins (BSPs)). The regulation of collagen
deposition by osteoblasts (orientation, localization, and speed of build-up of
fibrils) involves their cytoskeleton, and it is important for the further
mineralization of the ECM and, thus, for the mechanical properties of the bone.
When ECM becomes mineralized, osteoblasts continue to differentiate and to
synthesize ALP and, consecutively, OSC and OSP. By mediating receptor
activator of nuclear factor (NF)-κB ligand (RANKL) and OPN synthesis,
osteoblasts play also a fundamental role in regulating osteoclastogenesis [52].

During the elaboration of the new bone, some osteoblasts remain entrapped
into the ECM, and terminally differentiate into osteocytes. In vitro, such a
differentiation process was shown to depend on the ECM stiffness, and on the
distance between the osteoblastic cells (MC3T3-E1 line) [53,54]. Osteocytes
are non-proliferating cells, and represent the most abundant cell type of the
bone (more than the 90 % of the total number of bone cells). They are
embedded in spaces called lacunae, and are interconnected by means of their
canalicular systems, forming, therefore, a syncytial network. This organization
also allows osteocytes to communicate between themselves, and with the
other bone cell types, in part also thanks to the efficiency of the gap junction-mediated communication (GJIC) and to the presence of functional junctional
hemichannels [55]. Osteocytes can interplay with other cells by direct cell-cell
contact, or, indirectly, by paracrine factors [56,57]. They are responsible for
the osteoclastic activity during bone repair. Osteocytes are mechanosensing
cells: thanks to their long cell processes, they form a network that conducts in
the canalicular system the transductive information resulting from loading or
other mechanical stimuli (strain detection). To sense biomechanical stimuli,
osteocytes processes are anchored to the bone ECM, at least via β3 integrins;
the interaction between ECM molecules and integrins could then amplify their
mechanosensing capacity [58]. It seems that, when osteocytes undergo
apoptotic process in response to different physiological events (unloading,
estrogen deficiency, fatigue cracks, etc.), neighborhood osteocytes transfer
specific signals in order to recruit osteoclasts. Moreover, osteocytes express
sclerostin (a Wnt antagonist protein), and, by this way, they can control, in
part, bone formation. The shape of both osteocytes and their lacunae influence
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the mechanosensing process, and, then, the correlated processes of bone
remodeling and repair [23,59-61].

Osteoclasts are multinucleated cells, derived from hematopoietic stem cells,
and resulting (under the control of the macrophage colony-stimulating factor,
M-CFS) from the differentiation of the macrophage / monocytes precursor cells
at the bone surface. They are responsible for the resorption of bone, performed
by acidification and further dissolution of the bone matrix in the “sealing zone”,
characterized by a particular specialization of the osteoclast membrane [62].
Osteoclasts also secrete proteases (e.g. cathepsin K and matrix
metalloproteinases, MMPs) and tartrate-resistant acid phosphatase (TRAP)
that actively disrupt the collagen framework. Osteoclastogenesis depends on
different crucial factors. First of all, osteoclasts differentiation cannot occur
without their interaction with other bone cells (mainly osteoblasts, and bone
marrow or stromal cells) [7,63,64]. In addition, the chemotactic recruitment of
osteoclasts, and their further development, are supported by several cytokines
and hormones, such as interleukines (IL1, IL6, IL11), the receptor RANK
(receptor activator of NF-kB factor), the colony stimulating factors-1 (CSF-1),
proteins from the tumor necrosis factor superfamily (TNFα, RANKL),
paratormone (PTH), 1,25-(OH)2-Vitamin D, and calcitonin [7,65,66]. RANKL is
crucial for the osteoclastogenesis and for the survival and function of
osteoclasts [67]. The alternative NF-kB pathway, and, mainly, the
p100 component, was also shown to be crucial for osteogenesis [68]. On the
other hand, OPG inhibits the activation of the NF-kB pathway. Osteoclasts
activity is controlled by PTH, 1,25(OH)2 vitamin D, calcitonin, cytokines and
chemokines [69]. The complex and numerous functions of osteoclasts have
been attractively reviewed by Cappariello and co-workers [70], who present in
detail the involvement of osteoclasts in bone renewal and in
osteoblastogenesis processes, in the regulation of calcemia and phosphatemia,
in cooperating with the immune system and regulating angiogenesis, and in
maintaining the homeostasis of the hematopoietic niche.

12.1.4. Bone hierarchy, structure and topology

Bone acts as a multiscale biocomposite, with a well-organized structure
distinguishable at seven different hierarchic levels. These include: I) the
macrostructural level (> 1 cm), consisting in the division between cortical and
trabecular arrangement of bone structure; II) the mesoscale level (2–10 μm),
which is represented by the intrinsic lamellae network; III) the micrometer
scale level (10–500 μm), composed of Haversian systems (or osteons), and
single trabeculae; IV) the sub-microscale level (1–10 μm), formed by single
Haversian canals or single lamellae; V) the nanometer scale level (< 0,1 μm),
comprising collagen fibers and mineral phase; VI) the sub-nanostructural level
(< few nm), formed by collagen fibrils. The VII) and smallest length scale of the
bone hierarchy, consists of the ultrastructural level, and comprises molecular
constituents, such as minerals, water, collagen molecules, and non-collagenous
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organic proteins [71-74]. All these structures and components intimately
interact altogether in order to give bone its biomechanical properties.

At the macrostructural level, most of bones appear formed by two different
structures: the outer one, consisting of compact bone, while the inner one
made of cancellous bone, which represent about the 80 % and the 20 % of the
skeleton mass, respectively [75]. Bones interface with other bones, muscles,
joints, ligaments and tendons. On its outer side, cortical bone is covered by the
periosteum (except for the epiphysis region, where it is coated by articular
cartilage), whereas in correspondence to the medullar cavity, it is delined by
the endosteum. The mature bone is characterized by its lamellar organization.
Whereas in the trabecular bone, lamellae do not form an organized structure,
in the compact bone lamellae are parallely organized. Trabecular bone is
organized as a network of plate-like and rod structures. The microstructure of
the trabecular part of the bone is composed of thin trabeculae, made of dense
and sinuous lamellae, which form a 3 dimensional complex that holds the bone
marrow. Trabecular bone is present, for example, at the epiphyses of long
bones. On the other hand, the compact bone is the dense part of bone tissue,
and, at the microscale level, it is composed of regular, cylindrically shaped
lamellae, arranged around the Haversian canals. Compact bone is mainly
localized in the diaphysis of long bones, and blood is mainly supplied
throughout the Volkmann’s canals. Haversian and Volkmann’s canals form a
continuous network, where metabolic and gas exchange, as well as waste
removal, can take place. The osteon (chief structural unit of compact bone) also
includes osteocytes and the network of their relative cell processes. Cortical
and trabecular bones are found in almost all bones, but in a ratio that differs
according to the site, the localization, and the type of bones. The topics treated
in this chapter will be mainly focused on long bones characteristics.
The microscopic level of bone structural hierarchy concerns the biocomposites
of type I collagen fibrils / fibers, more or less mineralized. Bone ECM can be
classified according to the organization of collagen fibers it is composed of
(immature bone, with its unorganized collagen fibers that formed the woven
bone; mature bone, composed of collagens organized as concentric lamellae,
that formed the osteons of the lamellar bone). Only the mature bone present
high resistance properties, due to ECM geometry, organization and
composition.

The scale ranging from molecular- to nanometer-sized component, comprises,
as already indicated, the molecules of type I collagen, and their associated HA
nano-crystals. The conformation, arrangement and deposition of collagen,
together with the intra-collagen fiber orderliness of HA minerals, are
responsible for the mechanical properties of bones. Concerning apatite
crystals, they influence the mechanical properties of bone, according to their
shape, their organization, their orientation and their nanometer-scale
thickness [76-78].
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12.2. BONE TISSUE ENGINEERING
When bone requires repairing, a complex scenario takes place, including a
number of physiological events such as inflammation, healing by endochondral
and intramembraneous ossification, and remodeling (Figure 1).

Figure 1. Bone injury, the facts. Healthy bone is characterized by a complex macro-,
micro- and nano- environment, where cells, as well as humoral factors, play a crucial
role in preserving bone homeostasis. The process of bony healing is complex, and
requires a spatio-temporal combination of events to reach an effective bone repair.
When bone is unable to counteract tissue damage, bone tissue engineering could
represent an effective therapeutic strategy, if performed by respecting some basal
principles.

Bone healing involves a complex microenvironment (Figure 2), composed of a
network of cells (osteoblasts, osteoclasts and osteoclasts precursors,
endothelial progenitors, lymphocytes, fibroblasts and mesenchymal
progenitors, macrophages), growth / differentiating factors, chemokines,
cytokines, signaling molecules, mineral elements and ECM macro-, micro-, and
nano-components [79,80]. Furthermore, this multifactorial process is
characterized by an orchestrated succession of events that includes mediators
of inflammation, cell chemiotaxis, migration, proliferation, differentiation,
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mechanosensing and tissue remodeling. The existence or the development of
adequate blood flow is also essential to sustain full bone development,
homeostasis and repair [81,82]. Moreover, the unsuccessful penetration of
vasculature into the bone graft also leads to unsatisfactory repair and even
bone necrosis. Thus, factors involved in in vivo angiogenesis [VEGF, basic
fibroblast growth factor (bFGF), epidermal growth factor (EGF), and
angiopoietin-1 (Ang-1)] could be fundamental for supporting bone repair, also
in the field of orthopaedic tissue engineering. Endothelial cells can regulate
osteoblasts functions by secreting other growth factors, such as endothelin-1
and IGFs [83]. Furthermore, also mechanical stimuli and loading are of crucial
importance to improve bone healing.

Figure 2. Bone healing, the actors. In order to heal, bone needs strict crosstalks
between all the actors of the skeletal micro-environmental network. Cells (stem or
mature cells), ECM (with its soluble and insoluble components), and mediators
(autocrine, paracrine or humoral chemical signals) are the main actors of bone healing,
and their specificity (and intervention timing) must be recognized, in order to optimize
the efficacy of tissue engineering-based treatments.

Even if the more traditional treatment of bone defects is, first, represented by
the autologous graft and, secondly, by bone allograft or distraction
osteogenesis, several drawbacks can be encountered. These include, for
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example, the insufficient size of bone to be grafted (as in the case of large bone
defects due to tumor resection, trauma or infection), or when the host site of
injury is altered by avascular necrosis, or by a pronounced osteoporosis. Other
obstacles arise when blood and cell supply in the wound-healing site is too
scarce, if the osteointegration is incomplete, in the case of donor site
morbidity, or in the presence of an adverse immune response. To overcome
such limits, the tissue-engineering field offers the possibility to amplify cells
number in vitro, and, successively, to use them in order to generate a tissue
substitute, ultimately disposable for graft. Alternatively, acellular scaffolds can
be directly implanted in the site of injury, awaiting its colonization by host
cells. As for scaffolds carrying living cells before they are implanted into bone
defects, also these acellular scaffolds can be manufactured by demineralized
matrix [84], natural or synthetic polymers, biocomposites, ceramics, and, often,
they need to be functionalized in order to optimize local cell ingrowth,
proliferation and differentiation (Figure 3).

Figure 3. Tissue engineering-based orthopedics strategies. If a scaffold is used,
orthopedics can also choose to introduce (and model) a scaffold, free of cells, in the site
of bone injury. Bone repair should be observed after the colonization of this scaffold by
local cells and precursors. Alternatively, bone cell precursors/stem cells can be
amplified in vitro, guided to colonize the scaffold (3D culture gives better results) and,
finally, the cellularized scaffold can be implanted in the site of injury. These processes
can be supported by a supplement of specific chemical mediators, previously enclosed
in the scaffold (“functionalized” scaffold).
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12.2.1. What are the specific requirements of skeletal tissue
engineering in vivo and in vitro?
Tissue engineering is intended for developing tissue substitutes, able to
restore, maintain and / or increase tissue functions in vivo [85]. To reach this
objective, two main key factors should be taken into account: i) the scaffold,
that will serve as physical support, and as supplier of molecular factors able to
induce cell proliferation and / or to guide cells into specific lineages of
differentiation, and ii) the cells, that must invade the scaffold and produce the
neo-tissue. For the in vitro development of engineered tissue, a bioreactor, able
to support neo-tissue formation and growth, is also necessary. The scaffolds
produced by tissue engineering for regenerative medicine aims, must be,
obviously, biocompatible and sterilizable, in order to avoid any induction of
inflammatory and / or immune response. Concerning, bone tissue engineering,
the main crucial points are summarized in Figure 4.

Figure 4. Bone tissue engineering: an example of translation medicine from bedside to
bench prior the return to the boosted bedside part. As shown in Figures 1 & 2, bone
healing involves number of actors, and all of them need to be taken into account during
the whole tissue engineering procedure to better mimic the in vivo conditions. Thus,
regarding bone engineering, the main parameters, that must be finely defined to
reproduce as much as possible the in vivo situation, are the cells (origins, their history,
their commitment etc.), the bioreactors, the optimal microenvironment (where
osteoconduction, osteoinduction, osteointegration properties of the scaffold are
promoted by the induction of the optimal biosignalling pathways, and the
reproduction of the native bone physical, chemical, topographical and biological cues).
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They include the interaction of cells, usually precursors of bone tissue or
endothelium, with an adequate microenvironment. This last comprises a
scaffold, harboring various chemical, physical, and mechanical properties, as
well as bioactive molecules, involved in the recruitment and differentiation of
cells (in the scaffold and / or in the site of implantation). Lastly, particular
growth and angiogenic factors can be used, in order to recruit endothelial cells,
and to further favor bone formation and survival, since nutrient and gas supply
can be performed by diffusion processes only up to a tract of 200 μm [86-88].

12.2.1.1. Scaffolds
The ideal scaffold for bone tissue engineering should mimic the native
macroscopic bone organization, as well as the bone microenvironment and
features, since these conditions allow the natural cell recruitment, adhesion,
migration, proliferation and differentiation. As already mentioned above, bone
cells’ behavior is finely regulated by ECM properties (biochemical, physical,
geometrical, and topographical aspects). The surface of biomaterials must,
then, possess well-defined characteristics, since substrate chemistry, tension
and topography play a fundamental role in regulating cell behavior and bone
tissue features [89,90]. The perfect scaffold (Figure 5) usable for bone tissue
engineering, has, in addition, to possess mechanical properties close to those of
the in vivo tissue, shall recapitulate its 3D architecture, must favor cell
adhesion / attachment, osteoconduction (related to the capacity of biomaterial
surface to allow cell growth), osteoinduction (related to the capacity of
biomaterials to guide stem and bone precursor cells toward the osteogenic
pathway of differentiation), and cell functions [91]. Osteoconduction,
osteoinduction and the further peri-bioengineered-implant healing, as well as
osseointegration, are fundamental for regenerative orthopaedic procedures.
Along with the 3D organization, it is necessary to take into account also the
need of specific bone growth factors, which, in addition, must be released
gradually, according to a well-defined spatio-temporal schema. Moreover,
because of the need of nutrients and gas supply, a scaffold favoring an early
angiogenesis in the neo-tissue is desirable. In effect, co-cultures of osteoblasts
(or osteoblastic precursors) with endothelial cells (or endothelials precursors)
have been shown to favor cell communication mediated by gap junctions (GJIC)
between these cell types, and to support osteoblastic differentiation [92 93].
Kim and co-workers [94] confirmed this support for bone formation after the
seeding of adipose-derived MSCs and human umbelical vein endothelial cells
(HUVEC) in solid free form-based poly(ε-caprolactone)(PCL) / poly(lactic-co-glycolic acid) (PLGA) / tricalcium phosphate (TCP) scaffolds. After 8 and
12 weeks of implantation in a rat calvaria defect, the implants with co-seeded
cells reinforce osteogenesis, bone–like formation, and mineral deposition, as
compared to monotypic (osteoblasts-only) seeded scaffolds.
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Figure 5. How is reproduced the in vivo skeleton context in tissue engineering and
scaffolding? Number of parameters are now well-known for their fundamental role in
regulating bone repair. Concerning the development of scaffold usable in orthopedics,
a lot of biomaterials, based on native bone properties, have been created and modified
to reach a better level of osteointegration, osteoconduction and osteoinduction.

The properties of engineered tissue requirements (mainly strength) vary
because not all bones have to support the same loading forces, and, then,
different scaffolds may be used. So, it demands considering a wide range of
biomaterials as suitable ones.

12.2.1.2. Cells

The need of reliable source of cells is important. The main, fundamental
property of these cells should be the absence of immune response induction.
Thus, the best way to avoid any adverse immunizing capacity, is to use cells
from autologous donors. Since osteoblasts are very difficult to isolate and,
further, to amplify in vitro, the best choice is the use of adult stem cells, or
osteoprogenitors able to differentiate versus the osteoblastic phenotype.

The multipotency of adult stem cells and their high capacity to proliferate
render their use very promising for engineering bone. Another advantage of
adult stem cells is that, bone marrow-derived stem cells, as placenta’s one, for
example, present an immunomodulator effect, that renders them attractive
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also for allo-transplants [95-97]. Adipose-, umbilical cord- or placenta-derived
stem cells represent an easy-to-use source of cells, as compared to bone
marrow-derived cells [98]. But, even if almost all mesenchymal stem cells
(MSCs) are able to differentiate into different lineages, not all the sources of
MSCs present the same plasticity to follow the osteoblastic lineage up to the
terminally differentiated phenotype [99]. Endothelial progenitor cells (EPCs)
were also used for bone healing, and a synergic effect was observed when both
MSCs and EPCs were co-seeded with β-TCP granules [100]. Endothelial
progenitor CD34+ population was also directly injected in a rat bone fracture
site. Both neo-angiogenesis and osteogenesis were activated and resulted in
bone healing [101]. The co-culture of MSCs and monocytes was shown to favor
MSCs differentiation toward osteoblastic lineage, against adipocyte lineage.
Moreover, osteoblasts downregulated the number of osteoclast-like cells, so
mimicking the fine equilibrium between these two cell types, and suggesting
that also osteoclast precursors could play an important role in developing bone
neo-tissue [102]. Another strategy should be the recruitment of host
endothelial progenitors (or mature cells), as well as of native MSCs, into a
scaffold, serving as bioactive molecules carrier, and as temporary template and
structural support for bone formation.

For exploiting engineered bone tissue as ex vivo model to perform studies on
bone physiopathology or pharmacotoxicology, cell lines can be used instead of
stem cells. The available cell lines are numerous, and each of them possesses
individual properties. The most known cell lines are: the UMR106, the MC3T3-E1 and the MG-63 cells for the pre-osteoblastic and the osteoblastic lineages;
the MLO-Y4 cells and the FLG 29.1 cells for the osteocytic and for the
osteoclastic lineage, respectively. Moreover, there is a growing interest
concerning human-induced pluripotent stem cells; these reprogrammed cells
can differentiate into many cell lineages, comprising bony lineage, but their use
for human implants still need further investigation [103].

12.2.1.3. Bioreactors applied to bone tissue engineering

Bioreactors are devices able to reproduce / maintain a tissue-like
microenvironment, and to provide controlled culture conditions (e.g.
and
nutrients
supply,
flow
rate,
temperature,
pH,
O2 / CO2
chemical / mechanical stimuli, etc.). Bioreactors need to favor mass transfer
(nutrient and gas supply + waste removal), without exposing cells to high
shear stress forces, that may be risky for their function and survival. This high-mass transfer / low-shear stress operational regimen can be attained by
devices able to generate fluid-dynamic culture conditions (an interesting
review, published by Rhiel and Lim, illustrates the importance of macro- and
micro-fluidic flows on bone tissue formation, describing also the importance of
the flow dimensionality on regulating cell / tissue behavior) [104]. Moreover,
bioreactors usually furnish the possibility to maintain or recreate the three-dimension (3D) microenvironment generally present within a tissue. This
305

Chapter 12

dimensionality is also important, because it allows the establishment of
interactions between cells and ECM, which are very different from those
created in the classical, static 2D culture condition. In such 3D conditions, cells
sense each other, receive / exchange biochemical and biophysical cues from
ECM, adapt their behavior, and, in turn, can change ECM properties. This is of
great importance when mechanosensing cells or bone tissues must be studied.
At last, the highly controlled fluid-dynamic conditions reached within specific
bioreactors are necessary to improve cell seeding, proliferation, migration, and
their further differentiation onto / into the scaffolds.

Rotating wall vessels. One example of fluid-dynamic bioreactors are the rotary
cell culture system (RCCSTM) devices, developed by the N.A.S.A.’s Johnson Space
Center technological research (Synthecon Inc., U.S.A.). These bioreactors are
composed of a horizontally rotating culture vessel, which angular speed can be
regulated in order to reach optimal hydrodynamic conditions for cell / tissue
culturing or, alternatively, to reach a peculiar equilibrium between the main
forces acting on the cells (gravitational, centrifugal and fluid drag forces), that
simulates some features of microgravity [105-107]. The vessel is fully filled
with culture medium, avoiding the presence of air bubbles and, thus,
deleterious turbulent forces. Therefore, this bioreactor can effectively provide
cultured cells with a low-shear stress and a high-mass transfer
microenvironment. In such a 3D hydrodynamic culture conditions, isolated
cells or tissues explants remain alive, and express their tissue-specific
phenotype from several days up to weeks of culture [106,108-112]. The
RCCSTM bioreactor was also successfully applied, also by our group, to the
study of the skeletal system on isolated cells, in the presence or in the absence
of scaffolds, or on bone explants [107,113-117]. This bioreactor was also
shown to speed up cell aggregation, osteoblastogenesis, osteoblast
differentiation, and subsequent mineralization of mesenchymal or embryonic
stem cells [109,115]. Goldstein and co-workers [118], contrariwise,
demonstrated that, when seeded on PLGA scaffolds, rat osteoblastic cells
better differentiated if kept in spinner flasks or in perfusion bioreactor, rather
than in the RCCSTM device. According to our experience, it is possible that the
results obtained by Goldstein’s group were due to the specificity of the scaffold
they used (i.e. density, surface conformation, size, interaction with fluid flow
and relative deleterious forces). Even if not always easy to use for growing
large engineered tissue masses, Hidaka and co-workers succeeded in
transplanting RCCSTM-engineered bone tissue in a rat calvarial bone defect,
since this neo-tissue was further replaced by a mature bone after 2 months
[119]. Song and co-workers [120] performed a comparative study between
static conditions (T-Flasks), and dynamic conditions (spinner flasks and
RCCSTM bioreactors). They showed that the osteoblasts seeded within an
acellular bone-derived scaffold could reach a better state of differentiation
when maintained in the RCCSTM device. Another example of rotating vessel is
the BIOSTATS® Bplus RBS bioreactor, a cylindrical rotating bed system, which
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allows the seeding of the MC3T3-E1 pre-osteoblastic cell line onto a ceramic
carrier (Sponceram®). These conditions were more effective than the static
ones, and, after several days of culture, cell proliferated and further
differentiated, expressing OCN and type I collagen, and depositating
mineralized matrix [121,122].

Perfusion bioreactors. They are basically organized as one or more culture
chambers coupled up to tubing circuits and culture medium reservoirs. The
whole system forms a closed circuit media loop, regulated by a peristaltic
pump. This last allows perfusing cells dynamically, even when grown into a
scaffold. As compared to the RCCSTM bioreactor, the regulation of fluid flow is
finer in classical perfusion bioreactors; however, it also exists a Perfused
RCCSTM device, in which the laminar flow created by the rotation of the vessel
and culture medium is almost unaffected by the perfusion process.

The perfusion bioreactors, in their several versions, recapitulate, at least in
part, the potential interstitial fluid flow. As in vivo, flow characteristics depend
on scaffold properties (structure, porosity and interconnectivity). There are
different types of perfused bioreactors. In a perfused chamber, the MC3T3-E1
osteoblastic cell line was exposed to a fluid shear of 1 dyn cm−2, 12 dyn cm−2 or
25 dyn cm−2. In these conditions Ryder and Duncan [123] observed a
magnitude-dependent increase in the intracellular concentration of calcium;
this effect was significantly higher when the cells were stimulated with PTH,
suggesting that cell response induced by shear and PTH is mediated by the
modulation of mechanosensitive cation-selective channels, and L-type voltage-sensitive channels. The culture of rat BM-MSCs in perfused bioreactors
without the addiction of dexamethasone (a supplement usually employed to
induce stem cell differentiation in osteoblasts), was shown to allow the
differentiation of cells in the osteoblastic lineage; in the presence of both
perfusion and dexamethasone, the differentiative process was enhanced [124].
Oscillatory perfusion was shown to be more efficient in engineering bone from
MC 3T3-E1 osteoblastic-like cells seeded on porous ceramic, than the
conditions generated by unidirectional or static bioreactors [125,126].
Spinner flasks. These bioreactors produce a dynamic flow, due to the mixing of
medium by a stirring element localized at the bottom of the tank, whereas
scaffolds are usually anchored to a needle, connected to the cap of the flask.
These bioreactors are more difficult for monitoring hydrodynamic flow. Thus,
turbulent forces and shear stress could be created, inducing cell sufferance. In
such a bioreactor the Saos-2 osteoblastic cell line was shown to attach to
HA-incorporating microcarriers and proliferate in a more efficient way than
when the microcarriers were kept in static conditions [127]. Seeded into a
decellularized bone-derived scaffold, adipose tissue-derived stem cells are able
to adhere, migrate, grow and differentiate into osteoblastic cells expressing
ALP. In these 3D hydrodynamic culture conditions, the level of differentiation
was higher than in static conditions [128,129]. However, Rat BM-derived MSCs
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better differentiated when maintained in a perfused system, rather than in
spinner flasks [130].

Applying an adequate biomechanical stimulus, in order to better recapitulate
the dynamic bone activities, is also of importance in in vitro, as well as in in vivo
conditions. Usually, in vitro, the main mechanical strains that are reproduced
are compression, stretching, contraction, and bending. Cyclic compression and
cell perfusion enhanced BM-derived MSCs commitment and cell proliferation
into a decellularised ECM scaffold, respectively [131]. BM-derived MSCs were
shown to positively respond to these two stimuli by increasing collagen
synthesis, also with polyurethane scaffolds. However, whereas the initial
tensile modulus was elevated, it drastically decreased after two weeks of
culture [132]. Contrariwise, Sittichockechaiwut and co-workers [133] showed
that, as compared to unloaded cells, the MLO-5 osteoblastic-like cells were able
to increase bone matrix synthesis (collagens, mineralization, OPN and OCN)
when kept into a polyurethane scaffold and exposed to cyclic compressive
stimuli. Moreover, with time, the samples acquired a higher stiffness.
Elongation strains were also applied to MSCs, with or without dexamethasone
[41]. Cyclical stretching together with dexamethasone favored osteogenic
commitment of BM-derived MSCs, whereas mechanical stimulation alone
significantly stimulated cell differentiation (increase in ALP levels and in
collagen and OCN synthesis). The results confirmed that the mechanical
stimulus could be as effective as the chemical one to induce bone cell
differentiation [134]. Akhouayri and co-workers [135] evaluated the effect of
contractive forces onto ROS 17/2.8 osteosarcoma-derived cells. Different
contractile conditions were reached in type I collagen gels (freely retracted
gels, stretching of the tense gel, periodic stress). The results showed that cell
response (proliferation, morphology, ALP activity, OCN secretion, and ECM
mineralization) depends on the attributes of the contractile stimulus. Static
and dynamic mechanical forces differentially regulate cell behavior and
phenotype. As an example, the osteoblastic differentiation induced by
contractile collagen gels is mediated by the MMP-2 / MMP-13 / MT1-MMP
cascade of metalloprotases [136], while a bending stimulus, tested on
BM-derived MSCs seeded in biomimetic material, is able to upregulate
osteogenic differentiation in the presence of dexamethasone [137].

12.2.1.4. Scaffolds – ECM / microenvironment

Biomaterials can be prepared as fillers for injection in injured sites, or as
scaffolds for cell repopulation procedures. Whereas scaffolds were initially
developed to sustain cell viability, technical progresses have allowed the
development of more dynamic scaffolds, whose properties can be regulated to
guide cell behavior (in vitro and in vivo), and to sustain the further
osseointegration process. As already known, in vivo, cells are embedded in a
3D-organized ECM, the roles of which are to support cell adhesion, to promote
cell organization, polarization and growth, to guide cell migration, to favor
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nutrients’ diffusion up to all bone cells, to provide growth factors and serve as
mineral reservoir, and to be responsible for the structural and mechanical
properties of the tissue. In vivo, the ECM is fundamental for the chemical,
physical and topographical cues that provide to bone cells. Scaffolds designed
for bone tissue engineering should then recapitulate such signals and
properties and, consequently, in their conception, the following characteristics
should be considered.
Porosity and connectivity. Scaffolds need to present open cavities (pores) to
favour cell adhesion and proliferation. Bone cells are sensitive to the gross
morphology of scaffolds. For osteoblasts, the suitable size of pores was shown
to range between 100–400 μm in diameter. According to the cell type, the
interconnectivity of these pores or / and additional micropores (important for
an efficient mass transport), can promote homogeneous cell repartition,
nutrients supply, and metabolic waste removal. Moreover, a pore diameter
greater than 100 µm was shown to favor blood vessel ingrowth [138]. For a
bone tissue analogous, the highly porous structure also better mimics the
natural 3D architecture of the tissue.

Biodegradability or permanency. According to the aim to be attained, the
scaffold can be either bioresorbable or permanent. The scaffold should, in
effect, temporary behave as a template, allowing the ingrowth of bone cells, the
expression of specific cell functions, the growth of neo-formed bone tissue and,
eventually, the ingrowth of vascular components. When implanted in bone
defects, it is of importance to finely regulate the degradation rate of the
scaffold, in order to obtain a complete substitution of the biomaterial by the
newly formed bone, and to avoid its collapse. The development of new
biodegradable materials requires also to think about the byproducts of their
degradation, since these last can induce a change in the graft
microenvironment, and, as consequence, hinder transplant osteointegration
and / or bone formation [139].

Mechanical properties. One of the major problems encountered for developing
scaffolds suitable to be used in bone tissue engineering is to find the just
balance between a scaffold harboring a high porosity, and the necessity that it
can also maintain, at the same time, high stability, stiffness, strength, and
toughness properties. Whereas for the in vitro studies engineered bone can
present less strength capacities, for the in vivo use the engineered tissue must
be able to face the natural mechanical forces experienced during the daily
activity of the body (load, torsion, compression, etc.). The more the bone defect
is wide, the more the biomaterials must be mechanically stable, and it is more
so true if a biodegradable scaffold is used. Another strategy to increase the
mechanical features of the bone micro-environment, is to use a calcium
channel agonist, that favours bone formation.
Surface roughness was, as well, shown to influence cell behavior [140,141].
Even if both amplitude and organization characteristic of roughness variation
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in surface texture or microtopography can affect the cellular response to an
implant, it seems that the organization plays a more important role [142].
When examining the ability of osteoblast-like cell to attach to titanium
surfaces, it was found that a higher percentage of cells attached to the rougher
surface [143,144]. However, it remains difficult to strictly monitor cell
behavior and, since experimental conditions vary from lab-to-lab, the
significance of roughness effect on bone cell homeostasis is not always evident.

Surface tailoring. As for a number of other cell types, either the (bio)chemical
or the physical (topographical) properties of the scaffold surface can modulate
and guide bone cell behavior [145]. Functionalization of the scaffold surface
allows regulating adhesion and migration of cells onto the scaffold
(osteoconduction), as well as stem or progenitor cells differentiation
(osteoinduction).

Combination of scaffolds with soluble and bioactive molecules was shown to
control bone cell behavior. In order to increase osteogenic properties of the
scaffold, it may be integrated with osteoinductive growth factors and
morphogens, which provide physiological regulation of bone features (e.g.
TGF-β, BMPs, VEGF), or with drugs / polymeric carriers, used for gene delivery.
To drive cell performance in order to optimize bone repair, different growth
factors were tested in humans. The main bioactive molecules, which
demonstrated to be effectively able to improve bone healing, are some
members of the TGF-β superfamily of proteins (BMPs, TGF-β1, TGF-β3),
members of the parathyroid hormone family (PTH, PTHrP), and plateletderived growth factor (PDGF). However, many bioactive molecules were tested
in vivo (on animals) or in vitro. In addition to the precedent ones, they include
IGF, bFGF and the Wnt signaling proteins. BMPs (the most osteoinductive
proteins are BMP 2, 4, 6, 7), TGF-β, FGF, IGF-I/-II, and PDGF are the most
commonly used bioactive molecules employed in bone tissue engineering
[146]. BMPs represent fundamental proteins, and are directly involved in the
whole osteogenesis process. The key role of one of them, BMP-7, was
demonstrated by the transdifferentiation of BMP-7 transduced fibroblasts into
osteoblasts [147]. Carriers usually associated for bioactive molecules delivery
are often polymer-based biomaterials. Natural carriers that can be, for
example, used to this aim, are collagen and hyaluran; among synthetic
polymers, poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and poly(lactic-co-glycolic acid) (PGLA) are the most widely used. Recombinant human bone
morphogenetic protein-7 (rhBMP-7) was also demonstrated to be able to
induce cell proliferation and osteoblastic differentiation [148]. Dadsetan and
co-workers [149] recently proved that the coating of poly(propylene fumarate)
scaffolds with carbonated HA and rhBMP-2 results, after 6 weeks of
implantation in calvaria defect, in a significant increase in bone formation, and
in an effective osseointegration. These findings suggest that rhBMP-2 and HA,
added together, could represent a good strategy to repair large bone defect.
Zhang and co-workers [150] also demonstrated that rhBPM-2 loaded calcium
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silicate / calcium phosphate cement stimulate cell adhesion to the scaffold,
osteogenesis and bone repair, with a higher efficiency, as compared to either
the cements alone, or the growth factor alone. These results confirm that
bioactive molecules are necessary to furnish biological cues to cells, but the
macro- and micro-porous arrangement of the scaffold is fundamental, as well.
Moreover, as for healthy bone, where the mechanical properties result from
the synergic effect of the whole component of bone tissue, in this particular
case, the effect resulting from the combination of cement-based biomaterial
and growth factor is higher than that of the single components. Another
strategy that is currently of a great interest in tissue repair and tissue
engineering strategies is the use of platelet-rich plasma (PRP). This
preparation is rich in the growth factors that are commonly involved in bone
formation and homeostasis in vivo, as, for example, TGF-β1, bFGF, PDGF, IGF-1,
EGF, VEGF, Factor V, Factor XI, Factor XIII, fibrinogen and von Willebrand
factor (vWF), OSC, FN and Angiotensin-2 (Ang-2) [151,152]. Nevertheless, the
results obtained with PRP are still controversial, probably due to the difference
in PRP preparation between the different laboratories. Clinical trials are
necessary to ascertain the most efficient PRP preparation protocol, and its real
effect on bone healing process. For mimicking cell adhesion mediated by
integrins, RGD sequences can also be incorporated into biomaterials. HA
bio-functionalised with peptides harboring the RGD sequences allows a better
adhesion of osteoprogenitors [153]. The adsorption of bioadhesive molecules,
such as FN or laminin, could also enhance the interaction cell-scaffold [154].
Another interesting strategy, developed by Yang and collaborators [155] and
by Wood and collaborators [156], is based on the use of a voltage-operated
calcium channels agonist, delivered to mouse MG63 or rat ROS 17/2.8 cells
exposed to a mechanical stimulus by a poly(L-lactic acid) (PLLA) scaffold. The
results obtained showed that this scaffold modulates the mechanosensitivity of
mouse osteoblasts, and increases cell differentiation (type I collagen and ALP
production), as compared to the osteoblasts that received only the mechanical
stimulus. Moreover, the PLLA porous biomaterial allowed a long-term release
of the agonist, since it was stable over the 28 days culture period. Lastly, in
addition to DNA delivery, miRNA delivery seems a very promising resource for
applications in bone formation strategies, at least for the possibility it may give
for regulating osteogenesis and bone cell differentiation in vitro [157].

Therefore, in order to be suitable for bone tissue engineering, a scaffold should
integrate, as much as possible, the properties of native bone tissue. The
scaffold should then closely reproduce tissue architecture, and combine the
nanoscale topography of ECM with its relative higher-scale micro- / meso/ and macro-structures [158-160], since surface topography influences the
rate of bone differentiation, formation, repair, and angiogenesis, as well
[161-164]. Surface topography can also control BM-derived MSCs proliferation
and differentiation, and it has been shown to play a major role than surface
chemistry in regulating cell commitment. These processes are, at least in part,
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regulated by cell shape, and could involve cytoskeleton organization,
membrane tension, cell adhesion molecules and cell-cell interactions
[42,145,165].

Newborn-rat calvaria-derived osteogenic cells, as well as MG63 cells, were
seeded on titanium or titanium alloy surfaces harboring different topographies
[166,167]. Cell behavior [adhesion, differentiation, matrix mineralization and
bioactive molecules synthesis (VEGF, TGF-β1, FGF-2, and angiopoietin-1], were
differently controlled by the characteristics of the surface, rough surface
favoring always the expression of the differentiated phenotype. Osteoblasts are
sensitive to surface roughness, and the discontinuous-type topographies, by
altering cell adhesion, shape, migration and differentiation (and acting, in part,
by signaling pathways involving α2β1 integrins, FAK and phosphorylative
processes), could represent an efficient strategy for coating low
osteoconductive biomaterials and for increasing osseointegration [168-171].
Both biochemical and biophysical aspects of ECM should be taken into account
to reach a better cell homeostasis and to favour ulterior bone integration.

12.2.1.5. Scaffold composition

The main components of materials used as scaffolds and developed for bone
engineering, are metals, polymeric materials (natural or synthetics), and
ceramics.
12.2.1.5.1. Metals

Even if metals present the advantage to furnish an immediate mechanical
support, their use is limited by their poor integration with the host tissue, by
the release of ions, and by the possible bone collapse because of secondary
fatigue loading [172]. Whereas stainless steel was highly used in the past,
titanium and, mainly, titanium alloys are, at present, the most widely studied
metal components for bone engineering techniques. Metal surfaces have been
modified by changing their local topography and / or chemistry, in order to
increase the possibility of cell interactions with the metallic supports, the rate
of mesenchymal cell differentiation, and to facilitate implant integration in the
site of injured tissues [86,173-176]. In vitro studies demonstrated that the
osteoblastic cell line MG63 behaves differently, according to the roughness of
titanium, and of titanium alloys [177-179]. Microroughness was shown to
favor osteoblastic proliferation and differention, while cell number was
decreased. Moreover, these processes are, at least in part, mediated by
α2β1integrins [86,180,181]. However, as noticeably reviewed by Anselme and
coworkers [182], results are often contradictory, because of a scarce
homogeneity in the scaffold preparation and roughness characterization.
12.2.1.5.2. Polymers
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Natural polymers. Natural biopolymers can be made of various molecules (e.g.
collagen, fibrinogen, chitosan, alginate, starch, hyaluronic acid, silk, fibrin and
poly(hydroxybutyrate)) [172,183-185]. They present the great advantages to
be osteoinductive materials and naturally biodegradable substances. They
generally support well cell attachment, they can guide cell migration and
differentiation, but are often too weak to face the biomechanical forces
imposed by daily activities. To overcome such a limit, and in order to reinforce
material stability, natural biomaterial can be cross-linked, or associated with
synthetic polymers or ceramics / bioactive glasses, in order to create
biocomposite materials [186,187]. Kane and co-workers [187] reinforced
collagen scaffolds with HA, and obtained a highly porous and interconnected
biomaterial, able to support angiogenic and osteogenic differentiation after
implantation in ectopic site (in vivo), or to favor the differentiation of adipose-derived MSCs (in vitro). It is of importance to keep in mind that the structural
state of the polymers can profoundly modify the characteristics of the resulting
scaffold. For example, Tsai and co-workers [186] demonstrated that, whereas
soluble and fibrillar forms of type I collagen were able to stimulate the growth
of MG-63 cells, the denatured form was more adequate in guiding cell
differentiation. Biopolymers can also be used to cover hard implant surface, in
order to increase osteoconduction, osteoinduction, and osseointegration. The
3D macroporous arrangement of silk-based or biocomposite scaffolds made up
of collagen and HA is very interesting, since it mimics some aspects of bone
porosity, and favors bone repair [189,190].

Synthetic polymers. Synthetic polymers represent the most widely used
biomaterials in tissue engineering. Many techniques can be used as a means to
prepare synthetic polymer-based scaffolds [191]. Synthetic biomaterials
include
poly(α-hydroxy
acids),
PCL,
poly(propylene-fumarates),
polycarbonates, polyphosphazenes, and polyanhydrides [172]. The poly(α-hydroxy acids) group comprises PLA, PGA, and their co-polymer PLGA. These
synthetic polymers usually present the characteristic to be hydrolyzed into
non-toxic byproducts (minimal systemic toxicity), and a poor
immunoreactivity. PGLA copolymer was already tested in human patients, and,
even if more slowly than autologous bone graft, it supported bone healing
[192]. In vitro, a composite biomaterial made of chitosan and PLGA was shown
to harbor some mechanical properties of trabecular bone, in addition to be
osteoconductive and to support bone cells phenotype expression (production
of ALP, OSP, BSPs) [193]. The functionalization of the chitosan / PLGA scaffold
with a high loading of heparin, further stimulates MC3T3-E1 cells proliferation
and differentiation [194]. Smith and co-workers [195] also demonstrated that
the etching of PLGA with NaOH modifies the nano-scale surface topography of
the manufact, and differently regulate cell behavior, according the cell type.
Results from other authors suggest that, in addition to allow the
spatio-temporal release of bioactive molecules, it is possible to devise a celltype specific scaffold. Smith and co-workers [195] think that it could be
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feasible to create a biphasic scaffold made up, first, of fibroblasts, in order to
generate fibrocartilage, and, on the other pole, the scaffold could be treated
with NaOH, in order to allow osteoblasts adhesion and bone formation.

However, PLGA polymers, for example, could release acidic byproducts,
rendering the local microenvironment inadequate for bone integration. To
overcome such a limit, polymer blends were developed; the mixture of PGLA
and polyphosphazenes was shown to neutralize the environment of
biomaterial degradation [196,197]. PLLA is widely used in bioengineering,
since, in addition to the fact of having been approved by the Food and Drug
Administration (FDA), it is biocompatible and biodegradable. However, its
poor mechanical properties hinder its routine use in orthopedics [198]; this is
the reason why this polymer was further reinforced with fibers or with
inorganic components, such as HA or bioactive glass. PLGA combined with
bioactive glasses was shown to possess higher compressive properties, and to
support osteoblasts attachment and differentiation [199].
12.2.1.5.3. Ceramics

HA, calcium phosphate, calcium sulphate, aluminia, zirconia, and coralline are
also widely used as scaffolds for bone engineering [126,200]. They can be
elaborated from natural or synthetic [e.g. sintered HA (sHA) and
beta-tricalcium phosphate (β-TCP)] materials. Ceramics can be subdivised in
inert, bioactive (sHA), and resorbable (β-TCP) products, depending on their
main properties. As already illustrated, different types of substances are
available, the most common being phosphate calcium ceramics, but they do not
possess identical surface chemistry, surface charges, wet ability, and,
consequently, the same capability to interact with cells [201]. Among all
ceramics, sHA and β-TCP are the most studied formulae; they can be used
alone, or mixed together, with a ratio variable between the 2 components
[202]. When they are grafted, they give rise to a bone-like apatite layer that
favors the ulterior osseointegration. sHA presents the advantage to allow the
creation of a 3D stable and rigid scaffold, with a defined porosity. β-TCP is
resorbed quicker than sHA, and it is less tough. sHA is widely used for bone
regeneration, because of its good biocompatibility and high osteoconduction
attributes, while is too fragile and hard, and not sufficiently elastic to be used
to repair large defects in load-bearing bones [203,204]. Biphasic forms of
calcium phosphate component were developed, in order to optimize the
osteogenic and mechanic properties of the biomaterial, as well as its
biodegradability. Arinzeh and co-workers [205] compared 6 different
biomaterials made up of sHA, β-TCP, or of composites of these two substances
(in different ratios). They showed that, after ectopic implantation (in severe
combined immunodeficiency (SCID) mice), the composite with 20 % sHA and
80 % β-TCP better supports BM-MSCs, a faster osteoinduction, and the
correlated differentiation into osteoblasts. The incorporation of rat or human
MSCs into a composite biomaterial harboring a ratio of 60 % sHA / 40 % β-TCP
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was shown to support the bridging of critical-sized defects [206]. Even if the
resorbability of these scaffolds can be controlled by setting differently the
mass ratio of sHA / β-TCP, it is difficult to fully direct the degradation of these
ceramics, since they show a too limited resistance for being used in human
patients with critical-sized bone defects. However, they can be poorly
osteoinductive, and need to be functionalized. To counteract the poor
efficiency in driving bone neo-formation, Choy and co-workers [207],
incorporate RANKL onto β-TCP ceramic scaffold. Murine osteoclasts
precursors seeded onto this support were able to mature, and to give rise to
active osteoclasts expressing cathepsin K, calcitonin receptor, the
sodium / hydrogen exchanger NHA2 and an active TRAP.

Concerning the problem of friability, sometimes met with porous bioceramics,
the coating of ceramics with biological compounds (i.e. gelatin or alginate) can
notably increase their mechanical properties (either compressive strength, or
elastic modulus) [186,208]. Biocomposites made of sHA or of calcium cements
and natural (e.g. gelatin, collagen, chitosan) or synthetic [e.g. PLA, PLLA, PLGA,
PCL, poly(propylene carbonate)] elastic polymers were also developed, in
order to better mimic the physiological biocomposite bone structure, to reduce
ceramic weakness, and to facilitate the shaping of the scaffold by surgeons.
This association was largely shown to increase the efficiency of osteogenesis
and mineralization (MSCs-derived cells), as well as the differentiation of
osteoclasts [209-217]. The coating of PLLA fibers with sHA allowed human
cord blood-derived stem cells to form bone-like structures when scaffolds and
cells were implanted subcutaneously, avoiding also the induction of excessive
inflammatory reaction [214]. By substituting phosphate ions with silicate ions,
different bioceramic materials have been developed. The investigation in vivo
(sheep) showed that also this peculiar ceramics are able to increase bone
formation and development [218]. Another strategy was to develop bioactives
glasses, or glass-ceramics materials, by incorporating, for example, silicon into
calcium phosphate materials [219,220]. These silica-based bioglasses are able
to quickly bond to bone through a carbonated apatite layer that forms on the
surface of the biomaterial after its interaction with the body fluids. These
bioglasses are degraded faster than mixture of glass and ceramic, and than, of
course, sHA. According to Oonischi and co-workers [221], the rate of silica
dissolution is correlated with the rate of bone differentiation and growth,
rendering this kind of biomaterials interesting to be used for bone tissue
engineering. The results obtained suggested, moreover, that the higher rate of
bone formation could be due to the silica incorporated into the biomaterials.
The bioactive glasses can also be prepared with a macroporous configuration
that was usually shown to increase the formation of bone. In addition,
bioactive glasses can be added to PLGA films, further increasing
their
mechanical
properties
and
osteoconductivity,
and
the
proliferation / differentiation rate of associated human osteoblasts [139]. One
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limit of these bioactive-glasses is their brittleness, and the difficulty to be
properly shaped by the surgeon [222].
12.2.1.5.4. Biomimetics

De-cellularized / de-mineralized trabecular or cortical bones can be used as
biomaterials, as well. They present the advantage to recapitulate the natural
ECM features, and allow, therefore, attachment, proliferation and further
differentiation of adipose-derived stem cells [129]. Usually, acellular ECM can
be obtained after physical, chemical or enzymatic treatments [223,224].
According to the processing of demineralized bone, osteoconductive and
osteoinductive properties can vary [84,225]. Moreover, following the
treatments for preparing demineralized bone, a decrease of bone
interconnectivity due to pore obstruction may occur. Bone-based scaffold can
be also demineralized and functionalized with bioactive molecules [226].
Kim and co-workers [227] used another source of acellular ECM. The human
lung fibroblast ECM can be used as natural scaffold, coupled with synthetic
polymers (PLA, PLGA), and functionalized with the BMP-2 bioactive molecule.
This composite material was shown to favor osteogenic differentiation, either
in vitro or in vivo. In effect, the ectopic implantation of such a scaffold in the
SCID mice, resulted in an increase in bone formation, while its graft in a rat
calvarial bone defect promoted bone healing. However, whereas demineralized
bone matrix is able to provide biochemical cues, it is not able to serve as a
tough structural support.

12.2.1.6. Nanoscale

Nanoparticles or nanocapsules can be proposed as molecule delivery systems,
able to allow the biochemical control of spatial and temporal release of
signaling molecules, such as members of the TGF-β, BMP-2, and BMP-7 family,
or of other bioactive molecules, such as proinflammatory cytokines and growth
factors [e.g. TNF-α, interleukins, interferon gamma (IFNγ), prostaglandins].
These “nanosystems” have been shown to regulate recruitment, migration and
differentiation of bone cells, and, as in the in vivo conditions, to favor cell
survival and to guide bone healing [228-231]. At the nanometer scale, it
becomes possible to regulate cell interactions by means of specific proteins, so
mimicking the nanocomposite structure of bone tissue. Nanostructured groove
patterned biomaterial was shown to be able to induce osteoblasts to mimic, at
least in part, their physiological behavior in response to a mechanical stimulus
(longitudinal stretching), whereas microstructured biomaterials did not induce
such a response [232], then suggesting that, for a proper bone cells activity, the
nanotopography of scaffolds needs to be taken into consideration.
Nanobiomaterials can be produced in different structures / shapes, such as
nanofibers, nanotubes, nanowires, nanoparticles, nanocrystals or
nanocomposites. Because of their nanometer scale, scaffold properties can be
optimized by engineering their surface topography and chemistry, taken into
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account that wetness and surface energy become, at the nanometer length
scale, important parameters involved in the control of cell behavior.
Nanostructured scaffolds were developed to optimize cell-scaffold
interactions, and to physically guide the differentiation of mesenchymal stem
cells and bone progenitors. The nanometer level (< 100 nm for the minor
dimension) is of importance, since it is the level at which cells-biomaterials can
interact, due to the possibility to adsorb proteins on the surface and, then, to
sustain a further development of the engineered tissue-biocomposite assembly
[233,234]. Nanotopography and nanostructure of scaffold surface were shown
to direct cell behavior (thus determining / conditioning the features), even in
the absence of growth factors or of other chemiotactic agents [163,235],
underlining the importance of such parameters in developing new scaffolds.
The progress of technologies allows now to create new and efficient
nanomaterials able to mimic, as much as possible, the native bone hierarchy.
12.2.1.6.1. Nanofibers and nanotubes

This group of nanomaterials was developed because these nano-scaled
biomaterials present a structure very similar to some ECM components, such
as collagen fibrils. They also present a high surface area to volume ratio, that,
after the functionalization of the biomaterial surface, it is important in order to
increase osteoconduction and / or osteoinduction. Kumar and co-workers
[145] tested a broad range of biomaterials for their capacity to interact with
BM-derived MSCs. They showed that the only scaffolds able to guide MSCs
through the osteoblastic lineage were the nanofibrous arranged biomaterials.
The main polymers used to electrospun nanofibers are PLA, PGA, PLGA and
PCL, but some of them still present limitations relating to cell adhesion (caused
by their hydrophobic characteristics), and restrictions due to the harmless of
their degradations byproducts. On the contrary, PCL nanofibers allow rat
BM-derived MSCs to adhere, to proliferate up to form cell multilayer coating of
the scaffold, and, after 4 weeks of culture, to express markers of differentiated
osteoblasts (i.e. mineralization and synthesis of type I collagen) [236]. Carbon
nanotubes present optimal electrical and mechanical properties that can be
exploited for bone engineering, even if they need to be functionalized, in order
to be able to better favor calcium mineralization, and to reduce any possible
cytotoxic outcome [237]. The conjugation of carbone nanotubes with different
molecular groups (e.g. COOH or NH2) is possible, and favors HA mineralization
process. The functionalization, in addition to increasing the biocompatibility of
the biomaterial, can also regulate the strength of the fibers. Another important
attribute of functionalization is that it can modify the surface free energies,
shown to play an important role in cell adhesion and functions [238-241].
Another advantage of the electrospun nanofibers is that, in the presence of
osteogenic culture medium, they regulate cell morphology, proliferation and
sustain stem cells differentiation, in a manner dependent on fibers’ alignment
and diameter [242,243]. This fact may allow for guiding progenitor / stem cell
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differentiation by modulating the manufacture of the nanofibers. However, this
kind of nanofibrous scaffold presents a poor resistance to mechanical stress.
On the contrary, nano-composites scaffolds made of β-TCP and sHA nanofibers,
were shown to be tougher than non-composite biomaterials (β-TCP ceramics
alone), and to reach compressive properties close to the ones of the trabecular
bone in vivo [244]. Venugopal and Vadgama [245] maintained in culture
human fetal osteoblasts on collagen / PLC / sHA composite nanofibers and
showed that such organic-inorganic meld favors cell adhesion, migration,
proliferation and mineralization. A biocomposite made of electrospun PCL
nanofibers and nanoparticles of allogenic bone ECM has been demonstrated to
highly favor the in vivo osteogenic differentiation of adipose-derived stem cells,
when compared to the influence of PCL fibers without ECM nanoparticles on
the same cell type [246]. The versatility of electrospun scaffolds is also based
on their capacity to be processed with bioactive molecules and / or HA. As an
example, a silk poly(ethylene oxide) (PEO) scaffold, harboring both
BMP-2 and HA nanoparticles, was proved to induce human BM-derived MSCs
to differentiate into osteoblastic cells, which, with respect to controls, were
characterized by the expression of BSP, type I collagen, and by a significant
increase of BMP-2 expression and matrix mineralization [247].
12.2.1.6.2. Nanoparticles

sHA was developed as nanocrystalline sHA to better mimic the in vivo
situation, and was used to improve materials’ biocompatibility and conduction.
When MG-63 cells were seeded onto films made of various-sized sHA, the
results indicated that the nanoparticles of sHA support cell proliferation and
inhibit apoptosis better than the microparticles [248]. Nanoparticles of sHA
has been shown to be osteoconductive as amorphous calcium phosphate,
functionalized with the RGD sequences [249]. The nanoparticles of sHA are
particularly appreciated for the great surface area they expose, for the
roughness of their surface, and, also, for their surface energy and the arranged
distribution of their electrons [250]. Moreover, in addition to coat
biomaterials, sHA nanoparticles can also be used as fillers. Many techniques
can be used to prepare sHA nanoparticles, and each of them gives its own sHA
conformation, size and the possibility to create biocomposites [251].
12.2.1.6.3. Nanostructured biomaterials

ECM Hydrogels could better recapitulate some bone matrix properties, such as
structure and high porosity, and provide a large surface area that sustains the
adsorption of adhesive proteins. Hydrogels usually consent an easy exchange
of nutrients and gas up the central part of the scaffolds. They are, furthermore,
easy to manipulate: for example, the linking of protein receptors to the scaffold
can control cell behavior (shape, growth, differentiation, functions) [252].
Co-polymerization of degradable and non-degradable macromers permits to
monitor hydrogel degradation and concomitant expression of osteoblastic
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phenotype and mineral deposit [253]. Concerning fabrication, among the
various materials that can be used to create nanostructured hydrogels, some
are synthetic polymers [such as poly(vinyl alcohol) (PVA) or PEO], while
others are of natural origin (collagen, alginate, chitosan, fibrin, silk, fibrinogen,
gellan gum, etc.). However, hydrogels present often too poor mechanical
properties to be used in orthopedic field. This is the reason why they are often
combined with other biomaterials (e.g. inorganic substances such as sHA,
β-TCP or bioactive glasses) in order to improve their strength [254]. As an
example, gellan-gum hydrogels reinforced by the addition of bioactive glass
nanoparticles, became able to sustain cell adhesion and viability [254].
Another application of nanostructured surfaces in bone repair was developed
by Rani and co-workers [255], who showed that the fabrication of
non-periodic nanostructures renders biocompatibles the scaffold that they
cover. Moreover, according to the arrangement of the nanostructures
(nanoscaffolds, nanoleaves, or nanoneedles), the expression of some
osteoblastic markers is distinctly regulated, as their osteointegration differs in
efficiency.

Nanocomposite materials. First of all, being nanocomposites formed by, at
least, two materials, the resultant of the sum of the properties of the
biomaterials they are composed of, should surpass (in number or quality) the
complex of properties of each individual element. For example, sintering HA
bioceramics, thanks to the high surface energy encountered in nanomaterials,
can increase the mechanical properties of the biomaterial. Combining sHA
particles and chitosan, has permitted to prepare nanocomposites rods with
stronger mechanical properties [256]. Biocomposites scaffolds made of
nanostructured phosphates and natural biopolymers (nanoHA–Si–Mg–Zn
/ type I collagen / chitosan) and organized according the layer-by-layer
method, were able to allow BM-derived MSCs adhesion, remodeling of the
scaffold surface by cells into a more bone-like structure [257]. Bhattacharya
and Chaudhry [258] successed in preparing nanocomposites made of silica
nanoparticles and PVA and presenting bone similar properties. The
osteoinductivity of microscale-bioactive glasses can be optimized, by switching
from the micro- to the nano-scale level [259]. Bearing in mind that bone is a
composite material made of inorganic and organic phases, it is straightforward
to consider that sHA or bioactive glasses could be combined with nanofibers of
polymers to form nanocomposites. In addition to sHA, polymers that can be
used are, for example, synthetic polymers (PLGA, PLLA, PCL, PVA) and natural-based polymers (starch, chitosan, silk, collagen). Nanoceramic composites of
PLGA and nano-HA were used to increase biocompatibility of the PLGA
component. The 3D culture of mesenchymal stem cells with these
biocomposite scaffolds in the fluid-dynamic RCCSTM bioreactor, sustains good
osteoconduction and osteoinduction, and an efficient osteogenesis [260].
Recently, scaffolds made of poly(D,L-lactide) (PDLLA), carbon nanotubes and
nano-HA have been developed, and shown to be able to promote cell viability,
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differentiation, and matrix mineralization. In vivo, such scaffolds allowed the
formation of an immature bone, indicating that the combination of several
components can improve tissue engineering efficiency [261].

12.3. CONCLUSIONS
Regulation of bone homeostasis and healing is complex, and encompasses a
multiplicity of actors that intimely interact and cooperate to reach the best
bone quality in health and illness. When nature is no more able to counteract
bone injury, tissue engineering must take the measures, bearing in mind the
multi-signaling networks involved in bone formation, maturation and
functions, which include biochemical, physical, mechanical, topographical, and
electrical inputs. As described previously, bone is a hierarchically organized,
composite biomaterial, which includes tissue-specific ECM and multiple cell
types: osteoblasts, osteocytes, osteoclasts, lining cells, and precursors. The 3D
tissue organization, the defined cell polarization, the spatial and temporal
localization of biochemical and mechanical signals, the specific cell-cell and
cell-ECM molecular interactions, are fundamental characteristics (and
requirements) for optimal tissue features and responses to various stimuli.
Bone cells interact with a number of other cell types (e.g. endothelial cells,
bone marrow cells, etc.), and bioactive molecules (e.g. cytokines, growth
factors, hormones), synthesized by bone tissue-specific cells, as well as by
neighboring or distant cells. Many engineering strategies have been developed
during the last decades, in order to facilitate / permit the repair of injured
bone unable to self-repair, either since affected by severe pathologies (e.g.
osteoporosis, ischemic necrosis, neoplasia), or due to large loss of substance
(large-sized defect).

Even if great efforts have been addressed in order to optimize bone cell
culturing / transplantation strategies and the design / fabrication techniques
for the manufacture of suitable scaffolds / bioreactors, translational medicine
(and bone tissue engineering) still needs new approaches, in order to allow a
more efficient treatment of orthopaedic patients.

A significant number of nanomaterials has been already conceived and
developed in recent years, aimed at optimizing bone tissue engineering
strategies; nevertheless, none of these products has, at present, been
successfully used in humans for bone repairing procedures. Table 1 shows
some examples of already developed nanomaterials, with their relative
“field(s) of application” (basic research, in vitro/in vivo pre-clinical study, and
translational use at clinical level). Among all the various nanomaterials,
nanoparticles are, at present, the only ones employed in the medical context, as
drug or growth factor vehicles; bone cements and injectable materials (not
necessarily nanoscaled), able to polymerize and harden in situ, are becoming
very interesting, even if not yet ready to be used in orthopaedic contexts.
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Table 1. Examples of nanomaterials use in bone research, from bench to clinic
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Contrary to nanomaterials, nano-coating technologies applied to metal or alloy
implants are easier applicable in clinic, where the nanoscaled size of the
coating has been already demonstrated to favor implant integration in the site
of bone injury, thus suggesting that this strategy is consistently promising.

In conclusion, as bone properties result from the interactions of its cellular and
organic / inorganic components at the macro-, meso-, micro- and nano-scale
level, it is intuitive to expect that the perfect bone bio-substitute (graft
extender, void filler, etc.) should imply that the bioengineering approach aimed
at designing this complex tissue requires multiple assembly / fabrication
controls, up to the nanoscale level. The extraordinary technological progress
attained in the last 10 years, together with the advance in our knowledge of
bone physiopathology (coupled with the new holistic visions from the fields of
systems and emergence biology), will open wide perspectives to innovative
applications of nanoscale structures to bone tissue engineering, thus providing
new powerful tools for improving its strategies for medical applications.
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13.1. INTRODUCTION
In craniofacial region, there are a variety of specified tissues including bones,
teeth, muscles, cartilages, blood vessels and nerves. Bones and teeth, which are
parts of the craniofacial hard tissues, work as a functional unit and provide
structural support, protection, sensation and allow movement. Defect and
dysfunction of bones and teeth may occur due to pathological factors such as
congenital malformations, progressive diseases, trauma and infections; or due
to treatment procedure such as surgery. Whole or partial loss of bone or tooth
structures has an enormous impact on patient's physical and psychological life.
It is important to restore function and preserve esthetics during a craniofacial
reconstruction to ensure patient's regaining self-esteem and maintaining a
good quality of life [1].
For craniofacial reconstruction, bone grafting has become a major treatment
modality in past decades. Various bone grafting materials, including autograft,
allograft, xenograft, and alloplastic graft, provide a wide range of options to
clinicians. Autologous grafting has been used as a gold standard in craniofacial
reconstruction for years with its superior osteogenic, osteoinductive and
osteoconductive properties. However, its further application is limited as a
result of the potential donor site morbidity and insufficient amount of bone
graft [2]. Although bone allograft materials such as demineralized bone matrix
have good osteoconductive and osteoinductive capabilities, these foreign
materials may induce immune rejection from the host. Immune suppression
may also be caused by treatment alternatives to prevent this rejection [3].
Alloplastic grafts, which are usually synthetic materials such as hydroxyapatite
and calcium carbonate, have an inferior osteoinductive and osteoconductive
capability, but they can be customized to fill defects of different shapes [4].
In the last two decades, tissue engineering and regenerative medicine have
been developed and advanced. Dr. Langer first defined tissue engineering as
"an interdisciplinary field that applies the principles of engineering and life
sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function" [5]. For regenerative medicine, the
principles of tissue engineering are utilized to regenerate human tissues or
organs in order to restore normal functions [6]. Modern concept of tissue
engineering was developed in the late 1980s, when synthetic biodegradable
materials were introduced as scaffolds and stem cells technology was
advanced. Since then, the cell-based tissue engineering modality along with a
combination of stem cells, biomaterials and growth factors has been widely
studied and applied. In this method, cells and growth factors are delivered to
the defect site via scaffolds. Scaffolds not only support cell attachment and
proliferation, but also contain and release growth factors to promote cell
differentiation towards a specific lineage for tissue regeneration.
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Tissue engineering using stem cells and biomaterials has been applied to the
reconstruction of craniofacial bone defects. This chapter highlights the recent
progress of tissue engineering in reconstruction of craniofacial bone and tooth
tissues by focusing on two types of mesenchymal stem cells(MSCs): bone
marrow mesenchymal stem cells (BMMSCs) and dental stem cells (DSCs).

