Biodegradable
Polymers:

Recent Developments
and New Perspectives
Edited by

Geraldine Rohman

Published by:
IAPC Publishing, Zagreb, Croatia, 2017
Editor:
Geraldine Rohman
Biodegradable Polymers: Recent Developments and New Perspectives
Proofreading and graphic layout: Ana Blažeković,
© 2017

by the authors; licensee IAPC, Zagreb, Croatia.
This book is an open-access book distributed under the terms and conditions of the
Creative Commons Attribution license.

The efforts have been made to publish reliable and accurate data as much as possible,
but the authors and the editor cannot assume responsibility for the validity of
materials or the consequences of their use.

ISBN 978-953-56942-5-0

IAPC Publishing is a part of International Association of Physical Chemists

ii

CONTENTS
EDITORIAL FOREWORD ................................................................................................................................. xvi
LIST OF CONTRIBUTORS ............................................................................................................................. xvii
ABOUT THE EDITOR ........................................................................................................................................ xx

Chapter 1
ENZYMES CATALYSING THE SYNTHESIS AND DEGRADATION OF BETA-LINKED
BIOPOLYMERS AND THEIR APPLICATIONS ............................................................................................ 1
Tomohiro Hiraishi* and Seiichi Taguchi

1.1. INTRODUCTION ............................................................................................................................................. 3
1.1.1. Biopolymers ...................................................................................................................................... 3
1.1.2. PHB ........................................................................................................................................................ 3
1.1.2.1. Storage PHB ..................................................................................................................... 4
1.1.2.2. Oligo-PHB .......................................................................................................................... 5
1.1.2.3. cPHB .................................................................................................................................... 5
1.1.3. PLAs ...................................................................................................................................................... 5
1.1.4. PAA ........................................................................................................................................................ 6
1.1.5. Towards an enhanced sustainable production.................................................................. 6

1.2. PROTEIN ENGINEERING OF PHA SYNTHASES ................................................................................ 7
1.2.1. Enzymology and engineering of PHA synthases ............................................................... 7
1.2.2. Functional improvements of PHA synthases ...................................................................... 8
1.2.2.1. Type I PHA synthases .................................................................................................. 8
1.2.2.2. Type II PHA synthases .............................................................................................. 10
1.2.3. Creation of lactate-polymerizing enzyme (LPE) ............................................................ 11
1.3. PROTEIN ENGINEERING OF PHB DEPOLYMERASE ................................................................... 14
1.3.1. Biochemical and genetic properties of PHB depolymerases .................................... 14
1.3.2. Protein engineering of the SBD region of PhaZRpiT1 ...................................................... 15
1.3.3. Protein engineering of the CD region of PhaZRpiT1 ......................................................... 17
1.3.4. Proposed active site model of PhaZRpiT1 ............................................................................. 19
1.3.5. Applications of PHB depolymerases.................................................................................... 19

1.4. PAA HYDROLASES ..................................................................................................................................... 21
1.4.1. Biochemical and genetic properties of PAA hydrolases ............................................. 21
1.4.2. Enzymes functionally and structurally related to PahZ1KT-1 and PahZ1KP-2 ...... 23
1.4.3. Application of PAA hydrolase from Pedobacter sp. KP-2 ........................................... 26
1.5. CONCLUSION ................................................................................................................................................ 26
REFERENCES ........................................................................................................................................................ 27

iii

Chapter 2
EXPLORING BIODEGRADABLE POLYMER PRODUCTION FROM MARINE
MICROBES ............................................................................................................................................................. 33
Kulanthaisamy Mohan Rasu and Alagarsamy Arun*
2.1. INTRODUCTION .......................................................................................................................................... 35
2.2. BIOPOLYMER ............................................................................................................................................... 36
2.3. MARINE ENVIRONMENT POLLUTION DUE TO PLASTICS ...................................................... 37
2.4. BIOPOLYMER FROM MICROORGANISMS ....................................................................................... 38
2.5. MARINE BACTERIA POTENTIAL ......................................................................................................... 40
2.5.1. Marine bacteria producing PHAs .......................................................................................... 41
2.5.2. Polyhydroxyalkanoates by halophiles ................................................................................ 44
2.5.3. PHA production in halophilic archaea ................................................................................ 44
2.6. SELECTION OF FEEDSTOCKS ............................................................................................................... 45
2.7. PROPERTIES OF PHAs.............................................................................................................................. 46
2.7.1. Crystal structure of P(3HB) ..................................................................................................... 47
2.7.2. Physical properties of P(3HB) ................................................................................................ 48
2.8. NEED FOR PHAs FOR MICROORGANISMS ...................................................................................... 49
2.9. BIODEGRADABILITY ................................................................................................................................ 49
2.10. INDUSTRIAL PRODUCTION OF PHA ............................................................................................... 50
2.11. APPLICATION ............................................................................................................................................ 52
2.11.1. Medical applications ................................................................................................................ 53
2.11.2. Drug delivery carriers ............................................................................................................. 54
2.11.3. Biofuels .......................................................................................................................................... 55
2.12. CONCLUSION AND FUTURE PERSPECTIVES .............................................................................. 55
REFERENCES ........................................................................................................................................................ 56

iv

Chapter 3
NEW PROMISING BIODEGRADABLE POLYESTERS DERIVED FROM POLY((R,S)3,3-DIMETHYLMALIC ACID) FOR CARDIOVASCULAR APPLICATIONS ..................................... 65
Rima Belibel and Christel Barbaud*
3.1. INTRODUCTION .......................................................................................................................................... 67
3.2. HISTORY ......................................................................................................................................................... 69
3.3. INTERESTS AND APPLICATION OF PDMMLAs............................................................................. 72
3.4. HYDROPHOBIC PDMMLAs ..................................................................................................................... 76
3.4.1. Synthesis of hydrophobic PDMMLAs .................................................................................. 76
3.4.2. Physicochemical characterization of hydrophobic PDMMLAs ................................ 78
3.4.2.1. Stereoregularity .......................................................................................................... 79
3.4.2.2. Molecular weights ...................................................................................................... 81
3.4.2.3. Thermal properties: semi-crystallinity (Tm), crystallization
temperature (Tc), glass-transition temperature (Tg), and
decomposition temperature (Td) ....................................................................... 82
3.5. HYDROPHILIC/HYDROPHOBIC PDMMLAs .................................................................................... 86
3.5.1. Synthesis and chemical characterization of hydrophilic/hydrophobic
PDMMLAs .................................................................................................................................................... 86
3.5.2. Physicochemical properties and surface characterization of PDMMLAs ........... 88
3.5.2.1. Thermal properties.................................................................................................... 88
3.5.2.2. Surfaces roughness and topography.................................................................. 89
3.5.2.3. Surfaces wettability and water sorption/desorption................................. 90
3.5.2.4. Surfaces free energy and its components ........................................................ 93
3.5.3. In vitro biodegradation rate and nature of PDMMLAs and the
cytotoxicity of degradation products .............................................................................................. 94
3.5.3.1. Degradation of homopolymers: effect of load and nature of
functional side chain and biological enzymes .............................................. 95
3.5.3.2. Degradation of copolymers: effect of molecular weight,
enzymes, pH, and temperature ........................................................................... 96
3.5.3.3. Cytotoxicity of PDMMLAs degradation products ....................................... 100
3.6. CONCLUSION ..............................................................................................................................................101
REFERENCES ......................................................................................................................................................102

v

Chapter 4
BIODEGRADABLE POLYMERS FROM MONOMERS BASED ON VEGETABLE OILS ............. 107
Jingjiang Sun and Dirk Kuckling*

4.1. INTRODUCTION ........................................................................................................................................109

4.2. MONOMERS FROM VEGETABLE OILS ............................................................................................112
4.2.1. Monomers from vegetable oils via monoglyceride/alcoholysis process .......... 112
4.2.2. Monomers from vegetable oils via ozonolysis process .............................................113
4.2.3. Monomers based on epoxides from vegetable oils .....................................................117
4.2.4. Cyclic monomers for ring opening polymerization from vegetable oils ........... 120
4.3. VEGETABLE OIL BASED POLYESTERS ...........................................................................................122

4.4. VEGETABLE OIL BASED POLYANHYDRIDES ...............................................................................127
4.5. VEGETABLE OIL BASED POLYESTERAMIDES ............................................................................129
4.6. BIODEGRADATION ..................................................................................................................................130

4.7. APPLICATION.............................................................................................................................................133
4.7.1. Controlled drug delivery system .........................................................................................133
4.7.2. Tissue engineering ....................................................................................................................135
4.7.3. Coating ............................................................................................................................................136
4.8. CONCLUSIONS ...........................................................................................................................................136
REFERENCES ......................................................................................................................................................137

vi

Chapter 5
SYNTHESIS AND STRUCTURE–PROPERTY RELATIONSHIPS OF BIODEGRADABLE
POLYURETHANES ...........................................................................................................................................141
Marija V. Pergal* and Milica Balaban
5.1. INTRODUCTION ........................................................................................................................................143
5.2. SYNTHESIS OF BioPUs ...........................................................................................................................145

5.3. STRUCTURE–PROPERTY RELATIONSHIPS IN BioPUs ............................................................147
5.3.1. Soft segments ...............................................................................................................................147
5.3.1.1. Polyester soft segments .........................................................................................147
5.3.1.1.1. Polylactide- and glycolide-based BioPUs
147
5.3.1.1.2. Poly(ε-caprolactone)-based BioPUs
151
5.3.1.1.3. Poly(dimethylsiloxane)-based BioPUs
156
5.3.1.2. Polyether soft segments ........................................................................................159
5.3.2. Hard segments.............................................................................................................................160

5.4. APPLICATIONS OF BioPUs ...................................................................................................................164
5.4.1. Biodegradation and biocompatibility ...............................................................................164
5.4.2. Porous BioPUs–tissue scaffolds ...........................................................................................166
5.4.2.1. Fabrication of porous BioPUs .............................................................................167
5.4.2.2. Properties and degradation behaviour of porous BioPUs ..................... 173
5.4.3. BioPU-based drug delivery systems ..................................................................................175
5.4.4. BioPU-based nanocomposites ..............................................................................................178

5.5. CONCLUSION AND FUTURE TRENDS .............................................................................................181

ACKNOWLEDGEMENTS .................................................................................................................................181

REFERENCES ......................................................................................................................................................182

vii

Chapter 6
PLASMA SURFACE FUNCTIONALIZATION OF BIODEGRADABLE ELECTROSPUN
SCAFFOLDS FOR TISSUE ENGINEERING APPLICATIONS .............................................................191
Rouba Ghobeira, Nathalie de Geyter, and Rino Morent*

6.1. INTRODUCTION ........................................................................................................................................193
6.2. EXTRACELLULAR MATRIX ..................................................................................................................195

6.3. NATURAL ECM-DERIVED COMPONENTS USED IN TE APPLICATIONS ..........................197
6.3.1. Collagen ..........................................................................................................................................197
6.3.2. Gelatin .............................................................................................................................................198
6.3.3. Laminin ...........................................................................................................................................198
6.4. SYNTHETIC BIODEGRADABLE POLYMERS USED IN TE APPLICATIONS ....................... 199
6.4.1. Poly(glycolic acid) (PGA) ........................................................................................................200
6.4.2. Poly(lactic acid) (PLA) .............................................................................................................201
6.4.3. Poly(lactic-co-glycolic acid) (PLGA) ..................................................................................202
6.4.4. Polycaprolactone (PCL) ...........................................................................................................203

6.5. ELECTROSPINNING.................................................................................................................................204
6.5.1. Concept and mechanism of electrospinning ..................................................................205
6.5.2. Electrospinning parameters..................................................................................................206
6.5.2.1. Substrate-related parameters .............................................................................206
6.5.2.2. Process-related parameters.................................................................................208
6.6. DIFFERENT FUNCTIONALIZATION APPROACHES OF ELECTROSPUN
BIODEGRADABLE POLYMERS .........................................................................................................209

6.7. PLASMA-ASSISTED SURFACE FUNCTIONALIZATION OF NANOFIBERS ........................ 213
6.7.1. Plasma activation .......................................................................................................................213
6.7.2. Plasma-activated nanofibers in TE applications ..........................................................216
6.7.2.1. PCL fibers .....................................................................................................................216
6.7.2.2. PLLA fibers ..................................................................................................................221
6.7.2.3. PLGA fibers ..................................................................................................................223
6.7.3. Plasma polymerization and grafting .................................................................................223
6.7.4. Plasma polymerization and grafting applied on nanofibers in TE
applications ...............................................................................................................................................224
6.7.4.1. PCL fibers .....................................................................................................................224
6.7.4.2. PLLA fibers ..................................................................................................................228
6.7.4.3. PLGA fibers ..................................................................................................................231
6.8. CONCLUSION ..............................................................................................................................................231
REFERENCES ......................................................................................................................................................232

viii

Chapter 7
BIODEGRADABLE POLYMERS FOR DENTAL TISSUE ENGINEERING AND
REGENERATION ...............................................................................................................................................237
Raffaele Conte, Adriana De Luise, Orsolina Petillo, Carlo Rengo, Francesco
Riccitiello, Anna Di Salle, Anna Calarco,* and Gianfranco Peluso

7.1. INTRODUCTION ........................................................................................................................................239

7.2. OROFACIAL STRUCTURES ...................................................................................................................240
7.3. PATHOLOGICAL ALTERATIONS OF THE OROFACIAL REGION...........................................242

7.4. RESTORATIVE APPROACHES TO PATHOLOGICAL ALTERATIONS...................................244
7.5. DENTAL REGENERATIVE THERAPY ...............................................................................................248

7.6. HYDROLYTICALLY DEGRADABLE POLYMERS ...........................................................................249
7.6.1 Polyesters .......................................................................................................................................250
7.6.2. Polyanhydrides ...........................................................................................................................257
7.6.3. Polyacetals ....................................................................................................................................258
7.6.4. Poly(ortho esters) ......................................................................................................................259
7.6.5. Polycarbonates ............................................................................................................................260
7.6.6. Polyurethanes ..............................................................................................................................262
7.6.7. Polyphosphazenes .....................................................................................................................263
7.7. ENZYMATICALLY DEGRADABLE POLYMERS .............................................................................264
7.7.1. Synthetic polyethers .................................................................................................................264
7.7.2. Proteins and poly(amino acids)...........................................................................................267
7.7.3. Polysaccharides ..........................................................................................................................274
7.8. CONCLUDING REMARKS .......................................................................................................................278
ACKNOWLEDGMENT ......................................................................................................................................279
REFERENCES ......................................................................................................................................................279

ix

Chapter 8
INNOVATIVE NEXT-GENERATION PLGA MICROPARTICLES WITH
MULTIFUNCTIONAL ARCHITECTURE ...................................................................................................297
Eric Sah and Hongkee Sah*
8.1. INTRODUCTION ........................................................................................................................................299

8.2. GOLF BALL-LIKE PLGA MICROSPHERES WITH DIMPLED SURFACE ...............................299
8.3. PATCHY LIPID-PLGA MICROPARTICLES .......................................................................................303

8.4. BILAYERED CORE-SHELL PLGA MICROSPHERES .....................................................................305
8.5. KUSUDAMA-LIKE PLGA MICROPARTICLES .................................................................................307
8.6. PLGA MICROPARTICLES WITH ANY GEOMETRICAL MICROFEATURE ..........................308
8.7. CONCLUSIONS ...........................................................................................................................................313
ACKNOWLEDGEMENTS .................................................................................................................................313
REFERENCES ......................................................................................................................................................313

x

Chapter 9
PREPARATION OF PARENTERAL IN SITU GEL FORMULATIONS BASED ON
SMART PLGA POLYMERS: CONCEPTS TO DECREASE INITIAL DRUG BURST AND
EXTEND THE DRUG RELEASE ...................................................................................................................315
Tarek A Ahmed* and Zahid Hussain
9.1. INTRODUCTION ........................................................................................................................................317

9.2. SMART POLYMERS ..................................................................................................................................318
9.2.1. Temperature-sensitive (thermosensitive) polymers ................................................318
9.2.2. Phase-sensitive polymers .......................................................................................................319
9.2.3. pH-sensitive polymers .............................................................................................................319
9.2.4. Photosensitive polymers ........................................................................................................320
9.2.5. Other stimuli-sensitive polymers .......................................................................................320
9.3. POLY (LACTIC-CO-GLYCOLIC ACID) (PLGA) ................................................................................321

9.4. MECHANISM AND PROFILE OF DRUG RELEASE FROM PLGA POLYMERIC
MATRICES .................................................................................................................................................323

9.5. TECHNIQUES UTILIZED TO PREPARE PLGA-BASED ISG SYSTEMS WITH
MINIMUM INITIAL BURST AND EXTENDED DRUG RELEASE...........................................324
9.5.1. Ratio of lactide to glycolide in PLGA ..................................................................................324
9.5.2. Use of hydrophobic solvents .................................................................................................324
9.5.3. PLGA concentration and molecular weight (intrinsic viscosity) .......................... 326
9.5.4. Addition of plasticizers or surfactants ..............................................................................327
9.5.5. Formation of in situ microparticles (ISM) and microglobules................................ 329
9.5.6. ISG systems based on drug nanocrystals and nanoparticles .................................. 331

9.6. APPLICATIONS OF PARENTERAL ISG SYSTEMS........................................................................332
9.6.1. Application in veterinary products ....................................................................................332
9.6.2. Application in vaccine and gene delivery ........................................................................332
9.6.3. Applications in protein and peptide delivery ................................................................332
9.7. CURRENT AND FUTURE DEVELOPMENT .....................................................................................333
9.8. CONCLUSION ..............................................................................................................................................333
REFERENCES ......................................................................................................................................................334

xi

Chapter 10
PERSPECTIVE POTENTIAL OF POLYMER-BASED BIOSENSOR CHIPS IN FOOD
INDUSTRY AND CLINICAL DIAGNOSTICS ............................................................................................337
Nadira Ibrišimović-Mehmedinović*, Mirza Ibrišimović,
Aldina Kesić, and Snježana Marić
10.1. INTRODUCTION .....................................................................................................................................339

10.2. POLYMER MATERIALS IN BIOSENSOR TECHNOLOGY ........................................................339
10.3. OPTICAL BIOSENSORS AND SPR PRINCIPLE............................................................................343

10.4. DEGRADATION OF POLYMER DISTANCE LAYER ...................................................................345

10.5. SELECTION OF THE CLUSTER .........................................................................................................347
10.5.1. Metal clusters ............................................................................................................................347
10.5.2. Mirror cluster ............................................................................................................................348
10.6. THE QUENCHER/LIGAND SYSTEM ...............................................................................................348
10.7. MODIFICATIONS OF BIOSENSOR MATRIX AND SYSTEM ...................................................349
10.8. APPLICATION OF BIOSENSORS IN FOOD INDUSTRY ...........................................................350
10.9. CLINICAL SIGNIFICANCE OF POLYMER-BASED BIOSENSORS .........................................353

ACKNOWLEDGEMENTS .................................................................................................................................354
REFERENCES ......................................................................................................................................................354

xii

Chapter 11
PLA-OMMT NANOCOMPOSITES MANUFACTURED
BY REACTIVE EXTRUSION ..........................................................................................................................357
Félix Carrasco,* Orlando Onofre Santana,
Jonathan Cailloux, and Maria Lluïsa Maspoch
11.1. INTRODUCTION .....................................................................................................................................359

11.2. REACTIVE EXTRUSION PROCESSING AT LABORATORY SCALE ......................................364
11.2.1. Reaction monitoring ..............................................................................................................364
11.2.2. Characterization of reactivity between clay and chain extender....................... 368
11.3. REACTIVE EXTRUSION PROCESSING AT PILOT PLANT SCALE .......................................371
11.3.1. Molecular characterization .................................................................................................371
11.3.2. Effect of clay and/or chain extender addition on the rheological
behavior......................................................................................................................................................373
11.3.3. Effect of chain extender incorporation on clay dispersion in the PLA
matrix ..........................................................................................................................................................377
11.3.4. Mechanical characterization ..............................................................................................378
11.3.5. Thermal stability .....................................................................................................................381
11.3.6. Kinetics of the thermal decomposition: elucidation of reaction
mechanism ................................................................................................................................................383
11.4. CONCLUSIONS.........................................................................................................................................392
ACKNOWLEDGEMENTS .................................................................................................................................392
REFERENCES ......................................................................................................................................................393

xiii

Chapter 12
STRONG BIODEGRADABILITY OF VINYL POLYMERS EXERTED BY INSERTION OF
N-BENZYL-4-VINYL-PYRIDINIUM HALIDE INTO THE MAIN CHAIN ....................................... 397
Nariyoshi Kawabata
12.1. INTRODUCTION .....................................................................................................................................401

12.2. POWERFUL CAPTURE OF BACTERIAL CELLS IN THE LIVING STATE ON
THE SURFACE OF CROSS-LINKED PBVP(Br) ............................................................................402
12.2.1. Accidental discovery of powerful capture of bacterial cells by crosslinked PBVP(Br) ......................................................................................................................................402
12.2.2. Inducement to attempt removal of bacteria from water with use of
cross-linked PBVP(Br) .........................................................................................................................404
12.2.3. Influence of chemical structure of cross-linked PBVP(Br) on the
ability to capture bacterial cells .......................................................................................................404
12.2.4. Affinity of bacterial cells with cross-linked PBVP(Br) ............................................405
12.2.5. Bioreactor using bacterial cells immobilized by capture on the
surface of cross-linked PBVP(Br) ....................................................................................................405
12.2.6. Removal of bacteria and virus by filtration through composite
microporous membrane made of cross-linked PBVP(Cl) ....................................................405
12.3. STRONG ACTION OF LINEAR POLY(N-BENZYL-4-VINYLPYRIDINIUM
HALIDE) UPON MICROBIAL CELLS ...............................................................................................407
12.3.1. Strong antibacterial activity of linear PBVP(Br) .......................................................407
12.3.2. Removal of bacteria from water by coagulation and sedimentation
using linear PBVP(Br) and PBVP(Cl) and their copolymers ...............................................407
12.3.3. Removal of micro-organisms by filtration through unwoven cloth
coated with copolymer of styrene with BVP(Cl) ......................................................................408
12.3.4. Electrochemical sensor for viable microbial cell concentration using
copolymer of styrene with BVP(Cl)................................................................................................408
12.3.5. Bioreactor using bacterial cells immobilized on the surface of
unwoven cloth coated with copolymer of styrene with BVP(Cl) ...................................... 409
12.3.6. Control of soil-borne plant diseases by capture of disease germs
using sawdust coated with copolymer of styrene with BVP(Cl) ....................................... 409
12.3.7. Suppression of soil-borne plant disease by coagulation of disease
germs using copolymer of methyl methacrylate with BVP(Cl)..........................................410
12.4. VIOLENT DIGESTION OF CROSS-LINKED PBVP(Br) BY ACTIVATED
SLUDGE ......................................................................................................................................................411
12.4.1. Miserably complete failure of using cross-linked PBVP(Br) as a filter
medium for bio-film process of sewage treatment .................................................................411
12.4.2. Essence of biodegradability of polymers that harmonized with
recycling system of materials in the natural environment ..................................................413
12.5. BIODEGRABILITY OF POLY(METHYL METHACRYLATE) (PMMA) THAT
CONTAINS BVP(Cl) IN THE MAIN CHAIN ...................................................................................414
xiv

12.6. BIODEGRADABILITY OF POLY(VINYL ACETATE) THAT CONTAINS BVP(Cl)
IN THE MAIN CHAIN ............................................................................................................................417

12.7. BIODEGRABILITY OF POLY(ACRYLAMIDE) THAT CONTAINS BVP(Cl) IN
THE MAIN CHAIN ..................................................................................................................................419
12.8. BIODEGRABILITY OF POLYSTYRENE THAT CONTAINS BVP(Cl) IN THE
MAIN CHAIN.............................................................................................................................................420

12.9. BIODEGRABILITY OF POLY(ACRYLONITRILE) THAT CONTAINS BVP(Cl) IN
THE MAIN CHAIN ..................................................................................................................................425

12.10. RECYCLING USE OF SYNTHETIC POLYMERS WITHOUT LEAVING
WASTES INTO NATURAL ENVIRONMENT .................................................................................429
12.10.1. Zero-emission use of synthetic polymers to prevent pollution of
natural environment by wasted synthetic polymers .............................................................430
12.10.2. Grade of recycling use of synthetic polymers ..........................................................430
12.10.3. Closely connected cooperation of artery industry with venous
industry required by efficient recycling of resource materials .........................................431
REFERENCES ......................................................................................................................................................432

xv

EDITORIAL FOREWORD
Due to their various qualities, such as lightness, chemical and microbial
stability, non-degradable polymeric materials are routinely used in a wide
range of applications in everyday life. However, due to the growing concern
for environmental and waste management issues, bio-based and
biodegradable polymers have recently raised great interest. Produced from
renewable or petroleum resources, these polymers are hydrolytically or
enzymatically degraded. As a consequence, they have numerous
advantages, so that they find applications in packaging and biomedical field,
such as drug delivery, tissue engineering and as temporary implants.
Nevertheless, their main drawbacks are a higher cost in comparison with
commodity polymers, and inferior properties. Therefore, researches on biobased and biodegradable polymers must be continued in order to improve
their performances and penetrate new markets.
The aim of this book is to address advances in the field and proposes
alternative ways for polymer degradation. Some chapters are dedicated to
the synthesis of innovative biodegradable and bio-based polymers, while
others focus on their properties improvement. Some examples of
biopolymer expectations in biomedical or food applications are also
discussed. Finally, biodegradability potential of vinyl polymers is
approached.
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1.1. INTRODUCTION
1.1.1. Biopolymers
Biopolymers include biodegradable and biobased polymers (Figure 1) [1,2].
The former are produced from renewable or petroleum resources via
biological or chemical processes and are degraded by enzymes and
microorganisms in natural environments. The latter are synthesized from
renewable resources via biological or chemical processes, and some are
non-biodegradable, although biobased polymers are generally biodegradable.
Poly(ε-caprolactone) (PCL), poly(ethylene succinate) (PES) and poly(butylene
succinate) (PBS) are synthesized from petroleum resources via chemical
processes, but they have excellent biodegradability. Currently, cost-effective
processes for the production of succinic acid and 1,4-butanediol, raw materials
of PBS, from biomass resources are being developed. Polyethylene (PE) and
polypropylene (PP) are chemically synthesized from their monomers, which
can be derived from biological sources, but they are not biodegradable.
Poly(hydroxyalkanoate)s (PHAs) and poly(lactide) (PLA) have excellent
biodegradability and are produced from renewable resources via biological
and chemical processes, respectively. These polymers are water-insoluble and
plastic polymers. In contrast, poly(Glu) (PGA) and poly(Asp) (PAA) are watersoluble, biodegradable and biobased polymers. PGA is synthesized via a
biological process by several bacteria (all Gram-positive), one archaea and one
eukaryote [3], while PAA is synthesized from L-Asp via a chemical process [4].
Accordingly, biodegradable biobased biopolymers, such as PHAs, PLA, PGA and
PAA, are the most favourable biopolymers to avoid the environmental
problems associated with the use of petrochemical-based synthetic polymers.
Among these biobased and biodegradable polymers, this contribution mainly
focuses on PHAs and PAA, which contain a novel β-linkage in the main chain of
their molecules, and the enzymes involved in their metabolism in nature.

1.1.2. PHB

Poly[(R)-3-hydroxybutyrate] (PHB) is a linear polymer of R-3-hydroxybutyrate
(3HB) units connected via β-ester linkage that was first discovered in the mid1920s by Lemoigne [5]. PHB is categorized into three types in accordance with
the number of 3HB units and biological function: (i) high molecular weight
PHB (1,000 to > 1,000,000 3HB units, storage PHB), (ii) low molecular weight
PHB (≈100–200 3HB units, oligo-PHB), and (iii) conjugated PHB
(< 30 3HB units, cPHB) [6-8]. Storage PHB is found in many prokaryotes, such
as Eubacteria and Archaea, while oligo-PHB and cPHB are found in both
prokaryotes and eukaryotes, that is, oligo-PHB and cPHB may be present in all
organisms.
3
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Figure 1. Biopolymers comprised of biodegradable and bio-based polymers

1.1.2.1. Storage PHB
Storage PHB and its copolymers (PHAs), including other hydroxyalkanoates
(HAs), are intracellularly deposited in the form of inclusion bodies (PHB/PHA
granules). In most organisms, PHAs are accumulated as amorphous granules
from renewable resources under unbalanced growth conditions, and their
surfaces are covered by a layer of lipids and proteins, including enzymes
involved in PHA metabolism [9-11]. After PHAs are extracted from cells, they
are converted to the semicrystalline form and degraded by PHA
depolymerases secreted from microorganisms in natural environments, such
as soil, active sludge, fresh water, and seawater [12,13], the degraded
compounds are converted to CO2 and H2O. Thus, as the biodegradation and
synthesis of PHAs are embedded in the carbon-cycle, PHAs have attracted
interest as environmentally friendly materials [14,15].

Many bacteria can synthesize various types of PHAs containing 3-, 4-, and 5-HA
units, and more than 150 HAs other than 3HB have been reported as
constitutive units of PHAs [14]. PHAs consisting of short-chain length HAs
(SCL-HAs; 3–5 carbon atoms) or medium-chain length HAs (MCL-HAs; 6–14
carbon atoms) have been detected. The former are thermoplastic in nature,
whereas the latter are elastomeric. The physical and mechanical properties of
PHAs can be regulated by varying the monomer composition to gain properties
comparable to the petrochemical-based thermoplastics that have been used for
various applications in industry, medicine, pharmacy, agriculture, and
4
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electronics [15]. Accordingly, PHAs have attracted industrial interest as
biobased, biodegradable, biocompatible, and versatile thermoplastics [16,17].

1.1.2.2. Oligo-PHB

Oligo-PHB was first discovered in the cytoplasmic membranes of the
genetically competent bacteria Azotobacter vinelandii and Bacillus subtilis,
which accumulate storage PHB [18]. Oligo-PHB was also found in
Haemophilus influenza and Escherichia coli, although they do not accumulate
storage PHB [18,19]. Oligo-PHB often forms non-covalent complexes with
polyphosphate and Ca ions in vivo. Oligo-PHB-Ca-polyphosphate complexes are
localized in the membrane and are responsible for DNA uptake during
transformation. Furthermore, oligo-PHB-Ca-polyphosphate complexes were
found in eukaryotic membranes, suggesting their possible existence in all
living cells [20,21]. Oligo-PHB-Ca-polyphosphate complexes play a role in not
only the transport of inorganic cations [22-24] but also the transport of DNA
molecules [25-27].

1.1.2.3. cPHB

In 1996, cPHB was found in the membranes and the cytoplasm of E. coli cells
by Huang and Reusch [28], but it is present in all organisms [29]. In E. coli, a
novel type of PHB synthase YdcS, which is different from storage PHB
synthases, catalysed cPHB synthesis in collaboration with other cPHB
synthases [30]. Because cPHB and oligo-PHB are ubiquitous, they are likely
fundamental constituents of biological cells.

1.1.3. PLAs

PLAs are representative biobased plastics with good processability,
transparency, biocompatibility and biodegradability. Because of these
excellent characteristics, PLAs are used in packaging, containers, stationary
and medical and agricultural materials [31,32]. PLAs are produced from
renewable biomass through a chemo-bioprocess consisting of the fermentative
production of lactic acid (LA) and chemical polymerization. LA is
spontaneously polymerized by refluxing, but the molecular mass of the yielded
polymer tends to be low [33]. There are several methods for synthesizing highmolecular-mass PLAs: condensation, chain elongation, and ring-opening
polymerization of cyclic lactides [31]. Currently, the most common industrial
method to produce PLAs is ring-opening polymerization, which is catalysed by
heavy metal catalysts, typically tin [34,35]. However, the trace residues of
heavy metal catalyst are unfavourable for certain applications, in particular,
medical and food applications. Thus, replacement of the heavy metal catalyst
with a safe and environmentally acceptable alternative is an important issue.
To this end, one-pot production of PLA and its copolymers was achieved using
5
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the newly established microbial cell factory integrated by a lactatepolymerizing enzyme (LPE) (refer to section 1.2.3) [36,37].

1.1.4. PAA

β-Peptides are foldamers that fold into turns, helices, and sheet-like structures,
analogous to the secondary structures of proteins, and show extraordinary
resistance to degradation by many common peptidases and proteases [38,39].
Because of these properties, β-peptides have attracted increasing attention in
recent years in the field of functional materials.

Thermally synthesized PAA (tPAA) is a biobased, biocompatible,
biodegradable, and water-soluble polymer with high polyanionic properties
[40-44]. Earlier structural analyses demonstrated that β-Asp units account for
70 % of the total composition of tPAA, indicating that tPAA is composed of a
high proportion of β-peptides. The analyses also showed that tPAA contains
equivalent moles of D- and L-Asp units, with branching and cross-linking as
unnatural structures, in addition to β-Asp units [45-49]. As unnatural
structures in polymer materials generally affect the biodegradability of the
material, tPAA biodegradability should be carefully considered in its
applications. In addition, because polymer structure control generally results
in high functionalization and performance improvement, the creation of
structure-controlled PAA is one of the most preferred ways to maximize the
potential of PAA as a functional material.

1.1.5. Towards an enhanced sustainable production

Enzymes are attractive catalysts because they are natural non-harmful
catalysts that can drive reactions under mild conditions. In addition, highly
specific enzymatic reactions may be capable of synthesizing polymers with fine
structures from crude materials, which would reduce the cost of preparing the
starting substances. This could be an advantage over chemical polymerization
since the chemoprocess frequently requires extremely pure monomers,
harmful catalysts and solvents, and anhydrous and high-temperature
conditions.

Three main issues have hindered the widespread use of biopolymers: (1) the
high production cost compared to petroleum-based polymers with similar
properties; (2) the inability to produce high-performance biopolymers in
substantial amounts; and (3) the difficulty in controlling the life cycle of
biopolymers, i.e., control of their biodegradability and their effective chemical
recycling.

To solve issues (1) and (2) for PHAs, we focused on the protein engineering of
PHA synthases because PHA synthases play a central role in PHA biosynthesis,
through which both the PHA production efficiency and the properties of the
generated polymer can be improved [50]. We would like to highlight the
current special topic of the biosynthesis of new PHA polymers incorporating
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unusual monomer units, such as LA, by PHA synthase engineering. In addition,
to solve issue (3) for PHAs, we focused on the engineering of PHB
depolymerases because enzymatic PHB degradation (PHB monomerization) is
an important first step in the PHB recycling process. Thus, the improvement of
PHB depolymerases is expected to result in the construction of an effective
PHB chemical recycling system. In this chapter, we provide case studies on
protein engineering of PHB depolymerase based on domain structure-based
and random mutagenesis approaches. We also present additional applications
using PHB depolymerases.

With respect to issues (2) and (3) for PAA, we provide the biochemical and
genetic properties of PAA hydrolases. In addition, as their applications, we
focus on the enzymatic synthesis of structure-controlled poly(α-ethyl
β-aspartate) (β-PAA) by taking advantage of the substrate specificity.

1.2. PROTEIN ENGINEERING OF PHA SYNTHASES
1.2.1. Enzymology and engineering of PHA synthases
PHA synthases catalyse the polymerization of monomeric HA to polymeric
PHA. The monomer substrates of PHA synthase are mainly 3HA-CoAs with
various side-chain lengths, and R-enantiomer HA-CoAs are specifically
accepted for polymerization by synthase [51]. More than 70 PHA synthases
have been classified into four types based on their substrate specificities and
subunit compositions (Table 1) [52].

PHA synthases belonging to type I and type II consist of single subunits (PhaC).
Type I PHA synthases, represented by Ralstonia eutropha enzyme, mainly
polymerize SCL-monomers (C3–C5), whereas type II PHA synthases,
represented by Pseudomonas oleovorans enzyme, polymerize MCL-monomers
(C6–C20). Type III PHA synthases, such as Allochromatium vinosum enzyme,
consist of two hetero-subunits (PhaC and PhaE). The PhaC subunits of type III
synthase are smaller than those of type I and II synthases but possess catalytic
residues in the subunit. Similar to the type I synthases, these PHA synthases
preferentially polymerize SCL-monomers (C3–C5). Type IV PHA synthases,
such as Bacillus megaterium, are similar to type III PHA synthases in terms of
possessing two subunits. However, unlike the PhaE of type III PHA synthases, a
smaller protein, designated PhaR, is required to exhibit the full activity of type
IV PhaC.

7
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Table 1. The four classes of PHA synthases

Type

Subunit(s)

Representative species

Substrate specificity

II

PhaC

Pseudomonas aeruginosa
Pseudomonas sp. 61-3

C6–C14
C3–C12

I

III
IV

PhaC

PhaC-PhaE

PhaC-PhaR

Ralstonia eutropha
Aeromonas caviae

Allochromatium vinosum
Bacillus megaterium

C3–C5
C3–C7
C3–C5
C3–C5

Considering the strong relationship of the PHA synthase performance with the
polymer properties, it is of great interest to alter the enzymatic properties of
PHA synthase, which plays a major role in polymer synthesis. The lack of
tertiary structure information for PHA synthases has limited the attempts to
improve the activity and to alter the substrate specificity of these enzymes.
Therefore, “irrational” methods, such as random mutagenesis and gene
shuffling, have been extensively applied based on the evolutionary program
[53,54]. In general, natural diversity provides us with attractive starting
components for artificial evolution as it represents functionalized sequence
spaces to a certain extent. A large population (more than 70 species) of
randomly screened PHA-producing bacteria suggests that attractive prototype
enzymes for molecular breeding exist. Among them, the enzyme evolution
approach has been applied to type I and type II PHA synthases derived from
some bacteria.

1.2.2. Functional improvements of PHA synthases
1.2.2.1. Type I PHA synthases

In 2001, a pioneering study that established methods for the protein
engineering of PHA synthase was conducted using the best-studied enzyme,
the PHA synthase of R. eutropha [55]. The in vitro evolutionary program was
first constructed by coupling an error-prone PCR-mediated mutagenesis with a
plate-based, high-throughput screening method to create mutants with
acquired beneficial functions [55]. A mutant library of the R. eutropha PHA
synthase gene was prepared through the colony formation of transformed cells
of Escherichia coli. There was a good correlation between the change in PHB
accumulation caused by the various mutations in the R. eutropha PHA synthase
gene and the change in the enzymatic activity of the mutants. Multi-step
mutations, including an activity loss and intragenic suppression-type activity
reversion, effectively produced mutants with increased activity [56]. The
mutant enzymes were identified by mutation sequence analysis, and a second
round of mutation was used to evolve these enzymes to proteins with better
characteristics than the wild-type enzyme. Through this intragenic
suppression-type mutagenesis, 2.4-fold specific activity towards 3HB-CoA
8
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compared to the wild-type enzyme was acquired by the mutation of Phe420Ser
(F420S) in an intrinsically highly active type I PHA synthase [56].

In another case, a screened beneficial mutation, Gly4Asp (G4D), exhibited
higher levels of protein accumulation and PHB production than the
recombinant E. coli strain harbouring the wild-type PHA synthase [57]. For
intragenic suppression-type mutagenesis, second-site reversion was
dependent or independent of primary mutation in the activity. Secondary
mutation of F420S and G4D were independent of the primary mutation.
Subsequently, site-specific saturation mutagenesis was also performed on the
codon encoding the G4 residue of the PHA synthase of R. eutropha, and many
substitutions resulted in much higher PHB content and higher molecular mass
polymers [58].

Aeromonas caviae (punctata) PHA synthase is unique among the type I PHA
synthases since it can synthesize not only PHB homopolymer but also random
copolyesters of 3HB and 3-hydroxyhexanoate (3HHx). Kichise et al. performed
the first successful in vitro molecular evolution experiments on PHA synthase
from A. caviae by targeting to the limited region of the enzyme [59]. Two
evolvants exhibited increased specific activities towards 3HB-CoA of 56 % and
21 % compared to the wild-type enzyme. These mutations led to enhanced
accumulation (up to 6.5-fold that of the wild-type enzyme) of P(3HB-co-3HHx)
and increases in the 3HHx molar fraction (16–18 mol % compared to 10 mol %
of the wild-type PHA synthase) in recombinant E. coli strains grown on
dodecanoate. A combination of these beneficial mutations (N149S/D171G)
synergistically altered the enzymatic properties, leading to the synthesis of
PHA copolymers with enhanced 3HA fractions and increased molecular mass
from the recombinant R. eutropha [60]. A Japanese chemical company, Kaneka
Co. Ltd., has initiated the industrial production of this type of polyester, named
AONILEXR, in 2011. The commercial-based manufacturing of this polymer
product involves the above-mentioned evolved enzymes. In a separate study,
A. caviae PHA synthase was engineered in vivo using the mutation-prone strain
E. coli, which has a 5,000-fold higher mutation rate than wild-type E. coli, and
the mutants were screened for enhanced PHB accumulation in recombinant
E. coli [61]. Additionally, the mutants synthesized PHAs with increased
molecular mass, but in contrast to the previous study, the 3HHx fraction was
only slightly different from the wild-type composition.

A junction site for the interconnection of heterogeneous enzymes based on the
predicted secondary structures allowed chimera-genesis of the PHA synthase
from R. eutropha with the partner PHA synthase from A. caviae. The chimeric
mutant exhibited higher activity and expanded substrate specificity compared
to the original enzymes [62]. For PHA synthases, directed evolution studies
have advanced from random approaches to much more systematic approaches,
such as chimera-genesis, recombination and shuffling.
9
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1.2.2.2. Type II PHA synthases
In contrast with type I PHA synthases, type II PHA synthases typically have
substrate specificity towards MCL-3HA-CoA substrates and relatively poor
substrate specificity towards SCL-3HA-CoA substrates, such as 3HB-CoA. An
exception to this is the type II PHA synthase of Pseudomonas sp. 61-3, which
has significant substrate specificity towards 3HB-CoA (Table 1). In the
landmark study of Takase et al., the in vitro evolutionary technique was applied
to PhaC1 PHA synthase from Pseudomonas sp. 61-3 to increase the activity
towards 3HB-CoA monomers [63]. Substitutions at two amino acid residues,
Ser325 and Gln481, were found to dramatically affect the production of PHB
homopolymer in recombinant E. coli using glucose as the carbon source. The
codons for these amino acids were subjected to site-specific saturation
mutagenesis, and several individual substitutions were found to dramatically
increase the level of PHB production. These mutations were combined as
double mutants to further increase the level of PHB production (340–400-fold
that of the wild-type enzyme) [63]. The changes in the in vivo-produced
P(3HB-co-3HA) copolymer molar compositions correlated well with the
in vitro biochemical data of the substrate specificity and activity of the
enzymes and represents one of the most complete studies to date [64].

The findings of these studies for type II PHA synthase are useful for evaluating
similar evolution strategies of other types of PHA synthases based on their
amino acid sequence alignment. For example, position 481 in PhaC1 PHA
synthase from Pseudomonas sp. 61-3 was found to be one of the residues that
determined the substrate specificity of the enzyme, as described above.
Interestingly, the amino acid residues corresponding to the position of this
enzyme are conserved within each type of PHA synthase: Ala for type I, Gln for
type II, Gly for type III and Ser for type IV enzymes. Thus, the effects of
mutating the highly conserved alanine (Ala510) of the R. eutropha PHA
synthase (position 481 in Pseudomonas sp. 61-3 PhaC1) were analysed via
site-specific saturation mutagenesis. Mutations at Ala510 affected the
substrate specificity of the R. eutropha PHA synthase, allowing slightly higher
3HA incorporation than the wild-type PHA synthase in R. eutropha PHB-4 (PHA
negative mutant) [65].
Two additional beneficial positions, Glu130 [66] and Ser477 [67], were
identified through the in vitro evolution screening. As illustrated in Figure 2
(A) and (B), “mutation scrambling” among four beneficial positions (130, 325,
477, 481) to increase activity, change the substrate specificity, and regulate the
polymer molecular mass would further create new super-enzymes. A possible
mechanistic model for PHA polymerization was recently proposed on the basis
of the accumulated evolutionary studies [68]. Furthermore, the useful
evolvants obtained through systematic enzyme evolution have been supplied
to other organisms, including plants [69,70]. The impacts of these reports
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inspired additional research groups to apply directed evolution to individual
PHA synthases of interests [71-73].

Figure 2. Functional mapping of beneficial positions (A) and relationships among the
residues related to enzymatic activity and substrate specificity of PHA synthase from
Pseudomonas sp. 61-3 (B)

1.2.3. Creation of lactate-polymerizing enzyme (LPE)
The pioneering work on the exploration of LA-polymerizing activity by PHA
synthases was reported by Valentin et al. [74], in which PLA biosynthesis was
performed by monitoring the activity of PHA synthases towards synthetic
LA-CoAs (R and S enantiomers). Several PHA synthases were evaluated for
LA-polymerizing activity, and a class III PHA synthase from Allochromatium
vinosum exhibited weak CoA-releasing activity [74]. In a similar report,
Yuan et al. reported the activity of A. vinosum PHA synthase towards
(R)-LA-CoA [75]. Unfortunately, in both cases, polymerization was not
observed or was negligible, suggesting that PHA synthase could hydrolyse CoA
ester to release CoA but could not progress further through polymerization to
form a polymer.
In this context, Taguchi et al. formally reported the first prototype LPE in 2008
as a PHA synthase with acquired LA-polymerizing activity through in vitro and
in vivo experiments [36]. The first indication of LA-polymerizing activity was

11
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obtained through a water-organic solvent two-phase in vitro system [36,37].
The activity towards LA-CoA was tested in the absence and presence of 3HBCoA using representative PHA synthases belonging to the four classes of
natural PHA synthases, together with three engineered (PhaC1Ps mutants)
from Pseudomonas sp. 61-3. The engineered PHA synthases were two single
mutants [Ser325Thr (ST) and Gln481Lys (QK)] and one double mutant
carrying both mutations (STQK). The two mutants were selected based on
their improved activity and/or broader substrate specificity [53,54]. The
natural synthases and mutants did not form a clear-polymer with LA-CoA
alone but did with 3HB-CoA. However, when LA-CoA was supplied together
with 3HB-CoA, one mutant, PhaC1Ps(STQK), exhibited polymer-like
precipitation. Analysis of the precipitant revealed that it consisted of 36 mol %
of the LA unit. This was the first report of a PHA synthase with the ability to
incorporate an LA unit to form P(LA-co-3HB). The finding that PhaC1Ps(STQK)
could polymerize LA was a demonstration of evolutionary engineering as a
powerful tool to generate biocatalysts with desired properties. By
demonstrating the in vitro activity of PhaC1Ps(STQK) towards LA-CoA, it was
presumed that heterologous expression of this LPE could result in in vivo
synthesis of LA-based polyesters, thus creating microbial factories for
LA-based polyester synthesis. The metabolic engineering approach outlined in
this contribution provides an entirely new single organism generation of the
polymer, a major breakthrough in the field. This finding opens the door to
optimization of this type of process to become cost competitive with other
commodity polymers.
In a subsequent study, based on the improved activity of a point mutation at
position 420 (F420S) of a type I PHA synthase (PhaCRe) from R. eutropha [56],
the same mutation was introduced into the ancestral LPE [PhaC1Ps(STQK) from
Pseudomonas sp. 61-3] to create a triple mutant of LPE with S325T, Q481K and
the new mutation F392S, which corresponds to F420S of PhaCRe [76]. When
the new LPE [PhaC1Ps (STQKFS)] was expressed in E. coli, a copolymer with
45 mol % LA and a polymer content of 62 wt % was synthesized, in comparison
with P(26 mol % LA-co-3HB) obtained with the prototype LPE, PhaC1Ps(STQK),
under aerobic culture conditions. Additionally, the cells harbouring PhaC1Ps
(STQKFS) synthesized P(LA-co-3HB) with 62 mol % LA and a polymer content
of 12 wt %. During the same study, saturation mutagenesis of LPE at the same
site (position 392) yielded mutants that gave varying LA fractions in the
copolymers; however, F392S was superior to the other mutants in
incorporating LA. This study demonstrated the effectiveness of the enzyme
engineering of LPE in two directions: improved LA incorporation and polymer
yield for both aerobic and anaerobic culture conditions [76]. Furthermore,
copolymers incorporating 2-hydroxy acids (2HAs), such as 2-hydroxybutyrate
[77,78] and glycolate [79,80], may lead to copolymers with novel properties,
including biodegradability (Figure 3). This expansion of PHA synthase to 2HA-polymerizing enzymes has prompted us to create additional enzymes with
12
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acquired activity towards new and unusual monomer substrates, resulting in
new polymers.

Figure 3. Structural diversities in main-chain and side-chain of PHA back bone which
can be recognized by natural and artificially evolved PHA synthases. Asterisks indicate
the chiral center in monomer units of PHA.

Regarding the reports on LPE, several similar studies have been followed using
LPE homologous enzymes [81,82]. The best-studied PHA synthase from
R. eutropha has been successfully engineered to LPE by a single mutation at a
beneficial position corresponding to position 481 of Pseudomonas sp. 61-3 PHA
synthase [83]. This implies functional compatibility between PHA members for
acquiring LPE activity. Therefore, advanced types of LPE could be obtained by
artificial evolution of the prototype LPE and by exploration of natural PHA
synthases that potentially possess new substrate specificities, such as
LA-polymerizing activity [84,85].
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1.3. PROTEIN ENGINEERING OF PHB DEPOLYMERASE
1.3.1. Biochemical and genetic properties of PHB depolymerases
After the use and disposal of PHA materials, they are decomposed to oligomers
and/or monomers by extracellular PHA depolymerases with degradation
ability for crystalline PHAs. More than 30 PHA depolymerase genes, with
experimentally verified activity, have been identified, and the PHA
depolymerase Engineering Database has been established based on their
sequence similarity [86]. Among the PHA depolymerases, multi-domain PHB
depolymerases have been extensively studied [87-89]. Multi-domain PHB
depolymerases generally consist of a catalytic domain (CD) at the N-terminus,
a substrate-binding domain (SBD) at the C-terminus, and a linker region
connecting the two domains [87]. Genetic analysis shows that PHB
depolymerases contain a lipase box pentapeptide [Gly-Xaa1-Ser-Xaa2-Gly] as
an active residue, indicating that these enzymes are serine hydrolases. The
enzymatic degradation of PHB by the multi-domain PHB depolymerases is
considered to proceed via a two-step reaction at the solid-liquid interface, as
shown in Figure 4. The PHB depolymerase approaches and adheres to the PHB
surface via SBD, followed by hydrolysis of the polymer chain by CD. Thus,
elucidation of the mechanisms of enzyme adsorption and enzymatic hydrolysis
may provide strategies for the design of new PHB polymer materials with the
desired environmental stability and biodegradability. Furthermore, the
improvement of PHB depolymerases could result in effective enzymatic
recycling of PHB materials. To improve PHB depolymerases, it is important to
understand the mechanisms underlying which and how amino acid residues
participate in the adsorption and hydrolysis processes. Thus, we have
conducted a study with PHB depolymerase (PhaZRpiT1) from Ralstonia pickettii
T1, which is one of the best-studied PHB depolymerases.

Figure 4. Schematic illustration of the enzymatic degradation of PHA by PHB
depolymerase
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1.3.2. Protein engineering of the SBD region of PhaZRpiT1
The structural aspects of an enzyme generally provide crucial information
about the interaction between the enzyme and its ligand. However, because of
the paucity of information about the 3D structures of multi-domain PHB
depolymerases, there are few insights into which and how the amino acid
residues in their SBD are involved in the enzyme adsorption to the PHB
surface.

Directed evolution approaches are frequently used to explore, manipulate, and
optimize enzyme properties, including substrate specificity, catalytic activity,
thermostability, and solubility, because no information about the tertiary
structure of the enzyme is required [90-93]. These approaches are also
applicable to the analysis of mutation effects on enzyme activity to provide
useful information for the improvement of enzyme function. To clarify which
and how residues are involved in the adsorption, we investigated the
interaction between PhaZRpiT1 and the PHB surface using a combination of PCR
random mutagenesis targeted to only SBD and an in vivo screening system, as
shown in Figure 5 (A) [94]. In the analysis of recombinants with low
PHB-degrading activity, Ser410, Tyr412, Val415, Tyr428, Ser432, Leu441,
Tyr443, Ser445, Ala448, Tyr455, and Val457 were replaced with different
residues with hydropathy indices opposite to theirs at high frequency [Figure 5
(B)]. The results suggested that PhaZRpiT1 adsorbs to the PHB surface via the
formation of hydrogen bonds between hydroxyl groups of the residues and
carbonyl groups in the PHB polymer and via hydrophobic interaction between
the hydrophobic residues and the methyl groups in the PHB polymer.

Among these positions, Leu441, Tyr443, and Ser445 were predicted to form a
β-sheet structure to orient in the same direction and to possibly interact with
the PHB surface. Among the amino acid substitutions found at these residues,
the hydropathy indices of the L441H (replacement of Leu441 with His), Y443H
(replacement of Tyr443 with His), and S445C (replacement of Ser445 with
Cys) mutations dramatically changed. Functional analyses of the L441H,
Y443H, and S445C enzymes indicated that these mutations had no influence on
their structures and their ability to cleave the ester bond, while their PHB-degrading activity differed from that of the wild-type [95]. Kinetic analysis of
PHB degradation by the mutants suggested that the hydrophobic residues at
these positions are important for enzyme adsorption to the PHB surface and
may more effectively disrupt the PHB surface to enhance the hydrolysis of PHB
polymer chains than the wild-type enzyme. Further, surface plasmon
resonance (SPR) analysis revealed that these substitutions altered the
association phase rather than the dissociation phase in the enzyme adsorption
to the polymer surface.
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Figure 5. (A) In vivo assay system for assessment of mutational effects of the
substrate-binding domain of PhaZRpiT1 on PHB degradation. Schematic flow diagram of
the system is illustrated. This system is composed of PCR-mediated random
mutagenesis in the substrate-binding domain region of PhaZRpiT1 gene, preparation of
mutant library, primary plate assay of PHB degradation (clear-zone formation),
nucleotide sequencing and PHB degrading and adsorbing assays of partially purified
mutant enzymes. (B) Positions and frequencies of PCR-mediated single mutations in
the region coding for SBD of PhaZRpiT1, together with its predicted secondary structure.

Recently, the crystal structures of single-domain PHB depolymerases from
Penicillium funiculosum (PhaZPfu) and PhaZ7 from Paucimonas lemoignei
(PhaZ7Ple) were determined [96-98]. Their structural analyses suggested that
Tyr and/or hydrophobic residues are involved in the enzyme adsorption to the
PHB surface. Taken together, PHB binding ability of PhaZRpiT1 can be improved
by substituting a hydrophilic residue with a hydrophobic one at the positions
16
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of 441, 443 and 445. Tyr at position 443 was targeted for substitution with a
more hydrophobic residue because its hydrophobicity is medium to high
compared to those of general naturally occurring amino acid residues [99]. In
the design of a mutant enzyme with an amino acid substitution at this position,
the following factors were taken into consideration: (1) to achieve higher
hydrophobicity than the original residue, (2) to retain the β-sheet structure,
and (3) to minimize the change to the volume of the amino acid residue after
the substitution. The substitution of Tyr443 with Phe (Y443F) was considered
to be appropriate. Analysis of the Y443F enzyme indicated that the mutation
had no influence on the structure and the ester bond cleavage activity, while
this mutant had higher PHB degradation activity than the wild-type. Thus, this
finding supports the above assumptions and indicates the importance of
hydrophobic interaction for PHB adsorption of PhaZRpiT1.

1.3.3. Protein engineering of the CD region of PhaZRpiT1

Cell surface display is a valuable technique for peptide/protein expression on
the surface of microorganisms by fusion with the appropriate anchoring motifs
[100]. The cell surface display of functional and useful peptides/proteins has
become a useful strategy in various applications, such as whole-cell
biocatalysts and bioabsorbents, live vaccine development, antibody
production, and peptide library screening. This method is also useful for
enzyme library screening because the displayed protein is accessible to the
external environment and is thus able to interact with substrates easily,
enabling the screening of large libraries [101].

There is also little knowledge about the improvement of the CD function of
PhaZRpiT1, including which and how amino acid residues contribute to the
hydrolytic activity. Thus, the CD of PhaZRpiT1 was targeted for directed
evolution using random mutagenesis and DNA recombination to enhance its
ester bond cleavage ability (Figure 6) [102]. To easily react with water-soluble
substrates, such as p-nitrophenyl butyrate (pNPC4), we used a cell surface
display system to create a mutant library [103]. Clones displaying mutant
enzymes with a 4- to 8-fold increase in pNPC4 hydrolysis activity were
obtained, in comparison with those displaying the wild-type. Gene analysis
showed that eight of the improved mutant enzymes contained N285D or
N285Y mutations. As beneficial mutations are accumulated and deleterious
mutations are simultaneously removed from the improved mutants through
DNA recombination [104], the N285D and N285Y mutations are probably
beneficial for pNPC4 hydrolysis. Kinetic studies revealed that the increase in
catalytic efficiency for pNPC4 hydrolysis by the mutant enzymes is attributed
to the high Vmax values. In contrast to pNPC4 hydrolysis, the PHB degradation
rates by N285D and N285Y were slower than that of the wild-type enzyme,
indicating that these mutations are unfavourable for PHB degradation. The
kinetics of PHB degradation demonstrated that the N285D and N285Y
mutations lowered the hydrolysis activity for the PHB polymer chain
17
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compared to the wild-type enzyme, despite retention of the binding activity for
the PHB polymer surface. To exhaustively examine the effects of mutations at
position 285, we conducted site-directed saturation mutagenesis at that
position, and the resultant mutant enzymes (N285X) were evaluated for
p-nitrophenyl ester (pNPCn) hydrolysis and PHB degradation [105]. The
kinetic studies demonstrated that PHB-degrading activities of N285X were
reciprocally related to their pNPCn-hydrolysing activities and that N285H
showed comparable activity of PHB degradation to wild-type enzyme. In the
PHA depolymerase engineering database, PhaZRpiT1 belongs to the e-dPHAscl
homologous family 8, and Asn285 in PhaZRpiT1 is highly conserved in most PHB
depolymerases in this family. However, for PHB depolymerase from
Burkholderia thailandensis E264, the amino acid residue corresponding to
Asn285 in PhaZRpiT1 is His316 rather than Asn. Thus, the His residue may
functionally substitute for Asn at that position on PHB degradation in the
course of the molecular evolution of PHB depolymerases in nature.

