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7.1. INTRODUCTION 
Over the last decade, biodegradable polymers have replaced traditional  
non-degradable polymers in widespread applications in biomedical areas used 
for sutures, implantable materials, drug delivery systems, substrates for tissue 
engineering, and so forth. Compared to other implant materials, such as metals, 
biodegradable polymers degrade in vivo, by either enzymatic, microbial, or 
chemical process producing non-toxic byproducts [1-5]. The biomedical 
biodegradable materials must be carefully designed to achieve the need of the 
medical applications: (a) not eliciting an inflammatory response; (b) 
possessing a degradation time coinciding with their function; (c) having 
appropriate mechanical properties for their intended use; (d) producing non-
toxic degradation products that can be readily resorbed or excreted; and (e) 
including appropriate permeability and processability for designed application 
[6]. Currently, there is no a single material that satisfies all of these 
characteristics. Therefore, researchers can design and synthetize materials 
that match with desired biomedical function changing material chemistry, 
molecular weight, hydrophobicity, surface charge, water adsorption, 
degradation, and erosion mechanism [7-8]. Based on their origin, 
biodegradable polymers can be common classified as natural and synthetic 
materials. Natural biodegradable polymers are obtained from living organisms 
(i.e., bacteria) as intra- or extra- cellular products. Natural-based materials 
include polysaccharides (starch, alginate, chitosan, and hyaluronic acid 
derivatives) or proteins (soy, collagen, fibrin, gels, and silk) and 
polynucleotides (DNA, RNA). Synthetic biodegradable polymers are often 
synthetized by condensation reactions, ring opening polymerization, or metal 
catalysts and offer greater advantages than natural materials due to a wider 
range of properties and more predictable lot-to-lot uniformity. Synthetic 
biodegradable polymer includes poly(lactic acid) (PLA), poly(glycolic acid) 
(PGA), poly(lactic-co-glycolide) (PLGA) copolymers, and polycaprolactone 
(PCL). Nowadays, biodegradable materials play an important role in dental or 
maxillofacial surgery above all for bone regeneration and periodontal disease 
even if they were originally developed for other applications [9]. In particular, 
the dental practice over the past fifty years used a restorative approach that 
involves the restoring of the integrity of missing tooth structure without 
producing a fully functioning and structurally acceptable regenerated tissue. 
This approach has indicated the predominant use of metal implants and 
associated polymeric devices with little thought offered to the effects on local 
tissues. The novel regenerative approach, instead, aims to recover tooth 
physiological functions through the selective removal of infected tissue and the 
use of biodegradable materials acting as scaffold for transplanted stem cells, 
recruitmentof endogenous stem cells, and release of bioactive molecules, 
leaving cells to function in an appropriate manner to produce the required 
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extracellular matrix (ECM) and ultimately a tissue of a desired geometry, size, 
and composition [10]. Clinically, tooth loss can result from dental caries, 
periodontal disease, trauma, congenital anomalies, or chronic diseases. 
Restoration often experiences the formation of gaps between the prosthesis 
and natural tissue, leading to bacterial infiltration and development of 
secondary caries. In this context, dental regenerative therapies promote 
complete biological recovery of tooth components, favoring the treatment of 
the most prevalent chronic orofacial diseases (gingivitis, periodontitis, and 
caries) [11]. 

7.2. OROFACIAL STRUCTURES 
The periodontium (Figure 1) is the set of tissues supporting and investing the 
tooth and comprises dentogingival junction, root cementum, periodontal 
ligament, and alveolar bone. Each of these components has its specialized 
structure and defined function. Indeed, proper functioning of the periodontium 
is only achieved through structural integrity and interaction between its 
components [12]. The dentogingival junction is an adaptation of the oral 
mucosa that comprises epithelial and connective tissue components. This 
structure is essential to seal off periodontal tissues from the oral environment, 
maintaining a healthy condition. The junctional epithelium is an association of 
non-differentiated, stratified squamous cells with high turnover that surrounds 
the tooth connecting it to the gingival connective tissue [13]. The connective 
tissues form the greater part of the gingivae and contain an extensive vascular 
plexus where inflammatory cells extravasate [14] and instructive signals exist 
[15]. The root cementum is a hard, avascular connective tissue that coats the 
roots of teeth attaching the principal periodontal ligament fibers. It exists in 
two forms: the primary cementum, important in tooth attachment, that 
develops very slowly and has a degree of mineralization of about 45–60 %, and 
the secondary cementum, characterized by the presence of cementoblasts 
entrapped in lacunae within the matrix with repairing functions on resorptive 
defects and root fractures [16,17]. The periodontal ligament is a specialized 
connective tissue situated between the cementum covering the root of the 
tooth and the bone forming the alveolodental ligament, aimed to support the 
teeth in their sockets and allow them to withstand the forces of mastication. 
Moreover, the periodontal ligament acts as sensory receptor for the proper 
positioning of the jaws during mastication and is a cell reservoir for tissue 
homeostasis and repair⁄regeneration. The periodontal ligament consists of 
fibroblasts, epithelial cell rests of Malassez, undifferentiated mesenchymal 
cells, osteoblasts, osteoclasts, monocytes, macrophages, cementoblasts, 
odontoclasts, and an extracellular compartment comprising collagenous and 
noncollagenous matrix constituents. The cells are responsible for proteins and 
collagen synthesis and secretion, along with periodontal repair/regeneration 
[18]. Moreover, mesenchymal cells are involved in the restoring of lost bone 
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and cementum [19]. The matrix compartment is arranged in definite and 
distinct fiber bundles that adapt to the continual stresses placed on them and 
associate with vascular and neural elements to regulate vascular flow in 
relation to tooth function. Further, the noncollagenous matrix proteins include 
alkaline phosphatase [20], proteoglycans [21], and glycoproteins such as 
undulin, tenascin, and fibronectin [22] with a significant effect on the tooth’s 
ability to withstand stress loads. The alveolar bone is the portion of the jaws 
containing the sockets (alveoli) for the teeth. It consists of outer cortical plates 
(buccal, lingual, and palatal) of compact bone, a central spongiosa, and bones 
lining the alveolus (alveolar bone) that provide attachment for the periodontal 
ligament fiber bundles. The cortical plates consist of lamellae of fine-fibered 
bone while spongy bones also contain yellow marrow, rich in adipose cells 
[23]. The tooth, defined as the structure supported by the periodontium, is 
divided into crown (upper portion) and dental root (bottom portion), linked 
with a boundary zone called neck. The bulk of the dental hard tissue is dentin, 
which covers the dental pulp of the core. Enamel is the outer layer that 
surrounds the dentin in the crown area and cementum is the outer layer of the 
root area [24]. Specifically, the enamel is the hardest tissue in the body made 
up of 96 wt % inorganic materials, for the main part carbonated 
hydroxyapatite (HA) crystals and with traces of sodium, magnesium, chlorine, 
carbonate, potassium, and fluoride [24]. The enamel has an acellular and 
avascular structure, able to remineralize but without the capability to 
regenerate or repair itself. Dentin is hydrated tissue consisting of 50 vol % of 
carbonated HA minerals, 30 vol % of collagen and noncollagenous molecules, 
and 20 % of water [24]. Cementum is a mineralized avascular connective 
tissue, similar in composition to bone composed of 65 wt % of carbonated HA 
minerals, 23 wt % of organic matrix, and 23 wt % of water. The organic 
substance consists in proteoglycans and glycoproteins for the amorphous part 
and in collagen fibers for the structured one [24]. Dental pulp is a mucous 
connective tissue composed of amorphous gelatinous ground substance rich in 
glycoproteins, proteoglycans, and glycosaminoglycans (mostly hyaluronic 
acid). The dental pulp is the best cell source for tissue engineering, since it is a 
rich reservoir of stem cells residing in various areas (mainly in the root) and 
having numerous plasticity characteristics [25]. 
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Figure 1. Orofacial structures 

 

7.3. PATHOLOGICAL ALTERATIONS 
OF THE OROFACIAL REGION 

Diseases affecting teeth, gingival, and bone tissues are frequent and afflict a 
high percentage of the worldwide population. The American Association for 
Dental Research reports that 48 % of adults aged 35–44 years have 
inflammation of the gingiva (gingivitis) and 22 % destructive periodontal 
disease, that is, a major cause of tooth loss [26]. Indeed, chronic periodontal 
diseases are linked with major systemic illnesses such as cardiovascular and 
pulmonary pathologies, diabetes mellitus, osteoporosis, and adverse 
pregnancy outcomes [27,28]. Gingivitis and periodontitis have a common 
series of underlying events leading to tissue breakdown and tooth attachment 
loss. Specifically, periodontal pathogens, such as Porphyromonas gingivalis, 
perturb the integrity of the junctional epithelium allowing subgingival spread 
of bacteria and their antigens. The most frequently identified periodontal 
pathogens include microaerophilic species (i.e., Actinobacillus 
actinomycetemcomitans, Campylobacter rectus, and Eikenella corrodens) and 
anaerobic species (i.e., Porphyromonas gingivalis, Bacteroides forsythus, 
Treponema denticola, Prevotella intermedia, Fusobacterium nucleatum, 
Eubacterium, and spirochetes) [29]. The ensuing inflammatory response leads 
to the degradation of the underlying connective tissue, resulting in the 
structural and functional disintegration of the gingiva. This structural 
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alteration changes the direction of neutrophil migration and increases the size 
of epithelium free surface leading to an increased risk of bacterial plaque. 
Moreover, when gingivitis sets, the connective tissue bordering the junctional 
epithelium is altered by the inflammatory response and is not capable of 
signaling the epithelium to stop its downward movement. However, the major 
problem linked with gingivitis and periodontitis is the exacerbating of the 
host’s immune response to counteract bacterial infection. B-lymphocytes, T-
lymphocytes, and inflammatory mediators produce a number of 
proinflammatory cytokines and growth factors, in particular IL-1 and tumor 
necrosis factor-α (TNF-α) that are associated with bone resorption through the 
activation of cells of the osteoclast lineage [30,31]. Further, there is an 
increased expression of matrix metalloproteinases that destroy collagen [32]. 
Another diffused alteration of orofacial tissues is the dental decay, a 
dissolution of tooth mineral (primarily hydroxyapatite (Ca10(P04)6(0H)2)) by 
acids derived from bacterial fermentation of sucrose and other dietary 
carbohydrates. In fact, teeth surface is coated by an acquired pellicle, which 
consists of lipids and proteins, including salivary glycoproteins. Primary 
colonizing bacteria that express receptors for glycoproteins, such as 
Streptococcus oralis, Streptococcus mitis, Streptococcus gordonii, and 
Streptococcus sanguis, recognize the pellicle forming an initial biofilm of few 
layers that gradually grow with the appearance of later colonisers (e.g., gram 
negative cocci, Lactobacillus casei, and Actinomyces) to create the dental plaque 
[33]. However, in tooth decay, the fermentable carbohydrates stimulate the 
metabolic activity of the biofilm bacteria and generate pH variation in its fluid. 
When the pH of saliva is below a critical value of 5.5, tooth enamel 
demineralizes allowing the microorganisms penetrate into the enamel crystals 
as the lesion progresses [33]. Dental decay can be classified into primary caries 
when the lesions occur for the first time in a healthy tooth and secondary 
caries when the lesions develop adjacent to existing restoration sites [34]. 
Clinically, dental decay starts with a subsurface demineralization that can only 
be detected microscopically that evolves in a detectable subsurface lesion 
known as a white spot. The final stage is a cavitation on the tooth surface [33]. 
In Figure 2 was summarized the etiology of orofacial pathologies. 
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Figure 2. Etiology of orofacial pathologies 