13.2. MESENCHYMAL STEM CELLS
MSCs are a heterogeneous cell population with self-renewal, clonogenic and
multipotent characteristics existing in almost all tissues. They were first
isolated from hematopoetic tissues in 1974 [7]. Since then MSCs have been
successfully isolated from a variety of tissues such as bone marrow, skeletal
muscle, dermis, peripheral blood, adipose tissue, umbilical cord blood,
amniotic fluid, cornea and tooth [8,9].

13.2.1. Origin of MSCs

MSCs have complex ontogeny. The exact histological origin of MSCs is still not
well-known, mainly because of the lack of a unique MSC marker. Three
possible origins of MSCs have been proposed.
a. Epithelial to mesenchymal transition (EMT)

EMT is a cellular process in which epithelial cells lose their epithelial traits and
obtain mesenchymal cell properties. During EMT, cell polarization occurs and
junctional structure of the epithelial cells gets lost, followed by cytoskeleton
reorganization and transition to spindle shape mesenchymal-like cells [10].
Accompanying the morphological changes during EMT, the expression of
epithelial related genes is down-regulated while the expression of MSC related
gene is up-regulated. After the completion of EMT, the cells express MSC
markers and exhibit the capability of multilineage differentiation [11-13].
b. Adventitial cells

Human vascular adventitial fibroblasts in pulmonary arteries are found to
contain mesenchymal stem progenitor cells. These cells express MSC marker
genes and undergo osteogenesis and adipogenesis under appropriate culture
conditions [14]. Recently, a cell population characterized by CD34+ CD31−
CD146− CD45− was isolated from the tunica adventitia. These cells expressed
MSC markers and had a similar multipotency to BMMSCs [15].
c. Pericyte origin

In multiple human organs, MSCs also have a perivascular origin [8,16]. It is
believed that stem cells reside in a specialized "stem cell niche" in perivascular
areas, which was first discovered in bone marrow and later was confirmed in
other tissues [17,18]. Pericytes are the contractile cells surrounding the
endothelial cells in capillaries. Some surface markers of MSCs are expressed in
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pericytes, including CD146 and PDGF-Rβ [19,20], and MSCs express some
pericyte markers such as pericyte-associated antigen 3G5 [21], suggesting that
pericytes have a potential link with MSCs. Pericytes have the ability of
differentiation into osteoblasts, osteocytes, adipocytes, chondrocytes and
nerve cells [22-26], indicating the potential perivascular origin of MSCs. Thus,
two perivascular MSC progenitors may co-exist: adventitial cells around larger
vessels and pericytes in capillaries. It should be noted that MSC-like cells can
be as well derived from vascular tissues such as intervertebral discs. These
cells not only express MSC markers CD146 and CD166, but also have the
capability of multilineage differentiation [27-29].

13.2.2. Functions of MSCs

Although the exact mechanisms of MSCs are not fully clear yet, the functions of
MSCs in tissue engineering can be concluded as the followings:
a. Homing effect

MSCs have a specific capability to migrate to injured or damaged tissue sites
when they are introduced into the host body, which is defined as "homing
efficiency" [30,31]. The migration is induced by a group of molecules called
"homing-related molecules (HRMs)". HRMs have three major categories: (a)
chemokines, such as chemokine ligand 12 (CCL-12)-chemokine receptor 4
(CXCR4), and chemokine ligand-2 (CCL-2)-chemokine receptor 2 (CCR2)
[32-34]; (b) adhesion molecules, including intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) [35]; and (c) matrix
metalloproteinases (MMPs) [36]. HRMs can be regulated by inflammatory
cytokines. For example, tumor necrosis factor-α (TNF-α) and interleukin-1
(IL-1) up-regulate the expression of ICAM-1 and VCAM-1, leading to the MSCs
chemotaxis [37,38].
b. Trophic effects

After delivered to the injured site, MSCs can be stimulated by the local
micro-environment to produce trophic factors, such as insulin-like growth
factor (IGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF),
vascular endothelial growth factor (VEGF), interleukin-6 (IL-6) and CCL-2. The
trophic factors can promote cell proliferation, anti-apoptosis and enhance
angiogenesis [39,40]. For example, the conditioned media from mesenchymal
stem cells have the effect of enhancing bone regeneration, suggesting that
paracrine factors secreted by stem cells can promote osteogenesis [41].
c. Plasticity and multilineage differentiation

MSCs have the capability to differentiate into mature and functional cells of the
same or different germ layer of origin, which is described as “plasticity” [42].
BMMSCs have been extensively studied, and their multipotency are proved to
differentiate into different types of cells in bone, cartilage, adipose tissue and
skeletal muscles [43-47]. BMMSCs can also differentiate into cardiomyocytes
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[48], neural cells [49], epithelial cells [50,51], endothelial cells [52] and
hepatocytes [53]. For regenerative medicine, the plasticity of MSCs provides
the fundamental cellular basis. Four mechanisms of plasticity have been
proposed: (a) stem cells from embryonic stage are persistent during the
development and maintained in post-natal tissues; (b) "true" post-natal stem
cells, such as multiple adult progenitor cells, reside in tissues [54]; (c) MSCs
undergo de-differentiation, trans-differentiation or re-differentiation [55-57];
and (d) fusion of donor and host cells trigger the exchange of genetic
information, leading to the MSCs trans-differentiation [58,59]. The plasticity of
MSCs can be enhanced by environmental changes, stimulated by exogenous
growth factors, or regulated by genetic manipulation. For example, the hypoxic
condition can enhance osteogenic differentiation of BMMSCs [60], and
genetically engineered MSCs with osteogenic factors bone morphogenetic
protein-2 (BMP-2) promote osteogenesis [61,62].
d. Immunomodulatory effect

Studies have reported the immunosuppressive effect of MSCs [63,64]. MSCs
can be stimulated to produce immunosuppressive mediators E2 by the
inflammatory stimuli including nitric oxide and prostaglandin, as well as
cytokines IFN-y, TNF-α and IL-1 [65-67]. These stem cells regulate both of
innate and adaptive immune systems. They are able to inhibit the maturation
of monocytes [68], and also inhibit the proliferation of B cell and T cell [63,69].
Based on their immunosuppressive effect, MSCs have been suggested to be
used to treat patients with immune diseases, such as systemic lupus
erythematosus [70,71], rheumatoid arthritis [72] and multiple sclerosis [73].
However, higher level evidences are required to support the clinical use of
MSCs as an immunosuppressive reagent, such as randomized and well
controlled studies to understand their immunomodulatory effect further.

13.2.3. Isolation of MSCs

In order to isolate a population of MSCs, the first step is to separate cells from
the tissue origins by either enzyme digestion or the explant culture [74]. Then
the MSCs population can be isolated and identified from the entire cell
population by the following methods: (a) selection based on physiological
criteria including morphology, proliferation and differentiation properties; (b)
immunohistochemical staining; (c) immunomagnetic bead selection; and (d)
fluorescence-activated cell sorting (FACS).
Among these methods, FACS has become very popular, since it is sensitive,
accurate and cost efficient. Immunohistochemistry method can help to confirm
the location of MSCs in tissues. For example, immunohistochemical staining
showed that a majority of STRO-1+ cells are found in the niche located in the
perivascular and perineural sheath regions of the human dental pulp [75-79];
in the periodontal ligament, most cells with STRO-1+/CD146+/CD44+ are
located in the perivascular regions [80].
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13.3. BONE MARROW MESENCHYMAL STEM CELLS
(BMMSCs)
Bone marrow contains heterogeneous populations of cells, in which only a
small fraction are multipotent cells [7,43,45,81]. Two major distinct stem cell
populations have been found in bone marrow: hematopoietic stem cells and
mesenchymal stem cells. At present, BMMSC is one of the most well
characterized postnatal stem cell populations that have been utilized for cell-based clinical therapies. BMMSCs express not only STRO-1, CD106 (VCAM-1),
CD146 (MUC18), but also mesenchymal associated surface molecules CD49a,
CD73, CD90, CD166, β-2 integrin (CD18), and endothelial progenitor related
marker CD105 [45,82-86]. Cell flow cytometry is used to isolate different
subpopulation of cells with desired stem cell characteristics with the help of
single or a combination of these markers. Recently, a rare population of murine
BMMSCs was discovered expressing high CD13 and stage-specific antigen I
(SSEA-I). These cells, named as multipotent adult progenitor cells (MAPC),
showed a very strong capacity of proliferation and differentiation towards cells
originated from any of the three germ layers, indicating that MAPC had a great
potential for cell-based stem cell therapy [54,87].

13.4. DENTAL STEM CELLS (DSCs)
Since the first isolation of human dental stem cells from dental pulp tissue in
2000 [75], at least five different types of mesenchymal stem cells have been
isolated from tooth related tissues, including dental pulp stem cell (DPSC) [75],
stem cells of human exfoliated deciduous teeth (SHED) [88], stem cells of the
apical papilla (SCAP) [89], dental follicle progenitor cells (DFPC) [90] and stem
cells from periodontal ligament (PDLSC) [91,92]. It has been reported that
various types of DSCs exist in dental tissues such as dental pulp, periodontal
ligament, apical papilla, tooth germ, dental follicle of mature and immature
teeth, inflamed periapical [93,94]. Even induced bleeding during pulp
regeneration procedure revealed a large amount of stem cells [95].

Similar to all other MSCs, DSCs reside in the perivascular and perineural sheath
regions [76,77], and can be isolated by FACS based on the specific cell surface
markers. The markers include but not limit to: positive markers such as
STRO-1, CD13, CD44, CD24, CD29, CD73, CD90, CD105, CD106, CD146, Oct4,
Nanog, β2 integrin and 3G5; and negative markers such as CD14, CD34, CD45
and HLA-DR [96]. In recent studies, a subpopulation of cells expressing
c-kit+/CD34+/STRO-1+ was isolated from perivascular niche of their
respective tissues. These cells are believed to more accurately represent
multipotent stem cells population and are therefore recommended to be used
as DSCs [83,86,96-99].
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DSCs have shown stem cell properties including self-renewal and multilineage
differentiation. For example, under specific culture conditions in vitro, DPSCs
can undergo osteogenic / odontogenic, adipogenic, chondrogenic or neurogenic
differentiation [75,88].

13.5. COMPARISON OF BMMSCs AND DSCs
Both BMMSC and DSC are considered as a subpopulation of mesenchymal stem
cells. Similarities and differences have been found between them (Table 1).

13.5.1. Gene expression profile

A similar pattern of gene expression between BMMSCs and DPSCs can be
showed by microarray analysis. Shi et al. compared the gene expression
profiles between DPSCs and BMMSCs using microarray, and found that more
than 4000 known genes had a similar expression level between these two
types of cells [100]. On the other side, DPSCs expressed higher level of Col18a1,
IGF-2, discoidin domain tyrosine kinase 2 (DDR2), NAD(P)H menadione
oxidoreductase (NMOR1), cyclin-dependent kinase 6 (CDK6), homolog 2 of
drosophial large disk (DLG2); while the expression of Col1a2 and IGF binding
protein 7 (IGFBP-7), were higher in BMMSCs. Moreover, no gene was
expressed solely in either of these two cell types [100]. In another study by
Yamada et al., over 12,000 genes were compared between osteogenic induced
DPSCs and BMMSCs. The result showed that after osteoinduction, DPSCs
expressed higher level of ALP, DMP1 and DSPP. Cluster analysis revealed the
difference of gene expressions existing in gene groups that involved cell
signaling, cell communication or cell metabolism [101]. Kim et al. performed a
GeneChip analysis to compare the gene expression profiles between STRO-1+
BMMSCs and STRO-1+ DSCs. They identified that in BMMSCs, 379 genes were
up-regulated and 133 genes were down-regulated; in DPSCs, 218 genes were
up-regulated and 231 genes were down-regulated [102].

13.5.2. Proteomic profile

A study used a large scale of 2-dimensional electrophoresis and liquid
chromatography to compare the differential proteomic expression profiles of
DPSCs and BMMSCs derived from an individual donor. Eighteen proteins were
found upregulated in DPSCs relative to BMMSCs, while no protein upregulation
was observed in BMMSCs compared with DPSCs [103]. Wei et al. identified
23 proteins related to odontoblastic differentiation of dental pulp cells (DPCs)
in vitro, including cytoskeleton proteins, nuclear proteins, cell membrane-bound molecules, proteins involved in matrix synthesis, and metabolic
enzymes [104]. Aforementioned results suggest that differences exist in the
characteristic growth and development capacity of DPSCs and BMMSCs, which
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needs to be considered when the cells are used for particular tissues
regeneration.

13.5.3. Colony-forming unit / cell proliferation

The percentage of colony-forming cells derived from dental pulp tissue was
significantly higher than that derived from bone marrow [75,105]. DPSCs
exhibit a higher proliferation rate and grow faster compared to BMMSCs in
vitro [75,93,105]. Flow cytometry study showed that DSCs contained a higher
portion of cells that in G2 / M phase and lower portion of cells that in G0/G1
phase, suggesting more DSCs are undergoing mitosis [93].

13.5.4. Multilineage differentiation
a. Neural differentiation

DPSCs and BMMSCs are both capable of undergoing neural differentiation
under defined conditions, which is evidenced by cell morphology change from
fibroblast-like to neuron-like appearance with multipolarity and elongated
processes. The differentiated cells have an increased level of neural markers
nestin, βIII-tubulin and NF-200 [93]. Karaöz et al. found that human DPSCs
expressed several specific transcripts and proteins of neural stem cells and
demonstrated better neural and epithelial stem cell properties than BMMSCs
[106].
b. Osteogenic / odontogenic differentiation

Both DPSCs and BMMSCs are able to differentiate and form the alizarin-red
positive tissues [93]. Batouli et al. implanted DPSC and BMMSC transplants
respectively into mice, and found that BMMSCs tended to form more
bone / marrow structures, whereas DPSC transplants more tended to form
dentin / pulp complex. The same study also found that FGF and MMP-9 were
highly expressed in the connective tissue compartment of BMMSC transplants;
while dentin sialoprotein (DSP) was highly expressed in DPSC transplants
[107]. In a study by Yu et al., DPSCs or BMMSCs were cultured in renal capsule
of rat for 14 days, and DPSCs were found to present more striking odontogenic
capability than BMMSCs [108]. Zhang et al. seeded rat and human BMMSCs and
DPSCs respectively on HA / TCP and cultured in vitro, or implanted them into
nude mice in vivo. They found that in vitro both types of cells showed abundant
cell growth and mineralization of extracellular matrix were noted, but in vivo
BMMSCs displayed more potent capability to form mature bone-like structures
than DPSCs [109].
c. Adipogenic differentiation

BMMSCs and DSCs both have capability to differentiate into oil-red O positive
cells [93], although Zhang et al. observed that DPSCs and SCAPs had weaker
capability of adipogenesis in comparison with BMMSCs [89,110].
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d. Chondrogenic differentiation
Although BMMSCs and DPSCs are both able to differentiate into chondrogenic
lineage [111-114], the chondrogenic potential of DPSCs appears weaker than
BMMSCs [80,110].
e. Muscular differentiation

Both of BMMSCs and DPSCs can differentiate into muscular lineage and have
the potential in craniofacial and cardiac repair and regeneration [115-119].

General
properties
CFU

Table 1. Comparison between BMMSCs and DSCs
BMMSCs

DSCs

Reference

Lover (2.4–3.1
colonies / 104 cells
plated)

Higher (22–70
colonies / 104 cellsplate
d)

[75]

Higher

Lower

[93]

[93]

Higher (72 % BrdUrdpositive cells
± 3.48 SEM)

[75,93]

Lower

Higher

[93]

CD44

+

+

CD90

+

+

Proliferation
rate

Lower (46 % BrdUrdpositive cells ± 1.96 SEM)

Cells in G2 / M
phase

Cells in G0 / G1
phase
Surface
marker
CD29
CD13

CD105
CD106
CD14
CD34
CD45

STRO-1

Gene
expression
profile
Nanog
Oct3 / 4
342

−
+
+
+
−
−
−
+
+
+

+

[120]

+

[93]

+
−

[103]
[93]

[114]

−

[93,103]

+

[120]

−
−

+
+

[103]
[103]

[93,122]
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Sox2

BMMSCs
+

DSCs
+

Reference

Col 18a1

+

++

[99,102]

NADP

+

++

[100]

Homolog 2 of
drosophial
large disk

+

++

[100]

vimentin

+

+

[123]

Upregulation

0 protein upregulated
relative to DPSC

18 proteins
upregulated relative to
BMMSC

[103]

DMP1

+

++

[103]

OCN

+

+

[123]

Col1a2

Insulin-like
growth factor
binding protein
7
IGF-2

Discoidin
domain
tyrosine kinase
2
Cyclindependent
kinase 6

nestin

Proteomic
expression

Osteo/
Odontogenic
ALP
BSP

Col1
Col3

Runx2
DSPP

Chondrogenic
Adipogenic
Neurogenic
Nestin

++
++

+
+

+

+

+
+
+
+
+

+
+

++
++

++

+

++
+
+
+
+

[103]
[100]

[100]
[100]

[100]

[123]

[103]
[114]
[114]
[114]
[123]

−

++
+

[80,109]

+

+

[93]

++
++

+

[103]

[38,109]
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NF-200

Cytokine
secretion
VEGF

TGF-β1

BMMSCs

DSCs

Reference

+

++

[106]

+
+

+

++

[93]

[106]

+: Expression tested positive; ++: expression tested positive and strong; −: expression tested
negative

As a summary, several different gene and protein signatures have been
exhibited in MSCs from bone marrow and dental tissue, which makes the stem
cells competent to give rise to a specific lineage [120]. When applying these
mesenchymal stem cells for craniofacial reconstruction, it is very important to
recognize: (a) the differentiation capacity of cells may change along with cell
passages. In vivo transplantation study showed that rat DPSCs at passage 1
could develop into dentin, bone and cartilage structures respectively, while
DPSCs at passage 9 could only generate bone tissues [121]; (b) craniofacial
bones are derived from neural crest cells, while long bones are derived from
mesoderm [122]. The MSCs derived from bone marrows of these two origins
may show different osteogenic potency [123,124]; (c) DSCs generally appear to
be more committed to the odontogenic rather than the osteogenic lineage
[79,88,125,126]; (d) DSCs from different tissue origins have difference
regarding their potential in dental tissue regeneration. for example, PDLSCs
are more potent to regenerate cementum / PDL-like structure, while DPSCs are
more potent to regenerate dentin-pulp complex [114]; (e) The osteogenic
potential of BMMSCs varies among different donors [127]; (f) Currently there
is no unique master mesenchymal stem cell that is appropriate to regenerate
all target tissues to treat various diseases.

13.6. REGENERATION OF CRANIOFACIAL TISSUE USING
MSCs
Tissue engineering technology makes it possible to locally deliver MSCs and
growth factors. MSCs and specific growth factors are first loaded into the
biomaterial scaffold. The whole system is then delivered into the required sites
[128,129]. This technology has been extensively applied to craniofacial tissues
regeneration at both of the bench and clinical levels.

13.6.1. Regeneration of craniofacial bone tissues with BMMSCs

BMMSC is one of the most well characterized postnatal stem cells and have
been used for cell based clinical therapies to regenerate hard tissues in
craniofacial region.
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13.6.1.1. Calvarial bone defect repair
The critical sized calvarial defect model is a well-established model to study
the calvarial bone regeneration. A range of biomaterials have been used for
calvarial bone defect regeneration, including silk fibroin, poly(lactic-co-glycolic
acid) (PLGA), poly(vinylidene chloride), hydrogel, and minimally-invasive
delivery of tissue-engineered bone (TEB). An injectable biopolymer scaffold
seeded with BMMSCs and BMP-2 was used to repair rat calvarial defect, and
significant regeneration of bone tissues was found at 4 weeks after
implantation [130]. Lima et al. immobilized rat BMMSCs in the alginate beads
before delivering them to bone defect area, and the results showed in
accelerated bone regeneration [131]. Jiang et al. also reported that platelet-rich
plasma scaffold loaded with BMMSCs promoted bone regeneration within
8 weeks in a rabbit model [132]. In a porcine model, a collagen scaffold
cultured with BMMSCs led to the mineralization of newly formed bone tissue
within 90 days after implantation [133]. BMMSCs can effectively support
neovascularization mediated by endothelial cells, and promote angiogenesis
for bone regeneration [134]. Furthermore, BMMSCs can be genetically
modified to enhance their differentiation towards a specific lineage. Zou et al.
reported that the transduced BMMSCs with angiogenic factor
hypoxia-inducible factor-1α (HIF-1α) significantly improved blood vessel
formation in calvarial defects [135].

13.6.1.2. Maxillary bone reconstruction

Maxillary sinus floor elevation is a common procedure for maxillary
reconstruction. In a recent randomized controlled study, a bilateral sinus floor
augmentation procedure was performed on 12 patients. The MSCs were
seeded on BioOss® particles and then delivered to the defect sites. These cells
were derived from either posterior iliac ridge or mandibular ridge in the
retromolar areas. Both groups gained a sufficient volume of new bone
formation, which enabled the reliable implants placement [136].

13.6.1.3. Mandibular bone reconstruction

Mandible reconstruction by tissue engineering has been reported on various
animal models. In a study, BMMSCs were loaded on hydroxyapatite / tricalcium
phosphate (PCL / TCP) to repair the mandibular defect in dogs, and significant
bone formation was noted on day 21 [137]. To achieve vertical bone
augmentation, Khojasteh et al. also loaded BMMSCs on PCL / TCP before
implanting the system into mandible, and significant bone formation was
observed in 8 weeks [138]. In another study, BMMSCs were loaded into PLGA
scaffold and cultured for 10 days before being implanted into a mandibular
defect site in minipig. The defect site was filled with bone-like tissues in
6 weeks [139]. Recently a clinical case of mandible reconstruction has been
reported by Warnke et al., in which a titanium mesh transplant was fabricated
345

Chapter 13

by CT scanning and computer-aided design. The mesh was loaded with bone
marrow and supplemented with BMP-7, followed by implantation into
latissimus dorsi muscle for 7 weeks. It was then transplanted as a free bone-muscle flap to repair mandibular bone defect [140,141]. Hernández-Alfaro
et al. reported another clinical case, in which bone marrow aspirate from the
iliac crest was used to treat patient with mandibular bone defect. Bone marrow
aspirate was supplemented with BMP-7 and seeded on a bovine xenograft
blocks. The results showed adequate bone formation and recovery of esthetics
and function [142].

13.6.1.4. Alveolar bone reconstruction

In secondary alveoloplasty, mesenchymal stem cells from a posterior iliac bone
can be mounted on a biphasic scaffold combined with platelet derived growth
factor (PDGF). In a recent study, the triads were placed into the alveolar cleft
defects in patients. About 51.3 % of bone re-growth was observed in 3 months
after the surgery [143].

13.6.2. Regeneration of craniofacial bone tissues with DSCs

DPCs provide an alternative MSC source to reconstruct craniofacial bone
tissue. Otaki et al. reported that by mixing dental pulp cells with HA / TCP and
subcutaneously implanting them to the immunocompromised mice, bone
tissue was regenerated [144]. Yamada et al. demonstrated that stem cells from
deciduous teeth mixed with platelet-rich plasma scaffold have the ability to
form new bone to repair a significant osseous defect [145]. Tour et al. used
periodontal ligament stem cells seeded on an extracellular matrix modified HA
scaffold to repair calvarial critical-sized defect, resulting in a significant
improvement of calvarial bone reparation [146]. In a clinical study, DPSCs
were seeded on a collagen sponge scaffold to repair alveolar ridge defect, and
optimal bone regeneration was observed one year after the grafting, indicating
the combination of DPSCs with collagen sponge biocomplex completely repair
human mandible bone defects [147].

13.6.3. Regeneration of dental tissue with BMMSCs
13.6.3.1. Regeneration of periodontium

Kawaguchi et al. demonstrated that new cementum, alveolar bone and
periodontal ligament in class III periodontal defects in dogs could be
regenerated by transplantations of ex vivo expanded autologous BMMSCs. A
20 % increase in new cementum length and bone area was revealed by
morphometric analysis [148]. In a subsequent study, autologous BMMSCs with
a collagen scaffold were transplanted to treat patients with periodontal
osseous defects. The results showed a significantly improved bone formation
[149]. Zhou et al. reported engraftments of BMMSCs were differentiated into
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periodontal specific cells when BMMSCs were delivered to the injured dental
tissue site, suggesting that BMMSCs may communicate with surrounding
dental tissues to become tissue-specific mesenchymal progenitor cells, and
participate into the regeneration process [150].

13.6.3.2. Regeneration of whole tooth

Ohazama et al. reported using cultured stem cells could induce a significant
progress toward the creation of tissue-engineered embryonic tooth primordia.
Various mixtures of non-dental-derived mesenchymal cells, such as embryonic
stem cells, neural stem cells, and adult bone marrow cells, with embryonic oral
epithelium cells were detected and transplanted into the renal capsules of
adult mice. All mixtures led to the development of a tooth structure and bone.
Interestingly, the fact was noted that the host tissues made no contribution to
the donor tissue. Moreover, transfer of embryonic tooth primordia into the
adult jaw resulted in the development of tooth structures, indicating that an
embryonic primordium can develop in its adult environment [151].

Although it is believed that the ultimate goal of tooth regeneration is to
develop a whole bioengineered tooth that is fully functional, at the current
stage, growing a complete bioengineered tooth from a single kind of cells still
remains very challenging [152].

13.6.4. Regeneration of dental tissues with DSCs

In periodontal field, guided bone regeneration (GBR) and guided tissue
regeneration (GTR) are surgical procedures that utilize a barrier membrane to
prevent the periodontal epithelium ingrowth, and to maintain the space for
bone and tissue regeneration [153]. Various resorbable or nonresorbable
membranes along with bone graft materials have been used for these
procedures [154-162]. Additional growth factors can be added to scaffold to
promote their regeneration capability [163]. In endodontic field, the routine
root canal treatment for a necrotic tooth is very challenging, especially in the
cases of immature permanent teeth with open apex. As a new treatment
modality, regenerative endodontics is able to create and deliver tissues to
replace diseased and missing pulp. The clinical procedure of regenerative
endodontics was first described by Dr. Nygaard-Ostby [164] and further
developed by Dr. Martin Trope [165]. Since then techniques and materials have
been advanced to promote continued root formation and apical closure [166].
The principles of regenerative endodontics are to initiate bleeding into the root
canal through mechanical irritation of the apex, thus producing a blood clot to
form a scaffold. Stem cells from apical papilla were meanwhile introduced into
the root canal by bleeding [95]. Numerous clinical case reports have shown the
successful regain of root length and width [167,168]. Advancements have been
made in regenerative endodontics via the tissue engineering technology.
Huang et al. observed that DPSCs implantation in a mechanically enlarged root
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canal led to the formation of dentin-pulp complex [169]. Recently, several
novel scaffolds have been designed for pulp regeneration, such as the
self-assembling peptide amphiphile nanofibers [170], and the electrospun
nanocomposite composed of polydioxanone and halloysite nanotubes [171].
These scaffold materials have greatly promoted the tissue regeneration.

13.7. FUTURE PERSPECTIVE
In craniofacial hard tissue reconstruction, the future advancement of tissue
engineering will continuously be centralized on three essential components:
mesenchymal stem cells, scaffolds and growth factors. Before animal studies
and preclinical models further contribute to the clinical practice of
regeneration, it is necessary to address several major challenges.

13.7.1. Source of stem cells

Clinical application of allogeneic MSCs is limited by the potential
immunosuppresive effect from the host. Even the MSCs with low immunogenic
profile in vitro can still induce immune response when they are transplanted
in vivo [172]. Autologous stem cells from the same patient are ideal to avoid
immune rejection. The concept of "stem cell banking" has been raised, and it
will potentially provide an essential infrastructure for cell-based tissue
regeneration [173]. However, the effectiveness and economical aspects of stem
cell banking, especially dental stem cell banking, need further evaluation.
Recently researches on the induced pluripotent stem cells (iPS cells) from
somatic [174,175] and dental tissues have advanced, and therefore provide an
alternative source of MSCs [176].

13.7.2. Microbial control

Microbial control in oral cavity will remain as a major challenge for the dental
tissues regeneration since microorganism invasion and biofilm formation are
the fundamental etiologies of oral diseases, especially endodontic and
periodontal diseases. A higher level of disinfection may be required in
regenerative endodontics. A variety of antibacterial irrigants have been used in
clinic, including sodium hypochlorite, chlorhexidine, ethylene diamine
tetraacetic acid and iodine potassium iodide. As an alternative, mixture of
multiple antibiotics has also been introduced to the clinical procedure of dental
pulp regeneration [163]. It should be noted that the success of tissue
engineering requires the survival and proliferation of stem cells. Therefore, the
goal of microbial control should be to maximize the antimicrobial effect but
meanwhile to minimize the harmful effects on stem cells [177].
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13.7.3. Biomaterial scaffold
In tissue engineering, biomaterial based scaffolds play a critical role. Scaffolds
are used to seed cells and act as extracellular matrix. The ultimate fate of stem
cells is determined by the properties of scaffolds. Recently, the dynamic
reciprocity between the MSCs and scaffolds has received increased attention.
The reciprocity is not only referred to the chemical or biological characteristics
of scaffolds, but also linked to its mechanical characteristics [178-181].
Scaffolds are used to integrate and release growth factors to guide stem cells
differentiation. During stem cells differentiation, specific growth factors may
be required only during a specific period of time and at a specific location.
Therefore, obtaining the temporal and spatial control of growth factors release
is still a challenge for designing a new scaffold in tissue engineering.

13.7.4. Regulation of stem cell differentiation

Currently BMMSCs are the most widely used stem cells in craniofacial
reconstruction [30,182,183], yet DSCs will greatly contribute to this field due
to their origination from the same region and more commitment to the
odontogenic lineage [79,88,125,126]. However, the detailed molecular
signaling mechanisms of DSCs differentiation are still not fully clear. During
stem cell differentiation towards a specific cell lineage, it is of great importance
to understand the sequential activation or inactivation of signal cascades in
order to help and promote tissue regeneration [184].

13.7.5. Risk of using stem cells

Stem cell laden scaffolds are not totally risk free but hold potential for
malignancy. Currently most researchers focus on how to regenerate tissue. The
next challenges will be how to control the process of regeneration, how to
command the over-regeneration, and how to prevent the malignant
transformation of cells. The genetic stability of these cells must be maintained
during their differentiation.

13.8. CONCLUSION
Tissue engineering technology has been applied to the reconstruction of
craniofacial tissue. The reconstruction of craniofacial tissue with MSCs has
provided an alternative treatment modality, and various preclinical studies
and case reports have proved its high potential of success. Stem cell-based
tissue engineering in craniofacial reconstruction is promising, and it may
finally replace autologous bone grafting to improve the life quality of patients.
However, several challenges are still remaining. Successful craniofacial tissue
regeneration depends on the appropriate selection of the source of stem cells.
Dental tissue regeneration especially tooth regeneration needs the interaction
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between epithelial and mesenchymal stem cells. It is challenging to control and
guide the differentiation of MSCs towards the target craniofacial tissue,
meanwhile to prevent their transformation during the differentiation.

The optimal combination of stem cells, growth factor and biomaterial scaffold
is the current focus in order to achieve more advanced tissue regeneration. In
the field of craniofacial tissue regeneration, researchers who are utilizing
tissue engineering technology still face two major challenges: reestablishment
of effective vascularization and functionality regaining of the bioengineered
constructs. Various strategies have been proposed, including growth factor
delivery, three dimensional culturing systems and biomimetic scaffold design.
The spatial and temporal control of growth factors release from biomaterial
scaffold is also a hot area of research. Furthermore, the translation of the
cell-based technology from in vitro to in vivo is still a challenge. After
transferring MSCs from in vitro to in vivo microenvironment, the interaction of
MSCs and the microenvironment they reside, and the fate of stem cells in vivo
need to be further studied. Safety precautions and regulations should also be
considered before clinical application.
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14.1. INTRODUCTION
Type 1 diabetes (T1D) is an autoimmune disorder characterized by β-cell
dysfunction, immune-mediated β-cell destruction within the islets of
Langerhans in the pancreas, resulting in a rapid decline in insulin secretion,
ultimately resulting in insulin deficiency [1]. The current management
paradigm for T1D is strict glycemic control through injectable exogenous
insulin, often administered subcutaneously using insulin injections or pumps.
An alternative to exogenous insulin administration is islet allotransplantation,
a surgical procedure that attempts to replenish the depleted β-cell reserve by
transplantation of islets isolated from cadaver human donors into the patient’s
portal vein. Over the last decade, this procedure has undergone several
modifications and refinements, such that current recipients demonstrate
insulin independence for a reasonable period of time.

Unfortunately, only about one in every 1000 type 1 diabetics is able to avail of
this treatment modality due to scarcity of donors. Even those fortunate enough
to be able to receive a transplant require islets from multiple donors. These
disadvantages, coupled with inconsistent islet yields, and the need for a multi-drug immunosuppressive regimen with significant adverse effects has
prevented the widespread application of this safe and efficacious therapeutic
option [2]. While the problems with human islet donor scarcity seem
insurmountable, the need for chronic immunosuppression can be
circumvented, or at the very least, reduced by encapsulating these islets before
transplantation.
Encapsulation of cells and tissue in biocompatible polymers has been
extensively evaluated by the scientific community over the last three decades.
Encapsulation serves to create a shield against immune cells and molecules
either of which could be potentially cytotoxic, thus protecting the encapsulated
tissue from immune-mediated graft rejection while still permitting the influx of
glucose, amino acids, micronutrients, oxygen and the efflux of insulin, urea,
metabolites and carbon dioxide. Although encapsulation was first described in
1933, research into using encapsulation technologies in developing therapies
for T1D has only been prevalent over the last two decades. This chapter will
provide an update on advances in this field while expounding on current
trends and future directions.
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14.2. A BRIEF HISTORY OF ENCAPSULATION IN ISLET AND
STEM CELL THERAPY
14.2.1. Small and large animal trials
Bisceglie et al., demonstrated in 1933 that mouse tumor cells encapsulated
within a membranous biopolymer, could be transplanted safely into the
abdominal cavity of a guinea pig. He observed that the cells were able to
successfully evade the immune system and remained viable for several
months. Today, this report is widely regarded as the first scientific document
describing an attempt to transplant cells encapsulated within bioartificial
membranes [3].

In 1980, Lim et al. reported that transplantation of 2,000–3,000 islet
equivalents (IEQ) of islets encapsulated within alginate-poly(L-lysine)-alginate
(APA) microcapsules into streptozotocin (STZ)-induced diabetic rats was able
to reverse hyperglycemia for a three week period post-transplantation [4]. The
hydrogel used in this study was alginate, which is an umbrella term that refers
to a number of complex polysaccharides most of which are commercially
extracted from seaweed, such as kelp (brown algae) and certain cases, from
bacteria (Pseudomonas and Azotobacter spp.). Alginate is composed of linear,
binary copolymers of β-D-mannuronic (M) and α-L-guluronic (G) acid and at
certain ratios of M to G, alginate exhibits a favorable immunologic profile
provided it has undergone extensive purification [3-5]. Several other
researchers have reported that islets demonstrate prolonged function after
transplantation into small [6-11] and large animals [12-17] after
encapsulation. In 2000, Ramiya et al. reported the first instance where ‘islet-like’ clusters generated in vitro from pancreatic stem cells could reverse
hyperglycemia in non-obese diabetic (NOD) mice [18]. In 2010, Tuch et al.
demonstrated that encapsulated pancreatic progenitor cells can normalize
blood glucose levels in NOD mice [19].

14.2.2. Human clinical trials

A few early-phase human clinical trials with alginate encapsulated islets
demonstrated prolonged graft survival, reductions in hemoglobin A1C (HbA1c)
levels and lower insulin requirements [20-23]. In 1994, the first clinical trial
using human islets was reported where a 38 year old diabetic patient was
transplanted with 10,000 IEQ kg−1 body weight alginate-encapsulated human
islet
allografts
while
also
concurrently
receiving
low-dose
immunosuppression. After transplantation, the recipient reported that he was
insulin-free for 9 months [24]. In 2006, Calafiore et al. reported two subjects
that received encapsulated human islets. Both demonstrated lower insulin
requirements and improved glycemic profiles, but no insulin independence
[25]. In 2013, Sernova Corp. (Edmonton, Canada) reported that phase I / II
clinical trials on the Sernova Cell PouchTM on 20 T1D patients demonstrated
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that the device was safe for use in a subcutaneous transplant site and
demonstrated superior biocompatibility [26]. In August 2014, Viacyte Inc., a
privately-held research company secured approval from the U.S. Food and
Drug Administration (FDA) to conduct the first clinical trial using encapsulated
stem cell-derived insulin producing cells on human patients in San Diego [27].

14.3. BIOMATERIAL SELECTION IN ENCAPSULATED-CELL
TRANSPLANTATION
Devices used in cell encapsulation today can broadly be classified into
macroscale, microscale, and nanoscale devices. These implantable devices
could be implanted at intravascular or extravascular sites anywhere in the
body. Several encapsulation devices currently being under evaluation are
shown in Figure 1.
A

B

F

C

E

D

F

Figure 1. Encapsulation devices currently being evaluated for use with stem cells and
islets. VC-01TM [185] (A). β-Air [186] (B). Sernova Cell Pouch System™ [182]
(C). Double encapsulated islet [P. de Vos, personal communication] (D). Various
TheracyteTM models [132] (E). Single encapsulated islet (F). Nanoencapsulated islet
(G) (Ricordi C, personal communication).

14.3.1. Intravascular devices
Intravascular devices contain islets encapsulated within biocompatible tubes
or fibers which are then directly connected to the recipient’s vascular system
[28,29]. Although they present advantages over extravascular transplant sites,
namely, the ability to sense instantaneous changes in blood glucose and
respond appropriately and superior oxygen and nutrient diffusion facilitated
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by being directly connected to blood vessels. However, they have a
predilection to trigger intravascular thrombosis at the implant site, and thus
require concomitant anticoagulation therapy [30,31]. These drawbacks make
them poor candidates for use in stem cell transplantation.

14.3.2. Extravascular devices

A majority of macroencapsulation devices [32-40] that have been evaluated for
use in islet and stem cell transplantation are implanted at extravascular sites.
This is because recipients do not suffer the hemorrhagic complications seen
with implantable intravascular devices. Consequently, such devices have been
evaluated more extensively. They may be broadly classifiable into tubular and
planar devices based on their morphology.

14.3.3. Tubular devices

Over the last two decades, studies conducted using extravascular isletcontaining tubular devices and sealed hollow fiber devices [41-46] have
demonstrated poorer outcomes compared to similar devices transplanted
intravascularly. These results were presumed to be a result of inadequate
oxygen and nutrient diffusion within tubular devices transplanted at
extravascular sites. XM-50 Amicon hollow fiber macrocapsule implants
(Amicon Corp, Danvers, MA), containing human [47] or canine islets
transplanted into STZ-induced diabetic pigs and rodents respectively,
demonstrated minimal fibrosis 5 months post transplantation in the peritoneal
cavity, despite no immunosuppression [48]. In diabetic canine recipients, these
devices demonstrated a 50 % success rate in achieving insulin independence
for 7–12 week period, demonstrating efficacy in large animal models [49].
Subcutaneously implanted hollow fiber implants demonstrated better glycemic
control, minimal fibrotic response and better protection from the immune
system when they were manufactured with smooth outer surfaces compared
to implants with rough or fenestrated outer surfaces [50-53]. Prevost et al.
[54] reported that AN69 hollow fiber implants containing syngeneic islets
demonstrated euglycemia for a 10 week period after transplantation into
STZ-induced diabetic rats. Except for a thin layer of fibroblasts, no host
reaction to the implant was observed. These fibers have been reported to have
neovascularization potential [55], similar to intraperitoneally transplanted,
smooth surface-cellulose fibers [56]. A recent in vitro study suggested that
islets encapsulated in hollow fiber-devices are adequately oxygenated,
comparable to levels found within microcapsules [57]. Hollow fiber devices
have several advantages; they are easy to implant, retrievable, and versatile
enough to be used at subcutaneous transplant sites. However, they are
susceptible to damage after transplantation in vivo and require large doses of
islets to achieve insulin independence [58]; this limits their widespread
applicability.
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14.3.4. Planar devices
Planar devices consist of two circular or rectangular flat sheets attached along
a peripheral rim to obtain a chamber, within which islets or stem cells are
contained. It is believed that this design offers greater stability than hollow-fiber chambers. These devices are commonly implanted in the subcutaneous
tissue. Alternatively, a deeper location like the pre-peritoneal space can be
chosen if their configuration and size would favor a subcutaneous location. In
the case of prevascularized devices, the subcutaneous site is usually preferred,
as a second procedure is often required to seed islets into the device a few
weeks after the initial surgery. However, it has been observed that planar
implants develop changes in shape and size after implantation [59] and studies
have reported formation of a dense fibrotic capsule around these devices that
ultimately results in graft failure and death [60,61]. Suboptimal nutrient and
oxygen diffusion across the layers leading to reduced islet viability, poor graft
function, and ultimately graft failure, limit the ability of these devices to
achieve prolonged insulin independence. Despite these disadvantages, the ease
with which they can be retrieved after implantation, for evaluation of cell
viability [62] and function [63,64] has led to several biomaterial device
engineers to prefer this conformation over all others. This includes the Sernova
Cell PouchTM (Sernova Corp, Canada), the VC-01TM device (Viacyte LLC, San
Diego, CA) and the Theracyte device (Theracyte, Laguna Hills, CA) some of
which can even be modified to promote vascularization while simultaneously
providing effective immunoisolation [65,66].

14.3.5. Prevascularized devices

A ‘prevascularized’ device is one that is designed to increase transplant site
vascularity by the administration of angiogenic factors, or by the induction of
neovascularization by device preimplantation, followed by islet seeding
several weeks later. Prevascularization is being evaluated as a possible
solution to overcome the diffusional limitations noted with planar devices and
to recreate the pancreatic vascular architecture, where islets are in close
contact with the surrounding microvasculature [67,68]. Several studies have
reported successful reversal of diabetes after implantation of prevascularized
islet-containing devices in the peritoneal cavity, specifically in the greater
omentum or other sites; subcutaneous implantation remains the most
attractive location, and represents the safer, less invasive alternative with
minimal adverse effects that also allows for continuous monitoring and
effortless device retrieval [69,70]. Pepper et al. demonstrated that even in the
absence of a device, prevascularization of a subcutaneous transplant site
reversed hyperglycemia in over 90 % of diabetic mice after syngeneic islet
transplantation [71]. Thus, the efficacy of this strategy cannot be overlooked,
especially if the stem-cell containing device is being implanted in the
subcutaneous space.
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14.3.6. Vascularized devices
Over the last decade, researchers began devising ‘vascularized’ devices to
improve nutrient and oxygen delivery to the islets, thus improving insulin
release and increasing success rates after encapsulated islet transplantation. In
order to achieve vascularization, researchers first implant a ‘scaffold’, usually a
several days or weeks before stem cell implantation. The scaffold promotes
neovascularization – the genesis of new capillaries in and around, and in some
instances, into the implant – and helps ameliorate hypoxic injury to the cells,
especially during the first few days after transplantation when they are most
vulnerable to hypoxic stress. Studies evaluating poly(tetrafluoroethylene)
(PTFE) scaffolds either alone [72], or coated with acidic fibroblast growth
factor (a-FGF) [73] (implanted into recipient animals four weeks before
seeding with islets) concluded that, in both cases, vascularization was induced
at both the subcutaneous and peritoneal locations. After the islets were seeded,
the diabetic recipients were noted to demonstrate sustained normoglycemia
for up to 180 days after transplantation.

14.3.7. Microencapsulation

In the case of microencapsulation, islets are encapsulated inside micron-sized
spherical devices made of alginate, agarose or another biocompatible material
and implanted into the recipient. Compared to planar and tubular macro-scale
devices, alginate microcapsules are less likely to deform due to mechanical
forces after transplantation, are simple to construct, easy to administer, can be
scaled to meet commercial needs, and most importantly, can be easily
manipulated to adjust size and permeability. Consequently, they are the most
popular bioencapsulation devices [74-76] being evaluated for use in islet and
stem cell encapsulation. Since these capsules can be produced in large
numbers using commercially developed air-pressure driven electrostatic
droplet generators [77,78], they are inexpensive, and can be standardized for
use with islets or stem cells. Their safety and efficacy has been evaluated in
numerous small [79] and large animal trials [80] where reversal of
experimentally-induced hyperglycemia was noted without the need for
immunosuppressive therapy. Their safety has already been tested in a handful
of human clinical trials [81]; they are safe for widespread application in clinical
transplantation. Chayosumrit et al. reported that microencapsulation
promoted differentiation of human embryonic stem cells (hESCs) into
definitive endoderm and prevented the formation of teratomas after
transplantation in animal models [82].

14.3.8. Nanoencapsulation

Nanoencapsulation is achieved by enveloping the stem cell or islet in a nano-scale immunoprotective layer that is conformally coated on the cell surface,
thus significantly reducing diffusion barriers and permitting implantation into
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sites normally not considered feasible [83]. This technique has several notable
advantages over conventional micro- and macroencapsulation technologies,
especially, rapid glucose response time, improved nutrient access, and the
ability to control capsule permeability by adjusting the thickness and
composition of the encapsulation layer without significantly increasing the size
of the encapsulation coating. ‘PEG’ylation or coating islets with poly(ethylene
glycol) (PEG) is the most popular method of nanoencapsulation currently
being evaluated in islet transplantation trials [84]. Exposure to ultraviolet or
visible light enables PEG cross-linking resulting in the formation of a conformal
coat (or nanocapsule) around the stem cell or islet with minimal tissue damage
[85]. However, PEG-encapsulation is ineffective in protecting islets from
cytokine-mediated cell injury and it has also been demonstrated that PEG is
less biocompatible than alginate and similar hydrogels [86]. Nanolayers
composed of alginate and chitosan [158], membranes made of polylysine and
poly(glutamic acid) [87], poly(L-lysine)-poly(ethylene glycol) (biotin) (PPB)
and streptavidin (SA) [160], complement receptor-1 and heparin [88], and PEG
lipid and poly(vinyl alcohol) (PVA) [89,90] are some of the many biomaterials
currently being evaulated for use in stem cell and islet nanoencapsulation.

14.4. FACTORS THAT IMPACT BIOENCAPSULATION
DEVICE TRANSPLANT OUTCOME
14.4.1. Composition, stiffness & surface characteristics
Results from several in vivo studies have demonstrated that implant survival
after encapsulation within biomaterials is heavily influenced by implant
composition and surface. King et al. demonstrated that when islets were
encapsulated within poly(L-lysine)-free (PLL-free) high mannuronate alginate
(high M) capsules, they demonstrated sustained normoglycemia (up to
8 weeks) compared to high guluronate (high G) alginate capsules [91].
However, it has also been reported that high M, but not high G, alginate
microcapsules stimulated increased pro-inflammatory cytokine release by
monocytes, specifically TNF-α, IL-1, and IL-6, that would negatively impact
islet survival [92,93]. Lanza et al. concluded that improved capsule stability,
and prolonged graft function and survival could be achieved by increasing the
concentration of alginate (from 0.75 % to 1.5 %) used for encapsulation [94].
The length and sequence of mannuronate and guluronate chains and ratio of
mannuronate to guluronate (M/G ratio) in alginate hydrogels determines the
mechanical strength, elasticity, durability, permeability, and swelling
characteristics of the alginate [95,96]. Wilson et al. reported that encapsulation
within high G alginate inhibited murine embryonic stem cell (mESC)
differentiation while high M alginate promoted differentiation toward a
primitive endoderm phenotype [97]. Thus, encapsulation material composition
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can be used to direct stem cell fate down the desired lineage. Several chemical
modifications to alginate composition have either positive or undesirable
effects on its biocompatibility. The use of divalent cations (Ca2+, Ba2+),
polycations (poly(L-lysine) or poly(L-ornithine)), and poly-electrolytes in
alginate synthesis has been extensively studied [98,99]. APA capsules provide
superior permselectivity, i.e. selective blocking of antibody entry into
microcapsules [100,101]. They are also more stable and possess superior
mechanical strength. Unfortunately, their use is associated with increased
pericapsular cellular overgrowth [102,103], and macrophage activation
[104,105], both of which are attributed to greater antigenicity [106,107].

Crosslinking alginate using divalent cations like barium or calcium eliminates
these disadvantages. This is because crosslinking results in the formation of
elastic alginate capsules with better stability and superior mechanical strength
[108,109]. Barium crosslinking has been reported to be less immunogenic
[110] than APA (or other polycation-linked) capsules, while providing
sufficient protection from antibody and cytokine-mediated islet-damage. These
results were surprising as they were previously shown to be more permeable
to IgG antibodies than APA capsules [111].
Candiello et al. demonstrated that hESC gene expression was influenced by
changes in the stiffness of the alginate hydrogel used. Gene expression of
markers specific for the endodermal lineage were highly sensitive to small
changes in substrate stiffness and it was hypothesized that substrate stiffness
could be manipulated along with chemical signals to direct stem cell-lineage
fates toward endodermal lines [112].

One study demonstrated that hollow fiber devices [113] with surface
irregularities can trigger fibroblast activation and attachment which
consequently lead to fibrosis and implant failure. It is expected that most
planar and microencapsulation devices would demonstrate minimal fibroblast
activation and fibrosis owing to their smooth outer layers. It has been reported
that the geometry, rigidity and surface characteristics of biomaterial devices
greatly influence macrophage proliferation and surface irregularities in the
order of a few microns could trigger their differentiation into inflammatory
phenotypes [114].

14.4.2. Synthetic scaffolds

Although alginate remains the most popular hydrogel of choice, agarose
[115,116], chitosan [117], methacrylic acid [118], methyl methacrylate [119],
polyamide [120,121], PVA [122], PEG [123,124], 2-hydroxyethyl methacrylate
(HEMA) [125,126], AN69 (a copolymer of acrylonitrile and sodium-methallyl
sulfonate) [127], and collagens type I and IV [128] are all being evaluated for
use in islet and stem cell encapsulation. Stimuli-responsive synthetic hydrogels
are commonly employed in cell encapsulation and tissue engineering. These
include poly(vinylmethyl ether), polyacrylamide gels, PVA, polyphosphazene,
368

Encapsulation technologies in beta cell replacement therapies for type 1 diabetes

and other derivatives [129]. The single biggest drawback with synthetic
biomaterials is their lower biocompatibility, i.e. they are more likely to
engender a brisk host inflammatory response, leading to fibrosis, graft failure
and cell death. Since these materials will ultimately be transplanted into
humans, all synthetic constituents would need to pass extensive toxicological
evaluation and the material as well as the manufacturing process cannot, at
any stage of the process, use chemicals that are known carcinogens or toxic to
humans. Most synthetic devices are typically modified to interact favorably
with the environment and in certain cases, designed to degrade gradually
under physiologic conditions.

14.4.3. Natural scaffolds

Unlike their synthetic counterparts, hydrogels derived entirely from natural
sources (gelatin, fibrin, agarose, hyaluronate, chitosan, and alginate) are much
less likely to induce a fibrotic or inflammatory host response, and are
preferred for use in microencapsulation [130,131]. Alginate is the most
common hydrogel, synthesized from naturally-derived sources, used in the
generation of microcapsules. However, naturally-occurring hydrogels also
have certain disadvantages: lower tensile strength, greater costs, larger
lot-to-lot variability, and the need for extensive purification to get rid of
contaminants, all of which significantly affect costs and affect optimization of
the manufacturing process [132].

14.4.4. Permeability and permselectivity

Choosing the appropriate pore size is vital for the success of any bio-artificial
encapsulation device. An exceedingly small pore size may impede inward
nutrient and oxygen diffusion, and outbound insulin and metabolite diffusion
from the inner cellular zone of the device. In contrast, a particularly large pore
size may be unable to prevent immunoglobulins entry, which would lead to
immune-mediated islet injury. This parameter is thus the single most
important determinant of biomaterial device composition and design.
Colton et al. observed that when mouse insulinoma cell clusters (MIN6) –
encapsulated in 1 % agarose, 0.005 % HEMA, and 0.15 mg ml−1 collagen and
seeded into planar nuclepore membrane devices with various pore sizes
(100–600 µm) – were transplanted into diabetic Wistar rats, sustained
reversal of hyperglycemia was only seen at small pore-sizes (100–200 µm);
with larger pore sizes (> 200 µm) hyperglycemia reversal was partial and
short-lived [133-135].

Studies have also demonstrated that exposure to host defenses significantly
alters membrane permeability and nutrient diffusion across the device-host
interface. Kessler et al. devised experiments where they applied a protein coat
to the encapsulation device, evaluated membrane permeability to glucose and
insulin during in vitro culture and implanted the devices into rats for a one
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week period. While no adherent, inflammatory or necrotic cells or fibrin
deposits were noted in uncoated devices implanted in vivo (controls), protein
adsorption onto the devices after implantation was greater than that noted
during in vitro culture [136]. Glucose and insulin diffusion rates across the
capsule surface were significantly lower in the implanted capsules, indicating
that protein adsorption onto the capsule surface negatively impacts capsule
permeability in vivo.

14.5. ADVANCES AND RECENT UPDATES IN
ENCAPSULATION TECHNOLOGIES
Although encapsulation should theoretically ensure total isolation from the
host’s immune system and unfettered oxygen and nutrient influx across the
host-device interface, in reality, graft rejection and hypoxia-induced injury are
routinely observed [137,138]; this has led researchers to postulate that
hypoxic-injury and cytokine-induced apoptosis are to blame. Some researchers
have addressed these issues by employing layer-by-layer (LBL)
nanoencapsulation, which involves the generation of several nano-scale coats
by layering them over previous coats, thus enveloping the stem cells to achieve
adequate immunoisolation while maintaining the diffusion distance to a
minimum. LBL nanoencapsulation with multiple layers of polyelectrolyte [139]
or PVA conjugated to a single layer of PEG-phospholipid [140] is also being
investigated. LBL encapsulation has also been attempted in novel areas such as
delayed-release pharmacotherapy and antioxidant drug delivery.
Incorporation of biological factors like fibroblast growth factor 1 (FGF-1)
[141], vascular endothelial growth factor (VEGF) [142], anti-coagulants [143],
anti-inflammatory molecules [144-148], immunoregulatory biomolecules like
CXCL12 [149] and co-encapsulation with tolerogenic mesenchymal stem cells
[150] are all currently being investigated to improve bioencapsulation device
outcomes.

Several novel strategies to ameliorate hypoxia in encapsulated cells including
the use of oxygen-generating chemicals [polydimethylsiloxane (PDMS)-encapsulated solid calcium peroxide] [151], co-encapsulation with
photosynthetically-active microorganisms (Synechococcus lividus) [152] and
implantable devices fitted with access ports to enable direct O2 delivery – the
β-Air device [153] – are all being evaluated.

14.5.1. TheracyteTM

The Theracyte device (Theracyte Inc., San Clemente, CA) is a durable and
retrievable planar macroencapsulation device that consists of a biocompatible
bilayer polymer membrane – a 5 µm PTFE outer layer with a polyester mesh
attached, laminated onto a 0.45 µm inner PTFE layer [154]. At one end of the
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device, a polyethylene port provides access to the lumen for islet seeding.
When implanted subcutaneously, the outer membranes induce
neovascularization while the cell-impermeable inner membranes contain the
insulin-releasing cells within [155]; this arrangement avoids contact with the
host immune cells while improving oxygen and nutrient diffusion into the
device.

Kumagai-Braesch et al. demonstrated that islet-containing TheracyteTM devices
restored and sustained euglycemia in non-immunosuppressed alloimmunized
diabetic rats after transplantation for a 6 month period [156]. Lee et al.
demonstrated for the first time that human fetal pancreatic islet-like cell
clusters could be matured in vivo after encapsulation within TheracyteTM
devices. The encapsulated clusters demonstrated amelioration of
hyperglycemia in diabetic immunodeficient and non-obese diabetic (NOD)
mice [157]. Motte et al. reported that hESCs encapsulated within TheraCyte™
demonstrated enrichment in β-cell content as opposed to alginate
microcapsules which demonstrated increased α-cell content [158]. Kirk et al.
demonstrated reversal of hyperglycemia in diabetic mice 20 weeks after
transplantation of hESCs encapsulated within the devices [159].

14.5.2. Recent developments in stem cell therapy for T1D

Stem cells are an attractive alternative to human islets, as the scarcity of
transplant-quality islets from human cadaver donors, the need for several
donors to fulfil the islet requirements of each recipient, and inconsistent and
unreliable islet yields with human donor pancreases preclude the application
of human islet allotransplantation to all patients diagnosed and currently living
with T1D. Pancreatic stem cells [160,161], hESCs [162-164], induced
pluripotent stem cells (iPSCs) [165-169], mesenchymal [170-174] and
adipose-derived stem cells (ADSCs) [175,176] have all been used to derive
islet-like cell clusters or insulin-producing cells (IPCs) that are viable, express
markers similar to terminally differentiated β-cells (Insulin, GLUT2) and are
able to respond to a glucose challenge. These cells have all demonstrated good
function after encapsulation within bioencapsulation devices and several
in vivo studies have also been conducted. Some research groups that were able
to observe favorable outcomes have also applied and secured approval for
phase I clinical trials in humans [166].
Mason et al. reported that embryonic pancreatic precursor cells that were
dissociated, cultured in vitro, and photoencapsulated, within a synthetic PEG
hydrogel preferentially differentiated into insulin-secreting β-cells. This seems
to suggest that embryonic pancreatic precursor cells could be induced to
proliferate and differentiate along the endodermal lineage to generate a
population of glucose-responsive β-cells if exposed to specific chemical
environments [177].
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14.5.2.1. Pancreatic progenitor stem cells
In 2005, Todorov et al. reported the existence of multipotent pancreatic
progenitor cells that could be successfully differentiated into insulin-producing
cells [160]. A year later, Noguchi et al. reported the induction of pancreatic
progenitor cells into insulin-producing cells, albeit with the use of adenoviral
gene transfer [161]. While this was a significant breakthrough, the need for
transgenic vectors to achieve this transition was a significant drawback.

14.5.2.2. Human embryonic stem cells (hESCs)

In 2012, Schulz et al. reported that a scalable manufacturing process for
producing pancreatic progenitor cells which could reverse STZ-induced
hyperglycemia in mice 4–5 months post-transplant had been developed [162].
In 2014, Pagliuca et al., and Rezania et al. both reported successful validation of
a seven-stage protocol to generate insulin-secreting cells that were able to
reverse hyperglycemia in diabetic mice within months after transplantation
[163,164]. These recent developments represent significant breakthroughs in
developing a cure for T1D using hESC transplantation.

14.5.2.3. Induced pluripotent stem cells (iPSCs)

iPSCs have demonstrated the ability to differentiate into functional β-cells,
in vitro [165]. iPSCs derived from mice and rhesus monkeys have
demonstrated the ability to differentiate into glucose-responsive insulin-positive cells, resulting in a complete reversal of experimentally induced
hyperglycemia after transplantation in diabetic mice (type 1 and 2) [166]. Jeon
et al. reported successful generation of iPSCs from NOD-mouse fibroblasts and
differentiation of these iPSCs into glucose-responsive insulin-producing cells
which when transplanted into diabetic mice resulted in engraftment and
reversal of hyperglycemia [167]. Recently, Shahjalal et al. and Kudva et al.
reported successful differentiation of human-derived iPSCs into insulin-producing cells without using xenogeneic products or viral transgenic vectors
respectively [168]. However, Thatava et al. suggested that translation of results
observed in mice might face significant challenges before translation to
humans when he reported that iPSCs isolated from T1D patients exhibited
significant variations in their ability to differentiate into insulin-expressing
islet-like cells [169].

14.5.2.4. Mesenchymal stem cells (MSCs)

MSCs have long been reported to have immunomodulatory properties. Yeung
et al. reported that culture of MSCs with human islets could protect islets from
pro-inflammatory cytokine-induced β-cell apoptosis [170]. Liu et al. reported
that co-transplantation of islets with MSCs could potentially control graft
inflammation as MSCs are known to secrete anti-inflammatory cytokines and
also induce tolerance by suppressing Th1 lymphocytes and enhancing
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regulatory T cell differentiation [171]. Their immunoregulatory properties are
partly due to the fact that they secrete interleukin 10 (IL-10), leukemia
inhibitory factor (LIF) and other immunomodulatory biomolecules.
Carlsson et al. reported that new-onset T1D patients treated with autologous
MSCs showed preserved or even increased C-peptide peak and area under the
curve (AUC) values. MSCs may thus play a role in preservation of β-cell mass
and function and halting disease progression in T1D [172].

14.5.2.5. Adipose-derived stem cells (ADSCs)

Jun et al. reported that co-culturing ADSCs with islets may protect the islets
from hypoxic injury during culture, and that this strategy could be employed to
improve islet cell survival and function prior to transplantation. This
hypothesis was based on the observation that mice transplanted with ADSC
co-cultured islets remained normoglycemic longer and required a lower islet
mass to reverse diabetes [173]. Chandra et al. reported that ADSC-derived
islet-like cell aggregates (ICAs) release human C-peptide in a glucose-responsive manner and transplantation ICAs into STZ-diabetic mice restored
normoglycemia within a 4 week period [174].

14.5.2.6. Other cell sources

In addition to all the aforementioned cell types, pancreatic epithelial cells,
ductal cells [175,176], exocrine cells [177], α-cells (transdifferentiation) [178],
and even skin fibroblasts [179] have been demonstrated to be able to
differentiate into β-cells under appropriate conditions.