Figure 6. Directed evolution targeted at the catalytic domain (CD) of PhaZRpiT1 using
the in vivo screening system in the cell surface display system. A schematic diagram of
the mutational effects analysis is illustrated. This system consists of random
mutagenesis by error-prone PCR in the CD of PhaZRpiT1, cell surface display of enzyme,
high-throughput microplate screening via p-nitrophenyl butyrate (pNPC4) hydrolysis,
staggered extension process (StEP), and nucleotide sequencing.
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1.3.4. Proposed active site model of PhaZRpiT1
The correct orientation of a PHB polymer chain to the active site is necessary
to realize effective PHB degradation by PHB depolymerase. Bachmann and
Seebach proposed that PhaZRpiT1 has four subsites (2, 1, –1, and –2) in its active
site, in which three of the subsites must be occupied by 3HB units for cleavage
to occur at the centre of the active site [106]. Homology modelling of PhaZRpiT1
(the modelled residue range was from positions 124 to 294) based on the
crystal structure of PhaZPfu suggested that Asn285 (color-coded according to
molecular species) of PhaZRpiT1 is located at the mouth of the crevice,
immediately above His273, which probably involved subsite –1 (Figure 7 (A)).
Asn285 was positioned as if to cover subsite –1 and to inhibit substrate access.
Taking the homology modelling results and the aforementioned findings on the
cleavage mechanism into consideration, we propose a simple schematic model
for PhaZRpiT1, as shown in Figure 7 (B). In this model, Ser139 participates in the
nucleophilic attack of the carbonyl carbon of a PHB chain, and its
nucleophilicity is enhanced by the His273-Asp214 hydrogen bonding system.
The residue Asn285 is positioned relatively close to His273 located in subsite
–1 as if to cover the subsite. The location of Asn285 in the subsite probably
leads to the regulation of the recognition of substrate molecules, such as
pNPC4 and the PHB polymer chain, possibly indirectly via conformational
change. Similar findings have been reported in lipases and PhaZ7Ple, where
activation via conformational change is required to uncover the active site
[107,108].

1.3.5. Applications of PHB depolymerases

Recently, in vitro enzymatic synthesis has become an effective method for the
synthesis of environmentally acceptable biopolymers. The majority of enzymes
studied for polymerization are hydrolases, most notably lipases and proteases,
for both ester and amide bond formation [109]. Although PHB depolymerases
have no lipase activity, they have a catalytic centre resembling that of lipase,
making them possible catalysts for esterification and PHB polymerization. PHB
depolymerases can be employed for the production of esters in anhydrous
media [110-113]. Similarly, PHA depolymerases from Pseudomonas fluorescens
GK13 and Streptomyces venezuelae SO1 were applied to esterification and PHB
synthesis [114,115].

An additional application, surface patterning using biopolymers and their
depolymerases, is included here. The patterning of polymeric and organic
surfaces has been widely investigated for the fabrication of soft interfaces
[116], and micro-contact printing (µCp) and scanning probe microscopy-based
lithography have been used as the surface patterning methods. Recently, the
development of enzyme-catalysed surface patterning has become one of the
most important and attractive challenges for site-selective patterning with
various surface morphologies [117,118]. Thus, we prepared biopolymer
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surfaces with different enzymatic degradability using simple surface
modification by UV–ozone treatment/UV irradiation, followed by controlled
enzymatic degradation, resulting in regular surface patterning [119]. Lee et al.
reported the specific patterning of proteins on the PHA surface by µCp. Their
method was based on the site-selective binding of SBD to PHA, which enables
the micropatterning of proteins/DNA fused to the SBD on a PHA thin film
[120-122].

Figure 7. (A) Molecular surface representation of the homology model of PhaZRpiT1.
The positions of catalytic triad residues (S139, D214, and H273) (cyan), as well as
residue N285 (color-coded according to molecular species) are indicated. (B) Newly
proposed schematic model of the active site in the CD of PhaZRpiT1.
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1.4. PAA HYDROLASES
1.4.1. Biochemical and genetic properties of PAA hydrolases
tPAA biodegradability has been assessed using semicontinuous activated
sludge (SCAS), mini-continuous activated sludge (Mini-CAS), and modified
sturm (CO2 production) tests [40,42]. Although microorganisms and enzymes
are directly responsible for the biodegradation and lifetime control of tPAA,
there were no reports of tPAA biodegradation by isolated microorganisms and
enzymes until our research group’s work [123,124]. Sphingomonas sp. KT-1
and Pedobacter sp. KP-2 were isolated as tPAA-degrading and
tPAA-assimilating microorganisms from river water [125,126]. The former
strain took up low molecular weight tPAA and completely degraded it to Asp
monomers. In contrast, the latter strain extracellularly degraded tPAA to
oligomers, followed by the intracellular complete degradation of the oligomers.
The enzymes related to tPAA metabolism (PAA hydrolases-1 and -2) were
purified from the soluble fraction of these bacteria [127-129]. Their
biochemical, structural, and genetic properties are listed in Table 2. PAA
hydrolase-1 from Sphingomonas sp. KT-1 (PahZ1KT-1) is a single-domain
enzyme (ca. 30 kDa) and contains a lipase box as its catalytic centre, indicative
of a Ser-type hydrolase [130]. PahZ1KT-1 catalyses the cleavage of the amide
bonds between β-Asp units in tPAA to generate oligo(Asp)s (OAA) via an endotype process [131]. This reaction is followed by the exo-mode hydrolysis of
OAA by another PAA hydrolase, PAA hydrolase-2 (PahZ2KT-1). Gene analysis
showed that PahZ2KT-1 is similar to exo-type carboxypeptidase G2 and the
putative metallopeptidase from Caulobacter crescentus CB15. As PahZ1KT-1 and
PahZ2KT-1 were purified from the soluble fraction and their deduced amino acid
sequences had signal peptide sequences, they probably participate in tPAA
degradation in the periplasmic space, as shown in Figure 8 [123].

PAA hydrolase-1 from Pedobacter sp. KP-2 (PahZ1KP-2) was found to be
localized in the periplasm fraction, which was supported by the existence of a
signal peptide sequence in its deduced amino acid [129]. PahZ1KP-2 is also a
single-domain enzyme (ca. 31 kDa) and a Ser-type hydrolase, similar to
PahZ1KT-1. GPC and NMR analyses of the products during tPAA hydrolysis by
PahZ1KP-2 demonstrated that this enzyme specifically, but not completely,
cleaves the amide bond between β-Asp units in tPAA via an endo-type process.
Because the tPAA molecule contains equivalent moles of D- and L-Asp units,
uncommon sequences in nature [(D-Asp)-(D-Asp), (D-Asp)-(L-Asp), (L-Asp)-(D-Asp)], in addition to (L-Asp)-(L-Asp), may be formed, which may affect the
cleavage of the β-β amide bonds in tPAA by PahZ1KP-2. To determine the
mechanism, we performed the hydrolysis of β-tri(Asp)s with all possible
combinations of L- and D-Asp units by PahZ1KP-2 [124,132]. The results
suggested the following structural features of PahZ1KP-2 at its substrate-binding
site: (1) the active site contains four subsites (2, 1, −1, and −2), three of which
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Table 2. tPAA- and β-peptide-degrading microorganisms and their hydrolases
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need to be occupied by Asp units for cleavage to occur; (2) for the hydrolysis to
proceed, subsite 1 must be occupied by an L-Asp unit, whereas the other three
subsites accept either L- or D-Asp units; (3) for the two central subsites
between which cleavage occurs, the (L-Asp)-(D-Asp) sequence is the most
favourable for cleavage (Figure 9).

Figure 8. Possible mechanism for microbial degradation
of tPAA by Sphingomonas sp. KT-1

Figure 9. Schematic model of substrate recognition site of PahZ1KP-2

1.4.2. Enzymes functionally and structurally
related to PahZ1KT-1 and PahZ1KP-2
Because PahZ1 enzymes specifically cleave novel β-linkages in tPAA, we
focused on the functionally and structurally related enzymes that also
recognize β-linkages in the polymers. Figure 10 shows the multi-alignment of
the deduced amino acids of matured PahZ1KT-1 and PahZ1KP-2 and those of PHB
depolymerases using ClustalW2 (GENETYX software). BLAST analysis revealed
that the deduced amino acid sequence of matured PahZ1KP-2 was similar to that
of PahZ1KT-1 (39 % identity in 264 aa) [129]. PahZ1 enzymes are classified into
the α/β-hydrolase_5 family, which includes putative PHB depolymerase (LpqC)
from Bordetella parapertussis, based on the ESTHER database
(http://bioweb.ensam.inra.fr/esther). As shown in Figure 10, the residues
composing their catalytic triads, in which the Ser residue formed together with
Asp and His residues, are conserved in PahZ1KT-1, PahZ1KP-2, PhaZAfaAE122, and
23
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PhaZ2Ple. PHB depolymerases are monomer enzymes having an α/β-hydrolase
fold and cleave β-ester bonds in PHB via an endo-type process [87,97,108].
Early hydrolysis studies of oligo(3HB)s with well-defined sequences
demonstrated the four subsites model at the substrate-binding site of PHB
depolymerases, resembling that of PahZ1KP-2 [106,133,134].

Figure 10. Multi-alignment of putative amino acids of matured PAA hydrolases-1 with
those of matured PHB depolymerases using ClustalW2 (GENETYX software).
Sequences of PAA hydrolases-1 from Sphingomonas sp. KT-1 (PahZ1KT-1) and
Pedobacter sp. KP-2 (PahZ1KP-2) and PHB depolymerases from Alcaligenes faecalis
AE122 (PhaZAfaAE122) and Pseudomonas lemoignei (PhaZ2Ple) are shown. Identical and
conserved amino acids are marked in black and gray, respectively. Box indicates lipase
box. Proposed active site residues are marked by closed circles.
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In addition to the PAA-hydrolysing enzymes (PahZ1KT-1, PahZ2KT-1, and
PahZ1KP-2), five β-aminopeptidases (three BapA enzymes, one BapF enzyme,
and one DmpA enzyme) hydrolyse short β-peptides and β-amino-acid
containing peptides [135-142]. Their properties are listed in Table 2. The
β-aminopeptidases are exo-type hydrolases that remove the β-amino acid unit
from the N-terminus of oligopeptides, amides, and esters. Based on the
MEROPS database [143], they are classified into peptidase family P1, which
includes aminopeptidases and self-processing proteins. The phylogenetic tree
based on amino acid sequences showing relationships among PAA hydrolases-1, PHB depolymerases, and β-aminopeptidases strongly suggests that PahZ1KT-1
and PahZ1KP-2 are related to PhaZAfaAE122 and PhaZ2Ple but not to
β-aminopeptidases (Figure 11).

Figure 11. Neighbor-joining tree showing phylogenetic relationships among PAA
hydrolases-1, PHB depolymerases, and β-aminopeptidases [Y2 BapA, Ps BapA
(BapA from Pseudomonas sp. MCI3434), 3-2W4 BapA, BapF (BapF from
Pseudomonas aeruginosa PAO1), and DmpA]. The scale bar represents the
expected number of substitutions per amino acid position.

The chemical compounds containing β-amino-acid-derived substructures are
part of a wide variety of bioactive secondary metabolites, such as coenzyme A,
L-carnosine, taxol, microcystin-LR, and bestatin [142]. Moreover, β-L- and
β-D-Asp units are found in various proteins, including αA- and αB-crystallins,
β-amyloid protein, and elastin from diverse tissues of elderly individuals [144].
There are no known natural peptides that are solely composed of β-amino acid
units. Accordingly, compounds containing β-amino-acid-derived substructures
and mixed α,β-peptides produced in nature may serve as physiological
substrates for PahZ1 and PahZ2 enzymes as well as DmpA and BapA enzymes.
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1.4.3. Application of PAA hydrolase from Pedobacter sp. KP-2
Enzymes have many benefits including high catalytic rates, lack of undesirable
by-products, high enantio- and regioselectivities, and the ability to function
under mild conditions, as catalysts of polymer synthesis compared with
chemical catalysts. As commonly used proteases cleave and form α-amide
linkages, the resultant poly(amino acid)s synthesized by the proteases are
composed of α-units [145-151]. Due to the novel substrate specificity of PahZ1
enzymes, their application to enzyme-catalysed polymerization may result in
the synthesis of β-linked PAA (β-PAA) possessing the unexpected properties
mentioned above. Thus, we applied PahZ1KP-2 to the enzyme-catalysed
synthesis of β-PAA [152]. Matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) analysis demonstrated that the
synthesized polymers ranged from m/z = 750 to 2,500 and were composed of
ethyl aspartate units containing either an ethyl ester or a free carboxyl end
group at the carboxyl terminus. 1H NMR analysis indicated that the synthesized
polymer consisted of only β-amide linkages. Therefore, PahZ1KP-2 is a useful
biocatalyst for β-peptide synthesis.

1.5. CONCLUSION
This chapter describes biopolymers containing a novel β-linkage in the main
chain of their molecules, such as PHAs and PAA, and the enzymes involved in
their metabolism. We focused on the development of PHA synthases and PHB
depolymerases with higher activity or modified substrate-recognizing ability,
as well as their applications. Furthermore, we described the structure-function
relationships of PAA hydrolases and their applications.

Biodegradable and biobased biopolymers, such as PHAs and PAA, are desirable
alternatives to petrochemical-derived polymers. For practical applications,
three main factors must be considered, that is, reduction of their production
cost, improvement of their performance, and their efficient recycling.
Therefore, process improvements for biopolymer production, as well as
biopolymer degradation, in particular, improvement of the enzymes used in
the processes, are becoming increasingly important and widespread. Against
this background, directed evolution of the enzymes involved in the
biosynthesis and biodegradation of biopolymers will become the driving force
to establish bioprocesses for the controlled production of biopolymers with
the desired monomer compositions. In addition, systems-level analysis of
metabolic, signalling, and regulatory networks in biopolymer-producing and
biopolymer-degrading strains will provide new targets and strategies for
process improvement, including tailor-made biopolymer production with
desired monomer composition and molecular mass.
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Furthermore, the widespread use of biopolymers may require further
development of their high value-added products and applications. In this
chapter, we introduced several applications, including enzyme-catalysed
polymerization and micropatterning and nanopatterning. In regards to
enzyme-catalysed polymerization, custom-made enzymes generated by
evolutionary engineering may affect the creation of novel high-performance
biopolymers, such as β-peptides, in improved in vitro systems. The
development of such enzymes is expected to catalyse dramatic breakthroughs
in the industrial, pharmaceutical, and agricultural fields. Regarding the latter
application, molecular patterning technologies have developed along two
separate paths: serial writing [e.g., dip-pen nanolithography (DPN), 153] and
parallel printing [e.g., µCp, 154] and have enabled many applications, such as
DNA microarrays and protein chips [155]. DNA microarrays have been used in
expression profiling, mutation detection, diagnosis, and many other
applications [156]. Protein chips haves also attracted interest in diagnostics,
biosensor applications and library screening [157,158]. Recently, the two
branches of patterning merged with the invention of massively parallel DPN
and polymer-pen lithography [155,159]. In the field of nanotechnology,
biocompatibility and low environmental impact of the byproducts are desired
because of the increasing awareness of global environmental issues. Thus,
fusion of the recently advanced patterning methods and the use of
biopolymers and their improved enzymes will provide environmentally and
people-friendly, high-throughput processing methods for soft interfaces with
nanometre- to micrometre-sized architecture in the future.
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M. Pötter, A. Steinbüchel, Biomacromolecules 2 (2005) 552–560.
B.H. Rehm, Biothechnol. Lett. 28 (2006) 207–213.
D. Jendrossek, J. Bacteriol. 191 (2009) 3195–3202.
D. Jendrossek, R. Handrick, Annu. Rev. Microbiol. 56 (2002) 403–432.
D.Y. Kim, Y.H. Rhee, Appl. Microbiol. Biotechnol. 61 (2003) 300–308.
A. Steinbüchel, H.E. Valenthin, FEMS Microbiol. Lett. 128 (1995) 219–228.
Y. Doi, A. Steinbüchel (Eds.), Biopolymers vol. 4; Polyesters III: Applications and
Commercial Products, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
Germany, 2002, P. 410.

27

Chapter 1

16.

17.
18.
19.
20.
21.

22.
23.
24.

25.

26.
27.
28.
29.
30.
31.
32.
33.

34.
35.
36.
37.

38.
39.
40.
41.
42.
43.

44.

45.
46.

28

R.A.J. Verlinden, D.J. Hill, M.A. Kenward, C.D. Williams, I. Radecka, J. Appl.
Microbiol. 102 (2007) 1437–1449.
G.Q. Chen, Chem. Soc. Rev. 38 (2009) 2434–2446.
R.N. Reusch, H.L. Sadoff, J. Bacteriol. 156 (1983) 778–788.
R.N. Reusch, T.W. Hiske, H.L. Sadoff, J. Bacteriol. 168 (1986) 553–562.
R.N. Reusch, Proc. Soc. Exp. Biol. Med. 191 (1989) 377–381.
D. Seebach, A. Brunner, H.M. Bürger, J. Schneider, R.N. Reusch, Eur. J. Biochem.
224 (1994) 317–328.
R.N Reusch, H.L. Sadoff, Proc. Natl. Acad. Sci. USA 85 (1988) 4176–4180.
R.N. Reusch, R. Huang, L.L. Bramble, Biophys. J. 69 (1995) 754–766.
S. Das, U.D. Lengweiler, D. Seebach, R.N. Reusch, Proc. Natl. Acad. Sci. USA 94
(1997) 9075–9079.
C.E. Castuma, R. Huang, A. Kornberg, R.N. Reusch, J. Biol. Chem. 270 (1995)
12980–12983.
R. Huang, R.N. Reusch, J. Bacteriol. 177 (1995) 486–490.
R.N. Reusch, Biochem. Moscow. 65 (2000) 280–295.
R. Huang, R.N. Reusch, J. Biol. Chem. 271 (1996) 22196–22202.
R.N. Reusch, Chem. Biodivers. 9 (2012) 2343–2366.
D. Dai, R.N. Reusch, Biochem. Biophys. Res. Commun. 374 (2008) 485–489.
R. Auras, B. Harte, S. Selke, Macromol. Biosci. 4 (2004) 835–864.
Y. Tokiwa, B.P. Calabia, Appl. Microbiol. Biotechnol. 72 (2006) 244–251.
Y.M. Zhao, Z.Y. Wang, J. Wang, H.Z. Mai, B. Yan, F. Yang, J. Appl. Polym. Sci. 91
(2004) 2143–2150.
A.C. Albertsson, U. Edlund, K. Stridsberg, Macromol. Symp. 157 (2000) 39–46.
H.R. Kricheldorf, Chemosphere 43 (2001) 49–54.
S. Taguchi, M. Yamada, K. Matsumoto, K. Tajima, Y. Sato, M. Munekata, K.
Ohono, K. Kohda, T. Shimamura, H. Kambe, S. Obata, Proc. Natl. Acad. Sci. USA
105 (2008) 17323–17327.
K. Tajima, Y. Satoh, T. Satoh, R. Itoh, X. Han, S. Taguchi, T. Kakuchi, M.
Munekata, Macromolecules 42 (2009) 1985–1989.
D. Seebach, A.K. Beck, D.J. Bierbaum, Chem. Biodivers. 1 (2004) 1111–1239.
D. Seebach, J. Gardiner, Acc. Chem. Res. 41 (2008) 1366–1375.
M.B. Freeman, Y.H. Paik, G. Swift, R. Wilczynski, S.K. Wolk, K.M. Yocom, in
Hydrogels and biodegradable polymers for bioapplications, ACS Symposium
Series, R.M. Ottenbrite, S.J. Huang, K. Park (Eds.), American Chemical Society,
Washington DC, USA, 1996, p. 118–136.
C.L. Kim, A.P. Wheeler, L.P. Koskan, in Hydrophilic polymers, Advances in
Chemistry 248, J.D. Glass (Ed.), American Chemical Society: Washington DC,
USA, 1996, p. 99–111.
Y. Tang, A.P. Wheeler, in Biopolymers from polysaccharides and agroproteins, R.
Gross, C. Scholz (Eds.), ACS Symposium Series, American Chemical Society,
Washington DC, USA, 2001, p. 157–171.
W. Joentgen, N. Müller, A. Mitschker, H. Schmidt, in Polyamides and complex
proteinaceous materials I, Biopolymers 7, S.R. Fahnestock, A. Steinbüchel (Eds.),
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2003, p. 175–199.
S.M. Thombre, B.D. Sarwade, J. Macromol. Sci., Part A: Pure Appl. Chem. 42
(2005) 1299–1315.
H. Pivcova, V. Saudek, J. Drobnik, J. Vlasak, Biopolymers 20 (1981) 1605–1614.
H. Pivcova, V. Saudek, J. Drobnik, Polymer 23 (1982) 1237–1241.

Enzymes catalysing the synthesis and degradation of beta-linked biopolymers...
47.

48.
49.

50.
51.
52.
53.
54.
55.

56.

57.

58.

59.
60.

61.

62.

63.
64.
65.
66.

67.

68.

69.
70.

71.
72.
73.

74.
75.
76.

S.K. Wolk, G. Swift, Y.H. Paik, K.M. Yocom, R.L. Smith, E.S. Simon,
Macromolecules 27 (1994) 7613–7620.
K. Matsubara, T. Nakato, M. Tomida, Macromolecules 31 (1998) 1466–1472.
T. Nakato, M. Yoshitake, K. Matsubara, M. Tomida, T. Kakuchi, Macromolecules
31 (1998) 2107–2113.
I.S. Aldor, J.D. Keasling, Curr. Opin. Biotechnol. 14 (2003) 475–483.
L.L. Madison, G.W. Huisman, Microbiol. Mol. Biol. Rev. 63 (1999) 21–53.
B.H.A. Rehm, Biochem. J. 376 (2003) 15–33.
S. Taguchi, Y. Doi, Macromol. Biosci. 4 (2004) 146–156.
C.T. Nomura, S. Taguchi, Appl. Microbiol. Biotechnol. 73 (2007) 969–979.
S. Taguchi, A. Maehara, K. Takase, M. Nakahara, H. Nakamura, Y. Doi, FEMS
Microbiol. Lett. 198 (2001) 65–71.
S. Taguchi, H. Nakamura, T. Hiraishi, I. Yamato, Y. Doi, J. Biochem. 131 (2002)
801–806.
Y.M. Normi, T. Hiraishi, S. Taguchi, H. Abe, K. Sudesh, N. Najimudin, Y. Doi,
Macromol. Biosci. 5 (2005) 197–206.
Y.M. Normi, T. Hiraishi, S. Taguchi, K. Sudesh, N. Najimudin, Y. Doi, Biotechnol.
Lett. 27 (2005) 705–712.
T. Kichise, S. Taguchi, Y. Doi, Appl. Environ. Microbiol. 68 (2002) 2411–2419.
T. Tsuge, S. Watanabe, S. Saito, T. Hiraishi, H. Abe, Y. Doi, S. Taguchi, Macromol.
Biosci. 7 (2007) 846–854.
A.A. Amara, A. Steinbüchel, B.H.A. Rehm, Appl. Microbiol. Biotechnol. 59 (2002)
477–482.
K. Matsumoto, K. Takase, Y. Yamamoto, Y. Doi, S. Taguchi, Biomacromolecules
10 (2009) 682–685.
K. Takase, S. Taguchi, Y. Doi, J. Biochem. 133 (2003) 139–145.
K. Takase, K. Matsumoto, S. Taguchi, Y. Doi, Biomacromolecules 5 (2004) 480–
485.
T. Tsuge, Y. Saito, M. Narike, K. Muneta, Y.M. Normi, Y. Kikkawa, T. Hiraishi, Y.
Doi, Macromol Biosci. 4 (2004) 963–970.
K. Matsumoto, K. Takase, E. Aoki, Y. Doi, S. Taguchi, Biomacromolecules 6
(2005) 99–104.
K. Matsumoto, E. Aoki, K. Takase, Y. Doi, S. Taguchi, Biomacromolecules 7
(2006) 2436–2442.
F. Shozui, K. Matsumoto, T. Sasaki, S. Taguchi, Appl. Microbiol. Biotechnol. 84
(2009) 1117–1124.
K. Matsumoto, R. Nagao, T. Murata, Y. Arai, T. Kichise, H. Nakashita, S. Taguchi,
H. Shimada, Y. Doi, Biomacromolecules 6 (2005) 2126–2130.
K. Matsumoto, T. Murata, R. Nagao, C.T. Nomura, S. Arai, K. Takase, H.
Nakashita, S. Taguchi, H. Shimada, Biomacromolecules 10 (2009) 686–690.
D.K. Solaiman, J. Ind. Microbiol. Biotechnol. 30 (2003) 322–326.
D.S. Sheu, C.Y. Lee, J. Bacteriol. 186 (2004) 4177–4184.
N. Niamsiri, S.C. Delamarre, Y.R. Kim, C.A. Batt, Appl. Environ. Microbiol. 70
(2004) 6789–6799.
H.E. Valentin, A. Steinbüchel, Appl. Microbiol. Biotechnol. 40 (1994) 699–709.
W. Yuan, Y. Jia, J.M. Tian, K.D. Snell, U. Muh, A.J. Sinskey, R.H. Lambalot, C.T.
Walsh, J. Stubbe, Arch. Biochem. Biophys. 394 (2001) 87–98.
M. Yamada, K. Matsumoto, K. Shimizu, S. Uramoto, T. Nakai, F. Shozui, S.
Taguchi, Biomacromolecules 11 (2010) 815–819.

29

Chapter 1

77.

78.

79.
80.

81.

82.

83.

84.
85.
86.

87.
88.
89.

90.

91.
92.
93.
94.

95.

96.
97.

98.

99.
100.
101.
102.

103.

104.
105.
106.
30

X. Han, Y. Satoh, T. Satoh, K. Matsumoto, T. Kakuchi, S. Taguchi, T. Dairi, M.
Munekata, K. Tajima, Appl. Microbiol. Biotechnol. 92 (2011) 509–517.
K. Matsumoto, S. Terai, A. Ishiyama, J. Sun, T. Kabe, Y. Song, J.M. Nduko, T.
Iwata, S. Taguchi, Biomacromolecules 14 (2013) 1913–1918.
K. Matsumoto, A. Ishiyama, T. Shiba, S. Taguchi, J. Biotechnol. 156 (2011) 214–
217.
K. Matsumoto, T. Shiba, Y. Hiraide, S. Taguchi, ACS Biomater. Sci. Eng. (2016)
Articles ASAP (DOI: 10.1021/acsbiomaterials.6b00194).
T.H. Yang, Y.K. Jung, H.O. Kang, T.W. Kim, S.J. Park, S.Y. Lee, Appl. Microbiol.
Biotechnol. 90 (2011) 603–614.
K. Tajima, X. Han, Y. Satoh, A. Ishii, Y. Araki, M. Munekata, S. Taguchi, Appl.
Microbiol. Biotechnol. 94 (2012) 365–376.
A. Ochi, K. Matsumoto, T. Ooba, K. Sasaki, T. Tsuge, S. Taguchi, Appl. Microbiol.
Biotechnol. 97 (2012) 3441–3447.
K. Matsumoto, S. Taguchi, Curr. Opin. Biotechnol. 24 (2013) 1054–1060.
K. Matsumoto, S. Taguchi, Appl. Microbiol. Biotechnol. 97 (2013) 8011–8021.
M. Knoll, T.M. Hamm, F. Wagner, V. Martines, J. Pleiss, BMC Bioinform. 10
(2009) 89–96.
D. Jendrossek, R. Handrick, Annu. Rev. Microbiol. 56 (2002) 403–432.
T. Hiraishi, S. Taguchi, Mini-Rev. Org. Chem. 6 (2009) 44–54.
T. Hiraishi, S. Taguchi, (2013) in Protein engineering – technology and
application, T. Ogawa (Ed.), InTech, Rijeka, Croatia, 2013, p. 133–165.
J.D. Bloom, M.M Meyer, P. Meinhold, C.R. Otey, D. Macmillan, F.H. Arnold, Curr.
Opin. Struc. Biol. 15 (2005) 447–452.
L.G. Otten, W.J. Quax, Biomol. Eng. 22 (2005) 1–9.
T.W. Johannes, H. Zhao, Curr. Opin. Microbiol. 9 (2006) 261–267.
H. Zhao, K. Chockalingam, Z. Chen, Curr. Opin. Biotechnol. 13 (2002) 104–110.
T. Hiraishi, Y. Hirahara, Y. Doi, M. Maeda, S. Taguchi, Appl. Environ. Microbiol.
72 (2006) 7331–7338.
T. Hiraishi, N. Komiya, N. Matsumoto, H. Abe, M. Fujita, M. Maeda,
Biomacromolecules 11 (2010) 113–119.
S. Miyazaki, K. Takahashi, M. Shiraki, T. Saito, Y. Tezuka, K. Kasuya, J. Polym.
Environ. 8 (2002) 175–182.
T. Hisano, K. Kasuya, Y. Tezuka, N. Ishii, T. Kobayashi, M. Shiraki, E. Oroudjev,
H. Hansma, T. Iwata, Y. Doi, T. Saito, K. Miki, J. Mol. Biol. 356 (2006) 993–1004.
R. Handrick, S. Reinhardt, M.L. Focarete, M. Scandola, G. Adamus, M.
Kowalczuk, D. Jendrossek, J. Biol. Chem. 276 (2001) 36215–36224.
T. Hiraishi, N. Komiya, M. Maeda, Polym. Degrad. Stab. 95 (2010) 1370–1374.
S.Y. Lee, J.H. Choi, Z. Xu, Trends Biotechnol. 21 (2003) 45–52.
M. Olsen, B. Iverson, G. Georgiou, Curr. Opin. Biotechnol. 11 (2000) 331–337.
L.-T. Tan, T. Hiraishi, K. Sudesh, M. Maeda, Appl. Microbiol. Biotechnol. 97
(2013) 4859–4871
T. Hiraishi, K. Yamashita, M. Sakono, J. Nakanishi, L.-T. Tan, K. Sudesh, H. Abe,
M. Maeda, Macromol. Biosci. 12 (2012) 218–224.
H. Zhao, W. Zha, Nat. Protoc. 1 (2006) 1865–187.
L.-T. Tan, T. Hiraishi, K. Sudesh, M. Maeda, Appl. Microbiol. Biotechnol. 98
(2014) 7061–7068.
B.M. Bachmann, D. Seebach, Macromolecules 32 (1999) 1777–1784.

Enzymes catalysing the synthesis and degradation of beta-linked biopolymers...
107.

108.

109.
110.
111.
112.
113.
114.
115.

116.
117.
118.

119.

120.

121.

122.

123.
124.
125.
126.
127.
128.
129.

130.

131.
132.
133.

134.

A.C. Papageorgiou, S. Hermawan, C.B. Singh, D. Jendrossek, J. Mol. Biol. 382
(2008) 1184–1194.
S. Wakadkar, S. Hermawan, D. Jendrossek, A.C. Papageorgiou, Acta Cryst. F66
(2010) 648–654.
A.C. Albertsson, R.V. Srivastava, Adv. Drug Deliv. Rev. 60 (2008) 1077–1093.
A. Kumar, R.A. Gross, D. Jendrossek, J. Org. Chem. 65 (2000) 7800–7806.
Y. Suzuki, T. Ohura, K. Kasuya, K. Toshima, Y. Doi, S. Matsumura, Chem. Lett.
(2000) 318–319.
Y. Suzuki, S. Taguchi, T. Saito, K. Toshima, S. Matsumura, Y. Doi,
Biomacromolecules 2 (2001) 541–544.
Y. Suzuki, S. Taguchi, T. Hisano, K. Toshima, S. Matsumura, Y. Doi,
Biomacromolecules 4 (2003) 537–543.
M. Santos, J. Gangoiti, M.J. Llama, J.L. Serra, H. Keul, M. Möller, J. Mol. Catal. B
Enzym. 77 (2012) 81–86.
M. Santos, J. Gangoiti, M.J. Llama, J.L. Serra, H. Keul, M. Möller, Appl. Microbiol.
Biotechnol. 97 (2013) 211–222.
Z. Nie, E. Kumacheva, Nat. Mater. 7 (2008) 277–290.
Z. Mao, M. Ganesh, M. Bucaro, I. Smolianski, R.A. Gross, A.M. Lyons,
Biomacromolecules 15 (2014) 4627–4636.
I. Khana, J.R. Duttaa, R. Ganesan, J. Cellular Biotechnol. 1 (2015/2016) 131–
144.
Y. Kikkawa, M. Fukuda, N. Ichikawa, A. Kashiwada, K. Matsuda, M. Kanesato, T.
Hiraishi, J. Mater. Chem. A 1 (2013) 4667–4670.
J.P. Park, K.-B. Lee, S.J. Lee, T.J. Park, M.G. Kim, B.H. Chung, Z.-W. Lee, I.S. Choi,
S.Y. Lee, Biotechnol. Bioeng. 92 (2005) 160–165.
T.J. Park, J.P. Park, S.J. Lee, H.J. Hong, S.Y. Lee, Biotechnol. Bioproc. Eng. 11
(2006) 173–177.
T.J. Park, S.M. Yoo, K.C. Keum, S.Y. Lee, Anal. Bioanal. Chem. 393 (2009) 1639–
1647.
T. Hiraishi, M. Maeda, Appl. Microbiol. Biotechnol. 91 (2011) 895–903.
T. Hiraishi, Appl. Microbiol. Biotechnol. 100 (2016) 1623–1630.
K. Tabata, K. Kasuya, H. Abe, K. Masuda, Y. Doi, Appl. Environ. Microbiol. 65
(1999) 4268–4270.
K. Tabata, H. Abe, Y. Doi, Biomacromolecules 1 (2000) 157–161.
K. Tabata, M. Kajiyama, T. Hiraishi, H. Abe, I. Yamato, Y. Doi,
Biomacromolecules 2 (2001) 1155–1160.
T. Hiraishi, M. Kajiyama, K. Tabata, H. Abe, I. Yamato, Y. Doi,
Biomacromolecules 4 (2003) 1285–1292.
T. Hiraishi, E. Masuda, N. Kanayama, M. Nagata, Y. Doi, H. Abe, M. Maeda,
Macromol. Biosci. 9 (2009) 10–19.
T. Hiraishi, M. Kajiyama, K. Tabata, I. Yamato, Y. Doi, Biomacromolecules 4
(2003) 80–86.
T. Hiraishi, M. Kajiyama, I. Yamato, Y. Doi, Macromol. Biosci. 4 (2004) 330–339.
T. Hiraishi, H. Abe, M. Maeda, AMB Express 5 (2015) 31.
T. Hiraishi, T. Ohura, S. Ito, K. Kasuya, Y. Doi, Biomacromolecules 1 (2000) 320–
324.
T.M. Scherer, R.C. Fuller, S. Goodwin, R.W. Lenz, Biomacromolecules, 1 (2000)
577–583.
31

Chapter 1

135.

136.
137.
138.

139.
140.

141.

142.
143.

144.
145.
146.
147.

148.

149.
150.

151.
152.

153.
154.
155.
156.

157.
158.
159.

32

B. Geueke, K. Namoto, D. Seebach, H.P.E. Kohler, J. Bacteriol. 187 (2005) 5910–
5917.
H. Komeda, Y. Asano, FEBS J. 272 (2005) 3075–3084.
B. Geueke, T. Heck, M. Limbach, D. Seebach, H.P.E. Kohler, FEBS J. 273 (2006)
5261–5272.
T. Heck, M. Limbach, B. Geueke, M. Zacharas, J. Gardiner, H.P.E. Kohler, D.
Seebach, Chem. Biodivers. 3 (2006) 1325–1348.
B. Geueke, H.P.E. Kohler, Appl. Microbiol. Biotechnol. 74 (2007) 1197–1204.
T. Heck, H.P.E. Kohler, M. Limbach, O. Flcgel, D. Seebach, B. Geueke, Chem.
Biodivers. 4 (2007) 2016–2030.
V. Fuchs, K.E. Jaeger, S. Wilhelm, F. Rosenau, World J. Microbiol. Biotechnol. 27
(2011) 713–718.
T. Heck, B. Geueke, H.P.E. Kohler, Chem. Biodivers. 9 (2012) 2388–2409.
N.D. Rawlings, A.J. Barrett, A. Bateman, Nucleic Acids Res. 38 (2010) D227–
D233.
N. Fujii, Y. Kaji, N. Fujii, J. Chromatogr. B 879 (2011) 3141–3147.
K. Aso, T. Uemura, Y. Shiokawa, Agric. Biol. Chem. 52 (1988) 2443–2449.
T. Uemura, M. Fujimori, H.H. Lee, S. Ikeda, K. Aso, Agric. Biol. Chem. 54 (1990)
2277–2281.
S. Matsumura, Y. Tsushima, N. Otozawa, S. Murakami, K. Toshima, G. Swift,
Macromol. Rapid Commun. 20 (1999) 7–11.
H. Uyama, T. Fukuoka, I. Komatsu, T. Watanabe, S. Kobayashi,
Biomacromolecules 3 (2002) 318–323.
Y. Soeda, K. Toshima, S. Matsumura, Biomacromolecules 4 (2003) 196–203.
G. Li, A. Vaidya, K. Viswanathan, J. Cui, W. Xie, W. Gao, R.A. Gross,
Macromolecules 39 (2006) 7915–7921
G. Li, V.K. Raman, W. Xie, R.A. Gross, Macromolecules 41 (2008) 7003–7012.
T. Hiraishi, E. Masuda, D. Miyamoto, N. Kanayama, H. Abe, M. Maeda,
Macromol. Biosci. 11 (2011) 187–191.
S.H. Hong, J. Zhu, C.A. Mirkin, Science 286 (1999) 523–525.
A. Kumar, G.M. Whitesides, Appl. Phys. Lett. 63 (1993) 2002–2004.
A.B. Braunschweig, F. Huo, C.A. Mirkin, Nat. Chem. 1 (2009) 353–358.
S.M. Yoo, D.C. Keum, S.Y. Yoo, J.Y. Choi, K.H. Chang, N.C. Yoo, W.M. Yoo, J.M. Kim,
D. Lee, S.Y. Lee, Biotechnol. Bioproc. Eng. 9 (2004) 93–99.
D.S. Wilson, S. Nock, Curr. Opin. Chem. Biol. 6 (2002) 81–85.
T.J. Park, M.Y. Seung, K.C. Keum, S.Y. Lee, Anal. Bioanal. Chem. 393 (2009)
1639–1647.
C.D. O’Connell, M.J. Higgins, S.E. Moulton, G.G. Wallace, J. Mater. Chem. C 3
(2015) 6431–6444.

Chapter

2
EXPLORING BIODEGRADABLE
POLYMER PRODUCTION FROM
MARINE MICROBES
Kulanthaisamy Mohan Rasu1 and Alagarsamy Arun*2
1 Department
2 Department

*Corresponding

of Energy Science, Alagappa University, Karaikudi
of Microbiology, Alagappa University, Karaikudi

author: arunalacha@gmail.com

Chapter 2

Contents
2.1. INTRODUCTION .......................................................................................................................................... 35
2.2. BIOPOLYMER ............................................................................................................................................... 36

2.3. MARINE ENVIRONMENT POLLUTION DUE TO PLASTICS ...................................................... 37
2.4. BIOPOLYMER FROM MICROORGANISMS ....................................................................................... 38

2.5. MARINE BACTERIA POTENTIAL ......................................................................................................... 40
2.5.1. Marine bacteria producing PHAs .......................................................................................... 41
2.5.2. Polyhydroxyalkanoates by halophiles ................................................................................ 44
2.5.3. PHA production in halophilic archaea ................................................................................ 44
2.6. SELECTION OF FEEDSTOCKS ............................................................................................................... 45

2.7. PROPERTIES OF PHAs.............................................................................................................................. 46
2.7.1. Crystal structure of P(3HB) ..................................................................................................... 47
2.7.2. Physical properties of P(3HB) ................................................................................................ 48
2.8. NEED FOR PHAs FOR MICROORGANISMS ...................................................................................... 49

2.9. BIODEGRADABILITY ................................................................................................................................ 49
2.10. INDUSTRIAL PRODUCTION OF PHA ............................................................................................... 50

2.11. APPLICATION ............................................................................................................................................ 52
2.11.1. Medical applications ................................................................................................................ 53
2.11.2. Drug delivery carriers ............................................................................................................. 54
2.11.3. Biofuels .......................................................................................................................................... 55
2.12. CONCLUSION AND FUTURE PERSPECTIVES .............................................................................. 55
REFERENCES ........................................................................................................................................................ 56

34

2.1. INTRODUCTION
Petroleum derived plastic (polymer) is the most useful extraordinary versatile
synthetic polymer with numerous advantages for humans. The human-made
synthetic plastic was first discovered in 1862 by Alexander Parkes at the Great
International Exhibition in London. This discovery is a breakthrough process
in chemistry as man-made synthetic polymers from petrochemicals, which
play a vital role in different aspects of everyday life and serve as an
indispensable part of human life and have replaced most materials in modern
life [1-3]. The last 3−4 decades had tremendous technology development that
has catastrophically increased plastic production due to its excellent qualities
such as cheapness, light weight, being very stable in harsh condition, and
resistance to the microbial decomposition and chemical degradation [4].
During 2010−2015, 300 million tons of plastic was produced yearly worldwide
whereas China alone produced 23.9 % of world’s total production of plastic
and ranks top [5,6]. Though it possesses lots of excellent properties, it also
causes many major environmental problems. As most plastics persist in the
environment, it takes hundreds of years to degrade and during the degradation
process they release plenty of toxic substances like bisphenol A, styrene,
polystyrene, and so forth.

The unhindered extensive use of non-degradable petroleum based products
(polyethylene, polypropylene, and poly(vinyl alcohol)) leads to the
accumulation of toxic waste materials across the planet and affects the survival
of many species and causes release of hundred million tons of CO2 into
environment each year [7,8]. The first alarming report against plastic usage by
Carpenter et al. warned that plastic pellets are suspended in the surface of
North Atlantic Sea and points out clearly in Science that “the increasing
production of plastic, combined with present waste-disposal practices, will
probably lead to greater concentrations of plastics on the sea surface” [9]. To
overcome these problems several researchers had tried to find several
alternative ways like microbial degradation of plastic [10]. Microbial
degradation of plastics is a complex process and it requires optimal
environment condition and selection of strain (oxidative enzymes production)
required for the growth of microbes, which in turn degrades the plastic in a
greener way [11]. Recently increasing awareness about environmental plastic
pollution stirs research towards finding a replacement of conventional plastics
(Figure 1). To address this environmental problem many countries are trying
to discover a novel material that can eliminate pollution problems.
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Figure 1. The development of PHAs

2.2. BIOPOLYMER
In the course of recent years, biobased plastics have been produced as the cost
of petroleum is uphill and petroleum based plastics cause numerous ecological
concerns related to plastic contamination. Progressively, diminishment of
carbon dioxide emanations has turned into another explanation behind
advancing biobased plastics in the midst of the overall money related tidal
wave. Generally regarding bioplastics production, the raw materials were
mainly gained from three types of renewable source agricultural, forestry, and
industrial wastes. The biobased plastics are classified into three types based on
the source, chemically synthesized polymer, starch based polymers, and
polyhydroxyalkanoates (PHAs). Chemically synthesized polymers are not
suitable as substitute for plastics as they are susceptible to enzymatic or
microbial attack and are not commercially viable. Starch based polymers use
conventional plastic (polyethylene, polypropylene, and poly(vinyl alcohol))
with the mix of starch as fillers and crosslinkers; thus they could take lot of
time to get partially degraded and the remains create environmental pollution
[12]. By contrast, the PHAs are the only polymer that can be degraded to an
extent of 100 %, which are produced by microbes in the presence of rich
carbon source and essential minerals like phosphorus or nitrogen are limited.
PHAs can be completely degraded into water and carbon dioxide in aerobic
condition and as methane in anaerobic condition by microorganism’s existence
in soil, water, and sewage. Similarly PHB has all the physical properties
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equivalent to conventional plastic but the only disadvantage is PHB’s high
production cost.

2.3. MARINE ENVIRONMENT POLLUTION
DUE TO PLASTICS
Technology development and exploitation of natural resources eventually
result in the pollution of environment; however, plastic pollution is the manmade environmental problem in sea surfaces, estuaries, shorelines, and depths
of the oceans with the result to annihilate the marine habitants [8]. Alarming
rates of marine pollution were critically assessed [4,13,14]. This uncontrolled
marine plastic pollution possesses huge toxicological issues that need to be
addressed. The relationship between the excessive plastic pollution and that of
cancer is unknown; the dosage that could lead to this disease and its
epidemiological evidence are to be found [15]. The plastic reaches ocean
directly by people dumping it in sea sources or indirectly by numerous ways
(beaches, rivers, sewage discharge, storm water runoff, transport by wind, and
being accidently lost in several ways). Currently 300 million tons of synthetic
plastic has been manufactured every year and almost 5−13 million tons of
plastic ends up in ocean [16]. As per report based on six years, plastics
contamination in oceans has been estimated to be approximately 269,000 tons
and has been obtained from the sea surfaces in the form of macro (fishing nets,
large hunks of trash, and packing materials) from the Atlantic and Indian
Oceans. Plastic pollution in oceans is majorly termed as microplastic and
mesoplastics based on the size of the plastic dumped. Microplastics refer to
plastic debris of size ranges from 0.06 to 0.5 mm in diameter, and the plastic
debris other than the specified limit is termed as mesoplastics. Microplastic
pollution is the major pollutants in marine environment compared to the
mesoplastics and is comparatively difficult to remove from the surface of ocean
and is very harmful to marine environment. However, unacceptable amount of
microplastics is sunk into deep oceans. Increasing evidence on risk about the
plastic contaminations in marine projects (National Oceanographic and
Atmospheric Administration, US (NOAA)) and the European Marine Strategy
Framework Directive (MSFD, 2008/56/EC) has contributed to political
decisions in monitoring marine plastic contamination [17].

Notably plastics are fragmented into small pieces (< 5 mm) [18], and the
reason for scrutinizing the microplastics is that they are small pieces of plastics
debris that are not visible with the naked eye and could easily enter into the
microbial food chain [19]. Occurrence of the microplastics not only is a major
problem, but also can sorb various environmental pollutants like polycyclic
aromatic hydrocarbons (PAHs), heavy metals, organochlorine pesticides,
petroleum hydrocarbons, polybrominated diphenyl ethers, bisphenol A, and
alkylphenols [20-24]. Microplastics have some physical properties like being
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less denser than sea water and hence could easily move around [25], form
sediments in the deep sea by biofouling [26], and accumulate into various
marine organisms [27,28]. At present the impact of plastic debris on marine
life has been extensively reviewed; particularly 340 original papers were
reported on the encounters between organisms and marine debris in about
693 species. Plastic debris accounts for 92 % of all reported pollution
encounters between debris and individuals. Based on the International Union
for Conservation of Nature (IUCN) Red List, about 17 % of species are affected
by entanglement and ingestion, and this list of organisms was reported [29].
Plastic debris ingestion is harmful to marine [30] and there are several
literatures available on its effects on birds, turtles, and fish [31]; new invasive
species enter and form new habit colonization [32] and change physical habits
[33,34].

2.4. BIOPOLYMER FROM MICROORGANISMS
Bacterial PHAs comprise a special type of biopolymer lipid like inclusion in
cytoplasm. More than 300 species of Gram-positive and Gram-negative
bacteria were identified as a reserve energy material under phosphorus or
nitrogen limiting concentration with excess of carbon sources [35,36]. In the
early 20th century, [37] the presence of lipid like inclusion was found in
Azotobacter chroococcum. Later similar chemical composition (3hydroxybutyric acid) (P(3HB)) was identified in Bacillus megaterium by a
French microbiologist [38,39]. Williamson and Wilkinson (1958) indicated that
accumulation of P(3HB) is an intracellular reserve carbon and energy material
in Bacillus sp. [40], after that in 1974, Wallen and Rohwedder identified
hydroxyalkanoate (HA) other than 3HB [41]. The HA units 3-hydroxyvalerate
(3HV) and 3-hydroxyhexanoate (3HHx) were identified in chloroform extract
of activated sludge in major and minor constituents; a decade later
heteropolymers were identified in marine sediments, which were analyzed by
utilizing capillary gas chromatography explored 3HB and 3HV as a major in 11
other HA units [42].

In 1983, Smet and coworkers made an interesting finding while they were
cultivating Pseudomonas oleovorans on n-octane [43], the discovery of HA units
other than 3HB in microorganisms. PHA proved to have gained major
significance on the research and commercial interest for this bacterial reserve
polymer. This discovery has therefore highlighted as an application the
incorporation of a second monomer unit into P(3HB), which signifies the
beginning of the second developmental stage of research on PHA. By the end of
the 1980s, ultimately discovery of various HA units by several researchers
[44], including 4HA [45] and 5HA [46], was made. At the same time, storage
polymer production was not only seen in Gram-negative but also in Grampositive bacteria, anaerobic (non-sulfur and sulfur purple bacteria) and
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aerobic (cyanobacteria), and also in some archaebacteria [47,48]. So far
approximately 150 different monomers of various structures (saturated,
unsaturated, branched, straight, and aromatic) of over 90 genera have been
reported [49,50].

In the early 1970s, after the dawn of molecular biology techniques, researchers
found the genes responsible for the synthesis of PHAs and decipher genetic
information and characters in it. In the late 1980s, researchers have cloned the
enzymes involved in the biosynthetic pathway from Ralstonia eutropha and
obtained functionally active enzymes from E. coli. Using metabolic engineering
approaches, many researches had developed novel PHA homopolymers and
this was a new opportunity for polymer production [51-53]. These types of
polymers are accumulated as intracellular granules in their cytoplasm with
varying size, number, monomer composition (> 100), and molecular mass
50,000−1,000,000 Dalton (Da) that are dependent on the organisms [47,54].
The size of the granules ranges from 0.2 to 0.5 μm, which can be clearly
visualized by high refractivity in light microscope using staining dyes (Sudan
Black B and Nile Blue A or Nile red), PHAs can accumulate 80 % in their cell
weight [55,56]. Among all characterized PHAs, alkyl groups that contain R
configuration at C-3 vary largely from 1 carbon to 14 carbons in length.
Basically classification of PHAs is based on carbon atoms present in it;
monomers containing up to five carbons are classified as short chain length
PHAs
(scl-PHAs,
e.g.,
poly(3-hydroxybutyrate)
P(3HB),
poly(4hydroxybutyrate) P(4HB), and poly(3-hydroxyvalerate) P(3HV) or the
copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV))
and PHAs containing 6−14 carbon are classified as medium chain length (mclPHAs, e.g., 3-hydroxyhexanoate) P(3HHx), poly(3-hydroxyoctanoate) P(3HO),
and copolymers such as P(3HHx-co-3HO) [56]. Lemoige (1926) has first
described the composition of intracellular granules of poly(3-hydroxybutric
acid) P(3HB) as unknown molecule [38], which is in the form of
homopolyester, and Macrae and Wilkinson (1958) first reported the function
of poly(β-hydroxybutyrates) (PHB) and also said that it is biodegradable in
Bacillus megaterium bacteria, and, after this report, the interest in PHAs grew
eventually and biopolymer research had been started [57]. Among the PHAs
member, PHB is most studied and well characterized one [55,56]. Figures 2
and 3 show general structure of PHA and PHB.
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n=1

R = hydrogen-poly(hydroxy propionate)
R = methyl-poly(3-hydroxybutyrate)
R = ethyl-poly(3-hydroxyvalerate)

R =propyl-poly(3-hydroxyhexanoate)

n=2
n=3

R =pentyl-poly(3-hydroxyhexanoate)

R =nanoyl-poly(3-hydroxydodecanoate)

R = hydrogen-poly(4-hydroxybutyrate)
R = methyl-poly(4-hydroxyvalerate)

R =hydrogen-poly(5-hydroxyvalerate)

R = methyl-poly(5-hydroxyhexanoate)

Figure 2. General structure of PHA

Figure 3. 3D structure of PHB

2.5. MARINE BACTERIA POTENTIAL
In our planet earth, microorganisms play very crucial role in maintaining the
ecosystem and are capable of adapting to the environmental changes all across
the world and could also survive in extreme conditions that prevail even in
volcano or Antarctic conditions and make marine environment more favorable
condition for survival. Oceans cover around 71 % of earth surfaces, in which
97 % of it is saline water and terrestrial microbe is quite potential microbe and
is isolated from the marine sources and it provides endless purposes like
bioremediation and bioactive compounds. The main reason behind marine
microbes being a potential candidate for bioremediation is the harsh
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environment where it survives. This environment change is mostly man-made
due to the urbanization and some prevail in nature; this affects the river flow
modification transporting various pollutants to marine sources. There are
several factors influencing the harsh environment that exist in marine
condition like the high salinity, fluctuation of temperature, pH, alkaline or
acidic, changes in exposure of UV, and other man-made harms that include
dumping of waste which alters the marine environment to a greater extent
[58]. Exposure of bacteria to such extreme condition alters the bacteria to
genetic level and adapts using some unique mechanism to survive like biofilm
formation [59] and production of biosurfactants [60], thus changing amino
acid pathway, methionine pathways, and lipid and glycogen metabolism [61].
Consequently organisms that survive such hostile conditions have better
adaptability and thus bacteria could also survive extreme conditions that
subsist in bioremediation ambiance.

2.5.1. Marine bacteria producing PHAs

Marine environment has been explored to harbor potential PHBs producing
strain (Table 1); their potential depends on enzymes they produce, which
results in the adaptability to conditions like cold adaptivity or barophilicity,
hyperthermal stability, and high salt tolerance that cannot be done by
terrestrial bacteria [96]. Marine bacteria grow faster and are capable of
accumulating wide varieties of PHAs so they have the potential for industrial
applications. According to Gouffi et al. and Hua et al., presence of salinity stress
(ionic and osmotic) has been inducing the accumulation of PHAs in
intracellular localization by adjusting the concentration of higher inorganic
ions (N, K, or other ions), low organic solutes or increasing stress proteins,
amino acids, potassium, betaines, or carbohydrates to equilibrate osmotic
pressure [97,98]. All the four salt tolerant rhizobial strains were able to
tolerate varied NaCl concentrations (0−1000 mM) and subsequently bacterial
PHB accumulation was analysed; PHB was found at higher NaCl
concentrations. In higher PHB accumulation was observed in higher salt
tolerant strains because the PHB accumulation is closely related to the
unfavorable conditions (non-carbon nutrients such as N, P, K, or O2) [99].
Similar result was also observed in the accumulation of PHBs in their cells in
osmotic pressure [47]. The advantage of marine bacteria as a source of
biosynthesizing PHA production in marine condition is to avoid contamination
from salt-water resistance microbes and marine water is directly filtered and
used as industrial large scale medium for production of PHAs [66]. In 1971,
143 marine strains had isolated genus of Beneckea and 3 strains were capable
of producing PHB and first ever to be reported from marine source [62].
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Table 1. PHAs producing marine bacteria

Bacteria

Type of PHAs

Author and year

B. nereida

PHB

[62]

B. natriegens
Vibrio algosus
V. marinofulvus
V. alginolyticus
V. parahaemolyticus
V. marinus PS-207
V. cholerae
Agrobacterium stellulatum
Achromobacter aquamarinus
Spirillum linum
Pseudomonas perfectomarinus
P. aeruginosa
Photobacterium fischeri
Arthrobacter marinus
Azotobacter vineladii
Vibrio harveyi
Escherichia coli
Alcaligenes latus
Acinetobacter sp.

Haloferax mediterranei
Desulfococcus multivorans
Haloferax mediterranei
H. mediterranei
H. mediterranei
Vibrio sp.

H. mediterranei
Saccharophagus degradans
Microcoleus chthonoplastes
Lyngbya aestuarii
Leptolyngbya sp.
Oscillatoria sp.

Geitlerinema sp.
Gloeocapsa sp.
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Pseudomonas guezennei sp.

PHB
PHB
PHB
PHB

[63]

PHB
PHB
PHB
PHB
PHB
PHB
PHB
PHB
PHB
PHB
PHB

[64]

PHB

[67]

PHB

PHA
PHA

[65]
[66]
[68]

PHA

[69,70]

PHBV

[73]

PHA
PHA
PHA
PHB

PHA

PHAs
PHB
PHB
PHB

[71]
[72]
[74]
[75]
[76]
[77]
[78]

PHB
PHB
PHB

PHA

[79]
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Bacteria
H. mediterranei

Table 1. (continued)

Pseudomonas extremaustralis
Vibrio sp.

Bacillus cereus
Bacillus mycoides
Bacillus sonorensis
Halomonas hydrothermalis
Pseudoaltermonas sp.
Bacillus megaterium
Vibrio sp.

Type of PHAs

Author and year

PHB

[80]

PHB
PHB
PHB
PHB

[83]

PHB

[85]

PHA
PHA
PHB

PHA

Moritella spp.

PHA

Colwellia spp.

Shewanella spp.

Bacillus megaterium
Vibrio azureus

PHB

PHA
PHA

[87]
[88]
[89]

PHA

[93]

Bacillus sp.

PHB

Shewanella sp.

[86]

[90]

PHB

PHA

Bacillus megaterium

[84]

PHB

Bacillus sp.

Oceanimonas sp.

[82]

PHA

Vibrio sp.