 

7.4. RESTORATIVE APPROACHES TO PATHOLOGICAL 
ALTERATIONS 

The classical restorative therapeutic approaches for orofacial diseases include 
extrinsic dental interventions (e.g., tooth filling, tooth extraction) and 
implantation of inert, artificial substitutes (e.g., metal, ceramic) [35]. In 
particular, the selective removal of infected tissues and the preservation of 
healthy cells structures serve as solid support for a functional, efficient, 
durable, and integrated restoration [36,37]. Specifically, “flap surgery” (or 
pocket reduction surgery) consists of tiny incisions to lift back a section of gum 
tissue exposing the roots for more effective scaling and root planning, “soft 
tissue graft,” has a small amount of tissue removed from the roof of the palate 
and attached to the affected site in order to reduce gum recession, cover 
exposed roots, and give a more pleasing appearance to the teeth, and “bone 
grafting” applies small fragments of synthetic or donated dental bone to the 
damaged site to hold the tooth in place and serve as a platform for the 
regrowth of natural bone. Moreover, “guided tissue regeneration” uses 
biocompatible membranes (both resorbable or not) placed between existing 
bone and teeth to prevent unwanted tissue from entering the healing area, and 
“enamel matrix derivative application” involves the application, to a diseased 
tooth root, of a special gel containing the same proteins found in developing 
tooth enamel in order to stimulate the growth of healthy bone and tissues [38]. 
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Similarly, tooth restorations include fillings, inlays, and crowns to repair 
damage to individual teeth and bridges, partial dentures, complete dentures, 
and implants, to protect the shape and function of the mouth as a whole. 
Fillings are liquid or soft solid materials used to pervade and repair the 
damage caused by tooth decay. Inlays have a similar function but they are 
shaped outside the patient's mouth and then cemented into place. Crowns are 
devices made of gold, stainless steel, tooth-coloured porcelain, or resin able to 
replace the portion of the tooth covered by the enamel. Bridges are non-
removable appliances of one or more artificial teeth anchored on the adjacent 
teeth. Partial dentures are removable devices used to fill gap left by missing 
teeth linked to the abutment tooth with a metal clasp. Complete dentures 
consist of artificial teeth mounted in a plastic base molded to fit the remaining 
oral anatomy. Implants are hard polymeric or metal fixtures implanted into the 
bone and anchored in the oral cavity after bone growth. Restorative orofacial 
devices must be biocompatible and guarantee good resistance and handling 
[39]. Suitable materials for their production are classified (Table 1):  
Porcelains, ceramic elements made by heating clay, generally including kaolin, 
to temperatures between 1,200 and 1,400 °C: such compounds are used to 
fabricate teeth for the anterior part of the mouth and, with the introduction of 
stronger porcelains together with the development of cementing systems, to 
construct inlays [40]. 
Dental amalgams, alloys of mercury with silver and other metals (e.g., tin and 
copper) used to fill cavities caused by tooth decay: the original formulation of 
dental amalgams was considerably modified by the addition of copper and 
zinc, to enhance their physical properties [41]. 
Acrylic resins, a group of related thermoplastic or thermosetting polymeric 
substances derived from acrylic acid, methacrylic acid, or other acrylates that 
are widely diffused to fabricate dentures due to their excellent 
biocompatibility, aesthetical properties, and easy handling [42]. However, 
acrylic polymers are susceptible to wear and shrinkage due to the uncomplete 
conversion of the monomers during polymerization reaction and these 
phenomena can lead to poor marginal seal and fractures [43].  
Composite resins, fillers for tooth cavities made of synthetic monomers able to 
form the resin matrix (e.g., dimethacrylate), reinforcing fillers (e.g., radiopaque 
glass, quartz, or silica), chemical agents (to promote the polymerization 
reaction), and silane [44]: composite resins are the most commercialized 
materials for restoration, as shown by the widespread utilization of triethylene 
glycol dimethacrylate (TEGDMA) or urethane dimethacrylate (UDMA) blended 
with bisphenol-glycidyl methacrylate (bis-GMA) [45]. 
Inorganic fillers, such as silicon dioxide, quartz in its crystalline state, 
aluminium oxide (Al2O3), titanium dioxide (TiO2), zinc oxide (ZnO), and 
zirconium oxide (ZrO2), that are easy to handle but not immune from marginal 
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degradation during time and the consequent gap formation between the 
tissue/material interface [46].  
Fluoroapatites, phosphate minerals formed by fluoride binding to calcium HA 
used as fillers able to conduct enamel mineralization and interfere with 
bacterial metabolism and dental plaque acidogenicity [47]: such materials can 
also remineralize dentin and help prevent secondary caries [48,49]. 
Glass ionomer cements (GICs) (also referred to as polyalkanoate cements or 
aluminosilicate-polyacrylic acid cements), glassy powder based on acid soluble 
calcium fluoroaluminosilicate and polyacrylic acids with copolymers in liquid 
form used for dental fillings and luting cements, capable of stabilizing teeth 
calcium-deficient carbonated HA by ion exchange [50]: the carboxylic groups 
of GICs replace the phosphate ions of the teeth HA surface to establish ionic 
bonds with calcium ions derived from the partially dissolved crystals [51]. GICs 
interfere with subgingival biofilm formation, decreasing the irritation of the 
periodontal tissues [52]. Examples of commercialized GICs are Fuji IX GP, Ketac 
N100, Dyract eXtra, and Wave [53,54].  
Resin-modified glass ionomer cements (RMGICs), formed starting from GICs 
through acid-base reaction and free radical polymerization mechanisms: 
RMGICs have highly packed filler composition (~ 69 %), of which 
approximately two-thirds are nanofillers useful to improve thermomechanical 
properties and to set a controlled release of active principles [55]. 
Giomers, restorative materials derived from composites and GICs, constituted 
by a glass core coated with 3 semi-permeable layers that protect the durability 
and aesthetics of the glass, while allowing ions to travel freely between the 
glass core and the oral environment. Such materials are often fluoride 
modified. Giomers are widely used in toothpaste, topic gels, mouth rinse, and 
fluoridated water [56]. 
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Table 1. Restorative materials 
Material Description Uses Appearance Risk/benefits Ref. 

Porcelaines 

 

Ceramic 
elements that 

are bonded into 
place 

Fillings, 
crowns, 
inlays 

Tooth 
coloured 

Brittle. Well 
tolerated. Not 

harmful. 

[40] 

Amalgams 
 

 
 

Alloys of 
mercury with 

silver and other 
metals. Harden 

by chemical 
reaction. 

Fillings. Silver 
coloured.  

Well tolerated. 
Rare sensitivity 

and allergies. 
Not harmful. 

[41] 

Acrylic resins 

 

Thermoplastic 
substances able 

to cross-link. 

Dentures. Transparent. Excellent 
biocompatibility. 
Easy handling. 

[42] 

Composite resins 

 
 

Mixtures of 
glass filler and 

acrylic that 
harden by 
chemical 
reaction 

Fillings, 
sealants. 

Tooth 
coloured. 

Well tolerated. 
Exposure to a 
small amount 

of estrogen-like 
materials.  

[44,45] 
 

Inorganic fillers 

 

Metal oxides of 
various 

elements 

Fillings. Colour of the 
metal used. 

Easy to handle. 
Can have 
marginal 

degradation 
during time. 

[46] 

Fluoroapatites 

 

Phosphate 
minerals 

formed by 
fluoride binding 
to calcium HA. 

Fillings. Opaque. Well tolerated. 
Rare sensitivity 

and allergies. 
Not harmful. 

[47-49] 

Glass ionomers  

 

Divided into 
glass ionomer 

cements, Resin-
modified glass 

ionomer 
cements and 

giomers. 
Powder\liquid 
mixtures that 

harden by 
exposure to 

light.  

Fillings, 
sealants, 
cements 

for crown 
and 

bridges. 

Opaque. Well tolerated. 
Not harmful. 

Low resistance 
to wear and 

fracture.  

[50-56] 
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7.5. DENTAL REGENERATIVE THERAPY 
The restorative approach often allows the formation of gaps between the 
prosthesis and natural tissue, leading to bacterial infiltration and development 
of secondary caries. Dental regenerative therapies are currently expected as 
therapeutic innovations to recover tooth physiological functions overcoming 
dental restorative limits. Dental regeneration began when 
epithelial/mesenchymal interactions within the developing tooth germ initiate 
differentiation of a population of ectomesenchymal cells in the dental papilla 
into odontoblasts. Odontoblast cells are postmitotic and are responsible for the 
secretion of primary dentine. Following primary dentinogenesis, these 
odontoblasts remain functional and secrete physiological secondary dentine at 
a continuing, reduced rate. These cells retain the ability to respond to mild 
environmental stimuli and upregulate their secretory activity during 
reactionary dentinogenesis leading to dentinal regeneration [57]. However, a 
more intensive stimulus may lead to death of the existing odontoblast 
population and, in such cases, dentin regeneration is mediated by the 
differentiation of a new generation of odontoblast-like cells from a precursor 
population during the process of reparative dentinogenesis [58]. The key issue 
in dental regeneration relates to the implementation of an appropriate 
environment (“niche”) for cells recruitment and complete functional 
integration [59]. Two alternative regenerative routes are available with the use 
of these tailored biomaterials (Figure 3). In “tissue engineering” progenitor 
cells are seeded onto synthetic scaffolds. The cells grow outside the body, 
become differentiated, and mime naturally occurring tissues. These  
tissue-engineered constructs are then implanted into the patients to replace 
diseased or damaged tissues. Differently, the “in situ tissue regeneration” 
approach involves the use of biomaterials in the form of powders, solutions, or 
microparticles to stimulate local tissue repair. Bioactive materials release 
chemicals by diffusion or network breakdown and activate the cells in contact 
with these stimuli [60]. Then, the critical prerequisite for successful tissue 
regeneration is an appropriate ECM, as ECM provides physical scaffolding for 
the cellular constituents and initiates crucial biochemical and biomechanical 
cues required for tissues morphogenesis, differentiation, and homeostasis [61]. 
Biodegradable biomaterials used as ECM provide an environment that 
supports stem cells differentiation in the presence of other cofactors, such as 
serum-containing cell culture medium or biochemical supplements [62,63]. 
Afterwards, they are eliminated from the body, in order to avoid parenteral 
storage of long-lasting foreign compounds [64]. Biodegradable polymers 
established in clinical applications have controlled degradation rate [64,65], 
avoid the production of byproducts [64], and preserve mechanical and 
chemical properties [66,67]. Materials meeting these requirements and used 
for periodontal or tooth regeneration [68,69] are classified as hydrolytically 
and enzymatically degradable [70-73]. 
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Figure 3. Regenerative routes 

 

7.6. HYDROLYTICALLY DEGRADABLE POLYMERS 
Polymers with a backbone of hydrolytically labile chemical bonds deteriorate, 
after water addition, into two species, one with hydrogen atom and the other 
gaining the hydroxyl group. The degradation rates vary from very 
hydrolytically unstable materials to extremely hydrolytically stable polymers 
[74]. However, certain degradation rates can be modulated through chemical 
substitution. In fact, hydrolytic stability depends on water diffusion, monomer 
solubility, and device geometry and size. The hydrolytic erosion can involve 
material surface or the bulk [75]. Surface hydrolysis has greater degradation 
on the water-device interface compared to the rate at which water diffuses into 
the bulk. Conversely, bulk erosion is characterized by a faster water diffusion 
than surface degradation, leading to mass loss occurring throughout the 
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material [75]. These categorizations are extremely important in the planning of 
materials applications. For example, a composite with surface erosion can be 
used in sustained drug delivery thanks to its ability to maintain tailored 
payload release kinetics [76], whereas, for applications requiring a permeable 
membrane like in tissue engineering, bulk eroding materials allow the needed 
hydrolytic diffusion [77]. 