14.5.3. Bioencapsulation technologies in islet and stem cell
transplant clinical trials
14.5.3.1. Viacyte

In 2006, D’Amour et al. (Novocell Inc. San Diego, CA) reported development of
a differentiation process that converted hESCs to endocrine cells which
expressed insulin, but were only minimally responsive to glucose [180]. In
2008, the same group reported the development of glucose-responsive insulin
secreting cells generated from hESCs [181]. In 2012, Schulz et al. reported that
their team at Viacyte LLC (San Diego, CA), had developed a scalable
manufacturing process for producing pancreatic progenitor cells which could
reverse STZ-induced hyperglycemia in mice 4–5 months post-transplant [182].
In 2014, Viacyte secured approval to conduct the first ever phase I safety,
tolerability and efficacy study on T1D patients in the USA using hESCs
encapsulated within a macroencapsulation device (VC-01TM) [183].
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14.5.3.2. Biohub – DRI
In August 2014, the Diabetes Research Institute in Miami, Florida obtained
FDA approval to conduct Phase I/II clinical trials to evaluate the safety and
efficacy of transplanting human islets within a ‘biodegradable scaffold’ that can
be safely transplanted in the omentum – a flap of adipose tissue found in the
abdomen. The scaffold is created using the patient’s plasma. After the islets are
seeded in the scaffold, it will then be attached to the omentum using thrombin
surrounding which an omental ‘pouch’ will be created to secure the implant.
However, it is worth noting that this ‘scaffold’ is not immunoprotective, and
the patient will require conventional immunosuppression to prevent graft
rejection [184].

14.5.3.3. Beta-O2 (β-air bio-artificial pancreas)

In 2010, Ludwig et al. reported sustained viability, function and
immunoprotection after allogeneic subcutaneous transplantation in non-diabetic Göttingen minipigs [185]. In 2013, the same group reported
normalization of blood glucose values in diabetic rodents over a 6 month
period post transplantation [186] and reversal of hyperglycemia in diabetic
Sinclair pigs for a 90 day period [187]. A pilot clinical trial performed in a
63 year old T1D patient demonstrated persistent islet function 10 months post
transplantation without any immunosuppressive therapy [188].

14.5.3.4. Sernova corp (Cell PouchTM)

The Cell PouchTM is currently undergoing an open label, non-randomized,
Phase I/II safety and efficacy study of up to 20 patients with T1D undergoing
allograft pancreatic islet transplantation in Canada. In 2013, Shapiro et al.
reported that the first group of patients implanted with the Cell PouchTM and
transplanted with insulin-producing islets showed longer-term safety and
biocompatibility with one patient beyond the 180 day time point [189].
Despite all exciting developments until multi-center, multidisciplinary,
randomized, controlled, clinical trials report favorable outcomes, treatment
modalities for patients with T1D remain limited.
The two principal issues of concern are:

1. The inherent propensity of hESC / iPSCs to proliferate in an
unpredictable manner and undergoing malignant transformation.

2. Immune-mediated allogenic sensitization and subsequent graft
rejection.

However, if these stem cell-derived insulin- producing cells are enclosed
within protective, bioinert devices and implanted at appropriate sites,
teratoma formation can be prevented and long-term maintenance of
euglycemia can be achieved [190].
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14.6. CONCLUSIONS
The management of T1D in most patients currently only involves regular blood
glucose monitoring and insulin self-administration by patients either by means
of injections or through an implanted insulin pump. Cell encapsulation within
bioengineered devices and the insulin-producing cells derived from stem cells
are two cutting-edge strategies that challenge such traditional treatment
paradigms in the management of T1D and aim to revolutionize clinical islet
transplantation [191]. Bioencapsulation devices may either be macroscopic as
in the case with Viacyte® and β-air® or microscopic as in the case of Diabecell®.
Future devices may be implanted under the skin, into the omentum or
dispersed into the abdominal cavity. They might be implanted after a period of
pre-vascularization to improve transplant outcomes or might concurrently
allow for the delivery of angiogenic and immunomodulatory biomolecules,
generate oxygen locally so as to augment tissue oxygen delivery and allow for
easy retrieval of the device. They might contain mesenchymal or ADSCs in
addition to insulin-producing cells to support engraftment and prolong cell
survival. While encapsulation technologies aim for cure, strategies to reduce
insulin dependence, hypoglycemia unawareness and eliminate episodes of
hypoglycemic attacks while retarding end organ damage are also key
determinants in deciding which bioencapsulation technologies are best suited
for clinical translation.
Stem cell therapy has been repeatedly shown to possess limitless potential as it
eliminates the primary impediment to widespread application of curative
strategies for T1D – a lack of healthy, viable and functional donor islets. Several
novel strategies to prevent recognition and ultimate destruction by the host
immune system have been designed and are currently being evaluated.
However, several challenges still remain unaddressed. Advances in
bioencapsulation technologies and biomaterial manufacturing, and
improvements in islet and stem cell yields and insulin release parameters,
along with the development of standard operating procedures (SOP), quality
control measures and stringent guidelines and are vital to achieve seamless
translation of these promising therapies to clinical practice with the ultimate
goal of reduced patient morbidity, mortality, better quality of life and long-lasting insulin independence [192].
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15.1. INTRODUCTION
Bone, cartilage and tendon defects have specific structural, chemical and
biological compositions. The extracellular matrix (ECM) of these
musculoskeletal tissues interacts with cells to guide tissue formation. Since the
ECM of such tissues is at the nanoscale, scaffolds in development are being
developed which can mimic these structure. The structural features of the
scaffolds affect cell adhesion, proliferation and differentiation.
In order to repair musculoskeletal defects of bone, cartilage or tendon,
synthetic materials are widely used. It is important that such materials must
mimic the natural environment and provide an optimal matrix environment,
biological properties including appropriate chemical cues such as growth
factors and optimal mechanical properties to guide tissue regeneration. This
chapter views the properties of nanomaterials for bone, cartilage and tendon
regeneration. It covers the aspects of incorporating nanoparticles (NPs) with
scaffolds to improve mechanical properties and the biocompatibility of
polymers. The utilisation of the fabricating inert materials by electrospinning
to create fibrous scaffolds that mimic the natural environment of tissues will
be discussed. The design, fabrication, challenges and success of incorporating
of growth factors, genetic cues and drugs to enhance bone, cartilage and
tendon formation will also be evaluated. An overview of the future challenges
and directions of nanomaterials for musculoskeletal tissues will be provided.

15.2. APPLICATIONS OF NANOMATERIALS
IN MECHANO-SENSITIVE TISSUES
Tissue engineering and regenerative medicine is a rapidly growing area and
aims to find alternatives for transplanting tissues to restore damaged or nonfunctioning tissues [1,2]. The musculoskeletal tissues bone, cartilage and
ligament / tendon are highly structured composite tissues consisting of fibres
within a matrix [1,2]. Musculoskeletal defects often heal after anatomical
correction and correct wound management [1,2]. However, when the distance
is too large to bridge, current surgical techniques to restore such defects are
inadequate, which leads to poor outcomes for the patient [1,2]. With most bone
lesions, artificial biomaterials are used to fill the gaps aiming to cause bone
repair and regeneration [1,2]. To repair ligament and tendon injuries, the
injured tissues are aligned and bridged with a biomaterial support. With
cartilaginous defects natural or synthetic materials aims to support the tissue
regeneration and restoration of function [3]. However, despite the
improvements in surgical techniques and biomaterial characteristics such
restorative strategies often do not lead to full repair of the damaged
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musculoskeletal tissue. Due to the inadequate surgical treatment options
available there is a large clinical demand to create novel materials that have
improved mechanical properties, enhanced material-tissue interaction that
mimic the natural environment and ability to support tissue growth and organ
formation [4,5].

The main strategy for tissue engineering research is restoring tissue by
implanting scaffold with cells. One of the major challenges in regenerative
medicine is to manufacture suitable scaffolds, which elicit the correct response
from the local cells to form functional organ replacements [6,7]. ECM plays an
important role in these interactions with the cell surface receptors, growth
factors, which provide instrumental cues for cell survival and cell fate [6,7].
Scientific research carried out in last few decades has shown that the
interaction of cells with nanotopographical features is important in
engineering complex tissues, as cells respond to various topographical features
at nanoscale such as nanopores, ridges, grooves and fibres within their
environment [6,7].

Over the last decade, the use of nanotechnology has further accelerated the
growth in regenerative medicine. Nanomaterials comprises of scaffolds with
structural dimensions of less than 100 nm [8,9]. As biological tissues contain
components, which are of this scale including collagen fibrils and
hydroxyapatite (HA) crystals, cartilage and bone could also be referred to as
bionano composite materials [8,9]. Furthermore, as the cell-cell interaction is
at the nanoscale level, using nanotechnology provides a significant advantage
in the ability to mimic the native tissue or organ [8,9].

Nanocomposite scaffolds containing biocompatible polymers and bioactive
NPs have been investigated with particular interest for bone tissue engineering
due to their optimal mechanical properties and suitable biocompatibility
[10,11]. Among the scaffolds evaluated, there are specific groups of
nanomaterials tested for regenerative medicine including NPs, carbon
nanotubes, nanofibres and composite nanomaterials. Among these electrospun
nanofibres meshes have been used extensively due to their ability to mimic the
collagen and elastin of the natural ECM [10,11]. In addition, bioactive factors
can be loaded directly into the nanofibres produced via electrospining. The
bioactive molecules can be released at a controlled rate and used to stimulate
the proliferation and differentiation of adhered cells. One of the biggest
challenges is how to preserve the bioactivity of the growth factors within the
nanoscaffolds [12,13]. Several techniques have been utilised to absorb
bioactive molecules within scaffolds for musculoskeletal applications [12,13].
This chapter provides the most updated overview on various types of
nanomaterials, which are being investigated and are in use for mechanosensitive tissues including bone, cartilage, ligament and tendon regeneration.
Special focus is given to the use of NPs, nanofibres, nanotubes and composite
nanomaterials. The success and challenges of the incorporation of drugs,
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proteins, growth factors with nanomaterials will also be discussed to
regenerate musculoskeletal tissues.

15.3. NANOMATERIALS IN MECHANO-SENSITIVE TISSUES
Nanotechnology has become a major frontier in advancing the field of
musculoskeletal tissue engineering including the regeneration of bone,
cartilage, tendon and ligament. The structure of bone, cartilage and
ligament / tendon is very similar, they all have a hierarchical structure and in
simple terms consists of a network of collagen fibrils with diameters of
approximately 100 nm, which is encased in a tissue specific matrix [10,11]. It is
this structural design and the interactions of the fibres with the matrix that
defines the mechanical and biological characteristics of each tissue type. In
general the repair of a skeletal defect requires the insertion of an autologous
material or synthetic material to bridge the gap, which may remain or resorb
with time as the defect heals. Several materials have been investigated over the
years for musculoskeletal regeneration but one of the main factors preventing
the development of successful materials is the failure to mimic the natural
hierarchy of the native tissue structure [10,11]. Thus, it is not surprising that
many groups have tried to utilise nanotechnology to incorporate nano-sized
components into the materials to improve the success of the regeneration of
tissue [10,11]. There are two main approaches by which this has been
researched to date. Firstly, the native nanostructured hierarchy of the tissues
can be mimicked to improve the invasion of appropriate cells to create the
required tissue. Secondly, nanosized components can be incorporated to
ensure the mechanical properties are like those of native tissue. In the field of
nanotechnology, there are four main types of nanomaterials that can be
nanofibres, nanotubes and nano-structured composites, of which will be
detailed below (Figure 1).

389

Chapter 15

Figure 1. Diagram to illustrate the different nanomaterials used in the regeneration of
mechano-sensitive tissues.

15.4. BONE TISSUE REGENERATION
Bone tissue is a hierarchical structure consisting of both organic and inorganic
components [14]. The organic collagen type I fibres and inorganic HA crystals
create a mineralized collagen based-ECM [14]. The complex structure creates a
cellular organization, which has an optimal mechanical stiffness and
architecture for molecular cues to drive gene expression and protein
production [14].

15.4.1. Clinical need

There are a number of bone graft substitutes used surgically to repair osseous
defects including synthetic, autografts and allografts [15,16]. Autografts are the
gold standard for the surgical repair of bone defects due to their low
immunogenicity and contain all the properties to support good bone
regeneration effect [15,16]. Autografts contain the ability to induce bone
formation including growth factors, osteoprogenitor cells and threedimensional porous matrix [15,16]. However, traditionally auto-graft bone
grafts are taken from the iliac crest, which causes donor site morbidity, risk of
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scarring, deformity and has several surgical risks including bleeding and
infection [15,16]. Furthermore, large defects often require more than is
available [15,16]. Therefore, to overcome such complications synthetic
alternative are being investigated and this has initiated the field of bone
tissue-engineering.

15.4.2. Evolution of nanomaterials for bone tissue engineering

Various nanomaterials have been developed for bone regeneration over the
decade including metals, ceramics and polymeric materials [17,18]. An ideal
bone scaffold material must have good mechanical properties, demonstrate
adequate biocompatibility, show low patient morbidity, be easily available to
surgeons, cost effective and support bone regeneration [19]. The size of pore
and porosity are also important for bone tissue formation [20]. An ideal
nanomaterial is aimed to mimic the natural hierarchical structure of bone,
while maintaining the mechanical properties [20].

15.4.3. Nanoparticles (NPs)

The first type of nanomaterials that have been researched within bone
regeneration are NPs [21]. NPs exist in the nanosize range, usually less than
< 100 nm and due to their size can be used to deliver drugs, growth factors and
genetic cues [21]. Nanoparticles have been commonly used in regenerative
medicine and for bone tissue engineering [22]. The applications of NPs in bone
spreads from drug delivery for cancer therapy to treatment of systemic bone
diseases, cell labelling and controlling cells responses for bone differentiation
[21,22]. Ideal properties which need to be incorporated in the design of NPs
are to be nontoxic, bio-inert and they should invoke minimal side effects after
implantation [23].
The main application of NPs for bone tissue engineering is mimicking the
natural hierarchical structure of bone [21,22]. If tissue engineered scaffolds
can mimic the native extracellular matrix, cell will be able to adhere, move and
support tissue formation. NPs are promising candidates for bone engineering
as they can mimic the same size as the HA crystals of the bone ECM and hence
can provide these cellular cues [21,22]. Nanoparticle modified composite
scaffolds offer far more promises to facilitate bone formation [21,22].

Site specific tissue formation has been a dream of every biomaterial scientist.
To realize this ambition various bone inducing growth factors, proteins and
drugs has been incorporated with NPs. To enhance the osteogenic
differentiation of mesenchymal stem cells (MSCs) several growth factors have
been combined with NPs [24]. The enhancement of osteogenic differentiation
has shown to be supported by bone morphogenetic proteins (BMPs) in several
studies to date [25-27]. Bone-morphogenetic protein-2 (BMP-2) incorporated
on NPs has shown to support in vitro osteogenic differentiation and promote
bone formation in vivo [28]. BMP-2 and bone-morphogenetic protein-7
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(BMP-7) loaded NPs incorporated onto three-dimensional (3D)-fiber meshes,
showed a synergistic effect as a bone forming scaffold [28].

Synthetic stimulators of bone formation have also been incorporated with NPs
to promote bone formation which include NPs containing genetic cues [29-31].
Bioglass is a glass that contains biological and physiological functions suitable
for the regeneration of osteochondral restoration. A bioactive glass
nanoparticle (nBG) poly(lactic acid) (PCL) coating on HA / β-tricalcium
phosphate (HA/bTCP) scaffold demonstrated upregulation of osteogenic gene
expression (Runx-2, collagen I, osteopontin and bone sialoprotein) and
alkaline phosphatase activity in adipose derived stem cells (ADSCs) when used
in combination with BMP-2 treatment [29]. As the delivery of proteins and
growth factors poses challenges in terms of optimization of the release of the
bioactive factors, NPs have been researched to act as gene carriers. The
transfection approach is a promising strategy for regenerative medicine as it
allows long-term expression, causing a potential for a longer therapeutic effect.
Several NPs have been used to carry plasmids encoding transcription factors,
growth factors and hormones. For example, a BMP-2 encoding plasmid was
incorporated into calcium phosphate NPs on alginate hydrogels [30]. As NPs
have can have controlled degradability, safety and ability to target the tissue of
interest, gene therapy may show a promising future for bone regeneration
[31].

Emerging area where NPs are investigated widely is stem cell therapy. It is
hoped that stem cells therapy can promote tissue regeneration due to their
self-renewal capacity. However, differentiation of stem cells in specific cell type
in vivo still remains a challenge. Stem cell tracking by using various NPs such as
quantum dots, fluorescence silica NPs and superparamagnetic iron oxide
(SPIO) NPs is being used as a tool to evaluate stem cell migration and their
phenotypes [32,33]. However, there are challenges to be faced once these
techniques are optimized for bone tissue engineering. It is important that
nanoparticle does not affect the MSCs potential for bone differentiation.
Despite gold NPs and SPIO showing the ability to track MSC in vitro and in vivo,
some studies have found the NPs to alter osteogenic differentiation, which
warrants further investigation [34].

15.4.4. Nanocomposites for bone tissue engineering

Native bone consists of nanocomposite structure, ceramic HA particles and a
collagen fiber matrix [35]. Hence, nanocomposite scaffolds made of
biocompatible polymer and bioactive inorganic NPs have been extensively
researched for bone tissue regeneration due to their ability to mimic the
natural bone structure, whilst providing excellent mechanical properties and
osteoinductive and osteoconductive properties [35-37]. Since natural bone
matrix is a composite of biological ceramics (HA) and polymer (collagen)
several synthetic and natural biomaterials hybrids have been developed to
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mimic the natural bone structure and provide suitable scaffolds for bone tissue
engineering [35-37]. Several bone graft materials have been researched to
serve as a carrier to deliver the cells to the injured bone acting as a support to
regenerate bone tissue including bioceramic materials, polymers, natural and
metallic materials. Bioceramics, including calcium phosphate, bTCP, HA and
calcium sulphate have excellent osteoconductive properties [35]. However,
their brittle nature often causes such materials to fail as a bone substitutes
[35,36]. To overcome this problem polymers have been combined with a
ceramic material to obtain suitable scaffolds [35,37]. Combining bioactive
ceramic particles to polymer materials improves the mechanical properties of
the polymeric scaffolds and enhances their bone inductive behaviour [38,39].
Calcium phosphate NPs within PLGA microspheres showed proliferation of
osteoblast cells, having a mechanical stiffness that was similar to bone tissue
[40].
As bone contains HA particles, many studies have tried to incorporate nano-HA
into the polymer matrix to improve the scaffold biological properties and
support bone formation in vivo. For example, PCL and nano-HA have shown to
improve the mechanical strength of PCL alone and stimulate osteoblast
proliferation [41]. After the incorporation of n-HA into poly(lactic-co-glycolic
acid) (PLGA) salt leached scaffolds, in vivo mineralisation was formed and
osteogenesis was found in the radius defect of rabbits after nine weeks of
implantation [42].

Natural polymers have also shown promise as bone graft scaffolds including
collagen, silk, hyaluronic acid, gelatin, chitosan (CS) and alginate. Combining
bioceramic and natural polymer to create nanocomposites has also showed to
support osteogenesis. For example HA, bTCP and calcium phosphate have been
incorporated into natural polymers to improve their mechanical properties
and osteogenesis capacity [43-45]. Gelatin with HA nanocomposite materials
demonstrated good cell adhesion and proliferation of human MSCs as well as
good compressive strength [46]. CS has also showed promise as a bone graft
substitute due its ability to support cell ingrowth and antibacterial properties
showing bone formation when combined with HA [47].

15.4.5. Nanofibres in bone tissue engineering

The goal of the scaffold is to provide a 3D environment for cells to attach and
form tissue [9]. One particular type of scaffold manufacture that has obtained a
great research interest is nanofibres [9]. The development of nanofibres is
expanding due to their potential ability to mimic the architecture of
extracelluar matrix (ECM) of the native tissues [9]. The major protein of the
ECM is collagen which is arranged in nanofibres ranging from 50–500 nm in
diameters which controls cell behaviour and in turn bone formation [9]. In
bone, the ECM consists of the mineralised collagen type I fibres, which consists
of 90 % collagen [9]. The mineralised collagen fibrils align and arrange in ways
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to form a hierarchical structure and form full bone [9]. Therefore, developing
nanofibrous scaffolds to mimic the natural ECM will allow for cell adhesion,
proliferation and differentiation and in turn bone formation [9]. Extensive
research is being carried out to understand the potential of nanofibrous
scaffold for bone tissue engineering [9]. Nanofibres permit ingrowth,
proliferation and differentiation of human MSCs downwards osteoblast like
cells [9]. Nanofibres ability to promote cell adhesion, proliferation and cell
migration is due to their high surface area to volume ratio [9].

There are several methods to generate nanofibres including electrospining,
phase separation and self-assembly [9]. However, electrospining has
dominated the literature showing to be the most effective way to create
nanofibres and stimulate bone formation. Electrospining allows the ability to
control the thickness and composition of the nanofibres, porosity of the
scaffold simply and effectively, which in turn enables the ability to control
bone regeneration [48,49]. This technique creates polymer nanofibres by
applying a high voltage to a syringe filled with polymer solution. The polymer
solution is held at the end of the syringe tube due to surface tension and the
electrical potential provides charge to the polymer solution [48,49]. The
charge repulsion of the polymer solution induces a force that is opposite to the
surface tension of the polymer solution [48,49]. As the electrical potential
increases the surface of the polymer solution elongates to form a conical tube
known as the Taylor Cone [48,49]. The critical electrical potential to overcome
the surface tension causes the formation of a jet to be ejected from the Taylor
Cone and eventually forms orientated nanofibres that are collected on a
stationary or rotatory metallic collector. Several materials have found to be
suitable for electrospinning including natural and synthetic polymer for bone
tissue engineering [48,49].

Various natural polymers and proteins have been electrospun to biomimic
ECM matrix for bone regeneration. Collagen has become a very well researched
protein and has shown the ability to support several cell types including
osteoblasts, chondrocytes, tenocytes and MSCs [50]. CS is another natural
biomaterial, which has shown to be a suitable scaffold for musculoskeletal
regeneration [51]. CS / poly(ethylene oxide) (PEO) nanofibres demonstrated
the ability to support the attachment of osteoblasts and chondrocytes whilst
sustaining adequate fibre mechanical and morphology [51]. Gelatin has shown
to support the attachment of cells and mimic the ECM, proving to be a
candidate for tissue engineering scaffolds. Gelatin has been electrospun with
PCL polymer fibrous scaffolds and shown to improve mechanical strength and
surface wettability of PCL or gelatin fibres [52]. Fibroin is another
well-researched natural biomaterial for nanofibrous scaffolds due its
biocompatibility [50]. Fibroin has shown to have adequate fibres length and
surface area proving to be suitable for tissue engineering purposes [53].
Electrospun silk fibroin scaffolds which showed high surface area, porosity and
interconnectivity, promoted adhesion and proliferation of cells for bone tissue
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engineering applications [54]. Kim et al. investigated the hybrid
electrospinning of silk fibroin (SF) / PCL nano / microfibrous composite
scaffolds with various compositions [54]. The increments of SF nanofibre
content in the composite scaffolds led to a decrease in pore size but did not
have an effect of human mesenchymal stem cell (hMSC) differentiation [54].
However, composite scaffolds were better than PCL nanofibres alone and
stimulated new bone formation in a rabbit calvarial defect model (Figure 2)
[54].

Figure 2. A Diagram of the hybrid electrospinning system and an SF / PCL
nano / microfibrous composite scaffold. B Changes in morphology of the PCL
microfibrous scaffold and SF / PCL nano / microfibrous composite scaffolds consisting
of varying SF-nanofiber content. C Masson’s trichrome-stained histological section
after implantation. D Quantitative analysis of new bone area at 8 weeks. Taken with
permission from [54].

However, electrospun silk scaffolds are limited due to their low mechanical
strength [55]. One strategy to overcome this problem was to incorporate HA
NPs (HAp) within the nanofibrous scaffolds produced by electrospining [55].
Kim et al. illustrated that it is possible to enhance the mechanical properties of
the nanofibres by uniformly dispersing HAp within SF nanofibres [55]. The
nanofibres showed peak strengths at the HAp content of 20 wt % [56]. The
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success of incorporating HA with nanofibres was illustrated by Lai et al.
demonstrating that the incorporation of nano HA (nHAp) within a CS / SF
scaffold creates favourable microenvironment for bone tissue formation [56].
The osteogenic differentiation of hMSCs was observed during in vivo
experiments.
The
authors
demonstrated that histological and
immunohistochemical analysis of the retrieved hMSCs / nanofibrous
membrane scaffold (NMS) construct 1 and 2 months post implantation
indicating that NMS had the potential for bone regeneration and suggested the
scaffolds were promising scaffolds for bone tissue engineering [56].

Natural polymers have been found to be difficult to electrospun due to their
high viscosity and low solubility [55]. To overcome this, synthetic polymers
have been added to the natural polymers to create more compatible
electrospun scaffolds including collagen and silk for tissue engineering
purposes [57]. For example, PLGA nanofibres with gelatin and nHAP have
shown to form biometric scaffolds suitable for bone formation [57]. In addition
to natural fibrous scaffolds several synthetic polymers have been electronspun
to create suitable scaffolds. A simple and compatible synthetic material PCL
has been studied extensively for bone tissue engineering and regenerative
medicine as a nanofibrous scaffold. The polymer PCL has been combined with
several materials to create biomimetic nanofibres. Biomimetic 3D thick
nanofibrous PCL scaffolds demonstrated bone formation in vivo showing the
ability to mimic the fibrillar organization of the bone ECM [5]. The combination
of PCL / aloevera / silk fibroin-HA nanofibrous scaffolds showed enhanced
osteogenic differentiation and mineralisation in comparison to PCL nanofibres
alone using adipose stem cells [7]. In addition, PCL nanofibres with
phlorotannin, the main component of the brown alga Ecklonia cava has also
showed to simulate bone formation of osteoblast like cells (MH63) [58].
Lou et al. demonstrated that nanofibrous poly(L-lactic acid) (PLLA) fibres with
diameter of 70–300 nm with β-TCP improved the mechanical properties and
the bioactivity of the PLLA [59]. The modified fibres supported MG-63
osteoblast proliferation, penetration and ECM deposition [59]. Titanium
dioxide (TiO2) nanofibrous scaffolds demonstrated better cell adhesion and
proliferation compared to the flat control surfaces using cell cycle analysis
[60]. Expression of stemness markers genes including Nanog3, Rex-1, SOX-2
and nestin of the ADSCs cultured on the control and TiO2 nanofibrous surfaces
was also higher on the fibrous surfaces than controls surfaces [60].
To support tissue formation, it has been extensively popular to load nanofibres
with bioactive factors to modify the cell environment and mimic the natural
ECM niche. Biofactors can be loaded onto nanofibres using several techniques
including blending, coaxial spinning and immobilization [60-63]. Blending of
the desired factors during electrospining can lead to aggregation homogenous
dispersion along the fibres [60-63]. Proteins, molecules and nucleic acid have
shown to be blended due nanofibres using these methods. Coaxial
electrospining causes the factor to localize to the center of the fibre. This is
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where two solutions are pumped though needles or cylinders and then
electrospun to create a fibre [60-63]. Two solutions have different solubility,
which prevents the mixing of the fibres during the electrospining process.
Lastly, the factor of interest can be adhered or immobilised onto the nanofibre
surface using techniques such as chemical functionalization or self assembly
[60-63].

Growing evidence of attaching growth factors to nanofibres in vivo to support
bone formation has been reported. BMP-2 release from poly(ethylene glycol)
(PEG) / PCL showed calvarial bone regeneration after 24 days in a rabbit model
[64]. Further support illustrated that BMP-2 could regenerate bone formation
on PLGA / HAp nanofibres in the bone defects of tibia in nude mice [65].
Eap et al. illustrated that PCL nanofibrous implant (from 700 μm – 1 cm thick)
was functionalized with CS and BMP-7 growth factor using layer-by-layer
technology, producing fish scale-like CS / BMP-7 nanoreservoirs [5]. The
scaffolds were assessed using in vivo implantation, showing significantly more
newly mineralized ECM in the functionalized implant compared to a bare
scaffold after 30 days implantation, as shown by histological scanning electron
microscopy / energy dispersive X-ray microscopy study and calcein injection
[5]. Li et al. demonstrated that nanoparticle-embedded electrospun nanofibre
scaffold controlled the dual delivery of BMP-2 and dexamethansone (DEX) and
showed that in vivo bone formation (Figure 3) [66]. However, it has become a
challenge to finely tune the release of the growth factors to match the physical
needs of the in vivo environment to form bone tissue [66].
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Figure 3. A. Schematic illustration of the fabrication of BMP-2-loaded BSA NPs
stabilized with CS (A) and electrospinning of nanoparticle-embedded PCE copolymer
nanofibers (B). B. Masson trichrome staining after implanted in situ for 4 and 12 weeks
respectively for Control group without material (a), PCE (b), NPs / PCE (c), BNPs / PCE
(d), DEX / PCE (e), BNPs / DEX / PCE (f), the red panels are the magnified regions in
calvarial panorama. The statistical evaluations calculated from the histological staining
pictures of 12 weeks (n = 3), in which negative is refer to the blank implanted group,
NB represents the newly formed bone area, CB represents the calcified bone area, M
stands for the bone marrow area and UM stands for the undegraded material area.
Asterisk mark represents the significant difference between each other, n = 3 for each
group, p < 0.05). C. Radiograms of the X-ray detection after implanted in vivo for 4, 8,
12 weeks respectively (A), and the rightmost disk is a calvarial defect template with a
diameter of 8 mm. The statistical evaluations of apparent repair area (B), mean gray
value (C) and bone repair level (D) were calculated from the radiograms (n = 3) for
Control group without material (a), PCE (b), NPs / PCE (c), BNPs / PCE (d), DEX / PCE
(e), BNPs / DEX / PCE (f). The normal calvaria mean gray value was calculated from an
undamaged calvarial bone. Asterisk mark represents the significant difference
between each other, n = 3 for each group, p < 0.05. Taken with permission from [66].

Biomaterials derived from the decellularisation of mature tissue can also
contain the topographical and structural features and influence cellular activity
[67]. Gibson et al. maximized this effect and incorporated the present
decellularized extracellular matrix (DECM) particles in combination with
synthetic nanofibers and examined the ability of these materials to influence
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stem cell differentiation [67]. Nanofibre scaffolds containing up to 10 %
particles showed differentiation compared to controls scaffolds after 3 weeks
[67].

Extensive research has been carried out into the incorporation of HAp within
nanofibres for bone tissue engineering [68]. Poly(L-lactic acid)-co-poly(ε-caprolactone) / silk fibroin / ascorbic acid / tetracycline hydrochloride
(PLACL/SF/AA/TC) and nano-hydroxyapatite (nHA) demonstrated osteogenic
differentiation of MSCs, demonstrated using alkaline phosphatase activity,
mineralization and double immunofluorescence staining of both CD90 and
osteocalcin [68]. Collagen nanofibres with nHA agglomerated by
electrospraying improved the adhesion and metabolic activity of MC3T3-E1
osteoblasts [69].

Nanofibres can also act as drug-delivery system for musculoskeletal
engineering [77]. Infection of implantable materials remains a long time
surgical challenge, with extensive innovation been used to modify materials to
prevent bacterial colonisation. It is now possible to include antimicrobial drugs
into electrosupn nanofibres. Rapid release of rifampicin from PCL / nanofibres
meshes illustrated good antimicrobial resistance to Staphlycoccus epidermidis
and prevented biofilm formation. The RF-incorporation nanofibre meshes did
not sacrifice the osteogenic properties of the scaffolds showing up regulation
of gene expression for preosteoblastic collagen type I and alkaline phosphatase
(ALP) [70]. Strontium phosphate incorporation into nanofibres has also shown
a potential material for bone tissue engineering. Su et al. utilised PCL
nanofibres coated or blended with strontium phosphate and found it
supported the osteogenic differentiation of human exfoliated deciduous teeth
[71]. Alendronate (ALN) loaded PCL nanofibres scaffolds demonstrated ALP
activity, calcium content and osteogenic differentiation of ADSCs genes in vitro.
Furthermore, the ALN / PCL scaffolds had a positive effect on bone formation at
8 week after implantation [72]. Further understanding of bioceramics is
important for developing smart bone tissue engineering strategies [71].

Carbon nanotubes (CNTs) have excellent mechanical properties, high surface
area and light-weight making them ideal scaffold material to be investigated
for tissue engineering purposes [73]. CNTs have been incorporated into
several polymer materials including PCL, PLA and PLGA to form biomimetic
scaffold for bone tissue engineering [74-76]. CNTs have also demonstrated the
ability to support osteogenesis when incorporated with several scaffolds
materials. Duan et al. illustrated that CNTs incorporated into PLA scaffolds by
thermal induced phase separation promoted the osteogenic differentiation of
bone marrow mesenchymal stem cells (BMMSCs) [73]. The CNTs enhanced the
expression of osteogenesis related proteins as well as the formation of type I
collagen [73]. However, the toxicity of CNTs, is still unclear and requires
further exploration into the long-term effect on bone remodelling.
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15.5. CARTILAGE TISSUE REGENERATION
Cartilage is an avascular tissue that lacks the capacity for repair [77]. Cartilage
tissue contains chondrocytes entrapped in an ECM rich in proteoglycan
macromolecules and collagen fibrils. Similarly to bone tissue, the hierarchical
network structure of cartilage tissue is responsible for its mechanical
properties [78]. Tissue engineering approaches have been mainly focused on
seeding chondrocytes or MSCs on biomimetic scaffolds for cartilage tissue
formation [77,78]. Designing suitable scaffolds for cartilage tissue engineering
using nanomaterials requires the ability to mimic the native cartilage tissue
architecture [77,78]. The scaffolds should have similar mechanical properties,
biochemical composition as well their physical structure to native cartilage
[77,78].

15.5.1. Clinical need

Creating biomaterials for cartilage engineering is driven from the thousands of
joint procedures including knees and hips that are undertaken each year.
Articular cartilage has a very poor ability to repair itself due the poor vascular
supply [79]. Currently surgical techniques to restore failure of articular
cartilage rely on the drilling or abrasion of the joint to simulate healing or by
the delivery of growth factors at the injury site [79]. For larger defects,
artificial hip and knee joints are created but these are not ideal for the young
patients due to the limited lifespan of the joint [79]. Autografts are available to
repair defects but are limited by donor site morbidity, complications from the
surgical harvesting site and limited availability of tissue for large defects [79].
These imitations can be overcome by regenerating articular tissue by using
tissue-engineering approaches [79].

15.5.2. Nanoparticles for cartilage tissue engineering

In a similar strategy to utilize NPs for bone formation, NPs have been
incorporated into scaffolds to optimize cartilage formation. NPs can be
combined into scaffold materials to provide nanoscale dimensions that mimic
the natural ECM of cartilage, providing cellular cues and the ability to support
cartilage formation. Furthermore, NPs can deliver growth factors, genetic
material and drugs, which can support cartilage formation [81-82].

The incorporation of NPs to support cartilaginous differentiation of stem cells
has been documented. For example, PLGA NPs were used to deliver SOX-9 to
MSC and demonstrate cartilage formation [80]. Incorporation of aggrecan and
cartilage oligomeric matrix protein (COMP) supported chondrogenic
differentiation of hMSCs into chondrocytes [81]. Lu et al. similarly
demonstrated that NPs could deliver genes to promote stem cells
differentiation [82]. A CS scaffold combined with the design of a novel
gene-activated matrix (GAM) embedded with hybrid hyaluronic
acid (HYA) / CS / plasmid-DNA NPs encoding transforming growth factor
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(TGF)-β1 demonstrated an optimal environment for chondrocyte proliferation
using histological and biochemical assays [82]. The double release of insulin
growth factor-1 (IGF-1) and transforming growth factor-beta 1 (TGF-β1) from
NPs from PLGA scaffolds supported the cartilage formation of MSCs with the
collagen type II and aggrecan expression higher than TGF-free scaffolds [83].
Shi et al. demonstrated that adipose derived stem cells transfected with bone
morphogentic protein-4 (BMP-4) showed expression of chondrogenesis-related genes and protein and promoted in vivo cartilage formation [84].

15.5.3. Nanocomposites for cartilage tissue engineering

The structural and mechanical properties of cartilage are due to the
composition and architecture of the ECM. As highlighted earlier, the ECM
consists of collagen fibrils and proteoglycan macromoleuclues and
non-collagenous proteins to create a hierarchical network [85-86]. Therefore,
in a similar approach to designing suitable bone scaffolds, hybrid combinations
of biocompatible polymers and ceramic NPs have been investigated for
cartilage tissue engineering to mimic the complex architecture of cartilage
[85-86].

Numerous scaffold materials have been considered for cartilage repair to date.
Both natural and synthetic polymers have been optimized for cartilage
engineering. Natural nanoscaffolds have also illustrated to provide a
compatible environment of cartilage formation due to the ability to interact
with cells and provide optimal cues [85]. The combination of natural polymers
and bioceramics has been investigated for cartilage formation. HA with
polymer materials has supported cartilage formation [86]. Collagen type II and
HA showed a complex three dimensional structure that had good
physiochemical
and
biocompatibility
showing
histological
and
immunohistochemical staining for chondrocytes growth and essential protein
matrix production [86].

Polymer-HAp composite have also been explored for cartilage repair, including
nanofibrous scaffolds. For example, PLGA, poly(vinyl alcohol) (PVA) and PLLA
have been electrospun with nHA and found to provide molecular signalling
mechanisms ideal for cartilage formation [87-89]. nHA / collagen scaffolds
demonstrated the ability to sustain chondrocyte cell attachment, abundant
glycosaminoglycan (GAG) synthesis and natural morphology [90].
Collagen / alginate and HA scaffolds have also demonstrated to be promising
candidates for osteochondral tissue engineering [91].

Metal and bioceramics materials hybrid combinations have also begun to be
investigated for cartilaginous repair [92]. Certain metallic materials have
shown to have osteoinductive characteristics and good biocompatibility and
hence have been investigated for cartilage engineering. Nanostructured HA
with zirconia has shown to repair the articular cartilage defects in rabbits [92].
Titanium has been used in surgical practice for a long-term to replace
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cartilaginous defects. Work by Savaiano et al. showed that PLGA mixed with
titanium NPs demonstrated chondrocyte adhesion was higher after the
addition of the titanium NPs [93]. Gold NPs have also been incorporated into
polymers and shown to improve cartilage formation [94].

Human adipose stem cells (hADSCs) have shown to be useful candidate for
tissue engineering purposes due to their angiogenic and wound healing
capabilities. Our group has developed polyhedral oligomeric silsesquioxane-poly(carbonate-urea) urethane (POSS-PCU), a novel nanocomposite polymer
consisting of PCU with a nanoparticle, POSS incorporated within POSS-PCU
supported ADSC survival and proliferation and differentiation into cartilage
within the nanoscaffold [95].

15.5.4. Nanofibres for cartilage tissue engineering

Electrospinning of scaffolds has gained extensive attention in recent years
being able to create suitable scaffolds for cartilage tissue engineering purposes.
Nanofibres can facilitate cell behaviour to support cartilage formation due to
the ability to create a multi-scale environment, which mimics the ECM of
cartilaginous tissue [95-96]. Nanofibrous scaffolds have shown to promote
human MSCs attachment, proliferation and also promote chondrogenic
differentiation due to the ability to create the complex hierarchical
architecture of natural cartilage [95-96].

The size of the nanofibres has shown to effect the attachment of cells and
serum proteins [96]. Coburn et al. compared pellet and PVA nanofibres
scaffolds cultures and demonstrated enhanced chondrogenic differentiation of
mesenchymal stems cells as indicated by increased ECM production and
cartilage specific gene expression while also permitting cell proliferation on
the fibrous scaffolds [96]. Collagen and PLA nanofibres have also shown to
synergistically promote the osteochondral regeneration of MSCs.
Osteochondral defects were created in rabbits and repaired by implanting the
collagen-nanofiber scaffold. There is an evidence of rapid subchondral bone
emergence and cartilage formation using these scaffolds demonstrated by
histological, biomechanical testing and microCT testing [97]. He et al.
developed a biodegradable hybrid nanofibrous membrane of collagen and
poly(L-lactic acid-co-ε-caprolactone) (PLCL, 75 : 25) for cartilage engineering.
The scaffold demonstrated cartilage like tissue after 12 weeks of implantation
in mice [49]. Shafiee et al. illustrated the effects of PLLA / PCL nanofibres on the
cartilaginous capacity of nasal septum derived progenitors in vitro [98].
Aligned nanofibres illustrated better chondrogenic differentiation than
randomly orientated PLLA / PCL scaffolds as shown by the upregulation of
collagen II and aggrecan [98]. In addition, PCL electrospun nanofibres
supported the MSC cartilaginous differentiation in a perfusion bioreactor
including the cartilage-related genes such as aggrecan, collagen type II, and
SOX9 [99].
402

Applications of nanomaterials in mechano-sensitive tissues

To overcome poor cellular infiltration into nanofibres scaffolds, combination of
nano- and microfibrous architecture has been investigated. When used in
combination these scaffolds showed cartilage regeneration [100-102].
Poly(D,L-lactide) (PDLLA) nanofibres coated with PDLLA microfibers showed
better chondrocyte adhesion than PDLLA films and PDLLA microfibers alone
[102].

The incorporation of cartilage specific cues into nanofibres has shown a
promising strategy to improving tissue regeneration. Itani et al. investigated
PLGA nanofibres with basic fibroblast growth (bFGF) factor-laden particles
and an exterior fibrin sealant illustrated optimal cell maintenance and
neocartilage formation in mice using nanofibres of 0.8–3.0 μm (Figure 4) [103].

Figure 4. A. Steps taken for the in vivo experiments, from chondrocyte
harvest / digestion; to construct creation with incorporation of seeded cells from
female beagles, basic fibroblast growth factor (bFGF) particles, and fibrin sealant; to
autogenous implantation in a second surgical procedure 20 h after the chondrocyte
harvest. B. Auricle-type scaffold 20 weeks after implantation, showing gross
morphology (top) and safranin O staining (center and below) for the (left) 0.5-,
(center) 3.0-, and (right) 20-µm groups. C. Quantitation of safranin O–positive areas in
representative cross-sections of samples from the 0.5-, 3.0-, and 20-µm (above and
center) groups. The total areas (above) were compared with the positive areas
(neocartilage) identified by image analysis (center) to yield the percentage of
neocartilage in the sample. (Below) Bar graph of the percentage of neocartilage at
20 weeks. Bars with error bars are average and standard errors, respectively
(*p < 0.01; n = 6 in each group; values given as mean ± SE). Taken with permission
from [103].
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Similarly, PCL nanofibres functionalised with CS and HYA nanofibres
cross-linked using carbodiimide chemistry illustrated that the rat bone
marrow derived stem cells (rBMSCS) showed differentiation and production of
hyaline cartilage proteins including collagen type II and aggrecan [104].
Further support, demonstrated that PCL scaffolds combined with 1 %
high-molecular-weight sodium hyaluronate (NHA / MHA), 1 % hyaluronan and
200 μg TGF-β1; NTGF / MTGF, or 0.1 % bovine serum albumin (BSA) also
showed augmentation of MSCs and enabled chondrogenic differentiation
[105].

Composite scaffolds have been used to obtain the mechanical properties and
the biochemical composition. Zheug et al. demonstrated that natural
nanofibrous articular cartilage extracellular matrix (ACECM) can mimic the
biochemical composition but be improved when synthetic PLGA is combined to
enhance the mechanical strength of ACECM. The composite scaffolds showed
better cell proliferation and cell viability than PLGA alone due to the better
mechanical properties, making it suitable for cartilage tissue engineering
[106]. Nanofibres have also shown to reinforce hydrogels due to their poor
mechanical properties and support cartilage formation. The incorporation of
electrospun PLCL scaffold with gelatin demonstrated enhanced expression of
chondrogenic genes and production of GAGs than those prepared without the
hydrogel [107]. Similarly electrospun nanofibres combined with
CS / glycerophosphate hydrogels illustrated hyaline cartilage regeneration
[107]. Mechanical properties after reinforcement of the hydrogel with silk
nanofibres demonstrated significant enhancement of the chondrogenic
phenotype, illustrated by elevated GAG content [108]. Fibroin microfibers and
collagen hydrogel were demonstrated suitable scaffolds after combined with a
pure collagen hydrogel for vascular tissue engineering [109].

CNTs mimic the dimensions of the tissues where cells obtain cues to form
cartilage in vivo and hence found to be a good candidate for tissue engineering.
CNTs have excellent mechanical properties being suitable for load bearing
tissues such as cartilage and bone. Several studies have tried to combine CNTs
with nanofibres to create effect scaffolds for musculoskeletal engineering.
Chahine et al. illustrated that single walled nanotubes (SWNT) nanocomposite
scaffolds could be used in cartilage tissue engineering providing a structural
reinforcement of the scaffolds mechanical properties [110]. Chondroyctes
tolerated functionalized SWNT with COOH or -PEG with minimal toxicity of
cells and increased collagen II (Col2a1) and fibronectin (Fn) gene expression
throughout the culture in nanocomposite constructs, indicative of increased
chondrocyte metabolic activity [110]. CNTs incorporated into alginate
scaffolds have showed the chondrogenic differentiation of adipose stem cells
showing expression of SOX-9, type II collagen [111].

Chondrocytes illustrated enhanced function on electrically highly dispersed
CNTs in polycarbonate urethane compared to stimulated pure PCU. Higher
amount of Fn was adsorbed on CNT / PCU composite compared PCU alone due
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to increases hydrophilicity and increased nanometer scale roughness [112].
Furthermore, after the incorporation of multi-walled carbon tubes (MWCNTS)
into PLLA nanofibres, a drastic mechanical strength and a compression
Young’s Modulus matching to natural cartilage was observed, which supported
cartilage formation [113]. After 2 weeks of culture PLLA scaffolds with
MWCNTs the scaffold showed cartilage formation and promising candidate for
further exploration for cartilage regeneration [113].
Osteoarthritis is a degenerating disease of the articular joint. Intra-articular
injection of pharmalogic agents into the cartilage resistant chondrocytes has
left a problem to developed anti-osteoarthritis (anti-OA) medications.
Sacchetti et al. described an efficient intra-articular delivery system based on
SWCNTs [114]. They showed that PEG-SWCNTS were able to persist in a joint
cavity for a suitable amount of time, enter the cartilage matrix and deliver gene
inhibitors to the chondrocytes of both healthy and OA mice without causing
any systemic side effects [114].

15.6. TENDON / LIGAMENT REGENERATION
Tendon and ligament injuries are a common musculoskeletal clinical problem
for the young and active patients [114-119]. The economical and social burden
that these injuries can cause makes these medical conditions a compelling area
of research to date [114-119]. Tendon and ligament have a similar composition
and structure in vivo, connecting skeletal muscle to the bone and bone to bone
respectively. The ECM, manly composed of collagen type I of both structures
has uniaxial aligned structure leading to anisotropic mechanical properties
[114-119]. The tendon matrix is composed of tenocytes with continuous
matrix remodelling, whilst the ligament matrix composes of
fibroblasts / fibrocytes [114-119].

15.6.1. Clinical need

Tendon and ligament injuries are caused by trauma, tumour resection and
atrophy. Flexor tendon lacerations, of the hand are commonly caused by
trauma and pose a significant challenge for the hand surgeon [114-119]. The
Achilles tendon, the largest tendon of the body, is often damaged by Achilles
tendiosis leading to rupture and a debilitating condition [114-119]. The most
severe ligament injury is the Achilles ligament injury, which causes severe
impediment to knee function [114-119]. Tendon and ligaments has a low
regeneration for self-renewal due its poor vascularity often leading to a scaring
mediated healing response and does not restore the biomechanical properties
of the native tendon [114-119]. Several surgical techniques are used to restore
severe damage. Biological grafts are used to repair damaged tendons but often
are unable to provide the optimal mechanical strength [114-119]. Along with
the morbidity and functional disability at the donor site tendon, autografts are
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also limited by their availability [114-119]. Allografts are available to improve
upon these complications but are limited to tissue rejection and disease
transmission. To overcome these problems for tissue replacement synthetic
grafts have been researched for tendon engineering [114-119].

Tissue-engineering aims to develop ideal substitutes to restore
tendon / ligament function [114-119]. In a similar strategy to bone and
cartilage engineering, the ideal scaffold for tendon regeneration must meet the
physiological demands of the native tendon but also direct a cellular response
to achieve healing [114-119]. Synthetic and biological scaffolds have been
investigated for tendon / ligament repair [114-119]. Nanofibres have gained
popularity in the field of tendon / ligament due to the ability to biological
mimic the in vivo environment. The collagen-rich ECM can be resembled with
nanofiber scaffolds due to high surface area-volume ratio, variable fibres and
pore size allowing optimal matrix production [118-119].

15.6.2. Nanofibres for tendon / ligament tissue engineering

Due to fibrous nature of these tissues, the most common structure, which is
used for tissue engineering strategy is fibrous scaffolds. As already highlighted
nanofibres ranging from 1–100 mm closely match the size of the ECM fibres
making them suitable to produce cellular cues [121-122]. Fibrous scaffolds
have gained extensive interest in tendon / ligament regeneration due the high
porosity allowing for high cell infiltration rate and the ability to create uniaxial
alignment, which mimics the anisotropic structure of the native tissues.
Aligned nanofibres have shown to be a suitable scaffold for engineering
ligaments and tendon as it mimics the anisotropy of the native tissue
[121-122].
Several studies have shown synthetic nanofibres supporting cell adhesion and
promising candidates as scaffolds for tendon regeneration [120]. For example,
PLGA nanofibres allowed the differentiation of porcine MSCs towards the
tenogenic lineage. Silk and PCL nanofibres showed an optimal structure
allowing the good fibroblast attachment and a promising scaffold for ligament
engineering [121]. Similarly, PCL with random and aligned silk fibres showed
large porosity and pore sizes by scanning electron microscopy (SEM), which
favoured BMSCs proliferation whilst sustaining satisfactory mechanical
properties for tendon repair [122].

Compared to bone marrow stem cells, ADSCs can be harvested using a
minimally invasive procedure, are in abundant supply in current populations,
have the comparable ability to differentiate into mesenchymal lineages and
immunosuppressive capabilities and thus are an attractive stem cell source for
the translational point of view for tendon engineering [123]. One study
included ADSCs on PLGA, a biodegradable scaffold, with appropriate
mechanical properties was tested for its ability to promote tendon healing. The
in vitro studies demonstrated that cells remained viable within the scaffold and
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growth factor release was sustained. The in vivo data supported that the cells
remained at the injury site 9 days postoperatively and supported tendon
healing [123].

Flexor tendon healing remains problematic due to the ability to surrounding
cells to create an appropriate healing response. To provide adequate healing,
tendon cells at the tendon stumps must migrate, proliferate and then produce
ECM. There are many factors to determine optimal tendon behaviour. One
factor to consider when designing an optimal fiber for tendon engineering is
the orientation of the fibres. Ouyang et al. showed that human tendon
progenitor cells (hTSPCs) were spindle shaped and oriented to the direction of
the PLLA fibres, however showed tendon specific genes on aligned rather than
random fibres [124]. The authors concluded that the orientation of the fibres
can affect the hTSPCs differentiation. Lu et al. also showed similar results
finding that integrin expression profiles for tenocytes was higher on aligned
nanofibres than non-aligned nanofibres [125].
A few biological materials have been utilised as nanofibres to promote tendon
regeneration. A recent study, illustrated that collagen and cellulose nanofibres
dispersed in a collagen matrix supported human ligament cells and human
endothelial cell function [126]. However, the mechanical properties of
biological scaffolds have also caused further investigation of hybrid scaffolds
[126]. It is also important to highlight the crimped nature of collagen fibrils in
tendons and ligaments. The crimped nature of native tendon and ligaments can
be mimicked using nanofibres by inducing a crimp when removing the
mandrel when rotated at high speed. The resulting crimp structures have
shown the same characteristics of the ECM of the tendon and ligament [127].
One strategy that has been implemented is that the ideal scaffold should
contain growth factors and thus regulate cellular behaviour and support the
formation of the target tissue [128]. Sahoo et al. demonstrated that bFGF
releasing nanofibrous scaffolds facilitated BMSC proliferation, upregulated
gene expression of tendon / ligament-specific ECM proteins, increased
production and deposition of collagen and tenascin-C, reduced multi-potency
of the BMSCs and induced tendon / ligament-like fibroblastic differentiation,
indicating their potential in tendon / ligament tissue engineering applications
[128]. Platelet derived growth factor (PDGF) releasing nanofibres affected the
cellular activity of ADSCs. It was observed that the aligned nanofibres
significantly enhanced the tenogenic differentiation of ADSCs comparing to the
randomly aligned tendon markers such as tenomodulin and scleraxis [129].
Similarly, Liu et al. observed that electrospun PLLA copolymer fibres with
bFGF enhanced cell proliferation as well as tendon healing [130]. A very
successful example of loading NPs with growth factors for tendon healing was
demonstrated using dextran glass NPs. Liu et al. trialled bFGF loaded dextran
glass nanoparticle on PLLA fibres and found evidence of tendon healing in vivo
(Figure 5) [130].
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Figure 5. A. After incorporation of bFGF into DGNs by a freeze-induced particleforming process, a bFGF / DGNs-loaded PLLA fibrous membrane was fabricated by
electrospinning, producing a membrane which can release bFGF sustainably and has
the ability to secure the biological activity of bFGF. B. SEM images of electrospun PLLA
(A), bFGF-PLLA (B) and bFGF / DGNs-PLLA (C) fibers. TEM images of electrospun PLLA
(D), bFGF-PLLA (E) and bFGF / DGNs-PLLA (F) fibers. Yellow arrows indicate the DGNs
embedded into fibers with thickened regions of PLLA visible around them. C. Masson's
trichrome staining of an untreated repair site (A, B, C) and a repair site wrapped with
the PLLA membrane (D, E, F), bFGF-PLLA membrane (G, H, I) and bFGF / DGNs-PLLA
membrane (J, K, L). Sutured site (S) and materials (M) could be detected. Regional
magnification of the repair sites (A, D, G, J) showed the repaired sites of the tendon (B,
E, H, K) while regional magnification of the repaired sites (B, E, H, K) revealed the
arrangement of the collagen fibers (C, F, I, L). Arrows indicate the capillary vessels, and
the square is the area of magnification of the subsequent photo. D. Gross evaluation of
a rat model of Achilles tendon surgery after 21 days. (A) Untreated control group; (B)
group treated with the PLLA membrane; (C) group treated with the bFGF-PLLA
membrane; (D) group treated with the bFGF / DGNs-PLLA membrane. Tendon (T) was
indicated in the pictures. Taken with permission from [130].

The incorporation of NPs to nanofibres has also been investigated for tendon
tissue engineering. Infection is surgical complications, which can prevent
tendon healing. Silk fibres impregnated with NPs have shown to improve the
sterility against multiple microbes. Silk fibres were coated with CS
impregnated with silver NPs (Ag-C-SF), which supported anti-microbial
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activity and improved thermal stability, showing potential to be explored as a
wound dressing and for tendon reconstruction [131].

Flexor tendon repair is often complicated by the formation of adhesions.
Zhou et al. demonstrated a sophisticated in vitro and in vivo transfection
experiments demonstrated using NPs / plasmid complex caused less severe
adhesions, but did lower the tendon strength of the tendon healing [132]. They
used micro RNA (miRNA) plasmids complexed with PLGA NPs to form
nanoparticle / TGF-β1 miRNA plasmid (nanoparticle / plasmid) complexes
[132]. The repair of Achilles tendon healing has also been investigated using
mesporous silica NPs in vivo using a rat’s Achilles tendon [133].

Another important element of tendon engineering is the ability to engineer
complex tissue such as the tendon-bone insertion site that required strong
materials with mineralised and unmineralised tissues with varied strength and
stiffness. Kolluru et al. demonstrated that PLGA nanofibres which incorporated
HA material demonstrated the highly desirable hardening behaviour even in
the presence of surface mineralization [134]. The nanofibres provided a 200 %
increase in fiber strength and 100 % elongation for thin and strongly bound
mineral coatings [134]. An important feature of electrospining is that the
scaffolds can have graded physical and chemical properties. For the
tendon-bone interface this is vital as this allows the mechanical and structural
properties to be graded and mimic the in vivo tissue insertion site. The ability
to control the mineral deposition of the scaffold may be another technique to
recapitulate the tendon-bone interface. A few studies have aimed to grade the
mineralisation along the nanofibres, which has resulted in good cell
attachment [135-137].

15.7. SUMMARY OF DIFFERENT APPLICATIONS
15.7.1. Future challenges and prospectives
Mechano sensitive and load bearing tissues such as bone, cartilage, tendon or
ligament are natural nanocomposite with an hieratical structure at nanoscale.
Thus, nanomaterials are being thoroughly investigated as scaffolds for tissue
engineering these musculoskeletal tissues. For bone tissue engineering, a
number of synthetic and natural polymers have been identified as biomaterials
for consideration. The use of polymer-ceramic materials remains a very
interesting area of research as bone is composed of inorganic HA crystal and
organic materials. However, the optimal polymer-ceramic hybrid is unknown
and deserves further research interest for bone regeneration. Several
polymers have been considered for cartilage, with hybrid materials being the
likely candidate to support regeneration. Natural-based and synthetic based
blends are being trialed to optimize the mechanical properties and cell
interactions required for regeneration. However, despite many composite
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materials being considered, many are far away from being used in clinical trials
and require further optimisation.

In particular, electrospun nanofibres have shown the ability to support cell
adhesion and differentiation for bone, cartilage and tendon engineering. The
similarities to the natural ECM of nanofibres show that the high surface area
and porosity is a favorable environment to support tissue formation for
regenerative engineering purposes. The exact fiber diameter and orientation to
match the ECM is still not clearly understood, as well as the correct
combination of micro and nanofibres. As one material type cannot provide all
the required characteristics of the ideal scaffold, it is likely hybrid scaffolds will
be further explored for musculoskeletal applications. Electrospining is also a
promising candidate for regenerative scaffolds due to ability to combine the
appropriate growth factor. However, the most appropriate growth factor,
peptide or protein to support MSC differentiation for cartilaginous and bone
formation is also a need to be further explored.

It is likely in the near future to have multi-component scaffolds, which mimic
tendon, cartilage and bone tissue in regards to structure and functionality.
Further research, to optimise fabrication of porous scaffolds with tailored
properties will be explored to achieve smart materials suitable for
musculoskeletal regeneration.
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16.1. INTRODUCTION
Cartilage is a flexible connective tissue found in many areas of the body, such
as within synovial joints (articular cartilage), the external ear (auricular
cartilage), and the intervertebral disc (annulus fibrosis and nucleus pulposus).
Classified into three distinct types (hyaline, elastic and fibrocartilage), this
tissue is composed of specialized cells (chondrocytes) embedded in an
extracellular matrix (ECM) primarily consisting of collagen fibres,
proteoglycans, and elastic fibres (found only in elastic cartilage) – with the
types and proportions of constituents unique for different cartilages. As all
cartilages are avascular, cell growth and tissue regeneration is limited by the
hypoxic environment, thus limiting the self-regenerative capacity of the
damaged cartilage [1]. This motivates the search for tissue engineering
strategies to repair cartilage defects caused by degenerative joint diseases,
cancer or trauma.

Articular cartilage injuries are most common in the knee and can lead to
premature arthritis if left untreated [2]. Repetitive stresses can cause
irreparable damage in the joints, leading to the development of osteoarthritis.
In osteoarthritis, the water content in the cartilage increases due to disruption
of the matrix structure and increased permeability, thus leading to decreased
stiffness and load bearing capacity. In the case of ear cartilage, external ear
deformities are typically a result of both acquired and congenital defects.
Acquired external ear deformities are caused by cancerous lesions that extend
into the underlying cartilage and require amputation, as well as injuries due to
animal bites and automobile accidents [3]. Congenital ear defects, such as
external ear microtia and anotia, affect 129 out of ~ 700,000 newborns in
Canada in 2006 – 2007 [4]. These deformities have significant psychosocial
impact on individuals, thus motivating the need for surgical corrective
procedures. Similar to the ear, the nose is highly susceptible to injury due to its
exposed and unprotected position. Nasal fractures account for half of all facial
fractures [5]. In addition, malformations of the nose and ear are found in
congenital disorders that are characterized by facial malformations, such as
Treacher Collins syndrome and Apert syndrome [6,7]. These malformations
may also require cartilage reconstruction. Patients with congenital or benign
stenosis of the trachea, resulting from trauma, inflammation or illness, require
tracheal reconstruction [8]. Acquired tracheal stenosis occurs in 2–11 % of
newborns [9]. In general, cancers in the nose, ear and trachea are increasing in
numbers and often require resection, replacement and reconstruction.
Reconstructing or replacing the cartilage is challenging due to the complex
geometry of cartilaginous structures in the facial region and the synovial joint
surfaces as well as the required mechanical properties of the defect or repair
site [1]. Advancements in tissue engineering have led to the development of
419
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biomaterials and culturing methodologies for cartilage regeneration. This
chapter will focus on the use of nanomaterials for cartilage tissue engineering
and regeneration.

16.2. CARTILAGE TISSUE BIOLOGY
Cartilage, a flexible connective tissue found in the nose, ear, trachea, ribs, joints
and intervertebral discs (Figure 1), plays various roles in the human body
depending on their type and location. These include providing structural
support, maintaining shape and absorbing shock.

Figure 1. Cartilaginous regions in the human body

In the embryo, the cartilage is formed when mesenchyme cells start to
aggregate to form a blastema at the 5th week of gestation [2]. This is followed
by the secretion of cartilaginous matrix by the cells of blastema, now called
chondroblasts. The extracellular matrix produced pushes the cells apart, and
the cells, now called chondrocytes, become encased in this specialized matrix.
The mesenchymal tissue around the blastema develops into a membrane
called the perichondrium.
As such, the cartilage is mainly composed of specialized cells called
chondrocytes, which are situated in lacunae and secrete the extracellular
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matrix consisting of collagens, elastin, glycoproteins and proteoglycans.
Cartilages of different types and functions vary in amounts of these
extracellular matrix components. There are three types of cartilage – hyaline,
elastic and fibrocartilage (Figure 2).

Figure 2. Three different types of cartilage. Hematoxylin and eosin staining of cross
sections of (A) hyaline cartilage in the human nasal septum, (B) elastic cartilage in the
rabbit ear, and (C) fibrocartilage in the intervertebral disc.* indicates perichondrium
surrounding the hyaline (A) and elastic cartilage tissues (B)

16.2.1. Hyaline cartilage
Hyaline cartilage is the predominant form of cartilage in the human body. It is
present in the nasal septum, ribs, tracheal rings, and on the articular joint
surfaces. The function of hyaline cartilage is primarily mechanical to provide
resistance against bending, compression and impact [2]. This tissue is
primarily composed of hydrated aggregates of proteoglycans within a collagen
II meshwork. In most cases (with the exception of articular cartilage), hyaline
cartilage is covered by an outer fibrous membrane called the perichondrium.
Articular cartilage, however, has a specialized outer layer (adjacent to the
synovial fluid) referred to as the superficial zone. This zone, which has some
similarities to the perichondrium, provides a low-friction interface as well as
contains anti-adhesive proteins (proteoglycan 4 or lubricin) to aid in joint
motion [2].