Bacillus subtilis

[81]

PHA
PHB
PHB

[91]
[92]
[94]
[94]
[95]

After that, several researchers studied the PHB production from marine
bacteria; for example, Oliver and Colwell (1973) have reported on 20 marine
species that accumulate PHB [63]; Alvarez et al. isolated the lipid storage
compounds from marine bacteria [68] and Sun et al. reported on the discovery
of PHB from luminescent bacterium Vibrio Harveyi [65]. From 20th century,
several researchers focused on the biopolymer production from marine
bacteria; accumulation of PHA from sulfate-reducing bacteria and PHB; and
using different carbon source sources including acetate, glucose, glycerol,
succinate, and sucrose. Arun et al. isolated 42 marine bacteria from south India
and finalized four potential PHB producing bacteria (two Vibrio sp. Bacillus
cereus, and Bacillus mycoides) [82]. They have investigated better carbon,
nitrogen substrates, pH, and salt concentration for fermentation (carbon
source: arabinose, glucose, glycerol, lactose, lactic acid, mannitol, sodium
acetate, starch, and sucrose; nitrogen source: ammonium chloride, ammonium
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sulphate, glycine, potassium nitrate, protease peptone, and urea) pH levels
(2−9), different salt concentrations (5−30 %) for better productivity. In these
fermentations studies, maximum of 9.1 g L−1 was obtained in the production of
4.223 g L−1 of PHB; at the same time ammonium sulphate (90 %) and glucose
(71.85 %) were metabolized [82].
Pandian et al. first attempted the use of raw sea water as a source of minerals
as well as key nutrient for PHB production, which is an easily available
cheapest source for bacteria growth [85]. The PHAs production cost mainly
depends on the substrates used for production, nearly accounting for 30−40 %
of total cost of the PHB.

2.5.2. Polyhydroxyalkanoates by halophiles

Microorganisms that require high salt concentration in the environment for
their growth are termed as halophile. Most halophiles grow at optimum cell
growth and tolerate 5−10 % (w/v) salt concentration [100]. Halophiles are
found in all the three domains of life; they basically adapt two different
metabolic pathways to survive on this high salt concentration; the first is to
regulate concentrations of KCl with that of NaCl in the external environment,
thus maintaining the osmotic pressure and enhancing survival [100,101].
Some haloalkaliphilic bacteria such as Natronococcus occultus and N. gregoryi
use 2-sulfotrehalose instead of KCl to some extent to counterbalance these
external stimuli when cultured in nutrient limited medium [102]. The second
adaptation is similar to that of the earlier one whereas bacteria and eukarya
maintain low concentration of salt by accumulating low molecular weight
organic compounds known as osmolytes [100,101]. Osmolytes are compatible
solutes which are mostly amino acids, derivatives, sugars, or polyols that by
and large do not interfere in the metabolism of the cell. This osmolyte
facilitates retaining turgor pressure, cell dimensions, and the concentration of
electrolytes that are vital for the cell to be biologically active [101]. Halophilic
bacteria include a huge number of phylogenetic groups akin to cyanobacteria,
spirochetes, and actinomycetes, where some of them can withstand NaCl
concentration of 30 % (w/v) [100].

2.5.3. PHA production in halophilic archaea

The first report of PHA accumulation in archaea was made by Kirk and
Ginzburg during the characterization of halophilic strains [103]. Haloferax
mediterranei is the best PHA producer ever reported with 65 wt. % PHA in
dried cell weight when cultured in starch or glucose as the only carbon source
with phosphorous as limiting condition [69,104]. Moreover, 46 wt. % could be
obtained in continuous fostering in bioreactor provided this could be done
only during active cell growth and not for bacteria accumulating PHA in their
stationary phase [105]. A recent report suggests that the chemical structure of
PHA produced by H. mediterranei is similar to the copolymer P(3HB-co-3HV)
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[72] and the copolymer synthesis from carbohydrate is very rare in
microorganisms, whereas PHB would be the usual product formed. The
advantage over P(3HB-co-3HV) is that PHB would be more elastic with less
crystalline nature that eliminates the brittle problem, tougher, and flexible for
material processing and have lower melting point than the latter [106]. The
PHA productivity varies mostly depending upon the provided carbon source,
when glucose is present in the culture and 48.6 wt. % could be produced with
volumetric productivity of 0.36 g−1 L−1 h−1. Similarly while replacing the glucose
with corn starches, the volumetric productivity was decreased to 0.29
g−1 L−1 h−1 [73]. However, the productivity is increased to considerable level
when a mixture of extruded rice bran and corn starch (1 : 8 w/w), say 0.71
g−1 L−1 h−1, was obtained [74].

2.6. SELECTION OF FEEDSTOCKS
The production of PHAs in industrial scale is a promising remedy for the
environmental hushes caused by the abuse of synthetic plastics. There are
some of nutrients rich media that can be essential during the growth phase of
bacteria and certain limiting nutrients like phosphorus, nitrogen, and so forth
are vital for the biosynthesis of PHAs. However, biosynthesis of PHAs mainly
depends on carbon substrates for microbial growth and their metabolism to
convert the precursor material [107]. Fortunately, growth medium is the only
limiting material that decides the cost of PHAs production. In recent years, the
use of industrial by-products having surplus energy as feedstock is preferred
compared to the traditionally used raw materials that are expensive. A wide
range of industrial by-products has been used for PHAs production like
agricultural, household waste materials, sugars, lignocellulosic raw materials,
fats, and oils. Among those, extensive research is focused on wastes, sucrose
[108], starch [109], glucose [110-112], soy molasses and hydrolysed soy
[113,114], sugar cane molasses [115-117], waste rapeseed oil [118, 119],
sunflower meal hydrolysates [120], glycerol [121,122], rice bran and corn
starch [74], lard oil, butter oil, and coconut oil [123], palm oil and its products
[124], sugar beet molasses [125], spent palm oil [126], cellulose and cellulose
hydrolysates [127], sugarcane bagasse hydrolysates [128,129], casein
hydrolysate [130], rapeseed meal hydrolysates [131], triacylglycerides (TAG)
[132], sugarcane liquor [133], acetic acid [111,134], corn steep liquor [135],
fish peptone medium [136], galactose, mannose and rhamnose [137], cheese
whey and hydrolysed whey[115,138,139], urea [117], oil [124], wheat based
biorefinery [140,141], xylose [128], arabinose [142], fructose [143], lactic acid
[144], oleic acid [145], corn oil [146], vegetable oil waste [147], crude
Jerusalem artichoke hydrolyzate [148], gaseous mixture of H2, O2, and CO2 [70],
biodiesel waste water [149], paper mill wastewater [150], palm oil mill
effluents [151], starchy wastewater [152], and municipal waste waters [153]
and sometimes specialized carbon source used 4-hydroxybutyric acid,
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1,4-butanediol, and butyrolactone [154] as the raw material for the synthesis
of PHAs.

2.7. PROPERTIES OF PHAs
PHAs have different structural composition of the monomer and considerably
vary in physical and chemical properties based on their crystallinity, transition
temperature, melting point, and hydrophobicity (Table 2). PHAs families are
classified into two types: (a) short chain length PHAs (PHAscl) which contain
3−5 carbon
atoms
(poly-3-hydroxybutyrate
(P3HB)
and
poly-4
hydroxybutyrate (P4HB)) and medium chain length PHAs (PHAmcl) contain
6−14 and more than carbon atoms (poly(3-hydroxyhexanoate) P(3HHx) and
poly(3-hydroxyoctanoate) P(3HO) [156]. Long chain length (PHAlcl) contain
above 14 carbon atoms. Difference between the monomer compositions of
PHAs is due to their carbon substrates specificity of producing microorganism.
What especially discriminate the PHAscl from mcl-PHAs monomer are low
glass transition temperatures (−30 to −40 °C), broad melting range (around
60 °C), and low degree of polymerization (molecular masses below
100,000 Da); the high-glass transition temperature is around 0 °C, sharp
melting point is up to 180 °C, and molecular mass is up to MDa [3].

Apart from the general classification of side chain length, there are different
types of side chain functional groups attached to PHAs family. The presence of
3-hydroxyl group and the carboxylic groups allows the further modification,
for example, phenoxy, cyanophenoxy, halogens, carboxyl, hydroxyl, epoxy,
methyl ester, and thiophenoxy groups [156]. Among the PHAs, poly(βhydroxybutyrates) (3-hydroxybutyric acid) is the first discovered
homopolymer, with wide varieties of microbes accumulated and has most
similar properties to that of polypropylene. Sometimes few reports are related
to non-PHB homopolymers, including P4HB [157,158], poly(3hydroxypropionate) (P3HP) [159], poly(3-hydroxy-5-phenylvaleric acid) [47],
poly(3-hydroxyvalerate) (PHV) [160], poly(3-hydroxyhexanoate) (PHHx)
[47,133], poly(3-hydroxyoctanoate) (PHO) [161], poly(3-hydroxyheptanoate)
(PHHp) [161], poly(3-hydroxydodecanoate) (PHDD) [162], poly(3hydroxydodecanoate) (PHD), and poly(3-hydroxynonanoate) (PHN) [163].
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Table 2. Comparison of the physical properties of different PHAs with conventional
petroleum-based polymers [172-174]
Polymer

Young’s
modulus
GPa

Tensile
strength
MPa

Melting
temperature
°C

Glass
transition
temperature
°C

Elongation
at break %

P(3HB)

3.5–4
149

40

104

173–180
53

5–9

−50

3–8

1000

P(3HB-co-3HV)
(25 mol% 3HV)

0.7

30

137

n.a

n.a

P(4HB)

P(3HB-co-3HV)
(3 mol% 3HV)

P(3HB-co-4HB)
(3 mol% 4HB)

2.9
n.a

P(3HB-co-4HB)
(90 mol% 4HB)

100

P(3HB-co-HP)
(67 mol% HP)

n.a

P(3HHx-co-3HO)

n.a

38
28
65

170
166

1080

17

133

−8

680

10

61

Isotactic
polypropylene

1.0–1.7

29.3–38.6

170–176

0.05–0.1

15.2–78.6

88–130

LDPE

Nylon-6,6

Polyethylene-terethalate

3.0–3.1
2.2

Note: n.a. not available

45

−42

0.2

0.4–1.0

n.a

n.a

50

P(3HB-co-3HA)
(6 mol% 3HA)

HDPE

n.a

n.a

17.9–33.1
50
56

n.a

44

−19

112–132

−80

80–110
262

300
n.a

−10

500–900

−36

150–600

21

3400

12–700
3–4

7300

2.7.1. Crystal structure of P(3HB)
The crystal structure of P(3HB) has been determined using X-ray studies from
oriental fibers. There are two different forms of crystal: α form as regular
crystals and β form as crystals formed by strain-induced paracrystalline
structure with extended chain and twisted planner zigzag conformation. A
single orthorhombic unit cell with dimension of a = 0.576 nm, b = 1.320 nm,
and c = 0.596 nm and the space group of P212121 consists of two molecules in
anti-parallel fashion. The cell dimension remains the same for both α and β
form of crystals. The β form crystal can be converged back to α form when the
temperature is increased to 130 °C with a slight increase in crystallinity. In α
form, conformational analysis revealed that the main factor governing the
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molecular packing is dipole-dipole interaction, which is because of the ester
groups of the anti-parallel chain. Formation of carbonyl oxygen/methyl
interaction favours PHAs to adopt helical conformation [164]. This structure is
stabilized by bipolar interaction between anti-parallel helical chains with the
ester moieties without the need for any hydrogen bonding as of proteins [44].
The β form was first reported by [165] in a stretched P(3HB) film. The
difference between α and β form is that the latter is completely extended chain
conformation. The shift to β form does not require a prior alignment to the α
form lamellae but the orientation of the free chains in amorphous region
between crystals [166]. The tie between these lamellar layers of crystal
increases its mechanical properties.

The single crystals with well defined structure are the monolamellar form that
are reported to be forming in different solvent conditions like
chloroform/ethanol, propylene carbonate, poly(ethylene glycol), and so forth
[167-170] which were investigated by microscopic analysis to study the
surface morphologies and crystal structure. The thickness is dependent on
many factors such as molecular weight, solvent, and crystallization
temperature. The analysis revealed that the crystals are lath shaped with
typical dimension of around 0.3−2 μm for short and 5−10 μm for long axis and
the thickness of the crystal was obtained around 4−10 nm based on the
molecular weight, solvent, and crystallization temperature. The crystals of
P(3HB) usually form as monolamellar, which gives well defined structures
whereas bulk materials such as plates and films form multilamellar crystals.
Spherulites are spherical semi-crystalline region in a polymer when the
crystals are obtained from the melt in bulk material [167]. The kinetics growth
rate of spherulites is optimum around 50−60 °C.

2.7.2. Physical properties of P(3HB)

Most wild type bacteria produce PHAs around the molecular weight ranges
between 1 x 104 and 3 x 106 g mol−1 with a polydispersity of about two. The
other physical properties like glass transition temperature are around 4 °C and
the melting temperature is about 180 °C as measured by calorimetric analysis.
The density of the material in amorphous state is 1.18 g cm−3 and crystal about
1.26 g cm−3. Mechanical properties like Young’s modulus and tensile strength
are about 3.5 GPa and 43 MPa, respectively, for P(3HB), which are close to the
polypropylene; thus it appears stiffer and more brittle material than regular
plastic. Much work has been carried out to rule out this problem of brittleness
like getting rid of the crack that appears during crystallization by producing
the secondary crystals with the reorganization of the lamellar crystals which
tightly constrains the amorphous chains in crystals using an annealing
treatment after initial crystallization. This problem is also addressed by
cloning this gene responsible for the synthesis of the P(3HB) in E. coli;
harboring genes from R. eutropha can produce ultrahigh molecular weight
P(3HB) homopolymer of range between 3 x 106 and 1.1 x 107 by special
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fermentation conditions [171]. The preparation of stretched films is successful
from this ultrahigh molecular weight P(3HB) and the physical properties like
Young’s modulus and tensile strength were improved compared to those of
unstretched films of about 1.1 GPa and 62 MPa, respectively. In addition, it is
found that when the stretched films had undergone annealing treatment, the
physical properties are enhanced further. Thus by using the biochemical
technique, the quality of P(3HB) formed can be improved and further checked
for commercial exploitation.

2.8. NEED FOR PHAs FOR MICROORGANISMS
A wide variety of microorganisms produce intracellular polymers that act as an
intracellular carbon reducing equivalents under nutrient limitation condition
[175]. In prokaryotes, different types of genes are cloned and it is found that
some putative genes are responsible for the biosynthesis of PHAs. PHB is the
more studied polymer in PHAs; in this biosynthetic pathway ketothiolase
(PhaA) and acetoacetyl-CoA reductase (PhaB) and PHA synthase (PhaC) genes
are exclusively involved in PHB production metabolism [176].

The necessity for producing intracellular carbon storage compounds by
bacteria is subjected to several researches and it is found to play a major role
since the polymers act as a reserve storage carbon source in bacteria [177].
PHAs synthesized by bacteria play a major role in bacterial fitness and enhance
the survival capabilities under nutrient stress conditions in water and soil
[178].

PHAs are biopolymers that are beneficial to bacteria and environment; they
are utilized as nutrient under stressful condition in rhizosphere, soil, and
phyllosphere [175,179,180-183], distribution of carbon sources [184-187],
enhancing survival factors in stress condition; osmotic shock, solvent stress,
UV irradiation, heat and cold, ethanol, H2O2, and desiccation [188-193,183,194196] and control exopolysaccharide production [197,198,191,192,199] play a
vital role in different energy consuming pathways, chemotaxis, nitrogen
fixation, cell motility and aerotaxis [200,51,183,201,202], formation of cyst,
germination, and sporulation [203]. Despite the PAHs producing significant
advances, bacterial inoculants currently received much attention in plant
growth promotion or plant production [204].

2.9. BIODEGRADABILITY
Biodegradability of PHA is mainly due to the enzymes produced in
microorganisms, which mostly prevail in various environments soil, marine
sediment, lake water, and compost [205-207]. Microbial biodegradation
depends on a number of factors such as population of microbes, which
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enhances the microbial activity, environment condition (surface area, nutrient
supply, moisture level, pH, and temperature), and PAHs properties
(crystallinity, molecular weight, and composition). The rate of biodegradation
process is based on properties like crystallinity, stereoregularity (high
crystalline has lower biodegradability), and chemical structures (functional
group hydrophilicity-hydrophobicity). Most of the studies reported that 85 %
of PHAs degrade within seven weeks; in marine environments they are
degraded in 254 days with temperature below 60 °C. The rapid hydrolyzation
of polymers is done with the help of extracellular depolymerases of bacteria; in
aerobic condition the polymers are converted into water and carbon dioxide
whereas in anaerobic condition they are converted into methane that can be
utilized as a carbon source for the growth [3]. The polymer degrading
microorganisms secrete the extracellular enzyme and convert the PHAs into
molecular building blocks; a wide variety of extracellular depolymerase
enzymes were identified from variety of microbes and the mechanism is well
understood [208-212].

Extracellular degradation is done in two steps; that is, they are attachment of
enzyme into PHB material followed by hydrolysis; the polymer and surface
attachment is based on the Langmuir adsorption equation [213]. Usually in
PHB having high crystallinity and melting point, low degradation rate is
present. The mechanism of polymer degradation differs in rate based on the
environmental condition such as aerobic and anaerobic ones, whereas PHBV
degradation is favored by aerobic condition [214,112]. Intracellular
depolymerase process is the endogenous carbon reserve source and is very
complex due to the intimately connected P(3HB) granules. PHAs are
biocompatible as they do not release any toxic substances during degradation;
several reports show that PHAs are a suitable candidate as a substitute for
synthetic plastic due to its ecofriendly nature [174].

2.10. INDUSTRIAL PRODUCTION OF PHA
In recent times, the world shifts its dependability towards bioplastic
production, so several countries craft policies to stop and control the usage of
plastic; for example, Belgium has established eco-tax of €3/kg of packaging
materials and the Netherlands imposed tax on CO2 emissions from plastic
production industry. Similarly France, Italy, and Spain are using corresponding
legislation [215]. Cumulative research of several years has helped discover
PHAs producing bacteria with optimum nutrition condition, inexpensive
growth substrates leading to mass production of bioplastic in industrial scale.
At present 24 different companies are involved in production of biocompatible
PHAs worldwide (Table 3) and around 10,000 varieties of PHAs are available
in in the market as in 2009. The first commercial production of PHAs started
way back in 1959 by W.R. Grace & Co in US but it was not successful due to the
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lack of proper purification methods [216]. Subsequently in the 1970s, PHBV
was commercialized by Imperial Chemical Industries (ICI) under the trade
name of Biopol. At the same time, Chemie Linz, Austria (now Borealis), had
joined Petrochemia Danubia (PCD) to produce PHB in pilot scale and later the
company was acquired by Biomer, Germany, in the 1980s. Several research
groups had started developing different methods for large scale production of
PHAs in industrial scale; Procter & Gamble (P&G), Meridian, USA, announced
30,000 tons of PHAs production per annum, Usina da Pedra-Acucar e Alcool,
Serrana Sao Paulo, produced 10,000 tons of PHAs per annum, and Mitsubishi
Gas Chemical (MGC), Japan, produced PHB from methanol under the trade
name of BioGreen. China is the world largest PHBV producing country with
production of 2000 metric tons per annum; presently China and Japan have
dominated the PHA market. The following are some of the most important
PHAs in industrial scale: P(3HB), P(4HB), P(3HB-co-3HV) poly(3hydroxyvalerate),
poly(3-hydroxybutyrate)
P(3HB-co-4HV)
poly(4hydroxyvalerate), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3hydroxyhexanoate (P(3HB-co-3HV-co-3HHx).
Table 3. Current commercial PHAs producing industries [172,173]

Company

Country

Types of PHA

Production
scale

Applications

Metabolix
(with
Monsanto)

USA

PHBHV and others

n.r.

Tepha Inc.

USA

n.r.

Polyferm
Canada

Canada

P4HB,
P(3HB-co-4HB),
mcl-PHA

packaging
materials

Tianjin
Green
Bioscience
& DSM

China

PHB
Industrial/
Copersucar
(PHBISA)
Biomers

mcl-PHA (even and
odd numbered,
saturated and
unsaturated
building blocks)

kg scale

P(3HB-co-4HB)

10,000 t

Brazil

PHB and PHBHV

Germany

PHB

100 t
(capacity
5000 t)

unknown

medical
bioimplants

packaging,
medical
bioimplants and
others
packaging
materials
packaging
materials
packaging and
drug delivery
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Table 3. (continued)

Company

Country

Types of PHA

Production
scale

Applications

ADM (with
Metabolix)

USA

several PHA

50,000 t

raw materials

Bio-On

Italy

PHA (unclear)

10,000 t

raw materials

China

PHA (unclear)

China

several PHA

Japan

several PHA

Meredian

USA

Zhejiang
Tian An

China

Jiangsu Nan
Tian

China

Yikeman
Shandong
Shenzhen
O’Bioer

Shandong
Lukang

Kaneka
(with P&G)

China

several PHA
PHBV

10,000 t
2,000 t
3,000 t

PHB

pilot scale

several PHA

Pilot scale

unknown
unknown

Tianjin
China
P3HB4HB
10,000
Green
Bio-Science
(+DSM)
Note: n.r. not reported (information not provided by manufacturer)

raw materials
raw materials
raw materials
raw materials
unclear

raw materials
packaging

raw materials
and packaging

2.11. APPLICATION
PHAs are non-toxic to environment due to the biodegradability and they are a
renewable one. They are insoluble in water, with high degree of
polymerization, highly crystalline in nature, isotactic, piezoelectric, and
optically active. PHAs, owing to diverse properties according to monomer
composition, are a pool for several industrial applications (Figure 4). PHAs
have immersive attention so they are mainly used in packaging materials,
shopping plastic bags, paper coatings, containers, disposable materials
(diapers, feminine hygiene products, cups, carpet, cosmetic containers, razors,
utensils, upholstery, and lids), medical implant materials, drug delivery
carriers, biofuels, and drugs [217].
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INDUSTRIA
L
FERMENTAT
ION

Bioplastic

Bioimpla
nts

Biofuels

Foods &
feeds

Drugs &
fine
chemicals
Figure 4. Several application of PHAs

2.11.1. Medical applications
Enormous amount of research is being carried out for application of PHAs
(PHB, PHBV, P4HB, PHBHHx, and PHO) in biomedical field [218]. For the last
two decades, numerous studies had been carried out in lab scale to produce
medical devices using PHAs, such as using cartilage replacements, suture
fasteners, orthopedic pins (including bone filling augmentation material), bone
tissues, surgical mesh, bone plating systems, nerve conduits, meniscus repair,
slings, adhesion barriers, heart valves, tacks, bone plates, repair patches,
vascular tissues, cardiovascular patches, devices, rivets, staples, screws
(including interference screws), esophagus tissues [219], nerve guides [220],
atrial septal defect repair devices, tendon repair devices, vein valves, bone
marrow scaffolds, spinal fusion cages, ocular cell implants, meniscus
regeneration devices, bone dowels, bone graft substitutes, dural substitutes,
skin substitutes, ligament and tendon grafts, pericardial patches, bulking and
filling agents, wound dressings, and hemostats [221]. The first FDA approved
PHAs based Tepha FLEX as absorbable suture was commercialized in 2007; it
indicates several new products are awaiting biomedical applications.
Polyhydroxyalkanoates and their related technologies are forming an
industrial value chain ranging from fermentation, materials, fine chemicals,
and energy to medical fields [222].
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According to Cheng et al., P(3HB) promotes the cell proliferation in tissue
engineering samples [73]. They have shown that P(3HB) (0.02 g ml−1)
accelerates cell proliferation in L929 plated cells at high density (1 x 105
cells/well) but not in the lower densities and also inhibits the cell death. At the
same time P(3HB) did not affect progression of cell cycle. These treatments
prevent the necrosis and permeability of cell membrane.

2.11.2. Drug delivery carriers

PHAs can be used as drug delivery carriers due to the biodegradability,
biocompatibility, and degradation by surface erosion; thus they can be a
potential source for drug carrier molecule. They can be easily modified into
porous and thin film materials. The drug delivery is an important application in
biomedicine field (anticancer or antiviral); drugs are specifically targeted into
particular site and release products at controlled, optimum rate and dosage.
Usually homo- and copolymers (lactate and glycolate) are commercially
available drug delivery carriers. These polymers consist of targeting moiety,
polymeric excipient as carrier, and biologically active agent [223]. Mostly short
chain length PHAs are preferred as drug delivery carriers (lower melting point,
lower crystalline and suitable for drug delivery); they are crystalline in nature
and hydrophobic, rapidly release drugs, and are degraded by surface erosion
[224]. PHA granule binding protein PhaP is able to bind to hydrophobic
polymers [225]. A receptor-mediated drug-specific delivery system was
developed in this study based on PhaP. The system consists of PHA
nanoparticles, PhaP, and ligands fused to PhaP. The PHA nanoparticles were
used to package mostly hydrophobic drugs. PhaP fused with ligands, produced
by the overexpression of their corresponding genes in Pichia pastoris or E. coli,
was able to attach to hydrophobic PHA nanoparticle. At the end, the ligands
were able to pull the PhaP-PHA nanoparticles to the targeted cells with
receptors recognized by the ligands. It was found in this study that the
receptor-mediated
drug-specific
delivery
system
ligand-PhaP-PHA
nanoparticles were taken up by macrophages, hepatocellular carcinoma cell
BEL7402 in vitro, and hepatocellular carcinoma cells in vivo, respectively,
when the ligands were mannosylated human a1-acid glycoprotein and human
epidermal growth factor (hEGF), respectively, which were able to bind to
receptors of macrophages or hepatocellular carcinoma cells. The system was
clearly visible in the targeted cells and organs under fluorescence microscopy
when rhodamine B isothiocyanate (RBITC) was used as a delivery model drug
owing to the specific targeting effect created by specific ligand and receptor
binding. The delivery system of hEGF-PhaP-nanoparticles carrying RBITC was
found to be endocytosed by the tumor cells in a xenograft tumorous model
mouse. Thus, the ligand-PhaP-PHA specific drug delivery system was proven
effective both in vitro and in vivo [226].
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2.11.3. Biofuels
Zhang et al. have first reported role of PHAs in biofuels as they have been
esterified with poly-R-3 hydroxybutyrate (PHB) and medium chain length PHA
(mcl PHA) via acid-catalyzed hydrolysis process to form R-3-hydroxybutyrate
methyl ester (3HBME) and medium chain length hydroxyalkanoate methyl
ester (3HAME) [158]. They investigated and recovered 97 % and 96 %
percentage of 3HBME and 3HAME, respectively. Combustion heats of 3HAME,
3HBME, n-propanol, ethanol, 90# gasoline, 0# diesel, n-propanol, n-propanol,
and 3HAME-based and 3HBME-based blended fuels were investigated and
compared. The recovery percentages of 3HBME and 3HAME were 52 % and
65 %, respectively. The purities of 3HBME and 3HAME were 97 % and 96 %,
respectively. The combustion value of 3HBME and 3HAME is 20 and 30 kJ g−1
and combustion value of ethanol is 27 kJ g−1 while we used additional 10−30 %
of 3HBME or 3HAME to chemical fuels that have enhanced the combustion
value of 30 and 35 kJ g−1, respectively.

According to Wang et al. 3-hydroxybutyrate methyl ester (HBME) prepared by
hydrolysis of poly-3-hydroxybutyrate (PHB) methanol acts as an esterification
agent with the presence of sulphuric acid [84], while HBME was blended with
97# gasoline in different ratios (5 %, 8.5 %, 10 %, 15 %, and 20 %) and it is
found that there are similar fuel additive properties compared to ethanol in
dynamic viscosity, oxygen content, boiling point, and flash point. The blended
HBME and gasoline show only small difference compared to gasoline
(distillation ranges and octane number (RON)). The PHAs application in the
field of biofuels is an alternative and promising one as it does not require pure
form of PHAs. However, the PHAs can also be obtained from nutrient waste
water and activated sludge, and they do not compete with any human and/or
animal food life cycles [227].

2.12. CONCLUSION AND FUTURE PERSPECTIVES
One of the major problems modern world is facing is the man-made pollution
which intervenes in lot of natural process; hence to eliminate this undesired
outcome researchers have focused on addressing this environmental problem.
Though various remediation processes are available, the only feasible large
scale remedy for this problem is bioremediation as it has numerous
advantages over other modes of remediation. Marine bacteria which have the
ability to survive extreme environmental conditions are the best option for
potential utilization to remediate the toxic substances. Similarly they also have
the ability to synthesize PHAs (biobased plastic) efficiently with the available
nutrients and limiting factors. PHAs have all physical factors analogous to the
conventional plastic but PHAs can be degraded easily. The only problem is the
high production cost compared to the latter that could also be addressed by
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halophilic bacteria which synthesize PHAs in large quantity and thus fit for
industrial scale production.
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3.1. INTRODUCTION
Biopolyesters are widely recommended in biomedical applications [1] as drug
carriers [2] such as poly(L-lactic acid) (PLA), poly(glycolic acid) (PGA), poly(ε-caprolactone) (PCL) [3], and poly(malic acid) (PMLA) [4-8]. These
biodegradable polyesters were used either alone or as copolymers side chains
to improve their mechanical properties, hydrolysis, long-term biodegradation,
or biocompatibility behavior for the desired therapeutic applications (PLGA
[9,10], PLMA [11-15], etc.). Among this class of polymers, the PMLA is known
to present good biocompatibility, non-toxicity in vitro and in vivo, non-immunogenic properties, and stability in the bloodstream [5,16-19]. The
particularity of this family of polyesters is the presence of functionalized
groups in their side chain which, furthermore, allow chemical modification for
grafting, thus delivering drugs [20].

These biopolyesters are widely studied for anchoring soft tissue to bone, in
tissue regeneration and in the cardiovascular field as implants, valves, support
for cells in tissue regeneration, and passive or active coating for coronary
stents. Therefore, certain active stents made of these biomaterials have been
commercialized (Supralimus, BioMime, Nobori, etc.) [21]. Indeed, these
materials associated with antiproliferative molecules have enabled a
significant reduction in restenosis rates. However, these devices do not have a
complete satisfaction [22]. In point of fact, the results of clinical studies
presented an increased rate of very late stent thrombosis [23,24]. This is
mainly due to two leading pathophysiological mechanisms [25]: the delayed
healing of the endothelium [26,27] and the proinflammatory process of the
used polymers [28-30]. Furthermore, some physicochemical properties of the
used polymers coatings (crystallinity, hydrophobicity, high glass temperature
(Tg) and too slow degradation rate, etc.) limit their use. In these circumstances,
many problems, at the coating adhesion to the metal, can be encountered as
well as adhesion of cells on the polymer surface after deployment and
placement of the stent at the lesion [31-36]. Cracks and failures of polymer
coating may occur. Consequently, it poses a risk of endothelial damage and
corrosion of the surface of the material (release of particles, ions, and
oligomers in the biological environment) and induces so late thrombosis.

The development of the appropriate biomaterial which has good mechanical
properties and good cells behavior, delivers a drug, and degrades completely is
the challenge of scientific and medical research in the last decade.
The surface of the polymer coating is defined by its external part which is in
direct contact with blood. The biocompatibility of these polymers is generally
modulated by its chemical composition in particular by varying their
hydrophilic/hydrophobic ratio. They allow also the chemical modification of
polymer. Moreover, the interaction between the biomaterial and the body is
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located on its surface. To understand the biomaterials interaction with
biological environment, the study of their surface properties is paramount. In
addition, the biological response is characterized by the nature of the
biomaterial/cell interactions. Indeed, the cells adhesion, morphology, and
proliferation involved in these interactions depend on several factors. These
factors include the chemical composition and the material charge, its
roughness and morphology, surface wettability and hydrophilic/hydrophobic
behavior, and the surface energy of the material.

With the exception of PMLA, the other mentioned polyesters are uncharged
and hydrophobic, giving them a poor wettability. Therefore, the surface of a
hydrophobic material is physically or chemically modified to promote cell
adhesion and proliferation [37,38]. PMLA has many interesting properties, in
addition to its functionalisable properties, such as non-toxicity in vitro and
in vivo, non-immunogenicity, biodegradability, stability in the bloodstream, and
cell affinity [39-43]. However, its application is limited because of the synthesis
conditions (time and cost) and transfer reactions during its chemical synthesis
and/or modification [18,44-53].

For this reason, poly((R,S)-3,3-dimethylmalic acid) (PDMMLA) derivatives
which are part of the PMLA family are new biodegradable and biocompatible
polyesters prepared for an eventual use for cardiovascular applications to
cover a coronary stent, thus delivering drugs. They can be custom-synthesized
to meet adequate physicochemical and biological properties. In addition, its
structural design was chosen to give natural and non-toxic primary products
after a complete degradation. Therefore, the functional groups in their side
chain which incorporated during the polymer synthesis are the carboxylic acid
group (−COOH) and the alcohol group (−OH) which allow the chemical
modification of polymer and bring acidic and neutral hydrophilic characters,
respectively, and the hexylic group which provides hydrophobic character for
PDMMLA polymers. Moreover, −OH functions were known for their
opsonization phenomenon and their excellent blood compatibility and
resistance to thrombus formation and carboxylic groups for their favorite cell
attachment and proliferation [54].

This chapter introduces, in the first section, the history, interests, and
applications in biomedical field of PDMMLAs family. The second section
presents the synthesis of a series of isotactic homopolymers and copolymers
and the characterization of their chemical and physicochemical properties. A
comparative study of physicochemical properties of amorphous and semicrystalline PDMMLAs is also described. In the last section, the synthesis of
amorphous PDMMLAs, the characterization of their surface physicochemical
properties (rigidity, roughness, wettability, surface free energy, etc.), and the
study of their biodegradation and cytotoxicity are detailed.
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3.2. HISTORY
Designing tailored macromolecular materials is crucially important to obtain
novel specific applications and strictly adapt structures to specific targeted
properties. Over the past three decades, the design of new synthetic
approaches to the original macromolecular backbones was possible for the
development of multimeric functionalized copolyesters. Novel chemical,
chemoenzymatic, and biological routes have been established, leading to an
extended family of poly(β-hydroxyacids). Thus, in addition to bacterial
polyesters, new polymers obtained by copolymerization and chemical
modification of poly(β-malic acid) (PMLA) were prepared (Figure 1) [55-58].

Figure 1. PMLA structure

The poly(β-malic acid) has been the subject of several research themes for
various temporary therapeutic applications thanks to its good properties. This
water soluble polyester is biodegradable, bioassimilable, non-toxic, nonimmunogenic, and biocompatible. It has the advantage of being metabolized in
malic acid which is found in the Krebs cycle and is completely biodegraded in
carbon and water [59]. The PMLA and benzyl derivative (PMLABn) are known
since the late 1970s but their synthesis and applications are limited [59-65].
Since these years, all PMLA derivatives were obtained by ring-opening
polymerization of various β-substituted β-lactones themselves synthesized
from either malic acid or aspartic acid in several stages [60,66-68]. This
synthesis has facilitated preparing a wide variety of monomers. It was a clear
advantage compared to biodegradable polyesters such as PLA, PGA, and PCL,
because it would allow researchers to synthesize a variety of polyesters
derived from malic acid. Indeed, the possibility of having different pendant
groups in the polyester structure (neutral, hydrophilic, reactive, etc.) and
randomly distributed on the backbone allowed modulating solubility and
degradation rate [69-71]. So, associating polymers, hydrogels, degradation
micelles, macromolecular prodrugs, graft polyesters, and bioactive compounds
has been synthesized and characterized [72-75]. Only during the synthesis of
the various homopolymers and copolymers, it was difficult to obtain controlled
high molecular weights. Moreover, it was impossible to synthesize block
copolymers because the anionic ring-opening polymerization did not
correspond to a living polymerization process. Under 1H nuclear magnetic
resonance (NMR) spectroscopic analysis of the polymers, the presence on the
spectrum of a small doublet systematically appeared and corresponded to the
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formation of a C=C double bond [76]. It has been shown that during the anionic
polymerization initiated by weak bases such as tetraalkylammonium
benzoates, transfer reactions due to the presence of a proton in β-position of
the carbonyl of the lactone were observed [77]. Therefore, we could predicate
two synthetic routes, which limited the expected molecular masses of
polymers (Scheme 1). Discrepancies between measured and theoretical
molecular weights have been observed and the molecular weight distribution
was larger than expected.

Scheme 1. Mechanism of transfer reaction

Following this finding at the beginning of the 2000s, a study was directed
towards the modification of the structure of malolactonic acid esters
considering replacing the two protons in α-position of the carbonyl of the
lactone with different alkyls (methyl, allyl, etc.). To find the ideal structure of
the monomer, a thorough research on the various known metabolisms resulted
in the existence of the biosynthesis of pantothenate and Coenzyme A from (R)-3,3-dimethylmalic acid [78-80]. As this (R)-3,3-dimethylmalic acid is a natural
and non-toxic compound, a new study was directed towards the synthesis of
α,α’,β-trisubstituted β-lactones completely unreported. These new lactones
could then be polymerized without observing transfer reactions in the aim to
obtain this new family of polyester named poly((R,S)-3,3-dimethylmalic acid)
(PDMMLA) (Figure 2) [81,82].

Figure 2. Structure of PDMMLA

Initially, the total synthesis of these α,α’,β-trisubstituted β-lactones has been
developed. Firstly, racemic monomers have been prepared in five steps from
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the commercial racemic diethyl oxalpropionate [81,83,84]. The first step is
alkylation. It is followed by reduction of the ketone function to the alcohol and
a basic hydrolysis to provide intermediate diacid which is then monoesterified
with various alcohols according to the desired therapeutic application of the
final polyester [85,86]. The various monoesters are then lactonized according
to Mitsunobu reaction to obtain the corresponding racemic α,α’,β-trisubstituted β-lactones (Scheme 2) which were polymerized to obtain
amorphous and atactic polyesters [87,88].

Scheme 2. Synthesis of racemic lactones

Secondly, the synthesis of chiral α,α’,β-trisubstituted β-lactones has been
studied. This new synthesis is realized from commercial L-(S)-malic acid which
was then esterified. The resulting diester is alkylated twice and then
hydrolyzed under alkaline conditions to provide the chiral acid [89]. The
synthesis of various chiral lactones was prepared with the same protocols used
in the synthesis of the racemic lactones. These new chiral monomers helped
prepare isotactic polyester (Scheme 3) [90].

Scheme 3. Synthesis of chiral lactones
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Then, a study has focused on the homopolymerization of two racemic lactones:
the benzylic and hexylic lactones. 1H NMR spectroscopic analysis has shown
the absence of doublet corresponding to a double bond. In addition, the size
exclusion chromatography (SEC) analysis gave a molecular weight value close
to the theoretical value and the molecular weight distribution was close to
unity. With all of these positive results, it is now possible to conclude that the
anionic polymerization allows an excellent control of the molecular weight of
polymers [81]. Thirdly, further study was carried out on the block copolymer.
In the aim to obtain desired diblock copolymers, a first lactone reacted with
the initiator until the band at 1850 cm−1 had disappeared. After complete
conversion, a second lactone was added to the solution of polymerization to
give the final block copolymer. 1H NMR analysis allowed observing the
presence of two blocks with peaks corresponding to two lactones and to
calculate the ratio between the two blocs. Differential scanning calorimetry
(DSC) gave two distinct Tg values associated with the two blocks, respectively.
The SEC measurements showed experimental molecular weights
corresponding to the expected ones and narrow molar mass distribution. SEC
results had shown an increase of molecular weight between the intermediate
block and the final diblock polymer. Several copolymerizations were
performed to confirm that the anionic polymerization of these new lactones
had a living character [81]. From these very satisfactory results, all searches
are now made with polyesters derived PDMMLA. Currently, derivatives
PDMMLA are widely studied for different biomedical applications.

3.3. INTERESTS AND APPLICATION OF PDMMLAs
The PDMMLA is new and original biodegradable and biocompatible polyester.
It has many interests related to its hydrosoluble and bioassimilable characters.
It can be custom-synthesized to meet an adequate degradation time. In
addition, its structural design was selected to give natural and non-toxic
primary products after a complete degradation. Indeed, (R)-3,3-dimethylmalic
acid which is the final product of hydrolytic degradation of chiral PDMMLA is a
natural and non-toxic product involved in the biosynthetic pathway of
pantothenate. This metabolite is present in the synthesis of Coenzyme A and
gives ketovaline by enzymatic oxidative reaction catalyzed by β,β-dimethyldehydrogenase (EC.1.1.1.84) [78,80,81,91,92] (Figure 3).
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Figure 3. (A) Synthesis of monomers. (B) Synthesis of PDMMLAs with ring-opening
polymerization (ROP). (C) PDMMLAs hydrolytic degradation to (R)-3,3-dimethylmalic
acid. (D) Enzymatic oxidative reaction catalyzed by “EC.1.1.1.84”of (R)-3,3-dimethylmalic acid to give ketovaline. (E) Degradation cycle of pantothenate [93].

The presence of a chiral center in the repeating unit of PDMMLA provides
access to a range of stereocopolymers. This permits the variation of the
configurational nature of the polymer and the adjustment of the
physicochemical properties of material (crystallinity, solubility, degradability,
etc.) depending on the tacticity of the chain.

The PDMMLA has two methyl groups in the α-position of the ester function,
which increases its hydrophobicity and allows control of molecular weight
without transfer reactions relative to PMLA. Moreover, PDMMLA has a side
group R incorporated during the polymer synthesis which may be benzylic
(Bn), benzyloxypropylic (Bp), or hexylic (He) group. These groups have been
selected for two objectives: chemical modifications and adjustment of the
hydrophilic/hydrophobic balance and the physicochemical properties of
polyesters. Indeed, benzylic and benzyloxypropylic groups are used for their
protective role. After a catalytic hydrogenolysis in presence of palladium on
charcoal on the polyester, it is possible to obtain, respectively, carboxylic acid
and alcohol functions.
However, these ionic and non-charged polyesters will be used on one hand for
their hydrophilic properties and on the other hand for allowing chemical
modifications and reacting with bioactive or targeting molecules [73,74,94].
Moreover, −OH functions were often used for their opsonization phenomenon
and their excellent blood compatibility and resistance to thrombus formation
[54] and carboxylic groups for their favor cell attachment and proliferation.
Then, the hexylic group is interesting for its hydrophobic properties which give
access to a wide variety of amphiphilic statistical and block copolymers.

These copolyesters may contain a lateral alkyl group or a functional group for
coupling and copolymerization of sophisticated groups and bioactive
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molecules. Therewith, it can be able to adduce to the same chain in the lateral
position a drug to release lastly during its degradation; we hypothesize that the
grafting of the drug can be done during the synthesis of the monomer; it can be
attached to the monomer once synthesized or to the polymer after
deprotection [20,95].

The PDMMLA and its derivatives may be good candidates for biomedical
applications. Different systems can be developed: micelles, nanoparticles,
terpolymers, and associative polymers. These new polyesters may be used as
macromolecular carriers for gene therapy, for tissue engineering, and for drug
delivery. Indeed, PDMMLA derivatives were synthesized and characterized in
order to develop a new bioactive coating to cover a coronary stent and deliver
a drug to enable the reduction of intrastent restenosis [96-99].
Biocompatibility and adsorption of cell adhesion molecules to the polymer
surface (organic polymer medium interface) under suitable conditions
(quantity, configuration, flexibility, and accessibility for the receptors involved
in cell adhesion) are strongly influenced by different properties. These are the
physicochemical properties (roughness, topography, geometry, and surface
energy), mechanical performance (rigidity or flexibility), and chemical
composition (electric charge, solubility, pH, wettability, and functional groups
(amines, carbon unsaturated, OH, −SO3H, etc.)) of biomaterial surface
[100,101].

Similarly, protein adhesion depends on the nature of the surface (hydrophilic
and hydrophobic). The cells attach to synthetic surfaces via extracellular
matrix adhesive proteins (fibronectin, collagen, vitronectin, laminin, etc.).
These proteins which are adsorbed on the surface of biomaterial orient the
attachment and the migration of cells on this surface. The control of the
chemical composition of the material allows the modulation of its adsorption
[102]. The cells have a low affinity for hydrophobic or hydrophilic surfaces.
They generally attach to surfaces with a mean value of contact angle (adequate
hydrophilic/hydrophobic balance) (Figure 4).

74

New promising biodegradable polyesters derived from poly((R,S)-3,3-...

Figure 4. Schematic representation of (a) the copolymer PDMMLA chemical structure
and the chain configuration with hydrophilic and hydrophobic parts represented by
the red and blue chains corresponding to carboxylic acid and hexylic groups,
respectively, and (b) effect of wettability and surface functional groups on protein
adsorption and cell adhesion.

According to the literature, the polymers used as synthetic matrices for the
coating of stents and the release of drugs (PGA, PLA, PCL, etc.) [21,103,104] are
not perfect solutions. They have a limited diversity of their structures and
adverse reactions can be caused by these polymers [105]. It is necessary that
the biomaterial used to cover the stent should have good mechanical
properties, appropriate surface properties, excellent hemocompatibility, good
biocompatibility, and drug delivery capability. That is why recent studies in the
literature relate to the possibility of grafting onto the backbone of these
polymers of reaction sites to modify their physicochemical and biological
characteristics and their degradation rate.
PDMMLA has considerable attention as potential active coating stents thanks
to its distinction of being functionalisable to have adjustable properties
(hydrophilic/hydrophobic balance, Tg, topography, degradation, cell behavior,
etc.) with the requirements of this application and it is achieved with well
controlled molecular weight without transfer reactions that occur during the
synthesis of PMLA [93,106,107].

In summary, composition, charge, morphology, wettability, and surface free
energy of biomaterials must be studied in order to adjust their biological
response and protein and cell adhesion. Thus, the surface properties must be
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studied before choosing the favorable drug platform as stent coating. This
chapter presents, in the second section, the study of the wettability in static
and dynamic conditions, roughness and topography, and surface energy and its
components and degradation study of amorphous PDMMLAs.

3.4. HYDROPHOBIC PDMMLAs
3.4.1. Synthesis of hydrophobic PDMMLAs
PDMMLA can be prepared according to different routes starting from racemic
or optically active malic acid [108] or aspartic acid [109] by chemical or
biological synthesis routes. Optically active stereocopolymers of malic acid are
accessible starting from L- or D-aspartic acid enantiomers [110] or L- or
D-malic acid enantiomers [109] as chiral precursors. As mentioned above, a
new family of synthetic and isotactic poly((S)-3,3-dimethylmalic acid) (chiral
PDMMLA) is chemically prepared starting from L-(S)-malic acid.

Chiral PDMMLAs (P1 (benzylic homopolymer), P2 (hexylic homopolymer), P3
(benzyloxypropylic homopolymer), P4 (statistical copolymer 50:50), and P5
(block copolymer 50 : 50)) were prepared from corresponding chiral α,α,βtrisubstituted-β-lactones [90]. To highlight the formation of the various chiral
monomers α,α,β-trisubstituted, a very convenient route in six steps has been
realized (Scheme 3) [89]. Indeed, three chiral β-lactones were prepared for this
aim: (4R)-benzyloxycarbonyl-3,3-dimethyl-2-oxetanone (chiral benzylic
lactone “R = benzyl”), (4R)-hexyloxycarbonyl-3,3-dimethyl-2-oxetanone (chiral
hexylic lactone “R = hexyl”), and (4R)-(3’-benzyloxypropyl)carbonyl-3,3-dimethyl-2-oxetanone
(chiral
benzyloxypropylic
lactone
“R = benzyloxypropyl”). These chiral lactones contain one stereogenic center
with only R stereochemical configuration. The chiral center of the main chain
of homopolymers and copolymers preparing with these lactones has only S
stereochemical configuration. With these new chiral β-lactones in hand, the
polymerization of these stereoregular homopolyesters and copolyesters was
carried out by living anionic ring-opening polymerization of corresponding
monomers using tetraethylammonium benzoate (10−2 equivalent per mol
monomer) as initiator (Scheme 4) [90].
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Scheme 4. Anionic ring-opening polymerization of chiral
α,α,β-trisubstituted-β-lactones

For all polymers, the conversion is complete after approximately 24 h
confirmed with the disappearance of the lactone band at 1834 cm−1 in FTIR
spectroscopy analysis (Figure 5). After dissolution in acetone and precipitation
in ethanol, high molecular weights with a very good molar mass distribution
value (D) close to unity were observed (Table 1) [90].

Figure 5. FTIR spectra of chiral benzylic lactone and different chiral PDMMLAs [90]

The chemical structure of different polymers was characterized by 1H and 13C
NMR. Indeed, signals around 5.28 and 7.20 ppm on 1H NMR spectrum
confirmed the presence of −CH2 benzylic group and those at 0.86, 1.26, 1.59,
and 4.10 ppm were attributed to hexylic group. In addition, signals assigned to
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benzyloxypropylic group appeared at 1.89, 3.49, 4.26, 4.47, and 7.29 ppm.
Moreover, the presence of the lateral chain of benzylic and hexylic ester groups
in the ratio 50 : 50 for statistical and block copolymers (P4 and P5) was
confirmed by 1H NMR comparing the peak integrals assigned to the different
co-monomers. Indeed, the integration ratio of peak at 4.10 ppm corresponding
to –CH2–O– hexyl is equivalent to that of –CH2–O– benzyl at 5.20 ppm
(Figure 6) [90].

Figure 6. 1H NMR spectra of chiral copolymers: (a) statistical PDMMLA P4 and (b)
block PDMMLA P5 [90]

3.4.2. Physicochemical characterization of hydrophobic PDMMLAs
Chiral PDMMLAs are characterized by 1H and 13C NMR, SEC, and DSC. All chiral
PDMMLAs were compared with the corresponding racemic ones (racemic
PDMMLAs (P1’ (benzylic homopolymer), P2’ (hexylic homopolymer), P3’
(benzyloxypropylic homopolymer), P4’ (statistical copolymer 50 : 50), and P5’
(block copolymer 50 : 50)). Table 1 summarizes the obtained results [90].
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Table 1. Characterization of chiral and racemic homopolymers and copolymers
MnTh
Mn
Mw
(g mol−o) (g mol−1)a (g mol−1)a

Polymer
homopolymers

P1

P3

statistical
copolymer

Chiral PDMMLA

P2

P4

Tg
(°C)b

Tm
(°C)b

Tc
[α]22D (°)
(°C)b

23 400

176 500

177 900

1.008

+41.5

124.3

–

−16.6

29 200

68 500

70 900

1.035

+0.3

–

170.9

+12.8

22 800

111 200

111 700

1.004

−9.1

158.2

–

−47.3

233 300

252 700

1.083

+12.2

–

–

−3.9

P5

23 010

164 100

168 300

1.025

−3.3,
+49.2

131.8

–

−22.7

P1’

23 400

27 840

29 760

1.068

+39.1

–

–

–

29 200

25 425

25 757

1.013

−9.0

–

–

–

homopolymers

block
copolymer

23 010

P2’
P3’

statistical
copolymer

Racemic PDMMLA

Da

block
copolymer

P4’

P5’

22 800

19 789

1.075

−15.0

–

–

–

23 010

23 244

27 811

1.196

+19.3

–

–

–

23 010

19 543

31 105

1.591

−0.1,
+44.2

–

–

–

MnTh = theoretical Mn.
aHPSEC-MALLS-dRI
bDetermined

21 283

in acetone for racemic PDMMLAs and in THF for chiral PDMMLAs, 0.5 min.

by DSC, Tm and Tc in the first heating and Tg in the 2nd heating.

3.4.2.1. Stereoregularity
13C

NMR spectroscopy was used in the literature to identify the
stereoregularity of the polyester [111-114]. The carbonyl peak around
167 ppm is a particularly sensitive and effective signal which provides the
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stereo information [115-117]. In case of observation of three peaks, the
racemic polymer is present, indicating atactic fragments in the polymer chain
corresponding to isotactic, syndiotactic, and atactic triads. The ratio of the
signals indicates the ratio of atactic and isotactic or syndiotactic fragments in
the polymer chain. If only a single peak is visible, it can be identified as chiral
polymer, representing syndiotactic or isotactic polymer [118]. The isotacticity
of stereoregular PDMMLAs was confirmed by comparison with racemic
PDMMLAs. Indeed, the carbonyl peak around 167 ppm corresponding to
stereopolymers is compared with data obtained from racemic triads [90].

However, for racemic PDMMLA polymers, the carbonyl peak around 167 ppm
showed one triplet corresponding to isotactic (i), syndiotactic (s), and atactic
triads (a) in the case of racemic homopolymers. In the case of copolymer, only
one triplet corresponding to the two units which are undifferentiated
(statistical copolymer) and two well-defined triplets corresponding to the two
units that presented exactly the same chemical shifts of the two homopolymers
(block copolymer) (Figure 7a) [95]. As mentioned in Figure 7b, all
stereoregular PDMMLAs showed only one fine peak due to the exclusive iso-sequence [71] corresponding to isotactic triad (i) which has been assigned by
comparison with corresponding atactic PDMMLAs presented in Figure 7c [90].

Figure 7. 13C NMR spectra of C=O signals of lateral ester groups of (a) atactic
PDMMLAs (P1’, P2’, P4’, and P5’), (b) isotactic PDMMLAs (P1, P2, P4, and P5), and (c)
atactic PDMMLA-Bn P1’ and isotactic PDMMLA-Bn P1 showing the distribution of the
three triads [90]

Indeed, the chemical shift of the two homopolymers is slightly different. The
isotactic triad of hexylic homopolymer P2 (167.70 ppm) is the most deshielded
as isotactic triad of benzylic homopolymer P1 (167.47 ppm) that is exactly
what has been observed with corresponding atactic homopolymers P2’ and
P1’ (Figure 7). Furthermore, for statistical chiral copolymer P4, we observe the
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presence of two peaks which were not really distinct (167.49 and 167.63 ppm)
because of their distribution in the polymer structure in a random manner.
However, chiral block copolyester P5 presents two well-defined peaks (167.47
and 167.70 ppm) having the same chemical shifts of isotactic homopolymers
triads P1 and P2. There are also the same results observed with the
corresponding racemic copolymers P4’ and P5’ (Figure 7) [90].
Table 2 showed different triad percentages of all racemic and chiral PDMMLAs
homopolymers. It showed that all chiral homopolymers are 100 % isotactic
and that atactic triad of all atactic PDMMLAs homopolymers is mainly formed
[90].
Table 2. Attribution of the different triads sequence peaks of different PDMMLAs [90]
Polymers

Triads

aDetermined

isotactic
atactic

(%)a

(%)a

syndiotactic

by 13C NMR.

(%)a

Chiral PDMMLAs

Racemic PDMMLAs

–

53

P1

P2

P3

P1’

P2’

P3’

100

100

100

25

27

32

–

–
–

–
–

22

54
19

50
18

This relative narrowness of the resonance peaks of chiral PDMMLAs is in favor
of the presence of only one stereo-sequence of monomer units. This result
confirms also the formation of optically active β-lactones with 100 %
enantiomeric excess. It is already known from the literature that “ring-opening
polymerization of poly[(R) or (S)-benzyl β-malate] with configuration
inversion of the asymmetric carbon C–CO2R of the β-lactone without any
racemization of this carbon and with the formation of a carboxylate growing
chain end” [68] proves the absolute configuration (S) of asymmetric carbon of
isotactic polyesters.

3.4.2.2. Molecular weights

Chiral macromolecules organize themselves in crystalline zones and are not
isolated, which explains the high molecular weight values obtained in the case
of stereoregular PDMMLAs. At the same time, the amorphous and non-stereoregular corresponding PDMMLAs provided a molecular weight that was
well correlated with theoretical values indicating the control of the
polymerization (Table 1, Figure 8). This observation is consistent with the less
solubility of polymer in acetone over time in contrary to amorphous PDMMLAs
[90].
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Figure 8. SEC curves of (a) chiral PDMMLAs (P1, P2, P3, P4, and P5) and (b) racemic
PDMMLAs (P1’, P2’, P3’, P4’, and P5’) [90]

3.4.2.3. Thermal properties: semi-crystallinity (Tm), crystallization
temperature (Tc), glass-transition temperature (Tg), and
decomposition temperature (Td)

The semi-crystalline PDMMLA homopolymers and copolymers structures were
confirmed by DSC which shows a melting temperature Tm observed on all
semi-crystalline polyesters (Table 1). The semi-crystalline nature of the
networks formed following the copolymerization reaction for P4 and P5 was
also supported by X-ray diffraction analysis (XRD). Figure 9 shows the
comparison of the DRX obtained profiles of statistical copolymers semicrystalline P4 and amorphous P4' (Figure 9a) and diblock copolymers semicrystalline P5 and amorphous P5' (Figure 9b). XRD patterns confirmed the
presence of ordered domains in the macromolecular structure of P4 and P5
with several well-defined peaks which is typical of a semi-crystalline polymer
(Figure 9).
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Figure 9. X-ray diffraction patterns for (a) semi-crystalline and amorphous statistical
copolymers P4 and P4’ and (b) semi-crystalline and amorphous diblock copolymers
P5 and P5’

In addition, in the case of chiral homopolyesters, the high glass-transition
temperature (Tg) value for chiral P1 [119] explains the rigidity of aromatic
group in the lateral chain of benzylic homopolymer, which causes
overrestriction for rotating the substituent along the polymer backbone. On
the other hand, owing to flexibility, P2 shows the lower Tg value consequent to
a very decrease in rigidity of polymer sourced from hexylic ester group.
Furthermore, diblock copolymer P5 exhibits two Tg values corresponding to
hexylic and benzylic units, respectively. However, statistical copolymer P4
(50 : 50) presents only one logical Tg value distributed between the two Tg
values of P1 and P2 for a mixture with 50 : 50 molar ratio of homopolymers.
Besides the effect of structure and rigidity of the polymers chains, Tg is affected
by their stereochemistry. Indeed, it was observed that all Tg values of
amorphous PDMMLAs were lower than corresponding semi-crystalline
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PDMMLAs and Tg increases with higher stereochemistry (Table 1, Figure 10)
[90].

Figure 10. Comparison of Tg values for all chiral PDMMLAs and corresponding racemic
PDMMLAs [90]

To further study the thermal stability of these polymers and ensure their use at
a temperature range without any degradation, the thermogravimetric analysis
(TGA) was carried out to determine the weight loss of different PDMMLAs. TGA
was performed under N2 atmosphere at a heating rate of 10 °C min−1 from
room temperature to 700 °C. The weight loss temperatures of 5, 50, 95, and
100 % for different PDMMLA were showed in Table 3 [90].
Table 3. Thermal stability of chiral homopolymers and copolymers [90]

weight loss (%)
polymers
a Decomposition

P1
P2
P3
P4
P5

5

258

Td (°C)a

219
250
279
286

temperature (Td) occurs via TGA.