7.6.1 Polyesters 
Polyesters (PE) are a class of polymers that contain aliphatic ester bonds in 
their backbone. The hydrolytically stable nature of these linkages means that 
only polyesters with short aliphatic chains can be utilized as degradable 
polymers for biomedical applications. Moreover, these polymers are mildly 
hydrophobic and undergo bulk erosion [78]. PE are the most researched 
degradable biomaterials due to their simple synthesis and commercial 
availability [79].  
Polyglycolide or PGA is one of the first degradable polymers investigated for 
biomedical use. PGA has melting point (Tm) greater than 200 °C, glass 
transition temperature (Tg) of 35–40 °C, and very high tensile strength 
(12.5 GPa) [80]. Due to PGA rapid degradation, insolubility in many common 
solvents, and production of glycolic acid as side product (a substance linked 
with a strong inflammatory response) [81,82], limited research was conducted 
with PGA-based drug delivery devices. However, recent papers reported the 
utilization of PGA as filler material coupled with other degradable polymer 
networks. Examples are the degradable suture DEXON® [83], the internal bone 
pin Biofix® [84], many published works in which PGA is used as a scaffold for 
bone [85-87], cartilage [88,89], tendon [90], vaginal [91], intestinal [92], 
lymphatic [93], and spinal [94] regeneration. In dentistry, Ohara et al. 
evaluated the in vivo regeneration of porcine tooth germ-derived cells 
implanted in polyglycolic acid fiber and β-tricalcium phosphate porous block 
scaffolds for the formation of tooth bud-like structures [95]. Similarly, 
Bäumchen et al. used PGA fleeces to counteract the postoperative apical 
growth of epithelium on teeth. Such devices were suitable as scaffold structure 
for human gingival fibroblasts thanks to their significant influence on the 
proliferation of the cells. In particular, these absorbable textile scaffolds, 
placed between the operated tooth and its nearby tissues, served as 
mechanical barrier and prevented undesired apical epithelial growth, allowing 
new formation of human gingival fibroblasts when the scaffolds were 
colonized with autologous cells [96]. 
Polylactide or PLA is a degradable polyester which possesses chiral molecules 
and comes in four forms: poly(L-lactic acid) (PLLA), poly(D-lactic acid) (PDLA), 
poly(D,L-lactic acid) (PDLLA; a racemic mixture of PLLA and PDLA), and meso-
poly(lactic acid). Among these, only PLLA and PDLLA are extensively studied. 
PLLA has Tg of 60–65 °C, melting temperature of around 175 °C, and 
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mechanical strength of 4.8 GPa [97,98]. The additional methyl group in PLA 
causes the polymer to be much more hydrophobic and stable against 
hydrolysis, compared to PGA (high molecular weight PLLA requires more than 
5 years to be completely resorbed in vivo) [99]. Then, PLLA is modified or 
copolymerized with other degradable polymers to reduce degradation time, as 
shown by the use of radiations to create radicals in the ester alpha carbon 
which, upon rearrangement, shortens the polymer backbone through the 
removal of an ester bond and the release of carbon dioxide [100,101]. PLLA is 
used as bone fixator, scaffold for bone [102,103], cartilage [104], tendon [105], 
neural [106], and vascular [107] regeneration. Similarly, PDLLA is an 
amorphous polymer with the random positions of its two isomeric monomers 
within the polymer chain. Poly(D,L-lactic acid) has Tg of 55–60 °C and 
mechanical strength of 1.9 GPa [80]. This polyester requires over a year to 
properly erode and it is commonly used as drug delivery film [108] and tissue 
engineering scaffold [109-111]. In dentistry, Hile et al. investigated the 
resorption rate of polylactide-based internal fixation devices. Such devices 
control the acid generation resulting from the hydrolysis of the polymer and 
avoid the potential chronic inflammation, also in the presence of 
osteoconductive buffers [112]. Peltoniemi et al. reviewed the use of PLA 
bioabsorbable osteofixation devices in craniomaxillofacial surgery. Such 
devices are applied in the treatment of fractures and osteotomies and find 
application as self-reinforced materials for internal fixation of the bone [113]. 
Poly(lactide-co-glycolide) (PLGA) is a polymer derived from the random 
copolymerization of PLA (both L- and D,L-lactide forms) and PGA. PLGA 
properties can be modulated through the careful choice of copolymer 
composition. For example, degradation times of 50 : 50 PLGA, 75 : 25 PLGA, and 
85 : 15 PLGA (LA/GA) are 1–2 months, 4–5 months, and 5–6 months, 
respectively. PLGA is the most investigated degradable polymer for biomedical 
applications and is used in sutures, drug delivery devices, and tissue 
engineering scaffolds. In fact, PLGA 10 : 90 (Vicryl®, Ethicon) and the 
copolymer LA/GA ratio 90 : 10 (Panacryl®, Ethicon) are used as suture 
materials [114,115] and microspheres, microcapsules, nanospheres, or 
nanofibers of PLGA are available to deliver chemotherapeutics [116,117], 
proteins [118], vaccines [119], antibiotics [120], analgesics [121], anti-
inflammatory [122], and siRNA [123,124]. Moreover, PLGA demonstrates great 
cell adhesion and good proliferation properties making it an excellent 
candidate for application in tissue engineering, as shown by the available 
scaffolds for the engineering of bone [125,126], cartilage [127], tendon [128] 
[129], skin [130], liver [131], and nerve tissues [132]. PLGA scaffolds are also 
used to regenerate damaged tissues in regenerative dentistry, together with 
stem cell-based therapy. In fact, in a work of Hassan, bone formation was 
obtained with PLGA carriers incorporated with autogenous bone graft [133] or 
different bone promoting substances such as the bone morphogenetic protein  
BMP-2 [134] and simvastatin [135]. PLGA was also used for alveolar ridge 
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augmentation through the reconstruction of atrophic sites in association with 
bone allograft and osteoinductive proteins [136]. In vivo experiments 
demonstrated how PLGA scaffolds loaded with simvastatin and stromal cell- 
-derived factor-1α (SDF-1α) (an osteoinductive protein) promote bone 
regeneration significantly more than controls in mouse calvarial defects [137] 
and how the addition of recombinant human bone morphogenetic proteins to 
the PLGA-gelatin sponge scaffolds significantly increases bone formation with 
no immune or other adverse reactions in alveolar ridge augmentation in dogs 
[138]. Similarly, PLGA/calcium phosphate bilayered biomaterials were 
employed in class II furcation defects in dogs, resulting in greater periodontal 
regeneration than traditional flexible membranes [139]. Besides, PLGA/apatite 
scaffolds [140], PLGA/β-tricalcium phosphate scaffolds [141], and beta- 
-tricalcium phosphate particles with rhGDF-5 (enhancer of bone and cement 
formation) immersed in PLGA [142] were shown to be effective in bone 
formation. Shirakata et al. demonstrated how PLGA/HA scaffolds promote cell 
proliferation and differentiation of stem cells [143] and regenerate bone if 
seeded with differentiated fat cells [144]. Marei et al. used PLGA scaffolds 
alone or in combination with mesenchymal stem cells or dental pulp stem cells, 
against maxillary sinus augmentation, obtaining bone regeneration [145]. 
Another dental application of PLGA relates to the use as guided scaffolds for 
dental stem cells aimed to create tooth-like structures which are subsequently 
transplanted in vivo. For example, El-Backly et al. produced, with this method, 
osteodentine-like structures and tubular bilayered structures of vertically 
aligned parallel tubules resembling tubular-like dentine in rabbits [146]. 
Furthermore, PLGA/tricalcium phosphate with tooth bud cells produce  
dentin-like and pulp-like tissues [147] and PLGA scaffold with stromal cells 
from the adipose tissue are able to regenerate bones, periodontal ligaments, 
and cementum layers [148]. PLGA is also used for sustained drug release in 
endodontics. For example, PLGA microspheres produced by Sousa et al. are 
able to deliver amoxicillin at significant levels in the root canal [149]. Chitosan 
coated PLGA microspheres incorporated with recombinant Streptococcus 
mutans glucan-binding protein D (rGbpD) are potentially used as dental 
vaccine [150] and thrombin-loaded poly(D,L-lactide-co-glycolide) 
microspheres are utilized as a new biodegradable haemostatic device [151]. 
Periodontology can also profit from the controlled delivery proprieties of PLGA 
microparticles. In fact, tetracycline [152], doxycycline [153], and chlorhexidine 
[154] are effectively released locally for periodontal treatment and 
regeneration. Similarly, PLGA microspheres incorporated with HA and 
ofloxacin showed good results against S. aureus and E. coli [155], while  
PDLLA-PLGA microparticles filled with growth and differentiation factors 
accelerate osteogenesis, bone maturation, fibers realignment, and 
cementogenesis of the periodontal apparatus in rats maxillae [156]. Hong et al. 
found that the intracellular delivery of estrogen using cationic PLGA 
microparticles significantly upregulates osteogenic differentiation of human 
bone marrow mesenchymal stromal cells [157] while PLGA microspheres 
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containing simvastatin [158], endothelial growth factors [159], or 
dexamethasone [160] significantly enhance bone formation. Other applications 
of PLGA relate to better osteointegration of titanium implants through PLGA 
microparticles loaded with growth factors [161,162] and the treatment of 
alveolar bone resorption with bisphosphonate PLGA microspheres [163]. In 
particular, injectable PLGA microspheres containing fluvastatin enhanced 
osteogenesis around titanium implants in the rat tibia [164] and PLGA 
microparticles loaded with insulin improved biomechanical retention of 
implants on type I diabetic rats [165]. 
Polyhydroxyalkanoates (PHA) are biodegradable polyesters produced by both 
bacterial and synthetic routes. The most common polymer of this class is 
poly(3-hydroxybutyrate) (PHB), a semi-crystalline isotactic material that 
undergoes surface erosion due to the hydrophobicity of the backbone and its 
crystallinity [166]. PHB has glass transition temperature of 5 °C and melting 
temperature ranging from 160 to 180 °C [167]. The hydrolytic degradation of 
PHB results in the formation of D-(−)-3-hydroxybutyric acid that is fully 
biocompatible, as normal blood constituent [168]. PHB is commonly 
copolymerized with 3-hydroxyvalerate to create poly(3-hydroxybutyrate)-co-
valerate (PHBV). PHBV has melting temperature of 80–160 °C and glass 
transition temperature in the range of −5–20 °C, depending on HV content 
[169]. PHBV is used in tissue engineering of bone [170], cartilage [171], skin 
[172], and nerves [173]. PHA are also utilized in association with other 
polymers [174,175] or modified with additives to enhance their stability 
[176,177]. In dentistry, Ueda et al. inserted medium-chain-length PHA into the 
defect created in a rabbit’s mandible, showing osteoconductive properties 
which promoted bone regeneration. In particular, space making PHA 
membranes functioned as permeable barriers useful to shut out the inner 
growth of soft tissues promoting new bone growth and supplying nutrients. 
Such membranes degraded when tissues regained their original shape and 
function [178]. Similarly, Galgul et al. evaluated the histological response of 
PHBV membranes finding good toleration and little downgrowth of epithelial 
tissues [179]. Leenstra et al. investigated the use of nonporous PHBV films to 
keep the mucoperiosteum and bone separated until the completion of the 
transition of teeth (at about 24 weeks). Compared to PLA or PCL, PHBV films 
were more suitable for this procedure in terms of mechanical properties and 
tissue response [180]. 
Polycaprolactone (PCL) is semi-crystalline polyester with low in vivo 
degradation rate, melting temperature of 55–60 °C, glass transition 
temperature of −54 °C, and high solubility in a wide range of organic solvents 
[181]. Moreover, it has low tensile strength (~23 MPa), but very high 
elongation at breakage (4700 %) making it a good elastic biomaterial [81] 
[182]. PCL is used in the production of implants composed of adhered 
nano/microspheres [183], electrospun fibers [184,185], or porous networks 
[186] used for regeneration of bone [187,188], ligament [189,190], cartilage 
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[191], nerve [192], and vascular tissues [193]. In addition, PCL is often blended 
or copolymerized with other polymers like polyesters and polyethers to 
expedite overall polymer erosion [194]. In dentistry, PCL elicits odontogenic 
differentiation of human dental pulp cells. In fact, Kim et al. fabricated, by 
electrospinning, apatite mineralized polycaprolactone nanofibrous scaffolds 
and compared them with pure polycaprolactone scaffolds. The mineralized 
polycaprolactone scaffolds improved mineralized nodule formation, 
expression of odontoblastic marker genes, and growth and odontogenic 
differentiation of human dental pulp cells, compared to pure PCL scaffolds 
[195]. Similarly, Chuenjitkuntaworn et al. fabricated a 3D PCL/HA scaffold and 
studied its ability to support cell growth, gene expression, and osteogenic 
differentiation of bone marrow-derived mesenchymal stem cells, dental pulp 
stem cells, and adipose-derived mesenchymal stem cells. The scaffold 
supported the growth of all of these three types of stem cells and improved 
calcium deposition [196]. 
Poly(propylene fumarate) (PPF) is a high strength polyester with the ability to 
be cross-linked through the unsaturated bonds in its backbone. Then, its 
degradation depends on molecular weight, cross-linker, and cross-linking 
density [197]. Physically, PPF is an injectable liquid which becomes solid after 
cross-linking. PPF is used as filling for bone defects [198] and as depot for the 
long-term delivery of ocular drugs [199]. Besides, in osteogenic tissue 
engineering, PPF is used in association with HA [200] or alumoxane [201] to 
create bioactive scaffolds. In dentistry, Alge et al. produced PPF reinforced 
dicalcium phosphate dihydrate cement composites to obtain strong materials 
with mechanical properties suitable for bone tissue engineering. Such 
scaffolds, implanted into calvarial defects in rabbits for 6 weeks with 
mesenchymal stem cells, resulted in numerous bone nodules with active 
osteoblasts within the scaffold pores [202]. Similarly, Shahabi et al. developed 
degradable poly(propylene fumarate)/bioactive glass (PPF/BG) composite 
scaffolds based on a microsphere technique and investigated the effects of BG 
content on the characteristics of these composite scaffolds. The silicon released 
from the BG enhanced the formation of the calcium phosphate layer of teeth. 
Moreover, the evaluation of the in vitro degradation of composite 
microspheres revealed that the weight of scaffolds remains relatively constant 
during the first 3 weeks and then decreases slowly, losing 10.5 % of their 
initial mass by week 12, validating their application in tissue engineering 
[203].  
Table 2 acts as summary of polyester based devices used for dentistry.  
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Table 2. Polyesters based dentistry devices 
 Device 