Hyaline cartilage is generally composed of 1–5 % chondrocytes by volume,
65–80 % wet weight of water, 10–20 % wet weight of collagen, and 3–7 % wet
weight of proteoglycans [2]. The collagen network provides tensile strength,
and this macrofibrilar framework is primarily consisted of type II collagen
(90–95 %). Other collagens in hyaline cartilage include collagen type VI, IX, X
and XI, and have different functions including attaching chondrocytes to the
matrix (collagen VI), contributing to tensile properties and inter-fibrillar
connections (collagen IX), providing structural support and contributing to
cartilage mineralization (collagen X in the case of articular cartilage), and
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nucleating fibril formation (collagen XI) [2]. Proteoglycans are proteins with
glycosaminoglycan side chains. These hydrophilic macromolecules provide
compressive strength to the tissue, and are responsible for maintaining the
fluid and electrolyte balance [10]. They have negatively charged sulphate and
carboxylate groups, in turn attracting positively charged molecules and
increasing the total concentration of inorganic ions and osmolarity in the
extracellular matrix. These molecules are produced and secreted by the
chondrocytes in the matrix, and can be divided into two types: 1) large
aggregating proteoglycan monomers or aggregans and 2) small proteoglycans
such as biglycan, decorin, fibromodulin and lumican [11]. Glycosaminoglycans
(GAGs), the subunits of proteoglycans, are disaccharide molecules. The two
main types of GAGs are chondroitin sulphate and keratin sulphate. They are
bound to the protein core through sugar bonds to form aggrecan, and can
retain water.
Nutrients diffuse from the synovial fluid to the articular tissue. Joint loading
creates cyclical pressures necessary for the normal function of hyaline
cartilage and the transport of water and nutrients between the cartilage and
synovial fluid.

16.2.2. Elastic cartilage

Elastic cartilage is found in the ear, particularly in the pinna and Eustachian
tube, as well as in the larynx and epiglottis. Its role is to provide structural
support and flexibility in these regions. While structurally similar to hyaline
cartilage, the flexibility of elastic cartilage is due to its high content of elastic
fibers (elastin and associated microfibrils), which are woven into a
cartilaginous matrix also consisting primarily of collagen II and aggregating
proteoglycans. Similar to most hyaline cartilages, elastic cartilage is
surrounded by the perichondrium.

16.2.3. Fibrocartilage

Fibrocartilage is found in the intervertebral discs, costochondral joints,
sacroiliac joints and pubic symphysis as well as specialized structures such as
the meniscus. This tissue differs from hyaline and elastic cartilages, as it is
characterized by an abundance of both collagen I and II fibers. Depending on
the particular fibrocartilage, these fibers may have distinct orientations, such
as in the annulus fibrous (of the intervertebral disc) and meniscus, which
arrange into longitudinal and circumferential fibers [12]. This tissue can
withstand high tensile stresses due to the arrangement of collagen fibers but
generally does not perform well under compression [13].
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16.3. STRATEGIES FOR CARTILAGE REPAIR
The goal of treating damaged or diseased cartilage, as with other damaged
tissues, is to restore tissue structural integrity and function. Current clinical
strategies include tissue implantation (Section 16.3.1.1.) and approaches to
stimulate cartilage regeneration (Section 16.3.1.2.). In addition, a growing
number of studies are performed to evaluate the use of engineered tissues to
treat cartilage defects (Section 16.3.2.).

16.3.1. Current clinical strategies

For the repair of articular cartilage defects, the strategy used depends on the
extent of damage and / or degeneration. Defects of the articular cartilage that
do not penetrate to the subchondral bone cannot undergo intrinsic healing
processes since the progenitors of the bone marrow space are not accessible.
In contrast, defects that penetrate the subchondral bone have been shown to
undergo intrinsic repair processes that usually result in a fibrocartilage tissue
that possesses inferior properties compared to hyaline cartilage. Defects in
joint cartilages are commonly treated with either implantation of tissues
(Section 16.3.1.1.) or cartilage regeneration approaches (Section 16.3.1.2.).
Cartilaginous defects in the external ear, nose and trachea are commonly
treated with surgical procedures, with or without the implantation of tissues
or prosthetics (Section 16.3.1.1.). The surgical procedure may involve the
resection of the damaged / diseased cartilage, which may be followed by
anastomosis in the case of the trachea. While defects in facial cartilaginous
features (i.e. ear and nose) may not cause pain as with defects in the joint
region, the treatment of these defects can significantly improve the quality of
life for patients. Besides correcting the appearance of these features, surgical
treatment of the nasal cartilage defects may improve breathing problems. The
need for clinical treatment of tracheal defects is clear as tracheal defects or
abnormalities may cause severe breathing problems and eventually lead to
premature death.

Different current clinical strategies for cartilage repair and reconstruction will
be briefly described here. As this chapter focuses on nanomaterials used for
cartilage tissue engineering, we refer readers to excellent reviews [2,14] for
more details on these clinical approaches.

16.3.1.1. Tissue implantation

Tissue implantation is a widely used strategy for the repair and reconstruction
of articular cartilage defects. One commonly used procedure is osteochondral
transfer used for the repair of osteochondral defects [2,15,16]. This method
involves the harvest of cylindrical osteochondral donor plugs from the low
weight bearing areas within the knee joint. The defect site is first prepared
followed by implantation of donor osteochondral plug(s) (one or more
depending on the size of the defect) to fill the defect. This treatment needs to
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be limited to 1–4 cm2 so as to prevent excessive donor site morbidity [17].
While it was originally developed as an open procedure, it can now be done
arthroscopically with current surgical instrumentation and techniques.
However, this procedure remains to be technically difficult and can result in
variable patient outcomes based on differences in the height of the defect
cartilage and the surrounding native cartilage as well as the accumulation of
fibrocartilage within the gaps regions between the transplanted plugs [17,18].
For the repair of chondral defects, other implantation treatment methods
involve grafting strips of perichondrium [19] or periosteum [20-22] to the
defect using fibrin glue. In the case of periosteal grafts, the problem of graft
calcification can occur over time. However, periosteum is more available (than
perichondrium) and is widely used for transplantation purposes. The
periosteum is also of interest for cartilage repair as this tissue contains a
population of chondrocyte precursor cells in its inner layer (referred to as the
cambium) [14].

Approaches for reconstruction of the ear, nose and trachea include the surgical
transplantation of autologous tissues, allografts, prosthetic materials, or a
combination of these methods. One conventional method is to harvest
autologous cartilage from the rib, which is subsequently shaped by the
surgeon, for surgical replacement of the damaged tissue [23]. While this
approach can be quite successful, this invasive procedure creates a donor site
defect and may also require multiple revision surgeries. Importantly, the
mechanical properties of the rib cartilage may not be suitable for
reconstruction in all cases. Prostheses that may be used for reconstruction
purposes are made from silicone or wax, but there have been increased reports
of infections in patients.
While conventional treatment of tracheal disease can routinely be
accomplished by a direct anastomosis [8], only half of the tracheal length for
adult patients and one third for pediatric patients can be resected. Alternative
approaches are then required for larger defects. Experimentally, tracheal
conduits have been shaped from autografts such as bowel segments and
jejunal flap with costal cartilage skeleton [24,25], allografts [26,27], prosthetic
materials such as poly(dimethyl siloxane) (Silastic) covered with Dacron mesh
at the ends for suturing purposes or a Marlex mesh reinforced with a Teflon
spiral [28,29], or a combination such as combined jejunal tissue with a Dacron
graft [30]. These replacements do not have the same properties of the native
tissue and their implantation may result in inflammation and poor integration
to the host tissue.

16.3.1.2. Cartilage regeneration

Cartilage regeneration techniques have primarily been explored for the repair
of articular cartilage defects. Penetration of subchondral bone is the oldest and
most commonly used method to induce cartilage regeneration through bone
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marrow stimulation [2]. It is useful for a full thickness chondral defect
containing exposed subchondral bone. The principle of this method is to
disrupt the subchondral blood vessels by penetrating the subchondral bone
plate, in turn forming a fibrin clot on the defect site. When protected from
loading, the fibrin clot recruits bone marrow mesenchymal stem cells, which
proliferate and differentiate into chondrocyte-like cells. The most common of
these approaches is microfracture. Microfracture is a simple and common
first-line arthroscopic treatment for symptomatic chondral defects [2]. First
described by Steadman et al. [31], this procedure involves the removal of all
unstable cartilage within the defect site followed by the creation of fracture
holes (using an arthroscopic awl) to penetrate the subchondral bone. As a
result, the defect becomes filled with a fibrin clot, which allows the
differentiation of pluripotent marrow cells. Spongialization is a more radical
version of marrow stimulation which involves the complete excision of the
subchondral bone at the defect site [32].
Another type of articular cartilage regeneration approach is cell based therapy.
Specifically, autologous chondrocyte implantation (ACI) or matrix-induced
autologous chondrocyte implantation (MACI) therapies have been used for the
repair of articular, chondral defects. This procedure involves enzymatically
isolating and propagating autologous articular chondrocytes (obtained from
the low weight bearing regions in the joint) and then implanting these cells
into the defect site as a cell suspension (ACI) or in combination with a matrix
material (MACI) [14,33,34]. The implanted cells produce their own
extracellular matrix to repair the damage site. Clinical studies showed
promising results for this approach. Brittberg et al. [35] showed that 11 out of
15 biopsies from treated femoral condyle lesions had hyaline-like appearance,
and the treatment was durable up to 11 years [36]. However, the success of
this approach is controversial. Knutsen et al. [37] found ACI and microfracture
to be comparable treatment methods after 5 years, while a more recent study
by Saris et al. [38] showed that ACI resulted in better tissue regeneration in
chondral defects than microfracture despite having comparable clinical scores.
Long term studies need to be performed in order to evaluate the survival of the
ACI tissue. A modified version of the ACI method involves the injection of bone
marrow mesenchymal stem cells rather than chondrocytes [39].

16.3.2. Tissue engineering approach

As few of the current treatment methods described in Section 16.3.1. result in
successful repair or regeneration of damaged cartilage, the development of
new procedures are warranted. One popular research area is tissue
engineering, which combines principles of cell biology, medicine and
engineering to create tissue constructs that possess the morphological and
functional properties of native tissue. Important features that need to be
achieved for development of implantable engineered cartilaginous tissues
include: the creation of large sized implants and attainment of appropriate
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mechanical properties, biochemical composition and cellular morphology. The
classical tissue engineering approach is to seed isolated cells onto scaffolds and
to cultivate the cell / scaffold constructs in a bioreactor (Figure 3) and / or in
the presence of stimulatory factors. Thus far, engineered cartilage constructs
have unsatisfactory mechanical properties and collagen contents much less
than native tissue [40,41]. For example, the flexural modulus of engineered
nasal constructs is typically less than half of that of the native nasal cartilage
[40]. The proper stiffness is important for the engineered cartilaginous tissues
to maintain their structure. Current developments in cartilage tissue
engineering is focused on yielding engineered tissues that have improved
structure and functionality.

Figure 3. The classical tissue engineering approach. (A) Cells, commonly chondrocytes
or mesenchymal stem cells, are first isolated from the patient’s tissues by an enzymatic
digestion. The image here shows microscopy image of rabbit ear chondrocytes. The
cells are then seeded into (B) a scaffold [122] or a mold [99], or (C) directly into a
bioreactor. A bioreactor may be just a static dish or more sophisticated systems that
can provide shear stress and control oxygen tension. The image here shows a
bioreactor that provides intermittent shear stimulation to engineered cartilage tissues
[123]. (D) The constructs are grown until reaching desired properties that mimic the
native tissue. The image here shows an engineered ear using a mold placed in a
continuous flow bioreactor [99]. (E) The engineered tissues can potentially be
implanted into the patient.
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16.3.2.1. Cells
Chondrocytes are specialized cells in the cartilage that synthesize and maintain
the matrix structure [2]. They are spheroidal in shape and have no cell-to-cell
contacts. These cells are sparsely arranged within the matrix and receive
nutrition via diffusion through the matrix. They depend on an anaerobic
metabolism and survive on low oxygen concentrations. Although they have
high metabolic activity, the total activity is low due to a low cellular volume of
the tissue. Chondrocytes are commonly used in cartilage tissue engineering
because they are the cells resident in the native cartilage.

While full depth chondrocytes have been predominantly used for
transplantation and tissue engineering, specific chondrocyte sub-populations
can be used to improve the functional properties of tissue engineered cartilage.
Waldman et al. [42] investigated the use of chondrocytes from different zones
of the articular cartilage for tissue engineering, including full-thickness,
mid-and-deep zone and deep zone chondrocytes. These different
sub-populations were isolated and cultured on porous calcium phosphate
substrates. While collagen synthesis was the highest with full-thickness
chondrocytes, mid-and-deep zone chondrocytes yielded engineered tissues
with improved mechanical properties and increased amount of proteoglycans.
Dowthwaite et al. [43] isolated a chondrocyte sub-population from the
superficial zone of the immature bovine articular cartilage. This
sub-population has progenitor cell-like properties with high colony forming
ability as well as high propagation capacity. Colony-derived populations of
these progenitors could be engrafted into different connective tissue lineages.

The application of stem cell technology is gaining interest to be used for
cartilage tissue engineering since stem cells have high proliferative capacity
and multi-lineage differentiation potential. The precursor of chondrocytes is
mesenchymal stem cells (MSCs). Traditionally, the source of these stem cells is
the bone marrow. Various studies have been conducted to promote the
propagation and differentiation of MSCs, using growth factors, biomaterials
and different stimulation methods such as the application of mechanical forces
or the control of oxygen tension in bioreactors. Adult bone marrow derived
MSCs can give rise to chondrocytes when cultured in a 3D environment in the
presence of transforming growth factor-β (TGF-β) family of growth factors
[44]. In particular, TGF-β1 has been shown to induce in vitro chondrogenesis of
rabbit bone marrow derived MSCs [45]. Human bone marrow derived MSCs
could also undergo chondrogenic differentiation under appropriate conditions
[46,47]. These cells also increase osteochondral differentiation when
implanted in vivo [48,49].
Recently, new sources of mesenchymal stem cells have been discovered,
including adipose tissue, blood and the synovium. Mesenchymal stem cells
isolated from human synovial membranes were shown to be capable of
expansion into larger numbers and induction of chondrogenesis in vitro [50].
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In addition, it has been reported that in vitro expanded human articular
chondrocytes have characteristics similar to a progenitor cell, although it is not
yet known the specific type of progenitor cells [51]. In another study, a MSC
population was found in normal and osteoarthritic human articular cartilage
[52]. There is a higher number of progenitor cells in osteoarthritic cartilage
compared to normal cartilage. It is unclear whether this is due to the
recruitment of these cells from the surrounding synovium or the conversion of
MSCs in the defect into an immature phenotype.

Multiple cell types may be co-cultured in cartilage tissue engineering to mimic
the complex composition and structure of each native cartilage tissue. While
the cartilage is composed of a single cell type (chondrocytes), the adjacent cells
play an important role in the functionality of the cartilaginous organs. For
example, the auricular cartilage (elastic cartilage) is composed of a central
chondrogenic layer sandwiched between two perichondrial layers.
Giardini-Rosa et al. [53] developed a new method of engineering auricular
cartilage constructs with structure similar to the native tissue, consisting of the
cartilage zone with a single perichondrial layer on top. The lumens of trachea
are lined with epithelial cells, and the lack of epithelial lining has been linked to
tracheal stenosis in tissue-engineered trachea [41]. The co-culture of
perichondrial and epithelial cells with chondrocytes may improve the
functionality of engineered auricular and tracheal tissues.

16.3.2.2. Biomaterials

Scaffolds are important to provide a three-dimensional structure for
supporting the synthesis of cartilage-specific extracellular matrix proteins,
depending on the type (hyaline, elastic, fibrocartilage) of cartilage to be
developed. Numerous scaffolds have been investigated for cartilage tissue
engineering, including both natural and synthetic biomaterials. There are also
different methodologies for the fabrication of scaffolds used in cartilage tissue
engineering. Important factors need to be considered in scaffold development,
such as biocompatibility, mechanical stability, pore size and porosity, shape,
degradation, and ability to integrate with native tissue [1,14].

Natural biomaterials for cartilage tissue engineering include alginate, chitosan,
collagen, fibrin and hyaluronan (Table 1). Alginate is commonly used to
encapsulate and culture chondrocytes or to study the chondrogenic
differentiation of cultivated mesenchymal stem cells. Chia et al. [54] showed
that chondrocytes encapsulated in alginate produced higher levels of
glycosaminoglycans compared to cells in monolayers, which dedifferentiate
into a fibroblast-like phenotype. However, the alginate does not promote
redifferentiation. Lin et al. [55] similarly showed that primary porcine
chondrocytes could maintain their differentiated state for 4 weeks of culture in
porous three-dimensional alginate scaffolds within a perfusion system. In
another study, MSCs were encapsulated in alginate beads and treated with
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TGF-β3 for 3, 6 or 14 days, after which the cells were cultured without the
growth factor for an additional 2 weeks [56]. Stimulation with TGF-β3 within
the first 3 days of cultivation appeared to be necessary for chondrogenesis. Xu
et al. [57] developed a staging scheme for in vitro chondrogenic differentiation
of human mesenchymal stem cells by growing the cells in three-dimensional
alginate gels. The cells undergo four stages: 1) Stage 1 at days 0–6 expressing
collagen I, VI, Sox 4 and BMP-2, 2) Stage 2 at days 6–12 expressing HAPLN1,
collagen XI and Sox 9, 3) Stage 3 at days 12–18 expressing matrilin 3, Ihh,
Homeobox 7, chondroadherin and WNT 11, and 4) Stage 4 at days 18–24
expressing aggrecan, collagen IX, II and X, osteocalcin, fibromodulin, PTHrP
and alkaline phosphatase. Chondrocytes in alginate were also injected into
mice in vivo [58]. Dobratz et al. [58] injected human nasal septal chondrocytes
in sodium alginate subcutaneously on the back of mouse followed by injection
with calcium chloride to crosslink the alginate. The engineered cartilage was
harvested at different time points and most explants resembled the native
cartilage in gross morphology. While many explants resembled native cartilage
in histological morphology, there was presence of fibrous tissue areas in the
engineered cartilage. When grown for more than 26 weeks, the engineered
cartilage resembled native septal cartilage in terms of collagen content.
Table 1. Natural biomaterials used for cartilage tissue engineering

Biomaterial
Alginate

Methods

in vitro cell
encapsulation

Cells Used

Significant Results

porcine
chondrocytes

maintained
differentiated state
for 4 weeks

[55]

identified 4 stages of
in vitro chondrogenic
differentiation

[57]

supported matrix
production

[59]

human nasal septal
chondrocytes

human MSCs
human MSCs

Chitosan

higher level of
GAG compared to
monolayers

stimulation with
TGF-β3 led to
chondrogenesis

Ref.

[54]

[56]

in vivo cell injection human nasal septal injection into mice led to [58]
into mice
chondrocytes
growth of native-like
subcutaneously
cartilage
seeding of scaffolds
with different fiber
sizes

porcine
chondrocytes
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Biomaterial

Methods
seeding of sponges
with different pore
sizes, cultivated in
a rotating
bioreactor

Cells Used
porcine
chondrocytes

loaded chitosan rabbit chondrocytes
microspheres with
TGF-β1,
incorporated
microspheres into
chitosan scaffolds
and seeded cells

Collagen

Fibrin

loaded BMP-6 onto mouse MC3T3-E1
cells
scaffolds and
seeded cells
seeding of porous
sponges

bovine articular
chondrocytes

encapsulation of
cells in hydrogels
and implantation
into rabbits
subcutaneously

rabbit BMSCs

delivery of
chondrocytes to
treat human
articular cartilage
defects

autologous
chondrocytes

seeding of hybrid bovine chondrocytes
scaffolds made of
collagen I and PLGA
and implantation
into mice
subcutaneously

Hyaluronan cultured autologous
chondrocytes on
scaffolds and
implanted
constructs into
human cartilage
defects
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autologous
chondrocytes

Significant Results
Ref.
control polyglycolic acid [60]
(PGA) meshes led to
DNA and GAG contents
more similar to native
cartilage
release of TGF-β1 in a
multiphasic manner;
stimulated cell
proliferation and
collagen II synthesis

[61]

increased GAG, collagen [84]
II and DNA
chondrogenesis with
serum or with
Nutridoma as serum
replacement

[62]

cells showed
characteristics of
chondrocytes

[63]

deposition of
cartilaginous
extracellular matrix

[64]

[65]
grafts filled and
integrated in patients’
defects after 24 months
hyaline-like cartilage
formed in the grafted
site after 17.5 months

[66]
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Biomaterial

Methods

seeding of MSCs in
photocrosslinked
hydrogels;
in vitro culture and
in vivo
subcutaneous
culture in mice

Cells Used

human MSCs

Significant Results

higher expression of
cartilage specific
markers than in PEG
hydrogels;
incorporation of
TGF-β3 increased
collagen II, aggrecan,
Sox9 in vivo

Ref.

[67]

Chitosan is another natural material used for cartilage tissue engineering due
to its similarity with glycosaminoglycans present in the native cartilage.
Ragetly et al. [59] fabricated chitosan nonwoven scaffolds with fibers of
different sizes (4, 13 and 22 μm in width), using a replica molding technique.
These scaffolds were seeded with porcine chondrocytes and supported matrix
production (GAG and collagen II) per chondrocyte compared to the control
polyglycolic acid mesh, especially those with smaller fibers. The increased
matrix production is likely due to the chemical composition of the scaffolds. In
another study, porcine chondrocytes were cultured on chitosan sponges with
different pore sizes (10, 10–50, 70–120 µm in diameter) or polyglycolic acid
mesh for 28 days in a rotating bioreactor [60]. While the proliferation and
metabolic activity of chondrocytes improved with increasing pore size of
chitosan scaffolds, polyglycolic acid meshes produced tissue constructs with
DNA and GAG contents more closely resembling that of the native cartilage.
Chitosan is a common biomaterial used to deliver bioactive molecules to
cultured chondrocytes [61].

Yates et al. [62] cultured bovine articular chondrocytes on three-dimensional
porous collagen sponges in both standard and serum-free conditions.
Generally, the collagen sponges provided a favorable environment for
chondrogenesis. At 4 weeks, chondrogenesis by cells cultured with Nutridoma
as a serum replacement was equivalent or better compared to cells cultured
with serum, while cells cultured with insulin-transferrin-selenium (ITS) serum
replacement showed poor chondrogenesis due to decreased cell survival.
Chondrogenesis of mesenchymal stem cells can also be induced by providing a
chondrogenic environment. For example, bone marrow mesenchymal cells
were encapsulated in a collagen hydrogel which was then placed in diffusion
chambers that allow permeation of body fluids and infiltration of host cells
[63]. These chambers with cell-encapsulated hydrogels were implanted
subcutaneously in the back of rabbits. At 8 weeks, the mesenchymal cells
grown in the hydrogels showed characteristics of chondrocytes. Tissues grown
in collagen-alginate hydrogels expressed less collagen II than those in
collagen-based hydrogels. In another study, bovine chondrocytes were
cultured on hybrid scaffolds made of collagen I and PLGA, which were then
431

Chapter 16

transplanted subcutaneously into mice [64]. The PLGA mesh acts as a skeleton
and the collagen microsponges aided cell attachment and growth. Three hybrid
scaffolds were investigated: (i) PLGA mesh with collagen microsponge formed
in its interstices, (ii) PLGA mesh with collagen microsponge formed on one
side, and (iii) PLGA mesh with collagen sponge formed on both sides.
Transplants made of all three scaffolds led to deposition of cartilaginous
extracellular matrix. The scaffolds made of PLGA mesh with collagen
microsponge on one side or both sides showed increased GAG, collagen II and
aggrecan compared to the scaffolds with PLGA mesh with collagen
microsponge in the interstices.
Fibrin has been used as a biomaterial to deliver autologous chondrocytes to
treat full thickness articular cartilage defects [65]. At 24 months post-surgery,
29 out of 30 patients showed fair to excellent results, with only one poor
result. These grafts had good fill and integration in the patients’ defects.

Clinical trials using Hyalograft CTM, a hyaluronan-based scaffold, have been
performed to treat articular cartilage defects [66]. Pavesio et al. [66] cultured
expanded autologous chondrocytes on hyaluronan scaffolds and implanted the
constructs into the cartilage defects in patients. Most grafted sites showed
hyaline-like cartilage after an average follow-up time from implantation of
17.5 months. MSCs can interact with hyaluronic acid through their cell surface
receptors (e.g. CD44) as hyaluronic acid is a native component of cartilage. As
such, hyaluronic acid hydrogels could play a role in the differentiation of these
stem cells. In both in vitro and in vivo cultures, MSCs seeded in
photocrosslinked hyaluronic acid hydrogels showed chondrogenesis and
expressed higher levels of cartilage specific markers compared to using PEG
hydrogels [67]. In vivo, the addition of TGF-β3 enhanced the expression of
collagen type II, aggrecan and Sox9.

Natural scaffolds can have problems with immunogenic incompatibility and
batch inconsistency [14]. In contrast, synthetic scaffold properties can typically
be better controlled. Synthetic biomaterials for cartilage tissue engineering
include polyhydroxyacids, such as polylactide (PLA), polyglycolide (PGA),
poly(ε-caprolactone) (PCL) and their copolymers, and polyethylene glycol
(PEG) hydrogels (Table 2).
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Table 2. Synthetic and composite biomaterials used for cartilage tissue engineering
Biomaterial

poly(lactic-coglycolic acid)
(PLGA)

Methods

Cells Used

Significant Results
formation of
neocartilage after
4 months

[69]

seeding of
microspheres
and injection
into mice
subcutaneously

rabbit
chondrocytes

[70]

seeding of MSCs
onto scaffolds
and
transplantation
into rabbit knee
defects

rabbit MSCs

good adhesion to
microsphere surface;
formation of solid white
cartilaginous tissues in
implantation site after
4 weeks

seeding of cells
onto scaffolds
with
immobilized
hyaluronic acid

bovine
articular
chondrocytes

seeding of
scaffolds and
implantation
into mice
subcutaneously

seeding of cells
in fibrin onto
scaffolds

seeding of cells
onto hyaluronic
acid modified
scaffolds

rat
chondrocytes

defects filled with
smooth white
hyaline-like tissues
after 12 weeks

Ref.

[71]

rabbit
[79]
fibrin aided cell
articular
attachment and
chondrocytes distribution; led to more
GAG production
compared to PLGA only
control

human
adipose
derived stem
cells

enhanced cell
attachment as well as
synthesis of GAG and
collagen compared to
PLGA only control

higher expression of
chondrogenic marker
genes and increased
production of GAG and
collagen II compared to
PLGA only control

[80]

[81]

433

Chapter 16

Biomaterial

polyglycolic acid
(PGA)
polycaprolactone
(PCL)

poly(ethylene
glycol) (PEG)

Methods

Cells Used

seeding of
scaffolds and
comparison to
PLGA scaffolds

human
chondrocytes

in vitro culture
in porous
scaffolds

Ref.

[72]

human MSCs

expression of aggrecan
and collagen II higher
in PGA scaffolds

cell-scaffold constructs
became hard after
3 weeks; higher DNA
and GAG contents when
scaffolds were treated
with Pluronic F127
and/or collagen

[73]

culture in
nanofibrous
scaffolds

human bone
marrow
derived MSCs

multi-lineage
differentiation of MSCs

[74]

incorporated
cleavable RGD
peptide into
hydrogels and
encapsulated
cells

human MSCs

immobilized
TGF-β3
lentivirus to
woven scaffolds
and cultured
cells

human MSCs

cell
bovine
encapsulation in
condylar
photopolymerized chondrocytes
hydrogels
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Significant Results

formation of
[85]
cartilaginous
extracellular matrix;
induced chondrogenesis
as effectively as with
TGF-β3 supplemented
medium

RGD promoted
[75]
chondrogenesis of
MSCs, MMP-13
produced by cells led to
the release of RGD as
necessary for complete
differentiation of cells as
limited by the presence
of RGD
cell viability was
maintained and PEG
hydrogels are suitable
for cell encapsulation

[76]
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Biomaterial

composite
polyglycolic
acid/polyethylene

composite
polyglycolic
acid/
hydroxyapatite

Methods

Cells Used

seeding onto
scaffolds and
implantation into
full thickness
cartilage defects

rabbit MSCs

polyethylene
porcine bone
cylindrical rods
marrow
were wrapped
MSCs
with PGA fibres,
seeded with cells,
cultured with
TGF-β1 and IGF-1
and implanted
into mice
subcutaneously

Significant Results

Ref.

formation of mature
cartilage after 8 weeks

[77]

formation of hyaline
cartilage and
subchondral bone

[78]

Polyglycolic and poly-L-lactic based scaffolds have been generally found to
increase the presence of proteoglycans as well as the proliferation and
differentiation of chondrocytes, as compared to collagen based scaffolds [68].
Baek et al. [69] seeded in vitro cultured chondrocytes onto PLGA scaffolds, and
the tissue constructs were implanted in the subcutaneous pocket of nude mice.
After 4 months of implantation, neocartilage was formed with the same
dimensions of the scaffold. The explants showed chondrocytes within lacunae
in a mature cartilaginous matrix that expressed collagen type II. Rabbit
chondrocytes seeded on PLGA microspheres of 30–80 μm in diameter showed
good adhesion to the microsphere surface [70]. In vivo, chondrocytes mixed
with these PLGA microspheres were injected into subcutaneous sites in mice,
and solid white cartilaginous tissues were formed in the implantation site after
4 and 9 weeks. The resulting tissues appeared histologically mature and
expressed high levels of sulfated GAGs and collagen. As well, PLGA scaffolds
allow the differentiation of progenitor cells and provide structural support for
chondrogenesis and articular cartilage repair [71]. Uematsu et al. [71] seeded
MSCs onto 3D PLGA scaffolds and transplanted them into defects in rabbit
knees. At 12 weeks after transplantation, the defects were filled with smooth
white tissues that were hyaline-like. Zwingmann et al. [72] seeded human
chondrocytes onto PGA and PLGA scaffolds. The synthesis of aggrecan and the
mRNA gene expression for collagen II were higher in PGA groups.

Porous PCL scaffolds with pore size of 100–150 μm were used to culture MSCs
for 3 weeks in vitro [73]. These cell-scaffold complexes became harder and
easily manipulated after 3 weeks. When the PCL scaffolds were treated with
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Pluronic F127 and / or collagen, the resulting tissues had higher DNA and GAG
contents and showed more chondrogenic differentiation. PCL was also used to
fabricate 3D nanofibrous scaffolds for the culture and multi-lineage
differentiation of human bone marrow derived MSCs [74].

PEG hydrogels are commonly used for cell encapsulation because their
hydrolytic degradation can be tunable. Salinas et al. [75] incorporated
cleavable arginylglycylaspartic acid (RGD) peptide sequence into PEG
hydrogels by using a thiol-acrylate photo-polymerization. RGD has been shown
to promote the survival and induce chondrogenesis of human MSCs in PEG
hydrogels, but it limits complete differentiation of cells with its sustained
presence. By including an MMP-13 specific cleavable linker to the peptide
sequence, RGD could be released from the hydrogels with the production of
MMP-13 by encapsulated cells. After 21 days, MSCs in RGD-releasing hydrogels
produced more GAG and collagen II as compared with hydrogels with
uncleavable RGD. In a separate study, Nicodemus et al. [76] encapsulated
condylar chondrocytes in photopolymerized PEG hydrogels. PEG hydrogels
were found suitable for cell encapsulation as the cell viability was maintained
over the culture period.

Composite scaffolds can be fabricated using multiple biomaterials. Zhu et al.
[77] created a PGA / polyethylene composite scaffold, with high density
polyethylene carved into cylindrical rods and wrapped with PGA fibres.
Porcine bone marrow MSCs were seeded into the scaffolds and cultured for
3 weeks in chondrogenic medium containing TGF-β1 and insulin-like growth
factor (IGF-1). The resulting tissue constructs were implanted subcutaneously
into mice. At 8 weeks post-implantation, mature cartilage was formed around
the polyethylene as well as inside the pores of the polyethylene scaffold.
Zhou et al. [78] evaluated a composite scaffold made of PGA and
hydroxyapatite. Rabbit MSCs were seeded onto PGA and hydroxyapatite
scaffolds, and the cell-seeded PGA and hydroxyapatite constructs joined
together after 72 h. The cell-PGA-hydroxyapatite composite constructs were
implanted into full thickness cartilage defects in the intercondylar fossa of the
femur, resulting in the formation of hyaline cartilage and a complete
subchondral bone formation.
A combination of natural and synthetic biomaterials can also be used for
cartilage tissue engineering to synergize the biomimetic properties of natural
materials and the tunable mechanical properties of synthetic materials.
Sha’ban et al. [79] seeded rabbit articular chondrocytes in fibrin onto PLGA
scaffolds to minimize cell loss during seeding and to achieve homogeneous cell
distribution. This hybrid scaffold was capable of promoting in vitro
chondrogenesis and led to greater sulphated GAG production as compared
with PLGA control. Yoo et al. [80] immobilized hyaluronic acid onto
macroporous PLGA scaffolds to enhance the attachment of chondrocytes as
well as the synthesis of GAG and collagen compared to unmodified PLGA
scaffolds. Human adipose derived stem cells cultured on hyaluronic
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acid-modified PLGA scaffolds expressed higher levels of chondrogenic marker
genes and increased in the production of sulphated GAG and collagen II, as
compared to those cultured in unmodified PLGA scaffolds at 4 weeks [81].

Bioactive molecules such as peptides and growth factors can be incorporated
and delivered in biomaterials for cartilage tissue engineering. Growth factors
such as FGF, TGF-β1 and IGF-1 have been shown to enhance chondrogenesis
[63,82,83]. Cai et al. [61] loaded chitosan microspheres with TGF-β1, and
rabbit chondrocytes were cultured on chitosan scaffolds with the TGF-β1
microspheres for 3 weeks. TGF-β1 could be released from the microspheres in
a controlled multiphasic manner and stimulated cell proliferation and the
synthesis of collagen type II. Another chondrogenic differentiation factor, bone
morphogenetic protein-6 (BMP-6), was loaded onto chitosan scaffolds and
increased the contents of GAG, collagen II and DNA in cultured cell-scaffold
constructs [84].

Brunger et al. [85] created lentivirus-based cell-instructive scaffolds to
mediate the differentiation of human mesenchymal stem cells and increase the
formation of cartilaginous extracellular matrix. This was done by using
poly-L-lysine to immobilize transforming growth factor β3 (TGF-β3) lentivirus
to 3D woven PCL scaffolds. The gene delivery of TGF-β3 using the scaffolds
induced chondrogenesis as effectively as the conventional differentiation
method with TGF-β3 supplemented medium. Immobilization of the lentiviral
vector to a biomechanically functional scaffold enabled sustained transgene
expression and extracellular matrix formation.

There is increasing evidence that cell behavior can be influenced by changes in
nanoscale topographical surfaces. Various studies have been performed to
create and evaluate new biomaterials with such features. Nanomaterials used
in cartilage tissue engineering will be further discussed in Section 16.4.

The use of scaffolds in conventional cartilage tissue engineering provides a
structural support for the growth of cells and eases the shaping of the
constructs, but can elicit immunological responses once implanted into the
body. Whitney et al. [86] explored the scaffold-free method of cartilage tissue
engineering, seeding high densities of cells (1–3 million cells cm−2) in a custom
biochamber with two compartments separated by a porous polyester
membrane. This method produces cartilage sheets of approximately 4 cm by
4 cm. The Waldman group developed a method to grow large articular and
auricular cartilage constructs from a small cell population (7000–
13000 cells cm−2) without the use of scaffolds [53,87]. In this method, cells are
seeded directly into the wells of a chamber, which is connected to a pump that
provides a continuous flow of culture medium. After 4 weeks, 3D tissues that
take the shape of the well (3 cm2) and have a thickness of approximately
500 µm are formed. This continuous flow bioreactor setup improves the
transport of nutrients and metabolic waste to promote tissue growth.
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16.3.2.3. Bioreactors
Cartilage tissue constructs can be grown in bioreactors that control the
environmental conditions and provide specific factors for desired tissue
growth. Bioreactors can maintain physiological conditions, improve transport
of nutrients and wastes, and provide biomimetic stimulation.

The simplest form of the bioreactor is the cultivation of tissue constructs in a
Petri dish or culture plate with or without placing it on a shaker [88,89]. Other
bioreactors include spinner flasks, flasks with stirrers and rotating vessels
[90-93]. These bioreactors provide shear stress to the tissue constructs to
enhance nutrition by convection as opposed to diffusion alone. Rotating
vessels are more advanced bioreactors that allow tissue constructs to float
freely in the culture medium while the vessel rotates around an axis at a
constant speed. It was previously shown that chondrocyte-seeded scaffolds
cultured in rotating vessels for 8 weeks resulted in larger constructs than
those cultured in static and stirred bioreactors [93]. Constructs grown in
rotating bioreactors also had the highest concentrations of glycosaminoglycan
and collagen and the best mechanical properties.
16.3.2.3.1. Control of oxygen tension

Cultured cells require nutrients and oxygen to proliferate. In static culture,
oxygen and carbon dioxide diffuse into and out of the cells. As a result, the
medium close to the cells has a decreasing oxygen tension and increasing
carbon dioxide tension. If the medium is not circulated, the rate of diffusion
into the cells decreases and eventually ceases due to the lack of concentration
gradient of oxygen across the cell surface. This leads to cell death. Stirred flask
bioreactors can provide shear stresses and enable the mixing of oxygen and
nutrients throughout the culture medium during the cultivation of cells for
cartilage tissue engineering. As chondrocytes are primarily anaerobic cells,
several studies have investigated the effects of oxygen tension on tissue
formation. The effects of hypoxia are variable, with some studies indicating
that hypoxia leads to improvements in tissue formation [94], whereas others
have shown no effects [95].
16.3.2.3.2. Transport of nutrients and metabolic waste

Continuous flow bioreactors can be used for the engineering of various
cartilaginous tissues so as to eliminate the need for large numbers of cells as
with other approaches and to accelerate the formation of engineered tissues.
Previous approaches of cartilage tissue engineering required a large number of
cells to generate tissues of physiologically relevant size and mechanical
properties. For example, cell density of 106 cells cm–2 is necessary to engineer
nasal cartilage tissues that can withstand surgical manipulations and support
the structure of the nose [96]. A separate cell expansion stage is usually used to
obtain a large number of cells for cartilage tissue engineering. This expansion
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stage tends to lead to de-differentiation of cartilage cells. Brenner et al. [87]
developed a novel strategy to engineer cartilage tissues of 3 cm2 from a small
population of cells (only 104 cells cm–2) without the cell expansion step, by
growing tissues in a continuous flow bioreactor. Also, the continuous flow
bioreactor can accelerate matrix production compared to static growth such
that no scaffold will be necessary. Using a bioreactor with media flow likely
improves tissue growth due to better transport of nutrients and metabolic
waste.
16.3.2.3.3. Growth factors

Bioreactors can provide more suitable culture conditions to tissue constructs
by adding growth factors that support chondrogenesis. The application of
growth factors such as bone morphogenetic protein-2 (BMP-2), IGF-1, and
TGF-β (1 or 3) in the bioreactor increased the compressive and tensile
properties of engineered cartilage tissues [97]. The proliferation of
chondrocytes, when seeded at low densities, was increased by adding
combinations of growth factors such as TGF-β1, fibroblast growth factor 2
(FGF-2) and platelet-derived growth factor BB (PDGF-BB) into the bioreactor
[98]. In a separate study, elastic cartilage constructs grown by culturing rabbit
auricular chondrocytes in the continuous flow bioreactor showed increased
deposition of cartilaginous extracellular matrix, improved expression and
localization of elastin, improved mechanical properties and greater thickness
when insulin or IGF-1 was added [99]. These constructs had properties
comparable to the native auricular cartilage after a 4 week cultivation period.
On the other hand, the inhibition of interleukin-6 may improve the growth of
cartilage constructs in bioreactors [100].
16.3.2.3.4. Application of mechanical forces

The function of chondrocytes can also be influenced by mechanical signals. The
application of mechanical forces can be transduced into biochemical signals
leading to the stimulation of cartilaginous extracellular matrix synthesis
(process of mechanotransduction). In addition, mechanical stimulation of
tissue engineered cartilage can also result in the improvement of mechanical
properties of the developed tissue constructs. These applied forces simulate
loading that would be normally exerted during activities of daily movement.
Specifically, cyclical loading of articular chondrocytes has been shown to
increase extracellular matrix production and cell viability within engineered
cartilage constructs [101,102]. Other bioreactors have been developed to
provide dynamic changes in hydrostatic pressure, tension, shear, vibrations,
etc. to articular cartilage in vitro, which are reviewed in [103]. For example,
shear stresses can also be applied to cartilage tissue constructs using rotating
vessels as described previously (Section 16.3.2.3.).
439

Chapter 16

16.4. NANOMATERIALS FOR CARTILAGE TISSUE
ENGINEERING
New methods in nanomaterial science, such as electrospinning and 3D fibre
deposition, have been developed to improve the quality of the scaffolds on the
nanoscale. Similarly, nanoparticles can also be incorporated into biomaterials.
The addition of these nanoscale features can produce scaffolds that better
mimic the extracellular matrix environment found in the native cartilage,
which is believed to increase the interaction of the cells with the scaffold to
improve the functionality of the resultant engineered tissue construct. It is
believed that cell behavior is largely affected by nanoscale features, leading to
changes in the cytoskeleton, cell morphology, focal adhesions, motility as well
as gene expression. Studies have suggested that there may be a topography-dependent cell transduction that is independent of biochemical signals, and
this is related to the pattern and spacing of adhesive ligands [104,105]. This
type of cell transduction has been found to be similar to mechanotransduction
[105,106].

16.4.1. Nanosurfaces

Both physical (i.e. lithography) and chemical (i.e. treatment with acids and
bases) methods have been used to create geometrically defined nanopatterns
on tissue engineering scaffolds (Figure 4). Balasundaram et al. [107] created
highly porous surfaces with nanoscale roughness by nanoembossing
polyurethane (PU) and PCL. The two polymers were casted over a crystalline
titanium surface with plasma-deposited spiky nanofeatures, which can be
modified using different parameters for the fabrication process. The resulting
polyurethane and PCL surfaces have nanoscale surface roughness and high
surface energy compared to surfaces casted over titanium without spikes.
These surfaces increased chondrocyte numbers, intracellular protein
production and collagen secretion by chondrocytes compared with smooth
surfaces. Park et al. [108] modified PLGA scaffolds using a chemical etching
technique with 1 N sodium hydroxide for 10 min. The treated PLGA scaffolds
enhanced chondrocyte numbers as well as intracellular and extracellular
protein content compared to untreated PLGA scaffolds. This may be due to
increased hydrophilicity, porosity, surface area and degree of nanometer
roughness. The authors suggest chemically treated PLGA may be suitable for
articular cartilage repair.
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Figure 4. Nanosurfaces created with physical and chemical methods for cartilage
tissue engineering. (A-F) Nanoembossed polyurethane (NPU) and nanoembossed
polycaprolactone (NPCL) [107]. (A-B) Scanning electron microscopy images of NPU at
low (A) and high (B) magnifications. (C) Scanning electron microscopy image of NPCL.
(D-E) Chondrocyte density was increased on NPU (D) and NPCL (E) compared to
unmodified substrates (PU, PCL). (F) Intracellular protein production was increased on
NPU and NPCL compared to unmodified substrates. (G-J) NaOH-treated PLGA scaffold
[108]. (G-H) Scanning electron microscopy images of unmodified (G) and
NaOH-treated (H) PLGA scaffolds. (I) Cell density was increased on NaOH-treated
scaffolds compared to unmodified scaffolds. (J) GAG synthesis was increased on
NaOH-treated scaffolds compared to unmodified scaffolds.

16.4.2. Nanofibres
Nanofibrous scaffolds are commonly prepared using electrospinning
(Figure 5). Li et al. [44,74] fabricated electrospun, three-dimensional
nanofibrous scaffolds from a synthetic biodegradable polymer, PCL. The
resulting scaffolds had uniform, randomly oriented nanofibres of 700 nm in
diameter. These scaffolds resemble collagen fibrils and supported the
multi-lineage differentiation of bone marrow-derived human mesenchymal
stem cells when cultured in specific differentiation media in vitro. Specifically
the cartilage specific gene profile, including aggrecan, collagen II and collagen
X, was expressed when cells were grown in chondrogenic medium with
TGF-β1.
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Figure 5. Nanofibrous scaffolds used in cartilage tissue engineering. (A-B) Electrospun
nanofibrous polycaprolactone scaffold [44]. (A) Scanning electron microscopy image of
polycaprolactone scaffold with fibres of 500–900 nm in diameter. (B) GAG synthesis
was increased when MSC cultures on the nanofibrous scaffolds were treated with
TGF-β1. (C-F) Aligned electrospun nanofibrous polycarbonate urethane scaffolds
modified with an anionic dihydroxyl oligomer [110]. (C-D) Scanning electron
microscopy images of scaffolds under continuous tension (monotonic) (C) or with
tension only for 24 h (relaxed) (D). (E-F) Type I collagen (green) appeared more
organized parallel to the cells (red, actin cytoskeleton; blue, cell nuclei) in monotonic
scaffolds (E) than in relaxed scaffolds (F). (G-I) Electrospun nanofibrous poly(lactic
acid) membranes modified by treatment with oxygen plasma and subsequent covalent
grafting of cationized gelatin molecules [112]. (G) Bulk appearance of nanofibrous
membrane before implantation into rabbits subcutaneously. (H) Scanning electron
microscopy image of nanofibrous membrane. (I) Bulk appearance of tissue constructs
4 weeks after implantation into rabbits subcutaneously.

In vivo, electrospun PCL scaffolds with fibres of 400 nm in diameter, coated
with chitosan or uncoated, were implanted under periosteum in rabbits and
TGF-β1 or vehicle was injected into the implant site [109]. The scaffolds were
removed after 1, 3, 5 or 7 days and the scaffolds and periosteum were cultured
separately for 6 weeks. The longer duration of implantation led to increased
cartilage formation in the uncoated scaffolds. Cells in the uncoated scaffolds
produced more GAG and cartilage compared to those in chitosan-coated
scaffolds. Overall, these nanofibre scaffolds allowed infiltration of periosteal
cells in vivo, which in turn produced engineered cartilage in vitro.
Turner et al. [110] cultured bovine annulus fibrosus cells on electrospun-aligned nanofibrous polycarbonate urethane scaffolds, and the constructs
were strained under tension either throughout the entire culture duration
(monotonic condition) or only for the first 24 h (relaxed condition). Cells on
the relaxed scaffolds showed increased proliferation and collagen synthesis.
On the other hand, the cells and matrix on the monotonic strained scaffolds
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were more aligned, which in turn led to higher elastic modulus. Determining
the optimal applied tensile forces and elastic modulus for the tissue
engineering of the annulus fibrosus, a fibrocartilage within the intervertebral
disc, may be necessary to better mimic the native tissue.

Besides electrospinning, thermally induced phase separation can also be used
to fabricate nanofibrous scaffolds [111]. A poly(β-caprolactone)-block-poly(L-lactide) (PCL-b-PLLA) copolymer was used to fabricate nanofibrous scaffolds
using this method. PCL-b-PLLA / tetrahydrofuran solution, with the addition of
particles of 125–200 µm, was quenched to −20 °C or below and then gelled for
2 h due to the PCL and PLLA microcrystals. The gel was immersed in water for
2 days to leach out the particles and then lyophilized to obtain nanofibrous
scaffolds. The nanofibrous scaffold had higher specific surface area and protein
adsorption compared to a solid-walled scaffold. Chondrocytes cultured on the
nanofibrous scaffold showed spherical chondrocyte-like phenotype, produced
greater amounts of proteins and DNA, and expressed higher levels of collagen
II and aggrecan mRNA.
Electrospun PLLA nanofibrous membranes were modified by treatment with
oxygen plasma to introduce carboxylate groups on the surface, onto which
cationized gelatin molecules were covalently grafted [112]. In vitro, the
modified membranes enhanced the viability, proliferation and differentiation
of rabbit articular chondrocytes compared to unmodified membranes. Cells
had proper morphology and grew into the interior of the membranes, as
shown by scanning electron microscopy. Cell differentiation was evident by the
increased secretion of glycosaminoglycan and collagen and expression of
characteristic markers of chondrocytes, such as collagen II, aggrecan and Sox9.
In vivo, the subcutaneous implantation of cell-seeded membranes led to the
formation of cartilage tissues after 28 days.

16.4.3. Nanocomposites

While polymer-hydroxyapatite nanoparticle composites are extensively
explored for bone repair, they may also be used for cartilage regeneration
(Figure 6). Spadaccio et al. [113] investigated the use of electrospun fibres of
PLLA loaded with hydroxyapatite nanoparticles for the chondrogenic
differentiation of human MSCs. These composite scaffolds induced the
chondrogenic differentiation of MSCs, as evident in Sox9 expression and the
presence of cartilage specific proteoglycans, compared to a PLLA control. Sox9
is a chondrogenic transcription factor that activates the production of collagen
type II and aggrecan. Pan et al. [114] prepared nanohydroxyapatite reinforced
poly(vinyl alcohol) (PVA)composite gels by an in situ synthesis of
nanohydroxyapatite particles in PVA solution combined with a freeze / thaw
technique. The mechanical properties of the hydrogel could be modified to
mimic those of the articular cartilage by changing the nanohydroxyapatite
content, PVA concentration and freeze / thaw cycle times.
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Figure 6. The incorporation of nanoparticles and nanotubes into scaffolds for cartilage
tissue engineering. (A-C) The incorporation of hydroxyapatite nanoparticles into
poly(lactic acid) scaffolds [113]. (A-B) Scanning electron microscopy images of
poly(lactic acid) membranes with hydroxyapatite nanoparticles at low (A) and high (B)
magnifications (nanoparticles indicated with arrows). (C) The expression of
chondrogenic specific marker Sox-9 in human MSCs was increased when cultured in
basal medium on poly(lactic acid) scaffold with hydroxyapatite nanoparticles
(PLLA-HA Basal) compared to poly(lactic acid) only control (PLLA Basal). (D-F) The
incorporation of gold nanoparticles into type II collagen [115]. (D-E) Scanning electron
microscopy images of surfaces of type II collagen only (D) and type II collagen with
2.5 % gold nanoparticles (E). (F) Expression of Sox-9 was increased with the addition
of gold nanoparticles compared to type II collagen only (CII). (G-I) The incorporation of
carbon nanotubes into polycarbonate urethane [119]. (G-H) Scanning electron
microscopy images of bare polycarbonate urethane surface (PCU) (G) and PCU with
carbon nanotubes (H). (I) Chondrocyte density was increased on electrically
stimulated PCU with carbon nanotubes (CNT/PCU) compared to bare PCU.

Metallic nanoparticles, such as gold, have certain optical, electronic and
biological properties beneficial for cartilage repair. Researchers have
incorporated these nanoparticles into polymers to fabricate polymer-metal
nanoparticle composites for cartilage tissue engineering. Hsu et al. [115]
incorporated gold nanoparticles into hydrogels made of porcine collagen II.
These nanoparticles increased mechanical properties. At 0.1 % gold
444

Nanomaterials for cartilage tissue engineering

nanoparticles, the composite hydrogels promoted chondrocyte proliferation.
An increased gold nanoparticle content led to increased expression of collagen
I, aggrecan and Sox9, up to 2.5 % gold content.

The type and amount of nanoparticles incorporated in the nanocomposite
scaffolds can be changed to modify surface properties such as surface area,
roughness and charge, which may affect the adhesion and proliferation of
chondrocytes. Compared with surfaces with conventional or microscale
surface roughness, the adhesion of chondrocytes increased on PLGA / titanium
dioxide (titania) composite scaffolds with a nanosurface [116]. The scaffolds
were created by adding nanometer grain size titania to PLGA solution to create
PLGA / titania composites and then chemically treating the composites with
different concentrations of sodium hydroxide for different time periods to
obtain surface features. Moreover, it was found that these PLGA / titania
composites increased the intracellular synthesis of alkaline phosphatase and
chondrocyte-expressed growth factors, compared to unmodified surfaces.

Carbon nanotubes have desirable mechanical and electrical properties for
tissue engineering. The native extracellular matrix has a natural
nanotopography that supports cell attachment and interactions, in turn
affecting cell morphology and arrangement. This nanotopography could be
mimicked using the structural arrangements of carbon nanotubes. In addition,
it was previously shown that electric fields affect the growth and remodeling of
cartilage [117,118]. Khang et al. [119] investigated the effect of surface
roughness and electrical stimulation on the functions of chondrocytes using
composite film made of carbon nanotubes and polycarbonate urethane. The
composite film had higher nanometer surface roughness and is more
hydrophilic compared to plain polymer, which enhanced chondrocyte
adhesion and cell density. A lateral electrical stimulation of low voltage was
applied across the composite films and this was shown to further enhance cell
density. Carbon nanotubes can also be physically entrapped into collagen
matrix to better mimic the natural extracellular matrix [120].
A nanoparticle / hydrogel system was developed for delivering two growth
factors, BMP-7 and TGF-β2, to promote the chondrogenesis of MSCs [121]. The
alginate hydrogel contains BMP-7 and polyion complex nanoparticles with
TGF-β2, such that a fast release of BMP-7 and a slow release of TGF-β2 occur.
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16.5. CONCLUSIONS
Despite advancements in scaffold design and bioreactor conditions, engineered
cartilage constructs remain mechanically inferior to native cartilage tissues. In
addition, engineered tissues thus far showed poor integration as well as
deterioration in its quality over time when evaluated in vivo. The development
of new nanomaterials with desired properties may improve chondrogenesis,
resulting in more suitable tissue grafts for cartilage repair and regeneration.
Here, the recent progress in the development of these materials has been
discussed. Some of the recent studies in cartilage tissue engineering involve
nanosurfaces fabricated using lithography or acid / base treatments,
nanofibrous scaffolds fabricated by electrospinning or thermally induced
phase separation, and nanocomposites fabricated by adding nanoparticles or
carbon nanotubes to scaffolds. The introduction of nanoscale features creates
scaffolds that more closely resemble the native cartilage in its extracellular
matrix structure. This improves the interaction of cells with the scaffold and in
turn tissue growth. Nanomaterials have shown success in enhancing cell
adhesion, morphology, growth, differentiation and synthesis of cartilaginous
extracellular matrix. Future work in this field should continue to develop
nanocomposites with both mechanical and biochemical properties that
adequately mimic the human cartilage tissue such that the morphological and
functional properties of the resultant engineered cartilage tissue can be
suitable for eventual clinical translation.
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17.1. INTRODUCTION
Tissue engineering is a rapidly evolving field which can provide options to
treat a wide range of diseases. Using tissue engineering, researchers have
recently transplanted whole tissues such as the trachea [1] and the vagina [2]
into patients and parts of damaged tissues, for example skin [3] (which has
actually been in use since the early 1980s), urethra [4], cornea [5], and
pancreatic islets [6].

Tissue engineering is based on growing cells on or within substrates
commonly known as scaffolds. Scaffolds can be decellularised tissue (for
example de-epidermised dermis [7] or decellularised pancreas [8]) or
fabricated from either natural [9] or synthetic polymers [10] in the form of
films [11], hydrogels [12] or electrospun scaffolds [13]. However,
consideration must be given as to whether the technique developed is for
laboratory based research purposes or for clinical translation. Using
decellularised tissue for human transplantation requires tissues to be sourced
with full ethical consent of the donors or relatives, which are handled through
a tissue bank in order to minimise the risk of disease transmission [14]. This
requires the establishment of well-run tissue banks which is a time consuming
process and despite very best banking practices it is not possible to completely
eliminate all risks of viral transmission. Accordingly, to avoid any risk of
disease transmission using human tissue and delays in its use, ready-to-use
synthetic alternatives for scaffolds may be better option.

A large amount of work has been carried out to investigate how to deliver cells
to tissue surfaces, particularly for the cornea. This chapter describes the
diseases that can affect the ocular surface, the current clinical treatments and
the possible future treatments including the use of nanotechnology in the
treatment of corneal diseases.

17.2. BACKGROUND
The eye consists of several different tissues, each playing a key role in vision
(Figure 1). Damage to any of the tissues can adversely affect sight ranging from
blurred vision to total blindness.
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Figure 1. Schematic diagram of the cornea

The cornea is the first tissue that light passes through when entering the eye
[15], after which it undergoes refraction several times as it moves through the
different tissues of the eye until it eventually falls on to the retina.

17.2.1. The cornea
The cornea is an avascular [16], transparent tissue [17] with a major role to
play in vision.

Similar to skin, maintenance of the barrier function of the cornea is vital,
without which the tissue is prone to infection and disease, causing blurred
vision and sometimes blindness. The central cornea does not contain any blood
vessels or lymphatic vessels [18] however, the limbal area situated at the
periphery of the cornea is highly vascularised [19] supplying nutrients to the
residing adult stem cells and highly proliferative epithelial cells. A continuous
supply of tear fluid to the front of the eye keeps the cornea from drying out.
The tears play a crucial role in washing away debris which can lead to infection
but at the same time provide nutrients to cells.

The cornea is ~ 500 μm thick [15] and consists of five different layers: the
epithelium, Bowman's membrane, stroma, Descemet's membrane and
endothelium (Figure 2).
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Figure 2. Schematic of the cross-section of the cornea

The corneal epithelium is the outermost layer of the cornea and is ~ 50 μm
thick. Below the epithelium is the Bowman’s membrane, a 10 μm thick layer
composed of collagen fibrils below which is the stroma [20]. The stroma is
composed of 78 % water, 16 % collagen fibres and quiescent keratocytes [21]
and makes up 90 % of the cornea [22]. The collagen fibrils (mainly collagen I)
in the stroma are arranged to form lamellae and there are several lamellae that
run in parallel to the corneal surface [23]. Due to the arrangement of fibrils the
cornea as a whole is transparent [24]. Descemet’s membrane, the basement
membrane of the endothelium [25] comprises of collagen fibres [26] while the
endothelium is a single layer of endothelial cells that do not proliferate once
mature, even if injury has taken place [27]. However, in vitro, these cells can be
cultured, which offers the opportunity to transplant cells back into the eye to
restore vision [28]. The corneal endothelium has a very important pump-leak
mechanism which maintains hydration of the cornea [29]. Here, solutes and
fluid are pumped from the stroma into the aqueous humor while at the same
time solutes and fluids leaks into of the stroma from the aqueous humor. This
mechanism is driven by osmosis and prevents stromal oedema [30], thus
maintaining the transparency of the cornea.
Each of these layers is responsible for the transparency and maintenance of
vision. Usually loss of transparency is indicative of disruption to one or more of
the corneal layers.

17.2.1.1. The corneal epithelium

The corneal epithelium is comprised of about 5–7 layers of stratified
squamous, non-keratinised cells [31] and plays an important role in allowing
oxygen [32] entry into the eye but at the same time prevents bacterial entry
[33] which may lead to infection. The corneal epithelium consists of three
layers of cells: the basal columnar monolayer, 2–3 layers of wing cells and the
uppermost two to three layers of superficial cells [34].
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The stem cells of the corneal epithelium lie in small pockets / niches about
120 μm in length, popularly known as limbal stem cell niches which are
present in structures known as the Palisades of Vogt [35]. The stem cells are
reported to lie in the basal part of the niche, well protected from external
factors, maintained by several intrinsic factors [36].

As stem cells divide, they produce one cell that remains a stem cell and a
daughter cell that eventually differentiates into corneal epithelial cells [37].
The cells in the limbus (located at the periphery of the cornea) are stratified
columnar, non-keratinised cells which are about 7–10 layers in thick [37]. As
the daughter cells/transient amplifying cells divide they move upwards and
inwards from the periphery of the cornea toward the central cornea region
where they eventually terminally differentiate and are washed away with the
blinking action of the eye. An equilibrium exists in the rate at which the limbal
stem cells divide and the cells slough off at the central corneal region. The stem
cells under normal functioning are considered to be quiescent even though
there is some level of proliferation to maintain the homeostasis of the corneal
epithelium [38]. However, upon the onset of injury, the stem cells switch to a
highly proliferative state where they divide rapidly to heal corneal wounds,
and switch back to the quiescent state once the wound has healed [36].
Apart from housing the stem cell niches, the limbus also serves as a barrier
between the conjunctiva and the cornea, preventing the vascularised
conjunctiva from moving on to the cornea and vascularising the region [39].

17.2.2. Limbal stem cell deficiency

During injury, the proliferation of the stem cells must be sufficient to prevent
the conjunctival cells from encroaching into the corneal region. This may
happen if the proliferation of the stem cells is slow or the stem cells are
completely absent due to damage [36]. Damage to the limbus is known as
limbal stem cell deficiency and may occur due to genetic diseases such as
aniridia [40], thermal and chemical burns [41], extensive radiation, surgery,
cryotherapy [42], inflammatory diseases such as Stevens-Johnson syndrome
[43], as well as contact lens use [44]. Clinical symptoms include pain, blurred
vision, tearing, inflammation and in extreme cases blindness [45]. Using
impression cytology, limbal stem cell deficiency can be confirmed by
identifying goblet cells [46] and cytokeratins characteristic of conjunctival cells
[47].
Limbal stem cell deficiency can be divided into partial or total deficiency
(Figure 3).
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Figure 3. Schematic of an eye showing a normal limbus (red), partial limbal stem cell
deficiency (red partly absent) and total limbal stem cell deficiency (the red is absent)

17.2.2.1. Partial limbal stem cell deficiency
When only a part of the limbus is absent, it is known as partial limbal stem cell
deficiency. The disease may range from mild, where an abnormal epithelium is
present on the corneal surface to severe, where vision is affected and a
fibrovascular pannus is present.

The deficiency may affect vision, in which case intervention is necessary or
may not affect vision, in which case minimal intervention or medication alone
is necessary [45]. Surgical intervention usually involves mechanical
debridement of the conjunctival cells that have moved on to the corneal region.

17.2.2.2. Total limbal stem deficiency

When the whole limbal region has been damaged or is absent, this is called
total limbal stem cell deficiency. Management in this case would involve
debridement of the conjunctival cells along with subsequent transplantation of
a new source of limbal epithelium [5]. The source of the new epithelium could
be from the patient's undamaged eye if the condition is unilateral damage;
however, in the case of bilateral damage, cells are sourced from a donor [48].
Also being explored is the use of other autologous cell types which will be
explained later in this chapter.
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17.2.3. Clinical treatments of limbal stem cell deficiency
The first successful corneal transplantation was carried out by Zirm in 1905
[49]. Due to the immune privileged nature of the cornea, it is a tissue that can
be transplanted without concerns of rejection and thus there is no need for
immunosuppression. Attempts have been made to transplant corneas to treat
limbal stem cell deficiency; however, they have been unsuccessful as the
procedure only includes the central transparent cornea and not the limbal area
[48].
Because of this, over the last few decades, researchers have explored the use of
several different methods to deliver fresh epithelial tissue or cultured
epithelial cells to damaged corneas after mechanical debridement of the
conjunctival cells.

17.2.3.1. Conjunctival transplantation

This procedure was first attempted by Thoft in 1977 [50] where he took a few
pieces of bulbar conjunctiva from the healthy eye to treat unilateral limbal
stem cell deficiency caused by burns. The procedure was based on conjunctival
transdifferentiation. It was reported that the conjunctival cells on the cornea
underwent a slow transformation into corneal epithelium-like cells, a process
known as conjunctival transdifferentiation [50]. Dua studied the concept of
conjunctival transdifferentiation on animals and came to the conclusion that it
was unlikely that conjunctival transdifferentiation was actually taking place
and it was instead squamous metaplasia with the loss of goblet cells. It was
also suggested that complete damage of the limbus of the animals had not been
carried out in the experiments leading to a partial limbal stem cell deficiency
model [51]. This suggests that there is a possibility that even though the
diagnosis of the disease was total stem cell deficiency, it may actually have
been partial with the corneal epithelial cells trying to cover the corneal region.