50

95

100

321

682

> 700

324

421

568

344
338
332

368
460
354

379

≈700
510

All studied polymers had homogenous degradation curve. The aromatic group
in the lateral chain of homopolymers P1 and P3 leads to degradation in high
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temperature and especially in the case of benzylic homopolymer P1 which is
more rigid and less hydrophobic. It contains less carbon number in its side
chain in comparison with P3. Therefore, decomposition temperature (Td)
decreased with increasing of carbon number. Indeed, hexylic homopolymer P2
which contains in its lateral chain a group of a linear chain of six carbons had
the very low Td values over the degradation. This phenomenon can be
attributed to the flexibility of this hexylic group. However, Td was sharply
increased above 300 °C for all of these polymers indicating the beginning of
their decomposition. P1 presented the highest value of Td and a very slight
weight loss. Indeed, it decomposed completely at Td above to 700 °C whereas
P2 had the lowest value and lost total weight at 379 °C. Td of P3 was between
those of P1 and P2 and lost almost total weight at 700 °C (Table 3) [90].
In addition, the TGA curve of statistical PDMMLA P4 (50 : 50) and block
copolymer PDMMLA P5 (50 : 50) was studied. Their thermal stability was
found between those of the corresponding homopolymers P1 and P2 apart at
initial Td which was slightly higher. Thus, at a weight loss of 100 %, Td value of
P4 and P5 was an almost average between the two corresponding
homopolymers values (calculated: 536 °C). This indicated also that the two
components were ideally mixed in these copolymer systems. Finally, these
results show that Tm, Tg, and Td values (at weight loss of 50 %) of P1 and P2
and their copolymers P4 and P5 presented linearity as a function on their
compositions (R2 = 0.906, 0.991, and 0.999, resp.) which confirmed the ideal
mixing of the copolymer system (Figure 11) [90].

Figure 11. Linear relation between “polymers compositions (homopolymers (P1 and
P2) and their copolymers 50 : 50 (P4 and P5)” and “(a) Tm, (b) Tg, and (c) Td at weight
loss of 50 %.”

These polymers present a high thermal stability. Therefore, the present study
showed that thermo-mechanical properties such as crystallinity, melting point,
or stereo-polymers rigidity/flexibility of these materials depend on their
structure design and stereochemistry. These properties can be easily adjusted
by varying the ratio of monomers also that choose the statistical or block
copolymerization [120-123], underlining the above results.
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3.5. HYDROPHILIC/HYDROPHOBIC PDMMLAs
3.5.1. Synthesis and chemical characterization of
hydrophilic/hydrophobic PDMMLAs
Synthetic amorphous PDMMLAs homopolymers P1’, P2’, and P3’ were
prepared by a living anionic ring-opening polymerization of corresponding
racemic β-lactones as monomers: benzylic lactone (4-benzyloxycarbonyl-3,3(Bn),
hexylic
lactone
(4-dimethyl-2-oxetanone)
“R = −CH2Ph”
-hexyloxycarbonyl-3,3-dimethyl-2-oxetanone) “R = −(CH2)5−CH3” (He), and
benzyloxypropylic lactone (4-(3-benzyloxypropyl)carbonyl-3,3-dimethyl-2-oxetanone) “R = −(CH2)3−O−CH2Ph,” respectively, in anhydrous THF solution
using tetraethylammonium benzoate as initiator (Scheme 5) [95]. These
racemic β-lactones monomers were synthesized according to the literature
procedure as well [81]. P1’ and P3’ were used for the synthesis of
corresponding
homopolymers,
PDMMLA-COOH,
and
PDMMLA-OH,
respectively. Then, three statistical copolymers with different
hydrophobic/hydrophilic balance in the side chain of copolymers were also
prepared from two different racemic β-lactones (benzylic and hexylic
lactones): PDMMLA-COOH10-co-He90 named 10/90, PDMMLA-COOH20-co-He80 named 20/80, and PDMMLA-COOH30-co-He70 named 30/70.

Scheme 5. Synthetic route of amorphous PDMMLA derivatives

The polymerization was followed by FTIR spectroscopy analysis which showed
the ester characteristic band at 1751 cm−1 and the disappearance of the lactone
band at 1838 cm−1 for all polymers. The chemical structure of different
polymers was characterized by 1H and 13C NMR. Therefore, signals around 5.20
and 7.38 ppm on 1H NMR spectrum confirmed the presence of benzylic group
and those around 0.89, 1.26, and 4.10 ppm characterized the hexylic group. In
addition, signals assigned to benzyloxypropylic group appeared at 1.93, 3.54,
4.27, and 4.49 ppm [106].

The co-monomers relative contents (10, 20, and 30 %) were obtained by 1H
NMR using the integration ratio of peak at 4.15 ppm corresponding to –CH2–O–
86

New promising biodegradable polyesters derived from poly((R,S)-3,3-...

hexyl and that at 5.20 ppm corresponding to –CH2–O– benzyl (Figure 12). After
a catalytic hydrogenolysis in presence of 10 % of palladium on charcoal on the
polyester, it is possible to obtain carboxylic acid group (when R = −CH2Ph) and
alcohol group (when R = −(CH2)3–O–CH2Ph) (Scheme 5). As mentioned above,
these ionic and non-charged groups (carboxylic acid and alcohol, resp.) are
used on one hand for their hydrophilic properties and on the other hand for
the possibility to react with bioactive or targeting molecules [73,74,94]. The
hexylic group is used for its hydrophobic properties, which gives access to a
wide variety of amphiphilic copolymers. Polymers catalytic hydrogenolysis
was confirmed by the disappearance of benzylic peaks at 5.2 and 7.4 ppm on
1H NMR spectrum for PDMMLA-COOH, PDMMLA-OH, and copolymers
(Figure 12) [106].

Figure 12. 1H NMR spectra of copolymers 30/70 (a) before hydrogenolysis (PDMMLA-Bn30-co-He70) and (b) after hydrogenolysis (PDMMLA-COOH30-co-He70) [106]
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3.5.2. Physicochemical properties and surface characterization of
PDMMLAs
The ideal biomaterial for vascular applications must provide
thermomechanical properties, good biocompatibility, and cell response
(adhesion, morphology, attachment, behavior, proliferation, and migration of
cells). Indeed, the surface properties of biomaterials (roughness and
morphology, chemical composition, charge, wettability, and surface energy)
are the main factor that affects the biological response (immediate and longterm response) between the biomaterial and the vascular tissue and blood
[100,101]. According to literature, the surface energy is the most important
factor in determining the thrombogenicity in blood. The affinity of the polymer
surface with water increases with increasing surface energy and therefore the
increase of thrombogenicity in the blood medium [124].

Another very important factor is the surface roughness. The thrombogenicity
increases on rougher surfaces. This is due to the higher blood protein
adsorption, activation, and aggregation of platelet [124]. Thus, a stent coating
should have good interaction with blood, be incorporated by the vascular
tissue, and presents the advantage to minimize the inflammatory response.
This is thanks to its good surface properties.

3.5.2.1. Thermal properties
All PDMMLAs present good thermal and surface properties (low Tg and surface
energy and functional hydrophilic molecules on its chain which adjusts their
properties and interactions with body tissue). This is precisely meeting the
requirements of the intended cardiovascular applications. Indeed, the absolute
average molecular weights and molecular weight distributions of all studied
PDMMLAs are summarized in Table 4. Tg of PDMMLA copolymers do not
exceed 20 °C (−15, +8.2, and +20 °C for 10/90, 20/80, and 30/70, resp.) which
is lower than the physiological temperature whereas PLA has higher Tg (about
63 °C), having thus less ductility and softness. It was found that the rigidity of
the polymer chains decreased with the decrease of the carboxylic acidic
groups. In summary, as a comparison between the PDMMLAs amorphous
copolymers, 10/90 was the most flexible and 30/70 the most rigid. 20/80 had
the average value. This means that they have viscoelastic character and flexible
chains which can be modulated with varying hydrophilic/hydrophobic
balance. These thermal properties of PDMMLA polymers present an
encouraging result for applying these biomaterials for cardiovascular
applications.
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Table 4. Characterization of different homopolymers and copolymers
(PDMMLA-COOHx-co-Hey)

P2’

PDMMLACOOH

23 400
22 800

29 200

Mw
(g mol−o)(a)

29 393

30 120

19 789
19 955

30/70

229 800

354 460

364 800

Copolyesters

Copolyesters

153 800

20/80

MnTh = theoretical Mn.
(a)HPSEC-MALLS-dRI

(b)Determined

229 200

214 420

+67.9

1.04

148 060

18 549

1.02

20 842

228 600

22 980

18 293

Tg
(C°)(b)

1.07

10/90

30/70

22 920

18 062

D(a)

21 283

10/90
20/80

22 860

Mn
(g mol−o)(a)

low molecular
weight (lMw)

PDMMLA-OH

MnTh
(g mol−o)

Characterization of polyesters

high molecular
weight (hMw)

Homopolyesters

Polymers

19 109
20 015
20 776

231 800

−15.0
+7.6

1.05

−14.2

1.12

+20.0

1,08

ND

1.09
1,04
1,03

+8.2
ND
ND

in THF, 0.5 min.

by DSC.

ND: not determined.

3.5.2.2. Surfaces roughness and topography
The roughness and topography of PDMMLA surfaces are determined via
atomic force microscope (AFM) (Figure 13). All PDMMLAs presented a smooth
and flat surface (root mean squared roughness Ra < 1.2 nm) [106]. The
wettability of the surface is affected, on one hand, by the chemical
heterogeneity of the material and, on the other hand, by the surface roughness.
This result shows that the surface wettability of PDMMLAs is not affected by
the surface roughness (Ra < 0.1 µm) [125].
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Figure 13. 3D AFM images and average roughness Ra (nm) of all amorphous
PDMMLAs [106]

3.5.2.3. Surfaces wettability and water sorption/desorption
The wettability of the different PDMMLA derivatives surfaces was
characterized in static and dynamic conditions. Figure 14 shows contact angles
for the different surfaces obtained, respectively, by sessile drop method (static
angle (𝜃𝜃s )) and tensiometry (dynamic contact angles) at cycle 1 (𝜃𝜃A1 ) and cycle
10 (𝜃𝜃A10 ) and average between the 10 cycles (𝜃𝜃av ). Angle at cycle 1 is always
superior to angle at cycle 10. The difference is increasing with percentage of
acidity (% A). This is due to hydratation of surfaces polar groups (hydrogen
bonding) during cycling, leading to a decrease of advancing contact angle
values. Average angle is close to that of sessile drop angle for the three
copolymers [106,107].
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θs

120

θA1

*

θA10

θA av

*

100

*

**

θ (°)

80

**
**

60

*

40
20
0
0/100

10/90

20/80

30/70

100/0

Samples
Figure 14. Contact angles for the different PDMMLA surfaces obtained by sessile drop
method (static angle (𝜃𝜃s )) and tensiometry (dynamic contact angles) at cycle 1 (𝜃𝜃A1 )
and cycle 10 (𝜃𝜃A10 ) and average between the 10 cycles (𝜃𝜃av ) (n = 3, * p < 0.01,
** p < 0.0001) [106,107].

For P2’ (0/100) homopolymer, average angle is greater than that of sessile
drop. This is the reverse for PDMMLA-COOH (100/0). Whatever the method,
angles are decreasing with % A. Cycle 1 contact angle is always higher than the
other angles in particular sessile drop. Cycle 10 is always the lowest, except for
P2’ surface. Tensiometry is more sensitive to chemical heterogeneity than
sessile drop method because, statistically, some drops can be deposited on
homogeneous areas, depending on the scale of the heterogeneity surface
distribution. This is due to the fact that tensiometry integrates the overall both
sides of surface whereas sessile drop probes only few localized points of the
global surface.
Heterogeneous samples in this study are all exhibiting more than 70 % of
hydrophobicity and so surface hydrophilicity is represented by less than 30 %
in surface distribution. The probability for a drop to probe these hydrophilic
areas is less than 30 %. The accuracy of sessile drop method is thus very low
compared to that of tensiometry. P2’ surface, totally hydrophobic, is the only
one with a cycle 10 angle higher than for sessile drop. This is in agreement
with the reverse observation for PDMMLA-COOH surface with a cycle 10 angle
reduced to zero and lower than sessile drop angle. These results were also
confirmed by statistical analysis which revealed sensitivity higher at cycle 10
than cycle 1 for each sample [107].
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In summary, beyond the first cycle, the sample surface has changed, due to
interaction with water. A hydrophobic surface has less interaction with water
than a hydrophilic surface. This difference is due to the penetration of water to
the interior of the polymer chains forming hydrogen interactions with
hydrophilic surfaces, partially and irreversibly at the first cycle. Then, the
liquid spreads from cycle to another to form a water film distributed now over
the entire surface of the polymer. This action causes the polymer chains
mobility and the molecular reorientation which reveal all hydrophilic functions
on the surface and therefore the hydrophobic functions inside the film
(Figure 15) [126]. This phenomenon increases with increasing of % A. It was
previously confirmed with the acute increase of the hysteresis value of the
most hydrophilic surface PDMMLA-COOH [107].

Figure 15. Schematic representation of PDMMLA copolymer film deposited on glass
slides during the tensiometric immersion in water, the preferential orientation of
copolymer side chains, and the molecular reorganization and the homogenization of
the copolymer surface after dynamic contact angle (DCA) cycling [107]

Additionally, during the immersion/emersion measurement, the polymer film
can absorb and desorb water. Therefore, the phenomenon of water
sorption/desorption was also studied in this work. For this experiment, only
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3 cycles were performed because the evolution of advancing angles during
cycling after cycle 2 was found to be not significant [107]. All films had a lower
water uptake than 6 % in the studied conditions of measurement (Figure 16).
Because all relationships between hydrophilicity and % A exhibited good R2
values in the above data (for advancing angles), one can consider that these
low values had a negligible effect on the evolution of hydrophilicity of the film
surfaces during cycling [107].
Cycle 1

Cycle 2

Cycle 3

Water uptake (%)

7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00
0/100

10/90

20/80

30/70

100/0

Samples
Figure 16. Water uptake of different PDMMLAs films [107]

3.5.2.4. Surfaces free energy and its components
Besides, the total surface free energy (γTOT) for each surface is presented in
Table 5 [106]. Its value clearly increases with % A. It also indicates the values
of dispersive (γLW) and polar acid-base component (γAB) of the surface free
energy. Polar interactions are due to Coulomb interactions between
permanent dipoles but also to interactions between induced and permanent
ones whereas time fluctuations in the molecules charge distribution contribute
to dispersive interactions [127]. For all the surfaces γLW is higher than γAB due
to the major presence of −CH2 groups inside the polymer chains. However γAB
is not negligible and is increasing regularly with % A which brings polar
oxygen atoms in the structure. This correlation includes not only the
chemically heterogeneous copolymers (10/90, 20/80, and 30/70) but also the
two homogeneous references (0/100 and 100/0) [106].
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Table 5. Values and standard deviations of total surface free energy (γTOT), dispersive
(γLW), polar acid-base (γAB), acidic (γA), and basic (γB) components of surface energy,
for each surface [106].
Samples

γTOT

P2’ 0/100

39,13 ± 0,01

30/70

47,5 ± 0,32

10/90
20/80

PDMMLA-COOH
100/0

41,21 ± 0,07
44,19 ± 0,21
54,16 ± 0,6

Surface free energy and its components (mJ m−2)
γLW

γAB

γA

γB

38,89 ± 0,01

0,24 ± 0,01

1,48 ± 0,13

0,01 ± 0,01

35,79 ± 0,01

11,59 ± 0,14

17,59 ± 0,78

1,94 ± 0,01

38,22 ± 0,01
36,86 ± 0,21
32,5 ± 0,85

3,01 ± 0,08
7,32 ± 0,18

21,66 ± 1,45

5,35 ± 0,22
10,5 ± 0,22

46,87 ± 0,53

0,44 ± 0,04
1,28 ± 0,06
2,51 ± 0,31

It is important to quantify polar acid-base and/or apolar surface energy
components with accuracy for a better understanding of cell behavior in
contact with a biomaterial [128]. Indeed, water contact angle and total surface
free energy are generally not sufficient parameters to explain differences in
cell response. In contrast, acidic or basic surface energy components can be
parameters but enable us to discriminate between biomaterial surfaces [128].
Moreover, an analysis of protein adsorption onto the surfaces of interest could
help to go further in the understanding of the correlations between material
surface chemistry and biocompatibility. For example, DCA could detect
particular protein adsorption behavior depending on the biomaterial surface
chemistry as it has been shown for polysaccharides polyelectrolytes films
[129].

3.5.3. In vitro biodegradation rate and nature of PDMMLAs and the
cytotoxicity of degradation products
Drug Eluting Stents (DESs) based on biodegradable polymers should be
degraded in a few months preventing the risk of thrombosis. PDMMLA is
custom-synthesized to meet an adequate degradation time. The hydrolytic
degradation study of PDMMLAs was performed under physiological conditions
for a 6-month period. The most important factors that influence the kinetic
degradation of polymers (molecular weight, nature and stability of functional
groups, charge, natural biological enzymes, pH, and temperature) were studied
in order to understand the behavior of PDMMLAs hydrolysis. Three
homopolymers and three copolymers were analyzed for this study. The
homopolymers have been investigated to understand the PDMMLAs
degradation behavior under physiological conditions and the copolymers for
their eventual use as a coating cardiovascular stent for the treatment of
restenosis [93].
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3.5.3.1. Degradation of homopolymers: effect of load and nature of
functional side chain and biological enzymes
The degradation time of all PDMMLA homopolyesters was affected by the
nature of side chain of PDMMLA (−OH, −COOH, or hexyl). It was known that the
hydrolysis process begins with the penetration of water into the polymer
chains, followed by cleavage of ester functions and dissolution of degradation
products. In the case of the hexylic homopolymer (0/100) which is waterinsoluble, the diffusion of water within the polymer structure was hard due to
the presence of the hydrophobic hexylic side chain. On the contrary, the
carboxylic acidic group of acid hydrophilic homopolymer PDMMLA-COOH
(100/0) and the alcohol group of neutral hydrophilic homopolymer PDMMLAOH facilitated the diffusion of water molecules through their chains with their
hydrophilic character and water-solubility of degradation products. Moreover,
PDMMLA-COOH has negatively charged groups at pH 7.4 which accelerated the
hydrolytic degradation in comparison with PDMMLA-OH. Indeed, they have
different degradation rate. Homopolymer P2’ (0/100) has a slower
degradation rate while PDMMLA-COOH (100/0) has the most rapid rate of
degradation. PDMMLA-OH has a slower molecular weight loss rate in
comparison to PDMMLA-COOH (Figure 17) [93].

Figure 17. Molecular weight loss data for homopolymers (P2’, PDMMLA-COOH, and
PDMMLA-OH) in PBS at pH 7.4 and 37 °C [93]

Because of the presence of the functional group in the side chains of PDMMLA
polymers comparing with other aliphatic polyesters such as PLA, their
degradation behavior may be different. This deference can be observed by the
slow degradation of the polymer chains indicated by an increase of the
retention time with the presence of a single peak or with the presence of
95

Chapter 3

others picks with a smaller molecular weight. It was showed that all PDMMLA
homopolymers were hydrolyzed with the formation of a second peak
corresponding to small molecular weight and indicating a mixed degradation
type in bulk and surface corrosion compared with PLA degradation which was
rather in bulk [93]. The ratio of this second peak increased with the decrease
of the ratio of the first peak over time. At pH 7.4, PDMMLA-COOH can be in the
form of both protonated (−COOH) and deprotonated (–COO−) groups. In this
case, ionic interactions and hydrogen bonds with environment were observed.
However, only hydrogen bonds were observed for PDMMLA-OH. Thus, the
concentration of absorbed water was higher for PDMMLA-OH than PDMMLACOOH which explained, respectively, the observed bulk and corrosion
degradation profiles.
In addition, in the presence of esterase, PDMMLA homopolymers can be
degraded faster than the other conditions (in the presence or absence of αamylase). Therefore, selected esterase was involved in the ester bond
hydrolysis of the studied homopolymers.

3.5.3.2. Degradation of copolymers: effect of molecular weight, enzymes,
pH, and temperature
Figure 18A showed the molecular weight loss of three copolymers having high
molecular weights (hMw) (Table 4) as a function of degradation time. In a
logical order, the degradation was faster with the material containing the
highest ratio of hydrophilic side chain (30/70hMw); then a medium degradation
rate was observed with the material having the medium ratio of –COOH groups
(20/80hMw) and with that having the lowest ratio of –COOH (10/90hMw), the
degradation slowed further [93].
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Figure 18. Molecular weight loss of hMw copolymers: (A) hydrolysis in physiological
conditions, (B) effect of enzymes on hMw copolymers, (C) effect of pH, and (D) effect of
temperature [93]

The effect of molecular weight, enzymes, pH, and temperature on the
degradation nature and rate of the different copolymers was studied
(Figures 18 and 19). It has been shown that the different PDMMLA copolymers
were degraded according to bulk or erosion-surface profiles. Therefore, a
hydrophilic loaded side chain, high temperature, high pH, and the presence of
specific enzyme accelerated the degradation rate of PDMMLAs with an
erosion-surface profile.
Effect of molecular weight

The effect of molecular weight is evaluated in PBS at pH 7.4 and 37 °C on a
series of three systems having the same ratio of hydrophilic/hydrophobic
groups with two different initial molecular weights (Mth ~ 23 000 g mol−1 and
230 000 g mol−1).

It is important to compare the rate of degradation of the material having (hMw)
and that having the lowest ones (lMw). Indeed, it was found that the polymer
having hMw and only 10 % of –COOH (10/90hMw) had similar degradation
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profile as compared to 10/90 with lMw. It was slightly faster degraded by a
linear greater molecular weight loss than 10/90 over time (~ 3.5 %)
(Figure 19) [93].

Figure 19. Effect of molecular weight on molecular weight loss and degradation rate
and profile of hMw copolymers: (A) 10/90 and 10/90hMw, (B) 20/80 and 20/80hMw, and
(C) 30/70 and 30/70hMw [93]

When 10 % of acidic groups were added to the side chain of the copolymer
(20/80hMw), it hydrolyzed with a double speed as compared to 10/90hMw and a
linear greater molecular weight loss as compared to its lMw counterpart.
Moreover, when the amount of acid is increased by another 10 % (30/70hMw),
the copolymer lost its weight very quickly in the first month and then slowed
after. It had an equivalent molecular weight to the initial molecular weight of
30/70 within the 6th month. The present analysis of the behavior of degraded
materials is very important because it gave an idea of the cleavage under
physiological conditions of copolymer chains which have different molecular
weights. This suggested that in the presence of such systems (PDMMLA
copolymers) having an average molecular weight (Mth ~ 23 000) the molecular
weight loss was found linear with R2 = 0.96, 0.95, and 0.93 for 10/90, 20/80,
and 30/70, respectively. On the other hand, with hMw (Mth ~ 230.000), the
linearity was decreased with the increase of acids percentage. R2 = 0.94 and
0.93 were obtained for 10/90 and 20/80, which indicates linearity of
degradation despite the slight weight loss. In contrast, with 30 % of acid
groups, the molecular weight loss was not linear (R2 = 0.69). This can be
interesting for the selection of such type of materials having different
molecular weight and hydrophilic/hydrophobic balance and thus different
hydrolysis profiles [93].
Effect of enzymes

The effect of enzymes (esterase and α-amylase) on the copolymers was
performed on copolymers with low molecular weight (lMw). The α-amylase
and esterase activities follow the same format as homopolymers. They were
hydrolyzed with the same logic in the absence or presence of both enzymes. In
98

New promising biodegradable polyesters derived from poly((R,S)-3,3-...

all cases (PBS, esterase, and α-amylase), elution profile indicated two major
peaks. This result suggested the fragmentation of the inside and the outside of
polymer’s structure. With the same logic, the hydrolysis of hMw copolymer
10/90hMw was performed at pH 7.4 and 37 °C in the absence or presence of
esterase and α-amylase (Figure 18B) [93]. The same results were obtained.
Effect of pH

The effect of pH on the degradation of film of polymers is evaluated on the
30/70hMw films with varying pH of hydrolysis medium: 5, 7.4, and 9
(Figure 18C). PDMMLA copolymers have carboxylic acid groups in their side
chain which are capable of undergoing protonation/deprotonation depending
on the environmental pH. At pH 5, copolymer has the slower degradation rate
as compared to pH 7.4 in the 6th month. This effect was explained by the
unionization of acidic groups at low pH; they are sufficiently protonated at pH
5, noting “the acid inhibitory effects” [93]. At pH 9, the opposite behavior was
observed. Indeed, 100 % of molecular weight loss was observed in the
6th month. This was explained by the rapid degradation of film surfaces of
copolymer which have in this time deprotonated groups (−COO−). Hydrolytic
rate of copolymer increased with the increase of medium pH. Thus the
hydrolytic degradation of PDMMLA copolymers was pH-sensitive. This result is
according to literature studies on the polyesters degradation such as PLA and
PLGA [130,131].
Herein, we could conclude that, in low pH, the hydrolysis has a bulk profile
(diffusion of water molecules into polymer) in contrast to that in high pH
which has an erosion-surface profile (degradation rate of polymer was faster
than diffusion of water molecules). Moreover, at pH 7.4, hydrolysis has a mixed
profile “bulk and surface erosion” [93].
Effect of temperature

To evaluate the effect of temperature on the degradation of PDMMLAs
copolymers, the hydrolysis of 20/80hMw copolymer was carried out in PBS at
pH 7.4 at 3 different temperatures: 25, 37, and 50 °C. Figure 18D showed the
hydrolysis profiles at different temperature. The results showed that the
molecular weight loss at 25 °C was very small over hydrolysis time as
compared to 37 °C condition. When the temperature was also increased at
50 °C, the copolymer was completely degraded. Thus, PDMMLA copolymers
degradation was temperature-dependent. Their degradation time was
accelerated with the increase of temperature. These results could be explained
by the hydrophilic/hydrophobic balance of copolymer which exhibited 20 %
hydrophilic groups in their side chains. This balance arranges in specific
interactions between hydrophilic and hydrophobic functions at a critical
temperature. With a change of this temperature, the arrangement between
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these groups changes again which can change the interaction of material with
aqueous environment and so accelerate/decrease its degradation [93].

In conclusion, it has been shown that the different PDMMLA polymers were
degraded according to bulk or erosion-surface profiles. Therefore, a
hydrophilic loaded side chain, high temperature, high pH, and the presence of
specific enzyme accelerated the degradation rate of PDMMLAs with an
erosion-surface profile. Otherwise, at low pH and temperature, the degradation
speed is slow indicating a bulk degradation type while under physiological
conditions PDMMLAs degraded with a mixed profile [93].

3.5.3.3. Cytotoxicity of PDMMLAs degradation products

Since these new biomaterials as promising coating stent will be in direct
contact with the arterial wall, their biocompatibility was evaluated in this
study in human vascular endothelial cells which are essential for the repair of
the arterial wall to inhibit multiple processes leading to in-stent restenosis.
Indeed, the viability of all synthesized PDMMLAs (PDMMLA-COOH, PDMMLAOH, and copolymers 10/90, 20/80, and 30/70) and diacid (synthesis precursor
and final degradation product of PDMMLA polymers) was conducted using
MTT and Live/Dead assays after 24 h, 48 h, and 72 h of human vascular
endothelial cells (HUVEC) incubation. For example, Figure 20 shows the
obtained results with PDMMLA-COOH 100/0, copolymer 30/70, and diacid.
For all samples the proliferation cell was comparable to control which has
100 % viability. Consequently, the cells viability tests, MTT and Live/Dead,
revealed that the products of long-term degradation of all PDMMLA polymers
were non-cytotoxic [93].
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Figure 20. Cell viability of PDMMLA-COOH 100/0, copolymer PDMMLA-COOH/P2’
30/70 degradation products, and diacid by (a) MTT test (“d” indicated “day” and “w”
indicated “week”). Relative cell proliferation of HUVEC exposed for 24 h, 48 h, and 72 h
to all products of degradation. The values are represented as the mean value ± SD
(n = 3) where * denotes significant changes between treated cells in 24 h and 72 h time
with all degradation products. Here (p < 0.0001) ANOVA and (b) Live and Dead test
obtained after 48 h and 72 h of incubation (“d” indicated “day” and “w” indicated
“week”) [93].

3.6. CONCLUSION
Since the active Drug Eluting Stents (DESs) that exist today have not been
proven to reduce the risk of intrastent restenosis, the search for a new system
is the aim of several research studies in recent years. Currently, most of the
available DESs use a matrix polymer for both the coating of metal and the
release of drugs. Although these polymers have brought benefits, certain
adverse reactions occurred. Therefore, a growing number of studies in the field
of biomaterials focused on the development of a new biodegradable,
biocompatible, and bioassimilable polymer. These are the intrinsic properties
of biodegradable aliphatic polyesters which are widely used as controlled
release systems of drugs. Moreover, the polyester which has, in addition to
these properties, the ability to be chemically modified and functionalisable is a
challenge to achieve. PDMMLA is a new biodegradable and biocompatible
polyester which can particularly be chemically modified. This chapter
presented the history of this polyester as well as its interests in the biomedical
field including the cardiovascular field. The surface properties of the PDMMLA
derivatives were further discussed in this chapter. This allows choosing the
best material for its study of biocompatibility on vascular cells and thus its use
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as stent coating. In conclusion, the properties of PDMMLAs give them a
particular quality compared to other polyesters described in the literature and
used as a stent coating such as PLA which is the most used coating material. In
addition, the presence of a chiral center in the repeating unit of PDMMLA
allowed the obtention of a series of new stereocopolymers. Thereby, it varies
the configurational nature of the polymer and modulates and adjusts
physicochemical properties of the material (crystallinity, solubility,
degradability, etc.) depending on the tacticity of the chain. Based on these
properties, PDMMLA is an excellent biodegradable polymer which may prove
to be useful and good candidate for various temporary biomedical applications.
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4.1. INTRODUCTION
The utilization of renewable raw materials as alternative resource to
petroleum has recently attracted increasing attention. Nowadays, most
polymeric materials are based on non-renewable fossil feedstocks and
consume approximately 7 % of all oil and gas worldwide used. Due to the
limited petroleum reserve and from the view of sustainable development the
urgent need is to develop polymeric materials from renewable resources [1-3].
Recently, a variety of polymers have been prepared from renewable raw
materials, such as vegetable oils, wood, proteins and polysaccharides [1,4].
Compared to other renewable raw materials, vegetable oils have become more
attractive in academic and industrial research due to their relatively low cost,
low toxicity, worldwide availability, inherent biodegradability and versatile
functionality [1,4,5]. According to the data released from Food and Agriculture
Organization of the United Nations (FAO), the annual global production of
vegetable oils rose from 149 million tons (in 2005/2006) to 210 million tons
(in 2015/2016) in recent 10 years (an increase of 41 %). Industrial uses
account for about 19 % of the total production of vegetable oils [6,7].
Moreover, biodiesel converted from vegetable oils by pyrolysis, catalytic
cracking and transesterification has been used as replacement of engine fuel.

Vegetable oils are mainly triglycerides which are esters of glycerol with three
saturated or/and unsaturated fatty acids (Scheme 1). Fatty acids account for
95 % of the total weight of triglycerides and their structures depend on the
biological source and growing conditions [1,4,5,8,9]. A list of the most common
fatty acids present in vegetable oils is summarized in Table 1.
O

R1
O

R2
O

O
R3

O

R1, R2 and R3 = f atty acid chains

O

Scheme 1. General structure of a triglyceride molecule

As can be seen from Table 1, fatty acids are long-chain molecules with chain
length between C8 and C22. The double bonds are located at different position
along the chain in most of unsaturated fatty acids with a cis configuration, for
example oleic acid (C18 : 1), linoleic acid (C18 : 2) and linolenic acid (C18 : 3)
are the most common unsaturated fatty acid with 1, 2 and 3 double bonds,
respectively [1,4,11,12].
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Table 1. Structures and formulas of the most common fatty acids[1,8,10]

Fatty acid
caprylic
capric

Scientific name
octanoic acid

decanoic acid

lauric

dodecanoic acid

palmitic

hexadecanoic
acid

myristic
stearic

tetradecanoic
acid
octadecanoic
acid

arachidic

eicosanoic acid

oleic

octadec-9-enoic acid

palmitoleic
erucic

linoleic
α-linolenic

αeleostearic
ricinoleic
vernolic

hexadec-9-enoic acid

docos-13-enoic
acid

9,12-octadecadienoic
acid
octadeca-9,12,15-trienoic
acid
octadeca-9,11,13-trienoic
acid

(9z,12r)-12-hydroxyoctadec-9-enoic acid
cis-12,13-epoxy-cis-9-octadecenoic
acid

Formula

Structure

C8H16O2

COOH

C10H20O2

COOH

C12H24O2

COOH

C14H28O2

COOH

C16H32O2

COOH

C18H36O2

COOH

C20H40O2

COOH

C16H30O2

COOH

C18H34O2

COOH

C18H32O2

COOH

C18H30O2

COOH

C18H30O2

COOH

C22H42O2

C18H34O3
C18H32O3

COOH

COOH
OH

O

COOH

Table 2 represents the fatty acid compositions of different vegetable oils. The
chemical and physical properties of vegetable oils depend strongly on the
number of double bonds, fatty acid chain length and functionalities. The chain
length (or averaged molar mass) of all the fatty acids in the vegetable oil can be
determinated by the saponification value. The long-chain fatty acids found in
vegetable oil have a low saponification value due to their relatively low
number of ester groups per unit mass of the oil, while the short-chain fatty
acids have a higher value [8]. The degree of unsaturation is measured by the
iodine value. The iodine value is the mass of iodine in milligram that is
consumed by the reaction of the double bonds in 100 g of the investigated
vegetable oil. The higher the iodine values are, the higher the degree of
unsaturation is. Depending on the iodine value, vegetable oils can be classified
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as drying oil (iodine value > 130, e.g. linseed oil), semi-drying (90 < iodine
value < 130) and non-drying oil (iodine value < 90, e.g. olive oil) [1,8,11].

Triglycerides contain a variety of functional groups, such as double bonds,
hydroxyl groups, epoxides and ester groups. By modifying these reactive sites,
various easily polymerizable functional groups can be introduced in vegetable
oil structure [1,4,5]. In this chapter, we will focus on the synthesis of
monomers with functional groups from vegetable oils and the preparation of
different kinds of biodegradable polymeric materials using these monomers.
Properties, including chemical and physical properties, biocompatibility,
application and biodegradability will be discussed in the flowing sections as
well.

Name

Table 2. Fatty acid composition of different vegetable oils and their
properties[1,8,11,12]
No. of
double
bonds

Iodine
Palmitic
value
(mg of
(16:0)
I2/100 g)

canola

3.9

105–120

cottonseed

3.9

90–119

corn

groundnut
linseed
olive

palm

rapeseed
sesame

soybean

sunflower
castor

4.5

3.4

Ricinoleic
(18:1+OH)

4.1

1.8

60.9

21.0

8.8

–

21.6

2.6

18.6

54.4

0.7

–

11.4

44–58

5.5

75–94

13.7

94–120

4.0

3.9

103–116

4.7

110–143

3.0

Linolenic
(18:3)

80–106

1.7

4.6

Linoleic
(18:2)

10.9

168–204

3.8

Oleic
(18:1)

102–130

6.6
2.8

Stearic
(18:0)

42.8

9.0

117–143

11.0

82–90

1.5

5.2

2.0

2.4
3.5
2.5
4.2
2.0
6.0
4.0
2.7
0.5

25.4

48.3
19.1
71.1
40.5
56.0
41.0
23.4
37.2
5.0

59.6

31.9

1.2

–

15.3

56.6

10.1

–

10.0

0.6

26.0

10.0

53.3

7.8

43.0

53.8
4.0

1.0

1.0
0.5

–

–
–
–
–
–
–
–
–

87.5
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4.2. MONOMERS FROM VEGETABLE OILS
4.2.1. Monomers from vegetable oils via
monoglyceride/alcoholysis process
There are various techniques to obtain polyols from vegetable oils. The most
commercially used method is the monoglyceride process. In this route,
monoglycerides can be obtained by modification of the triglyceride ester
groups through alcoholysis with glycerol in the presence of a base or acid
catalyst. Scheme 2 represents the chemical reaction for vegetable oil
alcoholysis [10].
O
O

O
O

R
R

R

OH

+

2

OH
OH

220 °C,
catalyst

O

O

O

O

O

O

R

OH
OH
monoglyceride
(51%)

O

+

O

O

R

R

OH
diglyceride
(40%)

O

+

O
O

O
O

R
R
R

triglyceride
(4%)

Scheme 2. Alcoholysis of vegetable oils with glycerol [10]

OH

+

OH
OH
glycerol
(5%)

The alcoholysis is a reversible ester interchange reaction when it is carried out
homogeneously. According to the Le Chatelier’s principle, use of an excess of
glycerol over the 2 moles theoretically required will shift the equilibrium to
the right, thus resulting higher total amount of monoglycerides [13]. The major
challenge of this reaction is enhancing the solubility of the hydrophilic glycerol
in initial hydrophobic vegetable oil or in subsequent fat-like phases. Only about
4 % glycerol can dissolve in common vegetable oil at room temperature. To
overcome this incompatibility, it will be necessary to conduct this reaction at
elevated temperature (220−240 °C) in the presence of a catalyst [13]. Another
reason for the high reaction temperature is to promote the formation of
monoglycerides, while diglycerides are preferably formed at low temperatures.
For this reason, to prevent the reversed reaction at the end of alcoholysis, the
reaction mixture must be rapidly cooled to a low temperature (about 15 °C).
The excess unreacted glycerol is then separated and removed as a lower layer.
Can et al. found that rapid cooling of the reaction mixture with high speed
stirring can improve the yield of monoglycerides significantly [14]. The final
composition after removing excess glycerol can be determined by different
methods, such as thin layer chromatography (TLC), gas chromatography (GC)
or high performance liquid chromatography (HPLC). Consequently, the
resulting product mixture after alcoholysis with glycerol consists typically of
51 % monoglyceride, 40 % diglyceride, 4 % triglyceride and 5 % glycerol [10].
Usually, the alcoholysis of vegetable oil is carried out by use of catalysts. In the
absence of catalyst, a reaction temperature of 280 °C or higher is required and
the products have dark color and high viscosity. Basic catalysts are used
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preferably in the alcoholysis reaction. A variety of basic catalysts has been
studied, such as elemental metal (Na, K, Sn), metal oxides (CaO, SrO, PbO),
metal hydroxides (LiOH, NaOH, KOH, Ca(OH)2), metal salt of weak acids
(calcium octate), metal alkoxides (NaOMe, NaOEt, NaOtBu) and organotin
compound (dibutyltin oxide (DBTO)). Among these catalysts, sodium
alkoxides, LiOH, PbO and DBTO showed highest catalytic activities [10]. For
industrial use NaOH and KOH are the preferred catalysts due to their relatively
high efficiency and low prices. One disadvantage is that the used catalysts must
be neutralized and removed from product mixture because the residual
catalyst cause reversion. Moreover, the trace of catalyst can also lead to soapy
taste, poor color stability and foaming problems for use of food emulsifiers.
The removal of catalyst is usually conducted as follow: the basic catalysts are
firstly neutralized with phosphoric acid and the neutralization products, metal
phosphate, are absorbed with clays [13]. In addition, oxygen and traces of
water have been reported to decrease the reaction rate. Carbon dioxide in the
air can convert metal catalysts to carbonates. Thus the alcoholysis reaction
should be carried out under nitrogen atmosphere to avoid oxidation and color
problems [10,13].

Similarly, besides using glycol alcoholysis of vegetable oils is often conducted
with pentaerythrol [15]. Palm [16], soybean [14,15,17], tung [16], rapeseed
[18], jatropha [18], castor [15], rubber seed [19], melon seed [19], mahua [20]
and Nahar seed [21,22] oils have been used as raw materials to prepare
monoglycerides via alcoholysis process. In most cases, the vegetable oil based
monoglycerides are further modified with different anhydride (glutaric,
phthalic, maleic and succinic anhydrides), followed by polycondensation to
form various alkyd resins.

4.2.2. Monomers from vegetable oils via ozonolysis process

Ozone molecule (O3) includes three oxygen atoms with a delta positive and a
delta negative electric charge. It is very unstable and has a short half-life.
Therefore, ozone must be generated on-site by corona-discharge, UV-light, cold
plasma or electrolysis method of oxygen containing feed gas in an ozone
generator. The most common method for industrial and laboratorial use is
corona discharge method. Ozone is produced in the corona as a direct result of
electrical discharge. The electrical discharge causes the cleavage of the stable
O2 bonds to form two oxygen radicals. Ozone molecule can be consequently
produced by combination of an oxygen radical with oxygen molecule [23-25].
electricity

3 O2(g) �⎯⎯⎯⎯⎯⎯�2 O3(g) ΔH° = 285 kJ

To diffuse the spark into a corona and maintain the electrical discharge, a
dielectric is present. The dielectric may be made from glass, ceramic, quartz or
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mica. Dried ambient air (21 % oxygen) or dried pure oxygen can be used as
feed gas. The generated ozone concentration is strongly dependent on the
oxygen concentration in feed gas. The higher the oxygen content in feed gas is,
the higher the ozone concentration generated is. Advantages of the corona
discharge technique are cost-effective, sustainable and higher ozone
production [25].

The strong oxidizability of ozone is referred to its very high oxidation potential
of 2.07 V in comparison to other oxidants (Table 3). Based on the high
oxidizability, ozone has been widely used in industry including disinfection in
pools and spas, wastewater treatment, producing chemicals via chemical
reactions, food process and many more [26].
Table 3. Redox potential of oxidants [27]

Substance

Potential (V)

fluorine (F2)

2.87

ozone (O3)

2.07

hydroxy radicals (·OH)
atomic oxygen (O)

hydrogen peroxide (H2O2)
chlorine (Cl2)

chlorine dioxide (ClO2)
oxygen molecule (O2)

2.86
2.42
1.78
1.36
1.27
1.23

As mentioned above, the unsaturated triglycerides contain a number of
carbon-carbon double bonds. The presence of double bonds provides the
possibility to introduce various functional groups by chemical reactions, such
as hydrogenation, epoxidation, ozonolysis or olefin metathesis [28]. However,
the polymeric materials prepared from monomers based on olefin metathesis
are usually non-biodegradable. Thus, this process will be not described in this
chapter. This section is focused on the oxidation of double bonds in vegetable
oils by ozonolysis process. Ozonolysis is an important and effective route to
cleave carbon-carbon double bonds to give compounds with primary alcohols,
aldehydes and carboxylic acids (Scheme 3).
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Scheme 3. Ozonation of soybean oil to give triol, trialdehyde and triacid

The best established mechanism is given in Scheme 4. The ozonolysis of double
bonds begins with the formation of a five-member ring named molozonide (b)
via a 1,3-dipolar cycloaddition of ozone with the double bond. Due to the high
instability of the two O−O bonds the molozonide decomposes immediately to
yield an aldehyde (c) and a carbonyl oxide (d). This decomposition reaction is
referred to as a 1,3-dipolar cycloreversion. The carbonyl oxide will react
further in one of two ways depending on the used solvent.

In protic solvent (e.g. MeOH or other alcohol solvents) the carbonyl oxide is
captured by solvent molecule to form a hydroperoxide (k). Conversely, in the
presence of aprotic solvent (e.g. dichloromethane) the carbonyl oxide (d)
undergoes a cycloaddition to give the more stable secondary ozonide (e),
which is named Staudinger ozonide. If the carbonyl oxide is formed along with
a ketone instead of an aldehyde, a cycloaddition of two carbonyl oxide to an
extremely explosive dimeric peroxide (1,2,4,5-tetroxane) (f) preferably
happens. Moreover, the formation of the secondary aldehyde (h) via
dimerization of two carbonyl oxide and followed decomposition has been also
reported [29-33].
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Scheme 4. Proposed ozonation mechanisms of double bonds [34]

Triols have been prepared by ozonation of different vegetable oils, such as
castor, soybean, canola oils and trilinolein. Kong et al. has used a two-step
ozonolysis- and hydrogenation-based technology to synthesize polyols from
canola oil. In the first step, canola oil was ozonized in ethyl acetate at 10 °C
resulting the Staudinger ozonide and followed reduced with zinc at room
temperature to give a trialdehyde, which was then hydrogenated by Raney
nickel as catalyst at 70 °C and 100 psi (Scheme 5) [35].
O

O O

O

O
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O

O
O O

O
O
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O
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O
O

O

O
CHO
CHO

O
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H2, Ni

O
O

O
O

O

OH
OH
OH

7

Scheme 5. Two-step ozonolysis of canola oil [35]

Petrović et al. [36,37] has produced triols from castor, soybean, canola oils and
trilinolein by a one-step ozonolysis in methanol/dichloromethane. Unsaturated
triglycerides were firstly converted to mixture of aldehydes and
hydroperoxides. They were reduced in the next step to hydroxyl groups using
NaBH4 as reducing agent. Low molecular weight byproducts, such as monoand diols were removed under vacuum (Scheme 6).
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Scheme 6. Ozonolysis of vegetable oil in methanol/dichloromethane [38]

Pryde et al. [38] described a relatively simple method of preparing
trialdehydes from triolein under different conditions. The triglyceride was
ozonized in methanol/dichloromethane (4 : 5 v/v) at −4 °C and reduced with
zinc powder and acetic acid at room temperature (Scheme 7). The trialdehyde
oil was obtained by removal of zinc salt, unreacted acetic acid and volatile low
molecular weight aldehydes to give a light yellow viscous liquid with yield of
85 %.
O

O
O
O
O

O

rt

O3, -4°C

MeOH/DCM Zn/AcOH

O

O
O

O

CHO
CHO

O

O

CHO

Scheme 7. Preparation of trialdehyde from triolein [38]

4.2.3. Monomers based on epoxides from vegetable oils
Vernonia oil has attracted significant attention for preparation of polymeric
materials. The vernonia oil is extracted from the seeds of Vernonia galamensis
plants. The oil consists of 70−80 % vernolic fatty acid, which contains an epoxy
group in the 12th and 13th positions (Scheme 8). Due to the presence of the
three epoxy groups in the triglyceride structure, the Vernonia oil can react as
trifunctional monomer with other multi-functional regents, such as dibasic
acids, diamines, to give crosslinked polymers. The resulting polymers are soft
elastomers with low glass temperature (Tg) and can be used to form
interpenetrating polymer networks (IPNs) with other polymers [39-41].
O
O

O

O

O

O

O

O

O

Scheme 8. Structure of Vernonia oil [40]
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The unsaturated fatty acids in vegetable oils can undergo epoxidation to
introduce epoxy groups, which can be utilized by ring-opening reaction to give
a variety of polymerizable functional groups [42,43]. The synthetic route to
epoxidized soybean oil (ESBO) is shown in Scheme 9 [44]. The carbon-carbon
double bonds in glycerides are converted to epoxide groups by reaction with a
peroxy acid. ESBO is nowadays commercially available [45].
O

O
O

O

Formic acid
H 2O 2

O

O

O
O

O

O

O

O

O

O

O

O
Soybean oil

Epoxized soybean oil (ESBO)

Scheme 9. Synthetic route of epoxidized soybean oil (ESBO) [44]

A series of nucleophilic regents can be used to open the epoxy group to yield a
new functional group and a hydroxyl group from epoxy oxygen atom.
Scheme 10 illustrates some examples for modification of epoxy groups.
Acrylation of ESBO has been extensively studied. The acrylated epoxidized
soybean oil (AESO) is obtained from the reaction of ESBO with acrylic acid (a)
[44]. As seen in route b, a multiaziridine-containing acrylated epoxidized
soybean oil (AESO-AZ) was synthesized by grafting 2-methylaziridine onto
ESBO through a Michael addition [46]. Lu et al. reported a further modification
based on AESO to introduce carboxylic acid groups by the reaction of residual
epoxy groups or hydroxyl groups with maleic anhydride (c) [44].
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Recently, azide-containing polyols from soybean oil (Az-SBO) have been
prepared from ESBO reacted with sodium azide (d) [45,47]. The Az-SBO
products can be further subjected to the cycloaddition with different alkynes
through click chemistry (e). These polyols were used to produce polymeric
coatings with biocidal activity [45]. Other functional groups such as alcohols,
double bonds in side chains, carboxylic acid or halogen groups have been
introduced into vegetable oil structures though the ring opening reaction with
alcohols (e.g. allyl alcohol (f, Al-SBO) [48], ethylene glycol (j, MHSBO) [49]),
maleic acid (g, Ma-SBO) [50] and hydrogen halides (e.g. HCl and HBr (h,
HX-SBO) [51]), respectively, and utilized for further application. The treatment
of ESBO with aniline, followed by methylation with methyl iodide allowed the
synthesis of quaternary ammonium salts containing polyol (i, QAP) with
antibacterial property [52]. Djalilian et al. described a novel method to convert
ESBO to carbonated soybean oil (CSBO) using tetrabutylammonium bromide
(TBAB)/calcium chloride as catalyst under ambient pressure of CO2 gas (k)
[53].
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Besides ESBO, epoxidized methyl oleate has been transformed to aziridine [54]
and episulfide [55] (Scheme 11). These compounds are interesting
intermediates in the synthesis of heterocyclic and highly functionalized
substances [42].

4.2.4. Cyclic monomers for ring opening polymerization from
vegetable oils
ω-Hydroxy fatty acids are a class of straight long-chain aliphatic organic
compounds with carboxylic acid and hydroxyl functionalities located at both
ends of the fatty acid chain. The ω-hydroxy fatty acids have been attracted
much attention for preparation of mixed diesters, cosmetic formulations and
phospholipids [56]. Ricinoleic acid (Table 1, row 14) is a common ω-hydroxy
fatty acid obtained by hydrolysis of castor oil with a carboxylic acid group in
the 1st position and a hydroxyl group in the 12th position. Domb and coworkers
have reported the synthesis of macrolactone mixture (Scheme 12, 1RM-6RM)
from ricinoleic acid as raw material. According to the GPC analysis 1RM to 4RM
could be separated by gel chromatography to the individual lactones. The
compositions of macrolactones mixture were strongly dependent on reaction
concentrations. Higher reaction concentrations led to preferably larger rings
(4RM to 6RM). However, ring opening polymerization of these macrolactones
was difficult and resulted only oligomers [57].

Narine et al. demonstrated a synthetic route for the preparation of lactone
from methyl oleate. The methyl oleate was ozonolysed, hydrogenated and
saponified to be converted to 9-hydroxynonanoic acid. When di-2-thioyl
carbonate was used as coupling regent and hafnium (IV)
trifluoromethanesulfonate (Hf(OTf)4) as catalyst, a monolactone product was
obtained. The synthesis of dilactone with high yield (98 %) was accomplished
by using hafnium chloride (HfCl4) as catalyst [56,58].
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4.3. VEGETABLE OIL BASED POLYESTERS
Polyesters are the most widespread used biodegradable polymeric materials
for drug carrier and tissue engineering. Polyesters can be synthesized either by
ring opening polymerization (ROP) of cyclic ester monomers or
polycondensation of two multifunctional monomers. Condensation
polymerization is a polymerization process by which two molecules
(monomer, oligomer or polymer molecules) are linked together by generating
a new functional group with elimination of a small molecule resulting
elongation of polymer chains. Polyester can be synthesized by condensation
polymerization with the elimination of water molecules in each condensing
step (Scheme 14a). ROP of cyclic ester monomers is one of the most effective
methods to obtain homo- or copolyesters with a high molar mass and low
dispersity under milder reaction conditions in comparison to condensation
polymerization (Scheme 14b) [59,60]. Metallic compounds [61], guanidine
based catalysts [62-65], strong acids [66-68], phosphazene [69], N-heterocyclic
carbine [70,71], bifunctional thiourea-amine [63,72,73] and enzyme [74-76]
have been applied as catalysts to the controlled ROP of cyclic esters.
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Scheme 14. a) Typical polycondensation of synthesis of polyester; b) ring-opening
polymerization of a lactone

Vegetable oil based polyester resins (alkyds) were mainly obtained by
polycondensation from monoglyceride with dicarboxylic acid anhydride. The
properties of the polyesters can be adjusted by using different type of
dicarboxylic anhydride and monoglyceride/anhydride feed ratios. When
dicarboxylic acid anhydrides with rigid structures are used, polyesters with
higher glass transition temperatures and cross-linking densities will be
obtained. The synthetic route is shown in Scheme 15.

Monoglyceride from Nahar seed oil has been used for preparation of polyester
resins by reaction with phthalic or maleic anhydride at high temperature.
Investigation of the chemical resistance showed, that the resulting polyester
films were highly resistant to dilute HCl acid, NaCl solution and distilled water,
while they could be hydrolyzed under basic conditions [22].
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Recently, a hyperbranched polyester polyol (HBPP) was synthesized by Karak
and coworkers from castor oil based monoglyceride and bis(hydroxy methyl)
propionic acid (Bis-MPA) (Scheme 16). The HBPP was reacted with bisphenol
A and glycidyl ether epoxy to form a hyperbranched epoxy with a polyester
backbone. This castor oil monoglyceride based resins could be used as
thermosets with excellent toughness, flexibility and elasticity, and they were
relatively thermostable and biodegradable [77].

Polynonanolactones (PNLs) were successfully prepared by employing the ROP
of castor oil based monolactone and dilactone (Scheme 13) with tin(II)
2-ethylhexanoate as catalyst. The number averaged molar mass of synthesized
PNLs were varied from 6000 to 13000 g mol−1 with dispersities below 1.40.
The melting points (Tm) of these polylactones are about 50 °C and increased
slightly with increasing molar mass [58].
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Castor oil is obtained from the seeds of castor oil plant (Ricinus communis) and
has been widely used for preparation of various biodegradable polyesters.
Compared to other vegetable oils, castor oil is a special monomer for
polymerization, because it contains about 90 % bifunctional ricinoleic acid
with a double bond between the 9th and 10th position and an inherent hydroxyl
group in the 12th position. The ricinoleic acid can be produced by hydrolysis of
castor oil [78]. The structures of castor oil and ricinoleic acid are shown in
Scheme 17.
O
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OH

secondary hydroxyl group

O
HO
Terminal acid group

O

Castor oil

9

10

OH
12

Double bond

Dangling chain

Ricinolei acid

Scheme 17. Structures of castor oil (left) and ricinoleic acid (right)

The presence of hydroxyl groups permits polymerization to prepare polyesters
or polyester-anhydrides. The dangling chains as side chains in polymer
structures improve hydrophobicity and they influence the mechanical and
physical properties of the resulting polymers. These chains act as plasticizers
by reducing the glass transition temperatures (Tg) and prevent crystallization
even at very low temperatures [79]. The unique trifunctional castor oil can be
considered as triol, which can copolymerize directly with dibasic acid, such as
sebacic acid, to form hyperbranched or cross-linked polyesters. Castor oil
based copolymerized, hyperbranched or cross-linked polymers have been
widely used in biomedical applications, such as drug carrier and tissue
engineering scaffold, due to their flexibility, hydrophobicity and injectability
[78].

Recently, Domb and Slivniak have reported the preparation of copolyesters
based on ricinoleic (RA) and lactic (LA) acids using random condensation
polymerization at 150 °C (Scheme 18a) and transesterification of RA with high
molar mass poly(lactic acid) (PLA) followed by thermal polycondensation
(Scheme 18b). In the first method, copolyesters P(LA-RA) with molar mass
(Mw) between 2000−8000 g mol−1 were obtained. Copolyesters with RA
content > 20 % were in a liquid state at room temperature. Copolyesters
synthesized by transesterification followed by polycondensation with LA/RA
ratios of 9 : 1 to 5 : 5 w/w have increased molar mass (Mw) in the range of
6000−14000 g mol−1. According to the DSC analysis, only polymers with LA/RA
ratio of 9 : 1 w/w showed crystalline property. These liquid polyesters can be
used as sealants and as injectable drug carriers [80].
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In another study of Slivniak et al., copolyesters with molar mass (Mw) of
5000−16000 g mol−1 from L-lactide and cyclic RA-based monomer with ratios
of 9 : 1 to 5 : 5 w/w were obtained via ROP (Scheme 18c). The ROP was carried
out at 150 °C using 10 wt % Sn(OCOR)2 as catalyst. The synthesized polymers
were off-white solid or semisolid materials [57,61].
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thermal polycondensation, b) transesterification of RA and PLA followed by
thermal polycondensation [80] and c) ROP of RA and LA-based lactones
[57,61]
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Guc et al. demonstrated a novel ricinoleic acid based HBR for use as drug
carrier. In this study, a hyperbranched core with two generations was firstly
synthesized from dipentaerythritol and dimethylol propionic acid. The
reaction was carried out at 140 °C using 0.4 wt % p-toluenesulfonic acid
(p-TSA) as catalyst (Scheme 19). The core was then esterified with ricinoleic
acid at 220 °C to form the HBR. A number averaged molar mass (Mn) of
11000 g mol−1 with dispersity of 2.11 was obtained for the HBR by GPC
analysis. Drug molecules (idarubincin and tamoxifen) can be loaded by
hydrogen bonding of unreacted hydroxyl groups in HBR providing controlled
delivery [81].
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4.4. VEGETABLE OIL BASED POLYANHYDRIDES
One other important class of biodegradable polymers are polyanhydrides. The
anhydride linkages are hydrophobic and water-sensitive. Polyanhydrides
based on vegetable oils or fatty acids undergo hydrolytic degradation to form
water-soluble small molecules or naturally occurring body components
[82,83]. Vegetable oils based polyanhydrides are widely used as implantable or
injectable drug delivery systems because of their common physicochemical
properties, such as biodegradability, biocompatibility, hydrophobicity,
flexibility and low melting points [84,85].

Polyanhydrides are usually produced by melt-condensation polymerization of
dicarboxylic acid monomers and acetic anhydride to give prepolymers, which
can be converted to final polymers in the next step at elevated temperature
and under vacuum removing the acetic acid byproduct [83]. Unfortunately,
fatty acids are monofunctional and cannot be used for polymerization. To
overcome this barrier, oleic acid and erucic acid were dimerized to
polymerizable dicarboxylic acid monomers [86]. A serie of copolyanhydrides
based on sebacic acid prepolymer and oleic or erucic acid prepolymers with
various composition were obtained (Scheme 20a). The homopolymers of oleic
acid and erucic acid dimers were viscos liquids, while copolymers with sebacic
acid content > 30 % were solid. The melting points (30−70 °C) increased as a
function of sebacic acid content [84]. However, according to the in vivo studies
in dogs one significant disadvantage of these polyanhydrides was that the
degradation products, fatty acid dimers, were not easily metabolized
(6 months) in vivo, which was probably attributed to the carbon-carbon
linkage between two fatty acids molecules [87].