PGA 

 

PGA fiber and β-tricalcium phosphate 
porous block scaffolds for the formation of 

tooth bud-like structures [95] 
 

PGA fleeces [96] 

PLA 

 

PLA-based internal fixation devices [112] 
PLA bioabsorbable osteofixation devices 

[113] 

PLGA 

 
 

PLGA carriers incorporated with autogenous 
bone graft [133] 

PLGA carriers incorporated with bone 
promoting substances [134] 

PLGA carriers incorporated with simvastatin 
[135] 

PLGA devices for alveolar ridge 
augmentation [136] 

PLGA scaffolds loaded with simvastatin and 
SDF-1α [137] 

PLGA-gelatin sponge with recombinant 
human bone morphogenetic proteins [138] 

PLGA/calcium phosphate bilayered 
biomaterials [139] 

PLGA/apatite scaffolds [140] 
PLGA/β-tricalcium phosphate scaffolds 

[141] 
Beta-tricalcium phosphate particles with 

rhGDF-5 immersed in PLGA [142] 
PLGA/HA scaffolds [143,144] 

 
PLGA scaffolds with mesenchymal stem cells 

or dental pulp stem cells against maxillary 
sinus augmentation [145] 

Osteodentine-like PLGA structures [146] 
PLGA/tricalcium phosphate with tooth bud 
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Table 2. (continued) 
 Device 

 

cells [147] 
PLGA scaffold with stromal cells from the 

adipose tissue [148] 
PLGA microspheres delivering amoxicillin 

[149] 
Chitosan coated PLGA microspheres [150] 

Thrombin-loaded poly(D,L-lactide-co-
glycolide) [151] 

PLGA microparticles with tetracycline [152] 
PLGA microparticles with doxycycline [153] 
PLGA microspheres with HA and ofloxacin 

[155] 
PDLLA-PLGA microparticles [156] 
PLGA microparticles for osteogenic 

differentiation of human bone marrow 
mesenchymal stromal cells [157] 

PLGA microspheres containing simvastatin 
[158] 

PLGA microspheres containing endothelial 
growth factors [159] 

PLGA microspheres containing 
dexamethasone [160] 

PLGA microparticles loaded with growth 
factors [161,162] 

Bisphosphonate PLGA microspheres [163] 
Injectable PLGA microspheres containing 

fluvastatin [164]  
PLGA microparticles loaded with insulin 

[165] 

PHA 

 

Medium-chain-length PHA as permeable 
barriers to promote bone growth [178] 

PHBV membranes [179] 
Nonporous PHBV films [180] 
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Table 2. (continued) 
 Device 

PCL 

 

Apatite mineralized PCL nanofibrous 
scaffolds [195] 

3D PCL/HA scaffold [196] 

PPF 

 

PPF reinforced dicalcium phosphate 
dihydrate cement composites [202] 

PPF/bioactive glass composite scaffolds 
based on a microsphere technique [203] 

 

 

7.6.2. Polyanhydrides 
Polyanhydrides (PAN) are a class of surface eroding polymers that contain two 
carbonyl groups linked by an ether bond. The degradation of the anhydride 
bond is highly dependent on polymer backbone chemistry, ranging by over six 
orders of magnitude. PAN are used for the delivery of chemotherapeutics 
[204], antibiotics [205], vaccines [206], and proteins [207]. In particular, 
simple aliphatic homopolyanhydrides have limited applications due to their 
rapid degradation. Then, these materials are copolymerized with hydrophobic 
aromatic diacid monomers [208] or aliphatic fatty acid dimers [209] for drug 
delivery applications, while methacrylated polyanhydrides and cross-linked 
PAN are used in tissue engineering [210,211]. In dentistry, Anseth et al. 
developed a new family of photopolymerizable, methacrylated anhydride 
monomers and oligomers with PAN that combine high strength, controlled 
degradation, and photoprocessibility in a single system. These networks have 
degradation times ranging from 1 week to 1 year and retain up to 90 % of their 
tensile modulus at 40 % mass loss. In vivo studies in rats resulted in excellent 
osteocompatibility [212]. Similarly, Hasturk et al. studied the effects of the use 
of light/chemically hardened polymethyl methacrylate, polyhydroxylethyl-
methacrylate, and calcium hydroxide graft material in combination with 
polyanhydride around dental implants and extraction sockets. The histologic 
evaluations supported the implant stability and confirmed that this device 
provides a great bone-to-implant contact with a well-organized implant-bone 
interface, resulting in being effective in crestal augmentation during immediate 
implant placement [213]. Uhrich patented oral administered polyanhydrides 
which degrade into biologically active salicylates and alpha-hydroxy acids 
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against dental inflammatory pathologies [214]. A subsequent patent of the 
same author provided PAN linked with low molecular weight drugs containing 
a carboxylic acid group and an amine, thiol, alcohol, or phenol group within 
their structure as polymeric drug delivery systems for the same applications 
[215]. Similarly, Johnson described biodegradable polyanhydrides fabricated 
into disks, coatings, microspheres, and tubes used as potential treatment for 
periodontal diseases, orthopedic injuries, nerve regeneration, and biofilm 
formation, due to the presence of salicylic acid ampicillin in the polymer 
backbone [216]. Table 3 summarizes PAN based devices used for dentistry. 
 

Table 3. PAN based dentistry devices 

 Device 

PAN 
 

 

Photopolymerizable, methacrylated anhydride 
monomers, and oligomers with PAN for dental tissue 

engineering [212] 
Light/chemically hardened polymethyl methacrylate, 

polyhydroxylethylmethacrylate, and calcium 
hydroxide graft with polyanhydride around dental 

implants and extraction sockets [213] 
Oral administered PAN which degrade into 

biologically active salicylates and alpha-hydroxy 
acids [214] 

PAN linked with low molecular weight drugs 
containing a carboxylic acid group and an amine, 

thiol, alcohol, or phenol group within their structure 
[215] 

Biodegradable PAN fabricated into disks, coatings, 
microspheres, and tubes [216] 

 

7.6.3. Polyacetals 
Polyacetals (PA) are degradable polymers in which two ether bonds are 
connected to the same carbon molecule (geminal). The molecular closeness of 
the ether bonds, normally stable in water, conveys hydrolytic instability and 
gives PA surface eroding properties. PA are classified into two subgroups: PA 
that have only one of the two geminal bonds possessing hydrogen atom and 
polyketals, with no geminal linkages containing hydrogens. These materials 
have wide application in biomedical research since their degradation products 
possess no carboxylic acids, yielding significantly milder pH 
microenvironments. Moreover, their erosion is acid-catalyzed [217]. PA 
microparticles and nanoparticles are used as delivery systems in the treatment 
of acute inflammatory diseases [218], ischemic heart diseases [219], and 
cancer and vaccines [220]. For most implant applications, cyclic polyacetal 
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homopolymers and those copolymerized with poly(ethylene glycol) (PEG) 
diacrylate have shown preliminary promise as osteogenic biomaterials for 
bone tissue engineering [221]. In dentistry, the use of PA is widely diffused in 
restoration. Fitton et al. described polyacetal injection-moulded resins 
marketed for the construction of retentive and supportive components of 
removable partial dentures [222]. The same application was reported by 
Savion et al. that studied the use of dental D (polyacetal resin) as an alternative 
for chrome-cobalt removable partial denture [223]. Similarly, Jiao et al. 
investigated the influence of polyacetal resin supporting components on the 
load transfer characteristics of unilateral distal extension removable partial 
dentures. PA focus the highest stresses on the abutment and on the bone, 
leading to more equitably distributed forces on the traditional metal 
framework of removable partial dentures [224]. Table 4 lists PA based devices 
used for dentistry. 
 