17.2.3.2. Keratoepithelioplasty

Keratoepithelioplasty was first carried out by Thoft in 1984 [52]. This
procedure was mainly targeted towards patients with bilateral damage, as the
tissue transplanted was from cadaveric donors. In this treatment, the whole
globe of the cadaver was taken and the partial thickness cornea was excised.
The cornea was sectioned into four segments and lenticules comprising the
epithelium and stroma from the mid peripheral region were excised and
sutured onto the patient's damaged eyes. The vision of three out of four
patients improved after the procedure; however, the procedure for the fourth
patient failed due to complications [52]. Interestingly, at this time knowledge
of limbal stem cells was very incomplete; it is possible that during the
keratoepithelioplasty procedure, part of the limbus was excised leading to its
transplantation onto the cornea [53].
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17.2.3.3. Conjunctival limbal transplantation
This procedure was an extension of the conjunctival transplantation including
a part of the limbal region along with the bulbar conjunctiva. A report of the
successful use of this technique on 21 patients was pubished by Kenyon and
Tseng [54]. The tissue used in this procedure was autologous tissue.

17.2.3.4. Living related conjunctival limbal allograft

This procedure was similar to conjunctival limbal transplantation except for
the fact that the tissue was sourced from a living relative of the patient. This
would mean the procedure could be employed for the treatment of bilateral
injuries. However, in such cases, tests would need to be carried out in order to
determine the human leukocyte antigen (HLA) typing of relatives to avoid
rejection of the transplanted tissue [55].

17.2.3.5. Keratolimbal allograft

Keratolimbal allografts involved excising the whole limbus as one tissue from
cadaver donors. The ring graft contains a very small amount of sclera, the
whole limbus and the peripheral cornea. Clinical outcomes for the use of
keratolimbal allografts have shown a success rate of 82–100 % after 1–2 years
follow-up but a decrease to 50 % after 3–5 years [56].

17.2.3.6. Ex vivo expansion of limbal epithelial cells

It has become clear over the last few decades that the transplantation of limbal
epithelial cells (or limbal tissue explants) is essential to treat limbal stem cell
deficiency. Especially in the case of unilateral damage, sacrificing other parts of
the eye like the conjunctiva may not be necessary. Pellegrini et al. were the
first to report the transplantation of a limbal epithelial sheet grown on growth
arrested murine 3T3 cells onto the damaged a cornea of an eye. The group
reported that this procedure was used on two patients and showed normal
epithelia even after a 2 year follow up [57]. This study proved the concept that
only the limbal cells were necessary to treat limbal stem cell deficiency.
In summary several treatments have been explored for the treatment of limbal
stem cell deficiency using either both conjunctival cells and limbal cells or only
limbal cells. Based on the knowledge we have about conjunctival cells being
quite different from corneal cells, such as goblet cells, using limbal cells alone
has proven to be the best option.
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17.3. USING DIFFERENT CELL TYPES AND CARRIERS FOR
LIMBAL STEM CELL TRANSPLANTATION
Since the report of Pellegrini et al. in 1997, extensive research has been carried
out to improve the technique. The use of other cell types to replace limbal stem
cells has been explored for transplants involving the eye. This would be either
to avoid taking a biopsy from the patient's healthy eye (in the case of unilateral
damage) which may cause some damage or because healthy limbal stem cells
are not available (in the case of bilateral damage). Even though the concept of
transplanting a sheet of limbal epithelial cells seemed promising, handling a
sheet of epithelial cells appeared to be a challenge; for this reason, researchers
started to explore different carriers to assist with the transfer of limbal
epithelial cells.

17.3.1. Transplantation of different cell types

In order to overcome the necessity of using immunosuppressants when tissue
is taken from a donor for bilateral damage, the option of using the patient's
own cells but from a different source has been explored. Oral mucosal cells
have been cultured on either a natural [58] or synthetic [59] substrate and
transplanted onto the eye. These cells are similar to limbal epithelial cells, they
are stratified squamous non-keratinised cells which express CK3, P63 and
ABCG2, as in corneal / limbal epithelial cells but not CK12 [60]. Clinical studies
have shown that even though the oral mucosal cells improve visual acuity,
there have been reports of neovascularisation at the peripheral region of the
cornea [59].

Blazejewska et al. explored the use of hair follicle stem cells as an alternative to
the limbal epithelial cells by culturing the cells on Laminin 5 in corneal stromal
conditioned medium [61]. There was an up-regulation of CK12 and Pax6 and a
down-regulation of epidermal keratinocyte marker CK10, indicating that hair
follicle stem cells differentiate into corneal like cells [62]. Using an animal
model of limbal epithelial stem cell deficiency, hair follicle cells were cultured
on a 3T3 feeder layer after which they were placed on a fibrin carrier and
transplanted onto the eye. Using this technique, an 80 % success rate was
achieved with the hair follicle cells differentiating into a corneal epithelial
phenotype [61].

Similarly embryonic stem cells were cultured on collagen IV in limbal
fibroblast-conditioned media the embryonic stem cells differentiated into
corneal epithelial phenotype expressing p63 and CK3/12. CK10 was also
expressed indicating that the cells also had a skin epithelial phenotype [63].
Hanson et al. demonstrated the transplantation of differentiated human
embryonic cells onto corneal buttons; 6 days after transplantation Pax6 and
CK3 were detected [64]. However, there have been no reports of using these
techniques in the clinic as yet.
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Mesenchymal stem cells have also been studied in rabbits by performing
amniotic membrane transplantation followed by injection of mesenchymal
stem cells. The study resulted in cells that were positive for CK3/12, but there
was no clear difference in the expression of ABCG2 between the transplanted
group and the control (limbal stem cell deficient eyes), which is usually
positive for limbal epithelial cells [65].

Also, sheets of dental pulp stem cells have been transplanted on to a limbal
stem cell deficiency animal model and the amniotic membrane placed over the
sheet. The results for mild chemical burn animal models showed less
neovascularisation and expression of CK3, ABCG2 and P63, while this was not
seen in the severe chemical burn models [66].
The exploration of mesenchymal and dental pulp stem cells for limbal stem cell
deficiency treatment has not progressed to clinical evaluation to date.

17.3.1.1. Limbal cell carriers

17.3.1.1.1. Amniotic membrane

The amniotic membrane is the innermost layer of the foetal membrane [67]
formed during the course of pregnancy. It consists of an epithelial layer, a thick
basement membrane and an avascular stroma which has the ability to promote
healing and exclude inflammatory cells [68].

The amniotic membrane is commonly used to deliver limbal epithelial cells to
damaged corneas. It is known to preserve the stemness of cells, helps in the
growth and proliferation of cells and also lacks immunogenicity [69]. It has
been shown that the amniotic epithelial cells do not express HLA-A, -B, or -DR
but do express HLA-G [69]; therefore using denuded amniotic membrane is
preferred for transplantation [70] as it lowers the chance of rejection. Studies
have shown that limbal cells grow much better on amniotic membranes
denuded of their epithelium than amniotic membranes with intact epithelium
[71]. In addition, using cryopreserved tissue is preferred to fresh as any
amniotic epithelial cells remaining on the amniotic membrane would probably
be non-viable [72].

Before using the amniotic membrane for limbal stem cell deficiency, it needs to
undergo a screening process in order to lower the risk of disease transmission
[73]. The process in Western countries must take place by law, with blood
from the donor being screened for human immunodeficiency virus (HIV),
hepatitis B, and C, cytomegalovirus and syphilis at the time of donation and
once more after 6 months giving enough time for the donor to develop
antibodies for the disease if actually infected [72]. In developing countries such
screening is not yet a legal requirement [67].
Once obtained from the donor, the amniotic membrane is washed with media
to remove any blood clots after which it is spread epithelial side up on a
0.22 μm nitrocellulose membrane. The membrane along with the amniotic
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membrane, is placed in a container containing glycerol or dimethyl sulfoxide
(DMSO) and media containing antibiotics; this is then stored at −80 °C [74]
until its use after 6 months. The amniotic membrane may also be
cryopreserved, irradiated or lyophilised [75].

The amniotic membrane was first used for therapeutic purposes in 1910 by
Davis for skin transplantation and for the eye by de Rotth in 1940 [76] as
reported by Rahman et al. [67]. Studies have shown that the amniotic
membrane can be used to treat partial limbal stem cell deficiency without the
need for limbal cells [77]. The amniotic membrane possess both
anti-inflammatory and anti-angiogenic properties [70], which assist in the
treatment of limbal stem cell deficiency.

In the case of total limbal stem cell deficiency cells are cultured on the amniotic
membrane and then transplanted to the damaged eye [77]. In some cases
where the cornea is seriously damaged, corneal transplantation is carried out
after limbal stem cell transplantation [78]. This method has now become the
gold standard for treating total limbal stem cell deficiency [77].

Studies have shown that processing of the amniotic membrane can lead to
inter-donor and intra-donor variation, as a result it has been suggested that a
standard protocol [79] as well as its use [80] should be followed globally. Also,
obtaining the amniotic membrane for transplantation purposes is highly
dependent on donors and once obtained needs to go through a tissue bank
which could take several months. Sangwan et al. reported the clinical outcome
of limbal cell transplantation using the amniotic membrane on 200 patients
[81]. After a one year period, the success rate was 76 %, dropping to 68 % after
4 years. It is not known why the technique fails after several years for some
patients. It could be due to an inherent condition of the patient or to the
percentage of limbal stem cells transplanted or to the limbal stem cell niches
not providing a long-term secure “home” for the transplanted cells. Variation in
the amniotic membrane itself could also be a factor. In practice there are many
factors that could affect the long-term outcome and this remains an area for
research for the future [82]. Also, despite the success in using the amniotic
membrane as a cell carrier, researchers are still exploring alternatives.
17.3.1.1.2. Other natural polymers as a carrier

Using natural polymers as delivery systems has been popular due to their
availability.

The potential of using recombinant highly cross linked collagen scaffolds to
culture limbal epithelial cells has been explored. The study showed that the
cells maintained their stem cell properties and also could differentiate into
corneal epithelial cells upon stratification [83]. However, there have been no
reports on clinical studies using this approach as yet. Levis et al. studied the
use of plastic compressed collagen I from rat tail to deliver cells to the cornea
and showed that the cells cultured on the compressed collagen resembled
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those on native central cornea and could possibly be used as an alternative to
the amniotic membrane. However there is no indication on whether, if taken to
the clinic, a recombinant form of collagen will be used or not [84].

Rama et al. explored the use of autologous fibrin as a cell carrier for limbal
stem cell transplantation (clinically known as Holoclar®). A clinical study using
this method to transfer the cells showed that the technique was successful in
76.6 % of the patients after a 10 year period and all failures occurred within
the first year after surgery [85]. Last year, Holoclar® was given the go ahead by
the European Medicines Agency to be used in the clinic, becoming the first
stem cell-based medicinal product approved in the Western world. The
approval of this product is an assurance to other stem cell researchers that
there is some chance that the novel techniques that are being developed for
treatment could reach the clinic.
Culture of limbal epithelial cells on Bombyx mori silk fibroin films [86] and
chitosan-gelatine membranes [87] have also been studied as alternatives to the
amniotic membrane. The stem cell properties and the potential to differentiate
into corneal epithelial cells were maintained in these studies with the
films / membranes being easy to handle, similar to the amniotic membrane.

The anterior lens capsule has also been studied as a cell carrier system.
Anterior lens capsules were removed from patients during cataract surgery
and were processed to remove the crystalline epithelium. Limbal biopsies from
the patients were cultured on the capsule (limbal biopsy and capsule from the
same eye – autologous; limbal biopsy and capsule from two different
eyes–allogenic) showed that limbal cells which migrated out from limbal
explants could be cultured on the capsules under both autologous and
allogeneic conditions with a cell viability of > 95 % [88].
17.3.1.1.3. Synthetic polymers as a carrier

The use of synthetic polymers has also been an option to develop cell carrier
systems. Natural polymers need to be isolated from human / animal tissue and
can be inherently variable;by using synthetic polymers this can be avoided.

A temperature-responsive polymer, poly(N-isopropylacrylamide) has been
used clinically by Nishida's group. This polymer which changes its hydration
with temperature has been used to culture limbal epithelial cells [89], as well
as oral mucosal cells [59]. Cells were cultured on the temperature-sensitive
polymer at 37 °C for 2 weeks after which the temperature was reduced to
30 °C. This caused the polymer to swell, releasing the sheet of cells without
using any proteases, to be transferred onto the damaged eye [59]. These
methodologies allow the initial production of sheets of cells but these delicate
cell sheets must then be transferred to the cornea.
Another temperature-sensitive polymer has been explored as a carrier for
limbal cells, Melbiol, a thermoresponsive polymer block [poly(N-isopropylacrylamide-co-n-butyl methacrylate) (poly(NIPAAm-co-BMA)] and
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the hydrophilic polymer block [poly(ethylene glycol) (PEG)]. Similar to
Nishida's work [59], cells were cultured on the Mebiol gel surface at 37 °C;
after 3 weeks, the temperature was dropped to 4 °C releasing the sheet of cells
[90]. Cells cultured on the gel showed expression of ABCG2, P63 as well as CK3
[91]. Animal studies using the gel were carried out showing a 58 % total and
17 % partial success rate [90].

Contact lenses have been used as a delivery system for limbal epithelial cells.
Di Girolamo et al. explored the use of lotrafilcon A contact lenses to culture
limbal epithelial cells [92]. Most recent clinical studies using the contact lens to
deliver the cells to the cornea showed a 63 % success rate after a 2.5 year
median follow-up period [93]. Deshpande et al. coated a commercially
available contact lens with acrylic acid using plasma polymerisation. This
surface supported the attached of limbal epithelial cells but over a period of
time the surface degraded releasing the cells on the surface of an ex vivo rabbit
cornea model [94]. Similar studies using plasma coated lenses have been
explored by other groups [95] including animal studies on rabbits [96]. Here, a
model of limbal stem cell deficiency was created on the rabbit eyes and the
acrylic acid coated lenses along with the limbal epithelial cells were
transferred onto the model. Twenty six days after transplantation a stratified
epithelium had formed on the surface of the rabbit eye. After staining the cells
on the contact lens with BrdU prior to transplantation, results showed that
some cells in the basal and suprabasal layers of the stratified epithelium post
transfer retained BrdU suggesting the maintenance of highly proliferating cells
after such a procedure [96].

Another popular technique in the field of tissue engineering is the use of
electrospun scaffolds as these can resemble the structure of the extracellular
matrix [97]. Electrospinning is based on electrostatic forces, where a highly
charged polymer jet falls towards an oppositely charged or earthed surface
(the collector). As the polymer jet falls onto the collector, the solvent
evaporates, leaving fibres of the polymer to make up the scaffold. In order to
achieve reproducibility, the technique must be carried out using constant
parameters in particular, voltage, temperature, humidity, flow rate of polymer
jet, distance from needle to the collector and concentration. These parameters
can control fibre diameter, whole scaffold thickness, orientation of the fibres
and pore size all which affect the degradation rate, if a biodegradable polymer
is spun. Electrospun scaffolds can be spun as random [98], aligned [99] or even
diagonal mats of fibres [100].

The choice of the polymer and solvent also is highly dependent on the type of
scaffold required; for example, dissolving 10 % poly(ε-caprolactone) in glacial
acetic acid, 90 % acetic acid, methylene chloride (MC) / Dichloroformamide
(DMF) (4 / 1), glacial formic acid, and formic acid / acetone (4 / 1) at a
constant voltage, distance to collector and flow rate, resulted in nanofibres
with spindle like beads when dissolved in both glacial acetic acid and 90 %
acetic acid. In MC / DMF, a mixture of micro and nanofibres was observed with
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no beads, in glacial formic acid, brittle nanofibres were observed again with no
beads, and in formic acid and acetone, branched nanofibres were noted along
with many beads [101].

Electrospun scaffolds are being used for ophthalmology [102], skin [103],
spinal cord [104] and bone [105]. With respect to limbal stem cell deficiency,
electrospun scaffolds are being explored as an alternative to the amniotic
membrane. A study by Deshpande et al. has used poly(lactide-co-glycolide)
(PLGA) electrospun scaffolds (Figure 4) to culture limbal epithelial cells along
with an ex vivo rabbit cornea model. The study showed the transfer of cells
from the biodegradable electrospun scaffold to the rabbit after 4 weeks in
culture. The cells cultured on the scaffold and those that transferred from the
scaffold onto the cornea model expressed CK3 and P63. Additionally, in this
study, outgrowth of limbal epithelial cells from corneal limbal explants was
demonstrated, showing that limbal epithelial cells grew out from the explants
and also transferred successfully to an ex vivo rabbit cornea model. These
in vitro studies also showed that these scaffolds degraded within weeks and
could be terminally sterilized using gamma irradiation and stored for long
periods if kept dry and cold [98].

Sharma et al. have also used poly(ε-caprolactone) electrospun scaffolds to
support limbal epithelial cell growth. The cells on the scaffold expressed
CK3/12, Integrin β1 and ABCG2 [106]. On plasma coating the scaffold with
helium-oxygen, studies showed that there was an improvement in the cell
attachment and proliferation [107]; however, no transfer studies have yet been
reported with this membrane.

1.6cm

A

B

Figure 4. (A) Photograph and (B) scanning electron microscope (SEM) of the PLGA
electrospun scaffold used to transfer cells onto an ex vivo rabbit cornea model

Ortega et al. [108] went one step further and introduced micro-pockets within
PLGA electrospun scaffolds similar to those used by Deshpande et al. [98].
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Using a combination of microstereolithography and electrospinning to develop
a template, an electrospun scaffold was fabricated with small pockets at the
periphery (Figure 5) that could potentially house stem cells. The long-term
failure of limbal stem cell transplantation could be due to the fact that the stem
cells that are transplanted back onto the eye are not well protected. The
technique described by Ortega et al. opens up the possibility of keeping the
limbal tissue explants well protected from the external environment within the
micro-pockets, as the pockets act as artificial stem cell niches [109].

1.2cm

1.6cm

A

B

Figure 5. (A) Photograph and (B) SEM of PLGA electrospun scaffold with micropockets
(indicated by arrows)

The cell carrier used to transplant cells is of utmost importance as it needs to
support the initial cell growth as well as release cells onto the cornea in a
controlled manner. As explained, several different techniques have been
explored for more than a decade and there appear to be several that work
clinically. It is not yet clear whether any will prove better than the others in
terms of consistency of delivery of cells or long-term outcomes. With the
approval of the Holoclar® system by the European Medicines Agency, it is just a
matter of time until the outcome of the technique is revealed on a larger
number of patients and the way is paved for other techniques to be introduced
to the market.

An overview of the cells and substrates used to treat limbal stem cell deficiency
is summarized in Figure 6.
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Figure 6. Schematic of the different cell sources and different substrates used to treat
limbal stem cell deficiency

17.4. NANOMATERIALS FOR OCULAR REPAIR
Nanotechnology is the engineering of material at a submicron scale [110] and a
quite common use of nanotechnology is drug delivery, where drugs are
incorporated into nanoparticles [111]. Nanotechnology is also broadly used in
tissue engineering applications for cell delivery, for example, by using
nanofibrous scaffolds for cell delivery purposes.
Studies have shown that neural stem cell differentiation was higher on
nanofibrous electrospun scaffolds compared to microfibrous scaffolds [112].
Some groups have fabricated the nanofibrous scaffolds so that cell penetration
is not possible due to the presence of nanopores preventing the cells from
moving into the scaffold. This encourages cross talk between the cells on the
nanofibrous scaffold surface and any other cells that are present in the culture
system but not in direct contact.

Over the last few years, researchers have started to use nanotechnology to
treat ocular diseases in the form of nanoparticles [113] and nanofibrous
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scaffolds [106]. Nanoparticles have mainly been used for drug delivery such as
in the case of PLGA loaded with pirfenidone introduced to an alkali burn rat
model. In this study, loading the drug into nanoparticles significantly
decreased collagen production, haze and increased corneal re-epithelisation
[114]. Also the use of silicate nanoparticles to provide an anti-angiogenic effect
on corneal vascularisation has been explored [113]. Figure 7 gives an overview
of the use of nanotechnology to treat diseases of the cornea.

Figure 7. Schematic showing the use of nanotechnology in the treatment of diseases of
the cornea

With respect to delivering cells for treatment of limbal stem cell deficiency,
some studies have employed the use of nanofibrous electrospun scaffolds as an
alternative to the amniotic membrane under in vitro conditions[115]. This may
be similar to culturing limbal cells on the amniotic membrane as the cells do
not penetrate into the membrane and remain on the surface [116] unlike when
microfibrous scaffolds are used [98]. Low et al. studied the use of thermally-oxidised, aminosilanised porous silicon membranes with nanopores as
another alternative to the amniotic membrane. The study showed that the
limbal epithelial cells cultured on these silicon membranes expressed both
CK3/12 and P63 and using these nanoporous membrane increases the surface
area and improves cellular contact with the physiological environment, while
at the same time supporting cell attachment [117]. Another interesting study
explored the use of a gel that contains self-assembled nanocapsules of chitosan
to support the culture of keratocyte reprogrammed induced pluripotent stem
cells (iPSCs). Using a limbal stem cell deficiency rat model, the iPSCs combined
with the nanogel showed restoration of the corneal epithelium [118].
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17.5. EXPANSION OF CELLS ON THE CARRIER
A problem using the above techniques which has not been given enough
importance has been expanding the cells on the carriers before
transplantation. Once a limbal biopsy is obtained from the patient's healthy eye
(in the case of unilateral damage), the common method is to place the pieces of
the limbal biopsy (~ 500 μm in size) on the amniotic membrane (for example)
and allow the cells to migrate out onto the membrane over 7–10 days [119].
Cleanrooms are extremely expensive to set up and run and such facilities are
usually only available in specialized hospitals in urban areas in developing
countries [120]. In order to overcome the inconvenience and costs,
Sangwan et al. developed the technique of simple limbal epithelial
transplantation (SLET) [121]. Here, limbal explants from the healthy eye (in
the case of unilateral damage) were finely dissected and fibrin glued onto the
amniotic membrane in theatre and placed on the patient's eye in one
operation. This obviates the need to expand the cells in the expensive-to-run
cleanrooms [122]. The first clinical study of six patients showed a 100 %
success rate 6 weeks after surgery which was maintained after 9 months [121].
Longer term studies are in progress (personal communication). A similar
approach was proposed in the study of Deshpande et al. to use limbal tissue
explants with a synthetic biodegradable electrospun PLGA membrane [98].
This technique needs to be evaluated clinically, but if successful, would then
allow surgeons to take an “off-the-shelf” sterilised, prepacked membrane and
combine it with limbal tissue explants in theatre, obviating the need for access
to clean room facilities or to tissue banks to supply amniotic membrane. [123].

17.6. CONCLUSIONS
Where diseases of the cornea result in limbal stem cell deficiency there are
now a small number of centres (estimated at 10 at the time of writing)
worldwide with expertise in using cell therapy and a range of delivery
membranes to treat limbal stem cell deficiency. The challenge is to make this
technology, which is very successful at least in the short-term, available to
more surgeons and hence more patients worldwide.
The exploration of nanotechnology in treating diseases of the cornea has
recently started and has a promising future. Thus, drug delivery via
nanotechnology in corneal diseases has reached the stage of animal
experimentation but has not yet been trialled clinically.

471

Chapter 17

REFERENCES
1.
2.
3.

4.

5.
6.

7.
8.

9.
10.
11.

12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

472

P. Macchiarini, P. Jungebluth, T. Go, M.A. Asnaghi, L.E. Rees, T.A. Cogan,
A. Dodson, J. Martorell, S. Bellini, P.P. Parnigotto, S.C. Dickinson, A.P. Hollander,
S. Mantero, M.T. Conconi, M.A. Birchall. Lancet 372 (2008) 2023–2030.
A.M. Raya-Rivera, D. Esquiliano, R. Fierro-Pastrana, E. Lopez-Bayghen,
P. Valencia, R. Ordorica-Flores, S. Soker, J.J. Yoo, A. Atala. Lancet 384 (2014)
329–336.
M. Moustafa, C. Simpson, M. Glover, R.A. Dawson, S. Tesfaye, F.M. Creagh,
D. Haddow, R. Short, S. Heller, S. MacNeil. Diabet. Med. 21 (2004) 786–789.
S. Bhargava, J.M. Patterson, R.D. Inman, S. MacNeil, C.R. Chapple. Eur. Urol. 53
(2008) 1263–1269.
H.S. Dua, A. Azuara-Blanco. Br. J. Ophthalmol. 83 (1999) 414–419.
E.A. Ryan, B.W. Paty, P.A. Senior, D. Bigam, E. Alfadhli, N.M. Kneteman,
R.T.J. Lakey, A.M.J. Shapiro. Diabetes 54 (2005) 2060–2069.
P. Deshpande, D.R. Ralston, S. MacNeil. Burns 39 (2013) 1170–1177.
S.K. Goh, S. Bertera, P. Olsen, J.E. Candiello, W. Halfter, G. Uechi,
M. Balasubramani, S. Johnson, B. Sicari, E. Kollar, S.F. Badylak, I. Banerjee.
Biomaterials 34 (2013) 6760–6772.
D.G. Wallace, J. Rosenblatt. Adv. Drug Deliv. Rev. 55 (2003) 1631–1649.
E.S. Place, J.H. George, C.K. Williams, M.M. Stevens. Chem. Soc. Rev. 38 (2009)
1139–1151.
P. Gentile, V. Chiono, F. Boccafoschi, F. Baino, C. Vitale-Brovarone, E. Verne,
N. Barbani, G. Ciardelli. J. Biomater. Sci. Polym. Ed. 21 (2010) 1207–1226.
S. Rimmer, C. Johnson, B. Zhao, J. Collier, L. Gilmore, S. Sabnis, P. Wyman,
C. Sammon, N.J. Fullwood, S. Macneil. Biomaterials 28 (2007) 5319–5331.
K.A. Blackwood, R. McKean, I. Canton, C.O. Freeman, K.L. Franklin, D. Cole,
I. Brook, P.M. Farthing, S. Rimmer, J.W. Haycock, A. Ryan, S. Macneil.
Biomaterials 29 (2008) 3091–3104.
J. Morales Pedraza, M. Herson. Cell Tissue Bank. 13 (2012) 103–117.
J.J. Doutch, A.J. Quantock, N.C. Joyce, K.M. Meek. Biophys. J. 102 (2012)
1258–1264.
B.K. Ambati, M. Nozaki, N. Singh, A. Takeda, P.D. Jani, T. Suthar,
R.J. Albuquerque, E. Richter, E. Sakurai, M.T. Newcomb, M.E. Kleinman,
R.B. Caldwell, Q. Lin, Y. Ogura, A. Orecchia, D.A. Samuelson, D.W. Agnew,
J. St Leger, W.R. Green, P.J. Mahasreshti, D.T. Curiel, D. Kwan, H. Marsh,
S. Ikeda, L.J. Leiper, J.M. Collinson, S. Bogdanovich, T.S. Khurana, M. Shibuya,
M.E. Baldwin, N. Ferrara, H.P. Gerber, S. De Falco, J. Witta, J.Z. Baffi, B.J. Raisler,
J. Ambati. Nature 443 (2006) 993–997.
D.C. Beebe. Semin. Cell Dev. Biol. 19 (2008) 125–133.
C. Cursiefen, U. Schlötzer-Schrehardt, M. Küchle, L. Sorokin,
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18.1. INTRODUCTION
Many diseases of the skin (e.g. psoriasis, dermatitis, eczema) are thought to be
caused by infections, diet, and environmental factors, and in particular stress
and anxiety. Psoriasis is a chronic inflammatory disease characterized by
erythematous lesions with thick silvery scales on the surface, which are
sometimes itchy [1]. Clinical medicine describes forms with fewer plagues,
located on the elbows, knees or scalp; there are also generalized forms that
affect large skin surfaces. Its prevalence in various populations is 1–3 %. The
cause remains unknown but it has a strong genetic basis.
Mild forms receive a hygienic dietary regime and topical treatment. This type
of treatment is long lasting, and must be adapted to the clinical form regarding
the use of different ointments and creams. For the silver-white scaly forms,
keratolytic or pickling substances are indicated and are included in ointments,
such as salicylic acid, lactic acid (2–10 %) and urea (15–20 %). Also, topical
treatment can include substances called tars which are obtained from
petroleum distillation such as Ichthyol and Oleum Cadinum.

Other drugs are used that inhibit the proliferation of epidermal cells and
regulate cell differentiation, including analogs of vitamin D3, i.e. calcipotriol
and tacalcitol, found in creams and ointments. Topical corticosteroids provide
a rapid and effective way to control localized psoriasis. For this reason, these
compounds are frequently used by patients. However, ultra-high potency
corticosteroids are not recommended for long-term therapy because there
may be a rebound when they are discontinued and adverse effects such as
atrophy and telangiectasia may occur. In general, topical treatment is indicated
for patients with lesions that occupy less than 20 % of the body.

Systemic treatment is reserved for skin lesions that affect more than 20 % of
the body surface and for severe forms of psoriasis (psoriatic erythoderma,
psoriatic arthritis and pustular psoriasis). Biologicals are effective modern
therapies that are targeted against psoriatic immune pathology and can induce
long remission periods. In general, the treatment of psoriasis is prolonged and
often combines topical and systemic therapy, based on the doctor’s experience
and patient compliance.
Although there are numerous therapies, psoriasis therapy has been and
remains a challenge for researchers. In order to improve existing therapies or
to discover new classes of drugs, there researchers have investigated the use of
natural extracts and nanotechnology.

It is well-known that plants (roots, leaves and fruits) containing phenolic
compounds have very good anti-inflammatory effects. Anthocyanins, the
pigments that provide color to different plant tissues, are organic molecules
that prevent the destructive action of free radicals in cells are thus very good
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antioxidants. The majority of biologically active components from plant
extracts are poorly absorbed, so their action is very slow [2]. Due to their
biological activities, these organic compounds are of interest in the food
industry and in medicine [3-5]. For use in medicine, to potentiate the
therapeutic role of these molecules, they could be attached as ligands to gold or
silver nanoparticles. Both gold and silver colloids are non-allergenic.
Furthermore, neither gold nor silver induce side effects. These metals have
been intensively used in medicine for the treatment of different diseases
(arthritis, infections, etc.). Nowadays, silver / gold colloid solutions are
promoted as dietary supplements against different diseases. It has been found
that colloidal metals formed in living organisms are assimilated faster than
natural herbal remedies.
To be maintained in colloidal form, noble metals have to be surrounded by
ligands with the same electrical charge. These nanomaterials with attractive
new properties are synthesized directly or modified with chemical functional
groups [6-8]. They are tailored to function in a desired application. In
medicine, these particles are often conjugated with antibodies or drugs which
permit their use as vehicles for drug delivery, diagnosis imaging or contrast
agents [9-12].

To be used in medicine, metallic nanoparticles have to be non-toxic; as such,
many studies have been performed on nanomaterials from a toxicological
point of view. Most studies using these nanomaterials have been performed on
different cell types in vitro. Even so, new nanomaterials are prepared and
presented in the literature on a frequent basis. It is very important to verify if
the new material is toxic or not, especially prior to use in medicine [13].

The metallic nanoparticles are prepared by many methods: chemical, physical
and biological (bacteria, fungus, etc.) [14-21]. Some researchers have found
that high concentrations of metallic nanoparticles are toxic to the human body.
Release of these particles into the environment can cause ecological problems,
as well. So, their use must have some limitations [22-24].

This is why the green approach is a very important way to prepare
nanomaterials based on metallic nanoparticles using natural extracts from
different parts of plants. Such methods, called “eco-friendly synthesis”, allow
us to obtain nanomaterials appropriate for use in medicine [25-42]. Studies on
anthocyanins have been performed investigating their use as sensors for
metallic ions [43], in surface-enhanced raman scattering (SERS) preparation
[44], in clinical medicine [45-51], and as antioxidants [52,53], when bonded to
different non-metallic nanoparticles [54]. Some studies have been performed
using nanomaterials on porcine skin [55] or for applications such as clinical
ultrasound gels and topical antimicrobial gels [56,57], for dermal fibroblast
cells in humans [58], skin diseases [59] and in cosmetics [60]. To our
knowledge, metallic nanoparticles bonded to anthocyanins as ligands have not
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been prepared and used in medicine, but are used in the energy industry to
obtain dye-sensitized solar cells [61,62].
The majority of papers that refer to the green synthesis of metallic
nanoparticles use extracts from leaves or fruits at high temperatures, such that
the anthocyanins are decomposed. In these cases, metallic nanoparticles are
surrounded by organic molecules from plants other than anthocyanins.

Our team is involved in obtaining metallic nanoparticles conjugated with
anthocyanins from fruit extracts from the Adoxaceae and Cornaceae families.
Here, we present a part of our study and the use of an eco-friendly synthesis
method which allowed us to obtain new nanomaterials based on gold / silver
nanoparticles with anthocyanin molecules from fruit extracts of Viburnum
opulus L. (VO), which contains the anthocyanin kuromanin chloride (K) as the
ligand [63]. Comparatively, we have prepared, using the same method,
nanomaterials with pure anthocyanin kuromanin chloride.

The prepared nanomaterials were characterized by ultraviolet-visible (UV-Vis)
and Fourier transform infrared (FTIR) spectroscopy, transmission electron
microscopy (TEM), X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDX), thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analysis. After the nanomaterials were analyzed
from a toxicological point of view in vitro and in vivo [63-68], they were added
to a cream base and used in medicine to treat psoriatic lesions. The results
were statistically assessed.

18.2. EXPERIMENTAL
18.2.1. Materials, apparatus and methods
Chemicals (tetrachloroauric acid, silver nitrate, sodium hydroxide) used for the
preparation of nanomaterials were of analytical grade, purchased from Merck,
Germany. The pure anthocyanin (kuromanin chloride) was obtained from
Sigma-Aldrich. Double distilled water was used for the preparation of
solutions.

A JEOL-JEM 1010 (JEOL Inc.) instrument was used to assess the morphology
and size distribution of the nanoparticles. The absorption spectra of
synthesized nanoparticles were measured with a Shimadzu UV-Vis
spectrometer (with a wavelength range between 300–850 nm at room
temperature). The characterization of the molecular structures that formed
between organic molecules and metallic nanoparticles was performed with a
JASCO 6100 spectrometer (spectral domain 5000–500 cm−1; the resolution was
4 cm−1 with the sample as KBr pellets). The crystalline nature of nanoparticles
was determined with a D8 Advance Diffractometer with CuKα1 radiation
(λ = 15.4056 Å) and a Ge (111) monochromator. The elemental analysis (EDX)
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was performed with an Oxford Instruments with INCA Energy 300 software.
TGA was performed using a SDT Q600 analyzer. The DSC experiments were
carried out with a Shimadzu DSC-60 differential scanning calorimeter using
Shimadzu TA-WS60 and TA60 2.1 version system software for data acquisition
and analysis.

A non-invasive, high frequency ultrasound device Dermascan C 20 MHz
(Cortex Technology, Denmark) has been used for the assessment of psoriasis
lesions.

18.2.2. Plant materials

The extracts from VO fruits (Adoxaceae family) (Figure 1) were obtained
according to Moldovan et al. [69]. The total anthocyanin content from the
crude extract was measured using a pH differential method [70,71]. For the
reaction with metallic ions, the concentration of the anthocyanin solution was
diluted to 25x10−3 mM.

Figure 1. Picture of Viburnum opulus fruits

Some important factors in obtaining nanoparticles were closely followed
[63,72]. The influence of the VO solution pH on the morphology of gold
nanoparticles was studied. Anthocyanins in acidic solutions are found in
cationic form (flavylium ions) but at neutral and basic solutions are found in
the molecular form and anionic form, respectively (Figure 2).
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Figure 2. Different pH structures of the major anthocyanin from VO, K

18.2.3. Optimization method
Experiments were performed in acidic, neutral and basic VO solutions.
Depending on the pH used, the final solutions had different shades of red or
purple for gold and yellow or yellow-brown for silver. In Figure 3, TEM images
of the nanomaterials at different pH levels are shown. At acidic pH, the
nanoparticles had diameters larger than 100 nm, peaking at 200 nm. At basic
pH, smaller round and triangular shaped nanoparticles were obtained. At
pH 7.5, the nanoparticle size was spread over a range of 12–90 nm and
particles had round shapes. Although a high concentration of nanoparticles
with a round shape was obtained at basic pH, at this pH, anthocyanin is present
in chalcone form. Figure 4 shows the UV-Vis spectra of the nanomaterials.
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A: pH acid

D: pH acid

AuNPs-VO

B: pH neutral

AgNPs-VO

E: pH neutral

C: pH basic

F: pH basic

Figure 3. TEM images of AuNPs / AgNPs-VO at different pH levels
(scale bar: AuNPs-VO: A-500 nm, B-100 nm, C-200 nm; AgNPs-VO: D-200 nm,
E-100 nm, F-200 nm)

Figure 4. UV-Vis spectra of AuNPs / AgNPs-VO obtained at different pH levels

In order to obtain the best results in the reduction reaction, the ratio between
the reactants, the temperature of the solution and the concentration of the
solution were investigated.

When using pure anthocyanin, the concentration of the necessary solution for
the reduction of gold ions was three times higher than when using extracts. It
is likely that a greater concentration of pure anthocyanin for reduction is
necessary in this case due to fact that there are other reductants in the extract
(e.g. sugars).
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18.2.4. Synthesis of AuNPs / AgNPs-VO and AuNPs / AgNPs-K
The same method was used to prepare the nanomaterials with VO and K in
view of the possibility of comparing the new products.

The procedure of Crisan et al. [63] was applied. The pH of VO and K solutions
was adjusted to 7.5 with 1 M NaOH. The concentration of the metallic ion
solutions (HAuCl4, AgNO3) was 1 %. In 200 mL of boiling distilled water, 6.6 mL
of the silver ion solution and 16.6 mL of the VO / K solution was added rapidly.
In the case of gold ions, 6.6 mL of the metallic ion solution was added to
16.6 mL of VO solution or 50 mL of K solution. The solution was continuously
stirred for 10 min. Gold ion reduction took place after a few minutes in all
cases; a red-purple color was obtained for VO and a red-mauve color for K. The
colors of the silver nanoparticle solution were yellow for VO and yellow-brown
for K. The colloids were stable for three weeks at 4 °C. The nanomaterials were
centrifuged twice at 15 000 rpm and 4 °C for 10 min, then redissolved in
double distilled water. For DSC, XRD and FTIR analyses, colloids were dried at
room temperature on watch glasses.

18.2.4.1. Calculation of metallic nanoparticle concentrations

Based on the experimental results and according to the solution quantities and
their concentrations used, the molar concentrations of metallic nanoparticle
solutions were found to be 0.114 nM for AuNPs-VO, 1.34 nM for AgNPs-K,
0.033 nM for AuNPs-K and 4.71 nM for AgNPs-K (considering the mean
particle diameter in the case of VO of 63 nm for gold and 35 nm for silver and
in the case of K 95 nm for gold and 23 nm for silver). We found that the
nanoparticles had a round form and similar dimensions.
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18.3. RESULTS AND DISCUSSION
18.3.1. TEM analysis
TEM is one of the most efficient and versatile methods for the characterization
of nanomaterials. TEM analysis provides information about the size and size
distribution, morphology and dispersion of nanoparticles [73,74].

Figure 5. Representative TEM images of (a) AuNPs-K and (b) AgNPs-K and the
associated particle size histograms

Figure 5 presents TEM images and the associated particle size histograms of
AuNPs-K (a) and AgNPs-K (b). Examination of the TEM images of AuNPs-K
(Figure 5a) revealed the formation of agglomerated nanoparticles (clusters)
having a predominantly spherical shape. The size distribution of AuNPs-K was
obtained by counting more than 100 nanoparticles; the mean diameter was
found to be 95 nm. The morphology of AgNPs-K (Figure 5b) highlights the
formation of well-dispersed spherical nanoparticles. The particle size data
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were obtained from the associated histogram; the average diameter was found
to be 23 nm.

The nanomaterials based on gold / silver nanoparticles and natural extracts
from VO were also characterized by TEM (Figure 6).

Figure 6. Representative TEM images of (a) AuNPs-VO and (b) AgNPs-VO and the
associated particle size histograms

One can see the differences between the nanomaterials based on natural
extracts (AuNPs-VO and AgNPs-VO) and nanomaterials based on pure
anthocyanin (AuNPs-K and AgNPs-K) in terms of both size and shape. This can
be explained considering the fact that the natural extract contains, besides
anthocyanin, other compounds that have a reducing effect.
The TEM images of AuNPs-VO and AgNPs-VO (Figure 6) reveal the formation of
well-dispersed nanoparticles with various shapes (spherical, tetrahedral and
triangular). The nanoparticle diameters were obtained from the associated
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histograms and were found to be in the range of 30−90 nm for AuNPs-VO
(Figure 6a) and 20−70 nm for AgNPs-VO (Figure 6b). The mean diameter
obtained for AuNPs-VO was 63 nm, which is smaller than that obtained for
AuNPs-K. In the case of AgNPs-VO, the average diameter was 35 and was larger
than that obtained for AgNPs-K.

18.3.2. UV-Vis spectroscopy

UV-Vis spectroscopy is a valuable tool for nanomaterial characterization and
involves the absorption of near-UV or visible light. The optical properties of
noble metal nanoparticles have been intensively studied. Metallic
nanoparticles, in particular gold and silver nanoparticles, exhibit a strong
absorption band in the visible region of the absorption spectra. This
absorption band is a result of the coherent oscillation of conduction band free
electrons induced by the interaction with the electromagnetic field of the
incident light; this is known as surface plasmon resonance (SPR). This band is
characteristic for metallic nanoparticles and is absent in the bulk metal
absorption spectra. The position, intensity and shape of the SPR band depend
on the size and shape of the particle, interparticle interactions, dielectric
properties and the surrounding media. By varying the nanoparticle size and
shape, the maximum absorbance of SPR can be tuned anywhere between
520–1000 nm [75-77].

Figure 7 presents the UV-Vis spectra of nanomaterials based on gold / silver
and pure anthocyanin. A broad absorption peak was observed in the
absorption spectra of AuNPs-K (Figure 7a) at 560 nm, while for AgNPs-K
(Figure 7b) the SPR band appeared at 410 nm.
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Figure 7. UV-Vis spectra of (a) AuNPs-K and (b) AgNPs-K (dilution 1 : 2)

For nanomaterials based on natural extracts and gold / silver nanoparticles,
the SPR band appeared at 545 nm for AuNPs-VO (Figure 8a) and 430 for
AgNPs-VO (Figure 8b). One can see that, in the case of AuNPs-VO, the SPR band
was narrower and shifted to lower wavelengths, indicating a decrease in
nanoparticle size, while for AgNPs-VO, the SPR band underwent a small shift to
higher wavelengths, indicating an increase in particle size.
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Figure 8. UV-Vis spectra of (a) AuNPs-VO and (b) AgNPs-VO (dilution 1 : 2)

The results obtained from UV-Vis measurements were in concordance with the
TEM images and confirmed the morphology of the nanomaterials. These
results are presented comparatively in Table 1.
Table1. Comparison data between UV-Vis and TEM measurements

AuNPs-K

AuNPs-VO
AgNPs-K

AgNPs-VO
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SPR band position

Nanoparticle mean
diameter

Absorbance

560

95

0.12

[nm]
545
410
430

[nm]
63
23
35

[a.u.]
0.70
0.85
0.80

Green nanomaterials for psoriatic lesions

18.3.3. XRD analysis
The experimental XRD patterns of the nanomaterials based on gold / silver
nanoparticles and pure anthocyanin (AuNPs-K and AgNPs-K) are presented in
Figure 9. In the case of AuNPs-K, characteristic diffraction peaks were
observed and assigned to the (111), (200), (220) and (311) planes of the face
centered cubic (FCC) lattice of metallic gold. In the XRD pattern of AgNPs-K,
only three diffraction peaks were observed, corresponding to the (111), (200)
and (311) planes. The most intense peak was assigned to the (111) plane,
suggesting that AgNPs-K have a predominantly crystalline structure.

Figure 9. XRD patterns of the synthesized nanomaterials: AuNPs-K and AgNPs-K

The powder diffraction spectra of the nanomaterials synthesized using natural
extracts and gold / silver nanoparticles showed five peaks located at
2θ: 38.14°, 44.31°, 64.56°, 77.64° and 81.85° corresponding to the (111), (200),
(220), (311) and (222) planes (Figure 10). The dominant peak corresponded
to the (111) plane, suggesting that both AuNPs-VO and AgNPs-VO are
crystalline in nature.

Figure 10. XRD patterns of synthesized nanomaterials: AuNPs-VO and AgNPs-VO
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The size of the synthesized nanomaterials was calculated using the Debye-Scherrer Equation (1):
𝐷𝐷 =

𝑘𝑘𝑘𝑘
𝛽𝛽s cos 𝜃𝜃

(1)

where D is the nanomaterial’s diameter, k is the Scherrer constant, λ is the
wavelength of radiation, βs is the full peak width and θ is the diffraction angle
[78,79]. The Scherrer constant is approximately equal to unity (the most cited
value in the literature for k is 0.9) and is related to the crystalline shape
[80,81]. Therefore, the following diameters were estimated for the crystallites:
DAuNPs-K = 30.2 nm, DAgNPs-K = 7.7 nm, DAuNPs-VO = 25 nm and DAgNPs-VO = 24 nm.
Due to the fact that one nanoparticle may contain multiple crystallites, the
diameters obtained by XRD are smaller than those obtained by TEM analysis.

18.3.4. FTIR spectroscopy

Vibrational spectroscopy is a useful technique for nanomaterial
characterization [82,83]. Both FTIR and Raman spectra can provide
information on nanomaterial composition, but some disadvantages are
encountered. For FTIR experiments, the complexity of the spectrum is
regarded as a problem when working with a complex mixture, while for the
Raman studies, fluorescence interference poses important challenges.
Nevertheless, FTIR and Raman spectroscopy can be considered for chemical
nanoparticle surface characterization [84,85].
In the present chapter, we used FTIR spectroscopy for the identification of
molecules linked to the surface of gold and silver nanoparticles. The FTIR
spectra of kuromanin chloride (cyanidin-3-glucoside) and gold nanoparticles
functionalized with kuromanin chloride (AuNPs-K) are shown in Figure 11.
Second derivative spectra were also employed for the separation of
overlapping signals.
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Figure 11. Solid FTIR spectra of K and gold nanoparticles functionalized with K
(AuNPs-K) in the region 1800–500 cm−1; second derivative spectra of K in the region
1470–1432 cm−1 and AuNPs-K in the region 1690–1590 cm−1

In K, the peak centered at 1640 cm−1 could be related to the stretching
vibrations of the aromatic C=C from anthocyanin (νC=C); the bending vibration
of water (from the KBr pellet or the water from K) can also appear in this
region [86,87]. In AuNPs-K, the band at 1640 cm−1 broadens and new
vibrations appear at about 1705, 1658, 1647, 1636, 1626 and 1618 cm−1,
indicating the formation of C=O bonds and a change in ring in-plane vibrations
from the benzopyrylium unit when anthocyanin is linked to the gold surface
(Figure 11; AuNPs-K and AuNPs-K second derivative spectrum) [88]. The FTIR
bands located at 1588, 1571, 1519, 1489, 1444 and 1414 cm−1 in K can be
ascribed to aromatic ring vibrations [86,88]; these bands disappear in AuNPsK, which is consistent with the changes discussed above. The band observed at
1457 cm−1 could be from the β-glucopyranose moiety (O–C–H and C–C–H
bending vibrations) [89]. This band is clearly seen in AuNPs-K (Figure 11) and
it is masked in K (Figure 11; K second derivative spectrum). Its presence in the
AuNPs-K spectrum indicates the existence of a sugar moiety in anthocyanin
linked to the gold nanoparticle surface.

The 1400–1200 cm−1 region in the anthocyanin spectrum was strongly affected
by interaction with the gold surface. The band located at 1329 cm−1 may be
attributed to inter-ring stretching vibrations and could be used as a marker of
the change in aromaticity and π-electron delocalization within the rings
[86,90]. The other vibrations appearing in this region are mainly due to inplane O–H bending mode, δO–H coupled with C–OH stretching vibrations from
phenols, νC–O, and also to asymmetric C–O–C stretching vibrations from
ethers, νasC–O–C [86-88]. These bands disappear in the spectrum of
anthocyanin coated gold nanoparticles. However, in AuNPs-K, new vibrations
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were seen in the 1411–1360 cm−1 domain; some of these vibrations could be
associated with the frequencies from 1705–1610 cm−1 and could indicate a
C=O / gold interaction. This situation is similar to that observed for metallic
chelates of conjugated ketones: when the C=O group is weakened by resonance
between C–O–M and C=O–M, the frequencies appear in the 1620–1610 cm−1
and 1390–1309 cm−1 ranges [91].

In the 1200–1000 cm-1 region, related to C–O stretching vibrations from
pyranose coupled with C–C stretching and symmetric C–O stretching from
ethers, some changes were observed. The difference between the two spectra
was probably due to the transformation that occurred in the β-pyranose
conformation after linking anthocyanin to gold nanoparticles and also to the
disappearance of symmetric C–O–C stretching vibrations of aromatic ethers.

The band at 982 cm−1, ascribed to symmetric ring vibrations of β-pyranose,
also reveals the existence of a β-pyranose moiety on the surface of gold
nanoparticles in the AuNPs-K spectrum [88].
Taken together, the comparison of the two FTIR spectra, kuromanin chloride
and AuNPs-K, indicates that the anthocyanin was bound to the surface of the
gold nanoparticles. Significant changes related to π-delocalization between the
benzopyrylium and phenol moieties were observed after the interaction of
anthocyanin with gold nanoparticles.

European cranberry bush (VO) berries contain chlorogenic acid, cathechin,
epicatechin, cyanidin-3-glucoside, cyanidin-3-rutinoside and different
glucosides of quercetin [92]. According to Velioglu, between the two
anthocyanin pigments, cyanidin-3-glucoside (kuromanin) is dominant in VO
juice. In the FTIR spectrum of VO, the kuromanin seems to adopt the
quinonoidal conformation under our experimental conditions, i.e. pH 7.5. Thus,
the band located at 1732 cm−1 could be the result of C=O stretching, and the
absence of this band (Figure 12) may be associated with the aromaticity of
kuromanin chloride (see the above discussion and Figure 11).
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In the 1200–1000 cm−1 region, the vibrations can be assigned to C–O stretching
from pyranose coupled with C–C stretching and symmetric C–O stretching
from ethers. The hydroxybenzoic acid, epicatechin and quercetin derivatives
also possess strong vibrations in this spectral domain [93]. The band at
984 cm−1, ascribed to symmetric ring vibrations of β-pyranose, reveals the
existence of a β-pyranose moiety in the VO spectrum [88].

In Figure 13, the solid FTIR spectra of gold nanoparticles obtained using
kuromanin chloride (AuNPs-K) or VO extract solution (AuNPs-VO) are
presented. For better comparison, the difference spectrum between AuNPs-VO
and AuNPs-K is also shown.

Figure 13. Solid FTIR spectra of gold nanoparticles obtained using kuromanin chloride
(AuNPs-K) or VO extract (AuNPs-VO) and their difference spectrum in the
1800–500 cm−1 region

As shown in Figure 13, only few differences in the vibrational features of the
two types of gold nanoparticles could be detected: an increase in the intensity
of the peaks from 1398 and 1144 cm−1 and a reduction in the intensity of the
frequencies located at 1385, 1161 and 1113 cm−1 when VO was used for gold
nanoparticle synthesis.
The FTIR spectrum of silver nanoparticles obtained with kuromanin chloride
(AgNPs-K) reveals almost the same bands as AuNPs-K; some differences seem
to appear in the region 1711–1611 cm−1 and 1470–1450 cm−1 (Figures 11 and
14).
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Figure 14. Solid FTIR spectra of silver nanoparticles functionalized with kuromanin
chloride (AgNPs-K) in the 1800–500 cm−1 region and second derivative spectrum in
the 1690–1600 cm−1 region

The presence of anthocyanin on the surface of silver nanoparticles could also
be seen when the VO extract was used for the synthesis of silver nanoparticles
(Figure 15). The difference spectrum between the two types of silver
nanoparticles, diff [(AgNPs-VO)–(AgNPs-K)], highlights a decrease in band
intensities from 1631 and 1465 cm−1 and a significant increase in the intensity
of the peak at 1385 cm−1 when VO was used as the reducing agent.

Figure 15. Solid FTIR spectra of silver nanoparticles obtained using kuromanin
chloride (AgNPs-K) or VO extract (AgNPs-VO) and their difference spectrum in the
1800–500 cm−1 region
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In conclusion, anthocyanin is the major ligand bound to the surface of gold or
silver nanoparticles, regardless of the protocol (with kuromanin chloride or VO
extract) used for the synthesis of functionalized metallic nanoparticles.

18.3.5. EDX analysis
The analysis confirmed the presence of Au0/Ag0 in the samples by the
appearance of a large peak for metals. Weak peaks for oxygen and carbon also
confirmed the binding of organic molecules to the surface of gold / silver
nanoparticles, as can be seen in Figure 16. In each case, three samples were
analyzed and the mean for AuNPs-VO was found: approximately 89.52 % gold,
4.76 % oxygen and 7.30 % carbon. In the case of AgNPs, the results were found
to be: 80.76 % silver, 3.62 % oxygen and 5.39 % carbon.

Element
CK
OK
AuM

Weight %

Atomic %

3.19

14.32

8.96

87.85

53.62
32.00

Totals

100.00

Element

Weight %

Atomic %

12.68

21.02

CK
OK
Cl K
AgM
Totals

28.87
1.73

56.72

100.00

63.75
1.29

13.94

Figure 16. EDX spectra and field-emission scanning electron micrograph (FESEM) of
AuNPs / AgNPs-VO
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Analyses indicated that the ligand involved in the formation of these
nanomaterials contained only carbon and oxygen.

18.3.6. TGA / DSC analysis
It is known that the decomposition of anthocyanins is temperature sensitive.
The decomposition of kuromanin chloride was assessed by Wang et al. [94],
and they concluded that it takes place in three stages between 30–390 °C. In
the first stage, glucose is cleaved from the anthocyanin to produce cyanidin. In
the second stage, the amount of anthocyanin is decreased to 13 %. Between
300–390 °C, anthocyanin is degraded completely, and a large mass loss
appears after heating to 390 °C. In the third stage, the mass loss of 37 %
corresponds to the decomposition of sugar.

In our case, in the TGA profile (Figure 17), one can see the decomposition
temperature of AuNPs / AgNPs-VO at higher values (800 °C). This indicates the
stability of organic molecules when they are bound to the gold surface. In the
case of AuNPs-VO, the decomposition of organic molecules from the surface of
the metal also took place in three stages between 110–450 °C, 450–800 °C and
800–900 °C. For AgNPs-VO, decomposition occurred in two stages between
200–450 °C and 450–810 °C. The shift in the decomposition temperature
towards higher values also occurred in the case of amino acid capped gold
nanoparticles [95].

The mass percent of organic molecules bound to gold clusters was
approximately 9.93 % (we assume that the first step weight loss of 0.6746 %
represents the desorption of water). Thus, 89.40 % of the gold remained,
which is comparable with the EDX results for AuNPs-VO, i.e. 89.52 %. In the
case of AgNPs-VO, the percent desorption of water was 1.033 % and the mass
percent of organic molecules bound to silver nanoparticles was approximately
23.7 %. The remaining mass percent of silver was 75.27 %, comparable with
the results obtained by EDX, i.e. 80.76 %.

Figure 17. TGA profile for AuNPs-VO and AgNPs-VO
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TGA and DSC analysis of nanomaterials based on metallic nanoparticles are
very commonly studied with respect to sintering nanoparticle inks for printed
electronics [96-100]. Yu et al. [99] presented TGA results and DSC profiles of
AgNPs–organic molecules (in their case, the silver nanoparticles were obtained
using sodium polyacrylate and ascorbic acid) with sizes of 20–30, 30–40 and
100–120 nm. The DSC analyses showed some exothermic peaks in the
temperature range of 200–280 °C. They concluded that these peaks were due
to the surface sintering reaction of AgNPs or the recrystallization of
nanoparticles by heating. For AgNPs 100 nm in size, there was no exothermic
peak in the DSC curve, likely due to the fact that surface sintering is more
difficult for larger AgNPs. At low temperatures, smaller AgNPs readily coalesce.

The research of Smith and Hutchinson [100] indicated the dependency of the
sintering process on the size of the nanoparticle and ligand shell. TGA revealed
that the free ligand decomposed at lower temperatures in comparison with the
ligand bound to the nanoparticle. They showed that degradation is dependent
on the composition rather than the size of the molecule. When the core size of
nanoparticles was different but they bore the same ligand, it was found that
larger nanoparticles lose ligands and sinterize more readily than smaller
nanoparticles. This behavior suggests a greater stability of the ligand shell on
smaller nanoparticles. Based on TGA and DSC analyses, they deduced that
sintering is triggered by a very small amount of ligand loss. The sintering
process is initiated and then the ligand is rapidly removed from the metallic
surface and forms a porous film. This study showed that it is important to take
into consideration both the nanoparticle core size and the ligand identity in the
process of sinterization.
A DSC thermogram of free anthocyanin was presented by Santos et al. [3]. The
decomposition of free anthocyanin took place in the range of 150–200 °C.

In our case, thermal effects on nanomaterials were measured by DSC under a
nitrogen flow. The endothermic peak showed the decomposition of pure
anthocyanin in the range of 210–240 °C [101]. The AuNPs-K presented an
endothermic peak at 50 °C, which represents water desorption, and an
exothermic peak at 160–210 °C, which represents crystalline rearrangement
by the sintering of metallic aggregates. For AgNPs-K, a small endothermic peak
was seen at 160 °C, representing some decomposition in organic molecules;
after that, a peak at 170–210 °C representing crystalline rearrangement was
found. This behavior suggests that, in the case of AuNPs-K, the lack of an
organic molecule decomposition signal is due to the large particle diameter
(Figure 18).
In the case of AuNPs-VO, there was a large exothermic peak at 300–400 °C and
for AgNPs-VO at 280–450 °C, both representing the recrystallization of
nanoparticles by heating.
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Figure 18. DSC curves for K, AuNPs-K, AgNPs-K, VO, AuNPs-VO and AgNPs-VO

We estimated by computation the number of ligand molecules coordinated
onto the metallic nanoparticle as being 525 for gold and 355 in the case of
silver (knowing the concentrations and the volumes of the solutions used in
the synthesis).
A schematic representation of the formation of colloidal metallic nanoparticles
is presented in Figure 19.
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Figure 19. Schematic diagram for AuNPs / AgNPs-K formation
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18.4. APPLICATION OF NANOMATERIALS ON PSORIATIC
LESIONS
The AuNPs / AgNPs-VO and AuNPs / AgNPs-K described above [102,103] were
added to an emollient cream (patent in preparation).

The aim of this study was to assess changes to the skin induced by topical
therapy based on VO / K conjugated with metal nanoparticles in patients with
psoriasis. The research incorporated a clinical study, an ultrasound evaluation
and statistical evaluations.

The clinical study was performed at Dermatology Clinic, Cluj-Napoca, Romania.
All patients with a diagnosis of psoriasis vulgaris, confirmed by pathology, were
aged between 35–63. The skin erythematous squamous plaques covered less
than 15 % of the body surface. The study was approved by the Ethical
Committee of the University of Medicine and Pharmacy Iuliu Hatieganu
Cluj-Napoca Romania. The picture in Figure 20 shows one of these cases.

Figure 20. Psoriatic lesion – before treatment

In recent decades, high frequency ultrasonography using probes of at least
20 MHz has been used in dermatology to non-invasively assess different skin
lesions and the efficacy of therapy. Different published studies have shown that
following different topical treatment for psoriasis plaques, there is a decrease
in dermal thickness and a corresponding increase in dermal echo density.
Consequently, a ultrasound evaluation was performed with a Dermascan C
device (Cortex Technology, Denmark) at 20 MHz, which permits the in vivo
acquisition of cross-sectional images of the skin up to 2 cm in depth. The
device is made up of a transducer, an elaboration system and a data storage
system. The ultrasonographic images were processed using specific software
(Dermavision). The amplitudes of the echoes of the pixels are given as a value
on a numerical scale that ranges from 0–255. The low-echogenicity pixel area
corresponds to the interval 0–30, the high echogenicity pixels to the interval
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200–255 and the medium echogenicity pixels to 509–150. On a normal
cutaneous image, the epidermal echogenicity appears as a white band, and the
dermis is a combination of pixels of different amplitudes that may indicate
different local processes. An increased number of low echogenicity pixels
organized as a band or as diffuse localized process may indicate an
inflammatory reaction or edema.
For every subject, we assessed the thickness of the epidermis and dermis in
millimeters and the echogenicity variation by comparing the number of pixels
with different amplitudes before and after therapy, at the same lesion.

For six weeks, patients underwent only topical treatment. They used creams
with 2 % AuNPs-VO or AgNPs-VO every day, and then creams with Au-K and
Ag-K, for different lesions. Figure 21 shows the good effect of the creams on the
same patient whose knee was shown in Figure 20.

Figure 21. Psoriatic lesions – after treatment with AuNPs-VO cream

In order to determine the significance of the observed results, the
ultrasonographic data were mathematically assessed.

Concerning the nanomaterials based on AuNPs-VO / AgNPs-VO, the anti-inflammatory effect was the best (compared with all other creams) in the case
of the gold product (the mean value of skin thickness decreased from
3437.75 mm to 938 mm). The good results were statistically significant
according to a two-tailed Student’s t-test, a good correlation was found in the
data. The good correlation is between the thickness of skin and the
antiinflamatory effect of the cream based on gold nanoparticles, in the sense
that the thickness decreasness is perfectly correlated with the using of this
cream. The p value was 0.005 (level of significance) and the correlation
coefficient R = 87.4 %. Figure 22 also shows the good anti-inflammatory effect
of AuNPs-VO.
502

Green nanomaterials for psoriatic lesions

Figure 22. Anti-inflammatory effect of AuNPs-VO / AgNPs-VO after treatment

Concerning the nanomaterials AuNPs-K / AgNPs-K, good results were also
found for the gold nanomaterial. The mean value of skin thickness decreased
from 1438.1667 at 1164.8333 mm. Unfortunately, the data did not correlate,
so we cannot state that the result is statistically significant, and may have
occurred due to chance.

18.5. CONCLUSION
Bio-nanomaterials based on gold / silver nanoparticles and anthocyanins from
natural extracts, such as pure kuromanin chloride, were prepared using a
green synthesis method. These nanomaterials were investigated from the
morphological, structural and thermal point of view. The obtained
nanomaterials were stable for 3 weeks, if kept at a temperature of 4 °C. Due to
their biocompatibility and stability, these nanomaterials were successfully
used as a medical treatment. For this reason, gold and silver nanoparticles
were added to emollient creams, which were used on psoriatic lesions in
several groups of patients; remarkable improvements in disease conditions
were observed. The best results were obtained using the AuNPs-VO
nanomaterial. The use of creams based on new hybrid materials may be
503

Chapter 18

extended to other types of dermatoses that have topical therapy as the first
indication.