Domb et al. reported the synthesis of a second class of linear fatty acid based
polyanhydrides from ricinoleic acid, sebacic acid and succinic and maleic
anhydrides. Ricinoleic acid was firstly acidified with succinic or maleic
anhydride to give ricinoleic acid succinate (RAS) and ricinoleic acid maleate
(RAM), which was then hydrogenated to 12-hydroxystearic acid succinate
(HSAS). After purification of these diacids by column chromatography
removing unreacted ricinoleic acid and monofunctional fatty acids, copolymers
were synthesized by melt-condensation polymerization of RAS, RAM and HSAS
with sebacic acid and acetic anhydride (Scheme 20b). These polymers have
molar masses exceeding 50000 g mol−1 and melting points below 100 °C
[87-89].
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from sebacic and ricinoleic acids.

Poly(anhydride-ester) including two biodegradable bonds in the polymer
backbone is a modification of polyanhydrides. These polymers display two
degradation stages: water-sensitive anhydride bonds are rapidly cleaved by
hydrolysis to polyester prepolymers which have a much slower degradation
rate [83]. The incorporation of ester bonds into polyanhydride backbones was
achieved by the random reaction of a polyanhydride with the hydroxyl group
of ricinoleic acid to form poly(anhydride-ester) oligomers with carboxylic acid
end groups. High-molecular weight poly(anhydride-ester) was then prepared
by repolymerization of these oligomers at high temperature and under
reduced pressure (Scheme 20c) [90,91].
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4.5. VEGETABLE OIL BASED POLYESTERAMIDES
Vegetable oil based polyesteramide resins have been applied in the paint and
coating industries. These resins show good water and chemical resistance, low
toxicity, adhesion, hardness and gloss properties. In addition, the
incorporation of aliphatic and aromatic species in polymer backbones
improved significantly the biodegradability and biocompatibility, which are
important parameters in biomedical and environmental applications [92-94].
Linseed [92], pongamia glabra [93], Nahar [94] and castor oils [95,96] have
been used in the preparation of linear and hyperbranched polyesteramides.
The synthesis of vegetable oil based polyesteramide is generally accomplished
by condensation polymerization of N,N-bis(2-hydroxy ethyl) fatty amides,
which were obtained by amidation of fatty acids with diethanolamine, with
various dibasic acid or anhydrides (Scheme 21) [95-97].
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Scheme 21. Synthetic route of vegetable oil based polyesteramides

In one study, biodegradable hyperbranched polyesteramides were prepared
with maleic anhydride, phthalic anhydride and isophthalic acid from N,N-bis(2-hydroxyethyl) ricinoleic fatty amide. The weight average molecular weight of
synthesized oligomers was found to be 2300 g mol−1 with dispersity of 1.40. It
was observed that the oligomer was soluble in common organic polar solvents,
such as dimethyl acetamide (DMAc), dimethyl formamide (DMF), dimethyl
sulfoxide (DMSO), methanol and tetrahydrofuran (THF), whereas the oligomer
had poor solubility in petroleum ether, diethyl ether and 4 % NaOH solution.
The higher solubility in comparison to linear fatty acid based polyesteramides
was attributed to the hyperbranched structure. The properties of the cured
polyesteramide thermoset was strongly affected by curing systems. The
thermoset cured by epoxy-poly(amido amine) presented better scratch
hardness, thermal properties and gloss and chemical resistance than cured by
epoxy-cycloaliphatic amine sample. Because of the presence of numerous ester
linkages in polymer backbones, the thermoset could be biodegraded using
P. aeruginosa bacteria. The summarized the fatty acid based thermoset could
be potentially used as biodegradable thin film material [95,96].
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4.6. BIODEGRADATION
Polymer degradation can be considered as a number of processes, such as
physical disintegration, chemical reaction resulting small molecules and
degradation by biological mechanisms. Only polymers that can degrade in
nontoxic byproducts without causing environmental pollutions can be called
biodegradable polymers. The degradation of polymer means cleavage of
polymer chains by chemical reaction, while erosion refers to the sum of
degradation processes leading to depletion of polymer matrices. Polymer
erosions follow mainly two processes: bulk erosion and surface erosion. In
bulk erosion, material is lost throughout the polymer volume equally. The
erosion rate is independent on the polymer size or shape, only dependent on
the polymer volume and decreases during the erosion process. For ideal
surface erosion, the degradation occurs from the exterior surface. The total
erosion time can be altered by the material shape [98-100].

For many applications, for example drug delivery, surface eroding polymers
are preferred since surface erosion is much easier to control and leads to zero-order drug release rate. Surface eroding polymers provides also better
protection of the drugs from in vivo degradation than bulk eroding polymers,
because water penetration will be retarded. The most common examples for
surface eroding polymers are polyanhydrides and poly(ortho esters) [83]. In
contrast, bulk erosion is satisfactorily used in other applications that do not
require controlled release, such as degradable plastics for packaging. The
material can remain intact during use and degrade completely after disposal.
For example, the copolyesters poly(lactic/glycolic acid) (PLGA), which is
widely used in resorbable sutures and injectable drug delivery systems,
displays bulk erosion characteristics [98]. Vegetable oil based biodegradable
polymers are mainly referred to polyester and polyanhydride based polymers.

Figure 1. Schematic representation of A) surface erosion and B) bulk erosion
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Figure 2. Investigation of Hydrolysis degradation of P(LA-RA) with different RA
content by mention of weight loss (above) and molecular weight loss (below).
(Reprinted with permission from Reference 57, Copyright 2005 American Chemical
Society)

In the study of Narine et al., both enzymatic and hydrolytic degradation of
PNLs from castor oil based monolactone and dilactone were investigated and

131

Chapter 4

compared with polycaprolactone (PCL). The enzymatic degradation was
performed in the presence of Proteinase K for PNL and Pseudomonas cepacia
for PCL at 25 °C in 0.1 M phosphate buffer solution with pH = 7. The
degradation results showed that PNLs obtained from monolactone had highest
degradation rate and reached a weight loss of 80 % in the enzymatic
degradation, while PCL and PNLs from dilactone showed 77 % and 45 %
weight loss, respectively. In the hydrolytic degradation, PNLs from
monolactone showed higher degradation rate (0.6 %) than PNLs from
dilactone (0.3 %) after 8 days. The difference in degradation rates between
PNLs from monolactone and dilactone in both degradation investigations can
be correlated to their difference in polymer crystallinity [58]. In the study from
Domb et al., the hydrolysis of copolyesters synthesized from lactide (LA) and
ricinoleic acid (RA) lactone with w/w ratios from 9 : 1 to 5 : 5 was investigated
by monitoring of weight loss and molecular weight loss. As shown in Figure 2,
all polymers lost 20−40 % weight with constant degradation rates after
60 days incubation. The number averaged molecular weight (Mn) monitered by
gel permeation chromatography (GPC) decreased quickly to about 4000 g mol−1
during the first 20 days, followed by a slow degradation for another 40 days.
The copolyesters maintained their integrity during the hydrolysis investigation
and showed bulk erosion characteristics [58]. In another study of this group,
copolyesters P(LA-RA) with 60 : 40 w/w was prepared by condensation
polymerization, transesterification and ring opening polymerization. In
comparison among the P(LA-RA) prepared by the three methods, all samples
had about 20 % weight loss after 60 days not depending on synthesis methods
[61].
As mentioned above, polyanhydrides are known as a class of pure surface
eroding biodegradable polymers. The anhydride bonds are highly hydrophobic
and hence are believed to prevent water penetration into the polymer matrix.
Only the labile anhydride bonds on the surface can be hydrolyzed and convert
to two carboxylic acids in water medium. Hydrolytic degradation rate of
polyanhydride depends on pH and solubility of the degradation byproducts
[101].

To identify the erosion type of fatty acid based polyanhydride, poly(fatty acid
dimer:sebacic acid; FAD-SA, 50 : 50 w/w) was investigated by Shah et al. In this
study, water uptake was investigated into cylinder and disk-shaped devices of
P(FAD-SA) copolyanhydride in buffer solution with pH 1, 3, 5, 7.4 and 9. If
P(FAD-SA) is hydrolyzed by pure surface erosion, water should not be found in
the polymer bulk. At pH 1−5, there was no significant difference in the water
uptake rate. Only about 5 % (v/v) water was taken up into cylinder shaped
devices under these pH conditions after 4 weeks incubation. In contrast, at pH
7.4 and 9, approx. two-fold water uptake to 8−9 % (v/v) was obtained. The
same investigation for disk-shaped devices showed similar water uptake of
about 4 % at pH 1−5. However, at pH 7.4 and 9, 15−20 % (v/v) water uptake
was observed in 2 weeks and was directly proportional to the surface area to
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volume ratio (SA/V) of disk-shaped device compared to that of the cylindrical
device (3.27 : 1). Combining the observation by photomicrography and the
large amount of water penetration found in devices, the hydrolysis
investigation reveal that the P(FAD-SA) device was not undergoing pure
surface erosion at pH 7.4 and 9 [102]. As is well-known, polyanhydrides are
mainly used as drug carrier. The correlation between drug release rate with
erosion rate of polymer matrix was investigated in another study of Shah et al.
As model compounds, highly water soluble mannitol (M = 182 g mol−1),
moderately water soluble inulin (M = 5000 g mol−1) and lipophilic stearic acid
(M = 284 g mol−1) were incorporated into disk-shaped P(FAD-SA)
copolyanhydride device. The results showed that the hydrolytic degradation of
P(FAD-SA) is pH-dependent. At pH 9, the degradations of all the devices
proceeded 8−10 times faster than that at pH 1−5 and 1.3−2 times faster than at
pH 7.4. The pH-dependent property could be explained by the base sensitive
anhydride bond and higher solubility of degradation products resulting in
rapid diffusion and dissolution out of the devices. In contrast, the degradation
products, fatty acid dimer and sebacic acid, were unionized and insoluble in
buffer solution at lower pH. Hence, water penetration into polymer matrix was
blocked by forming a barrier from insoluble degradation products.
Incorporation of water-soluble compounds into devices accelerated
degradation rates at all pH, because the water-soluble compounds were
rapidly released and created pores and channels in the devices resulting in
water penetration into devices. In contrast, poorly water-soluble stearic acid
retarded the degradation rate at all pH, except at pH 9 due to the enhanced
water-solubility resulted from ionization of stearic acid at higher pH [103].
Another degradation study for P(RAM-SA) (Scheme 20b) by Kumar et al.
suggested similarly, that the fatty acid based polyanhydride degradation is not
undergoing pure surface erosion [104]. In conclusion, the erosion of fatty acid
based polyanhydride is a complex process depending on water uptake, bond
cleavage, property of loading compounds and pH of the hydrolysis medium.

4.7. APPLICATION
4.7.1. Controlled drug delivery system
Controlled drug delivery systems are one of the fastest growing areas of
science and refers to transport a pharmaceutical compound in humans or
animals to safely achieve a desired therapeutic effect. Developing novel drug
delivery systems aim to reduce treatment toxicity and improve efficacy, such
as increasing therapeutic activity and avoiding frequently repeated injections.
As shown in Figure 3a, in temporal control, a drug is released over an extended
duration, while in traditional injections drugs are rapidly metabolized and
eliminated from the body. Figure 3b represents the benefit of distribution
controlled drug release system. In distribution control, drugs are required to
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be delivered at the precise active site within the body to increase the drug
concentration at site of action and maintain the systemic drug concentration in
a safe area to avoid causing side effects [83].

The following key conditions must be met if any polymeric material is designed
to use for drug delivery application [90]:
•

•
•
•
•
•

good biocompatibility of polymeric material and its degradation
products;

high hydrophobicity for controlled drug release;

degraded and
implantation;

metabolized

completely

from

the

body

after

low melting point (normally < 100 °C) and good solubility in common
organic solvents for device fabrication;
high flexibility, not broken during use and degradation;

low cost.

The vegetable oil based polymers satisfy all above properties and thus can be
used as drug carrier. Moreover, it is observed that the incorporation of
vegetable oil moieties in polymers can enhance the biodegradation and
provides a better control over drug release [12,90]. A series of vegetable based
polyanhydrides, polyesters and their copolymers were developed and applied
as drug carrier for anticancer drugs, local anesthetics, antibiotics and large
molecule biological drugs (e.g. proteins, peptides, hormones etc.)
[58,61,80,84,86-91,104-107]. Poly(ester anhydride) based on sebacic acid and
ricinoleic acid P(SA:RA) demonstrated injectable properties. The polymers
with SA:RA ratios of 3 :7, 2.5 :7.5 and 2 : 8 (w/w) were pasty and suitable for
injection at 37 °C. After injection the polymer was solidified by a mechanism of
in situ gelling organogels. According to the in vivo toxicity test, the polymer was
nontoxic. Hence, this polymer could be used as injectable drug carrier for
anticancer drug paclitaxel. In vitro drug release investigation showed, that drug
was released for months [91,105-107]. Furthermore, hyperbranched polymers
based on vegetable oils were as well evaluated for their degradation and drug
release properties [81,82].
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Figure 3. Schematic representation of controlled drug release: a) temporal control and
b) distribution control. (Reproduced with permission from Reference 83, Copyright
1999 American Chemical Society)

4.7.2. Tissue engineering
Tissue engineering is an interdisciplinary field of engineering, life science and
material sciences, and aims to regenerate or replace biological damaged
tissues or generate replacement organs. Due to the biodegradable,
biocompatible and versatile properties, vegetable oil based polymeric
materials can be viewed as good candidate for tissue engineering. For example,
poly(glycerol sebacate)ester based on sebacic acid and glycerol, which both are
endogenous compounds in human metabolism, has been used in soft tissue
engineering applications for repair of retina, nerve, vessel and myocardium. To
study the in vitro fibroblast response and degradation, these polymers
demonstrated satisfactory biocompatibility and biodegradation. Hard
materials based on soybean oil and sunflower oil were as well investigated and
showed cell adhesion and proliferation natures. However, most of these
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materials are based on non-degradable urethane cross-linked polymers [9].
Hence, an ideal cross-linked elastomer should be prepared from low toxic and
in vivo metabolizable raw materials and additives (such as initiator, catalyst
and solvent). Moreover, the used cross-linked polymeric materials should be
biodegradable. Phosphoester cross-linked vegetable oil elastomers were
prepared recently by Zhu et al. and meet all above principles. Investigations
in vivo and in vitro confirm that the materials have good elasticity,
biocompatibility and biodegradability, indicating potential applications in bone
tissue engineering [108].

4.7.3. Coating

Vegetable oils have been used as binder or additives in paints and coatings for
a long time, even as constituent in coatings during the days of cave painting. In
the last decades, vegetable oil based polyesters (alkyds), polyesteramides,
polyetheramides and polyurethanes have been extensively investigated in
coating applications. These coatings are available for specific uses due to their
biocompatible, biodegradable and highly hydrophobic properties. However,
the long aliphatic hydrophobic chains in the oil structure often lead to low
mechanical strength, lack toughness and water insolubility [9,97]. An example
of biodegradable castor oil based polyesteramide for coating application was
reported by Karak et al. They found that the coorperation of the ester and
amide moieties in polymer backbone enhances the mechanical and thermal
properties. The ester bonds could be degraded in the presence of lipase. The
obtained adhesion strength, abrasion resistance, scratch hardness, gloss,
impact strength and mechanical properties suggest applications in polymeric
surface coatings [95,96].

4.8. CONCLUSIONS
Enter 21st century, resource and environmental problems have puzzled the
world economic development. With the reduction of energy, the use of
vegetable oils and fatty acids derived from them as environment friendly and
renewable raw materials for manufacturing polymeric materials in many
different fields has become the hotspot of study. Different types of
biodegradable polymers such as polyesters, polyanhydrides, polyesteramides
and poly(ester anhydrides) have been produced from the vegetable platform.
These polymers were mainly used for biomedical applications such as drug
delivery system and tissue engineering. The aim of this chapter was firstly to
highlight the conversion of vegetable oils to suitable monomers for production
of biodegradable polymeric materials. Secondly, the recent progress in the
synthetic strategies of polymeric materials from vegetable oils and fatty acids,
their biodegradation process and applications were reviewed. Overall, the
biodegradable polymeric materials prepared from vegetable oils offer a wide
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range of biomaterials with different properties. Some of these polymers
exihibited excellent biocompatibilities, biodegradations and thermal and
mechanical properties. To control these properties can be accomplished by
simply changing the comonomer compositions.
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5.1. INTRODUCTION
This chapter deals with a commercially very important part of the
polyurethane (PU) polymer family, biodegradable polyurethanes (BioPUs). PUs
are multiblock copolymers composed of a high molecular weight macrodiol,
called a soft segment, and a hard segment composed of a diisocyanate and a
low molecular weight diol. As a result of the thermodynamic incompatibility of
the hard and soft segments in PU copolymers the phenomenon of microphase
separation occurs. Nowadays, it is generally accepted that the overall
properties, as well as the biocompatibility, of segmented PU and poly(urethane
urea) (PUU) copolymers are correlated to the degree of microphase separation
[1,2]. The thermoplastic and elastic behaviour of these copolymers can be
explained by their multiphase structure. The elastomeric properties of these
copolymers are generally attributed to the phase separation of the hard and
soft segments; the hard domains serve as crosslinks and reinforcing fillers in
the matrix of the soft segment. It is generally assumed that the soft phase is
responsible for the reversible elasticity of the polymeric material, whereas the
hard phase is responsible for the mechanical strength properties.

As expected, the properties of the final PU product and, consequently, its
application, depend on the chemical structure and composition of the
copolymer [3,4]. This means that the nature and properties of the soft and hard
segments, which can differ greatly in their chemical structure and polarity,
have a crucial role in determining the nature and properties of PUs but, on the
other hand, also provide opportunities for the design of polymers with the
desired properties [2]. Due to their good mechanical properties and
biocompatibility, PUs have been widely used in the biomedical area, mainly as
biostable materials such as heart valves, intra-aortic balloons, aortic grafts,
catheters, pacing lead insulation, etc. [5-9]. Boretos and Pierce [10] first
suggested the use of PUs for biomedical applications such as the elastomeric
components of a cardiac assist pump and its arterial cannulas in 1967. AvcoEverett Research Laboratory (Everett, U.S.) and Ethicon Corp. (Somerville, U.S.)
commercialized the first official PUs for biomedical application, Avcothane™
(1971) and Biomer™ (1972), respectively [11]. Avcothane™ was a PU/siloxane
hybrid, while Biomer™ was a version of Lycra® T-126. Both of them were
synthesized in solution and fabricated from solution, e.g. by dipping, spraying
or casting, and were not extrudable or mouldable. Avcothane™ was used as an
intra-aortic balloon pump and today is on the market under the trademark
Cardiothane-51® (Arrow International, Reading, U.S.). Biomer™ was used in
the Jarvik Heart and, as the first artificial heart, it was implanted in 1982.
Avcothane™ and Biomer™ are characterized by many desirable properties,
including good thromboresistance, biostability and flex life, needed to make
cardiac assist devices safe and efficacious. The first medical grade
thermoplastic polyether–urethane was commercialized in 1977 (Upjohn
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Chemical, North Haven, U.S.) under the trademark Pellethane™, and it was used
as the catheter for the Avco™ intra-aortic balloon pump [12]. Furthermore, due
to their good flex life in flowing blood, thermoplastic PUs based on
poly(tetramethylene oxide) (PTMO) are used as soft segments in long-term
implantation of blood pumps and prostheses.

In the 1990s the interest of scientists shifted from biostability towards the
development of biodegradable PUs; biodegradability has become a key issue
for novel biomedical applications, ranging from medical device coatings to
drug delivery and even tissue engineering. For example, biodegradable
elastomeric scaffolds enable the construction or modelling of several soft
tissues that include blood vessels, cartilage, smooth muscle cells and
cardiovascular tissue [13,14]. Besides that, different implantable devices such
as stents, sutures and biosensors can contain biodegradable elastomer parts
integrated within their design [15-17]. Actifit™ is a segmented aliphatic PU
based on poly(ε-caprolactone) (PCL), and 1,4-butane diisocyanate (BDI), which
has recently arrived on the market. This arthroscopically implanted PU
scaffold provides a temporary structure that supports the ingrowth of new
tissue to replace the surgically removed damaged meniscal tissue. Here it
should be noted that several reactants commonly used in PU formulations such
as, for example, 4,4'-diisocyanatodiphenylmethane (MDI) or 3,3'-dichloro-4,4'diaminodiphenylmethane (MOCA or MBOCA), degrade to toxic products and
therefore have to be excluded from the synthesis of BioPUs. The choice of
reactants in order to obtain polymers with non-toxic degradation products,
which will give a medical implant with good mechanical properties, is the main
challenge of the production of novel BioPUs [18-20]. The development of
properly biodegradable PU materials with appropriate mechanical and target
functional properties (e.g. non-toxicity, good biocompatibility, tailored
degradation rate from weeks to years) is a focal point of biomedical science,
especially in the last decade. In this chapter, recent developments in the
synthesis, properties and applications of BioPUs, porous BioPUs and their
nanocomposites are presented. Future trends in BioPU development are also
addressed.
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5.2. SYNTHESIS OF BioPUs
Biodegradability as the key feature of novel biomedical PUs can be achieved by
incorporating labile and hydrolysable moieties into the polymer backbones
[21-23], usually in macrodiol soft segments such as hydroxyl-terminated
oligomers of PCL and polylactides [24-26]. Besides that, it is possible to create
BioPUs from biodegradable hard segments by using non-toxic chain extenders
and aliphatic diisocyanates [27]. However, regardless of specific requirements
in the choice of starting material, the chemistry of BioPU preparation is very
similar to that of other PU copolymers.

The basic chemical reaction for the synthesis of PUs is the reaction between a
diisocyanate and a difunctional alcohol in which a urethane group is formed.
This reaction is a so-called polyaddition reaction which does not generate byproducts. The reaction is extremely exothermic (170–190 kJ mol−1) [28], and it
is affected by the structure of both reactants. The third component of PU
formulation, the low molecular weight diol, is a so-called chain extender.
Besides that, when diamines are used as the chain extender in the chain
extension step rather than diols, a urea bond is formed, and the resulting PUU
copolymers contain both urethane and urea bonds.
Depending on the order of addition of reactants to the reaction mixture,
polyaddition can be performed in one or in two stages. In single-stage
synthesis, all reactants are added simultaneously at the start of the reaction
and then the reaction mixture is heated. The single-stage preparation of PUs, as
the conventional industrial process, is quick and easy to perform, but this
method does not allow control of the reaction in terms of obtaining a regular
sequence of hard and soft segments. This disadvantage of the single-stage
synthesis can be overcome by performing the two-stage procedure which
involves the synthesis of a prepolymer with terminal NCO groups. The
prepolymer is obtained in the form of a viscous liquid or solid with a low
melting temperature, by reacting macrodiol with an excess of diisocyanate. In
the second reaction step, the prepolymer reacts with a chain extender to form
a sequence of hard segments, and the overall molecular weight of the polymer
increases. The prepolymer molar mass depends on the molecular weight of the
macrodiol and the molar ratio of the starting compounds, and is generally in
the range of 1000−5000 g mol−1, and it can be easily stored, which is
advantageous for industrial purposes [2].
In the synthesis of PUs, there are several important factors: the type of
reactants, monomer concentration, reaction time and temperature, as well as
the molar ratio of the reacting groups. Figure 1 shows the synthesis of PU and
PUU by the two-stage polyaddition procedure.
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Figure 1. The synthesis of PU and PUU by the two-stage polyaddition reaction

The polyaddition reaction takes place in the presence of catalysts such as
tertiary amines and organometallic compounds of tin, lead and iron; dibutyltin
dilaurate (DBTDL), and tin(II) octoate [Sn(Oct)2], are commonly used. These
compounds act as Lewis acids which, according to the proposed mechanism, in
the first stage of the reaction, form the complex intermediate of an isocyanate
and a hydroxyl group [28]. The complex formation increases the acidity of the
carbon atom of the NCO group, making it more reactive towards the hydroxyl
oxygen of the macrodiol.

Methods for the synthesis of segmented PUs also differ in the type of reaction
medium. The polyaddition reaction can be carried out in a melt, in a solution of
organic solvent or in aqueous solution. Melt polymerization is the main
industrial process for the preparation of various commercial PUs, as it reduces
production costs and avoids the pollution of large amounts of organic solvents,
while polymerization in solution is the most common method in laboratory
synthesis of PUs. During polymerization in a melt, the incompatibility of the
reactants leads to the formation of a heterogeneous reaction system relatively
quickly after the start of the reaction. The composition of the final product is
primarily controlled by the rate of diffusion of the reactants from one phase to
another, and then by the rate constant for the reaction between the different
functional groups. The problem of heterogeneity in the reaction mixture can be
avoided by choosing an appropriate solvent, which is critical to promote
solubilization and to prevent premature precipitation of the growing polymer
chains, thus ensuring copolymers of high molecular weight. Generally,
synthesis carried out in solution is accompanied by fewer side reactions than
melt synthesis. Side reactions include, for example, the formation of
allophanate and biuret linkages, which leads to branching of macromolecular
chains and increased molecular weight of the product [2]. For the synthesis of
segmented PUs, polar aprotic solvents such as N,N-dimethylacetamide (DMAc),
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N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) are
commonly used. In the case when the soft and hard segments have extremely
different solubility parameters, it is necessary to use a mixture of solvents that
have different polarity [29]. Recently, segmented poly(dimethylsiloxane)based PUU copolymers have been synthesized by the two-step solution
polymerization procedure in a tetrahydrofuran/NMP mixture with a large
proportion of polar NMP solvent, which provides good solubility of the
growing chains, thus ensuring copolymers of relatively high molecular weight
[30]. Also, the use of isopropanol (IPA) as a solvent for the synthesis of
polyurea copolymers with a high hard segment content has been reported
[29,31].

5.3. STRUCTURE–PROPERTY RELATIONSHIPS IN BioPUs
5.3.1. Soft segments
BioPUs are generally built of biodegradable polyester or polyether soft
segments, such as PCL, poly(D,L-lactide), polyglycolide, poly(ethylene oxide)
(PEO) and PTMO. The ester-containing polymers and, in particular aliphatic
polyesters, appear the most attractive because of their variable
biodegradability and versatile physical, chemical and biological properties.
Besides that, PU and PUU copolymers with poly(dimethylsiloxane) (PDMS) as
the soft segment play a very important role in special technical and medical
applications because of the many unique properties of PDMS, including a low
glass transition temperature, low surface energy, high permeability to many
gases, biocompatibility and thermal stability [32]. A large number of studied
BioPUs contain PDMS mainly in mixtures with aliphatic polyethers or
polyesters as co-soft segments [33].

5.3.1.1. Polyester soft segments

5.3.1.1.1. Polylactide- and glycolide-based BioPUs

Among the aliphatic polyester family, polymers derived from lactic acid
enantiomers and glycolic acid have been widely investigated for biomedical
applications. Poly(lactide-co-glycolide) matrices are often used as construct
materials and tissue scaffolds. They can be custom-synthesized to meet the
absorption time requirement, and they are also clinically familiar. There are
several methods of processing these porous, synthetic matrices. The most
common method is solution casting or particle leaching as developed by
Mikos et al. [34] which will be discussed later in detail. High weight polylactide
(PLA) and polyglycolide (PGA) are obtained by ring-opening polymerization
(ROP) of cyclic diesters, i.e. L-lactide, D-lactide, D,L-lactide and glycolide [35]. In
the case of lactide-containing polymer chains, the chirality of the polymer units
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provides a worthwhile means of adjusting bioresorption rates as well as
physical and mechanical characteristics [36].

The standard catalyst utilized for BioPUs based on lactide polymerization is
Sn(Oct)2 [37-40] with lauryl alcohol (1-dodecanol) which is usually added as a
real initiator. The most important characteristic of Sn(Oct)2 is that this catalyst
is considered to be biologically safe [41]. Sn(Oct)2 has many advantages over
other catalysts in that it is highly soluble in organic solvents and molten lactide
in the bulk state and very stable in storage. With these characteristics, Sn(Oct)2
has been used as the catalyst in the industrial production of PLA. It also shows
excellent catalytic activity to give high molecular weight poly(L-lactide) (PLLA)
[42]. The mechanism of this tin-catalysed polymerization of lactide has been
the subject of discussion for a long time. In the so-called ‘insertioncoordination mechanism’, a hydroxyl compound (alcohol) is added as the real
initiator. The alcohol initiator first reacts with Sn(Oct)2 to generate a tin
alkoxide bond by ligand exchange and then one of the exocyclic carbonyl
oxygen atoms of the lactide temporarily coordinates with the tin atom of the
catalyst having the alkoxide form. This coordination enhances the
nucleophilicity of the alkoxide part of the initiator as well as the
electrophilicity of the lactide carbonyl group. In the next step, the acyl–oxygen
bond (between the carbonyl group and the endocyclic oxygen) of the lactide is
broken, making the lactide chain open to insert into the tin–oxygen bond
(alkoxide) of the catalyst. The following propagation is induced by an identical
mechanism and continues as additional lactide molecules are inserted into the
tin–oxygen bond [43-46]. The insertion-coordination mechanism of lactide
polymerization is supported by a Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight (MALDI-TOF) mass spectrum showing molecular peaks that
correspond to the oligomeric PLLA chains connecting with tin residues, which
are propagating species formed with the Sn(Oct)2/lauryl alcohol system
[39,47].

PLLA has high mechanical strength, easy processability and a high melting
temperature, with an equilibrium melting point of 207 °C and a glass transition
temperature of about 60 °C [48-50]. A stereocomplex with a higher melting
point comprised of a 1 : 1 mixture of PLLA and poly(D-lactide) is also known
[51-54]. Introducing stereochemical defects into PLLA (e.g. by incorporating
controlled amounts of meso-lactide or D-lactide) reduces the melting point, the
rate of crystallization and the extent of crystallization with minimal effect on
the glass transition temperature [55]. PLA resins containing more than
93 % L-lactic acid are semi-crystalline while PLA with 50–93 % L-lactic acid is
amorphous [55]. The presence of either meso- or D-lactide units in PLLA leads
to imperfections in the crystalline structure, thus reducing the crystallinity
percentage. Solubility experiments on P(L,D)LA copolymers with different D to
L ratios indicate that copolymers with a close to 50/50 L/D structure show
improved solubility. Also, it has been shown that the phase separation of this
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P(L,D)LA stereocopolymer is generated most easily from an n-hexane solution
[56].

Recently, binary and ternary segmented PUs based on low molar mass
homopolymers − PEO, PLLA, poly(trimethylene carbonate) (PTMC) and
2,4-toluene diisocyanate (TDI) − have been synthesized using 1,4-butanediol
(1,4-BD) and DBTDL as the chain extender and catalyst, respectively. The
blocks were randomly distributed in the polymer chains, which resulted in
suppression of the crystallization of the blocks in most of the PUs. The intrinsic
properties of each block, such as the hydrophilicity of PEO, stiffness of PLLA
and elasticity of PTMC, are combined and modulated in the PUs. PTMC confers
unique properties to ternary PUs owing to its partial miscibility with both PEO
and PLLA [57].
Also, crosslinked PU networks have been prepared by reacting hydroxytelechelic prepolymers with tolylene diisocyanate. Several trifunctional,
hydroxy-telechelic polyester and poly(ester carbonate) homopolymers and
copolymers were synthesized by the triol-initiated, bulk ROP of D,L-lactide,
glycolide, ε-caprolactone, and/or trimethylene carbonate. The poly(D,L-lactide)
and poly(D,L-lactide-co-trimethylene carbonate) (PLTMC) networks had the
highest tensile strengths of 49.60 and 41.27 MPa, respectively, and glass
transition temperatures of 51.3 and 21.3 °C, respectively. All other networks
were highly flexible with tensile strengths of 12 MPa or less. Tensile properties,
monitored as a function of degradation time, indicated that the
poly(ε-caprolactone-co-D,L-lactide) and PLTMC networks displayed a linear
loss of strength with respect to weight during the first 30 days of degradation,
while the other networks degraded either too slowly or too quickly to establish
such a linear relationship [58].

A series of biodegradable polylactide-based polyurethanes (PLAUs) was
synthesized using PLA diol (Mn = 3200) as the soft segment, MDI, TDI and
isophorone diisocyanate (IPDI) as the hard segment and 1,4-BD as the chain
extender. Among them, the MDI-based PLAU has the highest glass transition
temperature, Tg, maximum tensile strength and restoration force, the TDIbased PLAU has the lowest Tg and the IPDI-based PLAU has the highest tensile
modulus and elongation at break. They are all amorphous polymers. The shape
recovery of the three PLAUs is almost complete in a tensile elongation of 150 %
or a two-fold compression. They can keep their temporary shape easily at
room temperature (20 °C). More importantly, they can deform and recover at a
temperature below their Tg values, which means that they can meet different
practical demands for shape-memory medical devices by selecting the
appropriate hard segment and adjusting the ratio of hard to soft segments [59].

Recently, Fabbri et al. [60] synthesized novel, fully bio-based PLA triblock
copoly(ester urethane)s with a controlled molecular architecture by a new
solvent-free process which involves coupling ROP with a chain extension
reaction. A series of A-B-A triblock copolymers were produced, where the hard
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block A is PLA and the soft block B is an ad hoc-designed random aliphatic
copolyester, poly(butylene succinate/azelate), with high flexibility in the
presence of hexamethylene diisocyanate (HDI) as a chain extender. The
synthetic approach used to prepare the polymers under investigation allows
the typical problems of copolymerization, including a substantial decrease of
the melting temperature when significant amounts of comonomeric units are
introduced along the homopolymer backbone, to be overcome.

Hsu and Chen [61] prepared lactide-grafted PUs by exposing the PU films to
argon plasma discharge, then grafting L-lactide onto the treated surface. The
water contact angle of these PUs was decreased by L-lactide grafting, indicating
the hydrophilicity of the modified surface. Grafting also increased the
O/C atomic ratio and CC=O/Ctotal percentage on the surfaces as detected by
electron spectroscopy for chemical analysis (ESCA). The grafted surfaces
showed enhanced attachment and growth in both 3T3 fibroblast and human
umbilical vein endothelial cell culture tests.
PLLA is a truly bio-based polymer derived from annually renewable resources
and due to this, together with the excellent properties noted above, PLLA is
regarded as one of the most promising biodegradable polymers [62]. However,
the further application of PLLA as a substitute for commodity plastics such as
polyethylene or polypropylene is significantly restricted by its inherent
brittleness, as evidenced by the limited elongation at break and low impact
strength. Considerable efforts have been made to improve the fracture
toughness of PLLA, such as the addition of plasticizers, nanoparticles or
flexible polymers into the PLLA matrix, or increasing the degree of crystallinity
of PLLA [63].

The excellent properties do not change since the chemical structure of PLLA is
kept during physical blending. A lot of flexible polymers, both biodegradable
and non-biodegradable, have been blended with PLLA to improve its
toughness. A novel way of tailoring the physical properties of super-tough
PLLA/crosslinked polyurethane (CPU) blends is through adjusting the
crosslinking density of in situ-formed CPU. The crosslinking density of CPU can
be controlled by the feeding content of the trifunctional monomer glycerol,
which in turn affects the phase morphology of PLLA/CPU blends, and thus the
physical properties, especially the impact toughness, can be well tuned.
PLLA/CPU blends with a CPU phase dispersed in the PLLA matrix were
prepared by reactive blending of PLLA with PEO, glycerol and MDI. The gel
fraction increased while the swelling ratio decreased with increasing glycerol
content. Fourier transform infrared (FTIR) analysis suggests that interfacial
compatibilization between PLLA and CPU occurs via reaction between the
hydroxyl group of PLLA and the isocyanate group of MDI. The elongation at
break and notched impact strength of PLLA/CPU blends were increased by up
to 38 and 21 times those of neat PLLA [64].
150

Synthesis and structure–property relationships of biodegradable polyurethanes

Also, introducing flexible polymers into PLLA is considered as the most
efficient way to enhance the fracture toughness of PLLA [65]. Many studies
have been carried out to improve the compatibility between PLLA and a
flexible polymer. Recently, Shi et al. [66] reported on the structure and
morphology of ternary nanocomposites composed of a poly(L-lactide)/thermoplastic polyurethane (PLLA/TPU) blend and carbon
nanotubes (CNTs). The results showed that CNTs selectively localize in the
TPU phase, leading to a morphological change from sea-island morphology to
quasi-cocontinuous morphology. The high CNT content induces the formation
of a percolated network structure. Consequently, super-toughened
PLLA/TPU/CNT nanocomposites were prepared successfully. More apparent
cavitation of the TPU phase and intensified local plastic deformation of the
PLLA matrix under the impact load were observed on the impact-fractured
surface of the ternary nanocomposites. These are believed to be the main
toughening mechanisms for the ternary nanocomposites. After being annealed,
besides the morphological change of the nanocomposites, the PLLA matrix also
exhibited a large number of crystalline structures. Furthermore, the impact
toughness of the ternary nanocomposites was enhanced further. The same
group of authors reported the introduction of dicumyl peroxide (DCP) into
commercial TPU-toughened PLLA blends. The results showed that the
presence of DCP at a relatively high concentration (0.2–0.5 wt. %) not only
results in the homogeneous distribution of TPU particles with largely
decreased particle size but also improves the interfacial interaction between
PLLA and TPU components. Consequently, super-toughened PLLA/TPU blends
with greatly enhanced impact strength have been obtained successfully [67].
Recently, biodegradable CPU has been synthesized using PEO, L-lactide and
HDI, with iron acetylacetonate as the catalyst and PEO as the extender. The
synthesized CPU possesses good flexibility with a quite low glass transition
temperature (Tg = −22 °C) and good wettability. Water uptake has been
measured as high as 229.7 ± 18.7 %. These properties make CPU a good
candidate material for engineering soft tissues such as the hypopharynx.
In vitro and in vivo tests show that CPU has the ability to support the growth of
human hypopharyngeal fibroblasts, and angiogenesis has been observed
around CPU after subcutaneous implantation in Sprague Dawley (SD) male rats
[68].
5.3.1.1.2. Poly(ε-caprolactone)-based BioPUs

PCL is another biodegradable polyester that has been extensively investigated
with great potential in biomedical applications, having an estimated life-time
of more than two years. Hydrolysis of the ester bonds in PCL occurs at low
rates, particularly in pH values around neutral [69]. For PCL polymers with
relatively low molar mass, higher rates of hydrolysis are observed, under both
basic and acidic conditions [70]. PCL was first synthesized by Carothers by
ROP of ε-caprolactone. The high molecular weight polymer is a strong, ductile
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polymer with excellent mechanical characteristics. It is a hydrophobic and
semi-crystalline polymer with a melting point of 59–64 °C and glass transition
temperature of −60 °C. At room temperature, PCL is in a rubbery state and has
a relatively low tensile strength (23 MPa) but very high ultimate elongation
(> 700 %). PCL has the unique characteristic of being miscible with almost all
other polymers (polyethylene, polypropylene, polystyrene, poly(methyl
methacrylate), polycarbonates, polysulfone, poly(vinyl acetate), etc.). High
molecular weight PCL is usually used as an additive to other polymers to
obtain special effects, but it is also used as the major ingredient in many
formulations.

PUs that contain PCL as soft segments commonly present low rates of
hydrolysis at neutral pH. These rates are affected by the degree of crystallinity,
the molar mass of the PCL segment and the presence of enzymes [71,72].
Linear triblock copolymers, PLLA-b-PCL-b-PLLA, have been synthesized via
ROP of L-lactide with three different PCL diols, varying the molecular weight of
the blocks as well as the relative content of each block. Poly(ester urethane)s
have been synthesized by chain extension of these triblock copolymers using
HDI. Differential scanning calorimetry (DSC) and small-angle X-ray scattering
(SAXS) experiments have shown that in triblock copolymers the crystallinity of
the PCL is strongly influenced by the presence and nature of PLLA. In
particular, the presence of PLLA crystals is related to a reduction of the crystal
size as well as the degree of crystallinity of the PCL blocks. Poly(ester
urethane)s show a lower degree of crystallinity of both blocks than the initial
triblock precursors due to the restrictions imposed by the multiblock
segmented structure of the final poly(ester urethane). Moreover, the shift in
the Tm values of both crystalline blocks towards closer values in the poly(ester
urethane)s can be attributed to the higher miscibility of the blocks in the PU
with respect to the triblock copolymer [73]. BioPUs and PUUs based on PCL
and BDI have proved to be biocompatible in vivo and to have appropriate
mechanical properties [74]. Skarja and Woodhouse [18,75,76] have developed
biodegradable segmented PUs based on PCL or PEO macrodiol as the soft
segment, with hard segments based on a phenylalanine diester chain extender
and L-lysine diisocyanate (LDI). The results of the characterization show that
the degradation rate and mechanical properties of these materials can be
optimized by blending PCL- and PEO-based PUs. The overall properties of PCLbased PUs are affected by the crystallinity of the soft segment, where the soft
segment crystal structure may act as reinforcing filler, which results in
increased ultimate tensile strength, initial modulus and strain at break.
Kultys et al. [77] synthesized three series of thermoplastic PUs with hard
segment content ranging from 20–60 wt. %, using PTMO, PCL or polycarbonate
(PC) macrodiols (Mn = 2000 g mol−1) as the soft segments. The copolymers
based on PTMO and PCL exhibited higher tensile strength (20.9–42.6 MPa)
compared to the analogous copolymers of the PC series (5.6–29.9 MPa) at
similar elongation at break (350–750 %). The copolymers of the PC series
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showed generally higher hardness and modulus of elasticity. Moreover, for the
PTMO and PCL series, decreasing the soft segment content caused a slight
deterioration in thermal stability. In each series of copolymers, decreased soft
segment content resulted in increased glass transition temperature, tensile
strength, modulus of elasticity and hardness, as well as in decreased elongation
at break. The PTMO- and PCL-based copolymers showed tensile strength
similar to commercial PTMO-MDI-s-BD PUs, i.e. Pellethane™ 2103-70A and
85A.

However, PC-based copolymers show poorer tensile strength in comparison
with commercial MDI-1,4-BD-based PUs containing poly(hexane-1,6diylethylene carbonate) diol as the soft segment, i.e. Bionate® and
ChronoFlex®.

Biodegradable and cell-compatible PUU elastomers with variable mechanical
properties and great potential for soft tissue scaffold development have been
synthesized by choosing soft segments (SS) of different chemical structure and
molecular weight (Mn). Three different macrodiols (PCL, PTMC or poly(δvalerolactone-co-ε-caprolactone), PVLCL) were reacted with BDI using
putrescine as the chain extender by a two-step method, with a
macrodiol/BDI/putrescine molar ratio of 1 : 2 : 1. PUUs with non-crystalline
PTMC or PVLCL macrodiols showed improved elasticity and resilience
compared to PUUs with crystalline PCL SS. Figure 2 shows representative
stress–strain curves of the PUUs where it can be seen that the polymer tensile
strengths range from 30 to 60 MPa and elongations at break from 800 % to
1300 %. Varying the PUU SS impacted the mechanical properties in terms of
initial modulus and permanent deformation. PUUs with crystalline PCL SS had
much higher permanent deformation than those with non-crystalline SS of
PTMC or PVLCL. Initial moduli were mainly dependent on SS molecular weight,
with higher SS associated with a lower initial modulus [78]. PUUs with noncrystalline SS all showed improved elasticity and resilience relative to
crystalline PCL-based PUUs, especially for PUUs with high molecular weight SS
(PTMC, Mn = 5400 g mol−1 and PVLCL, Mn = 6000 g mol−1), of which the
permanent deformation after tensile failure was only 12 ± 7 % and 39 ± 4 %,
respectively. The SS molecular weight also influenced the tensile modulus in an
inverse fashion.
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Figure 2. Tensile response curves of BioPUUs based on PCL, PTMC or PVLCL
macrodiols, BDI and putrescine chain extender at a molar ratio of 1 : 2 : 1, respectively
[78]

PCL has a melting temperature, Tm, of ~ 55 °C. However, PUs and PUUs based
on PCL segments have Tm values that are lower by 30–40 °C due to the
hindrance effects of the physical crosslinking in the hard domain on the
crystallization of PCL SS [79,80]. Figure 3 shows DSC thermograms of PUUs
based on PCL, PTMC or PVLCL macrodiols. DSC analysis showed that the Tm
value of PUU-PCL2000 was 31 °C, which means that this sample still exhibited
semi-crystalline behaviour at body temperature (37 °C). The crystallinity and
Tm of PUU-PCL2000 was greatly affected by the deformation history of the
sample (Figure 3b). For the sample stretched with a permanent set of 677 %,
the stretching gave rise to higher crystallinity and a sharper Tm peak (50 °C)
than the original sample, whereas after the crystals were melted and the
sample was cooled under no stress, the Tm returned to 31 °C. Because the PUU
with crystalline PCL SS is susceptible to stretch-induced crystallization under
large strain, non-crystalline and biodegradable PTMC or PVLCL were used as
the SS to obtain more resilient PUUs. PTMC is an amorphous biodegradable
elastomer of a relatively soft nature with a tensile modulus of 2.9 MPa and a Tg
of 17 °C. The DSC spectra of PUU-PVLCL2500 and PUU-PVLCL6000 showed
much lower Tm values (−5 and 8 °C, respectively, Figure 3a) than those of PCL.

154

Synthesis and structure–property relationships of biodegradable polyurethanes

Figure 3. DSC analysis of (a) PUUs and (b) stretched PUU-PCL2000 (permanent
deformation of 677%) with temperature change [78]

Recently, biodegradable PCL/PU has been synthesized by curing with water.
To prepare a prepolymer, MDI, PCL diol and PTMO were used. The
prepolymer was then cured using H2O to form a new type of PU, PCL/H2O-PU,
whose synthesis was confirmed by FTIR analysis. The thermal resistance and
glass transition temperature of PCL/H2O-PU increased with the H2O and hard
segment content. Stress–strain curves for the PCL/H2O-PU samples showed
that, with increasing H2O content, the tensile strength and Young’s modulus
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increased, but the elongation at break decreased. Wide-angle X-ray scattering
(WAXS) patterns indicated that, with a higher H2O content, the arrangement
of polymer chains was more ordered, although the morphology was still
amorphous. The degree of swelling in an aqueous ethanol solution and the
hydrolytic degradation rate increased with the PCL content. Scanning
electron microscopic (SEM) images showed that, during the degradation
period, the original wrinkled surface of PCL/H2O-PU became smooth, and
then some cracks were formed. The cracks became more severe when the
degradation was conducted at a higher temperature [81].
5.3.1.1.3. Poly(dimethylsiloxane)-based BioPUs

Although PDMS-based PUs and PUUs (PUSs and PUUSs, respectively) are
recognized as the most stable PUs for long-term medical implant applications,
many of them, especially those with polyester or polyether soft co-segments,
have been investigated and used as BioPUs. Due to the specific behaviour and
many unique properties of PDMS segments, including low glass transition
temperature (−123 °C), low surface energy, good biocompatibility and thermal
and thermo-oxidative stability, as well as ultraviolet resistance and high
permeability to many gases, PDMS-based PUs are suitable for applications such
as elastomers, coatings and biological implants [32,33] and represent a
permanent scientific interest of our research group. The first PDMS-based
segmented PUs were prepared from hydroxypropyl- and hydroxybutylterminated PDMS. However, these initial attempts resulted in copolymers with
rather low molecular weight and poor mechanical properties, mainly due to
solubility problems during synthesis [82]. A key feature of PUS and PUUS
copolymers is almost complete phase separation between the hard and soft
segments in copolymers due to the extremely large differences in the solubility
parameters of PDMS and urethane and urea groups (15.6, 37.2 and
45.6 J1/2 cm−3/2, respectively) [82]. In some studies, the synthesis of PU and
polyurea copolymers based on hydroxyhexyl-, aminopropyl- or
methylaminopropyl-terminated PDMS with relatively high molecular weight
and good mechanical properties was reported [29,82]. Considering the large
difference in polarity between the urethane/urea hard segments and the
siloxane soft segments, there are now two general approaches to the synthesis
of PUS and PUUS copolymers. The first involves the presence of polyether or
polyester segments as co-soft segments, in order to improve the miscibility of
PDMS with the urethane or/and urea units [83-85]. Gunatillake et al. [86,87]
reported that thermoplastic PUs based on mixed PDMS and
poly(hexamethylene oxide) (PHMO) as the soft segments exhibit excellent
tensile strength (~ 28 MPa), elongation at break (~ 580 %) and Young’s
modulus (~ 33 MPa).

However, in PUUS copolymers, the presence of the second soft segment, which
has the ability to form hydrogen bonds with the hard segments, can lead to
extensive phase mixing of the hard and soft segments and to a deterioration in
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mechanical properties due to the decrease of phase separation in the
copolymers [88, 89]. The second approach to the synthesis of PUS and PUUS
copolymers is based on using end-functionalized PDMS as a single soft
segment, whereby the terminal units attached to the ends of the siloxane
oligomers act as a ‘compatibilizer’ between the highly polar urethane/urea
hard segments and the non-polar siloxane soft segments [85]. Figure 4 shows
the structures of some PDMS end-functionalized prepolymers for synthesis of
segmented PUs.

Figure 4. Chemical structures of siloxane-containing prepolymers: (a) α,ωdihydroxybutyl-PDMS, (b) α,ω-bis(6-hydroxyethoxypropyl)-PDMS, (c) α,ω-dihydroxyPCL-b-PDMS-b-PCL

The synthesis of PU copolymers using siloxane-containing prepolymers with
PCL and ethylene oxide terminal units has been described [90-98]; these
terminal units of siloxane-containing prepolymers were used in order to
increase the miscibility of polar and non-polar reactants. Thermoplastic PU
elastomers based on PDMS were synthesized by a two-step polyaddition
procedure in solution, from MDI, 1,4-BD and α,ω-dihydroxy-PCL-b-PDMS-bPCL [94]. The combination of the properties of PCL and PDMS makes these
block copolymers good candidates for surface modifying additives, drug
encapsulation and biomaterial applications. With increasing hard segment
content (from 9 to 63 wt. %), the storage moduli, microphase separation and
hydrophilicity of these copolymers increased. DSC of these samples showed
that, depending on their composition, these PUs display the melting
temperature of the soft and hard segments or only of the soft segment. PUs
with a hard segment content above 20 wt. % had various high temperature
transitions which correspond to the melting temperature of the hard segments.
The value of the degree of crystallinity of PCL segments (14–42 %) tended to
decrease with increasing hard segment content, from which it can be
concluded that the presence of the hard segments probably disturbs the crystal
growth of the PCL segments. The degree of crystallinity of the hard segments
ranged from 3 % to 15 % and increased with increasing hard segment content.
Atomic force microscopy (AFM) results showed that formation of the
157

Chapter 5

spherulite superstructure increases with increasing hard segment content.
With a change of hard segment content from 9 to 63 wt. %, the properties of
the thermoplastic PUs changed from those of softer to tougher polymeric
material.

Thermoplastic PUs based on α,ω-bis(6-hydroxyethoxypropyl)-PDMS (EOPDMS-EO), with PDMS block and hydrophilic terminal ethoxy units, containing
20–60 wt. % hard segment have been synthesized and characterized [91,93].
FTIR, AFM and dynamic mechanic analysis (DMA) confirmed the phaseseparated structure in these copolymers. Three phase transitions were
detected by DSC and DMA. The first phase transition (at temperatures from
−110 to −102 °C) corresponds to the glass transition of PDMS in the soft
segment. The second transition was detected in the temperature range from 65
to 75 °C and is a result of the glass transition of the hard segments. The third
transition, in the range from 157 to 193 °C, is due to melting of the highly
organized (crystalline) hard segments. The degrees of crystallinity of the
copolymers were in the range 8.7 % to 23.5 %, depending on the hard segment
content. These thermoplastic PUs showed a spherulite-like structure that is
believed to arise from the crystallization of the hard segments. The surfaces of
those thermoplastic PUs with higher PDMS content were more hydrophobic,
which is attributed to the low surface tension of the PDMS segments and their
ability to migrate to the surface.

Potentially biocompatible thermoplastic PUS and PUUS copolymers based on
α,ω-dihydroxypropyl-PDMS with different soft segment content have been
prepared and characterized [30,97,99]. In these copolymers, the crystallinity,
moduli, hydrophilicity, surface free energy and surface roughness increased
with decreasing PDMS content. SAXS analysis of PUUS revealed a phaseseparated structure, in which the high initial elastic modulus and high tensile
strength values of the PUUS copolymers result from the presence of very
strong urea bidentate hydrogen bonding in the hard segments.

Recently, preparation and characterization of segmented PUs from α,ωdihydroxypoly(propylene oxide)-b-poly(dimethylsiloxane)-b-poly(propylene
oxide) (PPO-b-PDMS-b-PPO) triblock copolymer as the soft segment and MDI
and 1,4-BD as the hard segment have been reported. Incorporation of PPO-bPDMS-b-PPO leads to improvements in thermal stability. SAXS and WAXS
experiments indicate that PUs synthesized with a higher hard segment content
have more developed and distinct phase-separated morphology. The water
contact angle increases while water absorption decreases with increasing
hydrophobic PPO-b-PDMS-b-PPO segment content. SEM and AFM analysis
revealed that copolymers with a lower content of PPO-b-PDMS-b-PPO
segments have higher microphase separation between segments,
demonstrating proper surface and morphological properties with great
potential for a variety of applications such as hydrophobic coatings in
biomedicine [100,101].
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PDMS-based BioPU copolymers often contain PLA segments. Ho et al. [102]
have prepared an (AB)n-type multiblock PU containing alternating PLLA and
PDMS segments by chain extension of hydroxy-telechelic PLLA-b-PDMS-bPLLA triblock copolymers. These triblock copolymers were synthesized by the
ROP of L-lactide initiated by α,ω-hydroxyl-functionalized PDMS, using HDI as
the chain extender. From the results of thermal analysis, two glass transition
temperatures, measured by DSC, showed the occurrence of phase separation
phenomena in both the triblock and multiblock copolymers because of the
difference of solubility parameters between the PLLA and PDMS segments. The
order of the chain extension reaction depended on the weight-average molar
mass (Mw) of the triblock copolymer: a second-order reaction was transformed
into a third-order reaction as the Mw of the triblock copolymer increased from
7000 to 25,000 g mol−1, perhaps because of inhibition of the formation of an
active complex involved in the catalysed urethane reaction by polymer chain
aggregation. As expected, the mechanical properties of the multiblock PU
copolymers demonstrated that the introduction of the extremely flexible PDMS
segment substantially improved the elongation at breakage, and the tensile
strength and tensile modulus declined due to the intrinsic elasticity of such
segments.
Block copolymers of PLA and PDMS can be simply obtained by
transesterification reactions with PDMS containing amine ends at moderate
temperatures for short reaction times. Hazer et al. [103] prepared PLA-b-PDMS
linear block copolymers which were obtained by the transesterification
reaction in chloroform solution between PDMS bis-(2-aminopropyl ether)
(Mn = 2000 g mol−1) with PLA in the presence of stannous octoate. Blends of
pure PLA with PLA-b-PDMS block copolymers displayed improved elastic
properties (elongation up to 140 %) compared to pure PLA (elongation ~ 9 %).

5.3.1.2. Polyether soft segments

Polyether-based PUs for biomedical applications usually consist of PTMO or
PEO soft segments and hard segments based on MDI and 1,4-BD. However,
PEO is considered a better starting material in BioPU formulation for specific
applications such as drug delivery, cell encapsulation and tissue engineering
due to a large increase in water swelling and decrease in oil swelling in
comparison to those based on hydrophobic PTMO soft segments.

It is considered that PU copolymers with PEO soft segments show low nonspecific protein adsorption and are resistant to bacterial and animal cell
adhesion due to the intrinsic hydrophilicity of PEO [104,105]. The mechanical
properties and degradation rate of PEO-based thermoplastic PUs can be
tailored by changing the content and molecular weight of PEO soft segments.
The role of soft segment ordering in PU mechanical properties and morphology
in semi-crystalline segmented PUs containing either PEO (Mn = 1000 and
4600 g mol−1) or PEO-b-poly(propylene oxide)-b-PEO (PEO-PPO-PEO,
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Mn = 1900 g mol−1) soft segments and HDI-1,4-BD hard segments (33 wt. %)
has been studied [106]. The presence of dispersed semi-crystalline regions
within the continuous soft domain has been shown to provide a reinforcing
effect when compared to that of a non-crystalline soft segment PU.
Incorporating a semi-crystalline soft segment (PEO, 1000 g mol−1) has been
shown to improve overall sample toughness. However, if higher molecular
weight PEO soft segments are employed (4600 g mol−1), extensibility and,
consequently, toughness are adversely affected due to an increased continuous
domain modulus. Interdomain hydrogen bonding is suppressed by the
presence of a PPO block in the soft segment, leading to hard domains that
possess a longer persistence length due to more regular hard segment packing
and strong phase separation in PUs based on PEO-PPO-PEO soft segments.
Fromstein and Woodhouse [107] compared BioPU blends made from
segmented PUs containing an amino acid-based chain extender and
diisocyanate groups and soft segments based on PEO or PCL diols. The highly
hydrophilic PEO was incorporated to increase the blends’ susceptibility to
degradation, while the PCL PU was selected to provide higher moduli and
percentage elongations (strains) than the PEO parent materials can achieve. All
four blends were determined to be semi-crystalline, elastomeric materials that
possess similarly shaped stress−strain curves to that of the PCL-based parent
PU. As the percentage composition of PEO PU within the blend increased, the
material became weaker and less extensible. The blends demonstrated rapid
initial degradation in buffer followed by significantly slower, prolonged
degradation, likely corresponding to an initial loss of primarily PEO-containing
polymer, followed by slower degradation of the PCL PU. All four blends were
successfully formed into three-dimensional porous scaffolds utilizing solvent
casting/particulate leaching methods.