Table 4. PA based dentistry devices 
 Device 

PA 
 

 

Polyacetal injection-moulded resins for retentive and 
supportive components of removable partial 

dentures [222] 
 

Dental D polyacetal resin partial dentures [223] 
 

 Polyacetal based removable partial dentures [224] 
 

7.6.4. Poly(ortho esters) 
Poly(ortho esters) (POE) are substances with three geminal ether bonds. POE 
are hydrophobic, with surface eroding degradation and controllable backbone 
chemistry that allows the synthesis of polymers with varied acid-catalyzed 
degradation rates and properties. In particular, POE incorporating short 
segments of lactic or glycolic acid into the polymer backbone, in order to 
expedite degradation, are used for the delivery of analgesics [225], DNA 
vaccines [226], and antiproliferative drugs [227]. However, POE capacity to be 
used as tissue engineering scaffolds is limited by their weak mechanical 
properties and the induction of a mild to moderate inflammatory response 
[228]. Also in dentistry, POE are mainly used as drug delivery systems. 
Roskos et al. prepared POE by the condensation of 1,2,6-hexanetriol and an 
alkyl orthoacetate incorporating tetracycline. Unmodified materials have 
complete release within about 24 hours while the addition of Mg(OH)2 

extended the release to weeks. In addition, these materials are injectable and 
with dentoadhesive capacity, being useful in the treatment of periodontitis 
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[229]. Similarly, Schwach-Abdellaoui et al. produced semisolid POE solutions 
containing tetracycline free base for the direct injection in the periodontal 
pocket. Such systems showed sustained release in phosphate buffer, pH 7.4 at 
37 °C, for up to 14 days. These POE formulations containing 10 % or 20 % 
(wt/wt) tetracycline were tested in a panel of 12 patients suffering from 
severe and recurrent periodontitis, resulting in prolonged retention in the 
inflamed periodontal pockets and high tetracycline concentrations in the 
gingival crevicular fluid [230]. Erdmann et al. investigated the effects of 
degradable poly(anhydride ester) implants in which the polymer backbone 
breaks down into salicylic acid on new bone formation. These active polymer 
membranes placed on the palatal bone adjacent to the maxillary first molars 
resulted in less inflamed tissues, greater thickness of new palatal bone, and no 
resorptive areas [231]. Table 5 summarizes POE based devices used for 
dentistry. 
 

Table 5. POE based dentistry devices 
 Device 

POE 
 

 
 

POE incorporating tetracycline [229,230] 
POE with Mg(OH)2 incorporating tetracycline 

[229,230] 
Degradable poly(anhydride ester) implants in which 

the polymer backbone breaks down into salicylic 
acid [231] 

 

 

7.6.5. Polycarbonates 
Polycarbonates (PCA) are linear polymers with two geminal ether bonds and a 
carbonyl linkage. Structurally, such connections are hydrolytically stable but 
PCA possess rapid surface in vivo degradation, presumably due to enzymatic 
activity [232]. The most extensively studied polycarbonate is 
poly(trimethylene carbonate) (PTMC) which has a Tg of −17 °C, elastomeric 
characteristics, slow degradation profile, and biocompatible degradation 
products [233]. PTMC is fabricated into microparticles [234], discs [235], and 
gels [236] alone or with polyesters or polyethers [237] for the delivery of 
angiogenic agents [238] and antibiotics [235]. Moreover, PCA with cyclohexane 
or propylene in the monomer backbone [239] or with bulky side groups linked 
through an ester bond to the carbons of the backbone [240] are used in tissue 
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engineering. Other PCA, used as fixators, are tyrosine-derived PCA. For 
example, poly(desaminotyrosyltyrosine alkyl ester carbonates) find 
application in the fabrications of films, fibers, and gels, for bone, vasculature 
and muscle [241-243]. PCA are materials widely used in dentistry as 
orthodontic brackets. For example, Feldner et al. investigated the torque-
deformation characteristics of pure PCA brackets, ceramic reinforced PCA 
brackets, metal slot reinforced PCA brackets, and metal slot and ceramic 
reinforced PCA brackets. Their results show that only the metal slot reinforced 
brackets are clinically capable of torquing teeth sufficiently [244]. Similarly, 
Alkire et al. measured the torsional creep of PCA orthodontic brackets. No 
clinically significant creep was present for metal, ceramic, and metal slot 
reinforced brackets, while PCA brackets without metal slots demonstrated 
significantly more creep [245]. PCA are also used as denture resins. For 
example, Pronych et al. compared the dimensional stability and dehydration of 
a thermoplastic PCA denture base resin with two conventional polymethyl 
methacrylate materials. The thermoplastic resin has similar behavior but less 
dimensional change caused by dehydration [246]. Similarly, Jancar and 
Dibenedetto used PCA based fiber-reinforced composites for treatment of 
misaligned teeth. The performance of this material was strongly dependent on 
the resistance to hydrolytic deterioration of the components. Annealed PCA 
and maleated polypropylene used as reinforce were found as an appropriate 
combination of mechanical properties and environmental stability for 
orthodontic applications [247]. The same authors also studied the effect of 
moisture on the deterioration of matrix and matrix-fiber interface. No 
significant reduction in longitudinal properties, controlled by fiber behaviour, 
resulted from exposure to water, while a significant reduction in transverse 
properties, controlled by the matrix and interface behaviour, was observed. 
Moreover, PCA/bare E-glass fiber composite annealed at 275 °C for 1 h before 
immersion in water exhibited superior resistance to moisture attack. 
Resistance against moisture favours the application as an orthodontic wire of 
this material [248]. Table 6 is a summary of PCA based devices used for 
dentistry. 
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Table 6. PCA based dentistry devices 
 Device 

PCA 
 

 

PCA brackets [244] 
Ceramic reinforced PCA brackets [244] 

Metal slot reinforced PCA brackets [244] 
Metal slot and ceramic reinforced PCA brackets 

[244] 
PCA orthodontic brackets [245] 

Thermoplastic PCA denture base resin [246] 
PCA based fiber-reinforced composites [247] 

PCA/bare E-glass fiber composite [248] 
 

7.6.6. Polyurethanes 
Polyurethanes (PUR) are biocompatible, moldable, strong polymers that 
possess ester bonds with geminal amide bonds. Such materials are typically 
synthesized by polycondensation of diisocyanates with alcohols and amines 
[249]. PUR consist of both hard and soft segments. The hard segments are 
composed of functional groups (e.g., amide, urea, or ester-amide) able to form 
hydrogen bonds, making the structure rigid and unable to undergo 
conformational changes. The soft segments are of polymenthide chains. The 
repeating monomers are flexible and withstand conformational changes [250]. 
For these characteristics PUR mime body tissues and are extensively used in 
prostheses like cardiac assist devices [251], small vascular shunts [252], and 
tracheal tubes [253]. The same properties are available in PUR reinforced 
carbon fibers [254]. In the field of dentistry, PUR are tested as arch models 
able to regulate the position of the teeth [255] and as substitutes of braces for 
removable dental aligner restorative treatments (e.g., Invisalign) [256-258]. 
Moreover, Lee and Cho created altered PUR casts for partial removable dental 
prosthesis that facilitate separation after processing [259]. Selten et al. 
produced a modified PUR foam as local hemostatic agent after dental 
extractions [260] while Alter and Fookson used PUR as a dental adhesive 
system. Specifically, the isocyanate groups in the adhesive react with the tooth 
mineral. Moreover, the bonding of PUR to enamel is improved by 
pretreatments (acid etching and acetone drying) and by proper choice of 
polyol, fillers, and coupling agents [261]. Table 7 lists PUR based devices used 
for dentistry. 
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Table 7. PUR based dentistry devices 
 Device 

PUR 
 

 

PUR based arch models [255] 
PUR as braces substitutes for removable 

dental aligner restorative treatments [256] 
[257] 

PUR casts for partial removable dental 
prosthesis [259] 

Modified PUR foam as local hemostatic agent 
after dental extractions [260] 

 
 

7.6.7. Polyphosphazenes 
Polyphosphazenes (PPZ) are degradable polymers characterized by the 
presence of a completely inorganic backbone consisting of phosphorous and 
nitrogen bonded linearly through alternating single and double bonds. These 
polymers are characterized by high physical and chemical flexibility [262]. PPZ 
are modified through the two phosphorous side groups open to conjugation via 
esterification, etherification, or amidification, to regulate the degradation rate 
[263]. For example, side groups like amino acid esters, glucosyl, glyceryl, 
glycolate, lactate, and imidazole sensitize hydrolysis of the backbone and allow 
the design of clinically relevant biomaterials. Consequently, thermal and 
mechanical properties of PPZ greatly vary with Tg ranging from −10 to 35 °C, 
contact angle 63°–107°, tensile strength 2.4–7.6 MPa, and modulus of elasticity 
31.4–455.9 MPa [264]. PPZ are fabricated into particles, micelles, microneedle 
coatings, and gels for the delivery of anti-inflammatory drugs, 
chemotherapeutics, growth factors, DNA, proteins, and vaccines [265-268]. 
Moreover, PPZ scaffolds composed of films, fibers, and microspheres are used 
to assist nerve regeneration and orthopedic applications, alone or blended 
with polyesters to increase mechanical strength and provide a moderate pH 
microenvironment for developing tissues [269-271]. In dentistry, PPZ are 
widely used in removable prosthodontic treatments, systematically blended 
with a number of additives that are commonly used in other dental products 
(e.g., acrylic monomers). For example, Razavi et al. described the use of PPZ 
based resilient denture liners for the treatment of atrophic mandibles, 
preoperative and postoperative soft tissue management, and retention of 
removable prosthesis. PPZ act as retentive material in conventional and 
implant overdenture rehabilitation [272]. Similarly, Novus® is a PPZ based 
denture liner that does not need periodic surface coating, is easy to grind, 
adjust, and polish, and restricts the migration of toxic plasticizers. Ohashi and 
Anzai used a filling composite material containing 10 to 99 % by weight of 
phosphazene in which at least one substituent is a radical having not less than 
3 carbon atoms and polymerizable, to provide an improved dental filling 
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composite material which is not injurious to the pulp and the soft tissues and 
that forms an eternal prosthesis [273]. Table 8 summarizes the main uses of 
PPZ in dentistry devices.  
 