18.6. FUTURE WORK
In the near future, we intend to prepare new gold / silver nanoparticles based
on semisynthesis compounds with pure anthocyanin and tryptophan. These
new nanoproducts will be introduced in creams for psoriatic lesions, taking
into consideration that lower levels of epidermal tryptophan are involved in
many types of skin disease.
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19.1. INTRODUCTION
Cancer (a malignant tumor) is the leading cause of disease-related death, and
8.2 million cancer-related deaths were reported by the World Health
Organization in 2012 [1]. Among cancer types, the most common causes of
cancer death are lung, liver, and stomach cancers [1,2]. Surgery, chemotherapy,
immunotherapy, and radiotherapy, either alone or in combination, can be used
to treat cancer [3-5]. In recent years, there has been increasing interest in
targeted delivery of therapeutic molecules (e.g., genes, drugs, or proteins),
which has several advantages over other forms of treatment: (1) enhanced
therapeutic efficacy, (2) avoidance of undesired side effects caused by the
delivery of therapeutic molecules to normal (healthy) cells; and (3) reduction
of the efficacious dose of therapeutic molecules [6,7].

Cancer-targeted delivery systems for therapeutic molecules can be grouped
into three categories: viral nanomaterials (e.g., inactivated retroviruses,
adenoviruses, adeno-associated viruses, and herpes simplex viruses), non-viral
nanomaterials (e.g., synthetic polymers and liposomes), and bacterial carriers
(e.g., Clostridium, Salmonella, and Bifidobacterium). Viral nanomaterials show
high transfection efficiency, but have clinical safety issues (e.g., immune
responses) that must be solved before their use in clinical trials. Furthermore,
because viral nanomaterials themselves do not have the ability to target cancer
cells, their conjugation to cancer-specific ligands or promoters are required for
cancer targeting [8-10]. Non-viral nanomaterials have several advantages such
as low pathogenicity and that they easily can be mass-produced, but their
disadvantages are low transfection efficiency and low cancer targeting
capabilities; thereby, also requiring the use of cancer-specific ligands [11,12].
Anaerobic bacteria are mainly used as bacterial carriers for the delivery of
therapeutic molecules to hypoxic cancer cells. They have high transfection
efficiency, but also cause clinical safety problems such as inflammation and
immune responses [13].
In this chapter, we focus on cancer targeting methods using nanomaterials for
cancer cell-targeted therapy.

19.2. CANCER-TARGETING METHODS
Cancer targeting by nanomaterials is accomplished by either passive or active
targeting. In the case of active targeting, nanomaterials typically recognize or
respond to overexpressed receptors, overexpressed intracellular signals, or
hypoxic regions in cancer cells and tissues (Table 1).
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Table 1. Advantages and disadvantages of cancer targeting methods for clinical
applications [6]
Active cancer targeting method

1. High
1. Low
specificity EPR effect
for solid
in poorly
cancers
vasculariz
ed regions
2.
Applicable
2. Low
to various therapeuti
types of
c value in
drugs or
spreading
nanomateri
and
als
metastatic
cancers
3. Reduced
side effects

1. High
specificit
y for
cancers
2.
Reduced
side
effects
3.
Enhanced
therapeut
ic efficacy

1. Lack of
ligands
respondin
g to
overexpre
ssed
receptors
2.
Different
activity
levels of
receptors
between
patients

Disadvantages

Advantages

Disadvantages

Nanomaterials
targeting
Nanomaterials
overexpressed cellular
targeting hypoxic
signals (proteases and
cancer regions
protein kinases) in
cancer cells
Advantages

Disadvantages

Nanomaterials
targeting
overexpressed
receptors in cancer
cells
Advantages

Disadvantages

Advantages

Passive cancer
targeting method, the
enhanced
permeability and
retention effect (EPR)

1. High
1. Lack of
1. High
1. Lack
specificity
selective
specificit of useful
for cancers peptides or
y for
vectors
proteins
hypoxic
2. Reduced
2.
side effects responding cancers Clinical
to
safety
2.
3. Enhanced
therapeutic overexpress Enhanced issues
ed cellular therapeut and risk
efficacy
signals
ic efficacy of side
effects
2. Different
activity
levels of
cellular
signals
between
patients

19.2.1. Passive cancer targeting method
Cancer cells require oxygen and nutrients to promote their growth and
progress. Therefore, the formation of new blood vessels via angiogenesis is
essential for cancer growth and metastasis. Cancer angiogenesis is trigged by
multiple pro-angiogenic factors, including vascular endothelial growth factor
(VEGF), angiopoietins, basic fibroblast growth factor (bFGF) and cytokines
[interleukin-1 (IL-1), and tumor necrosis factor α (TNFα)]. In addition to
chemoattractants, integrins (αvβ3 and α5β1), receptors (VEGF receptors), and
circulating bone marrow-derived cells (F4 / 80+CD11b+ macrophages and
Gr1+CD11b+ neutrophils) directly and / or indirectly participate in the
angiogenic process of cancer [14,15]. Blood vessels near cancer cells are often
dilated, leaky, tortuous, and heterogeneous.
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The passive cancer targeting method is based on the EPR effect that is
characteristic of blood vessels near cancer cells. Therefore, when
nanomaterials or anti-cancer drugs are injected into the blood stream, they
accumulate in cancer cells through these dilated, leaky, tortuous, and
heterogeneous blood vessels near cancer tissues when compared with normal
tissues that have blood vessels showing a well-organized and functional
structure (Figure 1) [16]. However, the vessel structure and pore size of blood
vessels within individual cancer types is different [17]. Thus, EPR-based cancer
therapy using nanoparticles can exhibit different therapeutic efficacies
depending upon the cancer type. The synthesis of optimized nanomaterials for
each target cancer type is essential for efficient EPR-based cancer therapy.

Figure 1. Schematic illustration of the EPR effect. Unlike normal blood vessels showing
a well-organized and functional structure, cancer blood vessels are leaky, tortuous, and
heterogeneous. Nanomaterials injected into the blood stream can pass through these
cancer blood vessels and tend to accumulate in cancer tissues, but none or very few
pass through normal blood vessels that have a well-organized and functional structure.
Figure 1 has been reproduced from a previous publication [6].

19.2.1.1. Characteristics of nanomaterials that influence EPR
Several nanomaterial characteristics might affect the EPR effect, such as size
[17-19], surface charge [17-19], hydrophobicity (high hydrophobicity
increases the affinity for the cell membrane) [20], flexibility (high flexibility
leads to rapid renal clearance) [18,19], and shape (spheres have a higher
uptake by macrophages as compared with rods) [18,19]. Among these factors,
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size and surface charge of nanomaterials may be the most important factors
influencing the EPR effect.
19.2.1.1.1. Size of nanomaterials

Nanomaterials smaller than 5.5 nm mainly undergo kidney excretion and those
larger than 8 nm are rapidly cleared through the reticuloendothelial system
organs (liver and spleen) [18,21]. Normal blood vessels can permeate smaller
nanomaterials (< 20 nm), but blood vessels near cancer cells are permeable to
nanomaterials of < 400 nm in diameter [17,19,22]. Indeed, poly(ethylene
glycol) (PEG)-liposomes of 400 nm in diameter can penetrate into the cancer
interstitium, but those of 600 nm are excluded from extravascular spaces [22].
However, the most efficient EPR-based therapy might be obtained using
nanomaterials between 10–200 nm in diameter [23]. A previous study
reported that nanomaterials with a molecular weight (MW) greater than
40 kDa exhibited a high EPR effect [24]. However, other studies suggested that
the EPR effect did not depend on the molecular weight (MW) of nanomaterials
[22,25]. Therefore, the size of nanomaterials may be more important for
efficient EPR than is the MW.
19.2.1.1.2. Charge of nanomaterials

Negatively charged nanomaterials are taken up rapidly by phagocytes
(macrophages) and are degraded or discharged from the body. Nanomaterials
with high positive charges can bind to blood proteins or to the surface of blood
vessels, resulting in rapid kidney excretion and low accumulation in cancer
cells [17,19]. The uptake of nanomaterials (150 nm) by macrophages was
increased in the order of –40 > –25 > –15 mV negative surface charge and
+35 > +25 > +15 mV positive surface charge [26]. Therefore, neutral or weakly
positive-charged nanomaterials are more efficient for EPR compared with
strong negatively-charged or positively-charged nanomaterials.

19.2.2. Active cancer targeting method

19.2.2.1. Overexpressed receptors in cancer cells
Cancer cells overexpress numerous receptors. The binding of ligands to
overexpressed target receptors plays a key role in the growth, survival,
metastasis, angiogenesis, and apoptosis of cancer cells (Figure 2). Examples of
this are the binding of EGF and FGF to growth factor receptors (tyrosine kinase
receptors) [27,28], and prostaglandin E and lysophosphatidic acid to
G-protein-coupled receptors [29]. However, TNFα and TNF-related apoptosis
inducing ligand (TRAIL) can stimulate apoptosis of cancer cells by binding to
death receptors. However, death receptors and their downstream signals (e.g.,
caspases) are often suppressed in cancer cells [30-32]. Therefore,
nanomaterials recognizing overexpressed receptors in cancer cells might be
useful for cancer-targeted therapy.
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Growth factor receptors
(tyrosine kinase receptors)

G-protein-coupled
receptors

EGF/
FGF

Death receptors

Grb2

SOS
PI3K

RAS

Wnt
Frizzled
PLC

PTEN
Cap8/10
Bad

PDK1

RAF
AKT

β-catenin

mTOR

MITF

DAG

MEK1/2
NF-κB

Bcl-2
Bax

Cap3

Apoptosis

ERK1/2

Survival

PKC

Proliferation

Figure 2. Signal transduction pathways are different in cancer cells compared with
normal cells. Cancer cells overexpress receptors (growth factor receptors and
G-protein-coupled receptors) and intracellular signaling molecules (ras/raf/mek/erk
and pi3k/akt/mtor) that are related to cell survival and proliferation. However,
apoptosis-related receptors (death receptors) and intracellular signals (caspases) are
suppressed. Therefore, nanomaterials targeting or responding to overexpressed
receptors or cellular signals of cancer cells can be useful for cancer cell-targeted
therapy. Figure 2 has been modified from previous publications [59,92].

19.2.2.1.1. Nanomaterials targeting overexpressed receptors in cancer cells

Many receptor-specific ligands (aptamers, proteins, peptides, and antibodies)
have been reported to be useful materials for targeting overexpressed
receptors on cancer cells. Although transferrin and folate, which recognize
transferrin receptor (TfR) and folate receptor, respectively, are extensively
used to target various cancer cells, most nanomaterials containing receptor-specific ligands were identified by using limited numbers of cancer cells that
overexpressed target receptors (Table 2). For instance, although targeting and
therapeutic efficacy of folate-conjugated nanomaterials have been investigated
using 9L / LacZ rat gliosarcoma cells [33], IGROV-1 human ovarian cancer cells
[34], SKOV-3 human ovarian cancer cells [35], and B16 mouse melanoma cells
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[36], the most commonly used cells are KB human epidermoid carcinoma and
HeLa human epidermoid carcinoma cells, because they have an especially high
overexpression of folate receptors [37-43]. It is important to note that receptor
expression may vary according to the cancer cell type. For example, the
antisense delivery efficiency of TfR-targeted, protamine-containing lipid
nanomaterials was in the order of K562 > MV4-11 > Raji human leukemia cells,
which was directly related to the TfR expression level. Thus, the higher the TfR
expression, the greater the down-regulation of the target gene by
nanomaterials [44].
Several receptor-specific peptides in Table 2 have been investigated, such as
homing peptides identified from various library methods (the phage display
peptide library method) (for review, see [45-47]). Nanomaterials containing
these homing peptides can be used for cancer cell-targeted therapy. For
example, the small heat shock protein 16.5-derived nanocage conjugated to a
human hepatocellular carcinoma cell-specific peptide SP94 (SFSIIHTPILPL)
was identified by an in vivo phase display method, and achieved selective
targeting to HepG2 and HuH-7 human hepatocellular carcinoma cells, but not
to HeLa cells or RLN-8 rat hepatocytes [48].

Double-targeted nanomaterials conjugated to dual-ligands, such as transferrin
and folate [49], cyclic RGD (cRGD) and transferrin [50], glucose and folate [51],
and RGD and IL-13 peptide (CGEMGWVRC) [52], have been developed to
increase therapeutic efficacy against target cancer cells or to target specific
cancer cells. Gold nanoparticles conjugated to folate and glucose showed a
higher uptake by human epidermoid carcinoma (KB) cells than did gold
nanomaterials conjugated to either folate or glucose alone [51]. Similarly,
when transferrin and folate were linked to PEG-phosphatidylethanolamine, the
transfection efficiency in HepG2 human hepatocellular carcinoma cells was
higher for the conjugate than for the single ligand-modified nanomaterials
[49]. Furthermore, nanomaterials linked with RGD and IL-3 peptide [52], and
cRGD and transferrin [50] successfully targeted human umbilical vein
endothelial and C6 rat glioma cells, and human umbilical vein endothelial and
HeLa human epidermoid carcinoma cells, respectively.

In contrast, several studies have suggested that cancer-specific ligandconjugated nanomaterials did not preferentially localize to cancer tissues in
comparison with non-conjugated nanomaterials [53-55]. In these studies,
despite the lack of change in cancer localization, ligand-conjugated
nanomaterials showed enhanced uptake by cancer cells compared with non-conjugated nanomaterials, indicating that the increased therapeutic efficacy
against cancer cells by ligand-conjugated nanomaterials was caused by
increased uptake by cancer cells rather than by their localization to cancer
cells [53-55].
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19.2.2.2. Overexpressed cellular signals in cancer cells
Living cells contain numerous intracellular signal transduction pathways that
play a key role in cell growth, differentiation, proliferation, and apoptosis.
These signal pathways are tightly regulated and function normally in healthy
cells. However, in cancer cells, many signal pathways related to cellular
survival and proliferation are overexpressed, such as the RAS/RAF/MEK/ERK
and PI3K/AKT/mTOR pathway. In some cases, apoptosis-related signal
pathways are suppressed, such as the death receptor-mediated pathways
(Figure 2). Therefore, nanomaterials that could respond to these
overexpressed intracellular signals could also be used for cancer-targeted
therapy.
19.2.2.2.1. Nanomaterials targeting overexpressed cellular signals (proteases
and protein kinases) in cancer cells

Cellular signal transduction pathways often are stimulated or suppressed
through phosphorylation by protein kinases, or by dephosphorylation or
cleavage by proteases. Phosphorylation reactions mediated by protein kinases
add a phosphate group from adenosine triphosphate to the phosphorylation
sites (serine, threonine, and tyrosine) [56,57] located on proteins.
Nanomaterials that recognize overexpressed protein kinases are related to the
phosphorylation reaction. Phosphorylation of nanomaterials containing target
peptides can add two anionic charges of the phosphate to target peptide
substrates, thereby weakening electrostatic interactions in the nanomaterials.
For example, protein kinase C (PKC)α and protein kinase A (PKA) are
overexpressed in several cancer cells, such as breast cancer, lung cancer,
melanoma, ovarian cancer, and prostate cancer, but are expressed at very low
levels in normal cells or tissues [58-60]. Nanomaterials conjugated to PKCα
(FKKQGSFAKKK)- or PKA (ALRRSLG)-specific peptides showed a higher
targeting efficacy to cancer cells or tissues than to normal cells or tissues
[61-66].
As mentioned in 19.2.2.1., caspase activation in cancer cells is very low, but can
be stimulated by the activation of death receptors through stimulators such as
TNFα and TRAIL. Caspases induce cell apoptosis by cleavage of their target
peptides [30-32]. In a recent study, doxorubicin conjugated to a caspase-3specific peptide (DEVD) was efficiently cleaved in apoptotic regions of cancer
cells induced by radiation exposure, leading to efficient inhibition of cancer
growth, with low toxicity in normal tissues [67].

Several protease cleavable nanoparticles have been developed for cancer
cell-targeted therapy. Matrix metalloproteinases (MMPs) (MMP-2, -9, and -12)
are known as cancer-associated proteases, and participate in the progression
of several cancer mechanisms, including migration, invasion, metastasis, and
angiogenesis [68,69]. MMP-specific peptides (PVGLIG and GPLGIAGQ for
MMP-2) can be selectively cleaved by MMPs that are overexpressed in cancer
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cells. Exploiting these functions of MMPs, conjugates of MMP-cleavage peptides
and anticancer drugs can be useful for cancer cell-targeted therapies [70-73].
For example, a self-assembled nanoparticle containing PEG 2000-paclitaxelMMP-2 peptide (GPLGIAGQ) exhibited a higher anticancer efficacy in vitro and
in vivo than did free paclitaxel [70]. Furthermore, nanocages conjugated with a
MMP-2-binding peptide (CTTHWGFTLC) showed selective uptake into MMP-2
overexpressing cancer cells [74].

19.2.2.3. Nanomaterials targeting hypoxic cancer regions

EPR-mediated or ligand-mediated targeting methods generally have a low
targeting efficacy for hypoxic tumor regions. Their therapeutic efficacy against
hypoxic tumor cells is also dramatically reduced because of the limited
delivery of therapeutic agents to cancer cells and the induction of drug
resistance [75,76].
Hypoxia-inducible factor-1α (HIF-1α) is an attractive therapeutic target
because it is a key regulator of the hypoxic environment and is related to drug
resistance and cancer metastasis [76]. Therefore, suppression of HIF-1α
expression leads to an increase in therapeutic efficacy against hypoxic cancer
cells. Several nanomaterials that bind to or contain HIF-1α siRNA or antisense
oligonucleotides have been developed and have exhibited a high therapeutic
efficacy for hypoxic cancer cells and increased inhibitory efficacy against
cancer metastasis [77-80].
For hypoxic cancer cell-targeted therapy, several nanomaterials (mainly viral
nanomaterials) incorporating hypoxia-responsive promoters that are
specifically expressed in hypoxic cancers, have a high specificity and gene
expression for hypoxic cancer cells [81,82]. Furthermore, nanomaterials
containing hypoxia-responsive agents (2-nitroimidazole), which can be highly
sensitive to hypoxia, are suitable for hypoxic tumor cell-targeted therapy
[83,84].

Another strategy for hypoxic cancer cell-targeted therapy is the use of
anaerobic bacteria (e.g., Salmonella and Clostridium spp.). Anaerobic bacteria
themselves have the capacity to inhibit the growth of cancer cells and also can
increase therapeutic efficacy in combination with anticancer molecules or
radiation therapy [13,85-88]. Salmonella and Clostridium are pathogenic
bacteria and therefore cause clinical safety problems such as inflammation and
immune responses. To overcome these problems, non-pathogenic anaerobic
bacteria (e.g. Bifidobacterium sp.) [89] and nonpathogenic or attenuated
bacteria [90,91] are being developed as bacterial vectors to target hypoxic
cancers.
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19.3. CLINICAL APPLICATIONS OF NANOMATERIALS IN
CANCER TREATMENT
Nanomaterial-anticancer drug complexes are most commonly used in cancer
clinical trials. For example, liposomes loaded with anticancer drugs, such as
doxorubicin and daunorubicin, have been approved by the U.S. Food and Drug
Administration for the treatment of several cancers, such as ovarian and
metastatic breast and human immunodeficiency virus-related Kaposi sarcoma
(see [93–95] for review). In cancer clinical trials, the use of PEG-conjugated
liposomes (rather than PEG-free liposomes) may be a more efficient way to
increase therapeutic effects of anticancer drugs, because of their prolonged
blood circulation time and enhanced drug accumulation in cancer cells [94,95].
In addition to liposome-drug complexes, several nanomaterial-drug complexes
are currently undergoing clinical trials in cancer, such as the polymer-drug
conjugate of paclitaxel and poly(L-glutamic acid) (also known as paclitaxel
poliglumex, Xyotax, and CT-2103) for the treatment of non-small cell lung
cancer [96,97], cyclodextrin-PEG micelle with camptothecin (also known as
CRLX-101) for advanced (metastatic and / or unresectable) solid malignancies
[98] and PEG-irinotecan conjugate (also known as etirinotecan pegol and
NKTR-102) for advanced breast cancer [99]. Targeting delivery of these
nanomaterial-drug complexes to cancer cells is based on the EPR effect.

On the other hand, there are very few reports on cancer clinical trials using
nanomaterial-gene complexes. Recently, results of a phase I clinical trial using
a complex of the human tumor suppressor gene p53 with a liposomal
nanomaterial (SGT-53) employing an anti-transferrin receptor single-chain
antibody fragment (scFv) as the targeting molecule were reported. The trial
supplied evidence of targeted cancer delivery of systemically dosed SGT-53 to
metastatic lesions. Furthermore, SGT-53 was well-tolerated and exhibited
anticancer activity [100]. Similarly, in a phase I clinical trial using a small
interfering RNA targeting the M2 subunit of ribonucleotide reductase (RRM2)
complexed with nanomaterials containing a cyclodextrin-containing polymer, a
PEG, and human transferrin, the complex efficiently reduced the specific RRM2
messenger RNA and the RRM2 protein levels in cancer tissues [101]. Targeting
of nanomaterial-gene complexes containing scFv [100] or transferrin [101] to
cancers is based on the active cancer targeting method, and takes advantage of
the overexpression of transferrin receptor in cancer cells.
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19.4. SUMMARY AND CONCLUSIONS
For cancer cell-targeted delivery of therapeutic molecules, several delivery
systems, including viral or non-viral nanomaterials, and anaerobic bacterial
carriers, have been developed and utilized for in vivo or ex vivo / in vitro
applications. Cancer targeting by nanomaterials is accomplished by both
passive and active cancer targeting. Passive targeting methods based on the
EPR effect exhibit low therapeutic efficacy in poorly vascularized regions and
in spreading and metastatic cancers. Active cancer targeting is based on the
recognition or response to overexpressed receptors, overexpressed
intracellular signals, and hypoxic regions in cancer cells and tissues. However,
a lack of cancer targeting materials (ligands and peptide substrates responding
to activated receptors and intracellular signals, respectively) and different
activity levels of receptors and intracellular signals between patients may be a
serious obstacle to be overcome for the use of nanomaterials based on the
active cancer targeting method.
Table 2. Receptor-specific ligands used for the development of cancer cell-targeted
Ligands

Antibodies (Abs)
Anti-CD20 Ab (Mabthera)
Anti-CD71 Ab
Anti-DR5 Ab

Anti-HER2 Ab (Herceptin)

Anti-Met Ab
Single chain variable
fragment anti-EGFR Ab
(ScFvEGFR)
Transferrin receptor Ab
(OKT9)
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Receptors

CD20 receptor
TfR

Death receptor 5
(DR5; also known as
TRAIL-receptor 2)
Human epidermal
growth factor
receptor 2 (HER2)

Target cancer cells

Daudi lymphoma cells
PC-3 human prostate
cancer cells
HCT116 human colon
cancer cells

Refs.

[102]
[103]
[104]

A375 human melanoma
cells
SKOV-3 human ovarian
cancer cells

[105]

Ramos human Burkitt's
lymphoma cells

[109]

[102]

SK-BR-3 human breast [106]
cancer cells
Hepatocyte growth A549 human lung cancer [107]
factor receptor
and MKN45 human
(HGFR; also known as
gastric cancer cells
c-Met or Met)
EGFR
H292 human lung cancer [108]
cells
TfR
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Ligands

Aptamers
Sgc8 DNA aptamer
GL21.T aptamer
GS24 aptamer

Proteins (glycoproteins)
Asialofetuin
EGF

EphrinA I

Transferrin
(apotransferrin)

Urokinase plasminogen
activator (uPA)
VEGF121

Receptors

PTK7 (an orphan
tyrosine kinase
receptor)
Axl receptor (a
tyrosine kinase
receptor)
TfR
Asialoglycoprotein
receptor
EGFR

EphA2 receptor
TfR

uPA receptor (uPAR)
VEGF receptor

Target cancer cells

Refs.

CEM lymphoblastic
leukemia cells

[110]

HepG2 human
hepatocellular
carcinoma cells
H22 mouse
hepatocellular
carcinoma cells
MDA-MB-468 human
breast cancer cells
A431 human
epidermoid carcinoma
cells
PC-3 human prostate
cancers
K562 human leukemia
cells
K562 > MV4-11 > Raji
human leukemia cells
LLC1 mouse lung cancer
cells
ZH5 rat hepatocellular
carcinoma cells
Ramos human Burkitt's
lymphoma cells
HepG2 human
hepatocellular
carcinoma cells
SCC-7 murine squamous
cell carcinoma cells
MIA PaCa-2 human
pancreatic cancer cells
U87 human glioma cells

[113]

A549 human lung cancer [111]
and U87 human glioma
cells
[112]
B16 mouse melanoma
cells

[114]
[115]
[116]
[117]
[118]
[44]

[119]
[120]
[109]
[121]
[122]
[123]
[124]
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Ligands

Receptors

Target cancer cells

Refs.

(D-Lys6)-LHRH

Luteinizing hormonereleasing hormone
(LHRH) receptor
FSH receptor

A2780 human ovarian
cancer cells

[141]

MDA-MB-435S, MDAMB-231, and Hs578T

[143]

Peptides
Y1-receptor
[125]
Analogue peptide of
MCF-7 human breast
neuropeptide Y
cancer cells
(Arg6, Pro34)
Angiopep-2
Low-density
C6 rat glioma / U87
[126]/
(TFFYGGSRGKRNNFKTEEY lipoprotein receptorhuman glioma cells
[127]
)
related protein-1
α-conotoxin ImI
[128]
α7 nicotinic
MCF-7 human breast
acetylcholine receptor
cancer cells
(α7 nAChR)
α-melanocyte-stimulating
Melanocortin type 1 B16F0 mouse melanoma [129]
hormone peptide
receptor
cells
(SYSMEHFRWGKPV)
EGFR
[130]
apoA-1 mimetic peptide
KB human epidermoid
(AP)
carcinoma cells
(FAEKFKEAVKDYFAKFWD)
uPAR
[131]
ATF peptide (amino acids 1
MIA PaCa-2 human
to 135 of mouse uPA)
pancreatic cancer cells
Bombesin (BN) peptide
Gastrin releasing
HeLa human epidermoid [132]
(QWAVGHL)
peptide receptor
carcinoma cells
Chlorotoxin [a 36-amino
MMP-2 and receptor- U89 human glioma/C6 [133]/
acid peptide derived from
associated protein
rat glioma cells
[134]
Leiurus quinquestriatus
ClC-3
(scorpion) venom]
[135]
4T1 mouse metastatic
breast cancer cells
Cyclic RGD
Integrin αvβ3
M21 human melanoma [136,
cells
137]
LNCaP human prostate [137]
cancer cells
[138]
SW620 human colon
cancer cells
U87 human glioma cells [139]
[140]
B16 mouse melanoma
C16Y peptide
Integrin αvβ3
cells
(DFKLFAVYIKYR)
Follicle-stimulating
hormone (FSH) β 81–95
peptide
F3 peptide
(KDEPQRRSARLSAKPAPPK

522

Nucleolin receptor

Caov-3 human ovarian
cancer cells

[142]
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Ligands
PEPKPKKAPAKK)

Receptors

Gastrin (modified peptide;
CKSSEAYGW-Nle-DF)
GE11 peptide
(CYHWYGYTPQNVI)

Cholecystokinin-2
receptor
EGFR

HAIYPRH (knor-specific
peptide)

TfR

Human ATF (hATF) peptide
of uPA
Interleukin 13 (IL-13)
peptide (isolated by phage
display; CGEMGWVRC)
iRGD (neuropilin 1-binding
peptide; CRGDKGPDC)
MC1R agonist peptide (SYSNle-EH-d-FRWGKPV)
NR7 peptide (NSVRGSR)

uPAR

PreS1-derived peptide
RGD
RGDGSSV
YCDGFYACYMDV

IL-13Rα2
Neuropilin 1

Melanocortin type-1
receptor (MC1R)
EGFR
Asialoglycoprotein
receptor

Vascular endothelial
growth factor
receptor-2 (VEGF R2)
Integrin α2bβ3

Target cancer cells
human breast cancer
cells
InR1G9 hamster
glucagonoma cells
HuH7 human
hepatocellular
carcinoma cells
Bel-7402 human
hepatocellular
carcinoma/U87 human
glioma cells
MIA PaCa-2 human
pancreatic cancer cells
U87 human glioma/C6
rat glioma cells

AsPC-1 human
pancreatic cancer cells
B16F0 / M3 mouse
melanoma cells
SKOV-3 human ovarian
cancer cells
HepaRG human
hepatocellular
carcinoma cells
N2A mouse
neuroblastoma cells

Refs.
[144]
[145]
[146]/
[147]
[148]

[149]/
[150]
[151]

[152]/
[153]
[154]
[155]
[156]

GL261 mouse glioma
cell / B16F0 mouse
melanoma cells

[157]

KCl-H929 and MM.1S
human multiple
myeloma cells

[158]

YCDPC

HER2

Integrin α4β1

SK-BR-3 human breast
cancer cells

[158]

YIGSR (laminin-derived
peptide)

Laminin receptor

B16 mouse melanoma
cells

[159]
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Ligands

Receptors

Target cancer cells

Refs.

YSA peptide
(YSAYPDSVPMMS; mimics
the ligand ephrin-A1)

EphA2 receptor

HEY human ovarian
cancer cells

[160]

Anisamide

Sigma receptor

NCI-H460 human lung
cancer cells

[161]

H460 human non-small
lung cancer cells

[163]

Others (small molecules)

Chondroitin sulfate
Folate

CD44 receptor

Folate receptor

B16F0 mouse melanoma
cells
B16F0 mouse melanoma
cells
KB human epidermoid
carcinoma cells

Hyaluronic acid
Lactose

NeuAcα2-6Gal (residue of
glycoprotein glycan)
Pectin
524

Asialoglycoprotein
receptor
CD44 receptor

Asialoglycoprotein
receptor
CD22

Asialoglycoprotein
receptor

[164]
[3739]

HeLa human epidermoid
carcinoma cells

[39]

IGROV-1 /SKOV-3
human ovarian cancer
cells

[34]/
[35]

HepG2 human
hepatocellular
carcinoma cells
SKOV-3TR human
ovarian cancer cells
HepG2 human
hepatocellular
carcinoma cells
Daudi human B-cell
lymphoma cells
HepG2 human
hepatocellular
carcinoma cells

[165]/
[166]

9L / LacZ rat
gliosarcoma cells

Galactose / Galactosamine

[162]

B16 mouse melanoma
cells

[33]

[36]

[167]
[168]
[169]
[170]

Cancer targeting strategies of nanomaterials

Ligands

Tamoxifen derivative

Tetraiodothyroacetic acid
(αvβ3-antagonist)

Receptors

Estrogen receptor
Integrin αvβ3

Target cancer cells

MCF-7 human breast
cancer cells
A375 human melanoma
cells

Refs.

[171]
[172]
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20.1. INTRODUCTION
Stem cell research is poised to revolutionise many aspects of biomedical
research [1,2]. In consequence, in this field of study, research output and the
number of active researchers have rapidly grown in a broad range of areas,
including stem cell-based clinical applications, and basic research on
fundamental cell biology and development. Thus, stem cell research has
expanded in emerging topics such as embryonic stem (ES) and induced
pluripotent stem (iPS) cells, bioethics and social science [3].

This is, for instance, the case of cardiovascular diseases, which are at present
the leading cause of death worldwide, according to the World Health
Organisation [4]. Once damaged, cardiac muscle has little intrinsic repair
capability due to the poor regeneration potential exhibited by remaining
cardiac muscle cells (cardiomyocytes). For decades, heart damage in patients
has been typically managed using medical (aspirin, β-blockers, or angiotensin-converting enzyme inhibitors) or mechanical means, such as percutaneous
coronary intervention and coronary artery bypass graft surgery [5]. Heart
function, however, recovers completely only after cardiac transplantation,
which is restricted by heart donor availability and deleterious immunological
responses. One alternative is promoting repair by the delivery of functional
cells to the injured myocardium. Thus, over the last 10 years, there has been
tremendous effort in developing therapies based on stem cells and, more
recently, tissue engineering [6-8].

In this context, nanostructure materials (within the overall size range of
1–1,000 nm) offer appealing strategies to allow greater means of regenerating
cardiac cells and to strengthen weakened scarred heart tissue. For example,
researchers recognise carbon nanotubes as reactive to electrical stimulation,
and they then use these nanoparticles to create therapeutic cells with the
characteristics of genuine cardiac progenitors [9,10]. Moreover, novel
engineered cardiac patches are developed by seeding cells with regenerative
potential onto porous scaffolds that give the appropriate shape and
organisation to the tissue. Nevertheless, while the heart is an electrically
conductive organ, the majority of materials used for scaffold assembly are nonconductive; thus, the resultant engineered tissue does not contract as normal
heart tissue does. To solve this problem, some researchers have generated
gold-infused cardiac patches, whose cells all beat synchronously [11-13].
Taken together, preliminary data from these studies could have implications
for millions of people around the world, and show the undoubted potential
held by this emerging therapy.
Herein, we examine and discuss the growing demonstrations of damaged heart
repair involving approaches to cell- and tissue engineering-based therapy and
nanotechnology. In the following text, we thus envision that we are moving
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from traditional medicine (that addresses the symptoms of heart diseases) to
being rightfully able to heal these debilitating diseases.

20.2. SCAFFOLD-FREE CARDIAC TISSUE ENGINEERING
20.2.1. Cell sheets
The scaffold-free cell sheets consist of a number of monolayers of therapeutic
cells cultured on temperature-responsive polymer surfaces that allow
non-enzymatic detachment [14]. Remarkably, monolayers or sheets of distinct
cell types (i.e. mesenchymal stem cell (MSC)), through the establishment of
tight and functional cellular connections, are able to propagate electrochemical
signals, improving cardiac function when implanted to cover the infarcted
myocardium in rodents [14-16]. Moreover, specific layers comprising
endothelial cells can be placed between therapeutic cell sheets to enhance
vascularisation of the implant in various animal models [17]. A similar strategy
of scaffold-free tissue engineering is based on aggregations of embryonic stem
cell (ESC)-derived cardiomyocytes, which will generate synchronously
contracting cardiac tissue [18]. Despite the beneficial effects of scaffold-free
constructs, the translation of this approach to the clinics is challenging, due to
the difficulties of adaptation to human heart proportions.

20.2.2. Injectable nanomaterials

One of the most widely used injectable nanomaterials for cardiac regeneration
are those referred to as hydrogels. In particular, hydrogels, which can be
natural or synthetic, are three-dimensional (3D) cross-linked polymer
networks that reproduce the extracellular matrix (ECM) and the natural
microenvironment [19]. Hydrogels are used as a vehicle to inject therapeutic
cells, proteins and genes into injured myocardium, conferring efficient cell
retention into the place of injection. Commonly, hydrogels are injected
transendocardially, epicardially or intracoronary for minimally invasive
delivery. For this purpose, they are liquid and jellify upon injection via physical
or chemical factors such as temperature and pH. Injectable hydrogels have
been developed using numerous natural and synthetic biomaterials.
-
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Natural hydrogels: The most common natural hydrogels are collagen,
gelatin, laminin, matrigel, hyaluronic acid (HA), ECM, alginate and
chitosan. Importantly, the structure of these compounds is highly
similar to the molecules found in biological organisms, thus reducing
possible harmful immunoreactions after in vivo implantation.
Synthetic hydrogels include poly(ethylene glycol) (PEG), polylactide
(PLA), poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) (PCL),
poly(acrylamide), polyurethane, poly(N-isopropylacrylamide), and
self-assembling peptides hydrogels, just as examples. In terms of
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advantages, these polymers can be easily modulated to have physical
and chemical properties suitable for cardiac tissue engineering.
However, they can induce cytotoxicity. Alternatively, a mixture of
natural and synthetic hydrogels can be used, combining the advantages
of both types of polymers [20-22].

Pre-clinically, application of hydrogels increases cell survival in cellular
cardiomyoplasty [23-32], and contributes to restoring damaged myocardium
in both small and large animal models of myocardial infarction (MI) [33-38].
Interestingly, injectable hydrogels also preserve cardiac function when
administrated without cells, demonstrating that the cells may not be
responsible [39-54]. For instance, promising preliminary results obtained in
rodents and pigs using alginate [45,46] led to the first clinical trials in MI
patients (NCT00557531 and NCT01226563) [55].

Injectable hydrogels can also be used to deliver proteins, genes and
nanoparticles as therapeutics themselves or to improve cell survival and
retention further, prolonging the release into the target tissue and ultimately
improving cardiac function after MI. To date, a number of growth factors has
been delivered using this strategy, including hepatocyte growth factor (HGF),
vascular endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF), insulin-like growth factor-1
(IGF-1), stem cell derived factor-1 (SDF-1) and transforming growth factor
beta (TGF-β1) [56-63]. Similarly, plasmids containing VEGF and pleiotrophin
have been administered as injectable hydrogels, in order to improve
transfection efficiency [40].
More recently, the use of other nanomaterials in combination with therapeutic
cells has been explored. As examples:
-

-

Superparamagnetic oxide, iron oxide and ferumoxytol nanoparticles:
have been developed to deliver therapeutic cells into infarcted animals.
Magnetic targeting was used to direct cells with regenerative potential
to damaged areas, and to enhance cell retention and engraftment
[64-66]. The incorporation of iron oxide nanoparticles into
microcapsules comprising MSCs, agarose, ECM proteins, collagen, and
fibrin highly increases cell survival and retention [67]. Also, the use of
antibodies to target exogenous therapeutic cells and endogenous
injured cells has been combined with iron oxide to enhance cell
targeting by magnetic attraction [68].
Magnetic nanobeads: have been employed to deliver adenoviral
vectors encoding hVEGF to enhance transduction efficiency [69].

Heparin-presenting self-assembling peptides nanofibers: used to
deliver paracrine factors derived from hypoxic conditioned stem cell
media into the ischemia-reperfusion model of MI. As a result, a
significant preservation of hemodynamic function is obtained [70].
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20.2.3. Exosomes
Exosomes are specialised lipid membranous nano-sized vesicles released by
many cell types, containing a variety of RNA species (including mRNAs, and
miRNAs), soluble (cytosolic) and transmembrane proteins presented in the
appropriate and functional orientation. Their intrinsic properties make
exosomes an ideal therapeutic candidate in regenerative medicine, such as for
MI patients [71]. Exosomes have unique tissue / cell-specific proteins that
reveal their cellular source. Their functions are still unknown, but they are
believed to be also important for intercellular communication. Exosomes of a
particular type of cells can have a therapeutic use on a specific tissue due to
their paracrine effect. As an example, delivery of MSC-derived exosomes to the
myocardial ischemia / reperfusion mouse model enhanced myocardial
viability and prevented adverse remodelling [72]. Moreover, extracellular
vesicles derived from human bone marrow MSC promoted angiogenesis in a
rat MI model [73].

20.3. SCAFFOLDS FOR CARDIAC TISSUE ENGINEERING
20.3.1. Artificial cardiac tissue
The microenvironment in which cells live is crucial for the maintenance of
their basic properties and functions. In particular, the microarray signalling
and response of the cells rely on their interactions with the components of the
ECM where they reside [74]. This is also the case for regenerative cells. In
consequence, cardiac tissue engineering hopes to profit from the formation of
new 3D functional artificial heart tissue that mimics the physicochemical and
physiological properties of cardiac ECM. In this context, different natural and
synthetic biocompatible and biodegradable materials (Figure 1) have appeared
in the experimental set.
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Figure 1. Schematic illustration of different scaffolds used in cardiac tissue
engineering. On the left, the most commonly used matrices from natural (top) and
synthetic (bottom) materials are listed. Several organs from which ECM scaffolds can
be obtained are shown on the right. The figure was designed and hand-drawn
by C.G-M.

-

Natural materials such as fibrin [75], chitosan [76], alginate [10] or
collagen mixtures [77], are highly flexible, allowing different sizes and
shapes according to the needs of the individual recipient and the
implanted cells. For instance, fibrin patches embedded with cardiac
adipose tissue-derived progenitor cells demonstrated significant
improvement in cardiac function in MI murine model after 30 days of
follow up (Figure 2 A-D) [75].
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Figure 2. In vivo study results. (A) Picture of an excised mouse heart showing fibrin
patch (dotted line) covering infarcted area. (B) Masson’s thricrome staining cross
section of cardiac ATDPCs fibrin (dotted line) treated and control animals. (C) Image
exhibiting green fluorescent protein (GFP)-positive cardiac ATDPCs (green) and the
presence of Isolectin B4 (white) positive vessels in the patch. (D) Histogram
representing percentage of ejection fraction values of control-MI, fibrin-MI and fibrin
with cardiac ATDPCs-MI animals at post-MI and pre-sacrifice time points [75].
(E) Image of an excised porcine heart, showing the pericardial descellularised scaffold
(green dotted line) adhesion to myocardium after 30 days of follow up. (F) Images of
two heart sections from treated and control animals exhibiting the infarct area.
Zoomed-in photographs show transmurality degree differences between groups.
(G) Histogram representing the mean ± scanning electron microscope (SEM) of
infarcted area in control and treated animals after 1 month of follow up. (H) Green
positive immunostaining against isolectin B4 (green) and elastin (white) indicates the
presence of newly formed vessels (arrow) [110]. (I) Immunofluorescence against βIII
tubulin (green), cTnI (white), and elastin (red) labelled nerve fibres (arrows), M,
myocardium and P, patch, respectively [111]. Nuclei are counterstained with DAPI
(blue). Scale bars = 1 mm (A, B), 75 μm (C), 50 μm (H, I).
-
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Synthetic materials: PLA [78], poly(glicolic acid) [79], PEG [80], PLGA
[81], or PCL are the most commonly used for cardiac regeneration
purposes [82]. They have been extensively analysed with bioreactors
[83] and in animal studies and clinical trials [7,84]. But the
aforementioned examples are only a short list of many existing
synthetic biomaterials continuously emerging [85]. However, to date,
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the U.S. Food and Drug Administration (FDA) has only approved the
clinical use of PEG, PLA and PLGA [86].

Collectively, these new generated scaffolds should be porous to ensure the
oxygen and nutrients’ diffusion, and also should warrant the cell-cell
interaction avoiding anoikis process. However, the similarity of the artificial
cardiac matrix to cardiac tissue is not perfect, and the implanted cells only
colonise the surface or not more than a few microns of thickness [87]. Latterly,
in order to unravel this critical point, two different alternatives have appeared,
as follows:
-

-

Carbon nanotubes (CNT): have emerged as a novel alternative to
improve biochemical and mechanical properties of the aforementioned
materials. CNTs are composed of sheets of graphite rolled into
cylindrical tubes and could be single- or multi-walled. In addition to
their optimal conductive, mechanical and thermal features, CNTs are
porous structures (1 nm in single-walled and 4–30 nm in multi-walled)
mimicking natural collagen fibers of the ECM, favouring cell adhesion,
proliferation and differentiation [88]. Regarding cardiac tissue repair,
several studies have included the use of CNTs into their original
scaffolds. For instance, Pok and colleagues have developed a chitosan
scaffold with biocompatible CNTs acting as electrical nanobridges
between cardiomyocytes. An improved electrical coupling,
synchronous beating, and cardiomyocyte function were described [89].
Most recently, a CNTs scaffold has been generated to show its
cytocompatibility, cell viability, attachment, proliferation and, also, cell
infiltration [90].

Electrospinning technology: has emerged to create new
nanostructured scaffolds [91]. This method is based on immobilising
different cell types with a wide range of molecules simultaneously
within a fibre during the generation of the scaffold [92]. Interestingly,
electrospinning technology can process both a small and large number
of progenitor cells creating different 3D architectures. In this field of
search, several studies have demonstrated the notable advantages of
3D synthetic electrospun scaffolds. As an example, Fleischer and
colleagues have developed an electrospun scaffold made of PCL,
dichloromethane and dimethylformamide with gold nanoparticles able
to favour cell-cell coupling at the electrical level [11]. However, despite
the electrospinning of synthetic polymers warranting a porous
network of fibers allowing the diffusion of oxygen and nutrients, their
mechanical properties do not match those of ECM, lacking the
interaction between cells. In contrast, natural materials offer functional
bioactive properties supporting tissue assembly, but cannot be
electrospun because of their lack of viscoelasticity. Consequently, both
materials are used together in search for the ideal electrospun scaffold
for cardiac repair [93].
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20.3.2. Extracellular matrix derived from natural tissues
ECM is a cell-secreted heterogeneous mixture composed of water, saccharides
and numerous functional and structural proteins combined and spatially
organised by tissue type [94,95]. Because of their importance in many
processes, including cell proliferation and differentiation, guiding cell
migration and modulating cellular responses, ECM is recognised as an
attractive biomaterial for tissue engineering-based regenerative medicine [96].
In this context, scaffolds derived from ECM can be generated by
decellularisation of biological tissue samples. This procedure removes cellular
and nuclear content by physical (i.e. agitation, sonication, direct pressure, and
freeze / thaw cycles), chemical (detergent and salts) and enzymatic treatments
(i.e. trypsin) [97], producing 3D acellular matrices with identically retained
anatomical geometry and vascular architecture [98,99]. In order to select the
optimal tissue-specific decellularisation protocol, cell removal efficiency and
the adequacy of ECM retention are crucial parameters to be considered [100].
In line, decellularisation affects not only ECM composition but also scaffold
structure and mechanics, depending on a variety of factors such as detergent,
concentration and, exposure time [101]. Importantly, collagen and laminin
retention after the decellularisation process could facilitate subsequent
scaffold recellularisation with regenerative cells by providing spatial
orientation [100], while glycosaminoglycans and adhesive proteins removal
might slow cell migration onto the scaffold and its bioactivity [101]. Before cell
reseeding and surgical application, ECM-derived scaffolds need further
processing, i.e. disinfection, lyophilisation and sterilisation, which adjust
matrix integrity and architecture [98]. Preliminary results in both pre-clinical
and clinical contexts show that management of allogeneic and xenogeneic ECM
is safe and beneficial for cardiac tissue engineering [102].
In this context, different decellularised scaffolds from animal and human
origins have been used (Figure 1) [103].
-

-
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Small intestinal submucosa: In brief, a commercial ECM patch derived
from porcine small intestinal submucosa (SIS) (CorMatrix-ECM®)
attenuates myocardial remodelling and improves cardiac performance
in rats after MI [104]. Currently, a clinical trial is enrolling participants
to evaluate its safety and functional benefit in subjects with ischemic
myocardium (NCT02139189).

Urinary bladder matrix: On the other hand, application of cell-free
urinary bladder matrix (UBM) in the MI dog model increases
myofibroblast recruitment, reduces inflammatory response and limits
thrombus expansion, although no improvements in cardiac function,
left ventricular dilation or contractility were observed [105]. Moreover,
a similar study has shown increased contraction and myocyte
recruitment and proliferation 8 weeks after treatment [106].
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-

-

Pericardium: Pericardial tissue is routinely resected or even removed
during cardiothoracic surgery without adverse consequences [107]
and shows similar properties within human individuals, presenting a
porous ECM, which facilitates cell retention and vascularisation [108].
In vitro studies demonstrate that pericardial-derived ECM allows cell
survival, growth and attachment induced pluripotent stem cells
(iPSCs)-derived cardiomyocytes and MSCs [109], and also facilitates
differentiation of progenitor cells derived from adipose [110] and
cardiac [108] tissue towards endothelial or cardiac cell lineage,
respectively. Furthermore, decellularised human pericardium
embedded with self-assembling peptide RAD16-I and adipose tissue-derived progenitor cells (ATDPCs) increases scaffold vascularisation
and reduces infarct size one month after implantation in the swine MI
model (Figure 2 E-G) [110]. Hence, although the pericardial matrix is
not an exact match to myocardial ECM, it favours cell retention and
cardiac differentiation, offering an additional autologous / allogeneic
therapeutic option for cardiac repair. Most recently, it has been
demonstrated that an acellular decellularised pericardium implanted
over infarction in swine is neovascularisated and neoinnervated by
host cells and improves ventricular function (Figure 2 H,I) [111].

Myocardium: Decellularised myocardial ECM shows better
preservation of the original composition, 3D-architecture and ECM
microenvironment [99] than natural matrices and conserves similar
native myocardium stiffness [112]. In vitro studies using myocardial
ECM as a scaffold demonstrate cell engraftment and differentiation
towards cardiac [109,112-115] and endothelial lineage [113-115],
beside spontaneous recellularised scaffold contraction [112,114].
These promising findings may promote in vivo testing of cell reseeded
decellularised myocardial ECM scaffolds for MI repair. The first
challenge is combining decellularised myocardial ECM with fibrin
embedded with MSCs, already released to encourage pre-clinical
outcomes in the near future [116].
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20.4. BIOARTIFICIAL HEARTS
In 2008, a decellularisation protocol was adapted to generate a 3D whole-heart
scaffold, using sodium dodecyl sulfate (SDS) by antegrade coronary perfusion
in cadaveric rat hearts [117]. Acellular generated heart preserved main matrix
proteins, vascular architecture, valves and chambers and, importantly, the
recellularised heart exhibited contractile activity when reseeded with
cardiomyocytes and endothelial cells [117]. In recent times, further studies
have reported decellularisation of porcine hearts, which is a model scalable to
human proportions [118-120]. The perfusion-decellularisation procedure is
particularly efficient for whole-organ decellularisation, since it reduces the
diffusion distance required for decellularising agents to reach cells [121], and
makes use of convective forces facilitating tissue removal of cellular
components [122]. In order to improve decellularisation of whole hearts,
attempts integrating a software-controlled automatic coronary perfusion
system have been developed, obtaining reproducible scaffolds [123,124].

Recellularisation is a final mandatory step that involves seeding cells onto the
decellularised scaffold, which could be placed in a bioreactor to support tissue
growth [7]. The heart has a high cellular density, with around
108 cardiomyocytes/cm3, and its 3D scaffold has to be fully recellularised at the
time of implantation in order to be completely functional [125]. Therefore,
seeding such large numbers of cells would require several weeks of organ
culturing in the bioreactor before implantation [117].
Despite whole-organ providing a promising platform for cardiac tissue
engineering techniques, many unresolved issues and challenges need to be
addressed before engineered hearts can be a clinical reality.

20.5. PITFALLS, CONCLUSIONS AND PERSPECTIVES
Researchers and clinicians agree in the commitment to supply new and better
treatments for patients, including those suffering heart diseases. In line, the
most immediate benefit of the converging research areas (i.e. those dedicated
to stem cells, tissue engineering and nanotechnology) is essentially in
regenerative medicine.

However, there are hurdles on the road ahead, regulatory as well as technical,
and those related to deleterious side-effects for treated patients. For instance,
although the engineering of nanomaterials holds great promise for
development of innovative immunomodulatory approaches [126,127], the
potential risk of their accelerating use has become relevant. Respiratory
exposure to manufactured magnetic iron oxide nanoparticles generates a great
number of extracellularly secreted membrane vesicles (exosomes) capable of
transferring activation signals to the immune system [128]. In particular, in
those individuals who already have pre-existing allergic conditions (known as
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sensitised individuals), the generated exosomes may result in a delayed type of
hypersensitivity reaction and subsequent severe allergic responses; whereas
in unsensitised individuals, the resulting immune activation response may be
much lower. Furthermore, a key role of nanoparticle-induced exosomes as
signalling mediators in the induction of immune activation via T helper cell
type 1 has been reported [129]. Taken together, these studies suggest that the
generated exosomes aggravate the immune activation and inflammatory
responses induced by exposure to nanoparticles. Alternatively, in order to
regulate potential harmful immune response in vivo further, nanoparticles
could be co-administered with immunosuppressive cells or cell-free
immunomodulatory agents [130,131].

In sum, cell- and tissue engineering-based therapies involving nanostructure
materials are exciting exploration areas, and have shown both intriguing and
instructive preliminary results in the treatment of cardiac diseases. However,
as clinical trials proceed, our incomplete understanding of the behaviour and
functions of regenerative cells and associated nanoparticles is made evident by
numerous unresolved concerns, including the optimal therapeutic strategy
that can be readily translated to patients.
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21.1. INTRODUCTION
The only solution for chronic, final-stage liver diseases and acute liver failure is
liver transplantation, which is long-term and radical. The causes of these
diseases are genetic, toxic, congenital, parasitic, iatrogenic, etc. However, the
demand far exceeds the number of donors for liver transplantation, as can be
seen by analysing waiting lists. In addition, there are religious limitations in
some situations that reduce the options in the case of deceased donors.

Various ways to save organs available for donation have been sought: splitliver, domino transplant, living-related transplant, marginal transplant, etc. In
addition to the lack of organs, there are complications in the post-transplant
period that can compromise the graft and are primarily due to the body's
immune reaction or immunosuppressive treatment administered to limit the
immune response of the body against the graft.
Long waiting lists for organ transplants (liver, kidney, heart and lung) and
reduced availability of organs from donors has led to further research in order
to obtain organs from other sources.
There were initial hopes regarding transplants from animals to humans
(xenotransplantation), but most recent research has focused on obtaining
artificial organs.

A number of solutions have been developed utilising extracorporeal liver
filtration membranes or absorption systems to remove toxins from the blood.
Of these, the most common are molecular adsorbents recirculating system
(MARS), liver dialysis devices and Prometheus. BioArtificial Liver (BAL)
systems are also extracorporeal systems that perform detoxification, metabolic
and synthesis functions. These systems are composed of primary hepatocyte or
hepatoma cell lines and membranes that separate functional hepatocytes from
the patient’s plasma. The best known are HepatAssist and extracorporeal liver
assist device (ELAD).

To obtain quality synthetic organs, it is necessary to have a scaffold structure
compatible with the host organism and the cells to repopulate it. Stem cells
have a promising potential in terms of developing in vitro organs due to the
proliferative activity and the potential of differentiation into almost any type of
mature cell (Figure 1). Stem cells have shown that they have the ability to
differentiate into mature liver cells [1-3].
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Figure 1. Classic approach to tissue engineering
(from Tiruvannamalai-Annamalai et al. 2014) [4]

There are also new developments in tissue engineering such as the modular
approach (Figure 2).
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Figure 2. Modular tissue engineering (from Tiruvannamalai-Annamalai et al. 2014) [4]

Current problems researchers are facing are a lack of a compatible and
functional scaffold structures for in vitro liver development, a lack of selected
stem cells, and immunological barriers, which also constitute an impediment
for the construction of synthetic organs.

However, research conducted so far in this area constitutes an important step
in obtaining synthetic organs.

Essential characteristics of engineered liver tissue are to perform the essential
functions of the liver: plasma protein synthesis; ketogenesis; synthesis of urea;
detoxification; and immune function.

The liver is composed mostly of hepatocytes (approx. 70 % of the cell
population), Kuppfer cells, progenitor cells (Ito cells), stellate cells, biliary
epithelial cells, sinusoidal epithelial cells and fibroblasts [5].
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21.2. METHODS TO OBTAIN A CELL POPULATION
SUITABLE FOR RECELLULARISING THE MATRIX
The source of the cells is particularly important because they must have the
potential to differentiate into mature hepatocytes. Different cell types have
been tested for liver fibrous scaffold repopulation: hematopoietic cells, stem
cells, Ito cells and hepatocyte mature cells [6-8].

Initial experiments were performed with mature liver cells. Mature
hepatocytes in laboratory conditions did not sufficiently multiply, nor did they
retain their differentiation characteristics [9].

Subsequently, researchers sought other sources for cells to repopulate
matrices, testing hematopoietic stem cells from bone marrow, known for their
superior plasticity to differentiate into various types of mature cells. Adult
stem cells from bone marrow mesenchymal stem cells (BMSCs) can easily be
harvested via bone marrow puncture, multiplied in vitro, and oriented towards
subsequent differentiation into mature hepatocytes for liver scaffold
repopulation. Adult stem cells are preferred to embryonic stem cells because
there are a series of limitations relating to the use of the latter in therapy in
humans, including ethical issues.
A number of inductive environmental factors dictate the stem cell
differentiation. The cells in the immediate vicinity or scaffold characteristics
can also guide the subsequent differentiation that the cell will follow.

Paracrine factors influencing hepatocyte differentiation and cell growth are
hepatocyte growth factor (HGF), fibroblastic growth factor (FGF), activin, bone
morphogenesis protein (BMP), oncostatin M (OSM), epidermal growth factor
(EGF), interleukin-6 (IL-6), transforming growth factor alpha (TGF-α), and
insulin growth factor (IGF). There are also drugs that affect hepatocyte
differentiation: dimethyl sulfoxide (DMSO), steroids, amino acids, and
nicotinamide. Intracellular regulators of gene expression involved in
hepatocyte differentiation are known as the following hepatocyte nuclear
factors (HNFs): 3α, β; 4α; 1α, β; 6 [10-14].
Controlling all these factors can lead to the better targeting of stem cell
differentiation.

Li et al. argued that a three-dimensional structure of collagen-modified
poly(lactic-co-glycolic acid) (PLGA) favoured growth and the differentiation of
BMSCs towards hepatocyte [15].
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21.3. METHODS TO OBTAIN AN ORGAN MATRIX
The organ scaffold has a number of roles; it provides a supporting structure,
configures the organ in space, guides cell proliferation and differentiation,
maintains cells phenotype and apoptosis by facilitating, sensing and
responding to the external environment, and maintains optimal distances
between cells to allow the diffusion of nutrients and oxygen [16].

Both biological and synthetic matrices have been tested for tissue
regeneration.

The support matrix is intended to provide organ-specific elastic-mechanical
characteristics, develop vasculature necessary to sustain tissue energy,
develop the biliary tract, and provide the specific configuration of the tissue
and organ.
The matrix used should be biocompatible and, for synthetic matrices, should
be biodegradable with no release of toxic elements into the body.
If a resorbable (biodegradable) polymer matrix is used, it will be degraded
over time and replaced with autologous tissue, reducing the foreign body
inflammatory reaction [17].

A number of features of the matrix influence the characteristics of the organ:
the macroscopic structure – including its appearance and surface coating,
method of attachment, inflow and outflow regions of blood and bile, and
vascular branching inside the organ; and the microscopic structure – where
intercellular distances are evaluated, cell growth support, and the diffusion
possibility of nutrients and oxygen.

Natural matrices may be formed from collagen, gelatine, matrigel, and
fibronectin, and are suitable for cell growth characteristics, but have poor
mechanical properties and are difficult to handle. In addition, a change of the
properties of these matrices is difficult and depends on the tissue of origin
[18-21].
Natural matrixes were obtained by decellularisation of the organs, maintaining
functional molecules and their original, three-dimensional structure, thus
being ideal as a scaffold for reconstructing new organs (Figure 3) [22,23].
Decellularisation may be accomplished by physical (agitation, freezing,
thawing, pressure, mechanical massage, sonication) or chemical methods
(ionic detergent, nonionic, zwitterionic, acidic or alkaline treatments, chelating
agents, and hypertonic and hypotonic treatments). For this purpose, an
enzyme treatment can also be used (trypsin, endonuclease or exonuclease)
[23]. Often, these methods are combined in successive sequences.
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Figure 3. Decellulariaation and recellularisation of the explanted liver (from Struecker
et al. 2014) [24]

Figure 4. Ferret decellularised liver (from Booth et al. 2012) [25]

Some authors use scaffold obtained from animal organs (Figure 4); however,
with this method, care must be taken to eliminate all immunological stimuli
from the scaffolds [26-31].

Synthetic matrices may have varying physical and mechanical properties
according to the initial design, including the microscopic and macroscopic
structure, which can be configured as needed. In addition, the rate of
degradation of synthetic supporting structures can be adjusted as required by
changing the polymer composition used [5]. However, at present, it is difficult
to simulate perfectly the Nature, with blood vessels, bile ducts, extracellular
spaces, etc.

There are also fluid matrixes that encapsulate cells and suspend them in the
liquid medium (living scaffolds).

Various kinds of materials have been used, such as polyesters, hydrogels,
synthetic polypeptides, etc.: poly(lactic acid) (PLA); poly(glicolic acid) (PGA);
PLGA; polycaprolactone (PCL).
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The disadvantages of using these polymers include a lack of stimulation of cell
proliferation due to their hydrophobic nature and a lack of recognition of
cellular signals [5]. In order to overcome these drawbacks, bioactive molecules
are attached to the surface of inert polymers [32,33].
To create a similar structure of the ECM, nanostructured fibres created by
electrospinning were used [34]. Kazemnejad et al. (2007) created a matrix of
poly(ε-caprolactone), collagen and poly(ether sulphone) via electrospinning
[34].

A synthetic scaffold can be used either to be seeded with cells or to provide
support for tissue regeneration. The first attempts to generate a scaffold has a
limited ability to control the microscopic structure. Various physico-chemical
techniques can be used: photolithography, two-photon polymerisation,
chemical vapour deposition, foaming, membrane lamination, electrospinning,
etc. These techniques do not allow to control of porosity and
intercommunication between networks of ducts and have no reproducible
structure. These drawbacks can be overcome by rapid prototyping 3D printing
techniques or fused deposition modelling (FDM).

Singare et al. described a method of achieving a basic three-dimensional
structure of the liver by computer design in computer-aided design (CAD) and
generation by 3D printing using a PolyJet 3D printer. The material used for the
mould was poly(dimethyl-siloxane) (PDMS), which was later used for structure
creation from biodegradable material [35].

Feng et al. developed a galactosylated chitosan (GC) nanofibers scaffold for
enhanced properties of 3D hepatocytes growing [36].

21.4. METHODS FOR RECELLULARISING THE SCAFFOLDS
In order to populate the scaffold with cultured cells, various techniques are
used. In most cases, the simple immersion in cell suspension is not enough.
Populating the scaffold is done predominantly on the surface, which creates
uneven results. A colloidal solution containing the cells is injected into the
scaffold to populate it. Some authors use an intermittent vacuum in order to
aspirate the suspension into the scaffold pores [15].

To further grow and differentiate these cells in a three-dimensional
environment, specific growth factors should be administered. Hydrogels or
slow release microspheres containing these growth factors can be used. The
delivery systems can be filled with genes or peptides that accelerate cell
proliferation. Using a protein-composed scaffold is useful because of cell
recognition sites localised on protein surfaces that form the matrix [37-40].
It has been shown that the interaction between cells and the scaffold plays an
important role in further differentiating the cells. In this interaction, the matrix
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topography and surface radicals (or recognition sites) are essential. To
modulate this interaction, one can include growth factors and chemical
radicals in the matrix, which may favour cell immobilisation (e.g., arginine-glycine-aspartic acid) [41].
Okano et al. described another way to obtain an artificial liver, which involved
overlapping sheets impregnated with hepatocytes [42].

21.5. APPLICATIONS OF RECONSTRUCTED ORGANS
Multiple techniques for scaffold synthesis and cell culture possibilities from
various sources show that this research is still in the initial phase. However, to
achieve a functional organ, multiple tissues with complex structures and
functionalities must be combined, which will require additional research from
experts in bioengineering.