5.3.2. Hard segments
For most commercial PUs, aromatic diisocyanates are used because they are
much more reactive than aliphatic ones and provide materials with good
mechanical properties. However, for BioPU formulations, aliphatic
diisocyanates are mostly employed because their ultimate degradation
products are more likely to be non-toxic [12,108,109]. Aliphatic or cyclic
diisocyanates (HDI, 4,4'-methylenebis(cyclohexyl isocyanate), HMDI, IPDI) are
used instead of aromatic diisocyanates, for example MDI and TDI, which are
considered to degrade into carcinogenic and mutagenic aromatic amines [110].
The influence of diisocyanates on the properties of PUs is reflected most
through the high-temperature properties and crystallinity of these materials;
these are mainly studied using DSC and DMA. Barikani and Hepburn [111]
were among the first to study the effect of the structure of different
diisocyanates on the thermal properties of a series of PUs obtained by two-
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stage polymerization from PLC, 1,4-BD and various diisocyanates: CHDI, pphenylene diisocyanate (pPDI), MDI, HDI and an 80/20 mixture of 2,4- and 2,6TDI. The molar ratio of PCL/diisocyanate/1,4-BD in all examined samples was
1/2.6/1. However, only in later research [112] was the effect of the spatial
structure and symmetry of the diisocyanate molecules on the properties of PUs
fully recognized. The results showed that the symmetry of the diisocyanate
molecule has a major role in determining the morphology of the segmented PU
and polyurea copolymers. PUs and polyureas prepared by the reaction of
symmetrical diisocyanates have a significantly higher degree of microphase
separation than copolymers synthesized from less symmetrical or sterically
restricted diisocyanates. In particular, copolymers with symmetrical hard
segments showed significantly higher moduli and a wider, temperatureinsensitive rubbery plateau. In addition, compared to thermoplastic PUs, the
presence of bidentate hydrogen bonds in polyurea results in substantially
more cohesive hard phase formation, which further results in an increase of
the moduli and in the expansion of the rubbery plateau in these materials
[113].

PUU copolymers with hard segments derived only from diisocyanates linked
via urea linkages have been synthesized using two-armed PLC as the soft
segment and methyl 2,6-diisocyanatohexanoate (LDI) as the hard segment. The
length of the hard segment varied from 4.8 to 11.6 LDI units. Stress–strain
measurements showed an increase in elastic modulus, from 146 to 235 MPa,
with an increase in hard segment length, while the elongation at break
decreased from 980 % to 548 %. FTIR spectroscopy showed an increase in
hydrogen bonding as the hard segment length increased [114]. Some authors
have reported that aliphatic BDI and LDI can degrade in the body to the
diamine putrescine and amino acid lysine, respectively, which play an
important role in cell growth and differentiation [115, 116]. Guan et al. [74]
reported the synthesis of biodegradable PU and PUU copolymers based on PCL,
BDI and a putrescine chain extender. Degradation products from these
copolymers demonstrated no toxic effects on human endothelial cells cultured
in vitro. However, the use of putrescine can be controversial, as some papers
describe it as a toxic substance [117].
The most important chain extenders are linear diols such as ethanediol, 1,4BD, 1,6-hexanediol and hydroquinone-bis-(2-hydroxyethyl)ether. Compared to
diols, diamines react with isocyanate groups more quickly, forming hard
segments with a higher concentration of hydrogen bonds, which leads to
higher glass temperature values of the hard segments and higher thermal
stability of the synthesized copolymers. However, for the same reason,
polyureas show poor solubility in common organic solvents and it can be more
difficult to melt these copolymers. Generally, PUs based on aliphatic diols are
softer and more flexible than copolymers based on aromatic diols. PUs which
are synthesized without a chain extender, by direct reaction of diisocyanate or
macrodiol, generally have very poor physical properties and often do not show
161

Chapter 5

microphase separation. The introduction of a chain extender can increase the
length of the hard segments, allowing their segregation. This further leads to
an improvement in mechanical properties such as the modulus and increased
glass transition temperature of the hard segment in the copolymer. Changing
the molar ratios of macrodiol and the chain extender can change the properties
of PUs from hard and solid materials to the elastomer form, as a result of
changes of the weight fraction of the hard segments in the copolymer [28].

The structure of the chain extender has a great influence on the properties of
segmented PUs. Copolymers derived from diols with an even number of CH2
groups can achieve a fully extended conformation that allows hydrogen
bonding in both directions perpendicular to the axis of the polymer chain. Such
hydrogen bonding is not favourable when diols with an odd number of CH2
groups are used. Likewise, molecules lower in the series, i.e. ethanediol and
1,3-propanediol, are too short, which prevents packing of the MDI residues
into the hard segments [118].

Wang and Kenney [119] reported the influence of various chain extenders on
the morphology and properties of PUs based on a PTMO soft segment. The
tensile strength and modulus of the synthesized copolymers were increased,
while the elongation at break was decreased by changing the extender in the
order: 1,3-butanediol, 1,5-pentanediol, 1,4-BD. Also, study of the effects of
chain extender structure and hard segment content has shown that PUs
synthesized from symmetrical and rigid difunctional extenders have superior
mechanical and physical properties compared to PUs obtained from
asymmetric polyfunctional chain extenders.

Also, the use of chain extenders based on amino acids in BioPUs in order to
improve biodegradability mediated by enzymes has been reported [18,75,76].
Caracciolo et al. [20] reported the preparation of two series of biomedical
segmented polyurethanes (SPU) based on PCL, HDI or LDI and three different
chain extenders. Chain extenders containing urea groups or an aromatic
amino-acid derivative were incorporated in the SPU formulation to
strengthen the hard segment interactions through either bidentate hydrogen
bonding or π-stacking interactions, respectively. The structure–property
relationships of SPU were investigated by varying the composition of the
hard segment (diisocyanate and the chain extender). The different chemical
composition and symmetry of the hard segment modulated the phase
separation of the soft and hard domains, as demonstrated by the thermal
behaviour. The hard segment association was enhanced to a greater extent
by using a combination of symmetric diisocyanate and urea–diol chain
extenders. The hard segment cohesion had an important effect on the
observed mechanical behaviour. PUs synthesized using HDI (Series H) were
stronger than those obtained using LDI (Series L). The latter SPU exhibited
no tendency to undergo cold-drawing and the lowest ultimate properties.
Incorporation of an aromatic chain extender produced the opposite effect,
resulting in PUs with the highest elongation and tearing energy (Series H)
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and the lowest strain at break (Series L). Since the synthesized BioPUs
possess a range of thermal and mechanical properties, these materials may
hold potential for use in soft tissue engineering scaffold applications.

Baez et al. [120] have reported the synthesis and characterization of
segmented poly(ester−urethane−amide)s (PEUAs) based on PCL and
diamide−diol chain extenders (DCEs) of different length (n = 2, 4, 6). PEUAs
based on HDI or 1,4-diisocyanatobutane were highly crystalline with high
melting points. When the hard segment was derived from LDI, prepared PEUAs
showed lower melting points with a much lower crystallinity. PEUAs derived
from PCL diols of molecular weight 539, 1243, or 1923 g mol−1, HDI and these
DCEs presented a phase-separated morphology as proved by DSC and SAXS,
even at a hard segment content as low as 17 %. The hard segment melting
point in the PEUAs was lower than for the corresponding hard segment models
due to the shorter length of the segments and it increased when the hard
segment content increased. For PEUAs of the same hard segment content and
the same PCL length, the hard segment melting point decreased when the
length of the DCE increased, due to the lower concentration of hydrogen bonds.
For PEUAs of the same hard segment content and the same DCE, the hard
segment melting point decreased when the length of the PCL decreased
because the length of the hard segment increased. The hard segment was
thermally less stable than the PCL soft segment, with a slight dependence on
chain extender length. SAXS analysis demonstrated that, at temperatures
above the melting point of the hard segment, the PEUAs became a
homogeneous material that separated again in phases on cooling. The length
scale of the phase-separated structure was fairly constant and decreased when
the hard segment content was above 54 %, probably due to a change in
morphology. Mechanical properties were good and mainly affected by the hard
segment content. Water uptake was negligible for PEUAs with longer PCL diols
and very small for PEUAs with the shortest PCL diol, due to the crystallinity of
the hard segment, while the degradation rate was very slow. The degradation
mechanism was proven to be surface erosion.
A variety of poly(ether urethane) networks have been synthesized from
epoxidized methyl oleate (EMO)-based polyether polyols, 1,3-propanediol and
LDI as a non-toxic coupling agent, with a hard segment content between
31.4 % and 52.3 %. WAXS and DSC results showed that the use of nonsymmetric and methyl ester side chain-containing LDI inhibits any hard
segment crystallinity. However, the significant hydrogen bonding of the
urethane groups, noted by FTIR, as well as Tg values obtained by DSC and DMA,
indicate that the PUs were phase-segregated to varying degrees. Degradation
behaviour was found to depend strongly on the hard segment content, as
hydrophilicity promotes susceptibility to hydrolysis and leads to a higher
degradation rate. The wide range of material properties that have been
achieved as well as the use of a potentially non-toxic diisocyanate make these
degradable polymers useful for a variety of biomaterial applications [121].
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5.4. APPLICATIONS OF BioPUs
5.4.1. Biodegradation and biocompatibility
The term ‘biodegradable polymer’ has been widely used for polymers that
undergo in vivo degradation, where biodegradation implies a biological
breakdown of material. Some authors extended these definitions to denote
materials which form soluble products that can be easily removed from the
implantation site and excreted from the body. The definitions of the terms that
are now generally accepted were agreed at the Second International Scientific
Workshop on Biodegradable Polymers and Plastics (Montpellier, France).
Accordingly, polymer degradation is a deleterious change in the properties of a
polymer due to a change in the chemical structure, while a biodegradable
polymer is a polymer in which the degradation is mediated, at least partially,
by a biological system. A bioabsorbable polymer is a polymer that can be
assimilated by a biological system and erosion reflects the process of
dissolution or wearing away of the polymer from the surface. In the case of
biodegradable polymers, the prefix ‘bio’ is usually considered as reflecting
phenomena resulting from contact with living elements such as tissues, cells,
bodily fluids or microorganisms. Both natural and synthetic biodegradable
polymers can be the subject of controlled degradation under the inherent
environmental stress in biological systems with or without enzyme-assisted
mechanisms. Besides enzymes, water and oxygen are regarded as biological
elements, although a lot of authors still tend to limit discussions of
biodegradation to enzymatic attack only. Medical applications of these
materials cover a wide spectrum of activities including the controlled release
of drugs, fertilizers and pesticides, absorbable surgical implants, skin grafts
and bone plates. In addition to medical applications, another important motive
for the development of new biodegradable polymers is connected to waste
management of polymer packaging materials [122].
Biodegradation of various PU elastomers is mainly a consequence of cleavage
of hydrolytically sensitive bonds present in their soft segments, although
oxidative degradation of urethane bonds of the hard segments into amines has
also been reported. The key factors that determine the kinetics of the
hydrolytic degradation of BioPUs are their chemical structure and composition
[58]. Guan et al. [25] showed that the in vitro degradation rate of BioPUs based
on mixed triblock PCL-PEO-PCL soft segments (PEEUU) depends on their soft
segment structure. Increasing PEO length or decreasing PCL length in the
triblock segment increased PEEUU water absorption and the biodegradation
rate. Also, poly(ester urea urethane) (PEUUR) foams, based on mixed PCL,
glycolide and poly(D,L-lactide) soft segments, LDI and glycerol, degraded
in vitro to non-cytotoxic decomposition products. Differences in the half-life of
these polyester triol components translated to differences in the degradation
rate of the BioPU foams [123]. The tensile properties of crosslinked PU
networks, prepared by bulk ROP of D,L-lactide, glycolide, ε-caprolactone
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and/or trimethylene carbonate, were monitored as a function of degradation
time. The results of these experiments indicated that the poly(ε-caprolactoneco-D,L-lactide) and PLTMC networks displayed a linear loss of strength with
respect to weight during the first 30 days of degradation, while the other
networks degraded either too slowly or too quickly to establish such a linear
relationship [58].

Ma et al. [78] studied hydrolytic degradation of biodegradable PUU elastomers
based on three different macrodiols with molecular weights ranging from 2000
to 2500 g mol−1 (PCL, PTMC or PVLCL, BDI and putrescine as the chain
extender). Accelerated degradation experiments were conducted in phosphate
buffered saline (PBS) containing 100 U mL−1 lipase and they showed
significantly greater mass loss for the two polyester-based PUUs versus the PCbased PUU and for PVLCL versus PCL polyester PUUs (Figure 5). Basic
cytocompatibility was demonstrated with primary vascular smooth muscle cell
culture. The synthesized families of PUUs showed variable elastomeric
behaviour that can be explained in terms of the underlying molecular design
and crystalline behaviour.

Figure 5. Degradation curves of PUUs in PBS solution containing 100 U mL−1 lipase at
37 °C [78]

Besides that, urethane, urea and ester bonds are also susceptible to enzymatic
degradation to free amines and α-amino alcohols, respectively, which means
that the process of biodegradation can occur in BioPU hard segments
[124,125].
On the other hand, biocompatibility, in the broadest sense, implies the ability
of the polymer to be in contact with a living system without producing an
adverse effect [126]. The ideal biomaterial is, thus, non-toxic, non-

165

Chapter 5

immunogenic and accepted by the human body [127]. However, the concept of
biocompatibility gets a specific meaning only in terms of the final use of the
material. For example, it is important that biomaterials for vascular graft have
low thrombogenic potential and allow proper spread of endothelial cells;
materials used as scaffolds in regenerative medicine must support
extracellular matrix deposition, cell attachment and proliferation; drug
delivery systems must avoid interactions with blood, proteins, cells and the
coagulation system, and avoid accumulation in organs of the
reticuloendothelial system and alterations of the immune system.

Therefore, systematic investigation of the biocompatibility of a polymer or
other material includes a battery of tests which proves its safety for biomedical
application. The full battery of tests recommended by the Food and Drug
Administration for the specific material and device can be found in the ISO
10993 guidelines. For example, initial tests for an implant device in prolonged
or permanent contact with blood include evaluation of cytotoxicity,
sensitization, irritation or intracutaneous reactivity, systemic toxicity (acute),
subchronic toxicity (subacute toxicity), genotoxicity, haemocompatibility and
effects after implantation. Elastomeric BioPUs have been proposed for use in
orthopaedic applications (bone tissue substitutes, cartilage repair) [128,129],
for abdominal wall repair, as a temporary support for transplanted human
retinal pigment epithelium cells, as a tracheal prosthesis and in soft tissue
engineering [130]. Keeping in mind the broad spectrum of PU biomedical
applications, this section will focus only on the issues related to
biocompatibility, degradation behaviour and overall properties of BioPU-based
porous tissue scaffolds and drug delivery systems, as well as nanocomposites,
but not on other numerous biostable PUs, the detailed discussion of which is
given elsewhere [113].

5.4.2. Porous BioPUs–tissue scaffolds

Scaffolds play a crucial role in tissue engineering, which represents the
fabrication of functional replacements for damaged tissues or organs [131].
The function of tissue scaffolds is to provide an appropriate base for tissue
growth and cell proliferation, while simultaneously undergoing controlled
degradation to non-cytotoxic decomposition products in vivo and supporting
the growth and proliferation of the required cell types [132]. Artificial scaffolds
utilized in regenerative medicine and in tissue engineering should have
mechanical properties resembling those of the healthy target tissue in order to
avoid inflammatory reactions. Elastic moduli of natural tissue vary over
several orders of magnitude, from units of kPa (e.g. in brain) to units of MPa (in
bone tissue). PUs and PUUs have been identified as two of the most promising
kinds of biomaterials with the above-mentioned properties. From a
biocompatibility point of view, the most important issues regarding tissue
scaffolds are the cytotoxicity of the original structure and the degradation
products as well as the degradation rate of the polymer. Cytotoxicity is
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assessed through different in vitro methods, e.g. cell integrity and
mitochondrial activity, LDH (lactate dehydrogenase) and MTT (3-[4,5dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assays or following
in vivo implantation of the investigated biomaterial through various
histological techniques. Biodegradation is estimated after real-time (at
37 ± 1 °C) or accelerated (at 70 ± 1 °C) degradation through evaluation of mass
reduction, molecular weight, FTIR, UV analysis of leaching and the morphology
of the surface and cross section of polymers [130]. In addition to non-toxicity
and a satisfactory degradation rate, tissue scaffolds should be characterized by
a suitable, porous structure with uniformly distributed interconnected pores
to allow cell and tissue ingrowth. Depending on the specific application,
scaffolds are designed to have great porosity (above 90 %) and proper pore
dimension (from ten to hundreds of μm). According to the literature, the
proper pore diameter in scaffolds for skin regeneration is in the range from 20
to 150 μm, while for bone, the best pore size is from 200 to 400 μm. Also,
scaffolds designed for liver regeneration should have a pore diameter of 20 μm
to allow the growth of hepatocytes [133].

5.4.2.1. Fabrication of porous BioPUs

A great advantage of BioPU polymers compared to other biodegradable
materials is the ability to be processed in a wide range of conditions to
fabricate porous tissue scaffolds. Techniques for the fabrication of threedimensional porous structures are based on transforming polymers from the
solid to liquid state, mostly by melting or dissolving [131].

The most common method is solvent casting/particle leaching (SCPL)
[134-139] as developed by Mikos [34], which involves leaching out solid
particles from the polymer solution. In this technique, particles with a specified
diameter are added to the polymer solution, with a concentration in the range
from 5 % to 2 0% [131]. After solvent evaporation by air-drying, vacuumdrying or freeze-drying, salt particles remain embedded throughout the
polymer matrix. After immersion in water, salt particles are leached out,
leaving a porous structure. By this technique, highly porous scaffolds with
porosity up to 93 % and average pore sizes of up to 500 μm can be obtained
[140]. Sin et al. [141] reported the fabrication of highly porous threedimensional scaffolds with a well-interconnected porous structure at a
polymer solution concentration of up to 20 % by air- or vacuum-drying to
remove the solvent. When salt particle sizes of 212–295, 295–425 or
425–531 µm and a 15 % w/v polymer solution concentration were used, the
porosity of the scaffolds was between 83 % and 92 % and the compression
moduli of the scaffolds were between 13 and 28 kPa. Type I collagen acidic
solution was introduced into the pores of a PU scaffold to coat collagen onto
the pore walls throughout the whole PU scaffold. SEM analysis confirmed that
the human aortic endothelial cells (HAECs) were cultured in the collagencoated PU scaffold for 2 weeks. This enhanced SCPL method which involved
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the combination of the conventional method, a centrifugation step and collagen
coating resulted in a spatially uniform distribution of cells throughout the
collagen-coated PU scaffold. In this case, the centrifugation step resulted in
improved pore uniformity and pore interconnectivity of scaffolds.

In a combined salt leaching–phase inverse technique, PU is dissolved in a good
solvent and then a non-solvent is dropped into the polymer solution. When the
good solvent in the polymer solution is exchanged for a non-solvent, the
polymer precipitates to form a polymer paste. A solid porogen with different
particle sizes is added to the paste upon vigorous stirring. Finally, the
solvent/non-solvent and the porogen are removed using water, and a porous
scaffold forms [142]. BioPUs based on HDI, PCL and a biologically active
isosorbide diol as the chain extender, have been processed into 3D porous
scaffolds by applying the combined salt leaching–phase inverse process. The
critical parameters controlling pore size and geometry are the choice of
solvent and non-solvent used for scaffold preparation and the size of the solid
porogen crystals. Scaffolds prepared from a polymer solution in solvents such
as dimethyl sulfoxide (DMSO) or NMP do not have a homogenous pore
structure which means that numerous pores are closed. The scaffolds
fabricated in DMF show the best pore structure [134].
Gas foaming is a well-known process in PU technology used for the production
of flexible and rigid polyurethane foams (PUR) [143]. In the gas foaming
method, chain extension with water can be used to obtain PUU copolymers.
During this type of chain extension reaction, carbon dioxide is generated and it
can be used to produce a pore structure. This method of fabrication of porous
BioPUs has a huge advantage because the use of potentially toxic solvents and
porogenic components, used often in some other techniques, can be avoided.
However, using this method it is very difficult to obtain porous structures with
pores of controlled size and interconnectivity. During gas foaming, large,
closed pores can be created inside the polymer scaffold, which makes adequate
cell proliferation improbable [144-147]. Scaffolds made by gas foaming are
usually used for reconstruction of bone defects resulting from the treatment
of bone fractures or tumours or for the reconstruction of bone tissues.
Kim et al. [144] applied PU foaming fabrication to manufacture a bone
scaffold satisfying various functional requirements. As a result, bone
scaffolds having a pore size ranging from 300 to 800 μm and a porosity
ranging from 75 % to 85 % can be manufactured using this process. In
in vitro and in vivo animal tests, it has been confirmed that the scaffold
manufactured in this study can be effectively used as a bone scaffold which is
biocompatible and has the ability to induce bone differentiation and
regeneration. Gorna and Gogolewski [148] reported the synthesis of
crosslinked 3D BioPU (foam) scaffolds with controlled hydrophilicity for bone
graft substitutes. These scaffolds had hydrophilic-to-hydrophobic content
ratios of 70 : 30, 50 : 50 and 30 : 70 and they were prepared from HDI and a
PEO diol as a hydrophilic component, and PCL diol, amine-based polyol or
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sucrose-based polyol as a hydrophobic component, water as the chain
extender and a foaming agent in the presence of different catalysts. The
scaffolds had an open-pore structure with pores whose size and geometry
depended on the material’s chemical composition. The compressive strengths
of these open pore-structured scaffolds were in the range of 4–340 kPa and the
compressive moduli in the range of 9–1960 kPa, the values of which increased
with increasing PLC content. Of the two materials with the same amount of
PLC, the compressive strengths and moduli were higher for the one containing
inorganic fillers.

Thermally-induced phase separation (TIPS) is a technique that includes
quenching of the polymer solution below the freezing point of the solvent and
the formation of two phases with different polymer content. The solid formed
in the polymer-rich phase is imbued with crystals formed in the polymer-poor
phase. These crystals are removed, leaving a highly porous structure (more
than 90 %) [149-151]. A composite scaffold is fabricated using the TIPS
process from chemically very different poly(lactic-co-glycolic) (PLGA) and
BioPU copolymers. This processing method has been tuned to allow molecular
mixing of these two polymers and controlled phase separation behaviour. Pure
PLGA scaffolds possess a smooth, directional fibrous sheet-like structure with
pore sizes of 0.1–200 mm, a porous Young’s modulus of 93.5 kPa and are
relatively brittle to touch. Pure PU scaffolds have an isotropic emulsion-like
structure, a porous Young’s modulus of 15.7 kPa and are much more elastic
than PLGA scaffolds. On the other hand, the composite PLGA / PU scaffold
exhibits advantageous morphological, mechanical, cell adhesion and growthsupporting properties [149].

Melt moulding is another conventional method for porous scaffold fabrication
which is considered as the most convenient and economical, since it allows the
rapid production of polymer scaffolds of various shapes and sizes. A
biodegradable polymer, in the form of granules or powder, is placed in a mould
together with the porogen compounds and this mixture is heated above the
polymer’s glass transition temperature (Tg) at elevated pressure [131]. After
the formation of a scaffold, the porogen is leached out, in a way similar to the
SCPL method, leaving a porous structure. This procedure does not require use
of organic solvents, but may include the presence of a non-porous layer on the
surface of the scaffold and incomplete leaching out of the porogen compound.

The use of a combination of these conventional methods is also reported. Thus,
porous scaffolds have been made from two PUs based on the TIPS of a polymer
dissolved in a DMSO / water mixture in combination with salt leaching. In this
way, it is possible to obtain very porous foams with very high interconnectivity
[152]. Also, a PUU-based porous scaffold designed for bone tissue engineering
is prepared by using a mixture of inorganic (sodium chloride) and polymeric
PEO porogen and the compression moulding process under optimum
conditions. Leaching out the impregnated porogen particles by soaking in
water (as a safe solvent) leads to a final scaffold with the desired morphology.
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An increase in the pore interconnectivity is observed as the NaCl / PEO ratio is
increased while the scaffold with an NaCl / PEO ratio of 60 : 25 exhibits
suitable morphology for osteoblast cell attachment and growth [153].

Some advanced techniques such as electrospinning [154,155], rapid
prototyping [156,157] including different methods of 3D printing and 3D
plotting have also been developed [158-162].

Electrospinning is a method that produces fibrous scaffolds where electric
force is used to draw charged threads from polymer solutions or melts. The
diameters of the obtained fibres are in the range from tens of microns to tens
of nanometres. Although either synthetic or natural materials can be used
without concerns regarding unfavourable immune responses or disease
transmission, synthetic polymers, including PUs, allow a greater ability to
tailor the mechanical properties and degradation rate of scaffolds [163].
Electrospinning can be altered to influence either the surface topography of
the fibres themselves or the larger topography of the ‘web’ of spun fibres.
Improved deposition efficiencies are a necessary advance needed to maintain
the attractiveness of this technique. While the role of residual solvent in the
electrospun polymer remains unclear, high pressure CO2 can be used to
enhance chemical functionality while maintaining polymer morphology.
Electrospun pore sizes, as spun, are typically too small for cells to pass
through. These scaffolds usually need to be subjected to additional processing
to improve internal proliferation [164].
Recently, a composite scaffold consisting of an electrospun biodegradable
poly(ether ester urethane)urea (BPUR) and PEO hydrogel has been
investigated for aortic valve tissue engineering. This multilayered approach
permitted the fabrication of a scaffold that met the desired mechanical
requirements while enabling the 3D culture of cells. The scaffold was tuned to
mimic the tensile strength, anisotropy and extensibility of the natural aortic
valve through design of the electrospun PU mesh layer. Valve interstitial cells
were encapsulated inside the hydrogel portion of the scaffold around the
electrospun mesh, creating a composite scaffold approximately 200 μm thick.
Figure 6 shows SEM images which were analysed to determine the fibre
diameter and degree of alignment for the electrospun meshes of the
BPUR / PEO composite scaffolds. The fibres were smooth with homogeneous
morphology (a) and average fibre diameters of 0.50 ± 0.07 μm. Fibre alignment
analysis indicated that fibres were predominately aligned in one direction (b).
Measurements taken from both stereomicroscopic images and cryosections
were used to determine the average thickness of the BPUR. The electrospun
BPUR meshes were measured as 95.5 ± 3.8 μm thick using the
stereomicroscope and 91.7 ± 4.79 μm using cryosections. Combined, these
measurements yield an average thickness of 94.2 ± 5.2 μm [165].
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Figure 6. (A) SEM of electrospun BPUR; scale = 10 μm; (B) histogram of fibre angle
showing the alignment of fibres; (C, D) SEM images of electrospun BPUR under tension
applied either (C) parallel or (D) perpendicular to the fibre alignment; grey = direction
of primary alignment of electrospun fibres; black = direction of applied force;
scale = 10 μm [165].

Another method for tissue scaffold fabrication is 3D printing, an additive
manufacturing technique that allows fabrication of modular and patientspecific scaffolds with high structural complexity and design flexibility. This
technology enables the design and fabrication of constructs based on tissue
images captured with commonly used medical imaging techniques such as
computed tomography (CT) and magnetic resonance imaging (MRI) [166].
Common 3D printing methods involve the use of heat, toxic organic solvents or
toxic photoinitiators for fabrication of synthetic scaffolds. Hsieh et al. [167]
have recently reported the synthesis of two thermoresponsive BioPU
dispersions. These water-based BioPUs were able to form a gel near 37 °C
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without any crosslinkers. They found that the newly developed 3D bioprinting
technique involving neural stem cells (NSCs) embedded in thermoresponsive
BioPU ink offers new possibilities for future applications of 3D bioprinting in
neural tissue engineering. Their findings suggest that NSCs embedded in the
appropriate PU hydrogels may have the potential to rescue the function of an
impaired nervous system in neurodegenerative diseases [162,167].

Pfister et al. [168] compared the scaffolds fabricated by two different 3D
processes from an aliphatic BioPU based on LDI and IPDI. Layer-by-layer
construction of the scaffolds was performed by 3D printing, that is, by bonding
together starch particles followed by infiltration and partial crosslinking of
starch with LDI. Alternatively, the 3D bioplotting process permitted threedimensional dispensing and reactive processing of poly(ether urethane)s
derived from IPDI, PEO, and glycerol. They concluded that both 3D printing
and 3D bioplotting are capable of producing BioPU scaffolds, but they also
highlighted some differences between these two methods. In the 3D
bioplotting process, PU prepolymers are used to form interconnected strands,
similar to non-woven materials, composed of PU networks. In contrast, the 3D
printing process requires a two-step fabrication involving the
dextrose / water-mediated bonding of starch / cellulose powder mixtures
followed by infiltration and crosslinking of the polysaccharides with lysine
ethyl ester diisocyanates. Although the speed of 3D printing is higher than that
of 3D bioplotting, the second post-treatment step required only for 3D printing
is time-consuming. Dextrose / water-mediated powder particle bonding in 3D
printing gives scaffolds with very rough surfaces and heterogeneous
crosslinking, whereas the extrusion process typical for 3D bioplotting
produces interconnected strands with very smooth surfaces and homogeneous
crosslinking. However, this difference in surface roughness does not lead to
improved cell adhesion and faster cell proliferation. Because of the limitations
with respect to the average powder particle sizes (50–150 μm) in 3D printing
and the preferred average nozzle diameters (150–250 μm) of the 3D
bioplotter, the resulting accuracy is similar for both technologies. In contrast,
stereolithography does not possess the extraordinary flexibility of the 3D
bioplotting process with respect to the free choice of materials ranging from
melts, solutions, reactive resins, pastes and cements to bioactive components
such as proteins, hydrogels and even cells. However, the large dimensions of
living cells make ultrahigh precision and resolution less prominent issues in
scaffold fabrication for tissue engineering applications. The mechanical
properties of these PU networks are primarily affected by the composition of
the PU networks. For the 3D bioplotting process, the compositions can be
varied over a very wide range, whereas the post-treatment step of the 3D
printing process is much less flexible.
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5.4.2.2. Properties and degradation behaviour of porous BioPUs
The use of PU scaffolds in orthopaedic applications is based on their
mechanical properties, i.e. on the ability to maintain their shape and structure
in vivo. The ability of PU to support cell–material interactions and calcium
phosphate deposition (as a measure of new bone formation) can be enhanced
by the incorporation of isoprenoid molecules into the PU chain [169] and by
increasing the hydrophilicity of the scaffold [128]. The cytocompatibility of
BioPUs evaluated for orthopaedic applications has been confirmed after
successful cultivation of human bone-derived cells or bovine chondrocytes for
as long as 14 days in vitro [170]. The PU scaffolds also kept their ability to
produce a specific human bone extracellular matrix in vivo after implantation
into immunodeficient mice for 4 and 13 weeks [170] and to promote healing of
sheep iliac crest defects to varying extents after 6 months of implantation
[128]. Another potential application of thermoplastic PUs for improving the
visual results of patients with age-related macular degeneration was proposed
by da Silva et al. [171]. They showed that PU aqueous dispersions based on PCL
and / or PEO as the soft segments, and IPDI and hydrazine as the hard
segments, are a suitable base support for the adhesion and growth of human
retinal pigment epithelial cells. Implantation into the subretinal space of rats
for 15 days did not produce any sign of acute or chronic inflammation or
necrosis, and the architecture of the retina and other ocular tissues was
preserved. In addition, the hydrolytic biodegradation process was favoured
due to the ester bonds of the PCL and the degradation products were noncytotoxic to retinal pigment epithelial cells. Furthermore, in order to enhance
the bioactivity and biocompatibility of poly(ester urethane)urea (PEUU) used
for abdominal wall repair, Hong et al. [172] created a biodegradable
elastomeric scaffold by combining PEUU with varying porcine dermal
extracellular matrix (dECM) digest content. dECM was used since it contains
multiple growth factors and chemotactic agents which recruit progenitor cells
in situ and promote tissue remodelling. No herniation, infection or tissue
adhesion was observed after 8 weeks in a rat full-thickness abdominal wall
replacement model. For soft tissue engineering applications, the
biodegradability of thermoplastic PUs can be accelerated by enhancing
susceptibility to collagenase and elastase, proteolytic enzymes involved in the
degradation of the ECM. This can be achieved, for example, through the
incorporation of type I collagen or an elastase-sensitive peptide sequence into
the polymer scaffolds [130].
Chemically modified poly(3-hydroxybutyrate) is receiving increasing attention
for use as a biomimetic copolymer for cell growth. Recently, Reyes et al. [173]
reported preparation of a composite scaffold of grafted poly(3hydroxybutyrate) PU with improved mechanical properties and a great
potential for tissue engineering.
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Three different PUUs with similar soft segment molecular weight from 2000 to
2500 g mol−1 (PUU-PCL, PUU-PTMC and PUU-PVLCL) were subjected to
accelerated degradation in lipase buffer. The mass loss over the measurement
period from the two polyester-based PUUs, PUU-PCL2000 and PUUPVLCL2250, was markedly higher (p < 0.05) than that for the PC-based PUUPTMC2500. The two polyester-based PUUs also exhibited differences from one
another in terms of mass loss, with PUU-PVLCL2250 losing greater mass than
PUU-PCL2000 at day 21 (p < 0.05). The intrinsic viscosities of the three
samples, PUU-PCL2000, PUU-PTMC2500 and PUU-PVLCL2250, significantly
decreased after one week in lipase buffer (2.17 ± 0.01 to 0.48 ± 0.13,
1.74 ± 0.02 to 0.66 ± 0.06 and 1.76 ± 0.01 to 0.40 ± 0.02 dL g−1, respectively;
p < 0.01). Although PUU-PTMC2500 experienced relatively less viscosity loss
than the other two polymers, the viscosity loss was greater as a proportion
than one might expect based on the measured mass loss.
To optimize tissue regeneration in different tissues, it is desirable that the
degradation rate of scaffolds can be manipulated to comply with the various
stages of tissue regeneration. Xu et al. [174] reported on a new family of
reduction-sensitive BioPU elastomers containing various amounts of disulfide
bonds (PU-SS) that were designed to achieve better control of the degradation
process. Thus, degradation in PU-SS can be initiated and accelerated with the
supplement of a biological product: the antioxidant glutathione (GSH). PUs can
be processed into films and electrospun fibrous scaffolds. Synthesized
materials exhibited robust mechanical properties and high elasticity.
Accelerated degradation of materials was observed in the presence of GSH, and
the rate of such degradation depends on the amount of disulfide present in the
polymer backbone. The polymers and their degradation products exhibited no
apparent cell toxicity while the electrospun scaffolds supported fibroblast
growth in vitro. The in vivo subcutaneous implantation model showed that the
polymers prompt minimal inflammatory responses and, as anticipated,
polymers with a higher amount of disulfide bonds had faster degradation
in vivo.

Tissue engineering implies the fabrication of scaffolds with high elasticity and
strength combined with controllable biodegradable properties. New synthesis
and fabrication strategies for BioPUs are often focused on tuning scaffold
degradability without significantly affecting all morphological properties.
Spagnuolo and Liu [175] prepared two similar L-tyrosine (DTH)-based PUs,
blended them in the desired ratios, electrospun into morphologically
acceptable fibrous scaffolds, characterized and subjected them to hydrolytic
degradation testing. The scaffolds containing a higher percentage of the less
resilient PEO1000-HDI-DTH degraded to a greater extent than those containing a
lower percentage of the polymer (or a higher percentage of PCL1250-HDI-DTH)
regardless of the composition of blends and configurations (electrospun
scaffold and thin films). Degradation of the electrospun scaffolds was faster
than that of thin films with the same polymer composition. However, while the
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degradation results were notably different between blends, pore size and fibre
diameter were not statistically distinct from one another across all blends.

Guan et al. [151] synthesized two kinds of biodegradable PUU, PEUU and
poly(ether ester urethane)urea (PEEUU) from PCL, PCL-b-PEO-b-PCL, BDI and
putrescine, for applications such as cell scaffolds in cardiovascular tissue
engineering or other soft tissue applications. PEUU and PEEUU were further
fabricated into scaffolds by the TIPS method using DMSO as a solvent. The
PEUU scaffolds were flexible with breaking strains of 214 % and higher, and
tensile strengths of approximately 1.0 MPa, whereas the PEEUU scaffolds
generally had lower strengths and breaking strains. Scaffold degradation in
aqueous buffer was related to the porosity and polymer hydrophilicity. Smooth
muscle cells were filtration-seeded in the scaffolds and it was shown that both
scaffolds supported cell adhesion and growth, with smooth muscle cells
growing more extensively in the PEEUU scaffold.

5.4.3. BioPU-based drug delivery systems

Controlled drug delivery is one of the key topics of modern medicine.
Substantial efforts have been made to improve bioavailability by preventing
premature degradation and enhancing uptake, to maintain the drug
concentration within the therapeutic window by controlling the drug release
rate and to reduce side effects by targeting disease sites and target cells [176].
The release of drugs from polymeric systems refers to a process in which drugs
migrate from their initial position inside a polymer matrix to the release
medium. Alternatively, drug molecules which are initially adsorbed onto a
material surface might be released once brought into contact with an external
medium [177]. However, it should be noted that the incorporation of drugs
into polymeric systems, especially at high drug concentrations, cannot only
affect the polymer properties of the systems, but also influence the release
mechanisms and therapeutic efficiency of the drug. The understanding of these
small molecule–polymer systems contributes greatly to developing other
polymeric systems with desired properties.
Delivery applications of BioPUs are based on the fact that PUs swell when
exposed to solvents. Once a material is imbedded in a PU matrix, the matrix can
deliver the solvent or active ingredient in a number of ways, including
solubility and vapour pressure. Other polymer systems have this ability, but
the versatility of the PU molecule (e.g. hydrophilicity or hydrophobicity) gives
it special properties. Also, the ability to produce BioPUs as foams or elastomers
grants additional degrees of freedom in the design of products with desired
properties [178]. Drug delivery systems based on BioPUs can be in the form of
nano- or microparticulate systems [179] such as micelles [180-182]
nanoparticles [183,184], nanocapsules [185-187], microspheres [188,189] and
pellets [190], as well as membrane systems [191-195].
175

Chapter 5

Drugs can be covalently bound to PU segments, usually through interaction of
suitable functional groups of the drug (e.g. hydroxyl or amine) with isocyanate,
obtaining in that way drug incorporated into the polymer backbone [196] or
dispersed in PU matrices [197]. Covalently bound drugs are released from the
polymer via passive hydrolysis of urethane and urea bonds following their
degradation rate [196], while the release of dispersed drugs depends on drug
loading, the solubility of the drug in the matrix and intermolecular interactions
between them, as well as on the swelling properties of the polymer [177]. PUbased systems have to date been evaluated for delivery of various
pharmaceutical agents such as antibiotics [198], non-steroid antiinflammatory drugs [199], anticancer drugs [200], growth factors, etc.

PU-based nano / microparticles are receiving much attention since their
chemistry, size, shape and degree of porosity can be adjusted according to the
end application. Amphiphilic PU copolymers self-arrange in a spherical form
with a hydrophobic core, which serves as a reservoir of drug, and a hydrophilic
shell, which stabilizes the structure in aqueous solution. This is particularly
useful when a hydrophobic drug (e.g. most anticancer drugs) needs to be
encapsulated, as well as when a long retention time in the circulation is
desired. In addition, due to the flexibility of PU chemistry, the surface of PUbased microparticles can be functionalized with bioactive molecules in order
to obtain targeted drug release. For example, the introduction of folic acid onto
the outer micellar layer of PCL- and LDI-based PU nanomicelles results in
enhanced cellular uptake and improved drug efficacy towards folic acid
receptor-positive HeLa cancer cells in vitro [201]. In a similar manner, PCLbased PU microparticles derived from a tripeptide arginine-glycine-aspartic
acid (RGD) are proposed to prefer endothelial cells of tumour neovasculature
over mature endothelial cells of healthy blood vessels, since the former express
higher levels of integrin receptors [200].
Due to their customizable molecular structures, BioPU-based micelles with
redox-responsive properties have been used as anticancer drug delivery
systems. He et al. reported preparation of these BioPU-based micelles with
redox-responsive properties using bis(2-hydroxyethyl) disulfide as the chain
extender [202]. Disulfide bonds can be easily introduced into the hard segment
of PUs by conventional two-step polymerization processes, which result in
random distribution of the reduction-responsive disulfide linkages in PUs.
Yao et al. [180] proposed that the disassembly and drug release profiles of PU
micelles are related to the location of the disulfide linkages in the polymer
main chain. In this study, BioPU copolymers were synthesized from the same
amount of PEO, PCL and LDI and cystamine dihydrochloride (Cys) as the chain
extender; two kinds of redox-responsive micelles with the same quantity of
disulfide bonds, but at different locations, were prepared. In the first of them
most of the disulfide bonds were located in the hydrophobic core of the PU
micelles (PU-SS-C) while in the second, disulfide bonds were located primarily
at the interface between the hydrophobic core and the hydrophilic shell (PU176
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SS-I). Paclitaxel (PTX), as the model hydrophobic drug, was chosen to evaluate
the loading and redox-triggered release of the PU micelles. It was
demonstrated that the PU-SS-I micelles disassemble simultaneously in
response to a 10 mM GSH stimulus and the payloads release more rapidly than
those of PU-SS-C nanocarriers. These results showed that the release profiles
of PU-based nanocarriers can be optimized by the location of the disulfide
bond on the PU main chain.

Also, the use of BioPUs for chemical modification of natural polymers has
become a very attractive field for improving their properties and making them
suitable for controlled drug delivery applications [203,204]. Thus, BioPUmodified chitosan has been prepared by PU chain extension on a chitosan
backbone through the reaction of an isocyanate-terminated PU prepolymer
and the hydroxyl and amine linkages present in chitosan. The extent of
solubility and the swelling characteristics of the modified chitosan decreased
considerably with an increasing degree of substitution in graft copolymers as
compared to pristine chitosan. Simultaneously, hydrophobic character,
measured through contact angle, increased due to PU grafting. Chitosan graft
copolymers are found to be bio- and haemocompatible in nature as observed
through platelet aggregation, cell viability, cell adhesion and haemolysis
studies. Further, graft copolymers do not supply any reactive oxygen in cell
culture and the materials do not affect the biology of circulating blood cells
[205].

The biocompatibility requirements for PUs as drug delivery systems are, to
some extent, similar to those previously described for PU-based tissue
scaffolds and are mostly related to the use of precursors which will degrade to
harmless degradation products. The cytotoxicity of degradation products is
estimated using different in vitro cell viability (e.g. MTT) assays. In addition,
assessment of drug delivery system biocompatibility comprises evaluation of
their interaction with the immune system and blood (i.e. blood cells, proteins
and complement system) [206]. An immunocompatible drug delivery system is
considered to induce minimal response from the host immune system,
measured by macrophage activation, leukocyte adhesion, cytokine release
[207] and T- and B-cell proliferation [208]. Interaction of drug delivery
systems with blood to assess blood compatibility includes studies of
haemolysis, platelet aggregation, coagulation time and complement activation
[206]. A commonly accepted method for improvement of immuno- and blood
compatibility is covalent binding of PEO to biomaterials including the PU
surface. The presence of PEO in PU prevents protein adsorption, thus
inhibiting uptake of the drug delivery system by the circulating blood cells and
reducing the immunogenic response to a substance’s surface [209].

177

Chapter 5

5.4.4. BioPU-based nanocomposites
According to the most common definition, polymer-based nanocomposites are
polymeric materials containing nanofillers, in which the polymer matrix is
filled with a small amount of inorganic or organic nanoparticles.
Nanocomposites are considered as materials which cover the area between
inorganic glasses and organic polymers [210,211]. The two main types of filler
for nanocomposite production are nanoparticles and nanoclays. In 2011 the
Commission of the European Union defined nanoparticles as a natural,
incidental or manufactured material containing particles, in an unbound state,
as an aggregate or as an agglomerate, and where, for 50 % or more of the
particles in the number size distribution, one or more external dimensions is in
the size range 1–100 nm [212]. The physical and chemical properties of
nanoparticles are significantly different from their bulk materials due to their
high surface area-to-volume ratios, i.e. high aspect ratios [213]. Commercially
available nanoparticles such as a colloid solution of nanosilica in water or
organic solvent and a fumed silica, or layered alumosilicate clays (especially
montmorillonite (MMT) or bentonite) are widely used in nanocomposites.
For the preparation of PU nanocomposites various methods can be used:
distribution of a clay in macrodiol with a subsequent reaction with
diisocyanate; interaction of PU with a clay in organic solvent with a subsequent
evaporation of solvent; or reaction of diisocyanate with the hydroxyalkyl
groups of an organic modifier in the clay with a subsequent reaction with
macrodiol [214]. The addition of a small amount of nanofiller, which is capable
of interacting, at the molecular level, with the polymer matrix, has
considerable influence on the macroscopic properties of a polymer [215,216].
However, aggregation of nanoparticles and formation of agglomerates often
occur during the preparation of nanocomposites, mostly due to the high
interfacial reactivity and high surface tension energy of nanoparticles [217].
Compatibility of nanoparticles with the polymer matrix can be improved using
various techniques such as the application of ultrasonic treatment, high-energy
mechanical milling, chemical surface modification of nanoparticles using
adequate modifiers, treatment with surfactants and encapsulation by polymers
which act as a stabilizing agent [217,218].

Various BioPUs are unsuitable for the purpose of hard-tissue regeneration due
to their weak mechanical properties [219,220]. As the polymer scaffold matrix
gradually degrades and the resulting space is simultaneously filled with
growing tissue, the scaffold structure should provide sufficient temporary
mechanical support to withstand in vitro and in vivo stresses and loading in
applications such as bone regeneration [221,222]. It is well documented that
the properties of porous BioPUs can be improved by introducing nanoparticles
or nanoclay into the PU matrix. The addition of nanoparticles into the PU
matrix can slow down a steep reduction in mechanical properties during
biodegradation [223,224]. Thus, the moduli of PU nanocomposites increase
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from 3 to 7 MPa (133 %) and epoxy nanocomposites from 1.1 to 2.3 GPa
(109 %) by the addition of 2–8 wt. % of layered silicate nanoparticles
[225,226]. It has been reported that the storage modulus of PLA/layered
silicate nanocomposites is increased from 1.63 to 2.32 GPa (42 %), and the
biodegradation rate of the obtained nanocomposite is significantly accelerated
in comparison to pristine polymer in terms of the weight loss and molecular
weight [227]. Also, incorporation of small amounts of MMT into PLLA can
increase the mechanical stiffness of PLLA porous scaffolds [224]. However, the
possible toxicity of nanoparticles and other nanocomponents including carbon
nanotubes and metal nanoparticles (such as Ag and Au nanoparticles) should
be mentioned [228,229]. It seems that, compared to them, metal oxide
nanoparticles (silica, alumina, titanium oxide and zinc oxide) show much less
toxicity [230,231].

Dias et al. [232] prepared porous BioPUs, based on PCL oligomers and
reinforced with nanometric clay, by reacting isocyanate-endcapped PU chains
with water to generate a porogenic and non-toxic CO2 gas. The incorporation of
nanoparticles allowed tailoring of the mechanical properties of the
nanocomposites. SEM images showed that the porogenic procedure was able
to produce materials containing large (pore sizes ranging from 184 to 327 μm)
interconnected pores. In vitro assays performed with osteoblastic cells showed
no cytotoxicity associated with the synthesized nanocomposite, while in vivo
results after 29 days of implant showed that cells were able to penetrate
through the porous structure to fully colonize the entire implant.
Biocompatibility tests on the BioPU nanocomposites produced in this study
revealed that this type of material can be potentially useful in engineering of
many different tissues such as cartilage, bone, heart, valves, nerves, muscle,
bladder and liver, among others.

BioPUs with shape-memory effects are attractive for use as minimally invasive
medical devices. Wu et al. [233] prepared nanocomposites with shape-memory
effects from biodegradable poly(glycerol sebacate urethane) (PGSU) and
renewable cellulose nanocrystals (CNCs). Water-responsive mechanically
adaptive properties and shape-memory performance of PGSU-CNC
nanocomposites were observed, which are dependent on the CNC content. The
PGSU-CNC nanocomposite containing 23.2 vol. % CNCs exhibited the best
shape-memory effects among the nanocomposites investigated, with stable
shape fixing and shape recovery ratios of 98 % and 99 %, respectively,
attributable to the formation of a hydrophilic, yet strong, CNC network in the
elastomeric matrix. The presence of CNCs improved the tensile strength of
PGSU by up to 1040 % for the PGSU-CNC nanocomposite containing 18.6 vol. %
CNCs, due to the strong interfacial interactions between CNCs and PGSU
determined by FTIR. In vitro degradation profiles of these nanocomposites
were assessed with and without the presence of an enzyme. The results
showed that the PGSU6 nanocomposite (23 vol. % CNCs) experienced a weight
loss of 17.5 % in 28 days in enzymatic PBS conditions. This value was lower
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than that for neat PGSU, but confirms the hydrolytic degradability of the
nanocomposite in the presence of an enzyme [233].

Da Silva et al. [234] prepared potential ocular implants to treat uveitis by
incorporating dexamethasone acetate into BioPUs. PUs derived from PCL and
having clay nanoparticles were obtained by producing an aqueous dispersion
of the polymer. The incorporation of clay nanoparticles into the PU matrix has
been demonstrated to be a useful tool to manipulate the mechanical properties
in order to yield biomaterials that can display from very soft to stiff behaviour.
High values of stiffness would be useful, for example, to produce ocular
implants rigid enough to withstand a medical procedure that would insert the
implant by forcing it to penetrate through ocular tissues without the need for a
special incision. The presence of nanoparticles might be also useful to avoid an
abrupt loss in stiffness during biodegradation of the implant. The
incorporation of clay particles into the PU dispersion also leads to a reduction
in both strain at failure and strength, an indication that the clay particles
restrict the ability of the chains to flow under stress.

The introduction of reinforcing nanoparticles into a continuous polymer phase
to form eco-friendly green nanocomposites has attracted a great deal of
attention [235-237]. The use of chitin nanowhiskers (ChW) as a reinforcing
nanofiller in the polymer matrix provides positive environmental benefits with
respect to ultimate disposability and raw material use as well as strong
mechanical properties. Recently, segmented biodegradable copoly(ether ester
urethane)s were successfully synthesized through the chain extension of
poly(3-hydroxybutyrate) (PHB) as hard segments and PCL-b-PEO-b-PCL
macrodiols with different PEO block lengths as soft segments, with or without
ChW, using HDI as a coupling agent in a one-step solution polymerization.
These copolymers seem to combine the criterion of biodegradability with
improved thermal stability and a wide processability window compared with
high molecular weight PHB. The obtained copolymers are semi-crystalline
thermoplastics whose crystalline domains stem from PHB and PCL-b-PEO-bPCL segments. The Tm of PHB segments in the copolymers is decreased to
~130 °C, about 50 °C less than that of neat PHB, thus the copolymers are
considered to be more processable than neat PHB. The ChW act as a nucleating
agent, enhancing the crystallization rate of PCL-b-PEO-b-PCL soft segments
from the glassy state. The incorporation of low ChW content enhances the
crystallization rate of the PCL-b-PEO-b-PCL component from the molten state,
while copolymers containing a relatively high ChW content retard the
crystallization rate. The cold and melt crystallization of PHB enhances with
increasing ChW content. TG analysis showed that the thermal stability of the
copolymers is slightly enhanced with high ChW content [236].
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5.5. CONCLUSION AND FUTURE TRENDS
Since the 1990s BioPUs have been widely studied from different aspects,
among which the development of new materials for biomedical application is
probably the most attractive topic. Biomedical applications include the
controlled release of drugs, fertilizers and pesticides, absorbable surgical
implants, skin grafts, bone plates and even tissue engineering. BioPUs are
employed in tissue engineering and controlled release drug systems because of
their suitable mechanical properties, good biocompatibility and
biodegradability. The biodegradation rate of PUs depends on the chemical
composition, sequence length, molecular weight, hydrophilic/hydrophobic
balance, degree of crystallinity, morphology and surface topography. Many
research groups worldwide have sought ways to improve the properties of
BioPUs depending on the specific application. These efforts have often
included optimization of the experimental conditions of PU synthesis, as well
as chemical modification of the structure by choosing novel starting
compounds and additives which can result in a broad range of mechanical,
biological and physical properties.

In the tissue engineering field, the development of new technologies and
advanced techniques for the fabrication of porous scaffolds is a permanent
challenge for many research groups. The need for tissue scaffolds with high
elasticity and strength combined with controllable biodegradation properties
will bring new strategies for the synthesis and fabrication of BioPUs, still
focusing on tuning the scaffold degradability without significantly affecting its
mechanical properties. However, from a biocompatibility point of view, the
most important issues regarding tissue scaffolds are the cytotoxicity of the
original structure and the degradation products, as well as the polymers
degradation rate. Therefore, many efforts will be directed to these topics,
probably in a wide, multidisciplinary approach. Besides this, there is great
potential for the development of new BioPU nanocomposites, and many
opportunities both in terms of using novel nanoparticles and improving
fabrication techniques. All areas of BioPU development will certainly
increasingly involve the use of bio-resources, as well as the use of non-toxic
starting materials.
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6.1. INTRODUCTION
Tissue engineering (TE) represents a rapidly evolving research area
overcoming the limitations of conventional transplantation methods and
holding promises to revolutionize the quality of life of patients suffering failure
or loss of organs and tissues [1]. The concept of engineering human tissues was
first coined in 1987 by Dr. Fung at the National Science Foundation (NSF)
workshop [2]. During the same workshop of the subsequent year, the term
“tissue engineering” was described as the application of the methods and
principles of life sciences and engineering to understand the relationships
between the structure and the function in pathological and novel tissues and
the development of substitutes for the restoration, maintenance and
improvement of tissue functions [3]. However, it was until 1993, when Langer
and Vacanti wrote their world-shattering paper about TE and its possibilities,
that the scientific community began its investigations [4]. The collective effort
of biologists, engineers, chemists, material scientists and clinicians has led to
phenomenal advances in the regeneration of almost all tissue types. Four TE
approaches are being adopted to achieve this goal: 1) the transplantation or
injection of isolated cells that can be manipulated via gene therapy to help
tissue regeneration, 2) the use of a biomaterial membrane as scaffold to
promote the regeneration, 3) the use of scaffolds combined with bioactive
factors and 4) the use of scaffolds in combination with cells with or without
biological molecules [5]. Scaffold-based approaches (Figure 1) are nowadays
gaining a huge popularity due to the potential of novel technologies to provide
the scaffolds with adequate chemical, physical and biological cues ensuring a
harmonized interaction between the cells and the material. The requirements
that must be fulfilled by the scaffolds are the following:
-

-

-

Biodegradability which is often a fundamental prerequisite eliminating
the need of a surgical intervention to remove the implant. Therefore,
natural and synthetic biodegradable polymers have gained a
widespread interest in the TE field since they are chosen to be the basic
materials for the fabrication of most of the scaffolds. The selection of
appropriate polymers is important in every specific application since
their degradation rate should coincide with the tissue regeneration
rate to support but also provide room for tissue formation and
neovascularization [6,7].

Non-toxicity of the material and its degradation products that should
not provoke any genotoxicity or immunogenicity [8].

Possession of mechanical properties matching those of the neighboring
tissues and making the selection of suitable polymers more challenging
[9].
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-

Mimicry of the extracellular matrix (ECM) which is a primordial factor
for effective cell-material interactions.

In the body, a wide range of vital cellular activities such as adhesion,
proliferation, migration, gene expression and differentiation, is governed by
the ECM/cells interactions [7]. The fibrillary nanostructure of the ECM was
thought to be the only factor modulating some of the cellular activities.
However, many studies have shown that the ECM components provide
biochemical cues necessary for cell signaling and tissue morphogenesis [10].
Therefore, the more closely the scaffold mimics the ECM physical arrangement
and biochemical properties, the more successful is the tissue regeneration
process. Researchers were able to develop several techniques in order to
recreate the ECM architecture. Among them electrospinning is the most
broadly used since it creates nanofibers in a very practical and affordable way
[11]. Biochemical cues can be afforded by tailoring the surface chemistry of the
electrospun mats to promote the adsorption of proteins and subsequent cell-signaling pathways. To this end, different surface modification techniques
have been performed such as ion-beam, X-ray, gamma radiation, wet chemical
treatment and plasma-based techniques [12]. Specific bioactive molecules can
be grafted onto the surface after modifying its chemistry or can be blended
with the polymer solution prior to the electrospinning [13]. Plasma surface
engineering of electrospun materials has known an abrupt rise during the past
decade due to its potential to selectively modify the surface chemistry with a
precise control of all the process parameters to avoid the damage of the
delicate nanofibrous structure [14,15]. Therefore, this chapter will first briefly
describe the ECM architecture and composition in addition to the mechanisms
underlying the cell/ECM communications to understand the basis on which the
researchers were centered to fabricate tissue-engineered scaffolds. A short
review will then be given on the natural and synthetic biodegradable polymers
that are commonly used to develop electrospun scaffolds. Thereafter, the
theory behind the electrospinning technique will be explained, accompanied
with a concise overview on the effects of changing the working parameters on
the nanofibers properties. Surface modification of electrospun nanofibers will
be discussed, particularly highlighting plasma activation, polymerization and
subsequent grafting of bioactive molecules on electrospun polymers. An
extensive overview on recent achievements of plasma-functionalized
nanofibers mainly used in nerve, bone and cardiovascular TE will be given.
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Figure 1. Traditional and in vivo TE approaches. (Traditional TE: in vitro maturation of
the cells cultured on the scaffold before being implanted into the patient; In vivo TE:
Direct implantation of the scaffold into the patient with or without cells). Reprinted
from [16]. Copyright © 2009 with permission from Royal Society Chemistry.