Table 8. PPZ based dentistry devices 

 Device 
PPZ 

 

 
 

PPZ based resilient denture liners [272] 
Filling composite material containing 10–99 % by 

weight of PPZ [273] 

 

7.7. ENZYMATICALLY DEGRADABLE POLYMERS 
Enzymatically degradable polymers are materials that possess bonds that 
require catalysis to undergo meaningful degradation under physiological 
conditions. Most of these polymers contain ether or amide bonds. 

7.7.1. Synthetic polyethers 
Synthetically derived polyethers (PETH) are highly biocompatible polymers 
widely used in drug delivery and tissue engineering. PETH are degraded by 
etherases, also if human equivalents of these enzymes have yet to be identified 
[274]. Polyether chains are dissociated from the biomaterial and removed via 
the excretory system. In general, the use of polyethers with low molecular 
weights due to a near absence of in vivo degradation and the fear of 
accumulation is recommended. In particular, all biomedical researches with 
PETH focus on the use of PEG and poly(propylene glycol) (PPG), while a 
limited amount of work is conducted using poly(tetrahydrofuran). PEG and 
PPG are also linked in the triblock form of pluronic ([PEG]n-[PPG]m-[PEG]n) 
[275] that allow the formation of small micelles (10–100 nm in diameter) by 
self-assembly in water for the delivery of chemotherapeutics, antibacterials, 
antidiuretics, anti-inflammatory drugs, and DNA [275-277]. Pluronic is also 
formulated into hydrogels with relatively weak mechanical properties 
(maximum shear storage modulus of 13.7 kPa at 20 wt% pluronic) used for 
drug delivery [278] and soft tissue engineering [279]. The mechanical strength 
of these polyether-based hydrogels is enhanced through cross-linking with 
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excess acryloyl chloride or methacryloyl chloride yielding to the hydrogels PEG 
diacrylate (PEGDA; shear storage modulus of 68 kPa at 20 wt%) [280] and PEG 
dimethacrylate (PEGDMA; shear storage modulus of 125 kPa at 20 wt%) [281] 
that are used in the delivery of chemotherapeutics, hormones, antibacterials, 
and anti-inflammatory drugs [282] as well as scaffolds in the engineering of 
cartilage, bone, endothelial, and vascular tissues [283]. PEGDA and PEGDMA 
are also available in composite systems with other acrylated and 
methacrylated degradable polymers, most commonly polyesters [284], 
polyanhydrides [285], and chitosan [286]. In these composites, the polyether 
diacrylate monomers show the cross-linked network hydrophilicity while the 
other degradable components convey greater mechanical strength 
(compressive moduli as great as ~100 MPa). Finally, PEG is commonly used to 
cap (PEGylation) or coat other degradable polymers in order to convey steric 
stabilization limiting the interactions between the device and the host. This is 
especially important in preventing phagocytosis of particle-based delivery 
vehicles [287]. In dentistry, poly(ethylene glycol)-like coatings (PEG-like) are 
used on titanium dental implants for their antifouling activity. In particular, the 
development of PEG-like coating on the titanium surface by plasma 
polymerization leads to a surface with low bacterial adhesion and adequate 
cell response. In fact, in a work of Buxadera-Palomero et al., Streptococcus 
sanguinis and Lactobacillus salivarius showed decreased adhesion on the 
plasma polymerized samples, while cell adhesion of fibroblasts and osteoblasts 
on the treated surfaces was similar to control surfaces [288]. PEG was also 
used by Dabbagh et al. to coat maghemite nanoparticles for treating dental 
hypersensitivity. Due to their superparamagnetic characteristics, these 
nanoparticles were susceptible to navigation inside the dental tubules via an 
external magnetic field. Polymer-coated maghemite nanoparticles exhibited a 
significant potential for reducing the permeability of dental tubules by 
occluding the open tubular area after a 120 min time. Moreover, these 
nanoparticles transferred other therapeutic agents inside the tubules [289]. 
Mei et al. developed HA disks with polydopamine-induced-PEG coating, finding 
anti-biofouling effect against a multi-species cariogenic biofilm on the root 
dentine surface [290]. Thoma et al. used PEG hydrogel as matrix in 
combination with HA/tricalcium phosphate for guided bone regeneration 
procedures. The presence of PEG led to a greater bone augmented area [291]. 
PPG is used in dental composites on the basis of its cytocompatibility. For 
example, Walters et al. affirmed that the use of composites containing PPG 
results in materials with excellent conversion, depth of cure, and mechanical 
properties, without increasing shrinkage. Moreover, they are more 
cytocompatible than those containing acrylates [292]. Münchow et al. 
synthesized an acidic monomer based on PPG phosphate methacrylate to 
constitute a self-etch adhesive system for the enamel [293]. PPG is also used to 
produce caries detecting dyes [294]. Similarly, poly(tetrahydrofuran)s are 
produced to decrease the cytotoxicity of epoxy-based dental resins. For 
example, Kostoryz et al. found significantly (p < 0.05) less cytotoxicity in this 
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material, compared to acrylic resins. Then, addition of poly(tetrahydrofuran) 
in the formulation of epoxy-based resins contributes to the development of 
biocompatible dental composites [295]. Diniz et al. used Pluronic F-127 
hydrogels as scaffold for encapsulation of dental-derived mesenchymal stem 
cells. They tested the osteogenic and adipogenic differentiation capacity of 
dental pulp stem cells in a thermoreversible Pluronic F127 hydrogel scaffold 
encapsulation system. After 2 weeks of differentiation in vitro, dental pulp 
stem cells exhibited high levels of mRNA expression for osteogenic and 
adipogenic gene markers. Furthermore, Pluronic F-127 presented a dense 
tubular and reticular network morphology, which contributed to its high 
permeability and solubility [296]. Similarly, Chen et al. used pluronic based 
tooth-binding micellar drug delivery platforms that effectively bind to tooth 
surfaces. Such micelles were able to bind HA and gradually release the 
encapsulated antimicrobial substance (farnesol). This system provided 
significant inhibition of Streptococcus mutans biofilm formation, legitimating 
its utilization for caries prevention and treatment [297]. In addition, 
Mogen et al. demonstrated that pluronic micelles themselves interact with the 
biofilm. These vectors induced alterations in biofilm architecture, presumably 
via interaction with the sucrose-dependent biofilm matrix, and are a viable 
treatment option for the prevention and treatment of pathogenic plaque 
biofilms [298]. The same anti-biofilm action of pluronic is found in toothpastes. 
In fact, Bali et al. showed the clinical efficacy of a dentifrice containing 0.2 % 
triclosan and 0.5 % pluronic in a calcium carbonate base for the reduction of 
supragingival plaque and gingivitis [299]. PEG diacrylate was used by Lu et al. 
to produce tunable hydrogel systems used as scaffold for dental pulp stem 
cells. In these devices, PEG diacrylate acts as cross-linker for PEG-fibrinogen 
hydrogels, permitting a encapsulation yield of dental pulp stem cells >85 % 
and modulating the odontogenic gene expression and mineralization through 
its cross-linking degree and matrix stiffness (the highest degree of 
mineralization is observed in the highest cross-linked hydrogel), finding 
application in regenerative endodontics [300]. PEG dimethacrylate found the 
same dental application, with the advantage to possess lower shrinkage [301]. 
Table 9 acts as summary of synthetic polyethers based devices used for 
dentistry. 
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Table 9. Synthetic polyethers based dentistry devices 
 Device 

PEG 

 

PEG-like coatings on titanium dental implants 
[288] 

PEG-like coatings on maghemite nanoparticles 
[289] 

HA disks with polydopamine-induced-PEG 
coating [290] 

PEG hydrogel with HA/tricalcium phosphate 
for guided bone regeneration procedures [291] 

Tunable hydrogel systems based on PEG  
diacrylate [300] 

Tunable hydrogel systems based on PEG 
dimethacrylate [301] 

PPG 

 

 
PPG containing composites [292] 

Self-etch adhesive systems based on acidic 
monomers of PPG phosphate [293] 

Caries detecting dyes [294] 

Poly(tetrahydrofuran) 

 

 
Biocompatible dental composites based on 

poly(tetrahydrofuran) [295] 
 

Pluronic 
 

 

Pluronic F-127 hydrogel scaffold for dental 
pulp stem cells [296] 

Pluronic based tooth-binding micellar drug 
delivery platforms [297] 

Pluronic micelles for the treatment of 
pathogenic plaque biofilms [298] 

Pluronic containing toothpastes [299] 

 