A functional liver must include, besides liver tissue, blood vessels and bile
ducts, all integrated into a complex matrix that allows the diffusion of oxygen
and nutrients, and the degradation of products to cells that populate the
matrix, all which must be biocompatible with the patient immunologic self.

Production of engineered organs will allow the treatment of a number of
additional patients with acute or chronic liver failure and, thus, will reduce
waiting lists, which presently span 2–3 years. In addition, immunological
compatibility will avoid immunosuppression, which has a number of side
effects on the body, including infections and malignancies.

21.6. CONCLUSIONS
Regenerative medicine has enormous potential in the creation of artificial
organs, which will have a particularly important impact in reducing morbidity
and mortality from acute or chronic diseases.
Particularly, the mass production of liver-engineered tissues will allow a large
number of patients in the end-stage of diseases or with acute liver failure to be
treated, thus reducing mortality and morbidity while on the waiting list for
liver transplantation.

The impediments described in this chapter are increasingly overcome by
further research, allowing for a prediction that, in 10 years, such a therapy will
be the standard.
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22.1. INTRODUCTION
Cell development and morphogenesis, wound healing or tumour invasion are
all biological processes which require cells to be able to migrate following
directional cues. In recent years, much attention has been paid on cell
signalling and movement as regulated by many kinds of stimuli such as
chemotaxis [1,2], galvanotaxis [3] and extracellular matrix (ECM)
compliance/stiffness and topology [4-8] as shown in Figure 1.

Figure 1. Directional control of cell migration can be induced by means of various taxis
(moves to/away from stimulus) as schematized

It is widely renowned that cells perceive and explore the chemical and physical
properties of a surrounding environment, gathering information at sites of
ECM attachment and using them to activate specific signalling pathways within
the cells [9,10]. The control of the cell environment by multiple
physicochemical cues has therefore emerged as a key tenet to enable
functionality, modulate response, and affect cell behaviour. The observation
that cells are able to follow gradients of mechanical stiffness dates back to
Lo et al. whom first reported that fibroblasts tend to move from softer to the
stiffer regions of a matrix-coated substrate [11]. This phenomenon was coined
as durotaxis after Latin durus (hard) and Greek taxis (regular arrangement).
Since then, durotaxis or globally renowned as mechanotaxis, has been the
object of numerous studies in the last two decades. However, although the
effects of mechanical guidance underlying a broad diversity of functions on
cells are becoming well known, experimental evidence is still scattered and
mechanisms remain largely unknown.
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22.2. THEORETICAL MECHANISMS OF DUROTAXIS
The mechanisms underlying durotaxis, as abovementiond, are still poorly
understood, but overall assume the involvement of active sensing and
locomotion of the cell. Various theoretical suggestions on how the mechanism
of durotaxis occurs have been proposed. One mechanosensing hypothesis
theorises that cells move through the generation of traction by a “motor-clutch” mechanism with a centripetal flow of actin polymerization towards the
centre of the cell which moves forward the cell's leading edge. Upon formation
of every new pair of ligand-receptor bonds, a traction-bearing structure is
either activated or anchored at the intracellular domain of the receptor, with
focal adhesions on rigid ECM exerting high force and focal adhesions over soft
ECM exerting low forces, as schematized in Figure 2. Sensing mediated by focal
adhesions and actin-containing filopodia in front of the leading edge allow cells
to determine physical characteristics of the substrate before moving and to
avoid the formation of mature focal adhesions on soft substrates which would
lead to backtracking of the cell. Stiffer substrates cause tension to develop at
nascent adhesions, promoting the maturation of focal adhesions and allowing
extension/spreading of the cell. On the other hand soft substrates hampers this
increase of tension inhibiting maturation into focal adhesions, which then
promotes the retraction of filopodia through myosin II-dependent contractile
forces.

Figure 2. Schematization of focal ahdesions on stiffness gradient. On soft substrates
cells do not develop abundant stress fibres and generate smaller forces, making
adhesion sites on these regions less stable. In this way, a cell moving on a substrate
with a stiffness gradient relocates towards the stiffer region.

Consequently, an asymmetry in traction force is generated leading to directed
cell movement towards the more rigid substrate. Thus, forces and
deformations, which occur through ECM linked proteins, modulate the
dynamic flow of actin cytoskeleton during the durotactic movement [12].
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Another theory proposed by Plotnikov and Waterman, hypothesises that cells
attempt to maintain constant substrate deformation during migration [13,14].
This theory proposes that cell migration behaviour is mediated by the tugging
motion on focal adhesions, migrating faster when the stiffness differences
between the opposing ends of cells are greater [12]. In addition, cell migration
on stiffer substrates involves higher forces to break cell to ECM bonds, which
may explain the presence of pronounced stress fibers occurring in cells on stiff
substrates such as plastic or glass.

An alternative theory has put forward that durotaxis is caused by the different
levels of Ca2+ ions on the opposing extremities of the cell [15,16]. This theory
sustains that the focal adhesions on higher stiffness support a more frequent
contraction with consequential higher activation of stretch-mediated Ca2+ ion
channels and cell migration towards regions of higher stiffness.
Although all these theoretical proposals are still under intense investigation,
they remain the key basis theories for durotatic cell migration.

22.3. DIVERSITY OF MECHANOTACTIC CELL BEHAVIOUR
The mechanotactic behaviour of cells is cell-type dependant and context
dependent [17-19]. Georges et al. reported that neurons and astrocytes react
differently to the mechanical properties of the substrate. Astrocytes prefer stiff
substrates, whereas they found that cortical neurons show more branched
morphology on softer poly(acrylamide gels) (200 Pa vs 9000 Pa) [20]. Balgude
and co-workers also demonstrated that neurite extension of chick dorsal root
ganglia (DRG) neurons was higher in softer gels [21]. According to Flanagan's
group, the formation of neurite branches was enhanced by softer substrates
[22]. Ulrich et al. observed that glioma cells cultured on fibronectin-coated
polymeric ECM with varied but defined mechanical rigidity exhibited altered
cell morphology and cytoskeletal organization. These authors showed that
glioma cells cultured on softer substrates showed a decreased spreading area,
disappearing stress fibres and focal adhesions. Interestingly, all evaluated
glioma cell lines cultured on the softest substrates were rounded but viable
with cortical rings of F-actin and punctuate vinculin-positive focal complexes,
and with no indication of apoptosis [23]. Additionally studies reported by
Leach et al., implied that there is an optimal substrate stiffness for neuronal
cells that is between 10 Pa and 200 Pa [24].

Difference of cell functions, such as cell spreading, growth, and differentiation,
were also observed to be modulated by the mechanic properties of the
substrate. Pelham et al. reported that cells on flexible substrates showed
reduced spreading and increased rates of motility compared to cells on rigid
substrates [25]. Wang and his group observed cell proliferation to be increased
on substrates of higher mechanical stiffness wheras the rate of apoptosis was
increased on more flexible substrates [26]. Through investigating angiogenesis
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in vitro, Vailhe and co-workers demonstrated that the formation of capillary-like structures was influenced by the rigidity of the fibrin gels utilized [27].
Similarly Deroanne's group showed that cell differentiation was affected by the
mechanical properties of the substrate. In fact decreasing the substrate rigidity
increased the number of endothelial cells to switch to a tube-like pattern [28].

22.4. INFLUENCE OF ECM STIFFNESS ON CELLS
As abovementioned, cells connect and interact with their surrounding
environment sensing and responding to its physical, mechanical environment,
through cues from adjacent cells, external stress, and the ECM. The ECM is
fundamental as it provides cells structural support as well as acting as an
external cell-signalling region, being mostly composed of adhesive
glycoproteins, proteoglycans, glycosaminoglycans and fibrous proteins that
also incorporates biologically active molecules and growth factors. This
process by which cells can sense rigidity of the ECM is referred to as
mechanotransduction where the mechanical signals regulate and feedback the
cytosketal reorganization and actomyosin contractility [29]. Cells, in fact,
constantly survey the mechanical properties of their environment not only
adhering to the matrix but also exerting a “pulling” force on the matrix
substrate, which deforms the matrix in accordance with its elastic properties
[30]. Forces that originate in the cytoskeleton are transmitted across the cell
and eventually to ECM through specialized adhesion sites (focal adhesions).
Focal adhesions are protein complexes connecting the cytoskeleton to the ECM
at the sites of integrin binding. These complexes appear to act as plausible key
signalling candidates in the translation of mechanical cues from the
extracellular environment into biochemical signals inside the cell [31]. The
integrin binds to different ECM specific ligands (fibronectin, collagen, laminin
or vitronectin), hence, physically connecting the actin cytoskeleton to the ECM
and influencing the downstream signalling events (including the activation of
extracellular signal-regulated kinases (ERK), mitogen-activated protein
kinases (MAP) and focal adhesion kinases (FAK)) which determines the final
cell behaviour and fate [32,33]. Cells' responses to extracellular cues are
therefore strongly linked to the myosin activity in the cytoskeleton, whereas
the organization of the actin cytoskeleton is controlled by mechanical and
geometrical properties of the surrounding matrix. Upon integrin activation,
different cytoskeletal proteins like actin, talin and paxillin and signalling
molecules such FAKs are connected and structured at the focal adhesion sites
[34]. On stiff substrates which cannot deform under contraction, cells assume
an unnatural flattened morphology, with increased proliferation rates and
have also shown differences in cancer drug sensitivities [35,36]. This was
explained by considering that stiffer substrates induce higher levels of
expression of adhesion molecules (i.e. integrins), to improve adhesion [37].
Moreover, an increase in the synthesis of cellular structural proteins, such as
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actin was observed inducing different expression profiles [38]. On the other
hand, cell spread area was shown to decrease with decreasing substrate
stiffness and cells observed on soft substrates assumed a more rounded
morphology with less focal adhesions and actin fibres, deforming in
concurrence with the deformation of the surrounding soft matrix (Figure 3)
[39].

Figure 3. Cells response to extracellular cues is strongly linked to myosin activity in
the cytoskeleton, whereas the organization of the actin cytoskeleton is controlled by
mechanical and geometrical properties of the surrounding matrix. Cells adhere to the
substrate through mechano-responsive molecular complexes, such as integrin-mediated adhesions, and locally and rapidly adapt to varying forces exerted at the
cell-substrate interface.

Not all cell types display mechanosensing behaviour. Principally tissue forming
cells including fibroblasts, mesenchymal stem cells, endothelial cells and
epithelial cells were demonstrated to differ in behaviour with increased
spreading and traction forces and decreased motility on stiffer substrates
[16,18,39-41]. Fibroblasts and endothelial cells showed an intensification of
spreading and a more increased assembly of their cytoskeleton into actin
stress fibres and focal adhesions at ~3 kPa. On the other hand pre-osteocytes
re-organize their cytoskeleton and show increase spreading at ~60 kPa while
neutrophils appeared to be insensitive to stiffness changes [18,42]. Stem cell
differentiation was also shown to be influenced by stiffness of the ECM [43,44].
Klein investigated cell cycle progression regulated by ECM stiffness in
endothelial cells through the activation of the small guanine triphosphatase
(GTPase) RAC1 [45]. ECM stiffness was also showed to influence gene
expression and cell fate. Engler and coworkers induced mesenchymal stem
cells to differ in bone differentiation in stiff environments, whereas into
adipocyte differentiation on soft substrates [40]. Analogous observations with
skeletal muscle stem cells and with adult neural stem cells were reported
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[46,47]. Furthermore proteins of the hippo pathway were shown to be
associated in the transcriptional effects of ECM stiffness and cytoskeletal
organization, influencing the stiffness-dependent regulation of ECM gene
expression and cell cycle progression [48].

As mechanosensitivity is associated to the cells’ ability to rearrange adhesion
ligands and to apply traction forces on the substrate, substrate mechanics and
adhesiveness should be regarded as coupled variables. Peyton and Putnam
reported a biphasic dependence of cell migration speed on ECM stiffness. In
their study, the optimal stiffness at which cell migration speed is maximized
was found to depend on the density of immobilized ECM ligands [49].
Investigating spreading of smooth muscle cells (SMCs) on collagen-coated
poly(acrylamide gels), Engler's group showed that the cytoskeletal
organization of muscle cells depends on the stiffness of the substrate on which
they are grown with optimal substrate stiffness closest to that of relaxed
muscle bundles [50]. They showed that matrix compliance and ligand density
are highly coupled variables that determine mean cell responses. The same
group stressed the importance of substrate stiffness on cellular motility for
anchorage dependent cells [29]. Anchorage dependent, contractile cells show
an increase in cellular adhesions and a more organized cytoskeleton with
increasing stiffness of the substrate on which they are grown. This is explained
considering the elasticity of their natural environment. In fact in vivo muscle
and skin is much stiffer then the brain and the spinal cord and for this reason
neurons prefer to migrate towards soft substrates, whereas muscle cells and
fibroblasts favour stiffer substrates. Durotaxis therefore, occurs as a result of
“positive feedback” of cells-substrate reinforcement as cell actively exerts
forces on their ECM micro-environment through focal adhesions. Cells subject
to durotaxis, can mediate signal transduction as ECM bound proteins or
proteins linked to scaffolds connected to the ECM undergo conformational
modifications as a result of changes to the ECM [51,52]. Scaffolding proteins
allow in fact the linkage between integrins and actin cytoskeleton, which will
form the ECM-integrin-cytoskeleton connections which develop to focal
complexes [53]. In order for the focal complexes to mature to focal adhesions,
and to connect to stress fibres, forces must be generated by the cell itself
through its contractile machinery, but also from the surrounding environment
[29]. More specifically, mechano-sensitive ion channels present near focal
adhesion are activated as cells exert pulling forces [54-56]. This leads to an
influx of extracellular calcium, increased level of acto-myosin contractility and
reinforcement of the cell-substrate adhesions with clustering of focal adhesion
complexes [57].
Concurrently, various proteins such as focal adhesion kinase, paxillin, vinculin
and talin are recruited to reinforce the adhesion (Figure 4) [58,59]. As the local
stiffness of the microenvironment increases, a solitary cell will consequently
form a stronger adhesion on its substrate. Likewise, in the presence of a
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gradient of substrate rigidity, cell will have a tendency to form stronger
adhesions on stiffer ECM regions.

Figure 4. Fluorescent images of NIH 3T3, cultured for 24 h, stained for vinculin in
green, plated on square-patterned substrates and pillars in pits for 24 h. DNA is blue
and actin is red. The figures outline the stiff regions, caused by the presence of the
square patterns underneath the membrane, whereas the regions surrounding the
pillars are soft. The force is transmitted to the extracellular environment at cell-matrix
contacts and actively generated by myosin molecular motors interacting with actin
filaments. Scale bar: 20 µm.

Although many important advances have been acknowledged not much
information about the diverse pathways activation and signal transduction is
known. Hence, more investigations on the the role of the localization of
integrin-modulated signal molecules in the regulation of cell differentiation by
ECM elasticity is also an important target for future work.

22.5. DIVERSITY OF MECHANICAL FEATURES OF THE
SUBSTRATE
Over the past years different methods have been used to create mechanical
heterogeneities on substrates. So far, purely elastic poly(acrylic acid) (PAA)
hydrogels as well as thin poly(acrylamide) gels have been widely used for
mechanotaxis means [22,25,59]. Photocurable poly(acrylamide) gels are
chemically cross-linked gels formed by the polymerization of acrylamide with
a cross-linking agent, usually N,N’-methylenebisacrylamide. These gels are
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widely used as a compliant substrate for mechanotaxis although the
unpolymerized acrylamide monomer is highly toxic and often results in loss of
cell viability. Poly(dimethylsiloxane) (PDMS) commonly used in biomedical
applications and in membrane technology for its biocompatibility, mechanical
compliance, chemical inertness, and remarkable flexibility has also been used
for prototyping substrates for mechanotaxis means [60-63]. Moreover these
elastomers may have an elastic moduli able to effectively cover the entire
range of soft tissue elastic moduli from approximately 1 kPa to > 1 MP [64-66].
This is advantageous as at the tissue-scale range the stiffness of cell
microenvironment displays high variation within the body. Between different
tissues, ECM rigidity often varies over several orders of magnitude, e.g., brain
(260–490 Pa), liver (640 Pa), kidney (2.5 kPa), skeletal muscle (12–100 kPa)
and cartilage (950 kPa) [67]. Tissue variation can also be triggered by
pathological factors such as malignant tumours, which are stiffer than the
surrounding healthy tissue [68].

Differences of elasticity have been with various approaches. Ohashi and
colleagues showed that cells develop stress fibres in response to nonuniform
strain and development of these stress fibres eventually leads to a shift in the
location of the cell nucleus [69]. The monotonically increasing strain gradient
was obtained by embedding glass within a silicone elastomer and stretching
the substrate. The lowest strain region, close to the glass-elastomer border
showed no signs of cellular elongation or orientation; however cells within the
region of high strain alignined perpendicular in direction of stretch. They also
showed a strain dependent formation of stress fibres exists which led to cell
remodelling due to the strain gradient. Similarly cells also tend to have more
pronounced alignment if microgrooves in the substrate are perpendicular to
stretch than if they are parallel to the direction of stretch [70]. Loesberg work
showed that mechanical loading played a secondary role in fibroblast
phenotype modulation while substrate topography was the primary influence.
Kuntanawat and co-workers simply modified the thickness of the film, altering
the apparent elasticity of the substrate by variation in height of a thin
poly(acrylamide) gel [71]. The thicker the gel, the less influence has the
mechanical property of the (hard) substrate, thus the softer the surface
showing that cells migrated along the gradient. A method reported used to
generate patterns of elasticity is through the control of the polymerization
sites through photomasks or laser beams. Nemir et al. used a base polymer and
soaked the solid gel with a solution containing a different polymer precursor.
The precursor penetrated the network of the gel and was polymerized via
UV-curing at determined positions with the aid of a photomask. The unreacted
precursor was then removed, leaving areas composed only of the base polymer
[72]. A similar approach was used by Hahn which used a two-photon
absorption (TPA) photolithography to pattern bioactivity bioactive features
into optically transparent, photoactive materials by diffusing a second
precursor inside a base polymer and removal of the unreacted pre-polymer
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[73]. Kloxin and co-workers demonstrated to be able to create gradients in
crosslinking density with a predictable tuning of the gel structure in real-time
with low-intensity, long-wavelength UV light. They used a UV-degradable
cross-linker, undoing the network at the positions affected by the laser [74]. A
different strategy was followed by Chou and colleagues. The pattern was
created by filling the channels of a topographically patterned sample with a
second polymer of different composition [75].

However one must take into account that the chemistry of the precursors is
different and may be sufficient to form a chemical gradient which can override
the mechanical one. Patterns of elasticity can be prepared by coating solid
structures with a relatively soft film. To date, the work of Cortese and
coworkers, has showed that a single material has been a without changes in
other major surface and/or bulk properties to be able to influence cell
behaviour [6,76]. PDMS substrates were developed where the elastic modulus
could be easily and independently tuned to mimic soft tissues over a three
order-of-magnitude range. The pattern was created by utilizing the contrast
between air chambers and the geometry of the underlying bulk substrate.
Topographic patterns of PDMS with desired geometry were fabricated and
covered with a thin elastic film, creating air pockets between the patterned
structures (Figure 5).

Figure 5. Schematization of the fabrication process of the thin membrane on the
substrate. a) A PDMS patterned substrate was created by pouring a pre-polymer of
PDMS on a pre-patterned SU8 master substrate b) Bonding of substrate and a thin
PDMS membrane, c) the final substrate with membrane for mechanotaxis purpose was
obtained.

The thin membrane PDMS film was studied in various mass to mass ratios to
create low stiffness gels. Moreover by varying the mechanical rigidity of the
film the elasticity could be finely tuned as well as cell behaviour [6]. To
investigate the conditions to induce mechanotaxis, different PDMS membrane
thin films with different surface elasticity conditions were prepared by
changing the base to curing ratios i.e. the degrees of crosslinking and dilution
with heptane [6,76]. The embedded structures affect the elasticity of
determined areas of the substrate, while others remain unaffected (either no
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solid structure is located underneath or the film thickness is high enough to
hide the effect of the structure). When cells move towards the high Young's
modulus area of the substratum, the cells would extend their lamellipodia and
move directly onto the rigid part of the substrate. In contrast, when cells
migrate from stiffer substrates (i.e. lines, Figure 6) the cells would move up and
down the mechanical interface and cross over onto the stiff regions without
residing on the softer side. Thus, mechanical interactions between a cell and its
underlying substratum play a crucial role in modulating cell motility.

Figure 6. Time-lapse phase contrast images of human fibroblasts cells moving on the
membrane. The darker lines are the patterned grooves underneath the membrane. In
this sequence of images, cells feel and respond to the substrate clearly moving along
the ridges of the lines on the harder regions. Attention has been focused with the
arrow on a particular cell, moving rapidly towards the top. Images were obtained
approximately 1 h after seeding cells on the substrate, and the interval between each
image was about 30 min. Scale bar: 100 µm. Figure is adapted from ref. [6].
574

Mechanical guidance of cell migration

22.6. CELL'S RESPONSE TO FORCE
Rigidity sensing and durotaxis responses can be quantified by measuring
traction forces while cells are simultaneously interacting with substrates of
different rigidities. The concept of durotaxis is even more complicated by the
cell’s response to force. Not only the cell detects externally applied force but it
must respond appropriately to this force by actively exerting force on the
substrate by deformation of the substrate. This process as a positive feedback
loop, requires cell migration to mediate the function of durotaxis both actively
and passively simultaneously. An approach to measure these forces has been
developed using substrates composed of flexible arrays of micropost arrays
[77-81]. Micropost arrays present a powerful topographic technology to
measure he cellular traction forces on the substrate. Specifically, when cells are
seeded onto arrays of identical circular microposts, they spread over several
posts (Figure 7) and can physically pull at the tops of the posts, resulting in
visible displacements. The deflection of each post provides a direct
measurement of the local force exerted by the attached cells independently of
the forces acting on the neighbouring posts. The pillars simply act as
independent springs and the linear theory of elasticity gives their deflection
(Figure 7).

Figure 7. Micropost array. (a) Schematic illustration of a cell seeded on a
microtopographic stiffness gradient with an enlarged view of individual microposts
with increasing radii (r) and equivalent interpost spacing (I). (b) Micropost cantilever
model. The linear stiffness at the top of the micropost is derived from its geometric and
material properties, including the Young’s modulus (E), shear modulus (G), shear
coefficient (k), micropost height (H), and micropost radius (r). A force applied at the
top of the micropost (F), parallel to the substrate, will result in a displacement at the
top of the micropost (δ). c) Physically pull of the tops of the microposts by the cell,
resulting in visible displacement of the post. Figure is adapted from ref. [80].
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For a cylinder of radius r and length H bent by the application of a force F, it
leads to the following formula:
3π𝑘𝑘𝑘𝑘𝑘𝑘𝑟𝑟 4
𝐹𝐹 = 𝑘𝑘bend 𝛿𝛿 = �
� 𝛿𝛿
4𝑘𝑘𝑘𝑘𝐻𝐻 3 + 3𝐸𝐸𝐸𝐸𝑟𝑟 2

where E, G, k, kbend and δ are, respectively, the Young modulus, the shear
modulus, the shear coefficient, the spring constant and the deflection of the
post. A very interesting work was presented by Sochol and co-workers. Their
micropost arrays of varying anisotropy showed an optimize unidirectional
control of cell migration through dual axis durotaxis cues restricting
movement in the lateral direction in addition to promoting migration in the
direction of increasing micropost stiffness. Additionally, higher gradient
strength was found to enhance this directional response [82].

Figure 8. Scanning electron microscopy image of cells spreading on micropillar surface
of two different diameters, where micropillars with larger diameter are stiffer (A).
Cells positioned at the interface of the stiff and soft micropillar interface preferentially
migrated and resided onto the stiffer surface (B). Figure is adapted from ref. [83].

Trichet's group demonstrated that when fibroblast cells are grown on array of
anisotropic micro-pillars presenting soft and stiff micropillars, these cells have
a tendency to migrate towards and reside on the stiff region (Figure 8) [83].
These studies suggest that the cytoskeleton, specifically actomyosin
contractility, is crucial for rigidity sensing during durotaxis.

In conclusion, the ability to measure traction forces while cells interact with
substrates of different rigidities is a key step to unravelling the mechanism
underlying durotaxis. Micropillared arrays enable high control over
positioning and geometry using microfabrication and provide a powerful tool
for investigating the cellular response to mechanical properties of the
substrate. However, more studies are indispensable to investigate the presence
of cell-cell interaction, as cells integrate polarizing mechanotransductive cues
from not only the substrate but also from neighboring cells. It has been shown
in fact that collective migration in epithelial sheets enhanced transmission of
mechanical force signals transmitted through cell–cell adhesions [84].
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Therefore cells combine mechanical cues from both the substrate, as in the
form of rigidity, and contacting cells associated to physical forces exerted at
cell–cell contacts.

22.7. OVERRIDING ROLE OF CHEMOTAXIS OR
MECHANOTAXIS?
An important experimental question that should be investigated is: does
chemotaxis override durotaxis during cell migration? Although the molecular
mechanisms to detect external stimuli of durotaxis are not identical to that of
chemotaxis, there might exist common downstream signalling pathways that
drive polarization and migration [52]. Similarly to chemotaxis, cells
undergoing durotaxis can sense physical forces and transduce them into
biochemical signals. What distinguishes the two phenomena is that durotaxis
does not require biochemical transduction to direct cellular motion.
Knowledge of the parameters of chemotaxis and durotaxis would therefore
help in the design of ECM scaffold stiffness.

Understanding the integrated mechanotactic responses of cells to the
microenvironment is necessary in order to predict and control the behaviours
of cells for therapeutic applications. In particular, understanding how to
regulate the cell shape and functions, controlling the signals coming from ECM
and the external forces are the primal tasks in tissue engineering as well as in
development of functional biomaterials. Then, providing insight into what,
where and when a cell senses ECM cues and activates its biochemical
responses is fundamental to understand how such cues can be incorporated
into new, three-dimensional scaffolds to treat diseases. Besides, insight of cell
motility per se has important consequences for improving clinical treatments
as therapeutic interventions that either interferes with mechanotransductive
signalling or mechanical remodelling. These considerations are especially
important for example in the development of anti-cancer therapies, which
might be able to target aspects that are dysregulated in this kind of disease.
Nonetheless, the role of mechanotaxis and its controlling mechanisms are still
under extensive study.

An important step in research for cellular response to mechanical gradients is
the design of a substrate that can control directional movement of cells
maintaining unvaried the physical and chemical properties to avoid
undesirable responses. Thus, to fully understand the role of mechanics on cell
function it would be ideal to tailor the elastic modulus without altering other
material properties such as surface energy, chemistry and roughness. This type
of engineered substrate is useful for studying separately the chemical and
mechanical stimuli contributing to the time-dependent migration of different
cell types.
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23.1. INTRODUCTION
Typical carbon based nanomaterials such as graphene and its derivatives,
fullerene and carbon nanotubes, possess many interesting physical and
chemical properties that are useful in biomedical and biological applications
[1-3]. As a result, graphene-based materials have attracted considerable
attention in the past few years. Graphene and graphene oxide (GO) have been
extensively explored as promising biomaterials for biomedical applications
due to their unique properties: two-dimensional planar structure, large surface
area, chemical and mechanical stability and good conductivity. Since its
discovery in 2004, graphene, a single-atom thick and a two dimensional
arrangement of conjugated sp2 carbons in a honeycomb structure, has been
studied extensively in the biotechnology field owing to its multivalent
functionalization and efficient surface loading with various biomolecules. A
high surface area-to-volume ratio and excellent chemical versatility make this
special material an ideal candidate for the development of a new generation of
nanomedicines with applications encompassing the detection of biomarkers to
imaging and cancer therapy. GO, which is highly oxidized graphene with
number of carboxyl, hydroxyl and epoxide groups on its surface and edges, can
load various drug molecules via π–π stacking, hydrophobic or electrostatic
interactions and hydrogen bonding. GO can be easily functionalized with
various hydrophilic macromolecules which can improve its biocompatibility
and regulate its properties in biological systems or with targeting ligands or
active agents for selective or controlled drug delivery.
Graphene sheets were first separated from graphite in a process of mechanical
exfoliation of graphite by using adhesive tape. Using this process, single-layer
graphene may be obtained. However, this approach yields only small
quantities of graphene that are useful only for fundamental study.
Subsequently, large-area graphene films composed of a single or few layers
have been produced by chemical vapor deposition (CVD) on metal substrates.
This method is accomplished by capturing a hydrocarbon precursor via surface
chemical adsorption by catalytic decomposition of hydrocarbons on transition
metals such as Pt, Ni, Ru, Rh, Ir or Cu [8]. Another method to obtain graphene
sheets is the growth of graphitic layers by the sublimation of Si from SiC
substrates. This approach has been known since 1975, when Bommel et al.
first reported graphite formation on the (0001) polar plane of SiC [9]. In 2007,
de Heer et al. reported the fabrication of an epitaxial graphene down to one or
two layers on the (0001) face of a 6H–SiC wafer using a thermal decomposition
method [10]. Although epitaxial graphene and CVD-grown graphene are highquality materials, transfer to another substrate is necessary, which limits the
versatility of these processes in a wide range of applications. The last method
of graphene synthesis is the creation of a colloidal suspension made of graphite
and its derivatives. So far, oxidative exfoliation via the Hummers method is the
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most popular method for the generation of GO [11]. It involves oxidative
exfoliation of graphite using a mixture of strong oxidants. The prepared GO,
with a large number of functional groups on its surface, can be further reduced
to obtain reduced graphene oxide (RGO) by reacting with reducing agents such
as N2H4 [12]. Graphene oxide can be also produced by the Brodie [13] and
Staudenmaier [14] methods, which require the utilization of strong oxidants.
The level of the oxidation can be varied depending on reaction conditions and
the type of graphite precursor. This chemical approach is scalable, enables
high-volume production of graphene or GO that can be easily chemically
functionalized and used for a wide range of applications. The most common
methods of graphene production are presented in Figure 1.

Figure 1. Schematic representation of common methods used for graphene production
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23.2. BIOCOMPATIBILITY OF GRAPHENE AND GRAPHENE
OXIDE
In order to use graphene and GO in clinical applications, it is necessary to
verify their biocompatibility and toxicity by performing extensive in vitro and
in vivo studies using cells and animal models. The first report on the
interaction between GO and human dermal fibroblasts (HDF) was presented in
2011 by Wang et al. [15]. They examined fibroblasts cultured with different
doses of GO for various periods of time (from 1–5 days) and showed that GO at
a dose below 20 μg mL−1 was not toxic to the cells; however, a dose of more
than 50 μg mL−1 led to obvious cytotoxicity and a decreased cell survival rate,
observed as floating cells and apoptosis. This study showed that GO was
internalized by cells and was mainly located inside the cytoplasm, as well as in
lysosomes, mitochondria, and the endoplasm. Furthermore, as the culture time
increased, the amount of GO inside the cells increased accordingly. GO
appeared as black dots scattered throughout the cytoplasm and around the
nucleus, although a few GO particles were located inside the nucleus. Next, the
authors studied the effects of GO on cell adhesion proteins and found that cell
adhesion decreased markedly with an increase in the GO concentration and
culture time. HDF cells treated with GO at doses of 100 µg mL−1 and 20 µg mL−1
exhibited morphological changes characteristic of apoptosis after 24 h and
72 h, respectively, such as membrane vesicles, fragmentation, unclear cell
boundaries and the formation of nodular structures encapsulating GO.

Chang et al. [16] also performed in vitro studies with GO. They examined the
effects of GO on morphology, viability, mortality and membrane integrity of the
lung cancer cell line A549. According to these studies, GO does not enter A549
cells and exerts no obvious cytotoxicity. However, it can cause dose-dependent
oxidative stress in cells and induce a slight loss of cell viability at high
concentrations (200 µg mL−1). They found that the size of GO was another
factor that influenced A549 viability, since GO with a smaller particle size
induced more viability loss than larger GO particles. Hu et al. [17] excluded
oxidative stress as a reason for GO toxicity. They performed in vitro tests to
assess the effect of fetal bovine serum (FBS) on the cytotoxicity of GO. They
showed that, at low concentrations of FBS (1 %), human cells were sensitive to
the presence of GO and showed concentration-dependent cytotoxicity.
Interestingly, the cytotoxicity of GO was greatly mitigated at 10 % FBS. Hence,
the authors proposed that the cytotoxicity of GO nanosheets occurred as a
result of physical damage to the cell membrane, which was induced by direct
interactions between the cell membrane and GO nanosheets. This effect was
largely attenuated when GO was incubated with FBS due to the high protein
adsorption ability of GO. The cytotoxicity occurred mostly during the initial
contact stage between GO and cells and was independent of exposure duration.
As oxidative stress is a time-dependent process, it did not contribute to GO
toxicity.
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Ruiz and co-authors [18] studied the role of GO films on mammalian cell
(colorectal adenocarcinoma, HT-29) attachment and proliferation. They
compared the attachment and growth of mammalian cells on glass slides
coated with 10 μg of GO to cells on uncoated glass slides. The results showed
that the mammalian cells attached more efficiently to the GO-coated glass
slides and grew, indicating that GO promotes cell attachment and proliferation.

Liao and co-workers [19] compared the cytocompatibility of GO with that of
RGO using adherent skin fibroblasts. They found that RGO was more toxic to
adherent cells than GO, probably due to faster sedimentation and the
formation of more compact aggregates of graphene, as compared to GO, during
24 h of static aging; this greatly inhibited nutrient availability and the growth
of human skin fibroblasts. Our group investigated the cytocompatibility of GO
and RGO on mice fibroblasts (line L929) [20]. We examined the influence of the
concentration of the nanomaterial and the dispersant used to stabilize the
suspension (sodium deoxycholate (DOC), poly(ethylene glycol) (PEG) and the
co-polymer Pluronic P123). The results showed that the dispersant used to
stabilize the suspension, the type of material and its concentration significantly
influenced cell toxicity. The highest viability of the cells was observed when
both materials were dispersed in PEG. Both materials showed relatively good
cytocompatibility when the concentration was between 3.125 µg mL−1 and
12.5 µg mL−1. Increasing the concentration of the nanomaterial reduced the cell
viability. A comparison of the cytocompatibility of GO and graphene was also
performed by the Liao group [19]. They performed an in vitro study on the
blood compatibility of GO and graphene particles of various sizes and oxygen
content suspended in human red blood cells (RBCs) by assessing hemolysis.
Both GO and graphene showed dose-dependent hemolytic activity on RBCs. In
the case of GO, the extent of exfoliation and the particle size had critical effects
on the degree of hemolysis. Smaller GO particles exhibited higher hemolytic
activity than larger GO particles. Compared to individually dispersed GO sheets
with a higher surface oxygen content, aggregated graphene showed lower
hemolytic activity. The authors proposed that the disruption of the RBC
membrane was attributed to the strong electrostatic interactions between
negatively charged oxygen groups on GO and the graphene surface and
positively charged phosphatidylcholine lipids, which are present on the RBC
outer membrane. They also found that covering GO sheets with chitosan
eliminated their hemolytic activity. A different method of graphene
modification was investigated by Santos et al. [21] using poly(N-vinylcarbazole) (PVK); these authors showed that the obtained
nanocomposite exhibited lower cytotoxicity compared to unmodified
graphene. Cheng and co-workers [22] confirmed the high hemolytic activity of
GO and proposed its reduction with dopamine and simultaneous adhesion to
RGO by one-step pH-induced polymerization to polydopamine (pRGO) and
further functionalization with heparin (Hep-g-pRGO) and protein
(BSA-g-pRGO). They found that the obtained composites exhibited lower
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hemolysis ratios and no visible hemoglobin release was observed. After the
reduction of GO and functionalization with a biopolymer, the amphiphilic
structure of GO was destroyed, and the highly concentrated surface charge of
GO vanished; thus, the resulting RGO had difficulty interacting with or
partitioning into lipid bilayers, and hemolysis was greatly suppressed.
Furthermore, the grafted biopolymer increased the electrostatic repulsion
between RGO and the lipid bilayer of the red blood cell membrane, which
might further inhibit strong cell interactions and suppress hemolysis. These
authors further examined the morphology of human umbilical vein endothelial
cells (HUVECs) cultured with the as-prepared composites or with GO reduced
with hydrazine. Figure 2 presents the morphology of the cells analyzed by
scanning electron microscopy. The best morphology was observed for the cells
exposed to Hep-g-pRGO while hydrazine-RGO exhibited the highest toxicity.
The cells treated with hydrazine-RGO could hardly attach onto the substrate
and showed very few plasmodesma. Furthermore, some RGO particles were
adhered to the cells, which might have caused serious adverse effects on the
viability of the cells.

Figure 2. Scanning electron microscopy images of HUVECs cultured with pRGO (B-1),
Hep-g-pRGO (B-2), BSA-g-pRGO (B-3) and hydrazine–RGO (B-4) at a concentration of
100 mg mL−1 for 24 h on glass supports. The black scale bar represents 2 µm [22].

Singh et al. [23] examined the effect of amine modification of graphene on
platelet reactivity. They revealed that amine-modified graphene had no
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stimulatory effect on human platelets, nor did it induce pulmonary
thromboembolism in mice following intravenous administration. Moreover, it
did not evoke the lysis of erythrocytes. These results differ remarkably from
other observations with GO and RGO. They suggested that these effects arose
from profound physical interactions between GO sheets and platelets. GO,
which exhibits substantial interaction with cells, elicited activation-specific
platelet responses including aggregation, a rise in intracellular
calcium / reactive oxygen species and enhanced protein tyrosine
phosphorylation, associated with extensive pulmonary thromboembolism. In
contrast, NH2-modified graphene was inert toward cells, did not induce platelet
stimulation, and had no demonstrable thrombogenicity in vivo. Negatively
charged graphene sheets physically interacted with platelets and activated
them, while positively charged sheets did not. As a direct interaction between
nanomaterials and cells modulates critical cell signaling pathways and
contributes to observed toxicity, the modification of surface charge with the
ensuing diminished effect on nanomaterial cell interaction can bring about a
significant attenuation in toxicity. Another method for enhancing GO
biocompatibility is functionalization with nanoparticles. In our previous study
[24], we showed that GO modification with magnetite nanoparticles resulted in
improved biocompatibility with mouse fibroblasts (L929) compared to
unmodified GO. A summary of these in vitro studies is presented in Table 1.

Jiao et al. reported on a metabolomics approach to investigate metabolic
responses in graphene treated HepG2 cells [25]. They found that increasing the
graphene concentration resulted in a decrease in creatine, which is an
intracellular energy intermediate that plays a key role in safeguarding cellular
energy storage and transmission. In contrast, graphene up-regulated the
N2-(D-1-carboxyethyl)-arginine metabolite. Arginine has been found to be
involved in urea cycle, an important metabolic pathway in which toxic
ammonia produced from amino acid metabolism is converted into urea. This
study also showed that graphene caused protein unfolding or mis-folded
protein accumulation, resulting in increased energy requirements for protein
synthesis, which was consistent with arginine and proline metabolism.

In vivo studies have confirmed the dose-dependent toxicity of GO. Wang et al.
[15] investigated the influence of GOs on mice and showed that GO at low
(0.1 mg) and moderate (0.25 mg) doses did not exhibit obvious toxicity to
mice; conversely, a high dose (0.4 mg) induced chronic toxicity, as 4 out of
9 mice died due to lung granuloma formation. It was also shown that GO was
mainly located in the lung, liver, spleen, and kidney, and was inefficiently
cleared by the kidney. Zhang and co-authors [26] also studied the distribution
and biocompatibility of GO in mice and showed that it was predominantly
deposited in the lungs, where it was retained for a long period of time.
Moreover, GO exhibited prolonged blood circulation and low uptake in the
reticuloendothelial system (RES). When the mice were exposed to GO at a dose
of 1 mg kg−1 for 14 days, no pathological changes were observed in the
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examined organs. However, when the dose was increased to 10 mg kg−1, the
authors observed pathological changes, including inflammatory cell
infiltration, pulmonary edema and granuloma formation in the lungs of mice.
Table 1. Review on in vitro studies performed with graphene oxide, graphene and
their modified forms
Ref.

Material

Cell line

Wang et al.
[15]

GO

Human fibroblasts
(HDF)

Chang et al.
[16]

Hu et al. [17]

GO

GO

Human lung
cancer cells (A549)

Human lung
cancer cells (A549)

Ruiz et al. [18]

GO

Human colorectal
adenocarcinoma
cells (HT-29)

Liao et al. [19]

GO and RGO

Adherent human
skin fibroblasts
(CRL-2522)

Wojtoniszak et
al. [20]

GO and RGO
dispersed in PEG,
DOC and Pluronic

Mouse fibroblasts
(L929)

Results

Dose-dependent toxicity,
cytotoxic at a dose above
50 µg mL−1; GO mainly
located inside cytoplasm
such as in lysosomes,
mitochondria and the
endoplasm.
Dose- and size-dependent toxicity,
cytotoxic at a dose of
200 µg mL−1; smaller
sizes resulted in higher
toxicity.

Concentrationdependent toxicity;
cytotoxicity of GO as a
result of physical
damage to the cell
membrane, induced by
direct interactions
between the cell
membrane and GO
nanosheets; cytotoxicity
was independent of the
duration of exposure.
Enhanced growth of
mammalian cells on
GO-coated glass slides,
indicating that GO
promotes cells
attachment and
proliferation.

RGO more toxic than GO.
Dose- and dispersant-dependent cytotoxicity;
excellent
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Ref.

Material

Cell line

Liao et al. [19]

GO and graphene

Human red blood
cells

Santos et al.
[21]

Graphene
functionalized with
PVK

Human fibroblasts
(NIH 3T3)

Cheng et al.
[22]
Singh et al.
[23]
Urbas et al.
[24]

GO reduced with
dopamine and
functionalized with
heparin

Human blood cells
and human
umbilical vein
endothelial cells

Amine-modified
graphene

Platelets from
human blood

GO/Fe3O4

Mouse fibroblasts
(L929)

Results
biocompatibility of
GO/PEG was observed.

Dose and size-dependent
toxicity; GO with smaller
particles showed greater
hemolytic activity;
graphene showed better
biocompatibility than
GO; covering GO with
chitosan decreased its
toxicity.
The nanocomposite
exhibited lower
cytotoxicity compared to
unmodified graphene.
Suppressed hemolysis
ratios and no visible
hemoglobin release.

The material had no
stimulatory effect on
human platelets nor did
it induce pulmonary
thromboembolism, or
the lysis of erythrocytes.
GO modification with
Fe3O4 resulted in
enhanced
cytocompatibility.

In vivo studies confirmed the improved biocompatibility of GO following
modification of its surface. For instance, Duch et al. [27] administered solutions
of aggregated graphene, Pluronic dispersed graphene and GO directly into the
lungs of mice and investigated the toxicity of these nanomaterials. The
introduction of GO resulted in severe lung injury that persisted for more than
21 days after administration. In cultured alveolar macrophages and epithelial
cells, GO increased the generation of mitochondrial reactive oxygen species by
participating in redox reactions with components of the mitochondrial
electron transport chain, thus activating inflammatory and apoptotic
pathways. In contrast, this toxicity was significantly reduced in the case of
pristine graphene after liquid phase exfoliation and was further minimized
when the unoxidized graphene was well-dispersed with the block copolymer
Pluronic. The authors suggested that the covalent oxidation of graphene is a
major contributor to its pulmonary toxicity and proposed that the dispersion
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of pristine graphene in Pluronic provides a method for safe handling and
potential biomedical application. Yang et al. [28] studied the in vivo behavior
and long-term toxicity of GO and PEGylated GO derivatives after oral and
intraperitoneal (i.p.) injection. They showed that PEGylated GO derivatives
after oral administration could not be adsorbed by organs and were rapidly
excreted. In contrast, PEGylated GO derivatives could be engulfed by
phagocytes in the RES system after i.p. administration, in a size- and surface
coating-related manner. Despite the long-term retention of i.p. injected GO and
PEGylated GO in the mouse body, no significant toxicity was noted. The authors
did not observe the formation of granulomas in mice injected with a high doses
of GO or PEGylated GO. These results suggest that the in vivo behaviors and
toxicology of nanomaterials, including graphene, are closely associated with
their surface coating, size and route of administration. Chong et al. [29]
examined the in vitro and in vivo toxicity of graphene quantum dots (GQD) with
sizes varying from 3–5 nm. The material did not induce apoptosis or necrosis
in HeLa cells at a concentration of 160 mg mL−1, and the degree of apoptosis
was not related to the dose of GQD. PEGylated GQD labeled with Cy7 were
intravenously or intraperitoneally injected into Balb / c mice bearing 4T1
murine breast cancer tumors. The authors found that the material
preferentially accumulated in the kidneys and at tumor sites compared with
the control group, and leaked from the kidneys very quickly. Furthermore,
after the injection of GQD-PEG (20 mg kg−1) to mice every day for 14 days, the
main organs did not display any clear differences with the control group. The
researchers suggested that the very high biocompatibility of GQD originates
from the small particle size and high oxygen content compared to the more
widely used PEGylated GO. In a later study, Qu et al. [30] reported that the
addition of a non-ionic surfactant, Tween 80, to the GO suspension hindered
GO accumulation in the lungs of treated mice; however, the Tween 80-modified
GO tended to accumulate more in the liver compared to the pristine GO
suspension. The reason for this difference presumably resides in the first
filtration of GO by the lungs as the particles circulate in the blood.
Subsequently, the remaining GO in the circulation might be cleared by the liver,
leading to greater GO deposition in the liver when GO was suspended in PBS
compared to when GO was suspended in Tween 80. Therefore, the
accumulation of GO in the liver was likely subject to the dynamics of filtration
by the lung. In the liver, most GO aggregates were localized within Küppfer
cells (macrophages) and no GO was found in hepatocytes (Figure 3), which
highlights the important role of mononuclear phagocytic system (MPS) in
clearing GO from the circulation. Moreover, the authors did not find GO in the
kidneys of mice given either type of GO, suggesting that GO aggregates and
agglomerates were not able to penetrate the glomerular basement membrane
when passing through the kidneys. This was probably attributable to the
inability of larger particles, such as GO, to cross the basement membrane [30].
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Figure 3. Representative histological images of lungs from mice treated with GO
suspended in PBS (GO1) and PBS containing Tween 80 (GO2). Hematoxylin and eosin
stains of lungs tissues of control mice treated with PBS containing 1 % Tween 80 (a, d),
GO1 (b, e) and GO2 (c, f). Arrows show GO aggregations [30].
Lin et al. [31] examined the in vitro toxicity (in human retinal pigment
epithelium (RPE) cells) and in vivo biocompatibility of hydroxylated graphene
(G-OH) administered to Zelanian rabbits. They found that an amount of 10, 20
and 50 μg mL−1 of G-OH did not cause RPE cell apoptosis and DNA damage
within 48 h while a minor degree of cell apoptosis and DNA damage were
observed when cells were exposed to more than 50 μg mL−1. The expression of
both caspase-3 and p53 showed increasing trends that were both dose- and
time-dependent. Comet and highly reactive oxygen species (ROS) assays also
exhibited dose-dependent increasing trends, although no time-dependent
change was observed. Possible genotoxicity induced by G-OH might have
occurred when the concentration of G-OH was higher than 100 μg mL−1. They
also found that intravitreous injection of G-OH caused few changes to
eyesight-related functions such as intraocular pressure, electroretinography
and retinal structures. Figure 4 presents transmission electron microscopy
(TEM) images of ARPE-19 cells exposed to G-OH for various periods of time.
When cells were exposed for 24 h, G-OH was mainly located around the cells.
No visible damage or changes to cell morphology were observed, although
liquor bubble was increased and expanded. Increased amounts of phagocytic
vacuoles with G-OH and G-OH inside karyotheca were observed when cells
were exposed for 48 h. No G-OH inside the cell was visible when the incubation
time was increased to 72 h. G-OH was released from the cell while the nucleus
and organelles remained intact. This finding suggested that penetration of
G-OH into and out of the cytoplasm by means of endocytosis and exocytosis did
not damage cell membranes [31].
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Figure 4. TEM images of APRE-19 cells treated with G-OH for different periods of
time [31]

Hu et al. [32] investigated the effect of graphene on in vivo metabolism in
wheat roots. They found that graphene upregulated the content of ribose,
which contributed negatively to the number of wheat roots; this could be a
result of cell dysfunction. Functionalization of graphene with humic acid (HA)
resulted in an enhancement in the anabolism of inositol and an increase in the
number of wheat roots, suggesting that HA protects the function of cell
membranes exposed to graphene. Their metabolic analysis confirmed that the
products of phosphoenolpyruvic acid catabolism, i.e. phenylalanine and
lanostane, increased the number of wheat roots. For graphene analysis, an
enhancement in the content of alkane influenced the biosynthesis of
downstream fatty acids and reduced cell membrane fluidity and permeability.
Graphene−HA promoted lysine anabolism and the number of wheat roots
compared with the blank and graphene. Graphene and graphene−HA,
respectively, enhanced and inhibited the biosynthesis of cadaverine, which is a
toxic diamine produced by the decarboxylation of lysine in plants during
decomposition. Compared with control results, graphene and graphene−HA
enhanced and inhibited the biosynthesis of gluconic acid, respectively. Thus,
HA may regulate the direction of glucose metabolism fluxes. The content of
mannose, which plays osmoprotective and antioxidant roles in extrinsic stress,
was up- and downregulated by graphene−HA and graphene, respectively.
Graphene and graphene−HA reconstituted the metabolic flux of
glycometabolism, fatty acids, amino acids and the tricarboxylic acid cycle,
which affected the biosynthesis of chlorophyll. Another study by Hu [33]
revealed that GO greatly amplifies the phytotoxicity of arsenic (As), a
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widespread contaminant, in wheat, causing a decrease in biomass and root
numbers and increased oxidative stress, which are thought to be regulated by
metabolism. Compared with the control / As-only / GO-only treatments, AsGO
inhibited carbohydrate metabolism, except for galactofuranoside. The
inhibition of carbohydrate metabolism was linked to the insufficiency of
energy supplementation, which was consistent with growth inhibition.
Carbohydrate metabolism is also considered to be an indicator of
osmoprotection. Thus, the results indicate that AsGO increased cellular
electrolyte leakage. AsGO enhanced amino acid and secondary metabolism,
including that of leucine, glycine, phenylalanine, naphthalene and
octadecamethyl-cyclononasiloxane, events that are associated with the cellular
response to stress. AsGO significantly enhanced the accumulation of a
saturated fatty acid (alkane), which was related to a reduction in membrane
fluidity, which most likely led to membrane structural damage. AsGO also
disturbed the urea cycle and induced the accumulation of amino acids, such as
lysine, threonine, asparagine and isoleucine. Specifically, the pathway of
nitrogen storage was altered.

23.3. GRAPHENE AND GRAPHENE OXIDE IN TARGETED
DRUG DELIVERY
Chemotherapy is commonly used in the treatment of various types of cancers,
although the delivery of an effective dose of conventional chemotherapeutic
drugs to tumors is challenging due to the presence of multiple barriers. The
construction of new and effective drug delivery systems (DDS) with the ability
to improve the therapeutic profile and efficacy of therapeutic agents is one of
the most challenging issues faced by medicine nowadays. The ideal DDS should
exhibit several properties for efficient cancer therapy, e.g. targeted delivery of
the drug (precisely into tumor cells without damaging healthy tissue), efficient
loading of the anticancer drug and controlled release of the drug at the
required dosage. In order to achieve precise, controlled drug delivery, drug
carriers based on nanomaterials are being increasingly investigated because of
their unique structures and tunable properties.
One-atom thickness and two-dimensional planes provide graphene with a
large specific surface area for the immobilization of a large number of
substances, including a wide range of nanoparticles, biomolecules, fluorescent
dyes and drugs. Among various subtypes of graphene-based materials, GO has
attracted considerable attention and has been widely investigated in the realm
of nanomedicine. Aromatic anticancer drugs can be loaded non-covalently onto
GO via π–π stacking and/or van der Waals interactions. Moreover, functional
groups such as epoxide, hydroxyl and carboxyl [34] at the basal plane and
edges of GO enables the formation of strong hydrogen bond interactions and
covalent grafting with various drugs.
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Pristine graphene is highly hydrophobic and water insoluble due to the strong
π–π interactions between graphene sheets. GO and its chemically converted
derivatives form stable suspensions in pure water, but they generally tend to
aggregate in saline or other biological solutions. In addition, many anticancer
drugs exhibit low water solubility and poor bioavailability; moreover, the
emergence of drug resistance in patients significantly decreases their
therapeutic efficacy. Therefore, a variety of approaches have been elaborated
to prepare water soluble graphene and to improve the stability of graphene, its
derivatives and hybrids in buffer solutions and biological media. For example,
synthetic polymers or biopolymers have been widely used to stabilize and
improve the performance of GO and RGO as nanocarriers in nanomedicine
[35-37]. Numerous attempts have been made to build graphene-based
nanocarrier systems with good water solubility with the usage of PEG [38-40],
a hydrophilic biocompatible polymer extensively conjugated with various
nanomaterials in order to reduce their non-specific adsorption to biological
molecules and cells, and to improve their biocompatibility and in vivo
pharmacokinetics for better tumor targeting. To investigate the biodistribution
and clearance of PEGylated graphene, hematoxylin and eosin stained images of
several organs from mice in the control and treated groups 3, 7, 20, 40 and
90 days after the injection of nanographene sheets-PEG (NGS-PEG) at the dose
of 20 mg kg−1 were collected [38]. No significant toxic effect on the organs was
observed at various time points after the injection of NGS-PEG, except for some
brown-black spots in the liver and spleen noted at early time points. Overall,
there were no apparent histopathological abnormalities or lesions in the
treated groups at the tested NGS-PEG dose (Figure 5).

Figure 5. Representative hematoxylin and eosin stained images of major mouse
organs: liver, spleen, and kidney collected from control untreated mice and NGS-PEG
injected mice at various time points post-injection. The dose of NGS-PEG was
20 mg kg−1. No obvious organ damage or lesions were observed
for NGS-PEG treated mice [38].
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The first reports on applying this polymer to enhance the performance of
graphene materials comes from the Dai group [41,42]. Both publications
present the preparation of biocompatible nanoGO conjugated with six-armed
PEG-amine stars via carbodiimide catalyzed amide formation. It was confirmed
that the enhancement of aqueous stability to the nanoGO in buffer solutions
and other biological environments can be achieved by this process. The first
publication also presents studies on the conjugation of NGO-PEG hybrid with
SN38, a camptothecin (CPT) analogue. The study revealed high potency
regarding cancer cell damage, similar to that of free SN38 in an organic solvent.
The second publication described work on loading doxorubicin (DOX) onto
ultrasmall nanoGO sheets functionalized with PEG. One of the latest reports
[43] proposed a new DDS based on PEGylated GO loaded with paclitaxel (PTX)
tested on human lung cancer A549 and human breast cancer MCF-7 cells.
GO-PEG-PTX presented higher cytotoxic effect on both cells in comparison with
free PTX in time- and concentration-dependent manner. One of the first
reports on improving the aqueous stability of graphene / GO-based
nanocarrier systems by coating with natural polymers other than PEG was
published by Bao et al. [44], who confirmed the enhanced aqueous solubility
and biocompatibility of chitosan-functionalized GO. Additionally, Zhang et al.
[45] used dextran to achieve a similar goal. Recently, in order to improve the
colloidal stability of graphene, the group of Maity [46] covered nanosheets
with a carbohydrate coating composed of a mixture of chitosan and dextran.
The abundance of hydrophilic groups present in dextran and chitosan made
the hybrid highly water soluble, while the presence of primary amine groups
on chitosan enabled further covalent functionalization of the system. Similar to
the roles of PEG, chitosan or dextran in graphene-based DDSs, poly(ethylene
imine) [47,48], heparin [49,50], dimethylaminoparthenolide (DMAPT) [51]
and starch (a linear polymer formed by α-1-4 glycosidic bonds between
D-glucose units) [52] can also be used. Wojtoniszak et al. [53] found that the
dispersion of GO covalently conjugated with methotrexate (MTX) in
biocompatible polymers (PEG and poly(styrenesulfonate) (PSS)) resulted in an
extension of the MTX release time in comparison to the suspension in
phosphate buffered saline (PBS). The anti-proliferative activity of the
anticancer drug bound to GO depended on the dispersant used to stabilize the
suspension. Recently, cyclodextrin and cyclic oligosaccharides have also been
used in DDS [54] in order to prevent the intermolecular aggregation of GO
sheets in water, which then facilitates the disruption of a pristine GO sheet into
smaller components during sonication. The targeting ability of the system was
achieved due to the presence of hyaluronated adamantane (HA-ADA) chains,
since the HA skeleton can precisely recognize the HA receptor expressed by
tumor cells during cancer metastasis.
It has been established that the size of the nanocarrier plays an important role
in controlling the in vivo fate [55] and in overcoming the barriers of the
reticuloendothelial system to transport anticancer drug molecules deeply into
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tumor cells by means of intravenous injection [56]. Nanomaterials with a size
smaller than 100 nm are now considered more suitable for extravasation from
the bloodstream into tumors through the enhanced permeation and retention
(EPR) effect [57]. It is believed that nanocarriers with a size smaller than
100 nm can enhance the therapeutic effect, so they have been the focus of
considerable research efforts in recent years. For example, Zhao et al. [58]
presented a DDS based on biocompatible GO nanoparticles (GON) prepared
under strong oxidizing conditions and with a prolonged oxidation time. The
material exhibited a nearly spherical shape with a size of cca. 43 nm. It was
then conjugated onto a functional polymer synthesized from PEGylated
alginate brushes (ALG–PEG) and cytamine (Cy), forming a biocompatible, 3-D
nanoscaled nanocarrier for the efficient loading and triggered release of DOX.
The functional polymer Cy-ALG-PEG was grafted onto GON via reduction-sensitive disulfide bonds, so the nanocarrier was responsive to the cleavage of
the disulfide bond to detach the Cy-ALG-PEG polymer moieties under reducing
conditions. Once being taken up by tumor cells, the Cy-ALG-PEG brushes
detached to release the loaded DOX. The majority of researchers focused on
exploring the potential applications of graphene in the field of drug delivery
have investigated graphene / GO sheets with a size less than 100 nm
[41,51,54].

We can differentiate two targeting approaches: passive strategies based on
EPR and active strategies that take advantage of the overexpression of
receptors on cancer cells. Therefore, nanomaterials with targeting moieties,
such as antibodies, peptides, and other ligands, are able to recognize and bind
to tumor tissue through specific interactions between targeting moieties and
receptors on the tumor. For example, Zhang et al. [59] built a nanocarrier for
mixed anticancer drugs, i.e. DOX and CPT, based on folic acid (FA) covalently
grafted to nanoscale GO (NGO) functionalized with sulfonic acid groups. The
sulfonic acid groups rendered NGO stable in physiological solutions, while the
FA moieties allowed it to specifically target MCF-7 cells, i.e. human breast
cancer cells with FA receptors. It was demonstrated that FA–NGO loaded with
the two anticancer drugs showed specific targeting to MCF-7 cells and
remarkably high cytotoxicity compared to NGO loaded with either DOX or CPT
only. The Maity group [46] also used FA to provide targeting specificity in their
graphene-based nanocarrier with a carbohydrate coating for both hydrophobic
and hydrophilic drugs such as paclitaxol, CPT, DOX, curcumin. Yang et al. [60]
added FA-modified β-cyclodextrin to their graphene-based nanocarrier for
DOX as a target unit. The research team of Robinson [61] applied a targeting
peptide composed of the Arg-Gly-Asp (RGD) motif to nano-rGO, which
provided selective cellular uptake in U87MG cancer cells and highly effective
photoablation of cells in vitro. Sun et al. [42] loaded DOX onto nano-GO with
high capacity. Antibody-guided targeting selectively transported the anticancer
drug into specific cancer cells. Despite the well-established good performance
of the abovementioned targeting moieties, they have also exhibited some
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drawbacks. The usage of FA is economically preferable, but its poor water
solubility limits its wide application. Peptides have limited target cell types,
while the main disadvantage of applying antibodies is their cost. On the other
hand, the hyaluronic acid (HA) moiety, which also exhibits specific recognition
of receptors overexpressed on the surface of various tumor cells, possesses
better water-solubility and stability. It is also preferable from the economical
point of view and ubiquitously available. In a study presented by Song et al.
[62], a system has been developed based on the conjugation of HA to GO via
hydrogen bonding and loading with DOX. In vitro studies (cellular uptake and
cytotoxicity assays) on model cells revealed that the HA−GO−DOX system
transported DOX specifically to target HepG2 cells, and then efficiently
inhibited their proliferation. Simultaneously, the viability of control cells
remained high, suggesting a reduction in the side effects of anticancer drug on
normal tissue. The tumor inhibition rates of HA−GO−DOX, GO–DOX and free
DOX were evaluated in an in vivo study using an H22 hepatic cancer
cell-bearing mouse model. The studies showed that the highest anticancer
efficacy was exhibited by the hybrid developed with HA. HA was also applied in
DDS by the group of Jung [63], who constructed a nanoGO–hyaluronic acid
(NGO–HA) conjugate loaded with epirubicin, a cancer drug favored over DOX,
by π–π stacking. In vitro tests confirmed the pH-dependent drug release and
target-specific anti-cancer effect of the complex on B16F1 cells. The enhanced
release of epirubicin under acidic conditions might be beneficial for the
target-specific intracellular delivery of cancer drugs.

One of the most promising directions in targeted drug delivery is the
construction of magnetic-functionalized graphene-based hybrids loaded with
anticancer drugs. The first report in this field was published by the group of
Yang [64], who developed a hybrid of GO with Fe3O4 nanoparticles by a
chemical deposition method and conjugated it with DOX hydrochloride (DXR).
High drug loading and a large amount of Fe3O4 nanoparticles deposited on the
graphene sheets were obtained simultaneously. This system exhibited
superparamagnetic properties, it tended to congregate at acidic pH values and
could be redispersed at basic pH values. The GO–Fe3O4 hybrid and
GO–Fe3O4–DXR moved under the influence of an external magnetic field after
congregating under acidic conditions. The observed pH-triggered controlled
magnetic behavior allows us to consider this material as a promising candidate
for targeted drug delivery purposes. Ma et al. [65] also synthesized a hybrid
based on GO and iron nanoparticles for magnetically targeted drug delivery.
Additionally, they functionalized it with PEG to acquire high stability in
physiological solutions. As in the previous report, the hybrid was loaded with
DOX. Pluronic F127 [66] and poly(ethylene imine) [44] have also been studied
as agents to provide physiological dispersivity and stability in such systems. A
very interesting approach based on combining the therapeutic effect of two
anticancer drugs, CPT and methotrexate (MTX), loaded onto an ultrafine
GO–magnetic nanoparticle nanocomposite was recently presented by Shen et
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al. [67]. The in vivo assay conducted on male S-180 sarcoma-bearing Balb/c
mice showed specific accumulation capacity to the tumor site by the induction
of an external magnetic field (Figure 6). Increased drug and magnetic
nanoparticle accumulation in that field and the consequent dual-drug
synergistic effect and hyperpyrexia significantly contributed to an increase in
the inhibition of tumor cell growth and the induction of necrosis. A
pH-dependent drug release pattern was observed, in which the anticancer
drugs MTX and CPT were released around tumor tissues.