6.2. EXTRACELLULAR MATRIX
The ECM represents the non-cellular constituent of all tissues and organs
affording a three-dimensional (3D) scaffolding for the cells, modulating cellcell communication and providing biochemical and physical cues governing a
wide range of cellular activities [5]. Many studies have shown its primordial
importance in tissue morphogenesis and regeneration which is also clearly
illustrated by the numerous diseases arising from genetic defects of its
constituents. It is composed of a very complex crosslinked network of fibrillary
proteins and glycosaminoglycans (GAGs) generally attached to the ECM
proteins to form proteoglycans in which small bioactive molecules such as
growth factors are trapped. The fibrous proteins are mainly collagen, laminin,
elastin and fibronectin (Figure 2). The classification of the ECM components
into structural and functional categories is impossible since most of the studied
molecules have synchronic roles [10,17]. Concerning the structural role, many
in vitro studies have shown that the cells are extremely sensitive to the fibrous
3D architecture and the nanometer length scale offered by the ECM. The
195

Chapter 6

considerable difference in the behavior of cells cultured on 2D or 3D scaffolds
revealed that 2D biomaterials cannot ensure a successful tissue regeneration
when implanted in the body [5]. Moreover, cells were shown to respond more
efficiently to nanostructured than to microstructured surfaces, they are
capable to react with structures as small as 5 nm [18]. An important role of the
ECM is triggering of cellular motility and migration that are critical aspects in
tissue regeneration. The cells contain a polymeric network of microtubules,
actin and intermediate filaments structurally organized to generate pushing
and pulling forces able to move the cells. The interaction between this network
and the ECM fibrous network causes a spontaneous succession of
depolymerization and polymerization of the cytoskeletal fibers leading to a
coordinated cellular motility [6]. The functional role of the ECM, provided by
the nonstop cross-talk between cells and biochemical cues of the ECM
effectors, can be supported by the highly cell and tissue specific ECM
composition that is diverse throughout the body. The binding of specific
growth factors to specific ECM components leads to an increase in the stability
of the growth factors thus creating an adequate microenvironment regulating
cell proliferation and differentiation [5]. Moreover, cellular receptors can
recognize specific ECM sites thus mediating the adhesion of the cells to ECM.
The main group of cellular receptors is the integrin transmembrane proteins
consisting of one α and one β subunits. Up until now, around 18 α subunits and
8 β subunits are identified and 24 diverse heterodimers are recognized, each
binding to specific ligands within the peptide sequences forming the ECM
proteins such as collagen, fibronectin and laminin known as the “ECM glue”
[19]. Integrin attachment to ECM ligands provokes a cascade of processes. The
actin proteins inside the cell form microfilaments bundles also called stress
fibers triggering the formation of focal adhesion which links the actin
cytoskeleton to ECM molecules. The focal adhesion structures will initiate
several signal transduction pathways in the cells changing their gene
expression thus modulating a wide range of cell activities [5,20]. The
importance of the biological components in the integrin-mediated cell
adhesion and the growth factor attachment has led the tissue engineers to
consider the use of natural components in the fabrication of scaffolds.

196

Plasma surface functionalization of biodegradable electrospun scaffolds...

Figure 2. Schematic representation of the ECM structure in contact with a cellular
membrane (open source) [21]

6.3. NATURAL ECM-DERIVED COMPONENTS
USED IN TE APPLICATIONS
The main ECM components used in the development of biomaterials are:
collagen, laminin, fibronectin, elastin, keratin, hyaluronic acid, chitosan and
GAGs. In what follows, a brief description will be given on the natural
components that are mostly used in the fabrication of electrospun scaffolds or
in the plasma biofunctionalization of electrospun fibers.

6.3.1. Collagen

Collagen is the major polymeric component of the ECM. It is constituted of
polypeptide chains displaying triamino acid sequences of glycine-A-B where A
and B are mostly hydroxyproline or proline but can be any of a series of amino
acids. These polypeptides are organized into micro-fibrillary triple helices that
arrange together following different architectures to form collagen fibers.
More than 28 different collagen types have been identified up to date from
which types I, II, III and IV are the most studied with an excessive use of
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collagen type I in TE applications [8]. Collagen generally binds to
glycoproteins, growth factors and structural proteins such as laminin and
elastin to afford specific tissue characteristics and it was shown that each of
the collagen types plays a role in the constructive remodeling of tissues [22].
The use of collagen in TE applications is mainly due to its biocompatibility,
great ability to enhance cell adhesion and proliferation, mechanical properties
and enzymatic degradation by metalloproteinases and collagenases [23,24].
Many authors have electrospun collagen nanofibers for their use in wound
dressings, blood vessel, cartilage, tendon and other TE applications. Collagen is
a thrombogenic component since it activates the conversion of fibrogen into
fibrin known by its capacity to capture activated platelets to generate a clot [8].
The commercial collagen type I is generally obtained from bovine dermis,
human placenta or rat tail. Although extensively researched, many drawbacks
are associated with use of collagen in biomedical applications. In addition to
the high cost of purification and high risk of disease transmission, collagen
possesses some antigens in its central helix that were shown to cause
immunological responses in vivo [8,25].

6.3.2. Gelatin

Gelatin is a derivative of collagen obtained by a physico-chemical degradation
and denaturation of its triple-helix structure. The production process highly
affects the gelatin properties. It is composed of 19 amino acids and is
organized in single-stranded structure. It possesses comparable hemostatic
characteristics to collagen and is degraded enzymatically by collagenases [25].
A major advantage of gelatin is its possession of a great non-antigenicity, thus
it is less immunogenic than its precursor. Gelatin-based scaffolds were
commonly used in TE applications due to their good biocompatibility and their
ability to promote cell adhesion, proliferation, differentiation and migration
[26]. However, unlike other polymers, gelatin is a polyelectrolyte polymer
possessing quite a number of anionic and cationic groups associated with a
strong ability of hydrogen bonding. As a consequence, a 3D macromolecular
network can be formed, tremendously decreasing the mobility of gelatin chains
thus making the development of fibers a challenge [27]. Despite the poor
electrospinnability of gelatin, some authors succeeded to electrospun gelatin
fibers but the solvents used to obtain relatively good fibers were rather toxic
such as trifluoroethanol and hexafluoropropanol [28]. Therefore, gelatin has
been broadly coated on electrospun nanofibers made up of other polymers.

6.3.3. Laminin

Laminin is a complex protein found in the ECM particularly within the basal
lamina and that can independently self-assemble into networks or associate
with other ECM components such as collagen IV. Three polypeptide chains (α,
β and γ) intersected into the form of a cross-like structure are found to
compose this protein. There are several variants of this heterotrimeric protein
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that depend on the particular composition of each polypeptide chain [22].
Laminin has been reported to be among the first and most critical ECM
components to play a role in enhancing and supporting adhesion, growth,
differentiation and migration of several cell types in particular neuronal cells.
It contains the amino acid sequence isoleucine-lysine-valine-alanine-valine
that enhances and controls neurite outgrowth. Therefore laminin was
extensively used in neural TE [29,30]. Neal et al. demonstrated that
electrospun laminin fibers promoted a higher degree of cell attachment and
neurite extension from adipose derived stem cells than laminin films [31].
However, the electrospinning of laminin have been mainly hindered by the
instability of the resulting fibers, but coating or conjugating electrospun fiber
surface with laminin has been extensively performed and showed promising
results in tissue regeneration [32].
At first, tissue engineers considered natural polymers as promising materials
for the fabrication of scaffolds because of their attractive bioactivity. However,
many studies rapidly revealed that most of the natural materials are associated
with several drawbacks:
-

Weak mechanical stability [33]

-

Restricted designing possibilities without alteration of the biological
properties [35]

-

-

-

-

Difficulty of obtaining large amounts of materials and high processing
cost [34]

Weak resistance of enzymatic degradation; uncontrolled degradation
rate since enzymatic activity differs between hosts [36]

Intense immunogenic reactions [37]

Risk of disease transmission from allogenic or xenogenic materials [38]

Therefore, synthetic biodegradable polymers overcoming all these limitations
were developed and were extensively used as basic materials for the
fabrication of scaffolds. The major downside of synthetic biomaterials is their
hydrophobicity and the lack of biochemical recognition sites necessary for
different cellular processes. Nowadays several advances in surface tissue
engineering come to solve this issue.

6.4. SYNTHETIC BIODEGRADABLE
POLYMERS USED IN TE APPLICATIONS
Since an ideal polymer does not exist because of the wide-ranging TE
applications, researchers have developed numerous synthetic polymers. A
library of materials was used to synthetize polymers and then to engineer
scaffolds that match to the best the specifications of a particular application.
Among the synthetized biodegradable polymers, the aliphatic polyester family
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is nowadays the most appealing group meeting various medical and physical
requirements for safe clinical applications. The biocompatibility and biological
inertia of polyesters were confirmed after their use in several biomedical
applications [8,39]. Moreover, their synthesis via condensation polymerization
or ring-opening is relatively easy which increases their commercial
availability. Although numerous polyesters are nowadays available, their
hydrolytically steady ester bond limits their degradability and makes only the
ones with relatively short aliphatic chains appropriate for tissue-engineered
scaffolds [8,40]. Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lacticco-glycolic acid) (PLGA), polycaprolactone (PCL), poly(butylene succinate)
(PBS) and poly(hydroxyalkanoate) (PHA) are the ones that are currently
adopted in the majority of biomedical applications [35,41]. In addition to their
versatility regarding chemical and physical properties, a custom-tailored
degradation rate can be obtained. Therefore, a plethora of papers have focused
on the fabrication of nanofibers using these synthetic polymers, but PCL is by
far the most extensively considered in the wide literature of electrospinning,
followed by PLGA, PLA and PGA (Figure 3). Therefore, in what follows, we will
be restricted to a brief overview on these aliphatic polyesters.

6.4.1. Poly(glycolic acid) (PGA)
PGA also known as polyglycolide is one of the first biodegradable polymers
ever explored in biomedical applications. PGA is characterized by an elevated
melting temperature exceeding 200 °C, a high crystallinity (44−55 %) and an
excellent tensile strength (12.5 GPa) [42]. These characteristics, together with
PGA’s great biodegradability, have attracted the medical community to use it in
the fabrication of resorbable sutures that were commercialized under the
name of DEXON® and have been extensively used since 1970. With the rise of
TE applications, the physico-chemical properties of PGA accompanied with its
acceptable bioresponsive properties such as good cellular viability, have also
appealed tissue engineers to fabricate PGA scaffolds for tissue regeneration
[8,37]. When implanted in the body, PGA degrades into the non-toxic glycolic
acid that can be excreted via the urinary system or via the respiratory system
after being converted into CO2 and H2O [42]. PGA scaffolds were therefore
fabricated and were used in several TE applications such as bone, tendon,
cartilage, intestinal, and neural regeneration [8]. Nevertheless, several studies
have rapidly demonstrated that the use of PGA in TE involves several
drawbacks. First, the rapid degradation of PGA leads to a reduced mechanical
strength of the scaffold within 1−2 months with a total loss of its mass within
6−12 months [43]. Therefore, this degradation rate does not coincide with the
regeneration rate of most of the tissues. In particular, when it comes to
nanofibers, the degradation is even faster compared to macroscale scaffolds.
The higher area-to-volume ratio and enhanced porosity facilitate the
penetration of water into the highly crystalline PGA nanomatrix which
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increases its degradation rate [36]. Dong et al. showed that PGA nanofibers
degraded only within 20 days and barely supported the growth of porcine
smooth muscle cells in the first few days [44]. This is one of the reasons
explaining why the electrospinning of PGA is less considered compared to the
other polyesters. Moreover, the fast degradation of PGA causes a rapid
production of glycolic acid leading to its local accumulation at high levels
which is associated, despite its aforementioned non-toxicity, with undesired
strong inflammatory responses [45,46]. Furthermore, PGA exhibits a limited
solubility in the most common solvents, it is rather soluble in toxic highly
fluorinated solvents such as hexafluoro-2-propanol, which also reduces the
electrospinning of PGA fibers [41]. Recognizing the above, most of the recent
applications have coupled PGA with other biodegradable polymers in the
development of electrospun scaffolds.

6.4.2. Poly(lactic acid) (PLA)

Lactic acid is a natural metabolic by-product generated in the muscles by
anaerobic glycolysis and can be degraded into CO2 and H2O which are further
eliminated from the body via the respiratory system. It is a chiral molecule that
constitutes the monomer building unit of PLA or polylactide. It can be
produced by converting a starch having a vegetable origin or a sugar via a
petrochemical process or a bacterial fermentation [42,47]. Because of its
chirality, PLA can be synthetized in four different forms: poly(D-lactic acid)
(PDLA), poly(L-lactic acid) (PLLA), poly(D,L-lactic acid) (PDLLA) and mesopoly(lactic acid). PLLA and PDLLA have been widely studied and have shown
promises in the biomedical and TE fields [8]. PLLA has a relatively high melting
temperature of around 175 °C and a tensile strength of 4.8 GPa [48]. The extra
methyl group in PLA renders it more stable and more hydrophobic than PGA.
Therefore, it exhibits a slow degradation compared to PGA. When hydrolyzed,
PLLA loses its strength within approximately 6 months, but preserves its mass
for long periods of time and it can take up to several years to totally degrade
[41]. After commercializing an internal bone pin made up of PGA under the
name of Biofix® in 1984, the base material was converted to PLLA starting
from 1996 since it demonstrated a much better stability at long-term. PLLA has
also been used in the fabrication of surgical sutures [8]. Moreover, it attracted
a strong interest for the use in tissue regeneration because of its proper
mechanical characteristics and degradation rate matching the properties and
the healing time of a number of tissues. Furthermore, tissue engineers can take
advantage of its piezoelectric characteristics (d25 = 10 pC N−1) by stimulating
the tissue via an electro-mechanical transduction thus activating the scaffolds
not to just serve as passive structural support for cells [49,50]. Nerve, bone,
blood vessel, tendon, cartilage, liver and other TE fields have experienced a
successful use of PLLA scaffolds [8]. Particularly, in the past decade
electrospun PLLA scaffolds are being increasingly utilized. This is partially due
to the fact that PLLA is soluble in the majority of organic solvents such as
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chlorinated solvents, tetrahydrofuran (THF), dioxane and acetonitrile; and by
choosing appropriate solvent systems, a very good quality of PLLA fibers can
be obtained [51,52].

The amorphous nature of PDLLA is due to the arbitrary positioning of its
2 isomeric monomers. This results in a significantly reduced mechanical
strength (1.9 GPa) compared to PLLA [42]. PDLLA further loses its strength
when hydrolyzed after 1−2 months and its mass within almost a year.
Therefore, PDLLA has been used in drug delivery systems or in the rare TE
applications requiring low strength scaffolds [43]. As a consequence, PDLLA
nanofibers were rarely electrospun for TE purposes, unless the polymer is
blended with other biodegradable polymers [53-55].

6.4.3. Poly(lactic-co-glycolic acid) (PLGA)

The slow degradation time of PLLA is a limiting factor in some TE applications
that involve relatively fast-regenerating tissues. Therefore, tissue engineers
randomly copolymerize PLLA or PDLLA and PGA to obtain PLGA also known as
poly(lactic-co-glycolide), thus combining the properties of the two polymers.
The high commercial availability of PLGA, together with its easy processability
in almost all sizes and shapes makes it one of the most investigated synthetic
polymer in TE but also in other biomedical applications such as drug delivery
systems and sutures [37,43]. Depending on the intended TE application, the
copolymer composition should be delicately selected, since PLGA degradation
is strongly influenced by the lactic acid/glycolic acid ratio. A composition of
lactic acid between 25 and 75 % leads to the formation of PLGA having an
amorphous nature that is much more hydrolytically unstable than the
homopolymers. For instance, a 50/50 PLGA degrades within 1−2 months, a
75/25 PLGA degrades within 4−5 months and a 85/15 PLGA degrades within
5−6 months [48]. PLGA has demonstrated great cell-responsive properties
(adhesion and proliferation) in different TE fields such as bone, nerve,
cartilage, tendon, liver and skin. For these applications, PLGA scaffolds were
developed making use of various techniques such as porogen leaching, gas
foaming, microsphere sintering and electrospinning [8,56]. In particular,
fibrous PLGA scaffolds with controlled diameter and porosity are reported to
be easily produced by electrospinning [57]. Several solvents can be used for
the electrospinning process since PLGA is soluble in a broad range of common
solvents including tetrahydofuran, chlorinated solvents, acetone and ethyl
acetate [58]. In opposition to PGA, PLGA (50/50) nanofibers (550 nm) have
shown a slower degradation compared to PLGA films (0.5 mm) because of the
reduced bulk autocatalysis effect resulting from the accumulation of the
degraded acidic products [59]. The porosity of the nanofibrous matrices is the
leading cause of this reduction in the autocatalysis effect [60,61].
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6.4.4. Polycaprolactone (PCL)
In 1930, PCL was synthetized by the Carothers group to be one of the first
developed synthetic polymers. It is obtained via a ring-opening polymerization
of the relatively cheap monomer building block ɛ-caprolactone by using
cationic and anionic catalysts [62]. It is a semi-crystalline polymer having a
crystallinity that tends to decrease with increasing the molecular weight and a
melting temperature between 55 and 60 °C [8,63]. In the 1970s and 1980s, PCL
has attracted some attention together with other synthetic biodegradable
polyesters for its use in biomedical applications, especially in the developing of
drug-delivery devices. However it was rapidly overwhelmed by the
polyglycolides and the polylactides because of its very prolonged degradation
time that can reach up to 3−4 years. Two decades later, a massive resurgence
of PCL has coincided with the rise of the TE field due to its several advantages
over other biodegradable polymers [62]. Despite its relatively low tensile
strength (23 MPa), PCL possesses great rheological and viscoelastic properties
such as a very high elongation at break (4700 %), which makes the
development of a broad range of PCL scaffolds having various sizes and shapes
relatively very easy [8]. Therefore, numerous techniques were involved in the
manufacturing of PCL scaffolds such as: porogen leaching, phase-separation
methods, liquid-liquid phase separation, supercritical fluid methods, solid-free
form fabrication, stereolithography, 3D printing, fused deposition modeling
and electrospinning [62]. In particular, PCL electrospinning has known a steep
continuous rise starting from 2003. PCL is soluble in wide-ranging solvents
such as tetrahydrofuran, dimetylformamide, acetic acid, formic acid, methylene
chloride, pyridine, dichloroethane, methylene chloride, chloroform and other
chlorinated solvents [64]. Previous studies have revealed that PCL fibers are
absolutely non-toxic since they do not generate acidic degradation products,
which is an issue to be considered sometimes in the degradation of PLGA and
PLA because of possible inflammatory responses [65,66]. PCL has been
blended or co-polymerized with other polymers in order to increase the
degradation rate. Nevertheless, PCL nanofibers, like PGA, have been reported
to degrade faster than PCL macroscale scaffolds [36]. Interestingly, PCL fibers
and other scaffolds were revealed as promising candidates in bone, nerve,
cartilage, tendon, ligament, skin, blood vessel and other tissue regeneration
processes [62,63,67].
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Figure 3. Publications using electrospun biodegradable polyesters during the last
decade. Sourced from Web of Science.

6.5. ELECTROSPINNING
After a great deal of efforts, several chemical, physical, electrostatic and
thermal techniques were developed to fabricate scaffolds mimicking the
fibrillary structure of the ECM, such as template synthesis, liquid-liquid phase
separation, vapor-phase polymerization, self-assembly and electrospinning
[68-71]. This last technique, also called electrostatic spinning has been first
introduced in the 1930s, but it was until the end of the 20th century that it
received a great surge of interest within the scientific community, after
Reneker et al. discovered the possibility of generating electrospun fibers from
various polymers [72,73]. The massively increasing literature on
electrospinning has paved the path towards great achievements in the TE field.
It is preferred over the other techniques due to its versatility, simplicity and
low cost. Moreover, an attractive strength of electrospinning is its capacity to
easily adjust the fiber diameter down to the nanometer scale thus not only
recapitulating the structure of the ECM but also its size. Electrospun nanofibers
display a higher surface-to-volume ratio compared to microfibers, thus
providing much more binding sites for proteins which leads to a good cellular
adhesion that is essential for other cellular activities [7,36,74,75]. Binulal et al.
showed that human mesenchymal stem cells (HMSCs) adhere, spread and
proliferate more efficiently and rapidly on PCL nanofibers compared to PCL
microfibers. Furthermore a successful differentiation of HMSCs into
osteoblastic lineage and subsequent mineralization were observed on PCL
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nanofibers [76]. Wang et al. cultured human embryonic stem cells on fibers
made up of Tussah silk fibroin and having diameters of 400 and 800 nm and
showed increased cellular viability on the 400 nm fibers [77]. In a study
conducted by Yang et al., the rate of neural stem cells differentiation was
shown higher on PLLA nanofibers than on microfibers [78]. Another key
feature of electrospinning is its capacity to tailor the nanofiber mesh porosity
providing a large number of intra/inter connected pores allowing the cellular
migration and the essential supply of nutrients for the cells [75,79].
Electrospinning can be also employed to design the nanofibers into specific
arrays or 3D hierarchical architectures (e.g. hollow tubes, stacked arrays).
Moreoever, several fiber morphologies can be obtained such as porous, ribbon,
beaded and core-shell fibers [80].

6.5.1. Concept and mechanism of electrospinning

A combination of the two concepts namely electro-spraying and spinning is
involved in the electrospinning process. The basic set-up is mainly composed
of five major parts: a syringe containing the polymer solution, a syringe pump,
a power supply, a metallic tip or needle and a metallic collector that can have
various morphologies (e.g. plate, cylinder). A schematic representation of the
set-up is shown in Figure 4. The flow rate of the solution is regulated by the
pump in order to carry the solution via tubes or capillaries from the syringe to
the metallic tip. When a droplet of the solution comes out of the tip, a high
electric field is applied between the tip and the collector which both serve as
electrodes. This causes an instability within the solution resulting from the
induction of electric charges on the droplet, thus forcing the ions of the
solution to aggregate at the surface of the droplet. Simultaneously, the
spherical droplet deforms adopting a conical shape named “Taylor cone” and
undergoes two main types of electrostatic forces: a reciprocal repulsion of the
surface charges and a Coulombic force expended by the external electric field
generated between the tip and the collector. When increasing the voltage
above a critical threshold, the electrostatic forces oppose and overcome the
surface tension of the polymer solution and a charged jet is erupted from the
Taylor cone and accelerated towards the metallic collector. During the
travelling of the jet through the air between the tip and the collector, it
experiences spreading and elongation processes accompanied with the
evaporation of the solvent. Therefore, thin solid polymeric fibers are deposited
on the collector in the form of non-woven mat [35,36,80].
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Figure 4. Schematic representation of the electrospinning set-up (a: syringe pump, b:
syringe containing the polymer solution, c: metallic tip, d: Taylor cone, e: high voltage
power supply, f: polymer jet, g: collector)

6.5.2. Electrospinning parameters
Despite the theoretic simplicity of the electrospinning process, some
challenges are to be faced in order to obtain a good quality of fibers. The
spinnability as well as the fiber diameter, morphology, uniformity and
alignment are mainly influenced by 2 types of parameters: substrate-related
parameters and process-related parameters. The fiber defects such as the
formation of beads, junctions and pores are controlled by optimizing these
parameters. Recently, environmental factors such as temperature and relative
humidity were shown to have minor effects on the fiber size and morphology.
Complete reviews and book chapters have discussed in detail the influence of
the electrospinning parameters on the fibers [75,81]. In what follows, the most
important parameters will be cited and very briefly discussed.

6.5.2.1. Substrate-related parameters

The main substrate-related parameters include the polymer concentration,
molecular weight, viscosity and surface tension. The polymer concentration
and molar mass affect the solution viscosity, widely known to have an
influence on the uniaxial stretching of the electrically charged jet [7,36]. For
example, a low concentration or molar mass result in a low viscosity limiting
the erupted jet from withstanding the electrical forces. Therefore, the polymer
chains are broken up into fragments and beads are generated. Increasing the
concentration or the molar mass gives rise to more entanglements among the
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polymer chains thus forming a mixture of fibers and beads. A further increase
in the polymer concentration finally results in optimized solution viscosities
and subsequent formation of smooth beadless fibers [81]. Increasing the
concentration is reported in many studies to generate uniform fibers with
larger diameters (Figure 5) [73,82,83]. However, when the concentration
exceeds a critical value, a very high viscosity is obtained thus hindering the
flow of the polymer solution that frequently dries and obstructs the tip [36].

The literature concerning the influence of the solution surface tension on the
fiber size and morphology is controversial. While some authors have reported
that reducing the surface tension is beneficial and results in bead-free fibers,
others showed that it is not always the case. It is clear that it mainly depends
on the polymer and the system of solvents used [36,81].

Figure 5. PLGA nanofibers electrospun from solution (PLGAtetrahydrofuran/dimethylformamide) having a concentration of 0.2 g mL−1 (a, d, g),
0.3 g mL−1 (b, c, h) and 0.4 g mL−1 (c, f, i). Reprinted from [82]. Copyright © 2015 with
permission from American Chemical Society.
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6.5.2.2. Process-related parameters
The most important process-related parameters are the applied electric field,
the polymer flow rate and the distance between the tip and the collector. A
crucial step in the electrospinning process is optimizing the applied voltage in
order to obtain a continuously steady Taylor cone over time with the same
amount of polymer ejected towards the collector per time unit [64]. Some
studies have reported that increasing the applied voltage reduces the fiber
diameter because it can increase the electrostatic repulsion forces on the jet
leading to an additional stretching of the polymer solution [36,81]. For
instance, Katti et al. found that an increase in the applied voltage from 0.375 to
1.000 kV cm−1 significantly reduced the diameter of PLGA fibers, but above this
voltage the fiber diameter was no more considerably changed [84]. In contrast,
other studies have demonstrated that higher voltages gave rise to larger fiber
diameters. In addition to those observations, many groups stated that a high
voltage is accompanied with a great probability of bead formation [7,81].
Therefore there is an optimal range of applied voltage for each particular
polymer-solvent system.
Most of the studies agreed that low feeding rates of the polymer solution
within the syringe are preferable over high flow rates. On one hand, when the
flow rate is low, the polymer solution will have time to polarize. On the other
hand, high flow rates lead to the formation of bead fibers with large diameters
largely owing to the insufficient solvent evaporation before the jet reaches the
collector [7,81,85].

The solvent evaporation also depends on the distance between the tip and the
collector. This distance affects as well the whipping processes, thus it should
be optimized in order to generate uniform and smooth nanofibers. Defective
fibers with large diameters are generally observed when this distance is small,
whereas as the distance increases, the fiber diameter normally decreases
[7,75].

The deposition of the fibers on the collector can be affected by the collector’s
shape. A number of metallic collectors have been developed in order to
generate aligned fibers. Three different types of forces are involved in order to
obtain aligned fibers: a rotating mandrel exerts mechanical forces, parallel
permanent magnets exert magnetic forces and parallel electrodes exert
electrostatic forces. In many TE applications, in addition to the fibrillary
structure of the scaffold, the anisotropy in the topography was demonstrated
to have a positive effect on the mechanical properties and the cellular behavior
[71,86].
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6.6. DIFFERENT FUNCTIONALIZATION APPROACHES OF
ELECTROSPUN BIODEGRADABLE POLYMERS
Once the mimicry of the ECM structure addressed by creating nanofibers, a
bio-functionalization needs to be tackled since cells do not only recognize
topographical cues but also biochemical cues that significantly affect their
behavior. Surfaces play a pivotal role in TE since the majority of biological
processes are initiated at the interface between cells and material [87,88].
Therefore modifying the surface chemical properties of electrospun nanofibers
can strongly and positively impact the cellular behavior. The choice of an
appropriate surface modification not compromising the delicate structure of
nanofibers is a challenging step. Ion-beam, X-ray, ozone oxidation and gamma
radiation are able to introduce reactive chemical functionalities on polymer
surfaces, however they often alter the mechanical stability and degrade the
polymer, thus rapidly damaging nanofibers [16,74,89-91]. A traditional
method used to incorporate and enhance the density of functional groups on
biomaterial surfaces is wet chemical treatment. For example, the incorporation
of COOH can arise when applying a surface hydrolysis with NaOH solution. NH2
groups are added to the surface by aminolysis in which a chemical reaction
involves the splitting of a molecule into 2 parts when reacting with a molecule
of NH3 [92-94]. Despite the enhanced surface wettability obtained after the
incorporation of such groups, many drawbacks associated with wet chemical
treatments set some question marks concerning their utilization. First, such
treatments are very harsh leading in some cases to a decrease in the
mechanical performance and an increase in the rate of degradation thus it can
particularly destroy fine structures such as nanofibers [95]. Secondly, many
studies have shown that these surface modifications can cause irregular and
unwanted etching strongly modifying the surface thus they are not appropriate
for nanosized fibers [96,97]. Furthermore, these techniques are not ecofriendly since they demand large amounts of liquids and produce hazardous
chemical waste [43]. To avoid these surface modifications, some researchers
have blended natural polymers and other bioactive molecules with the
synthetic polymer solution prior to the electrospinning thus specifically
functionalizing the nanofibers for particular TE applications. Collagen, laminin,
gelatin, elastin and chitosan have extensively been blended with synthetic
polymers to produce nanofibers serving as scaffolds for nerve, blood vessels,
skin and bone regeneration together with other TE applications [98-103].
Carbon phosphates, serving as bone grafting replacements to fill bone empty
spaces and damaged areas, have been blended with polymer solutions to
fabricate nanofibers having potentials in osteoconductivity, osteoinductivity
and osteointegration [104-106]. Short peptide sequences of specific ECM
proteins constituting bioactive ligands for particular cellular receptors have
been added to electrospinning solutions [107]. Table 1 shows some of the
blending solutions that have been prepared so far to fabricate nanofibers used
in different TE applications. Although this method showed enhanced cell209
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material interactions, several disadvantages cannot be ignored. Embedding
bioactive molecules inside the nanofibers can cause the masking of their
bioactivity [104]. The harsh conditions of the electrospinning might modify the
bioactive sequences of the some peptide-based functionalities and proteins
[108]. Moreover, because of the limited solubility of natural polymers in water,
highly acidic and toxic solvents such as trifluoroacetic acid and 1,1,1,3,3,3hexafluoro-2-propanol (HFP) are being used for electrospinning. In addition to
their undesired toxicity, these solvents can compromise the biological activity
of the added molecules [109]. For example, Zeugolis et al. revealed that the
beneficial properties of collagen are lost when it is dissolved in 2,2,2trifluoroethanol or HFP and electrospun. These solvents caused a collagen
denaturation thus altering the specific biological sites recognized by the
cellular receptors [110]. Yang et al. also showed that collagen type I
electrospun fibers were denaturated when using HFP [111]. Furthermore, the
presence of natural bioactive materials inside the nanofibers can weaken the
electrospun fibrous network. An important downside of adding bioactive
materials in the electrospinning solution, is the difficulty of controlling the
process parameters to obtain good nanofibers [26].

As an alternative to the abovementioned functionalization methods, plasmabased surface modification is gaining a great interest in the TE field. It is a
simple, versatile and suitable method to incorporate functional groups on
polymer surfaces without the use of solvents. A highly controlled treatment
can be performed by adjusting all the process parameters to specifically
modify polymer surfaces while avoiding the damaging of the scaffolds
[15,112,113]. Therefore plasma is very adequate to treat delicate structures
such as nanofibers. Moreover, the action of plasma treatments is limited in
depth to few nanometers below the surface thus not affecting the bulk
properties of the base material that conserves its mechanical stability
[41,74,114]. Plasma treatment has the potential to homogenously modify the
surface of complex shaped biomaterials which makes it even more attractive
for the functionalization of nanofibers [115,116]. In addition to its capacity to
incorporate functional groups onto polymer surfaces, plasma treatment is also
performed to deposit polymer coatings. These can be followed by the
immobilization of proteins or other bioactive molecules on the scaffolds [117121]. Plasma biofunctionalization can overcome the downsides of blending
biomolecules with the polymer solution prior to the electrospinning as well as
the limitations of the direct coating of such molecules on the nanofibers. In the
latter, a stable deposition is difficult to attain and biomolecules can aggregate
in the interfiber spaces masking the pores of the electrospun matrix which
hinders cellular in-growth and migration [104]. Furthermore, the
concentration of proteins on the scaffold surface was demonstrated to be an
important factor in regulating cellular activities. Shi et al. detected a correlation
between the concentration of fibronectin and the adhesion of NIH 3T3 cells on
nanofibers [122]. By plasma-treating the nanofibers, the density of the
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covalently immobilized biomolecules can be optimized since a highly specific
surface chemistry can be obtained. Figure 6 gives a schematic illustration
summarizing the surface modification techniques of nanofibers.
Acknowledging these numerous advantages, the following section will give a
more general description of different plasma surface functionalization
approaches, accompanied with an overview on how these approaches have
improved the performance of different types of polymeric biodegradable
nanofibers in several TE fields.
Table 1. Synthetic polymer/biomolecule solutions used for the electrospinning of
nanofibers used in various TE applications.

Synthetic
polymer

Bioactive agent

Solvent

fibrinogen

PCL

gelatin
collagen/elastin

HFP/Dulbecco's
modified eagle
medium (DMEM)

P(LLA-CL)

collagen type I

PCL

P(LLA-CL)

PLA

PLGA

P(LLA-CL)

collagen type I

gelatin

silk fibroin/collagen
collagen

PLLA

hydroxyapatite (HA)

PLLA

granulocytes colony-stimulating factor

PCL

laminin

PCL

PLLA
P(LLA-CL)

chitosan

HA
HA/collagen
gelatin
HA/gelatin

HFP
HFP

2,2,2-trifluoroethanol

Potential
application
nerve TE
skin TE

[103]

nerve TE

[126]

nerve TE

[101]

1,4-dioxane and
dichloromethane

bone TE

trifluoroacetic acid/
dichloromethane/H
FP

[124]

bone TE

vascular TE

HFP

[123]

cardiovascular TE [125]

HFP
HFP

Ref.

skin TE

[99]

[109]
[106]

dichloromethane

cardiac TE

[127]

HFP

nerve TE

[102]

HFP
HFP

bone TE
bone TE

[128]
[105]
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Figure 6. Surface modification techniques of electrospun nanofibers. (A: Plasma
activation or wet chemical treatments, B: Plasma or radiation surface graft
polymerization, C: Co-electrospinning) [129].
Copyright © 2009 with permission from Elsevier.
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6.7. PLASMA-ASSISTED SURFACE
FUNCTIONALIZATION OF NANOFIBERS
Plasma was designated as the fourth state of matter by Langmuir in 1928 as its
properties differ from gases, liquids and solids and a transfer to the plasma
state can be obtained by supplying energy to a gas [130]. Plasma is a partially
ionized but quasi-neutral gaseous mixture of ions, radicals, free electrons, UV
photons and neutral particles such as atoms and molecules [131]. Plasmas are
generally classified into 2 categories: equilibrium and non-equilibrium
plasmas. Heavy electrons, ions, neutrals and excited species have the same
temperature when plasma is in equilibrium. This category is referred to as
thermal or hot plasma since the particles have a temperature of 4000 K or
more, thus it cannot be employed to treat heat-sensitive biodegradable
polymers. In contrast, in non-equilibrium plasma a thermal inequilibrium is
obtained between heavy particles and the electrons when only the electrons
are accelerated by applying an electrical field. This gives rise to cold or nonthermal plasma which is used to modify the surface of polymers for TE
applications [41,132,133]. Several reactors have been built to generate plasma
such as corona, radiofrequency (RF) and microwave (MW) discharge reactors.
The description of these reactors falls outside the scope of this chapter but is
discussed in other chapters and review papers [132,134]. Initially, the
scientific community was focusing on low-pressure systems as they display
excellent plasma stability giving positive results in term of cellular adhesion,
growth and proliferation. An interest in atmospheric pressure systems is
progressively growing due to several advantages such as cost efficiency since
no vacuum equipment is required and reduced process time. Since the
feasibility of electrospinning biodegradable polymers was only demonstrated
in the 1990s, researchers were busy in exploring the process and it was until
2004 that plasma treatment of nanofibers began to be studied [36]. Nowadays,
the majority of studies involving plasma surface modification of electrospun
nanofibers is therefore still limited to low-pressure treatments mainly
involving 3 different approaches: plasma activation, polymerization and
grafting.

6.7.1. Plasma activation

When exposing a polymer to a plasma discharge, the reactive species will
induce several plasma-surface reactions enhancing the polymer surface
energy. Depending on the choice of the working gas, different functional
groups will be added directly or indirectly on the surface. For example, a
plasma generated in air, O2, N2 or NH3 will incorporate oxygen and/or
nitrogen-containing functionalities during the plasma exposure and can create
free radicals that could serve after the treatment for the grafting or crosslinking of oxygen groups on surfaces exposed to air. Argon and helium plasma
discharges will probably add oxygen-containing functionalities after the
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treatment in the same way [43,135,136]. The presence of these polar groups
on the polymer surfaces were found to increase the polymer wettability which
promotes focal adhesion formation, cellular spreading, growth and several
metabolic processes [137]. Changing the plasma process parameters such as
treatment time and power can be associated with a change in the
hydrophilicity degree of the polymer surface. This degree was shown to be one
of the major parameters influencing cellular activities. Webb et al. found that
the optimal water contact angle (WCA) for a good adhesion is between 20 and
40° [138]. However, another study revealed that a high level of cell attachment
and proliferation is obtained for a WCA of 55° [139]. This discrepancy in
literature suggests that every cellular type has a particular optimal wettability
on a specific type of polymer. Moreover the nature of the grafted groups can
have an influence on different cellular behaviors. For example, surface carboxyl
and hydroxyl groups were speculated to improve cellular attachment [140].
NH2 groups resulting from NH3 plasma treatment were proven to be more
effective in enhancing cellular growth than oxygen containing groups induced
by air and O2 plasma treatments [141,142]. The type and amount of functional
groups incorporated on nanofibers can be more or less custom-tailored by
adjusting the plasma conditions. However, because of the highly porous
structure of nanofibers, the surface wettability is more difficult to control.
Untreated nanofibers display a higher hydrophobicity compared to films made
up of the same biodegradable polymer because the pores of the nanofibers
increase air entrapment. Moreover, during the electrospinning, chemical
groups having lower binding energies can be enriched on the nanofiber surface
[143]. After plasma treatment, the incorporation of polar groups on nanofibers
causes a sudden increase in the surface wettability since polar liquids will then
rapidly penetrate in the porous mats [144]. Many authors experienced an
abrupt transfer from superhydrophobic to superhydrophilic nanofibers having
a WCA of 0° after plasma treatment [12,145,146]. It is worth mentioning that
the plasma activation effect is not permanent over time, a partial hydrophobic
recovery occurs by the reorientation of the incorporated groups towards the
material bulk and by post-plasma reactions between the modified surfaces and
some atmospheric minorities [147,148]. Interestingly, our research group has
recently discovered that this hydrophobic recovery is less pronounced for PCL
nanofibers compared to PCL films. Moreover, no surface modifications of
plasma-treated PLLA nanofibers were detected by Dolci et al. at different
ageing times after the treatment (Figure 7) [144]. This is presumably due to
the fact that the electrospun network is not very exposed to the ambient air
since each nanofiber is protected by the neighboring nanofibers.
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Figure 7. A: Water contact angle behavior of electrospun PLLA fibers soon after air
atmospheric plasma treatment (black circles: untreated, White circles: plasma-treated). B: Evolution of the water drop profile. C: Percentage of the water uptake at
different ageing times after the treatment [144].
Copyright © 2014 with permission from Wiley.
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6.7.2. Plasma-activated nanofibers in TE applications
6.7.2.1. PCL fibers
As PCL is the most widely electrospun biodegradable polymer, it is the
material of choice in the majority of studies involving a plasma surface
modification of electrospun fibers. To the best of our knowledge, Fujihara et al.
(2004) were one of the first groups to modify electrospun nanofibers making
use of plasma technology. Membranes for guided bone regeneration were
fabricated by electrospinning a first layer of PCL nanofibers followed by a
composite layer of CaCO3/PCL nanofibers on the surface. The PCL nanofibrous
membrane having a high tensile strength served as a mechanical support layer.
The second layer was spun after dissolving CaCO3 nanoparticles in the PCL
solution to serve as a functional layer since CaCO3 is known to be a good bone
filling material enhancing the osteoconductivity. The fabricated membrane was
then subjected to an RF plasma treatment operating in air at low pressure. The
treatment remarkably modified the nanofiber wettability as the WCA
decreased from 139° to 0°. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay
and
scanning electron microscope (SEM) study revealed good attachment and
proliferation of osteoblasts on the treated surfaces thus highlighting the
potential of using such membranes in enhancing bone regeneration. No cell
tests were performed on untreated nanofibers thus making from the efficiency
of plasma treatment a questionable issue [145]. Several studies followed to
confirm the plasma efficiency in the development of PCL nanofibers offering
promises in bone TE applications. Four years after the research conducted by
Fujihara et al., Venugopal et al. spun PCL and PCL/HA nanofibers and also
subjected them to an RF air plasma treatment at low pressure. A complete
adsorption of water drops was also observed on PCL and PCL/HA nanofiber
meshes that were having WCA of around 131° and 125° respectively before the
treatment. The proliferation of human fetal osteoblasts on plasma-treated
scaffolds was significantly higher than on the untreated fibers as shown by
MTS assay. Alizarin red staining was performed to detect and quantify calcium
mineralization and showed a limited mineralization on PCL fibers compared to
PCL/HA fibers with the highest staining intensity on plasma-treated PCL/HA
fibers. Therefore the synchronic effect of HA and plasma treatment was shown
to be a promising tool for bone regeneration [149]. Proper surface analysis not
only limited to WCA measurements but giving precise qualitative and
quantitative ideas about the surface chemistry was found essential to deeply
understand the mechanisms by which plasma treatment of nanofibers
enhances bone regeneration. Therefore, researchers began to chemically
characterize PCL surfaces making use of X-ray photoelectron spectroscopy
(XPS) and Fourrier transform infrared spectroscopy (FTIR). Yan et al.
published two papers on PCL nanofibers exposed to low-pressure RF plasma to
study the behavior of mouse osteoblast cells (MC3T3-E1) when cultured on
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such scaffolds. In the first paper random and aligned fibers were subjected to
NH3 + O2 plasma whereas in the second paper only random fibers were
subjected to plasma generated in 3 different working gas atmospheres: N2 + H2,
NH3 + O2 and Ar + O2. In all cases, the WCA decreased from around 135° to 0°.
Since water rapidly penetrates in the treated nanofibrous matrix, the change of
the surface hydrophilicity in function of the plasma treatment time could not
be monitored. Therefore, glycerol which is a very viscous polar liquid was used
and showed a gradual decrease in the CA with the increase of the plasma
exposure times. As a result of the increased wettability, the mechanical
properties of the nanofibers such as tensile strength and Young modulus
slightly changed after plasma treatment. XPS measurements showed an
increase in the surface oxygen that was incorporated in form of C−O and C=O
groups after the treatment. Moreover an incorporation of N-containing
functionalities was detected after N2 + H2 and NH3 + O2 plasma treatments. An
amine titration test demonstrated that amine groups were only present on the
N2 + H2 plasma-treated fibers. These incorporated functional groups enhanced
cellular adhesion, proliferation and growth as showed by MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and ESEM
study. When cultured on the aligned fibers, MC3T3-E1 cells followed the fiber
orientation by growing and spreading parallel to the fibers [12,140]. In 2014,
Sankar et al. electrospun nano-, micro- and multiscale PCL fibrous scaffolds,
subjected them to argon and nitrogen plasma treatment under vacuum and
studied their osteoconductivity. A gradual decrease in the WCA was observed
when increasing the treatment power with a significant WCA reduction for the
nanofiber-containing mats. XPS and FTIR measurements confirmed the surface
functionalization of the fibers. Argon plasma treatment incorporated OH, C=O
and C−O groups on the fiber surface while nitrogen incorporated OH and NH
groups. An enhanced adhesion, spreading, and proliferation of human
mesenchymal stem cells (hMSCs) was detected on plasma-treated fibers with a
remarkable adhesion improvement on nanofibers. The differentiation of
hMSCs towards osteogenic lineage was evaluated by quantifying the alkaline
phosphatase (ALP) activity. An enhanced differentiation was identified on
plasma-treated fibers and was further confirmed by the mineralization
(alizarin red staining) of the treated scaffolds, revealing the maturation of the
differentiated osteoblasts [150]. In a recent study conducted by Jeon et al.
plasma technology was used to generate nanosized patterns on electrospun
PCL microfibers and to subsequently study the behavior of osteoblast-like-cells
(MG63). A modified plasma reactor containing porous (100 nm and 800 nm)
templates and operating in oxygen at low-pressure was fabricated for this
purpose. No chemical surface analysis was performed since the goal of this
novel plasma technique is mainly to physically alter the surface. SEM analysis
showed that increasing the plasma exposure time or power is accompanied
with the formation on nanopatterns on the fibers probably due to a plasma
etching. As a result a slightly lower Young’s modulus was detected.
Nanopatterned fibers considerably enhanced cellular attachment and
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proliferation compared to untreated and conventionally plasma-treated fibers,
thus making from this new plasma treatment a promising tool for bone and
various TE applications [151]. In addition to the bone TE field, plasma-treated
PCL fibers were also employed in several other applications such as nerve,
cardiac, vascular, skin, hair and ocular TE. Low pressure RF systems were
mainly employed to generate plasma in these applications. Sharma et al. were
one of the rare groups to use atmospheric pressure plasma to enhance the
bioactivity of PCL fibers used to reconstruct ocular surface. Similar surface
analysis techniques and cell tests were performed in most of the studies. De
Valence et al. went into more advanced in vivo tests by implanting plasma-activated electropun PCL scaffolds as a vascular graft (Figure 8). The
corresponding studies are summarized in Table 2.
Table 2. Overview of literature on plasma activation on PCL electrospun fibers not
discussed in the text
Author

Year

Prabhakaran
et al. [34]

2008

Martins et al.
[87]

2009

Jahani et al.
[152]

2012

De et al.
[153]

2013
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Reactor
and gas

Physico-chemical
properties

Cell type

RF low
– enhanced
pressure
wettability
air
– incorporation of Ocontaining groups
– decreased tensile
strength
– unmodified
elongation at break

Schwann cells
(RT4-D6P2T)

RF low
– enhanced
pressure
wettability
O2
– reduced mechanical
strength

mesenchymal
stem cells

RF low
– enhanced
– mouse
pressure
wettability
fibroblasts
O2 or Ar – incorporation of C–
(L929)
O, C=O and O–C–O – human primary
groups
osteosarcoma
cells (Saos-2)
– mouse
chondrocyte
teratocarcinoma
cells (ATDC5)

RF low
pressure
O2

– enhanced
primary porcine
wettability
smooth muscle
cells
– unchanged
mechanical strength
and elasticity

Bioresponsive
properties

– better attachment
and proliferation
– expression of
bipolar elongations

better viability,
adhesion and
proliferation

better proliferation
– elongated cell
morphology
– in vivo
implantation:
better
cellularization and
more dense and
extended cellular
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Table 2. (continued)

Author

Year

Reactor
and gas

Abbasi et al.
[154]

2014

RF low
pressure
O2

Sharma et al.
[155]

2014 atmosphe
– enhanced
– human corneal
ric
wettability
epithelial cells
pressure
– unchanged
– limbal
He/O2 mechanical strength epithelial cells
– enhanced
transparency

Pappa et al.
[156]

2015

Recek et al.
[157]

2016

Yari et al.
[70]

2016

Physico-chemical
properties

Cell type

infiltrate in the
scaffold

– enhanced
mouse
better proliferation
wettability
embryonic stem
cells
– decreased
mechanical strength
and elongation at
break

40 kHz
– enhanced
mouse
low
wettability
fibroblasts L929
pressure – incorporation of
O2
C–O and C=O groups
– modified roughness
– unchanged
mechanical
properties

RF low
– incorporation of: human umbilical
pressure C–O, C=O, O=C–O, C–S endothelial cells
O2 or NH3 (SO2 plasma), C–N
and O=C–N (NH3
or SO2
plasma) groups
low
pressure
O2

Bioresponsive
properties

_

– better cell
adhesion and
proliferation
– cell morphology
showing abundant
microvilli
– retained cell
phenotype showed
by gene expression
enhanced viability,
adhesion and
proliferation

– enhanced
adhesion and
proliferation (O2
and NH3 plasmas)
– elongated cell
morphology

rat nestingood adhesion and
positive hair
proliferation
follicle stem cells
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Figure 8. Vascular implantation of untreated and plasma-treated electrospun PCL
grafts. Improvement of the cellular invasion in the plasma-treated graft wall (B)
compared to the untreated graft (A). Significant improvement of the densely
cellularized area (C) and the number of capillaries (D) in the graft wall after plasma
treatment [153]. Copyright © 2013 with permission from Elsevier.

Two very recent studies integrating novel biomimetic scaffolds with
atmospheric plasma activation showed interesting results in stimulating tissue
regeneration. Zhu et al. developed a PCL electrospun mat on which PLGA
microspheres containing TGF-β1 and bovine serum albumin were distributed
to induce chondrogenesis. The scaffolds were then subjected to an atmospheric
He plasma that decreased their WCA by 61 % leading to an enhanced
proliferation of primary mesenchymal stem cells (MSCs) (Figure 9). An
improved cell infiltration capacity on the treated scaffolds was detected by
immunofluorescence microscopy. Moreover, after maintaining the seeded
scaffolds in a chondrogenic media, significantly enhanced GAG production and
collagen synthesis were detected on the plasma-treated samples compared to
the untreated samples thus revealing the differentiation of MSCs into a
chondrogenic lineage [15]. Another biomimetic electrospun scaffold involving
the layer-by-layer approach was fabricated by Surucu et al. for L929 fibroblast
cultivation. Three layers were successively electrospun on top of each other:
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PCL/Chitosan/PCL. A plasma treatment was applied by using a DBD operating
in Ar + N2 or Ar + O2 at atmospheric pressure. Ar + N2 plasma was unable to
significantly enhance the wettability of the fibers, thus Ar + O2 atmosphere was
used for subsequent experiments. A combination of O-group incorporation and
nanoroughness change resulted in an improved cellular performance in terms
of adhesion, viability and proliferation [158].

Figure 9. Schematic illustration of embedding PLGA microspheres on PCL electrospun
fibers and cold atmospheric plasma (CAP) modification for cartilage TE (Open access).
[15]

6.7.2.2. PLLA fibers
After PCL, the second most plasma-activated electrospun scaffolds for TE
applications are PLLA nanofibers. One of the first attempts conducted by
Corey et al. and aiming to improve the behavior of neurons cultured on
plasma-treated PLLA fibers was unsuccessful. Air plasma treatment worsened
the survival of primary motor neurons when seeded at low densities on PLLA
fibers despite that it decreased the mat’s WCA from 63° to 32°. Since this
undesirable effect was not observed on untreated scaffolds, one can conclude
that plasma treatment negatively altered the fiber chemistry and/or
morphology which reduced cellular viability. Therefore, plasma process
parameters should be selected more carefully based on a detailed chemical and
physical surface analysis characterizing what changes are occurring and to
what extent, which was absent in this study [137]. The subsequent studies
involving a plasma activation of PLLA fibers presented very promising results
in enhancing tissue regeneration. Low pressure RF systems were used to
create plasma discharges in different working gas atmospheres: O2, Ar and Ar221
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NH3/H2. The hydrophobic PLLA fibers having WCA values above 115° were
switched to superhydrophilic fibers with WCA values depending on the
working conditions (used gas, treatment time and power). XPS measurements
revealed an incorporation of O-containing groups (C−O, C=O and O−C=O) for
all plasma treatments with an additional incorporation of N-containing groups
on the fibers treated by Ar-NH3/H2 plasma. In this last case, trifluoromethyl
benzaldehyde (TFBA) derivatization particularly demonstrated the
incorporation of NH2 groups. As a result of these surface modifications,
Liu et al. detected an improved adhesion of porcine mesenchymal stem cells on
O2 plasma-treated fibers while Correia et al. showed a good metabolic activity
of MC3T3-E1 cells when cultured on Ar or O2 plasma-treated fibers [159,160].
Cheng et al. demonstrated that argon plasma treatment is very efficient in
improving the proliferation of bovine aorta endothelial cells (BAECs) and
bovine smooth muscles cells (BSMCs) while Ar-NH3/H2 plasma treatment is
more efficient in enhancing their spreading on PLLA fibers. The visualization of
the scaffold cross sections by fluorescent microscopy after DAPI staining
revealed that both plasma treatments are efficient in improving BAEC
infiltration into the scaffolds. In vivo subcutaneous implantation of PLLA
scaffolds under rat skin also enhanced the cellular infiltration when plasmatreated [161]. Atmospheric pressure plasma was also employed to activate
PLLA fibers and similar surface analysis techniques and cell tests were
conducted. Liu et al. increased the amino group content and thus enhanced the
wettability of PLLA fibers by placing them in a plasma cleaner and treating
them for different plasma exposure times. In addition to cell proliferation tests,
showing a greater performance of bone marrow stem cells on plasma-treated
fibers, quantitative reverse transcription–polymerase chain reaction (qRTPCR) analysis was performed to assess the expression of osteogenic-specific
genes. The treated nanofibers promoted high levels of osteogenic gene
expression accompanied with an excessive ALP activity thus revealing the
differentiation of the cells towards an osteogenic lineage. Therefore plasmatreated PLLA nanofibers are promising candidates for bone regeneration
[162]. Dolci et al. plasma-treated PLLA nanofibers using a linear corona
discharge system operating in air at atmospheric pressure. A significantly
greater wettability is attained (WCA: 120°−20°) correlating with the detected
incorporation of COOH groups. In order to assess the amount of COOH
incorporated on the fibers, a chemical derivatization and conjugation with
fluorescein isothiocyanate (FITC) is performed followed by a measurement of
the fluorescence intensity. When cultured on plasma-treated fibers, mouse
embryonic fibroblasts exhibited a dendritic-like and more elongated
morphology compared to cells grown on untreated fibers [144].
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6.7.2.3. PLGA fibers
Despite the excessive use of electrospun PLGA nanofibers in a wide range of TE
applications, the modification of their surface by plasma treatment is still
overlooked in literature. Park et al. are one of the rare groups, if not the only
one, that considered studying the plasma activation of PLGA fibers. They
published 3 papers in which a Miniplasma-station® operating in O2 and NH3 at
low pressure was used to activate PLGA nanofibers. The first paper was
restricted to a physico-chemical surface analysis. A loss of the nanofibrous
structure was observed after an exposure to O2 plasma for 180 s. However the
fibers retained their morphology and dimension when exposed to NH3 plasma.
An enhanced wettability was detected by the decrease of the WCA from 139° to
112° and 47° after O2 and NH3 plasma treatment respectively. The WCA results
correlate with the XPS measurements that revealed a slight increase in the O/C
ratio after O2 plasma exposure and a significant increase in the N/C ratio after
NH3 plasma treatment [163]. In the second paper, in addition to a more
detailed surface analysis, the authors investigated the degradation of the fibers
in vitro as well as their bioresponsive properties using mouse NIH 3T3
fibroblasts. When incubated in phosphate buffered saline solution for 2 weeks,
plasma-treated fibers showed a much faster degradation than untreated fibers.
A well-controlled degradation rate is critical in TE and should be therefore
reconsidered after plasma treatment. An enhanced cell adhesion and
proliferation were detected after the surface activation especially on the NH3
plasma-treated samples [116]. Based on the obtained results, in the third
study, the fibers were only treated with NH3 plasma and the expression of Bcl2 and heat shock protein (HSP) in the cultured fibroblasts was assessed by RTPCR as a function of N-density and wettability. It is well known that HSP genes
are expressed when cells are subjected to various types of stress while Bcl-2
expression is reduced when a stress apoptotic pathway occurs. A prominent
expression of HSP was detected on untreated and plasma-treated fibers having
the lowest WCA with almost no expression of Bcl-2 genes. Inversed gene
expression levels was perceived on fibers having a WCA around 51 °.
Therefore, a moderate hydrophilicity is favorable for the cells as it suppressed
the cellular stress which was in accordance with an enhanced cell viability as
shown by a dead/live staining assay [164].

6.7.3. Plasma polymerization and grafting

A thin polymeric film-forming approach involving a plasma exposure refers to
as plasma polymerization and is chemically different from the conventional
wet-chemical polymerization. The former can be defined as a radical
polymerization in which propagating reactions between monomers and a
polymeric substrate are initiated by radical species at the polymer surface
while the latter is known as an ionic polymerization involving chemical
reactions generated by ionic species [165]. During plasma polymerization,
liquid or gaseous monomers are exposed to the reactive plasma and are
223

Chapter 6

therefore converted into reactive components that recombine to the substrate
initiation sites also induced by the plasma exposure. As a consequence, an
amorphous highly branched and cross-linked nm-thick polymer film is
deposited on the substrate. Plasma polymers are generally characterized by a
high stability and density, a great adhesion to a variety of substrates, a
chemical inertia, a mechanical toughness and a pinhole-free structure [41,43].
All these characteristics are extensively influenced by a set of parameters used
during the plasma process [33]. Although extensively used in TE applications,
this solvent-free deposition technique is mainly limited to non-electrospun
scaffolds since optimizing all the plasma parameters in order to
simultaneously obtain a stable coating while preserving the delicate structure
of nanofibers remains a major challenge. Few authors succeeded to attain this
goal and highlighted the importance of this promising technique in enhancing
the performance of specific cell types when cultured on nanofibers
[74,166,167].
Plasma grafting is a two-phase technique of which the first phase requires a
plasma exposure while the second phase involving a direct contact with a
(macro)monomer occurs post-plasma irradiation. The plasma treatment
introduces, as described above, reactive groups on the polymer surface serving
afterwards as initiation sites for direct radical vinyl polymerization or for
covalent immobilization of biomolecules which involves a wet-chemical step.
The resulting coating is characterized by a high stability and functional
specificity [33,43,135]. The synchronic effect of electrospinning and plasma
grafting was recently associated with several advances in the TE field. This was
illustrated by the significant enhancement of several cellular activities when
plasma grafts biomolecules such as ECM components and growth factors on
nanofibers [13,71]. Both plasma grafting and plasma polymerization
techniques are considered superior to the plasma activation in terms of ageing
effect.