7.7.2. Proteins and poly(amino acids) 
Proteins are high molecular weight polymers composed of amino acid 
monomers linked by amide bonds. They have three-dimensional folded 
structures and are one of the most common materials found in the human 
body. Proteins and amino acid-derived polymers are utilized in sutures, 
scaffolds, and drug delivery devices with prolonged degradation time.  
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Collagen is the most abundant protein in the human body and is a major 
component of ligament, cartilage, tendon, skin, and bone. It also forms the 
structural network of other tissues like blood vessels. Collagen is composed of 
polypeptide strands bearing triamino acid blocks of Glycine-X-Y where X and Y 
are a number of different amino acids, mainly proline and hydroxyproline 
[302]. These polypeptides are formed into left-handed triple helix microfibrils 
that organize in different architectures to create collagen fibers with 
appropriate mechanical properties for their function. Collagen has various 
medical applications due to its biocompatibility, processability, mechanical 
strength, and enzymatic degradability by collagenases and metalloproteinases 
[303]. In fact, it is used as suture material in surgery [304], as depot delivery 
device in the local extended release of antibiotics [305], DNA [306], siRNA 
[307], and proteins [308] and as haemostatic sealant [309]. In tissue 
engineering, collagen sponges are widely diffused due to their ability to 
withstand high tensile loads (92.5 MPa ultimate tensile strength) [310]. Other 
applications of collagen relate to reconstructive skin surgery and tissue 
engineering scaffold for cartilage, tendon, and ligament [311]. In order to 
improve collagen’s potential as a biomaterial it is combined with other 
degradable polymers [312] or is modified through cross-linking [313], 
association with bioactive molecules [314], and enzymatic pretreatment [315]. 
Moreover, composites of HA and collagen are utilized to mimic the 
composition of natural bone. For example, Collagraft® (Angiotech 
Pharmaceuticals) is a synthetic bone graft substitute composed of bovine type 
I collagen and HA/tricalcium phosphate granules which has been approved by 
the FDA and used clinically [316]. Collagen can be seen as a highly versatile 
dental material capable of being prepared into cross-linked compacted solids 
or into lattice-like gels. Collagen enhances wound healing following dental 
therapy by clot formation and stabilization, neovascularization, and epithelial 
cell rejuvenation [317]. Resorbable forms of collagen are used to dress oral 
wounds and for closure of graft and extraction sites. In fact, M. Chvapil et al. 
described the use of films made from hydrolyzed collagen as tissue adhesives 
for suture replacement due to their chemical resemblance to connective tissue 
and their tissue fluid-binding properties [318]. Collagen-based membranes are 
also used in periodontal and implant therapy as barriers to prevent epithelial 
migration and allow cells with regenerative capacity to repopulate the defect 
area creating a favorable environment for cellular development. Specifically, 
collagen bioresorbable membranes for guided tissue regeneration are 
chemotactic for periodontal ligament fibroblasts, act as a barrier for migrating 
epithelial cells, provide hemostasis, and serve as a fibrillar scaffold for early 
vascular and tissue ingrowth [319,320]. In addition, to significantly reduce 
antigenicity and biodegradation of the implant, cross-links are often 
introduced by either physical or chemical reagents (e.g., acetaldehyde, acrolein, 
formaldehyde, glyoxal, glutaraldehyde, and diphenylphosphoryl azide) 
[321,322]. 
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Elastin is a highly elastic polymer, responsible for contraction of vascular and 
lung tissues, composed of cross-linked tropoelastin molecules. These 
molecules are produced intracellularly by smooth muscle cells and fibroblasts 
and are cross-linked outside the cells to become elastic [323]. Natural elastin is 
insoluble and elicits an immune response [324]. In order to overcome these 
limitations, tropoelastin is treated to undergo an irreversible temperature 
transition above 25 °C to change its molecular organization from a disordered 
to an ordered state, obtaining favorable properties as injectable drug delivery 
system [325], and synthetic elastins are produced through controlled molding, 
coacervation, and cross-link [326]. Moreover, elastin-like polypeptides (ELPs) 
are available that are artificial polypeptides composed of pentapeptide repeats 
(VPGXG) similar to those found in elastin (X can be any amino acids except 
proline) characterized by biocompatibility, non-immunogenicity, and 
capability to be chemically synthesized [327] and are investigated as delivery 
vehicles for chemotherapeutics [328], antibiotics [329], and proteins [330]. 
The elastic behavior of ELPs makes them uniquely suited for the engineering of 
soft tissues [331]. In dentistry, elastin and elastin-like polypeptides are used in 
association with collagen. For example, Gurumurthy et al. improved the 
mechanical characteristics of collagen through the use of elastin-like 
polypeptides. The obtained scaffold allowed osteogenic differentiation of 
human adipose-derived stem cells cultures [332]. Osteoblast growth and 
expression on these composite scaffolds were evaluated also by 
Amruthwar et al. to validate the use of these devices on the treatment of 
alveolar bone loss [333]. 
Fibrin is a large cross-linked biopolymer composed of fibronectin, involved in 
the natural clotting process. The use of fibrin as a biomaterial results from its 
biocompatibility, biodegradability, injectability, and ability to enhance cell 
proliferation [334]. Currently, fibrin is investigated for use as drug delivery 
device [335] and cell carrier [336] and fibrin glues are commercially available 
(Evicel®, Ethicon). In dentistry, the most recognized application of fibrin is in 
the platelet rich fibrin (PRF). PRF consists of an autologous leukocyte-platelet-
rich fibrin matrix with cytokines, platelets, and stem cells [337], that acts as 
biodegradable scaffold [338], favors the development of microvascularization, 
and is able to guide epithelial cell migration [339]. Also, PRF serves as vehicle 
in carrying cells involved in tissue regeneration and promotes sustained 
release of growth factors, stimulating the environment for wound healing 
[340]. Some studies demonstrate that PRF is a healing biomaterial with a great 
potential for bone and soft tissue regeneration, without inflammatory 
reactions, and can be used alone or in combination with bone grafts to 
promote hemostasis, bone growth, and maturation [341]. Moreover, it 
increases cell attachment and stimulates osteoblasts proliferation and 
differentiation [342]. A second generation of PRF was produced by Dohan et al. 
introducing a method that concentrated most platelets and leukocytes from a 
blood harvest into a single autologous fibrin biomaterial [343]. Finally, fibrin is 
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used to create a dental scaffold material for tissue regeneration in the oral 
cavity. In fact, Galler et al. described a PEGylated fibrin hydrogel combined 
with stem cells derived from dental pulp or periodontal ligament able to allow 
the growth and differentiation of dental stem cells [344]. 
Natural poly(amino acids) are biodegradable, ionic polymers composed of 
repeated units of one type of amino acid, bonded by amide linkages. The two 
most commonly studied natural poly(amino acids) used as biomaterials are 
poly(γ-glutamic acid) and poly(L-lysine). Poly(γ-glutamic acid) (γPGA) is 
composed of both enantiomeric D- and L-glutamic acid units produced by 
several bacteria [345]. The reactive side carboxylate of γPGA allows the 
covalent attachment of other functional groups or drugs (e.g., 
chemotherapeutics) [346] and the formation of particle delivery systems for 
antibiotics, vaccines, DNA, and proteins [347]. Moreover, cross-linked γPGA 
hydrogels are used in soft tissue engineering alone or blended with other 
biodegradable polymers [348,349]. Similarly, bacterial poly(L-lysine) is 
currently investigated as a tissue engineering scaffold and drug delivery device 
with intrinsic antimicrobial [350] and antitumor activities [351]. However, its 
high positive charge limits its applications due to toxicity. Despite this, some 
uses derive from blending with other degradable polymers [352,353]. In 
dentistry, Kim et al. produced polymeric calcium phosphate cements 
incorporated with poly-γ-glutamic acid. The cross-link of γPGA confers 
mechanical strength to these calcium phosphate cements. Moreover, poly(γ-
glutamic acid) incorporation retards HA formation [354]. Poly(L-lysine) is 
widely used for the formation of coatings on dental materials. For example, 
Galli et al. treated with poly(L-lysine) a three-dimensional titanium-6-
aluminium-4-vanadium (Ti6Al4V) scaffold for orthopedic prosthesis and 
dental implants. Such modification improved the colonization ability of human 
mesenchymal stem cells (hMSCs) and dental pulp stem cells (hDPSCs), 
responsible for bone regeneration [355]. Similarly, Varoni et al. studied in vitro 
and in vivo effects of poly-L-lysine coating on titanium osseointegration. Such 
coating safely enhanced calcium deposition and implant early osseointegration 
in animals, suggesting promising evidence to optimize the surface properties of 
these dental implants [356]. Walters et al. investigated the antimicrobial 
properties of poly(L-lysine) in mono/tricalcium phosphates-HA composites. 
Highly soluble poly(L-lysine) enhanced mineral release and precipitation and 
had great potential in the prevention of recurrent caries and restoration 
failures [357]. 
Synthetic poly(amino acids) derive from the industrial polymerization of 
several homo- and copoly(amino acids). Synthetic poly(amino acids) 
functioning as promising biomaterials are poly(L-glutamic acid) and 
poly(aspartic acid). Poly(L-glutamic acid) (L-PGA) has the same primary 
structure of γPGA but with the amide linkage made with the α-carbon amine 
group instead of the γ-carbon amine group. The shorter distance between 
amide bonds makes L-PGA more flexible than γPGA. Moreover, L-PGA is easily 
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produced and the development of new synthesis techniques allows the 
creation of unique architectures like dendrimers [358]. L-PGA is 
biocompatible, non-immunogenic, and highly susceptible to degradation by 
lysosomal enzymes [359]. It is used as a DNA delivery device [360] and for the 
construction of layer-by-layer film assembly with negatively charged polymers 
[361]. L-PGA is also combined with poly(L-lysine) or gelatin to create novel 
tissue engineering scaffolds [362]. Poly(aspartic acid) (PAA) is a highly water 
soluble ionic polymer with carboxylate content greater than PGA or L-PGA. 
PAA is degraded by lysosomal enzymes and it is often copolymerized with 
other polymers (e.g., PLA, PCL, and PEG) [363] to create micellar structures 
acting as smart delivery vehicles. Moreover, PAA can be easily converted to 
hydrogels with great biomedical applications [364]. In dentistry, Benkirane-
Jessel et al. patented a L-PGA based compound linked to Melanocortin peptides 
for use in endodontic regeneration and for the treatment of dental 
inflammatory diseases. Such device promotes human pulp fibroblast adhesion 
and cell proliferation and reduces the inflammatory state of lipopolysaccharide 
stimulated pulp fibroblasts observed in gram negative bacterial infections 
[365]. Osorio et al. developed a novel zinc-doped Portland-based resinous 
sealing cement linked with PAA with improved bonding efficacy and dentine 
remineralization ability. The polyaspartic acid application onto demineralized 
dentine inhibited mineral phase crystallization, enhancing the remineralization 
potential of the Portland microfillers at the resin-dentine bonded interface 
[366]. 
Table 10 recaps proteins and poly(amino acids) based devices used for 
dentistry. 
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Table 10. Proteins and poly(amino acids) based dentistry devices 
 Device 

Collagen 

 

Cross-linked compacted solids or lattice-like gels 
of collagen for wound healing following dental 

therapy [317] 
Films made from hydrolyzed collagen as tissue 

adhesives for suture replacement [318] 
Collagen-based barrier membranes for 

periodontal and implant therapy [319,320] 

Elastin 

 

Scaffolds of elastin-like polypeptides and collagen 
for osteogenic differentiation [332] 

Scaffolds of elastin-like polypeptides and collagen 
for the treatment of alveolar bone loss [333] 

Fibrin 

 
 

Platelet rich fibrin [337-340,342,343]  
Fibrin based dental scaffold for tissue 

regeneration [344] 

γPGA 

 

Polymeric calcium phosphate cements 
incorporated with γPGA [354] 
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Table 10. (continued) 
 Device 

Poly(L-lysine) 

 
 

Poly(L-lysine) coatings on titanium scaffolds 
[355,356] 

Mono/tricalcium phosphates-HA composites 
containing poly(L-lysine) [357] 

L-PGA 

 
 

L-PGA based compound linked to Melanocortin 
peptides for use in endodontic regeneration and 

for the treatment of dental inflammatory diseases 
[365] 

 

PAA 

 
 