Figure 6. (A) Typical in vivo images of male S-180 sarcoma-bearing Balb/c mice

treated with magnetic field at defined time periods (0, 1, 2, 3, and 4 h) after
intravenous injection of the RhB-labeled MTX@uGO–COOH@MNP@OA@CPT
composite. The tumor sites are indicated by red circles. Color coding of fluorescence
indicates high levels of fluorescence in red and low levels in blue. Excitation = 570 nm,
emission = 650 nm. (B) Representative microscopic image of histochemical analysis of
tumor tissue induced with a magnetic field for 4 h after intravenous administration
(H&E and Prussian blue stain, 40×) [67].

Wang et al. [68] improved the delivery efficacy and targeting of the drug
carrier based on GO-Fe3O4 by conjugating the hybrid with FA via chitosan as a
bridge, followed by loading with DOX. This is an example of the successful
combination of active targeting (FA) and passive targeting (magnetic
nanoparticles) strategies in drug delivery. Chitosan enhanced the stability and
biocompatibility of the complex and also encapsulated and controlled the
release of drug molecules. Studies revealed high loading efficiency, prolonged
release rate and a pH-dependent mechanism of drug release; pH-activated
drug release was also observed by Fan et al. [69] and Wang et al. [70], who
presented the preparation of DDSs based on magnetic-functionalized graphene
and 5-fluorouracil (5-FU). Xu et al. [71] investigated a similar DDS with
levofloxacin (LOFX) and Chen et al. [72] described the construction of
multifunctional stimuli-responsive nanosystems.
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Recent advances in the field of designing graphene-based nanocarriers
dedicated for drug delivery applications have led to opening up exciting
opportunities for the future and the broad usage of this kind of nanomaterial in
real clinical conditions.

23.4. GRAPHENE AND GRAPHENE OXIDE IN
PHOTODYNAMIC AND PHOTOTHERMAL THERAPY
Photothermal (PTT) and photodynamic (PDT) therapies are emerging
non-invasive modalities for the treatment of various cancers. PDT involves the
utilization of a photosensitizer (PS) which is excited with light of appropriate
wavelengths, then emits fluorescence via the relaxation of the excited-singlet-state PS back to the ground state. PS can transfer the absorbed photon energy
to oxygen in the surrounding tissue. The generation of ROS such as singlet
oxygen and free radicals can oxidize cellular and sub-cellular compartments,
resulting in irreversible damage to tumor cells [73,74]. Unlike
photosensitizers, a PTT agent absorbs the light, which is then transformed into
heat and transferred to the intercellular environment, which induces localized
hyperthermia [75].

The first report on graphene utilization in PTT therapy was presented by
Young et al. [76]. They examined nanographene sheets (NGS) functionalized
with PEG conjugated via amide formation. The material exhibited high
solubility and stability in physiological solution and displayed strong near
infrared (NIR) radiation absorption. Moreover, it showed efficient tumor
passive targeting and relatively low retention in the RES, which was
hypothetically caused by the unique two-dimensional shape, small size
(10–50 nm) and biocompatible PEG coating that favored the EPR effect of NGS.
Therefore, an in vivo PTT therapy study was performed using mice bearing
tumors (4T1). After exposure to the laser (808 nm), the surface temperature of
tumor in NGS-PEG injected mice reached ~ 50 °C, compared to a ~ 2 °C rise for
irradiated tumors in uninjected mice. All tumors of mice injected with NGS
disappeared after 1 day and no tumor regrowth was noted over a course of
40 days, in contrast with control group where rapid tumor growth was
observed. The in vivo results showed that PEGylated NGS is an excellent PTT
therapy agent without exerting any noticeable toxic effects in treated mice.

Sahu et al. [77] functionalized nanoGO sheets (nanoGO) with Pluronic block
copolymer and complexed them with methylene blue (MB) via electrostatic
interactions. The nanoGO-MB hybrid showed pH responsive properties, as the
release rate increased considerably under acidic conditions. This nanocomplex
showed enhanced uptake of cancer cells compared to normal cells, and in the
absence of light, it showed no major toxicity in cells. Intravenous injection of
the composite into tumor bearing mice led to high tumor accumulation. PTT
treatment resulted in a decrease in tumor growth but failed to abolish the
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tumor. A slight decrease in tumor growth as compared to control group was
observed after 10 min of laser exposure during PDT treatment. The
combination of near-infrared (NIR) light-induced PDT therapy and subsequent
PTT therapy led to complete ablation of the tumor as well as no regrowth of
the tumor in 15 days, indicating the synergistic effect of dual phototherapy.

Jiang with co-workers [78] investigated graphene coated with tetrasulfonic
acid tetrasodium salt copper phthalocyanine (TSCuPc) in combined in vitro
PTT / PDT therapy. In this system, GR acted as a photosensitizer carrier and
PTT agent, while TSCuPc acted as a hydrophilic PDT agent. In vitro cytotoxicity
of PTT and PDT was determined with HeLa cells incubated in culture medium
containing a series concentration of GR–TSCuPc for 24 h, and then irradiated
with a 650 nm laser for 5 min. The cell viability results showed that the
phototherapy effect of GR–TSCuPc was noticeably higher than that of free
TSCuPc, indicating that combined non-invasive PTT / PDT exhibits better
anticancer efficacy.

Golavelli et al. [79] immobilized a hydrophobic silicon napthalocyaninebis
(trihexylsilyloxide) (SiNc4) photosensitizer onto water dispersible magnetic
and fluorescent graphene (MFG) via π–π stacking to yield the MFG-SiNc4
nanohybrid, using a non-covalent approach for single light-induced PTT / PDT.
The phototherapeutic capability MFG-SiNc4 was further assessed in HeLa cells
by monitoring cell viability under dark/light conditions. It was found that,
under photoirradiation with a 775 nm laser, MFG-SiNc4 exerted a cytotoxic
effect on HeLa cells. The PTT / PDT capabilities with appreciable cell killing
efficacy was about 97.9 %; of this, 64.7 % was due to PDT and 33.2 % was due
to PTT, suggesting that the decrease in cell viability by MFG-SiNc4 was mostly
due to the toxicity induced by 1O2 and other ROS. However, the inherent PTT
capability of MFG, owing to its enhanced π-electrons and NIR adsorption, also
contributed to some extent to the decrease in cell viability. Thus, immobilizing
SiNc4 onto graphene facilitated the utilization of a single light source to
simultaneously generate the PTT/PDT effect.

In another study, Yan and co-workers [80] designed a photo-theranostic
platform based on sinoporphyrin sodium (DVDMS) photosensitizer-loaded
PEGylated GO (GO-PEG-DVDMS) for combined PDT and PTT. After loading
DVDMS onto GO-PEG an increase in optical absorption at 808 nm was observed
with an increase in DVDMS loading. This resulted in the improved PTT effect of
GO-PEG-DVDMS. Moreover, DVDMS anchoring onto GO-PEG did not inhibit the
evolution of singlet oxygen. Interestingly, an in vivo study on PC9 tumor-bearing mice revealed that GO-PEG-DVDMS had highly efficient passive tumor
targeting ability and a long retention time in the tumor tissue. It is worth
noting that, during PTT treatment, all tumors treated with GO-PEG-DVDMS and
laser irradiation (808 nm) were effectively ablated, leaving black scars at the
original tumor sites; however, one week after treatment, the wounds had fully
recovered. Furthermore, complete tumor regression was achieved by
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intravenous injection of GO-PEG-DVDMS, at low injection dose of 1 mg kg−1 of
GO-PEG and 2 mg kg−1 of DVDMS, in PDT treatment followed by PTT.

Zhen et al. [81] prepared FA-GO-PEG-fullerene (FA-GO-PEG/C60) nanohybrids
for targeting photothermally enhanced PDT therapy. In this work, FA and PEG
were conjugated onto GO via an imide linage. Then, the FA-GO-PEG/C60
nanohybrid was prepared by using nucleophilic addition. FA and
PEG-functionalized graphene was used as nanocarrier of tumor-targeting C60
which offered improved HeLa cells uptake. After irradiation with a 532 nm
laser, FA–GO–PEG/C60 caused a marked decrease in cell survival and elevation
in oxidative stress, which induced apoptotic death. Compared with PDT or PTT
alone, the combined treatment with FA–GO–PEG/C60 showed increased cell
apoptosis and death, indicating a synergistic effect of combination
phototherapy. Based on this study, the hypothetical mechanism of PTT and
PDT combined therapy of FA-GO-PEG/C60 is shown in Figure 7. The
combination of graphene with fullerene C60 provides remarkable synergies in
phototherapy. Firstly, the hybridization process prevents the restacking of
graphene and the aggregation of C60, which supply more surface active sites
and increase the PDT efficiency of FA–GO–PEG/C60. Secondly, owing to the
doping effect, the FA–GO–PEG/C60 exhibits a broader absorption range and
higher absorbance. Thirdly, the PTT effects of FA–GO–PEG/C60 cause obvious
cell damage and achieve synergistic enhancement of the phototherapy effects.
Fourthly, the graphene carrier equipped with FA and PEG is specifically
targeted to tumor cells, which significantly enhances the cellar uptake of
FA–GO–PEG/C60. Once the FA–GO–PEG/C60 is taken up by tumor cells, it
increases in temperature and causes considerable intracellular ROS production
under light irradiation. The photogenerated ROS and heating cause a marked
decrease in cell survival and increased oxidative stress. Finally, the
phototherapy effects of FA–GO–PEG/C60 apparently involve the induction of
apoptosis [81].
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Figure 7. The hypothetical mechanism of synergistic enhancement of
FA–GO–PEG/C60 in combined PTT and PDT [81]

Rong et al. [82] confirmed that PEGylated GO is a good nanocarrier for
photosensitizer molecules and enhances its cellular uptake. They loaded
2-(1-hexyloxyethyl)-2-devinyl (HPPH) onto GO-PEG to produce a GO-PEGHPPH nanocomposite. The nanoplatform allowed for increased uptake of the
HPPH into 4T1 murine mammary cancer cells through a more active
endocytosis process compared to free HPPH, which accumulated through
passive diffusion. Moreover, the cancer cells exposed to 671 nm laser for 3 min
exhibited much lower viability when treated with GO-PEG-HPPH than with free
HPPH and GO-PEG. In vivo study confirmed the accumulation of GO-PEG-HPPH
in tumors, while a very small amount of the hybrid was observed in organs
such as the liver and spleen, indicating high tumor selectivity. In vivo PDT
study was carried out in 4T1 bearing mice intravenously injected with
GO-PEG-HPPH or free HPPH at the same HPPH concentration. Mice were
irradiated with a 671 nm laser 24 h after injection for 20 min. Tumors treated
with GO-PEG-HPPH and irradiation were effectively ablated. However, the
HPPH treated group showed negligible damage to the tumors and delayed
tumor growth compared with the control groups. Importantly, the complex did
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not exhibit toxicity to the treated mice, including no damage to the liver,
spleen, kidney, heart or lung.

In another paper, Taratula with co-workers [83] developed novel low-oxygen
graphene nanosheets (LOGr) chemically modified with poly(propyleneimine)
dendrimers (LHRH) loaded with phthalocyanine (Pc) as a photosensitizer for
imaging and PTT/PDT combination therapy. To evaluate the efficiency of the
new nanoplatform as a PTT/PDT agent, the phototherapeutic effect of the
LOGr–Pc-LHRH complex on ovarian cancer cells was examined. When the two
treatments were combined under single 690 nm light irradiation, ovarian
cancer cell viability was significantly reduced as compared with
LOGr–Pc-LHRH (PTT) and LOGr–Pc-LHRH(PDT) treatment applied separately.
Moreover, the cytotoxicity of LOGr-LHRH, Pc-LHRH, and LOGr-Pc-LHRH
toward red blood cells was investigated using hemolysis studies and it was
found that the nanoplatforms exhibited minimal hemolytic activity. The
encapsulated photosensitizer, due to its very hydrophobic nature, was not able
to escape from the dendrimer-based carrier in an intracellular environment,
and hence could not directly induce toxicity.
Table 1. Summary on reviewed applications of graphene and GO, where DDS
corresponds to DDS, TDDS–targeted DDS, PTT–PTT therapy, PDT–PDT therapy
Material

Application

NGO-PEG-DOX

DDS

NGO-PEG-SN38
NGO-PEG-PTX
GO-CS-CPT

GO-DEX-CS-Folate

GO-PEI-UCNPs-DOX
GO-PEI-pDNA

rGO-LHT7-DOX
G-COOH-PTL

Starchfunctionalized
graphene-HCPT

GO-PEG-MTX and
GO-PSS-MTX

CPT-GO-CD-HA-ADA
PEG-ALG-GON-DOX
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DDS
DDS
DDS
DDS
DDS
DDS

Cell line

References

Raji and CEM

[42]

HCT-116, OVCAR-3,
U87MG, MDA-MB-435,
MCF-7 and MDA-MB-468
cancer cell lines
MCF 7

HepG2
HeLa

MCF 7
HeLa

DDS

KB cells and
KB-bearing mice

DDS

SW-620

TDDS

MDA-MB-241

DDS

DDS

TDDS

Panc-1

MCF 7

HepG2

[41]
[43]
[44]
[46]
[47]
[48]
[50]
[51]
[52]
[53]
[54]
[58]
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Material

Application

RGD- or RADfunctionalized GO

TDDS

FA-NGO-DOX-CPT

CD-ADA-PP-GO-DOX

TDDS

Cell line

References

U87 Mg

[61]

MCE-7

DDS

HeLa-bearing mice

TDDS

H22-bearing mice

TDDS, PTT

HepG2

GO-Fe3O4-5-FU

TDDS, MRI

-

NGO-Pluronic-MB

PTT/PDT

Fe-Graphenefluoresceine-SiNC4

HeLa-bearing mice and
HeLa cells

PTT/PDT

HeLa cells

HA-GO-DOX

NGO-HA-DOX

TDDS

GO-Fe-PEG-DOX

TDDS, PTT, MRI

G-Fe3O4-5-FU

TDDS

MTX@u-GO-COOHMNP@OA-CPT
GO-Fe3O4-MnOx
NGS-PEG

Graphene-TSCuPc
GO-PEG-DVDMS
FA-GO-PEG/C60
GO-PEG-HPPH

LOGr-Pc-LHRH

TDDS, MRI
PTT

PTT/PDT

B16F1
4T1

HepG2
-

4T1-bearing mice
HeLa cells

PTT/PDT

PC9-bearing mice

PTT/PDT

Ovarian cancer cells

PTT/PDT
PDT

HeLa cells

4T1-bearing mice

[59]
[60]
[62]
[63]
[65]
[67]
[69]
[70]
[71]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]

23.5. SUMMARY
Extensive research into the toxicity and biocompatibility of graphene and GO
has revealed multiple factors influencing their behavior in biological systems.
Both in vitro and in vivo studies have shown the size- and dose-dependent
toxicity of these nanomaterials. Another significant aspect is the concentration
of oxygen-containing functional groups present on the surface of GO or RGO.
For instance, blood toxicity studies have shown that graphene is more
biocompatible than GO, which is a result of interaction between O-groups and
blood cells. Functionalization of GO improves its biocompatibility, and different
materials have been used for that purpose, for instance PEG, PVK, dopamine,
heparin or amine modifiers. In vivo studies have revealed that the method of
nanomaterial administration influences their behavior in living organisms. For
example, PEGylated GO is rapidly excreted after oral administration, while
after intraperitoneal administration it is engulfed by phagocytes in the RES and
retained for a long period of time.
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GO has been explored as an excellent nanocarrier of drugs by enhancing their
cytotoxic effect. However, in order to prevent aggregation in a physiological
environment, modification of the GO surface is necessary. The most commonly
used materials are biocompatible polymers, such as PEG, chitosan, dextran and
poly(ethylene imine). Another advantage of GO utilization as a nanocarrier of
drugs is the opportunity to develop a targeted drug delivery system (TDDS).
This is possible by functionalizing the nanocarrier with receptors, such as
antibodies, peptides and other ligands that are able to specifically recognize
tumor cells. Another TDDS is based on the functionalization of GO with
superparamagnetic molecules, which enable the delivery of drugs under the
influence of an external magnetic field. Furthermore, simultaneous
functionalization of GO with an antitumor drug and magnetic particles has an
effect on dual-drug synergism and hyperpyrexia, which significantly
contributes to increased inhibition of tumor cell growth and the induction of
necrosis.
Recent studies have shown that nanocarriers with sizes smaller than 100 nm
can enhance the therapeutic effect. Particles of this size are most suitable for
extravasation from the bloodstream into tumors due to the enhanced
permeation and retention effect and increased tumor tissue permeation.

Graphene and GO are also appropriate nanocarriers of PDT therapeutic agents,
and can enhance their anticancer activity. Simultaneously, they act as PTT
agents able to absorb NIR irradiation, producing local hyperthermia resulting
in the death of tumor tissues. Many reports have revealed that the combination
of PDT and PTT in tumor tissues results in improved anticancer therapy.
Recent studies have demonstrated the great potential of graphene and GO
usage in biomedical applications, especially in antitumor therapy, including
targeted drug delivery and PDT/PTT therapies. However, the toxicology of
these materials is still questionable and needs to be resolved before clinical
use.
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24.1. INTRODUCTION
Various kinds of nanoparticles (NPs) have been used for the labelling and
tracking of stem cells to determine their destinations and final differentiated
fates after transplantation. Ideally, NPs should be biodegradable, non-toxic to
stem cells, and should not disturb their multilineage differentiation potential.
NPs should give a strong signal, allowing good visualisation of the stem cells.
Moreover, the labelling of cells with NPs should be uncomplicated and imaging
can be done in vivo in a non-invasive manner. The NPs should not induce
adverse or immune reactions in the human body after the transplantation of
labelled stem cells. The development of novel NPs is exciting; however, the
safety issue should not be neglected. This review will therefore focus on this
growing aspect of current NPs and the safety issue of stem cell labelling.
Toxicity reports of common nanoparticles are selected and summarized in
Table 1. The details of each report will be discussed in the following
paragraphs of this review.
Table 1. Common nanoparticles and selected toxicity reports on various kinds of cell
lines, stem cells, and animal models
Nanoparticles

Superparamagnetic
iron oxide
nanoparticles

Selected toxicity reports

Aggravated clinical symptoms in animal model of
labeled MSCs

[25]

Accelerated hMSC proliferation via diminishing
intracellular H2O2 and affected the expression of the
protein regulators of cell cycle

[28]

Impaired chondrogenesis on hMSCs

Inhibitory effect on osteogenic differentiation and
Wnt signaling pathway in hMSCs
Accelerated hMSC proliferation, altered gene
expression and impaired chondrogenesis and
osteogenesis

Gadolinium oxide
nanoparticles
Fluorescent
polymer
nanoparticles

Ref.

Oxidative damage to lipids, proteins and DNA; lipid
peroxidation in hMSCs
Cytotoxicity and genotoxicity via DNA damage on
human skin fibroblast cell lines

Necrosis of primary mouse bone marrow stromal
cells via lysosomal rupture and ROS injury

Increase in the IL-8 release in hMSCs and altered gene
expression

[23]

[29]
[30]
[31]
[41]
[42]
[46]
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Nanoparticles

Quantum dots

Fluorescent silica
nanoparticles

Selected toxicity reports

Apoptosis in mouse blastocysts, inhibited cell
proliferation, early-stage blastocyst death in mouse
Apoptosis in mouse myoblast cells line

Impaired hematopoiesis in an invertebrate model
organism

Abnormal morphology and altered gene expression of
human neural stem cells
Cell death at high particle doses in neural stem cells
Enhanced proliferation of human adipose tissuederived stem cells through ERK1/2 activation

Metabolic stress in hMSCs through EGR1, CCND, and
E2F1 genes

MSC: mesenchymal stem cells; hMSC: human mesenchymal stem cells

Ref.

[60]
[62]
[63]
[67]
[68]
[69]
[70]

24.2. MAGNETIC NANOPARTICLES
Magnetic resonance imaging (MRI) is a non-invasive, deep tissue penetrating
imaging technique which provides excellent contrast between the different soft
tissues of the body, and reconstructs 2D and 3D images of the tissues and
organs easily. Magnetic NPs are categorised as T1 or T2 contrast agents for
MRI depending on the relaxation processes. Among the magnetic NPs,
superparamagnetic iron oxide NPs (SPIOs) and gadolinium oxide NPs are the
most popular choices for T2 and T1 MRI-based stem cell labelling and tracking
respectively. SPIOs have been widely used for stem cell labelling and tracking.

24.2.1. Superparamagnetic iron oxide nanoparticles

SPIOs have been shown to be biocompatible, biodegradable, and non-toxic to
different kinds of stem cells as well as having no adverse effects on stem cell
phenotypes or differentiation [1-12]. Additionally, several kinds of SPIOs have
been used for stem cell labelling and tracking in vivo in MRI [13-16], as well as
in clinical applications and animal models [17-22].

However, in 2004, Kostura et al. reported that Feridex (Ferumoxide) labelling
of human mesenchymal stem cells (hMSCs) impairs chondrogenesis but does
not affect cell viability, proliferation, adipogenesis, or osteogenesis [23].
Although the multilineage differentiation of SPIO-labelled mesenchymal stem
cells (MSCs) is not altered in an in vivo rat model, subtle but significant
phenotypic alterations are observed following the subcutaneous implantation
of labelled MSCs grown on a collagen-GAG scaffold compared to those grown
on implanted, unlabelled control scaffolds [24]. Schafer et al. noted that the use
of SPIOs for the labelling of MSCs aggravates clinical symptoms in

614

Safety issue of nanoparticles which are used for stem cell labelling and tracking

experimentally-induced autoimmune encephalomyelitis, while treatment with
unlabelled MSC leads to disease amelioration compared to controls [25]. The
authors concluded that in vivo application of SPIO-labelled MSC needed to be
performed with caution because the cell-derived exposure of iron can lead to
disease aggravation. Furthermore, labelling of hMSCs with ferucarbotran had
functional effects on hMSCs by decreasing the migration capacity and
colony-forming ability of cells [26]. Later, in 2010, both SPIOs and the static
magnetic field were identified as independent factors which affect the
functional biology of hMSCs [27].

Huang et al. found that ferucarbotran stimulated hMSC proliferation in particle
and ionic (free iron, Fe) forms via diminishing intracellular H2O2 and affected
the expression of protein regulators of the cell cycle [28]. In a follow-up study,
the inhibitory effect of ferucarbotran on osteogenic differentiation and the Wnt
signalling pathway in hMSCs was reported [29]. Cell proliferation and viability
of labelled hMSCs was found to be increased by amine (NH3+)-surface-modified
SPIOs, and the cell cycle of labelled cells was accelerated [30]. The osteogenic
and chondrogenic differentiation potential of hMSCs was impaired or inhibited,
while adipogenic potential was preserved. These findings have raised toxicity
and other safety concerns in regard to using newly-developed SPIO NPs for
stem cell labelling and tracking.

Novotna et al. reported oxidative damage to biological macromolecules in
human bone marrow MSCs labelled with iron oxide NPs [31]. An increase of
oxidative injury to lipids, proteins and DNA as a consequence of exposure to
SPIOs was detected in labelled cells. Particularly, the levels of lipid
peroxidation were high and increased further with time, regardless of the type
of nanoparticle. Also, Diana et al. found that SPIO loading significantly reduced
movement in fetal stem cell populations (human amniotic fluid and chorionic
villi stem cells) without increasing the production of reactive oxygen species
[32]. Moreover, motility impairment was directly proportional to the amount
of loaded SPIOs, while chemoattractant-induced recovery was obtained by
increasing serum levels.
On the other hand, long-lasting hypointensive signals in cardiac magnetic
resonance were believed to originate from SPIO-engulfed macrophages during
long-term stem cell tracking, rather than the transplanted stem cells. Recently,
Huang et al. reported that the hypointensive signal of cardiac MRI was
primarily caused by extracellular iron particles in the long-term tracking of
transplanted swine MSCs after myocardial infarction [33]. Also, 6 months after
transplantation, cardiac MRI identified 32 (64 %) of the 50 injection sites,
where massive Prussian blue-positive iron deposits were detected by
pathological examination. However, iron particles were predominantly
distributed in the extracellular space, and a minority was distributed within
Cluster of Differentiation 68 (CD68)-positive macrophages and other
CD68-negative cells. No sex-determining region Y DNA of donor MSCs was
detected in the myocardium. The authors suggested that consideration should
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Chapter 24

be given to both the false-positive signal and the potential cardiac toxicity of
long-standing iron deposits in the heart.

The other limitations of SPIOs are well illustrated in their use of stem cell
tracking [34]. For example, SPIO-labelled cells become diluted in a localised
site due to cell division, and consequently, the generated image is inevitably
weakened. Furthermore, due to the in vivo migration of SPIO-labelled stem
cells, the density of cells is considerably reduced over time, again leading to
weakening of the MRI signal [35]. On the other hand, SPIO labelling itself
cannot determine whether or what the SPIO-labelled stem cell differentiates
into, although through the use of combined imaging techniques such as
immunohistochemistry and confocal microscopy, the function of the stem cell
can be determined [36].

24.2.2. Gadolinium oxide nanoparticles

Contrary to T2 agents, which produce hypointensive signals (dark spots) on
MRI images, gadolinium-based T1 agents produce bright hyperintensive
signals. Gadolinium oxide NPs have been used to label human aortic
endothelial cells and T1 enhancement of the internalised NPs was maintained
for up to 7 days [37]. Currently, the use of gadolinium oxide NPs in cell tracking
is still in the early stages, and they have been used for labelling brain cancer
cells [38] and hematopoietic cells [39]. Surface modification of gadolinium
oxide NPs with poly(ethylene glycol) (PEG) could increase their
biocompatibility [40]. However, terbium-doped gadolinium oxide NPs induced
cytotoxicity in a dose-dependent manner and promoted genotoxicity via DNA
damage on human skin fibroblast cell lines [41]. Recently, Jin et al. reported
that europium-doped Gd2O3 nanotubes caused the necrosis of primary mouse
bone marrow stromal cells through lysosomal rupture and release of cathepsin
B, and the overproduction of reactive oxygen species (ROS) injury to the
mitochondria and DNA [42]. Prior to applying gadolinium oxide NPs in cell
labelling and tracking, their effects on stem cell function and differentiation
need to be further investigated.

24.3. FLUORESCENT NANOPARTICLES
Fluorescence imaging provides high sensitivity, high resolution, and feasibility
for the real-time monitoring biological phenomena. Due to low cost and
accessibility, fluorescence imaging is widely used in tracking stem cells. The
main fluorescent nanoparticle products on the market are fluorescent polymer
NPs, quantum dots (QDs) and fluorescent silica NPs.

24.3.1. Fluorescent polymer nanoparticles

Due to their biocompatibility and inertness, polystyrene (PS) and
polycarbonate are widely used for the production of biomedical devices and
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laboratory equipment. Currently, the most common fluorescent polymer NPs
are PS NPs, which are mainly prepared through emulsion polymerisation [43].
Some of the PS NPs are frequently used in phagocytosis assessment of
phagocytic cells. Phosphonate-functionalised PS NPs prepared by mini-emulsion polymerisation were incorporated by MSCs, and the cell viability
was found to be unaffected [44]. Furthermore, the multi-lineage potential of
MSCs was well preserved. PS does not degrade in the cellular environment, so
PS NPs usually exhibit no short-term cytotoxicity [45].

Very few reports have addressed the safety issue of PS NPs on stem cell
labelling [46,47]. Two sets of either bioinert (PS without carboxylic groups on
the surface) or biodegradable (poly(L-lactic acid) (PLLA) without magnetite)
particles were uptake by hMSCs and hematopoietic stem cells (hHSCs) [46].
Flow cytometry and microscopy analysis showed high uptake rates and no
toxicity for all four tested particles in hMSCs and hHSCs. The PLLA-Fe particle
showed a significant increase in the interleukin-8 (IL-8) release in hMSCs but
not in hHSCs. For hHSCs and hMSCs, multi-lineage differentiation was not
influenced by the particles when analysed with lineage-specific clusters of
differentiation markers. On the other hand, quantitative polymerase-chain-reaction (qPCR) analysis showed significant changes in the expression of
some (but not all) investigated lineage markers for both primary cell types. In
another report, conjugated polymer-based water-dispersible NPs were used to
label bone marrow-derived rat MSCs successfully and labelled MSCs migrated
to the site of injury and retained their labels in an in vivo liver regeneration
model [47].

24.3.2. Quantum dots

QDs are colloidal, crystalline semiconductor NPs made from II–VI or III–V
elements (e.g. PdS, CdSe) [48]. QDs have wide absorption range from
ultraviolet (UV) to visible, and are much more resistant (can be up to
100 times) to photochemical degradation than fluorescent dyes, which makes
them useful for the long-term tracking of cells and monitoring of biological
changes [49]. However, QDs have several inherent problems. First, QDs
generally contain toxic heavy metal ions such as Pd2+, Se2+ and Cd2+. Second, the
involvement of dark states and blinking phenomena in QDs requires higher
doses to improve the brightness and accuracy of quantitative measurements in
cell tracking and imaging [50]. Nonetheless, higher QD doses may raise the
signal to noise ratio and result in non-specific binding.

Although QDs have been utilised for stem cell tracking and imaging for many
years [51-58], most toxicity and pharmacokinetic studies have focused on the
behaviours of II B–VI A and III A–V A QDs in rodents [59]. Investigations of the
IV A QDs are still in the early stages. Initial safety and proof of concept studies
of one- and two-cell QD-labelled mouse embryos reveal that fluorescent
semiconductor nanocrystal QDs are compatible with early mammalian
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embryonic development [51]. In vivo experiments further show that
in utero-labelled neural stem and progenitor cells (NSPCs) continue to develop
in an apparently normal manner [51]. However, it has been shown that
CdSe-core QDs induce apoptosis in mouse blastocysts, inhibit cell proliferation,
retard early post-implantation blastocyst development, and increase
early-stage blastocyst death in vitro and in vivo [60]. The reproductive and
developmental toxicity of manufactured nanomaterials including metallic and
metal oxide-based particles, fullerenes (C(60)), carbon black, and luminescent
particles has been reviewed in a previous paper [61].

Copper oxide QDs induce apoptosis in mouse myoblast cells line (C2C12) [62].
Further in vivo studies have shown that copper oxide QDs bind to genomic
DNA, significantly decrease the viability of cells in culture in a concentration-dependent manner, and inhibit mitochondrial caspases 3 and 7. CdTe QDs,
especially those that are smaller in size, resulted in impaired haematopoiesis
in an invertebrate model organism, Bombyx mori [63]. QD exposure promoted
the mitotic nucleus in prohaemocytes and haematocytes similar to peripheral
blood stem cells in humans, but aggravated apoptosis. A decrease in
haematopoiesis was accompanied by shrinkage and death of haematopoietic
organs via an increase in reactive oxygen species.
According to our review, QDs still have some toxicity or harmful effects on
several kinds of stem cells. The lack of studies on animal models using
primates and human stem cells also limits our understanding of QDs. Further
application of QDs in stem cell labelling and tracking merits further research.

24.3.3. Fluorescent silica nanoparticles

There are only a few reports applying fluorescent silica NPs for stem cell
labelling and tracking. On the contrary, fluorescent silica NPs produced in
research laboratories were widely referred to in publications of non-stem cell
labelling and tracking. Cyanine dye-doped silica NPs were reported to directly
discriminate live and early-stage apoptotic mesenchymal and embryonic stem
cells through a distinct external cell surface distribution [64], which makes
them ideal for stem cell labelling and tracking. On the other hand, mesoporous
silica NPs are also used for the delivery of growth factors to induce advanced
differentiation of transplanted stem cells [65,66].

However, hNSCs aggregated and exhibited abnormal morphology when
exposed to silica and titanium oxide NPs [67]. Moreover, all of the particles
affected the gene expression of nestin (stem cell marker) and neurofilament
heavy polypeptide (NF-H, neuron marker). These results may indicate the
potential toxicity of accumulated NPs for long-term usage or continuous
exposure. Silica NPs with different [–NH2, –SH and poly(vinylpyrrolidone)
(PVP)] surface modifications cause cell death at high particle doses, except for
PVP-coated SiO2 NPs [68]. Among the tested neural tissue-type cells, neural
stem cells and astrocytes internalise plain SiO2, SiO2–NH2 and SiO2–SH NPs,
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while neurons do not take up any NPs at all. Their data indicate that the PVP
coat, by lowering the particle-biomolecular component interactions, reduces
the biological effects of SiO2 NPs on the investigated neural cells.

It has been reported that scaffolds containing silica NPs may enhance the
proliferation of human adipose tissue-derived stem cells through ERK1/2
activation [69], meaning that single component silica-derived NPs could be
useful for bioscaffolds in stem cell therapy. Not surprisingly, silica NPs were
found to induce significant metabolic stress in hMSCs in a recent report [70].
Alterations in the cytoplasmic organisation, nuclear morphology, cell cycle
progression, and expression of genes linked to cell cycle-dependent metabolic
stress through EGR1, CCND, and E2F1 genes, which are the primary indicators
of metabolic stress, have been observed. The authors suggest that the acute
and chronic toxicity mechanisms of silica NPs should be investigated in greater
depth with special reference to food safety.

24.4. CONCLUSION
We summarise the toxicity reports of existing or commercial NPs which can act
as contrast agents for MRI and fluorescence imaging for stem cell labelling and
tracking. Prior to the extensive use of these NPs in stem cell therapy in
humans, concerns regarding NPs, including the unclear safety profile, signal
loss in long-term tracking, limitation of single modality NPs, viability and
ultimate fate of labelled cells, and effects on multilineage differentiation
potential will have to be clarified. Careful investigation of the effects of NPs on
human stem cells and animal models using primates will facilitate our
understanding and should be carried out ahead of the application of novel NPs
in clinical trials.
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25.1. AN ELECTROACTIVE SOLUTION
Materials used as scaffolds for tissue engineering applications are designed to
match the structural, morphological, mechanical, and chemical properties of
the tissue or organ that will be replaced. Human cells in human tissues are
anchorage dependent, the microstructure and surface properties of the
scaffolds therefore being a critical issue. In this way, the behaviour of cells
cultured on substrates is highly dependent on these characteristics.

Surfaces can influence cell behaviour in different aspects such as the growth,
adhesion, or morphology of cells. Beyond this, an electrically charged base for
tissue engineering applications can be an interesting and promising approach.
This fact is particularly important as many body tissues are subjected to
varying electro-mechanical solicitation.
Conductive materials have thus been used for tissue engineering applications,
but some drawbacks exist concerning these materials, such as the need for an
external power source to promote electrical stimuli in the cells. Piezoelectric
materials are materials that generate varying surface charges under
mechanical solicitation and that do not require additional energy sources or
electrodes for the generation of the electrical signal [1]. These materials are
thus suitable for active tissue engineering strategies in which electroactive
response and scaffold microstructure play an essential role.

Therefore, the piezoelectric polymer poly(vinylidene fluoride) (PVDF) has
attracted interest for its biomedical applications in the fabrication of sensors
and actuators and supports for cell cultures. Similarly, aluminium nitride (AlN)
has become a very attractive biocompatible piezoelectric material as it is also
compatible with complementary metal–oxide–semiconductor (CMOS)
technology.

This chapter deals with the design and development of piezoelectric
biocompatible materials for potential use in tissue engineering applications as
a piezoelectric-based scaffold; further, the latest advances in these
developments are shown.
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25.2. PIEZOELECTRIC PVDF
Piezoelectric polymers are a good option for developing piezoelectric-based
acoustic wave devices and sensors as well as actuators. In particular, PVDF
shows good biocompatibility, chemical resistance, and, in particular, excellent
electroactive properties such as piezo-, pyro-, and ferroelectricity. PVDF and its
copolymers are the polymers with the highest piezoelectric effect. It has a high
dynamic range and wideband and belongs to a new class of piezoelectric
plastics characterised by a relatively low dielectric constant, moderate
piezoelectric coupling, low acoustic velocities, and low density. One of the
mayor advantages of these piezoelectric films is their low acoustic impedance
close to water, human tissue, and other organic materials, allowing for a more
efficient transduction of acoustic signals due to close impedance matching; this
makes them suitable for biological applications. PVDF has three main
actuation/sensing modes depending of the fabrication process: inplane mode,
thickness mode, and thickness shear mode [2].
A PVDF film under an electric field with a controlled temperature after a
mechanical stretch shows very strong piezoelectric and pyroelectric
properties. Thin piezoelectric films can also be obtained using soft lithographic
techniques by casting and poling, allowing compatibility with
microelectromechanical systems (MEMS) technology [3].

PVDF can be made piezoelectric because fluorine is much more electronegative
than carbon. The fluorine atoms will attract electrons from the carbon atoms to
which they are attached. The −CF2− groups in the chain will be very polar, so
when they are placed in an electrical field they will align. Conversely, when the
piezopolymer deforms, a macroscopic dipole appears. This can be obtained by
submitting the film of polymer to a sufficiently high electric field after
mechanical stretching. The obtained polarisation is mainly due to the spatial
rearrangement of the polar segments of the macromolecular chains. By
machining the material in one or two perpendicular directions prior to the
polarisation process, different piezoelectric behaviours can be obtained.
This section deals with the design, fabrication, and characterisation of a
piezoelectric PVDF for potential use in tissue engineering applications.

25.2.1. Numerical model for the PVDF polymer

Previously, the importance of applying electrical signals to body tissues by
using piezoelectric materials has been demonstrated. In addition, there are
studies showing the feasibility of carrying electrical/mechanical signals on
demand by applying an appropriate (wireless) stimuli in order to deform the
piezoelectric scaffold microstructure [4,5]. In this sense, the resonance
frequency of the piezoelectric implant has to be well known in order to apply
the correct excitation.
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The basic principle of operation for a generic acoustic-wave resonator is a
travelling wave combined with a confinement structure to produce a standing
wave whose frequency is determined jointly by the velocity of the travelling
wave and the dimensions of the confinement structure.

A complete model for acoustic systems can be built using the three-port
one-dimensional multilayer Mason model [6]. In order to get a more realistic
model as a reference, the finite element method (FEM) model fits very well.
FEM is a flexible method capable of modelling complicated device geometries,
nonuniform material properties, and quite general boundary conditions.

PVDF has an orthorhombic symmetry (mm2 class) and is usually operated in
thickness mode when the frequency of operation is more than 500 kHz. It has
three main actuation/sensing modes depending on the fabrication process:
inplane mode (d31, d32), thickness mode (d33), and shear mode (d15, d24).

25.2.1.1. FEM model

For a proposed prototype, a disc-shaped PVDF polymer, a three-dimensional
(3D) piezoelectric elastic linear solid can be used; the electric potential is
applied on both principal surfaces of the disc to avoid electrode modelling.
This simplifies the model and reduces simulation times without losing
accuracy. The piezoelectric polymer is in thickness excitation mode where the
electric field is in the direction of acoustic wave propagation.

The elastic matrix c, the piezoelectric coupling matrix e, and the dielectric
coefficients matrix at constant strain ε are expressed as follows:
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The three major axes are unique in the orthorhombic symmetry, where the
presence of three separate longitudinal diagonal terms and three separate
shear diagonal terms are shown in the elastic matrix c.

A modelling of this system is shown in Figure 1, where the meshing and the
vibrational response is depicted.

Figure 1. Meshing aspect of 10 μm-thick PVDF (left) and
its vibrational response (right)

25.2.2. Resonator fabrication
Rolls of piezo film are produced in a clean room environment. The process
begins with the melt extrusion of PVDF resin pellets into sheet form, followed
by a stretching step that reduces the sheet. Stretching at temperatures well
below the melting point of the polymer causes chain packing of the molecules
into parallel crystal planes, called β-phase. To obtain high levels of
piezoelectric activity, the β-phase polymer is then exposed to very high electric
fields to align the crystallites relative to the poling field.
A disc-shaped piezoelectric can be obtained from commercial metalised PVDF
piezoelectric film sheet, as shown in Figure 2. The piezopolymer is
commercialised in metalised sheets of copper or silver [7].
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Figure 2. Disk-shaped piezoelectric PVDF with silver ink electrodes
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The circular disk has a diameter of 20 mm and a thickness of 110 μm. Silver ink
printed electrodes and copper electrodes patterned with standard lithography
on both sides of the disk were used. Printed inks have low sheet resistivity,
high current density capability, and are robust mechanically. The overlap
between the top and bottom electrode defines an active circular area where
the electrical signal for impedance measurements is applied through metal
patterned PVDF arms.

25.2.3. System characterisation

The frequency response of the PVDF-based piezoelectric implant will show the
main characteristic of this polymer. To achieve this, it is necessary to conduct a
frequency response analysis of the piezopolymer to measure impedance and
phase values, and finally obtain the resonance frequency of the system.

A piezoelectric material behaves like a series RLC resonator circuit. At the
resonance frequency the impedance changes its magnitude; therefore,
measuring the electric potential will result in the desired response. A faster
and easier way to achieve this is by using an impedance gain-phase analyser
device.

One-port electrical characterisation is performed with a precision impedance
analyser by measuring the absolute impedance value as a function of
frequency. Custom polyamide fixation is used to make proper contact with the
surface of the electrode arms and to provide the clamped mechanical boundary
conditions as depicted in Figure 3 (left). The admittance measurement is
obtained in the frequency range of 2–10 MHz in order to excite the thickness
mode resonance frequency. Thickness modes are so-called high frequency
modes whose frequencies are determined by the plate thickness, which is the
smallest dimension. In this case, the electric field is in the direction of the
acoustic wave propagation. The connection of the system can be seen in
Figure 3 (right).

Figure 3. Custom polyamide setup (left) and system connection (right)
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25.2.3.1. Cu electrode vs Ag electrode

The frequency responses (admittance vs frequency) for two piezoelectric disks
are obtained by using copper and silver electrodes. A frequency sweep
between 7 and 12 MHz is applied at room temperature. The results are shown
in Figure 4.
Admittance [1/Ohm]

Cu

Ag

180
130
80
7000000 8000000 9000000 100000001100000012000000
Frequency [Hz]

Figure 4. Cu-electrode PVDF vs Ag-electrode PVDF

It is clear that the PVDF piezoelectric disc with silver electrodes has a lower
resonance frequency than the one with copper electrodes. As predicted by the
Sauerbrey equation [8], this lower frequency is due to the greater thickness of
the silver electrode which thus produces a shift in the frequency response of
the resonator compared with the disk with copper electrodes.

25.2.4. Influence of PVDF microstructures on cell morphology

Piezoelectric polymers demonstrate a large potential for tissue engineering
applications once electrical signals can be detected in the human body and can
be referred to as a universal property of living tissue. Thus, piezoelectric PVDF
samples can be tailored both with respect to morphology and electroactive
response depending on the intended applications, including bone, muscle, and
neuronal tissue engineering applications, as shown in Table 1 [9].
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Table 1. Contact angle values (mean ± SD) of the different PVDF samples depending on
microstructure and poling state and their potential applications in tissue engineering.
“Poled +” and “Poled −” means poled samples with a positive and negative surface
charge, respectively.
PVDF samples

non-poled β-PVDF films
“poled +”β-PVDF films

“poled −”β-PVDF films

β-PVDF porous membranes
aligned β-PVDF fibres

random β-PVDF fibres

Contact angle values
83.1° ± 2.2°
51.3° ± 3.1°
45.0° ± 1.6°
94.3° ± 2.6°

135.1° ± 3.0°
115.6° ± 3.3°

Applications in tissue
engineering
bone

muscle

cartilage

neuronal

spinal cord injury
wound healing

It has been shown that piezoelectric polymers allow appropriate design to
develop novel and efficient tissue engineering strategies for cells that need
electromechanical stimuli for their suitable development. In particular,
suitable piezoelectric scaffolds can take advantage of the mechanical activity of
tissues to generate the necessary varying electrical signals for proper tissue
regeneration, as is the case for bone and muscle, which include
electromechanical activity in their formation and normal activity.

25.2.5. More applications...

Reis et al. presented preliminary results on the use of a piezoelectric actuator
in an orthopaedic application [10]. The use of the converse piezoelectric effect
to mechanically stimulate bone was achieved with PVDF actuators implanted
in osteotomy cuts in a sheep femur and tibia (Figure 5).

Figure 5. Actuator position inside the tibia obtained post-mortem—scale bar 1 cm
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The bone deposition rate was significantly higher in the
mechanicallystimulated areas. In these areas, increased osteopontin
expression was observed. The present in vivo study suggests that piezoelectric
materials and the converse piezoelectric effect may be used to effectively
stimulate bone growth.
Pärssinen et al. worked with nonelectroactive α-PVDF and electroactive
β-PVDF to investigate the substrate polarisation and polarity influence on focal
adhesion size and number as well as on human adipose stem cell
differentiation [11]. The surface charge of the poled PVDF films (positive or
negative) influenced the hydrophobicity of the samples, leading to variations in
the conformation of adsorbed extracellular matrix proteins, which ultimately
modulated the stem cell adhesion on the films, thus inducing their osteogenic
differentiation.

25.3. BIOCOMPATIBLE ALN MEMBRANE
Nowadays, the development of the thin-film bulk acoustic wave resonator
(FBAR) is constantly growing. This technology was born as a direct extension
of quartz crystal resonators. These are bulk acoustic wave (BAW)-based
thickness mode wave resonators, permitting a reduction in the piezoelectric
thickness of the implant and thus conducting an increased resonance
frequency. Therefore, high s ensibility in gravimetric applications was reached
in addition to their compatibility with integrated circuit (IC) technology.

AlN is a piezoelectric material, previously primarily used in the electronics
industry as a circuit substrate due to its relatively high thermal conductivity in
combination with being an electrical insulator. It is a very attractive
piezoelectric material for use in biomedical MEMS (BioMEMS) because it is
biocompatible, exhibits high resistivity, high breakdown voltage, and high
acoustic velocity, and it can be grown with the reactive sputtering technique at
relatively low temperatures, thus making it compatible with integrated circuit
technology. Material compatibility with integrated circuit fabrication opens the
way for monolithic integration of the traditionally incompatible IC and electroacoustic technologies.
The most common materials for thin-film electro-acoustic devices today
include AlN, ZnO, and lead zirconium titanate (PZT). Extensive research on and
development of AlN thin-film synthesis for high frequency surface acoustic
wave (SAW) and BAW applications has resulted in AlN so far appearing to be
the best compromise between performance and manufacturability and the
prime candidate for the mass production of FBARs and filters. Material
compatibility with IC fabrication opens the way for monolithic integration of
the traditionally incompatible IC and electro-acoustic technologies.
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AlN is most often in the wurtzite hexagonal crystallographic system around the
c-axis, which is also the direction with the highest piezoelectric constant in
addition to a high acoustic wave velocity.
Regarding the crystal structure of AlN, there are two main crystallographic
orientations that provide piezoelectric behaviour. The crystallographic
orientation (002) has the highest piezoelectric constant and has a diffraction
peak at 36°, while the crystallographic orientation (100) has a diffraction peak
at 33°.

This section deals with the deposition of AlN on a silicon substrate, where the
feasibility of the final goal of fabricating unconventional piezoelectric materials
for biomedical applications is shown.

25.3.1. Deposition process

A Pt layer is grown with magnetron sputter deposition on top of a Ti film
deposited on a SiO2 surface as an adhesion layer. The Pt bottom electrode is
grown with sputter deposition. A Ti film provides an adhesion layer for
growing highly c-axis (002) oriented AlN films. The thicknesses of the Pt and Ti
is 150 nm and 10 nm, respectively. In addition, this coating provides seeding
capability and serves as a buffer layer, lowering the discrepancy in the lattice
parameter between substrate and film.
The Pt layer will serve as the bottom and top electrode to apply voltage to
excite the piezoelectric if that is required. A scheme of the used piezoelectric
heterostructure is shown in Figure 6.

Figure 6. Scheme of the heterostructure of AlN/Pt/Ti/SiO2/Si

AlN (002)-oriented films are grown on the Pt layers using reactive sputter
deposition, via sputtering material from an Al metallic target, using an
Ar-plasma to produce Ar ions to sputter the Al material in a N2 atmosphere to
provide the nitrogen needed for the AlN films.
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25.3.2. Characterisation
A straightforward way to discover the crystalline structure of a material and its
preferential orientation is by using X-ray diffraction (XRD). It is a
nondestructive technique that reveals detailed information about the chemical
composition and the crystalline structure of a material. Atoms in a material are
organised in a 3D arrangement forming a series of parallel planes separated by
a distance that depends on the nature of the material. When a monochromatic
X-ray beam is projected on the material, a diffraction pattern according to
Bragg’s Law is obtained:
n λ = 2 d sin(θ)

(1)

where λ is the wavelength of the X-ray beam, d is the distance between atomic
crystal layers, θ is the incidence angle, and n is an integer.

The silicon wafers are N-type mirror polished Si (100); the X-ray powder
diffraction (XRD) spectra is shown in Figure 7.

Figure 7. XRD spectrum of an AlN/Pt/Ti/SiO2/Si heterostructure showing he
characteristic peaks of the Pt and Ti layers and the Si substrate, in addition to the
critical AlN (002) peak that reveals the high orientation of the AlN necessary to yield
the high piezoelectric coefficient measured for these films

The XRD 2θ/ω diffraction pattern taken from the XRD analysis of the
AlN/Pt/Ti/SiO2/Si multilayer is scanned between 20° and 80°. Figure 6 shows
an XRD 2θ/ω scan of the AlN/Pt/Ti/SiO2/Si layered film exhibiting high c-axis
orientation for the AlN film. The presence of a hexagonal AlN (002) diffraction
peak at 36.1° (note the logarithmic scale) in addition to the spurious Si
diffraction peak at 33.1° (not to be confused with the AlN (100) diffraction
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peak at 33.1°) can be appreciated. These results reveal the presence of a
mainly (002) textured AlN film. The diffraction peaks of Pt (111) at 40° and
Ti (002) at 38.5° of the electrode and a peak for Al (331) at 44.8° are also
shown. The latter indicates the presence of an amount of Al that has not been
nitrided.

A direct method of deposition of AlN on a Si substrate that avoids the polishing
steps and thus reduces fabrication times has been demonstrated. Thin AlN
films with high (002) orientation can be produced on surfaces with an
root-mean-square (rms) roughness of ≤ 1 nm; this statement is supported by
the XRD spectra shown in Figure 6, which indicates that AlN films exhibit high
intensity for the (002) peak when grown on an atomically flat SiO2 surface.

The columnar structure of the obtained AlN showed a highly textured film,
thus allowing the fabrication of SAW resonators and piezoelectric actuators.
The Pt film has proven to be a good buffer layer serving also as the bottom and
top electrodes. Regarding these experiments, a huge field for biomedical
devices based on AlN is awaiting exploration.

Several applications regarding the use of piezoelectric AlN exist. Olivares et al.
have shown the piezoelectric actuation of a microbridge based on thin-film AlN
[12]. Figure 8 displays two images obtained from a scanning electron
microscope (SEM) video showing a typical microactuator in two different
states. Figure 8a shows the microactuator bended upwards after a voltage of
16 V has been applied; Figure 8b shows its equilibrium position. As can be seen
in Figure 8b, the bridge is convex in its equilibrium state due to the combined
residual stresses of the different layers, adding an extra height at the centre of
the bridge of about 10 μm for this particular device.

Figure 8. Microactuator bended after a voltage has been applied (a),
and in its equilibrium state (b)
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The authors have demonstrated the viability of using piezoelectric AlN for the
actuation of suspended microbridges. The microbridges achieved a deflection
of up to 0.22 μm V−1; this actuation response is sufficiently good for Radio
Frequency (RF) microswitching applications.

Furthermore, Sinha et al. reported AlN films with nanoscale thickness for
nanoelectromechanical systems (NEMS) switches [13]. The nanoactuator
shown in Figure 9 was fabricated as a beam clamped at both ends and
successively cut by a focused ion beam to free one end and test different length
structures as bending cantilevers. The actuation voltage can be applied to each
of the two piezoelectric layers separately and consequently permits the
nanomechanical actuator to operate as a unimorph or as a bimorph structure.
Results lead to the demonstration of bimorph actuation at the nanoscale using
AlN piezoelectric films that have preserved the same stress-free state and high
piezoelectric coefficients as their macroscopic counterparts.

Figure 9. The sample was tilted to provide a 3D view of the nanoactuator and to show
its constituent layers: a 350 nm-thick stack formed by two 100 nm-thick AlN layers
and three 50 nm-thick Pt layers. The released cantilevered beam also shows very small
out-of-plane deflections. This is indicative of low levels of stress gradients in the nanoAlN films. The inset schematic illustrates a cross-sectional view of the stack of layers
used to make the device and the operating principle of the bimorph nanoactuator.

Furthermore, Iborra et al. demonstrated the fabrication of micromachined
suspended bridge structures formed by AlN/polysilicon bimorphs [14].

638

Acoustic wave resonators for biomedical applications

25.4. AlN AND UNCD... A PROMISE
BioMEMS technology has been inherited from the IC Industry and has resulted
from the integration of structural and functional microparts such as
microchannels, microreservoirs, microsensors, and microactuators. It has
recently been developed to overcome several limitations imposed by the
current state of the art in medical technology.

In spite of the remarkable advantages that BioMEMS technology brings, the
need still exists for a biocompatible–bioinert material capable of persisting in
the harsh environment of the human body without suffering from biofouling
and that is capable of sustaining microfabrication processes while keeping its
properties intact. In this sense, AlN and diamond have been demonstrated to
accomplish these aspects.

The fabrication of diamond-based devices requires the growth of diamond
films on appropriate substrates followed by photolithography and etching to
release moving structures, for example cantilevers and beams.
Ultrananocrystalline
diamond
(UNCD)
exhibits
superior
mechanical/tribological properties combined with smoother surface
morphology (~4–7 nm rms roughness) and the lowest diamond deposition
temperature demonstrated today (400 °C) compared with single crystal
diamond, microcrystalline diamond, nanocrystalline diamond (NCD), and
diamond-like films [15,16].

UNCD films are grown on substrates exposed to Ar-rich CH4 microwave plasma
(MPCVD) which yields 2–5 nm diamond grains and 0.4 nm-wide grain
boundaries with sp3 and sp2 bondings. This nanostructure provides the name
UNCD for distinction from NCD films grown with H-rich/CH4 plasmas that yield
films with 30–100 nm grain sizes. UNCD exhibits a unique combination of high
fracture strength (~5.4 GPa) and Young’s modulus (~990 GPa), low stress
(~50–80 MPa), negligible stiction, exceptional chemical inertness, high electric
field-induced electron emission, and surface functionalisation that makes it
bioinert/biocompatible for applications in biosensors and biomedical devices.
For example, UNCD has been developed as a hermetic bioinert/biocompatible
encapsulating coating for a Si microchip [17]. In that work, in vivo passive
evaluation of UNCD-coated samples implanted in the eyes of rabbits were
reported; six-months tests involving the implantation of UNCD-coated Si chips
in the eyes of a pigmented rabbit demonstrated that UNCD is bioinert and
biostable, thus evidencing the potential of low-temperature UNCD as a
hermetic coating on implantable retinal microchips.
Following the implantation of the samples in the eyes of rabbits, no evidence of
inflammation above and beyond was noted. As shown in Figure 10, there was
no evidence of acute damage of the surface.
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Figure 10. Comparison of surface morphology (SEM) of the UNCD coating before and
after implantation in rabbit eyes: (a) before implantation; (b) after implantation. UNCD
films were deposited at 400 °C using a CH4 (1 %)/Ar (99 %) plasma.

In addition, Benedic et al. have demonstrated the fabrication of very
high-frequency SAW devices based on a AlN/diamond layered structure. The
experimental results showed that the Rayleigh wave and the higher mode were
generated; a high frequency around 4 GHz was obtained [18].

As diamond-based substrates have the highest sound velocity among all
materials,Error! Bookmark not defined. an AlN/diamond structure is a very
promising device for thin-film bulk acoustic resonator (FBAR) applications. In
this sense, AlN–UNCD integration becomes an important option for
implantable resonators.
This section deals with the development of an AlN/UNCD-based FBAR for
biomedical applications. In the following paragraphs, the fabrication and
characterisation of a FBAR piezoelectric resonator is shown.

25.4.1. Geometry design

The simplest configuration of a membrane FBAR involves the acoustic
resonance cavity formed by the creation of an air cavity underneath the
bottom electrode by completely etching the Si substrate.

The typical thickness of the piezoelectric film is a few microns, while that of the
metal electrodes is an order of magnitude less. To acoustically isolate the
resonance cavity, parts of the substrate are removed to create a freestanding
membrane.

A scheme of a FBAR device can be observed in Figure 11. In Figure 11a a
freestanding heterostructure membrane can be seen. It is composed of a
Pt/Ti/AlN/Pt/Ti/UNCD multilayer on a Si substrate, as shown in Figure 11b.
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Figure 11. AlN FBAR on UNCD. a) 3D longitudinal cut image of the freestanding FBAR
heterostructure, and b) lateral view scheme of the device describing the deposited
layers.

For the cavity design, the substrate material as well as the used etching
method has to be considered. In the case of Si, a common etching method is
wet anisotropic etching; potassium hydroxide (KOH) is a strong base capable
of attacking the Si substrate in an anisotropic way. Here, N-type
mirror-polished Si (100) wafers are used as substrates, so the KOH will
preferably etch the Si in the (100) plane. This produces the characteristic V
anisotropic etch of the walls, forming an angle of 54.7° with respect to the main
surface (Figure 12).

Figure 12. Si (100) showing the characteristic V anisotropic etch of the walls forming
an angle of 54.7° with respect to the main surface

641

Chapter 25

25.4.2. Membrane fabrication
A membrane fabrication on the Si substrate involves several steps:

UNCD growth: UNCD is deposited on the front of a silicon wafer (N-type mirror
polished Si (100)). The UNCD films are grown on the front of the silicon wafer
(N-type mirror-polished Si (100)) using a microwave plasma chemical vapor
deposition (MPCVD) system. This layer is used as a substrate for the AlN and
also serves as a stop layer for the anisotropic wet etching of the Si when using
KOH.
Si3N4 deposition: Silicon Nitride (Si3N4) is used as a mask for the wet etching of
the Si when using KOH.

Pt/Ti deposition: A Pt electrode is grown with sputter deposition using a Ti
adhesion layer. In addition, this coating provides seeding capability for the AlN
and serves as a buffer layer. It also helps to improve the adhesion of the AlN to
the UNCD.

AlN deposition: On the Pt/Ti electrode, AlN reactive sputter deposition is
performed. AlN (002) is grown in a gas mixture of Ar and N with an Al target.

AlN pattern: The pattern is transferred to the AlN film by performing
photoresist spin coating, UV exposure, resist development, and dry etching.

Electrode pattern: Patterning of the top Pt/Ti electrode is done by applying lift
off techniques. First, a spin coating on the front side of the wafer, UV exposure,
and resist development are conducted, followed by Pt/Ti sputter deposition
and posterior removal of the photoresist.
Cavity: The cavity etching is done on the backside by using KOH.

In Figure 13, a cavity prototype using only UNCD as a membrane on the Si
wafer substrate can be seen.

Figure 13. Cavity prototype. a) Front side of the UNCD film, and b) backside showing
the different sizes of the cavities within dices
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25.4.3. Device characterisation
25.4.3.1. X-ray diffraction (XRD)
Figure 14 shows an XRD θ–2θ scan of the AlN/Pt/Ti/UNCD/SiO2/Si layered
film exhibiting high c-axis orientation for the AlN film. The presence of a
hexagonal AlN (002) diffraction peak at 36.05° can be noted, revealing the
presence of a mainly (002)-textured AlN film. Further, two Pt peaks, (111) at
40.05° and (002) at 46.5°, are present. The weak peaks at 44.7° and at 65.1°
correspond to Al (002) and Al (202), respectively. The strong narrow peak at
33.2° comes from the Si wafer substrate and is the result of Si crystalline
imperfections.

Figure 14. XRD spectrum of an AlN/Pt/Ti/UNCD/SiO2/Si heterostructure showing the
characteristic peaks of the Pt layers and Si substrate, in addition to the critical AlN
(002) peak that reveals the high orientation of the AlN necessary to yield the high
piezoelectric coefficient

The X-ray wavelength was λ = 1.540598 Å and by using Bragg’s law the clattice constant for the AlN layer could be calculated. The obtained value was
4.9681 Å which is in good agreement with the value of the AlN found
elsewhere.

25.4.3.2. Scanning Electron Microscope (SEM)

The SEM is today a routinely used instrument for the examination of fine detail
for a variety of samples. The instrument is, in simple terms, analogous to an
optical microscope: the electron source (gun) is equivalent to the light source
and the glass lens is replaced by electromagnetic lens. Information from the
sample is collected and displayed on a viewing screen for visual interpretation.
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In Figure 15a, a cross section of the AlN/Pt/Ti/UNCD membrane (cantilevered)
is depicted. It exhibits a columnar microstructure; these columnar crystals are
perpendicular to the substrate surface, in agreement with the XRD results
where the AlN film is highly textured. In this case, the piezoelectric film
reaches a thickness of 417 nm after five hours of growth (Figure 15b).

Figure 15. SEM cross section of the film for the AlN/Pt/Ti/UNCD membrane.
a) cantilevered membrane, and b) measurements on the SEM image

A clarified view of the generated Si cavity can be appreciated in the SEM image
of the freestanding AlN/Pt/Ti/UNCD membrane on the Si substrate
(Figure 16). An in-focus image of the tilted Si walls (54.7°) can be seen where
the big square has the dimensions of the mask and the smaller square is the
AlN/Pt/Ti/UNCD membrane. The white frame surrounding the big square is
produced by the generated undercuts under the UNCD.

Figure 16. SEM image of the freestanding AlN/Pt/Ti/UNCD membrane on the Si
substrate
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The low temperature of the UNCD growth in addition to the AlN deposition
makes this innovative system compatible with CMOS chips and CMOS-driven
MEMS and NEMS systems. Successful integration of piezoelectric AlN and
UNCD films may enable the development of a new generation of biocompatible
piezoelectric-based drug delivery MEMS devices that will be implantable in the
human body.

The feasibility of the fabrication of a FBAR AlN/diamond structure is a very
promising device for FBAR applications, opening a huge field of biomedical
applications.

25.5. COMPARISON TABLE
Table 2 summarises the different developed biomedical systems.

IC Compatible?

Biocompatible?

Table 2. Summary of the biomedical systems analysed
Piezo
material

Fabrication

PVDF

melt extrusion followed
by stretching step and
exposed to very high
electric fields

Yes

No

thin-film
electroactive
device

AlN

magnetron sputter
deposition

Yes

Yes

AlN/UNCDbased
BioMEMS

AlN

System
polymerbased
electroactive
device

magnetron sputter
deposition + MPCVD

Yes

Yes

Application

– tissue engineering
– orthopaedics
– osteogenic
differentiation

– AlN thin-film-based
microbridge
– NEMS switches.
– micromachined
suspended bridge
structures

– hermetic
biocompatible
encapsulating coating
for Si-microchips
– AlN/diamond-based
SAW devices.
– FBAR piezoelectric
resonators
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