Zinc-doped Portland-based resinous sealing 
cement linked with PAA [366] 
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7.7.3. Polysaccharides 
Polysaccharides are polymers composed of monosaccharide units linked 
through glycosidic linkages, a type of ether bond. Their biodegradability, 
processability, and bioactivity along with new biological functions identified 
for these materials and the array of available materials obtained by synthetic 
routes make polysaccharides very promising biomaterials.  
Hyaluronic acid (HA) is a linear anionic polysaccharide, member of the 
glycosaminoglycan family, consisting of alternating units of N-acetyl-D-
glucosamine and glucuronic acid. HA is isolated from rooster combs and 
bovine vitreous humor. However, recent advances in biosynthetic techniques 
led to the microbiological production of sodium hyaluronate in Bacillus subtilis. 
In humans, such polymer is found in synovial fluid and vitreous humor and 
plays an important structural role in articular cartilage and skin. HA is water 
soluble and forms highly viscous solutions. It possesses scavenging free 
radicals properties, causes bacteriostasis, and assists in tissue repair [367]. 
However, HA homopolymer is too weak and fluid to create a supportive 
scaffold. To overcome this limitation, HA is cross-linked with ethyl esters, 
benzyl esters, or other biodegradable polymers to enhance the mechanical 
properties while retaining excellent biocompatibility [368,369]. Such HA 
hydrogels are extremely versatile and can be fabricated into sheets, 
membranes, sponges, tubes, fibers, and scaffolds for wound healing [370], 
regeneration of the trachea [371], cartilage [372], vasculature [373], and nerve 
tissues [374]. HA is also available in the form of nanoparticles to deliver 
chemotherapeutics and other drugs [375,376]. In the field of dentistry, 
hyaluronic acid shows anti-inflammatory and anti-bacterial effects in the 
treatment of periodontal diseases. Due to its tissue healing properties, it is 
used as an adjunct to mechanical therapy in the treatment of periodontitis and 
periodontal lesions. In fact, Pirnazar et al. suggested that HA, in the molecular 
weight range of 1,300 kDa, minimizes bacterial contamination of surgical 
wounds when used in guided tissue regeneration surgery [377]. Pilloni et al. 
evaluated the efficacy of an esterified form of HA gel on periodontal clinical 
parameters showing effects in reducing the gingival inflammation when used 
as an adjunct to mechanical home plaque control therapy [378]. El-Sayed et al. 
investigated the effect of local application of 0.8 % hyaluronan gel in 
conjunction with periodontal surgery. Statistically significant differences were 
noted for clinical attachment level and gingival recession [379]. Gontiya et al. 
analyzed the clinical and histological outcomes of local subgingival application 
of 0.2 % HA gel as an adjunct to scaling and root planning in chronic 
periodontitis patients. The treated sites showed reduced inflammatory 
infiltrates [380]. Johannsen et al. evaluated the effect of local application of 
0.8 % hyaluronan gel in the process of scaling and root planning for the 
treatment of chronic periodontitis, finding a significant reduction in bleeding. 
Similarly, the use of 0.8 % hyaluronan had major clinical benefits in terms of 
improved healing after non-surgical therapy [381]. Pistorius et al. evaluated 
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the efficacy of topical application of HA for treatment of gingivitis and found 
that HA containing preparations are a useful adjunct in the anti-gingival 
therapy [382]. A commercialized gel formulation, Gengigel® (Ricerfarma S.r.l., 
Milano, Italy), contains high molecular weight 0.2 % fractions of HA , for its 
effect in the treatment of plaque induced gingivitis as an adjunct [383]. 
Hyaluronan gel is also effective in controlling inflammation and gingival 
bleeding, as shown by a study of Mesa et al. that documented reduction in the 
depth of gingival pockets along with a significant decrease in epithelial and 
lymphocyte cell proliferation after the use of HA gel [384]. Similarly, 0.2 % 
hyaluronan containing gel has a benefic effect on the treatment of plaque 
induced gingivitis due to the significant decrease in peroxidase and lysozyme 
activities [383]. In addition, De Arau’jo Nobre found that HA and chlorhexidine 
maintain a healthy perimplant complex in immediate function implants for 
complete rehabilitations in the edentulous mandible [385]. Ballini et al. noticed 
that autologous bone combined with esterified low molecular HA preparation 
accelerated new bone formation in the infrabone defects [386]. Vanden 
Bogaerde investigated the clinical efficacy of fibrous esterified HA for treating 
deep periodontal defects finding a sensible reduction of probing pocket depth 
[387,388]. 
Chondroitin sulfate (CHS) is a glycosaminoglycan similar to HA but with a 
sulfate group in at least one of its side groups. CHS is found in the wound 
healing matrix produced by fibroblasts [389]. CHS stimulates the metabolic 
response of cartilage [390], possesses anti-inflammatory properties [391], and 
connects cells to extracellular matrix components [392]. CHS is extensively 
studied as a hydrogel for wound dressings and cartilage tissue engineering, 
[393] alone or in association with other biodegradable polymers [394,395]. 
For dental applications, Sawatjui et al. fabricated a three-dimensional silk 
fibroin/gelatin-chondroitin sulfate-hyaluronic acid (SF-GCH) scaffold and 
showed that it promotes proliferation of mesenchymal stem cells by providing 
a supportive structure and the mimetic cartilage environment for 
chondrogenesis which enables cartilage regeneration [396]. 
Chitosan (CS) is the deacetylated derivative of chitin, a linear polysaccharide 
consisting of β-1,4 linked N-acetylglucosamine units that forms the 
exoskeletons of many arthropods. This polysaccharide is composed of 
randomly located units of D-glucosamine and N-acetylglucosamine and is 
degraded by the enzymes chitinase, chitosanase, lysozyme, cellulase, protease, 
lipase, and pepsin [397]. CS degradation rate depends on the degree of 
acetylation and crystallinity and can be regulated through the modification of 
side groups [398]. Moreover, CS is water absorptive, oxygen permeable, 
haemostatic, chemoattractive, and antibacterial and assists wound healing 
[399,400]. However, CS is mechanically weak and it is often cross-linked or 
combined with other degradable polymers to form films, membranes, sponges, 
particles, fibers, and gels used for bandages [401,402], delivery devices  
[403-406], and tissue engineering scaffolds for regenerative applications [407-
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409]. Uses of CS in dentistry are related to its antibacterial and wound healing 
actions. In fact, the polycationic nature of CS, with active amino and hydroxyl 
functional groups, permits good adhesion to salivary pellicles and creates 
positive charges that interact with microbial cell surfaces provoking loss of 
microbial cell barrier function [410]. Sano et al. demonstrated the effect of 
increased hydrophobicity of salivary pellicles after CS adsorption and the 
obtained reduced adhesion of Streptococcus sobrinus to saliva coated HA disks 
[411]. They also found that low molecular weight CS inhibits the initial 
adhesion of oral bacteria to human tooth surfaces at a level comparable to that 
of a 50 ppm chlorhexidine solution [412]. Similar results were found by 
Busscher et al. that evaluated the effects of a CS on bacterial adhesion and 
growth on CS treated pellicles founding a reduction in bacterial adhesion and 
bacterial death upon contact [413]. Researchers have also explored the 
applications of CS in dentifrices and dental adhesives. In fact, Mohire et al. 
developed CS based polyherbal toothpastes (with eugenol, Pterocarpus 
marsupium aqueous extract, Stevia rebaudiana aqueous extract, and 
Glycyrrhiza glabra aqueous extract) with enhanced performance in oral care as 
CS inhibits the growth of Streptococcus mutans and Porphyromonas gingivalis, 
microorganisms responsible for caries and gingivitis [414]. Elsaka evaluated 
the antibacterial activity and bond strength of dental adhesives modified with 
various concentrations of CS. Adhesives with the lower concentrations of CS 
were more effective against S. mutans. Moreover, greater concentration of CS 
has negative effects on microtensile bond strength, degree of conversion, and 
pH [415]. CS is also used in implant dentistry as surface modifier. 
Electrodeposition of CS in combination with calcium phosphate on the 
titanium implants significantly improved the biocompatibility with no adverse 
effects on the other properties of implants [416]. Recently, more attention has 
been paid to the use of CS to stabilize dentin collagen. Such biopolymers are 
incorporated into the collagen matrix or cross-linked with collagen fibrils to 
improve the biological and mechanical properties of collagen constructs [417]. 
Finally, CS is widely utilized as scaffold material because of its good 
biocompatibility and degradability via naturally occurring enzymes [418-419]. 
Alginate is a high biocompatible linear copolymer composed of β-D-
mannuronic acid and α-L-glucuronic acid linked by a 1–4 glycosidic bond 
commonly extracted from the cell wall of brown algae. Alginate forms 
spontaneous gels when exposed to divalent cations (e.g., Ca2+), used as drug 
delivery devices, wound healing dressings, and tissue engineering scaffolds 
[420]. For example, alginate based hydrogels are produced for the delivery of 
chondrocytes [421], osteoblasts [422], myoblasts [423], fibroblasts, and 
keratinocytes [424]. In addition, alginate is also available as composite systems 
in which it is associated with polyesthers [425], polyethers [426], collagen 
[427], and CS [428] to effectively deliver drugs or proteins [429] and to form 
scaffolds composed of films, sponges, fibers, gels, and freeze casted porous 
networks used in regenerative engineering [430,431]. Cellular adhesion on 
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these devices is improved by side group modification of alginate with the RGD 
(Arg-Gly-Asp) peptides [432]. In dentistry, Ishikawa et al. introduced sodium 
alginate (0–2.0 wt%) into the liquid phase of calcium phosphate cement to 
produce a non-decay type fast-setting cement. The mechanical strength of this 
composite increased rapidly with the addition of sodium alginate up to 
0.8 wt% and such device results particularly in being useful in orthodontics 
and oral and maxillofacial surgery where the cement is exposed to blood [433]. 
The same authors introduced sodium alginate also in HA putty behaving as 
self-curing. This HA is easier to use than the simple non-decay type fast-setting 
cement in the filling of bone defects [434]. However, the most diffused use of 
alginate in dentistry is as impression material thanks to its biocompatibility 
and elastic behavior [435,436]. Table 11 summarizes polysaccharides based 
devices used for dentistry.  
 

Table 11. Polysaccharides based dentistry devices 
 Device 

HA 

 

Adjunct to mechanical therapy of 
periodontitis and periodontal lesions 

[377] 
Esterified form of HA gel for gingival 

inflammation [378] 
Hyaluronan gel [379-384] 

Gengigel® [383] 
HA and chlorhexidine complexes [385] 

Autologous bone combined with 
esterified low molecular HA preparation 

[386] 
Fibrous esterified HA [387,388] 

CHS 

 
 

Three-dimensional silk fibroin/gelatin-
chondroitin sulfate-hyaluronic acid 

scaffolds [396] 
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Table 11. (continued) 
 Device 

CS 

 

 
CS based polyherbal toothpastes [414] 

CS based dental adhesives [415] 
Electrodeposition of CS in combination 

with calcium phosphate on titanium 
implants [416] 

CS-collagen constructs [417] 
CS scaffolds [418,419] 

Alginate 

 

Sodium alginate-calcium phosphate 
cements [433] 

Self-curing sodium alginate-HA putty 
[434] 

Alginate based impression materials 
[435,436]  

 

7.8. CONCLUDING REMARKS 
Modern dental practice would have been impossible without the application of 
various natural or artificial degradable polymers. These materials can be 
utilized as eternal prosthesis or for temporary use thanks to their ability to 
break down and be absorbed by the body. Biodegradable polymers offer great 
potential for controlled drug delivery, wound management (e.g., adhesives and 
sutures), dental restorations, and tissue engineering. The application of 
biodegradable polymers started several decades ago, and since then it has 
been the focus of much research. This is because the requirements are quite 
complex: the polymer must be biocompatible, not to evoke an inflammatory 
response, and must have suitable mechanical and processing characteristics. 
Furthermore, the degradation products cannot be harmful and must be readily 
resorbed or excreted. Since the requirements are variable, there is no ideal 
polymer for use in dentistry. In addition, the current interest of research 
relates to the design of biomaterial scaffolds for tissue regeneration. These 
biodegradable tissue-engineered constructs are based on stem cells and are 
produced to release bioactive stimuli able to guide tissue regeneration. Then, 
the further development of the applications of biodegradable polymers for 
dental tissue engineering and regeneration requires deeper knowledge about 
the products of degradation of polymers along with information on basic tissue 
biology and molecular mechanisms of tissue turnover at different periods of 
human life and in different diseases.  
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