6.7.4. Plasma polymerization and grafting applied
on nanofibers in TE applications
6.7.4.1. PCL fibers
In addition to the simple plasma activation, plasma grafting of bioactive
molecules on electrospun PCL fibers was studied and showed great
achievements in different TE fields. Vascular TE was one of the first fields in
which plasma grafting applied on PCL fibers was investigated. Electrospun
biodegradable polymers were being used to fabricate tubes that can be
implanted in the body as vascular substitutes. Seeding endothelial cells (ECs)
onto the tubes can help to prevent intimal hyperplasia after implantation since
these cells release factors that control fibrinolysis and thrombogenesis
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[168,169]. However ECs are often detached from the graft surface when
exposed to blood circulation. Grafting ECM proteins on the material surface
was shown to favor the cell attachment. Therefore, in 2005, Ma et al. subjected
PCL nanofibers to an RF air plasma in order to introduce COOH groups onto
their surface for subsequent grafting of gelatin. Toluidine blue O, a dye that can
specifically combine with carboxyl groups, was used and showed that
increasing the plasma exposure time and the electrospun mat thickness is
associated with an increase in the COOH density. Water-soluble carboiimide
was employed to activate COOH groups which served as binding sites for
gelatin. Human coronary artery endothelial cells (HCAECs) kept a rounded
morphology when cultured on untreated fibers, while they became totally
spread with the formation of pseudopods on gelatin-grafted fibers. Moreover,
MTS assay showed an enhanced proliferation on the treated fibers and
immunostaining assay revealed that the proliferating cells retained their
phenotype as they expressed 3 characteristics markers: vascular cell adhesion
molecule 1, intercellular adhesion molecule 1 and platelet-endothelial cell
adhesion molecule 1. Therefore gelatin plasma-grafted PCL fibers are
promising candidates in blood vessel TE [120]. In the same year, this research
group thought of testing of efficiency of collagen coating in the
endothelialization of electrospun nanofibers. In order to control the
degradation rate of the nanofibers, PCL was replaced by the copolymer P(LLACL). After subjecting the fibers to an almost similar plasma treatment, the
fibers were immersed in a collagen solution then dried. XPS and BCA protein
assay confirmed the immobilization of a good amount of collagen on the fibers
and rhodamine staining showed an excellent distribution throughout the
scaffold. Similar cell tests were performed and showed more or less the same
positive results which also highlights the potential of collagen plasma-grafted
fibers to serve as vascular grafts [170]. In 2014, Guex et al. conducted 2 studies
in which PCL fibers were coated with a CHO-type layer rich with ester bonds
using an RF plasma process (C2H4/CO2/Ar). In the first study, vascular
endothelial growth factors (VEGF) were immobilized on the plasma-coated
fibers to study the behavior of primary and immortalized human umbilical vein
endothelial cells (HUVECs). EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide) based coupling chemistry was adopted
to convert the incorporated COOH groups into amine reactive ester groups
used to covalently couple VEGF by creating amide bonds. An additional linker
molecule was added to this functionalization route in order to diminish the
steric hindrance during protein immobilization. The biological integrity of
VEGF was maintained after the grafting as shown by immunohistochemistry
assay using anti-VEGF antibodies. The functionalized fibers induced a higher
number of primary and immortalized cells, 9 days after culturing, compared to
untreated fibers. Thus, these growth factor-loaded nanofibers can also provide
successful scaffolds for vascular TE [119]. In the second study, the CHO-coated
PCL fibers were used to repair damaged myocardium. Bone-marrow-derived
mesenchymal stem cells were seeded on the scaffolds that were subsequently
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implanted into a rat model of chronic myocardial infraction. Echocardiograms
and histological evaluation of the implanted scaffolds revealed a steadied
cardiac function associated with a diminished dilatation in case of the plasmacoated scaffolds. Moreover, a significant decrease in the ejection fraction and
the fractional shortening was observed 4 weeks after implantation in the group
implanted with the plasma-coated scaffolds compared to the control group
[112]. These results demonstrate that optimized PCL electrospinning
associated with plasma grafting and polymerization can allow translational
research in the cardiovascular field.

Bone TE also experienced some advances when adopting plasma grafting and
polymerization to functionalize PCL fibers serving as bone grafts. For instance,
Yang et al. subjected PCL fibers to an RF plasma treatment using a plasma
cleaner operating in argon at low pressure. Then the plasma-treated fibers
were immersed in a simulated body fluid (SBF) for immobilization of CaP. After
2 h of immersion, a coating composed of nanoapatite and dicalcium phosphate
apatite was found to cover the fibers with the preservation of the porous
structure. A continuous immersion in SBF for a week transformed the coating
into pure calcium with nanocrystallinity closely comparable to the biological
apatite. The obtained scaffold is expected to serve as a successful cell carrier
promoting bone regeneration [171]. Recently, Ko et al. investigated the plasma
deposition of acid rich coating on PCL nanofibers and the performance of preosteoblasts MC3T3-E1 when seeded on such fibers. An argon low pressure RF
plasma was applied followed by a plasma polymerization phase using acrylic
acid as precursor. XPS measurements showed an increase in the O/C ratio from
0.30 to 0.34, accompanied with an enhanced wettability. MTT assay revealed
an improved cell proliferation on the plasma-coated fibers with a greater
alkaline phosphatase activity suggesting a successful differentiation towards
osteoblastic lineage [166].
In addition to the cardiovascular and bone TE, the potential of plasma-coated
PCL fibers in improving nerve regeneration was also explored. Zander et al.
published 2 papers in which neurite outgrowth on PCL fibers was studied. In
the first paper, collagen and laminin were used to functionalize the fibers by
physical adsorption or covalent attachment chemistries. Prior to the covalent
attachment, fibers were subjected to air RF plasma treatment at low pressure
to introduce carboxylic groups onto the fiber surface. EDC/NHS based coupling
chemistry was then adopted to graft collagen and laminin on the fibers.
Concerning the physical adsorption, the fibers were directly incubated in
laminin and collagen solutions. After seeding PC12 neuron-like cells on the
fibers, neurite outgrowth was visualized by confocal microscopy after actin
staining. Cells grown on the modified fibers exhibited significantly longer
neurites than the cells cultured on untreated fibers. Among the proteinmodified scaffolds, shorter neurites are observed on the collagen plasmacoated fibers. This is suggestive of an altered collagen conformation after
covalent attachment or low protein content on the fibers. The bioavailability of
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the laminin-coated fibers was tested by an immunofluorescence assay using
anti-laminin antibodies and no difference was observed between the physically
adsorbed and the covalently attached laminin. The covalent chemistry did not
alter the laminin conformation or reduce its activity which makes from the
plasma-coating of laminin a suitable method for enhancing nerve regeneration
[29]. Therefore, in their second paper, the authors plasma-coated PCL fibers
with laminin and studied the effect of the incorporated protein amount on the
neurite outgrowth. The protein concentration was assessed by several
methods (XPS, UV spectroscopy and fluorescence-based assays) and longer
neurites were observed on fibers containing higher concentrations of laminin
[172].

Some authors studied the bioresponsive properties of plasma-coated PCL
fibers and demonstrated their efficiency in tissue regeneration without being
limited to a TE field in particular. Jia et al. immobilized soluble eggshell
membrane proteins (SEP) on PCL fibers by treating them with low pressure RF
argon plasma and immersing them in SEP solution. They expected a great
potential of these fibers in TE applications since the eggshell membrane is to
some extend very similar to the ECM. It contains several proteins such as
collagen type I, V and X that play an important role in the development of the
embryo and the mineralization of the eggshell. Human dermal fibroblasts were
seeded on the SEP-coated fibers. MTT assay, SEM and confocal microscopy
revealed a significant improvement in cellular attachment, spreading and
proliferation which confirmed the hypothesis of the authors (Figure 10) [173].
Safaeijavan et al. studied the behavior of fibroblasts on gelatin plasma-coated
PCL fibers. The fibers were subjected to an oxygen plasma treatment using a
low frequency (40 kHz) plasma generator operating at low pressure then a
covalent immobilization of gelatin was performed by carbodiimide wet
chemistry. MTT assay showed an enhanced cellular viability and proliferation
on the treated fibers [174]. Very recently, Cohn et al. adopted a new strategy to
functionalize electrospun PCL fibers. First, an air plasma treatment at low
pressure was applied then the plasma-treated fibers were immersed in a
solution containing cholesteryl succinyl silane (CSS). CSS vesicles were
therefore immobilized on the fibers then ruptured and fused into a lipid
bilayer. CSS immobilization on the plasma-treated fibers was confirmed by a
fluorescent probe for lipid bilayers and by Raman spectroscopy. Then antiCD20 were immobilized on the CSS to biologically functionalize the fibers with
a high cell specificity. After seeding Granta-22 B lymphoma cells, anti-CD20
functionalized fibers were shown to capture the cells 2.4 times more than the
untreated fibers. Important TE applications may thus be improved by this
lipid-mediated protein functionalization of nanofibers [108].
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Figure 10. Morphology of cytoskeleton and nuclei of fibroblasts cultured on (a, d)
untreated PCL nanofibers, (b, e) SEP plasma-modified PCL nanofibers, and (c, f) glass
coverslips after 3 days. F-actin microfilaments are visualized by phalloidin-FITC
(green). Cell nuclei are visualized by Hoechst 33258 (blue). The fibers are visualized by
auto-fluorescence [173]. Copyright © 2007 with permission from Wiley.

6.7.4.2. PLLA fibers
Several plasma polymerization and grafting strategies were also applied on
electrospun PLLA nanofibrous scaffolds in order to be effectively used in bone,
blood vessel, liver, cartilage, nerve and other TE applications. Park et al. were
one of the first groups to investigate plasma polymerization of acrylic acid on
nanofibers. In 2 papers, published in 2006 and 2007, they subjected PLLA
fibers to a simultaneous low pressure oxygen plasma treatment and in situ
acrylic acid polymerization for 30 s using an RF glow discharge device. In the
first paper PLLA films were also tested while in the second study PGA and
PLGA fibers were explored. In all cases, no significant morphological or
mechanical (tensile strength and elongation-at-break) difference was
perceived after the treatment. A decreased WCA associated with an
incorporation of O-containing functionalities such as COOH were detected on
the fibers by performing ESCA measurements and toluidine blue O assay. MTT
assay showed an enhanced proliferation of NIH 3T3 fibroblasts when cultured
on the acrylic acid-grafted scaffolds for 6 days [74,167].

In 2008, Koh et al. conducted a comparative study about neuron viability and
outgrowth on PLLA fibers functionalized with laminin by means of three
different methods. In the first 2 methods, the fibers were subjected to an RF
plasma treatment using a plasma cleaner operating in air. Afterwards, a
covalent binding of laminin was performed on some of the plasma-treated
fibers based on the EDC/NHS coupling chemistry, while a physical adsorption
of laminin was done on the other plasma-treated fibers by simply immersing
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them in a laminin solution. In the third method, laminin was blended with the
PLLA solution prior to the electrospinning. MTS assay showed that lamininPLLA nanofibers supported better neuron-like PC12 cell viability compared to
untreated fibers. Moreover, laminin was able to promote axonal extensions as
revealed by immunohistochemistry assay with extensive neurite outgrowth
particularly on the blended laminin-PLLA fibers containing more laminin. This
suggests that the high voltage of the electrospinning and the solvent (HFP) did
not adversely affect the laminin bioactivity. Therefore, plasma
functionalization was in this case less efficient than the blending method in
enhancing nerve regeneration [30]. Recently, unsatisfying neurite outgrowth
results were also obtained by Schaub et al. when applying a plasma grafting of
different molecules on electrospun PLLA fibers. An RF oxygen plasma
treatment was carried out on the PLLA fibers that were subsequently modified
by EDC/NHS to covalently bind diethylnetriamine (DTA) for amine
functionalization,
2-(2-aminoethoxy)ethanol
(AEO)
for
alcohol
functionalization or GRGDS sequences as bioactive ligands interacting with
integrins. Unexpectedly, the untreated fibers exhibited the best neurite
outgrowth after culturing chick dorsal root ganglia. The longest neurites were
detected on untreated fibers followed by fibers containing GRGDS. Shorter
neurites were observed on plasma-treated fibers and on fibers functionalized
with DTA and significantly short neurites were detected on fibers grafted with
AEO. These results suggest that neurite extension needs a very specific surface
functionalization using adequate bioactive ligands rather than a randomly
increased hydrophilicity [175]. When it comes to bone, liver, cartilage and
blood vessel TE, several studies have recently shown that combining PLLA
electrospinning with plasma surface grafting of biomolecules was rather very
promising. These studies and their general results will be summarized in
Table 3.
Table 3. Overview of literature on plasma grafting on electrospun PLLA fibers not
discussed within the text

Author

Year Reactor and Precursor
gas

Cell type

Effect

Paletta et al. 2010
RF low
cyclic RGD
human
– no enhanced
[176]
pressure O2 grafted mesenchymal proliferation and cell
(EDC/NHS
stem cells
density because of
coupling
limited RGD densities
chemistry)
– differentiation
towards osteoblastic
lineage

Potential
application
bone TE

Seyedjafari 2010 MW low nanohydrox unrestricted – enhanced attachment, bone TE
et al. [104]
pressure O2 yapatite somatic stem
spreading and
cells
proliferation
grafted
– efficient
differentiation towards
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Author

Chen et al.
[26]

Table 3. (continued)

Year Reactor and Precursor
gas

2011

2013

Cheng et al. 2014
[14]
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Effect

osteogenic lineage:
high ALP activity,
biomineralization and
expression of bone-related genes
– in vivo subcutaneous
implantation:
ossification and
formation of trabeculi

DC pulsed cationized
rabbit
– enhanced viability,
system low
gelatin
articular
proliferation and
pressure O2 grafted chondrocytes
differentiation :
(EDC
improved collagen and
coupling
glycosaminoglycan
chemistry)
secretion and
expression of
chondrocyte markers
– in vivo subcutaneous
implantation:
Formation of ectopic
cartilaginous tissue

Ghaedi et al. 2012 MW low
[177]
pressure O2

Seo et al.
[178]

Cell type

collagen human bone- efficient differentiation
grafted
-marrow
into hepatocyte
(EDC/NHS
derived
lineage: high
coupling mesenchymal expression of liverchemistry) stem cells -specific markers such
as α-fetoprotein,
albumin and
cytokeratins 8

DC
fibronectin
atmospheric adsorption
pressure He

_

deep penetration of the
fibronectin in the
nanofibrous matrix

Potential
application

cartilage
TE

liver TE

TE

RF low
heparin
bovine aorta
enhanced cellular
blood
pressure
grafted
endothelial infiltration through the vessel TE
Ar-NH3/H2 (EDC/NHS
cells
nanofibrous scaffold
coupling
chemistry)
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6.7.4.3. PLGA fibers
Plasma polymerization and grafting strategies were rarely applied on
electrospun PLGA scaffolds despite the promising results obtained when
plasma functionalizing PLLA and PCL fibers. In 2010, Park et al. indirectly used
plasma to graft PLGA fibers on polyurethane (PU) films. This was done by
electrospinning PLGA fibers on PU films previously subjected to an
atmospheric pressure MW plasma treatment operating in argon. The whole
PU/PLGA scaffolds were then again plasma-treated to crosslink the PLGA
fibers. After culturing human umbilical vein endothelial on the scaffold, MTT
assay revealed a better adhesion and proliferation on PU/PLGA compared to
PU scaffolds thus highlighting the importance of the grafted fibers. Moreover, a
significantly enhanced adhesion was particularly detected on the plasmatreated PU/PLGA scaffolds thus highlighting the importance of the plasma.
Therefore, such scaffolds can be considered, after in-depth studies, for their
use as vascular grafts [179]. In 2012, Meade et al. plasma functionalized PLGA
fibers to afford biological and topographical cues to regulate plurilpotent stem
cells (PSCs) fate. Therefore, in a first step allylamine was plasma-polymerized
on the fiber by using a low pressure RF plasma generator. Then the fibers were
incubated in heparan sulfate (HS) solutions. The allylamine coating was found
to immmobilize HS on the fibers with a retained ligand binding capacity. HS is a
GAG that modulates the activity of wide-ranging growth factors and cytokines
thus particularly controlling various signaling pathways directing PSCs
behavior. HS-deficient mouse embryonic stem cells seeded on the treated
fibers were successfully differentiated into neuronal lineage when adding the
fibroblast growth factor 4 (FGF4) suggesting that the growth factor is activated
by the immobilized HS on the fibers [180].

6.8. CONCLUSION
In this chapter, a quite extensive overview has been given on the literature
involving a joint use of electrospinning and non-thermal plasma surface
modification technologies for TE applications. In the past decade,
electrospinning of synthetic biodegradable nanofibers has experienced a steep
continuous rise due to their structural resemblance to the ECM. In parallel,
plasma surface engineering techniques were been widely investigated to
functionalize these nanofibers thus also mimicking the biological role of the
ECM. Plasma activation, polymerization and grafting of bioactive molecules
applied on electrospun scaffolds have shown great improvement in supporting
various cell types that attached, proliferated, migrated and differentiated more
efficiently compared to the untreated scaffolds. These results revealed that
plasma is a powerful tool in enhancing bone, nerve, blood vessel, liver,
cartilage and other tissue regeneration and should be therefore adopted by
every tissue engineer. In the next few years, more attention should be given
231
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concerning the effects of the surface modification on the molecular processes
induced in different cell types such as gene expression analysis. This will give
more insights on how to specifically optimize the plasma process parameters
for each cell type or tissue to be regenerated. Moreover, a translation from
in vitro tests to in vivo tests should be more considered to pave the ways for the
use of patient-customized electrospun scaffolds in humans suffering from
tissue loss or failure.
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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 nontoxic 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, Tlymphocytes, 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 nonremovable 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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Material

Porcelaines
Amalgams

Acrylic resins
Composite resins

Inorganic fillers

Fluoroapatites

Glass ionomers

Table 1. Restorative materials

Description

Uses

Ceramic
Fillings,
elements that crowns,
are bonded into inlays
place

Appearance
Tooth
coloured

Alloys of
Fillings.
mercury with
silver and other
metals. Harden
by chemical
reaction.

Silver
coloured.

Mixtures of
Fillings,
glass filler and sealants.
acrylic that
harden by
chemical
reaction

Tooth
coloured.

Phosphate
Fillings.
minerals
formed by
fluoride binding
to calcium HA.

Opaque.

Risk/benefits

Brittle. Well
tolerated. Not
harmful.

Ref.

[40]

Well tolerated.
Rare sensitivity
and allergies.
Not harmful.

[41]

Thermoplastic Dentures. Transparent.
Excellent
substances able
biocompatibility.
to cross-link.
Easy handling.

[42]

Well tolerated. [44,45]
Exposure to a
small amount
of estrogen-like
materials.

Metal oxides of Fillings. Colour of the Easy to handle.
various
metal used.
Can have
elements
marginal
degradation
during time.

Divided into
glass ionomer
cements, Resinmodified glass
ionomer
cements and
giomers.
Powder\liquid
mixtures that
harden by
exposure to
light.

Fillings,
sealants,
cements
for crown
and
bridges.

Opaque.

[46]

Well tolerated. [47-49]
Rare sensitivity
and allergies.
Not harmful.
Well tolerated. [50-56]
Not harmful.
Low resistance
to wear and
fracture.
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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 mesopoly(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], antiinflammatory [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)-covalerate (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

PGA

PLA

Device

PGA fiber and β-tricalcium phosphate
porous block scaffolds for the formation of
tooth bud-like structures [95]
PGA fleeces [96]

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)

PHA
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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-coglycolide) [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]
Medium-chain-length PHA as permeable
barriers to promote bone growth [178]
PHBV membranes [179]
Nonporous PHBV films [180]

Biodegradable polymers for dental tissue engineering and regeneration

PCL

PPF

Table 2. (continued)

Device

Apatite mineralized PCL nanofibrous
scaffolds [195]
3D PCL/HA scaffold [196]
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, polyhydroxylethylmethacrylate, 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
PA

Device

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.

POE

Table 5. POE based dentistry devices

Device

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 torquedeformation 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.

PPZ

Table 8. PPZ based dentistry devices

Device

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

PPG

Poly(tetrahydrofuran)

Pluronic

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 containing composites [292]
Self-etch adhesive systems based on acidic
monomers of PPG phosphate [293]
Caries detecting dyes [294]
Biocompatible dental composites based on
poly(tetrahydrofuran) [295]
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-plateletrich 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(γglutamic 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-6aluminium-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, BenkiraneJessel 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
Collagen

Elastin

Device

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]

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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Poly(L-lysine)

Table 10. (continued)

Device

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-Dglucosamine 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 [407275
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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-Dmannuronic 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
HA

CHS

Device

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]
Three-dimensional silk fibroin/gelatinchondroitin sulfate-hyaluronic acid
scaffolds [396]
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Table 11. (continued)
CS

Alginate

Device

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]
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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8.1. INTRODUCTION
Poly(lactide-co-glycolide) (PLGA) microspheres are used in a wide array of
applications from drug delivery to cosmetic fillers. Commercial microsphere
products include Arestin®, Bydureon®, Decapeptyl® SR, Lupron Depot®,
Risperdal Consta®, Sandostatin® LAR Depot, Vivitrol®, and Sculptra® Aesthetic.
All these microsphere products have non-porous matrices. PLGA degradation
rate plays a decisive role on the rate and kinetics of drug release. Most of those
PLGA microsphere products are fabricated using phase separation techniques
or emulsion-templated microencapsulation techniques. PLGA microspheres
prepared using these techniques are spherical in shape and show relatively
wide size distributions. They also have a morphology that is either
symmetrically monolithic matrix or cavities-filled matrix. In the past decade,
pharmaceutical/materials scientists have further explored the potentials of
intelligent next-generation PLGA microparticles. To engineer multifunctional
PLGA delivery systems, innovative microfabrication techniques have been
suggested. These evolving technologies allow the fabrication of versatile PLGA
microparticles with highly monodisperse sizes, any desired geometry, and
anisotropic features that are inconceivable by previous microparticle
manufacturing processes. These tailor-made microparticles are advantageous
in precisely controlling their characteristics and in vivo performance such as
PLGA degradation, co-delivery of multi-drugs, co-encapsulation of dual drugs
with totally different physical properties, drug release behavior, and cell
interaction. This chapter introduces various kinds of PLGA microparticles that
have peculiar morphology and set themselves apart from commercially
available PLGA microsphere products.

8.2. GOLF BALL-LIKE PLGA MICROSPHERES WITH
DIMPLED SURFACE
Golf ball-shaped microspheres can be created through various methods
including seed dispersion, emulsion polymerization, pickering emulsion with
small colloidal particles as emulsifiers, oil/water (o/w) emulsion using organic
phase change materials (PCM), water/oil/water (w/o/w) emulsion using
formulation approaches, or droplet imprinting [1-4]. A seed dispersion
technique cannot be applied toward a pre-made polymeric material. In the
practice of a pickering emulsion process, removal of solid colloidal particles
used to stabilize emulsion leads to the formation of dimpled surface on the
hardened microspheres. However, this pickering emulsion technique cannot
control internal porosity of microspheres. On the other hand, either o/w
emulsion using PCM or w/o/w emulsion using formulation strategy can be
used to make dimpled PLGA microspheres with the desired magnitude of
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internal porosity. Kim et al. introduced an o/w emulsion using
2-methylpentane to make dimpled PLGA microspheres [5]. 2-Methylpentane,
which is soluble in methylene chloride, cannot dissolve PLGA. In addition,
2-methylpentane can be removed easily during solvent evaporation process
since it has a boiling point of 62 °C. On the basis of these physical properties,
the authors used 2-methylpentane as PCM. By dissolving PLGA in methylene
chloride containing 4 % 2-methylpentane and emulsifying this dispersed phase
in water, they prepared an o/w emulsion. Through solvent evaporation
process, emulsion droplets were hardened into microspheres. The number and
size of dimples as well as porosity inside the microspheres could be controlled
by changing the weight ratio of PLGA:2-methylpentane. In an optimal
condition, 2-methylpentane liquid bubbles form on the surface of emulsion
droplets, and methylene chloride gets removed continuously by evaporation.
As a result, PLGA and 2-methylpentane separate from one another. Based on
the amount of 2-methylpentane used, the PCM can disperse evenly on
microsphere matrix or form domains. Constant stirring removes
2-methylpentane colloidal bubbles on the surface and forms dimples. Pores
also form because tiny 2-methylpentane residues on the microsphere matrix
are removed. Figure 1 summarizes the mechanism for forming golf ball-like
PLGA microspheres.

Schaefer and Singh used different PCMs (e.g., tricaprin, glycerol tricaprate) to
prepare dimpled PLGA microspheres containing etoposide through a single
o/w emulsion method [6]. A dispersed phase was prepared by dissolving
PLGA, tricaprin, and etoposide in methylene chloride, which was emulsified in
an aqueous phase. The emulsion was subject to solvent evaporation to produce
etoposide-containing PLGA microspheres. At first, the authors intended to
increase the drug release rate by use of tricaprin. Actually, it did not affect
etoposide encapsulation efficiency, but had impact on microsphere size and
drug release rate. Absence of tricaprin led to the formation of PLGA
microspheres with smooth matrix. However, including tricaprin into
microsphere formulation resulted in the formation of a dimpled surface
(Figure 2). Such results are consistent with those presented previously [7]. The
authors postulated that dimples formed due to leaching of tricaprin into
aqueous phase from emulsion droplets during solvent evaporation. However,
considering that tricaprin is practically insoluble in water, more meticulous
observations are needed to find out the pathway for how tricaprin is removed
from emulsion droplets or embryonic microspheres.
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Figure 1. Diagram shows the mechanism of the formation of golf ball-like PLGA
microspheres by an o/w emulsion method using a PCM. Dimpled PLGA microspheres
with either hollow-core porous shell or multiporous matrix can be created by changing
the weight ratio of PLGA:2-methylpentane (Reproduced from Ref. 5 with permission
from The Royal Society of Chemistry).

Figure 2. SEM micrograph of golf ball-like PLGA microspheres with dimpled surface
(Reprined with permission from M.J. Schaefer and J. Singh. Biomaterials 23 (2002)
3465−3471. Copyright 2002 Elsevier Science Ltd.).
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The w/o/w double emulsion method can also be used to fabricate PLGA
microspheres with dimpled surface. For instance, Mohamed and Walle
followed w1/o/w2 double emulsion solvent evaporation to create golf
ball-like PLGA microspheres containing plasmid DNA [8]. PLGA microspheres
were formed when Pluronic L92 was dissolved in w1 that was used to make a
primary emulsion. Methylene chloride was used as a dispersed solvent for
PLGA. Interestingly, dimple morphology and characteristics of the
microspheres were affected by the molecular weight of poly(propylene oxide)
block. However, replacing Pluronic L92 with Tween in w1 led to the fabrication
of dimple-free PLGA microspheres with smooth surface. Tween was able to
stabilize the primary emulsion, but Pluronics acted as a poor stabilizer. Based
on these results, the authors concluded that primary emulsion’s instability is
associated with the formation of PLGA microspheres with dimpled structure.

Lastly, the droplet imprinting method is also employed to produce dimpled
PLGA microspheres [9]. In the droplet imprinting method, a high-shear mixer
is used to disperse 2-methylpentane into an aqueous poly(vinyl alcohol) (PVA)
solution. Separately, an o/w emulsion is prepared by emulsifying a dispersed
phase consisting of PLGA and methylene chloride with PLGA in an aqueous
phase. The aqueous 2-methylpentane dispersion and the o/w emulsion are
combined together for use in the process of solvent removal. During the
microsphere hardening process, 2-methylpentane colloidal droplets move on
the surface of the emulsion droplets surface and then bounce back to the
aqueous phase. This event leaves emulsion droplets imprinted with
2-methylpentane colloidal droplets. In other words, dimpled PLGA
microspheres form as the surface of the emulsion droplets deforms due to 2methylpentane colloidal droplets and methylene chloride is removed by
evaporation. The authors used this method to fabricate dimpled PLGA
microspheres that are less than 10 µm. So far, 2-methylpentane has not been
used as an ingredient for FDA-approved microsphere products. Thus, there
would be concerns about residual 2-methylpentane in microspheres. It would
be more appropriate to use ingredients that have been used in FDA-approved
pharmaceutical products to create dimpled PLGA microspheres.

Golf ball is constructed to have a dimpled surface structure that can lengthen
the distance of flight by reducing air resistance. Dimpled polymeric
microspheres having a similar structure would experience less resistance
toward fluid flow and decrease the drag force by air. Therefore, dimpled and
hollow PLGA microspheres with appropriate size and density would be
particularly advantageous for pulmonary drug delivery and drug deposition in
the lung.
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8.3. PATCHY LIPID-PLGA MICROPARTICLES
Patchy microparticles are categorized as micron-sized particles that are
anisotropically patterned by altering either surface chemistry or shape. Lipid-polymeric microparticles, which are one type of patchy microparticles, can be
made of a lipidic material and PLGA. For example, Rasheed et al. used the
strong van der Waals interaction between lipid-PEGylated functional groups
(LPFGs) and PLGA to create lipid-polymeric patchy type particles [10]. Figure 3
is a scanning electron microscopic image that shows the exterior and interior
of a single patchy LPFG-PLGA microparticle.

Figure 3. The external and internal morphology of a patchy microparticle with a
patch-shell-core structure. Prior to the focused ion beam cross-section, the
microparticle was coated with gold−palladium alloy to prevent damage by the ion
beam (Reprinted with permission from N. Rasheed et al. Langmuir 31 (2015)
6639−6648. Copyright 2015 American Chemical Society).

Examples
of
LPFGs
include
1,2-distearoyl-sn-glycero-3-phosphoethanolamine−poly(ethylene glycol) (DSPE)−PEG with amino,
methoxyl, or maleimide terminal groups. PLGA is used as a biocompatible,
biodegradable polymer that functions as a hydrophobic core and can
accommodate various ingredients. LPFGs can form not only a shell
surrounding the hydrophobic PLGA core but also a single or multiple patches
on the PLGA surface. LPFGs have been long used as FDA-approved ingredients
extensively in drug delivery systems like liposome, polymeric nanoparticles,
and lipid nanoparticles. LPFGs also are actively used as lipidic materials for the
production of core-shell lipid-polymer hybrid nanoparticles. Core-shell lipid-polymer hybrid nanoparticles can be made by either a two-step method or a
single-step method. A single step method based on solvent
extraction/evaporation can be summarized as follows [11]. PLGA is dissolved
in a water-immiscible solvent such as methylene chloride or ethyl acetate.
LPFGs are dispersed in water containing ethanol with the aid of sonication,
mechanical stirring, or homogenization. The polymeric solution is emulsified in
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the aqueous phase by homogenization or sonication. Solvent removal by
evaporation and/or extraction transforms nanodroplets into polymeric
nanoparticles coated with LPFGs.

Figure 4. Schematic pathway to fabricate patchy type lipid-PLGA microparticles via a
single-step solvent evaporation/extraction technique. In the step (1), PLGA and LPFGs
interact with PLGA via hydrophobic interactions. Core-shell type microdroplets are
formed during the emulsification step (2a), and a jammed pile resulting from the
accumulation of LPFGs leads to the formation of a patch (2b). As solvent removal
proceeds, the patchy core-shell microdroplets (2c) become patchy type microparticles.
EtoAc represents ethyl acetate, while EtOH stands for ethanol (Reprinted with
permission from N. Rasheed et al. Langmuir 31 (2015) 6639−6648. Copyright 2015
American Chemical Society).

Rasheed et al. modified the above single-step solvent evaporation and
extraction method to produce patchy PLGA microparticles [10]. Emulsifying a
polymeric organic solution in an aqueous lipidic material-containing
dispersion by high-energy or high-shear mixing devices usually leads to the
formation of nanodroplets. However, the authors used relatively low shear
stress to make microdroplets instead of nanodroplets. During the fabrication
process, the DSPE fragment of the LPFGs interacts with PLGA via hydrophobic
interactions, thereby leading to formation of the particle’s shell. A jammed pile
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resulting from the accumulation of LPFGs appears as a patch. Figure 4
illustrates the entire pathway and mechanism of the fabrication of patchy
PLGA microparticles. Among various process parameters, the shear stress
applied for emulsification was identified as the most critical parameter that
determined the number of patch (single vs. multiple) on the surface of the
PLGA microparticles as well as their internal morphology (hollow vs. solid
core) [12]. By controlling the shear stress, they were able to precisely control
the patch-core-shell features. In particular, the authors showed how patchy
particles were able to emit a natural photoacoustic signal. As those LPFGs
contain amine or maleimide functional groups, they could be conjugated to a
variety of ligands with desired functionality. Practically, the authors were able
to improve photoacoustic signal by functionalization of patches with gold
nanorods. Thus, those functionalized multipatchy particles can be utilized in
biomedical imaging as photoacoustic contrast probes. Using different
functional ligands, it might also be able to deliver these patchy type lipid-PLGA
core particles to targeted tissues or organs.

8.4. BILAYERED CORE-SHELL PLGA MICROSPHERES
Electrospray, which is also known as electrohydrodynamic atomization, is a
promising technique that can prepare electrospun fibers, homogeneous
nanoparticles, and microparticles. Polymeric particles with typical matrix
morphology are produced in a single axial electrospray process. The coaxial
electrospray (CES) process, which was first introduced by Loscertales et al.,
provides better flexibility in preparing multifunctional polymeric particles
[13]. The CES process has been found to be effective not only in the
encapsulation of various drugs with different physicochemical properties but
also in the manipulation of microsphere morphology. For example,
water-soluble macromolecules such as proteins, enzymes, and antibiotics are
encapsulated by coaxial electrospraying without losing their integrity [14-16].

Yuan et al. reported a CES system consisting of a droplet generation module, a
droplet collection module, and a process monitoring module [17]. The droplet
generation module included a coaxial needle made of an inner needle and an
outer needle. A beaker containing an aqueous PVA solution subject to stirring
served as the droplet collection module. The outer liquid was an ethyl acetate
solution in which 5−10 % PLGA (Mw = 10,000) was dissolved, which was
responsible for forming the shell of their core-shell microspheres. A 2−5 %
curcumin acetone solution containing 0.5−2 % PLGA (Mw = 50,000) was used
as an inner solution to form a core matrix of the microspheres. By optimizing
CES process parameters (e.g., applied electric voltage, and the flow rates of
their inner and outer solutions), they were able to generate stable droplets
from the coaxial cone. Since the microdroplets contained the organic solvents
used to dissolve PLGA and curcumin, they were prone to massive aggregation
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when collected directly by a hard plate such as an aluminum foil. To avoid this
limitation, the microdroplets were collected in the aqueous PVA solution being
stirred and hardened into the solidified PLGA microspheres by the solvent
removal process. At the end, they were successful in the fabrication of core-shell structured PLGA microspheres in which curcumin was loaded in the
core. The analyses of confocal laser scanning microscopy and scanning electron
microscopy proved the bilayered core-shell morphology. The bilayered PLGA
microspheres had the mean diameter of 2.3 µm, and 48.8 % of curcumin was
loaded into the core-shell microspheres at encapsulation efficiency of 86.7 %.
The in vitro drug release profile observed with the core-shell PLGA
microspheres was demonstrated to be better than that attained with the
conventional matrix-type PLGA microspheres.

Following coaxial electrospraying, Nie et al. produced core-shell microspheres
loaded with multidrugs (i.e., paclitaxel and suramine) to achieve their
sequential and parallel release [18]. To prevent the premature release of a
drug in the core matrix of the core-shell microspheres, a slower degrading
PLGA (poly-L-lactide with Mw of 85,000−160,000) was chosen to make the
core-forming material. Based on this rationale, a faster degrading PLGA with a
lactide : glycolide ratio of 50 : 50 and Mw of 40,000−75,000 was selected as the
shell-forming material. In the practice of their CES process, the inner liquid
consisted of the slower degrading PLGA, paclitaxel, and methylene chloride. On
the other hand, the outer liquid was made of suramine sodium salt, ethanol, the
faster degrading PLGA, and ethyl acetate. In order to avoid microdroplet fusion
and microsphere aggregation, the microdroplets generated from their coaxial
cone were collected with anhydrous ethanol rather than aluminum foil. This
CES process provided the microencapsulation of two drugs with completely
different hydrophobicity/hydrophilicity. Control of process parameters (e.g.,
the flow rate of the outer liquid and that of the inner liquid, applied voltage,
polymer composition and concentration) leads to the fabrication of PLGA
microspheres with different core-shell ratios. This in turn allows the
manipulation that releases kinetics of multidrugs from the core-shell type
microspheres. Zamani et al. also prepared protein encapsulated core-shell
structured PLGA microspheres by CES [19]. A PLGA-dissolved solvent mixture
of methylene chloride and dimethylformamide was employed as an outer
liquid (shell), whereas an aqueous bovine serum albumin (BSA) solution was
employed as an inner liquid (core). They classified the resultant microspheres
as core-shell structured microspheres. Strictly speaking, they belong to typical
hollow microspheres since the dried microspheres have hollow cavities
encased by a PLGA shell. Thus, such a core-shell structured microsphere with a
hollow cavity is beyond the scope of this chapter and not discussed here.

306

Innovative next-generation PLGA microparticles with multifunctional architecture

8.5. KUSUDAMA-LIKE PLGA MICROPARTICLES
There are reports on a micron-sized particle displaying a porous sponge-like
ball structure that resembles the decorative Japanese paper spheres known as
“Kusudama” [20,21]. For example, following a new solid-in-oil-in-water
(s/o/w) emulsion technique, Takai et al. prepared the Kusudama-type porous
PLGA microspheres in which hydroxyapatite nanoparticles were dispersed
[21]. In their microencapsulation process, PLGA was first dissolved in
methylene chloride. Hydroxyapatite granules in the size of approximately
20 µm were dispersed in the polymeric dispersed phase. This s/o dispersion
was emulsified in an aqueous PVA solution by magnetic stirring. The resultant
s/o/w emulsion was diluted in a large amount of an aqueous PVA solution
containing 0.5 M NaCl. The microspheres were hardened by solvent
evaporation/extraction. The Kusudama-like morphology of PLGA
microspheres, as seen in Figure 5, was attained only when both hydroxyapatite
and NaCl were used in the microencapsulation process. The microspheres
consist of two compartments of (a) a dense core and (b) a porous layer with an
assembly of cone-like pores. In a broad sense, this microsphere type can be
classified as a core-shell structured microsphere, but the layer of the
microspheres has a unique cone-like porous skeleton that is similar to that of
Kusudama. The mechanism of pore formation was ascribed to fragmentation of
hydroxyapatite granules into nanoparticles, interaction between
hydroxyapatite and PLGA, differences in solvent migration rate between core
and surface layer during microsphere hardening, and a pickering emulsion
effect of hydroxyapatite nanoparticles toward NaCl-induced emulsion
instabilization.

Figure 5. SEM micrographs of (a) surface and (b) cross-sectioned morphology of
porous Kusudama-like PLGA microspheres. Scale bars in small magnifications are
5 µm, whereas scale bars in high magnifications are (a) 100 nm and (b) 1 µm.
(Reproduced from Ref. 21 with permission from The Royal Society of Chemistry).
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The deep, large pores of the Kusudama-like PLGA microspheres might be
advantageous in loading biomacromolecules via adsorption or physical
entrapment. They may also find applications in encapsulating hydrophobic
drugs in their core and delivering hydroxyapatite to the bone tissue.

8.6. PLGA MICROPARTICLES WITH ANY GEOMETRICAL
MICROFEATURE
Traditional methods to fabricate polymeric particles are usually based on
emulsion-templated solvent evaporation/extraction techniques. However, their
production yields can be low, and the resultant polymeric particles tend to
exhibit heterogeneous populations as they have broad size distribution.
Furthermore, it may be difficult to achieve high drug payloads in these
polymeric particles. In order to avoid these limitations, soft lithographic
techniques have been increasingly utilized for the preparation of shape- and
size-specific smart nanoparticles that deliver drugs and/or imaging agents to
targeted cells, tissues, or organs [22,23]. Those techniques can also be applied
for the preparation of PLGA microparticles. The geometry of a lithographic
replication mold can be designed to produce PLGA microparticles with any
desired geometry such as trapezoidal-, conical-, bar-, arrow-, square-,
rectangular-, or cross-shaped particles [24]. The so-called hydrogel template
method proposed by Acharya et al. is an example of imprint lithographic
replication techniques [25,26]. The hydrogel template method can be
explained through the process mapping shown in Figure 6. First, a silicon wafer
master template with a series of vertical posts is created (Figure 6A). A warm
aqueous gelatin solution is poured on top of it (Figure 6B). After gelatin is
solidified upon cooling, the gelatin mold is placed where cavities would be
visible on top (Figure 6C). A drug-dissolved polymeric organic solution is
poured onto the cavities (Figure 6D). After removing the organic solvent and
dissolving the gelatin mold in water, polymeric microparticles can be collected
through centrifugation or filtration.

Figure 6. Schematic pathway of fabricating monodisperse microparticles using the
hydrogel template technique (Reprinted with permission from G. Acharya et al., J.
Control. Release 141 (2010) 314−319. Copyright 2009 Elsevier B.V.).
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In the original hydrogel template technique, gelatin was used as a moldforming material based on the following reasons: (a) gelatin has enough
mechanical strength to form a template at an appropriate concentration, and
(b) it has a gel-to-sol transition temperature that would not affect the stability
of most drugs. However, storage of a gelatin template for an extended period of
time can lead to microorganism contamination, and issues may arise in the
physical integrity of the gelatin template. PVA template has been proposed to
avoid these problems [27]. The authors first designed a silicon wafer master
template containing cylinder wells of 10 µm in diameter and 10 µm in height.
After coating and curing the master template with polydimethylsiloxane
(PDMS), the resultant PDMS template was peeled off from the silicon wafer
master template. The PDMS template was evenly coated by a 4 % PVA solution
consisting of water and ethanol. After completion of solvent evaporation, the
appearing PVA template was detached from the PDMS template and was used
as a mold for fabrication of microparticles. PLGA and drug (risperidone,
methylprednisolone acetate, or paclitaxel) were dissolved in either benzyl
alcohol-ethyl acetate cosolvent or methylene chloride. For each PVA template
well, 60 µl of the drug-containing polymeric organic solution was deposited.
After solvent removal, the PVA template containing the hardened PLGA
microparticles was dissolved in water. The microparticles were collected
through centrifugation. This hydrogel template method produced drug-containing PLGA microparticles having target size less than 10 µm (Figure 7).
Also, the microparticle populations showed low variance in size distribution.
Critical process parameters were found to be the type of organic solvent, PLGA
properties (e.g., intrinsic viscosity), PLGA concentration, and the rate of solvent
removal. Variations in these parameters led to the formation of different
microparticle morphology such as cylindrical particles, irregularly shaped
particles, and cup-like particles with hollow cores. Depending on drug type,
encapsulation efficiency was within 82−92 %, and different drug release
profiles were obtained with those microparticles. In a separate study,
Malavia et al. loaded OHR1031, which was being developed as a treatment for
glaucoma, onto PLGA microparticles by using the hydrogel template
technology [28]. Their microparticles had the median size of 60 µm, and the
drug encapsulation efficiency reached 100 % at the drug payload of 57 %. Its
release pattern followed a zero-order kinetics, and the drug release rate was
constant for more than 3 months. PLGA microparticles with those
characteristics have advantage as they can be put in ocular spaces to provide a
long acting depot effect. The hydrogel template method appears to be
promising because it allows flexibility in preparing homogeneous
microparticles with desirable size and geometry. It also enables the
encapsulation of higher amounts of various drugs into microparticles following
a simple and facile process. Changing formulation or process parameters may
help fabricate microparticles with target drug release profiles.
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Figure 7. Fluorescent images of PLGA microparticles observed before (A) and after (B)
dissolving PVA templates. SEM micrographs of PLGA microspheres collected after
dissolving PVA templates (C and D) (Reprinted with permission from Y. Lu et al., Int. J.
Pharm. 461 (2014) 258−269. Copyright 2013 Elsevier B.V.).

In general, traditional imprint lithography techniques face several limitations.
For example, they usually produce scum layers/embossed films because the
material to be molded has considerable affinity toward the surface of a mold
template. In contrast to the conventional imprint lithography techniques,
Rolland et al. developed the so-called Particle Replication In Nonwetting
Templates (PRINT) technique that could produce scum-free, isolated
nanoparticles or microparticles [29]. Instead of the commonly used PDMS, they
used a perfluorinated polyether (PFPE) mold with highly fluorinated surface. It
displayed a nonwetting property toward many organic materials. For example,
a PFPE based device permits the flow of organic solvents such as methylene
chloride, whereas a commonly used PDMS based one does not. This special
feature enables the production of individual, discrete particles with various
size, shape, and composition. They demonstrated that their PFPE mold has
superior replication properties for use in lithographic applications. Also, this
technique made it possible to fabricate monodisperse, shape-specific particles
with various polymers such as poly(ethylene glycol diacrylate), triacrylate
resin, poly(lactic acid), and poly(pyrrole). In the following work, Enlow et al.
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utilized the PRINT technique to encapsulate diverse bioactive agents such as
proteins, DNA, and small-molecule therapeutics into these particles [30].
Figure 8 shows the process mapping of the PRINT technique used to prepare
PLGA microparticles containing high payloads of docetaxel. If briefly explained,
PLGA and docetaxel were dissolved in a mixture of dimethyl sulfoxide-dimethylformamide (1 : 4). This solution was casted on a sheet of polyethylene
terephthalate (PET). Heat was applied to remove the organic solvents, and the
appearing film was then placed in contact with the patterned side of the mold
fabricated from a perfluorinated polyether elastomer. PLGA and docetaxel
flowed into the cavities as they passed through a heated nip. When the heat
was cooled, they solidified. The filled mold was then placed on a fresh sheet of
PET, which was passed through a laminator without splitting to remove the
particles from the mold. The mold was peeled from the PET, leaving an array of
particles on the surface. Figure 8 also shows SEM micrographs of PLGA
microparticles fabricated by the PRINT technique.
The shape of each particle is decided by the shape of the cavity in the
elastomeric mold. Therefore, this technique can give precise control over the
size and shape of each particle. It has been shown that highly monodisperse
PLGA nano- and microparticles with shapes of cylinder, spheres, cubes with
ridges, and particles have center holes [23]. Both hydrophilic and hydrophobic
drugs can be easily encapsulated into these particles at high drug payloads.
Also, their diverse sizes and shapes could be manipulated to investigate their
effects upon cell uptake, in vivo distribution, and flow characteristics.

It is known that the size and charge of particles affect cellular internalization,
systemic circulation, blood residence time, and in vivo distribution and
deposition. Recent experimental results reveal particle geometry’s (e.g., shape)
impact on in vivo behavior as well [31-33]. It was also reported elsewhere that
nonspherical particles show higher targeting efficiency than spherical particles
and that elongated particles show more resistance compared to phagocytosis
[34,35]. Decuzzi et al. stated that compared to spherical particles, “discoidal
particles” travel laterally toward the blood vessel wall and can exhibit stronger
affinity toward the blood vessel wall [36]. Most similar experiments tended to
use nanoparticles. However, more experiments now involve the geometry of
microparticles and how they influence the in vivo behavior. For example, the
cellular internalization of cubic PEG hydrogel particles was compared with that
of cylindrical PEG hydrogel particles by using HeLa cells [37,38]. HeLa cells
were capable of uptaking up to 3 µm cubic and cylindrical particles. However,
1 µm-sized cylindrical particles with 1 aspect ratio were subject to much
higher cellular internalization rates compared to 2 µm or 3 µm cubic particles.
As far as cylindrical particles are concerned, their internalization rate into
HeLa cells was greatly influenced by their aspect ratio. Similarly, endocytosis
or intracellular distribution of endothelial cells of PLGA particles impact
particle geometry [39]. The PRINT technology can precisely control particle
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geometry and surface chemistry. It thus would give an opportunity to
investigate more systematically their effects upon in vivo behavior of particles.

Figure 8. The process mapping of the PRINT technique and the morphology of PRINT
fabricated PLGA microparticles. (A) Delivery Sheet Casting: PLGA and docetaxel are
dissolved in a mixture of dimethyl sulfoxide and dimethylformamide (red). A mayer
rod is then used to draw a film from this solution on a PET substrate. The solvent is
removed under heat generating a solid state solution film referred to as the delivery
sheet, as it will deliver the composition to the mold. (B) Particle fabrication: an
elastomeric mold (green) in brought into contact with a PLGA (red) film, passed
through a heated nip (gray) and split. The cavities of the mold are filled. (C) Particle
harvesting: a filled mold is brought into contact with a high energy film or excipient
layer (yellow) and passed through the heated nip without splitting. After cooling the
mold is removed to reveal an array of particles on the high energy film or excipient
layer. (D) PLGA microparticulate cubes with ridges and (E) PLGA microparticles with
center fenestrations. Scale bars: (D) 3 μm, and (E) 20 μm (Reprinted with permission
from E. M. Enlow et al., Nano Lett. 11 (2011) 808−813. Copyright 2011 American
Chemical Society).
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8.7. CONCLUSIONS
Most commercially available PLGA microsphere products can be classified as
isotropic microspheres. Relevant studies used to focus on how to control their
critical quality attributes such as particle size distribution, morphology,
porosity, drug release pattern, and residual solvent content. This chapter
summarizes interesting classes of anisotropic or next-generation PLGA
microparticulate systems that are distinguished from commercially available
PLGA microsphere products. It also provides various microfabrication
techniques that allow the manufacturing of such anisotropic or geometryspecific PLGA microparticles. The ability to prepare tailor-made microparticle
geometry is highly valuable as its shape and size have profound impacts on
biological processes. Exploration of the use of anisotropic or geometry-specific
microparticles in pharmaceutical applications has revealed their superiority
compared to conventional monolithic microspheres. The novel PLGA
microparticles with multifunctional architecture dealt in this chapter are likely
to draw increasing attention for their wide applications in drug delivery,
imaging, diagnostics, theranostics, sensors, photonics, and multi-hybrid
composites.
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9.1. INTRODUCTION
In 1990, Dunn et al. developed a novel in situ implant system as an alternative
to the existing solid implant or microparticle formulations [1]. In situ gel (ISG)
systems have been introduced in recent decades for the purpose of drug
delivery and injectable tissue engineering [2,3]. In tissue engineering, a
biocompatible system is employed to repair or replace portions of tissue or
whole tissues such as bone, cartilage, blood vessels, skin, muscle, etc., while
their use in drug delivery is mainly directed at controlling and sustaining the
release of the administered drug [4,5].
Pharmaceutically, ISG systems are liquid or syringeable semi-solid polymeric
drug preparations that congeal or solidify upon administration into the body
due to one of the following mechanisms:

In situ crosslinking; where polymer crosslinks are formed due to temperature
change (thermosets), absorption of photons (photo-irradiation, photocrosslinked gels), ionic interaction between the anionic polymer and small
cations (ion-mediated gelation) or the presence of enzymes [6]. Copolymers of
D,L-lactide or L-lactide with ε-caprolactone are used to set up a thermosetting
framework. Pluronics alone or in combination with other polymers such as
Carbopol® [poly(acrylic acid)] have also been used as thermoset polymers.
Alginates form a gel upon contact with divalent cations, e.g. calcium ions.
Derivatives of polyacrylamide- and gelatin-based photopolymers (visible lightcrosslinkable porcine gelatin) are used as photo-crosslinking polymers.

In situ polymer precipitation; in which solvent exchange [7], temperature
change [8] or pH change [9] is the triggering factor. Pluronic F127 exhibits a
change in solubility with changing environmental temperature; some
EUDRAGIT® [poly(methacrylic acid)] derivatives are used as pH-sensitive
polymers.

In situ solidifying organogels; these are water-insoluble amphiphilic lipids,
which swell in water and form various types of lyotropic liquid crystals. The
nature of the liquid crystalline phase that is formed depends on many factors
such as the structural properties of the lipid, the nature of the drug
incorporated, temperature and the amount of water in the system. The
amphiphilic lipids examined to date for drug delivery are primarily glycerol
esters of fatty acids, such as glycerol monopalmitostearate, glycerol
monooleate and glycerol monolinoleate which are waxes at room temperature.
These compounds form a cubic liquid crystal phase when they come into
contact with an aqueous medium. This liquid crystalline structure is gel-like
and highly viscous in nature [10].
Among the aforementioned mechanisms, in situ polymer precipitation based
on the process of solvent removal or exchange is common and has been
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developed into commercially available products [5]. Leuprolide acetate,
doxycycline hyclate, bupivacaine, risperidone and paclitaxel are common
examples of drugs commercially available or in clinical trials as in situ forming
implants [5].

In this review, the role of smart polymers, and more specifically poly(lactic-coglycolic acid) (PLGA), in the preparation of ISG systems will be illustrated. An
overview of the exact mechanism of drug release from these systems and
evidence from previously published articles in the same field will be outlined.
Also, the different techniques utilized to produce biocompatible ISG systems
based on PLGA with low initial burst will be stressed. Finally, the applications
of these systems in drug delivery will be addressed.

9.2. SMART POLYMERS
These are macromolecules that exhibit a dramatic physicochemical change in
response to small changes in the surrounding environment (external stimuli).
The external stimuli may be temperature, light, pH, solvent, magnetic field, ions
or pressure. These polymers have been widely utilized in the preparation of
injectable formulations and have gained much attention over the past few
years. The interest in smart polymers has been sparked by the advantages
these delivery systems possess, which include ease of application, localized
drug delivery for a site-specific action, extended delivery periods, relatively
low drug dosage with concurrent reduction in the possible undesirable side
effects common to most forms of systemic drug delivery, biodegradability and
improved patient compliance and comfort [11].

9.2.1. Temperature-sensitive (thermosensitive) polymers

These are polymers which exhibit a change in solubility due to a change in the
surrounding environmental temperature. An aqueous polymer solution is
prepared which undergoes reversible sol–gel transition in response to
temperature changes [12]. Hydrogels based on temperature-sensitive
polymers undergo a volume phase transition or a sol–gel phase transition at a
critical temperature. This critical temperature may be a lower critical solution
temperature (LCST) or upper critical solution temperature (UCST). LCST
systems, which contract upon heating above the LCST, have received much
more interest than UCST systems for drug delivery because mixing of UCST
systems and drugs needs to be achieved at a relatively high temperature,
which may be destructive to some unstable drugs or biomolecules. Also, the
triblock poly(ethylene oxide)–poly(p-phenylene oxide)–poly(ethylene oxide)
(PEO–PPO–PEO) copolymers (Pluronics® or Poloxamers®) have shown
gelation at body temperature at concentrations greater than 15 % (w/w) [13].
Table 1 illustrates the typical LCST of commonly used thermosensitive
polymers [14]. UCST hydrogels are those that contract upon cooling below the
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UCST. Polymer networks of poly(acrylic acid) and polyacrylamide or
poly(acrylamide-co-butyl methacrylate) have positive or upper temperature
dependence of swelling.
Table 1. Typical LCST of commonly used thermosensitive polymers
Polymer

Poly(N-isopropylacrylamide) (PNIPAM)
Poly(N,N-diethylacrylamide) (PDEAM)
Poly(methyl vinyl ether) (PMVE)
Poly(2-ethoxyethyl vinyl ether) (PEOVE)
Poly(N-vinylcaprolactam) (PNVCa)
Poly(N-vinylisobutyramide) (PNVIBAM)
Poly(N-vinyl-n-butyramide) (PNVBAM)

LCST (°C)
32
25
34
20
30–50
39
32

9.2.2. Phase-sensitive polymers
These are water-insoluble biodegradable polymers, such as poly(lactic acid)
(PLA), PLGA, poly(ε-caprolactone) and the copolymers of poly(D,L-lactide-co-εcaprolactone), dissolved in a biocompatible solvent to which a drug is added to
form a solution or suspension. After injection of the formulation into the body,
the water-miscible organic solvent disperses and water molecules penetrate
into the organic phase which causes polymer phase separation and
precipitation with subsequent formation of a depot drug delivery system at the
site of injection [7].

9.2.3. pH-sensitive polymers

These are smart polymers that dramatically change the conformation of the
polymer network in response to minute changes in the pH of the aqueous
environment. These pH-sensitive polymers contain an acidic or basic group
that either accept or donate protons in response to environmental pH. In the
case of polymers containing weakly acidic (anionic) groups, the process of
hydrogel swelling increases as the external pH increases, but decreases if the
polymer contains weakly basic (cationic) groups [15].

Most anionic pH-sensitive polymers are based on poly(acrylic acid)
(Carbopol®) or its derivatives. In addition to Carbopol®, poly(methacrylic acid)
(EUDRAGIT®), poly(ethylene imine), poly(L-lysine) and poly(N,N-dimethyl
aminoethyl methacrylamide) have also been explored for use in drug delivery
[16].
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A pH-sensitive polymeric system was introduced by Himmelstein and Baustian
in 1997 as reported by Tahami and Singh [11]. The system exhibits sol–gel
transition over physiologically compatible pH ranges. Common examples of
pH-sensitive polymers include carboxylic acid-containing polymers such as
monomers of acrylic acid and methacrylic acid.

9.2.4. Photosensitive polymers

These are polymers that contain at least one water-soluble region, at least one
region which is biodegradable and at least two free radical-polymerizable
regions [11]. Photosensitive polymers are polymerized by free radical
initiators in the presence of visible light excitation, ultraviolet light or thermal
energy.

The core water-soluble region may consist of poly(ethylene glycol) (PEG),
poly(vinyl alcohol), PEO–PPO, polysaccharides such as hyaluronic acid or
proteins such as albumin. The biodegradable region may be polymers made up
of poly(lactic acid) (PLA), poly(glycolic acid), poly(amino acids) and
polylactones. Preferred polymerizable regions include acrylates, diacrylates,
methacrylates or other biologically accepted photopolymerizable groups. The
monomer PEG–DL–lactic acid–diacrylate has been utilized as a photosensitive
polymer for the release of lysozyme which exhibited a steady release over
8 days where the maximum release was observed within the first 48 h [11].

9.2.5. Other stimuli-sensitive polymers

Some smart polymers are sensitive to other external stimuli. Ion-sensitive
smart polymers such as carrageenan, gellan gum and alginic acid may undergo
phase transition in the presence of various ions. Electric signal-sensitive
hydrogels such as hydrated chitosan gels undergo shrinking or swelling in the
presence of an externally applied electric field. Finally, intelligent stimuliresponsive delivery systems using hydrogels that can release insulin have been
investigated and assigned the name glucose-sensitive hydrogels [17].
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9.3. POLY (LACTIC-CO-GLYCOLIC ACID) (PLGA)
The biodegradable copolymer of lactic and glycolic acid, PLGA, has been
permitted for parenteral use by regulatory authorities all over the world [18].
The reason for the great interest and widespread use of this type of polymer is
its biocompatibility, biodegradability and mechanical strength [19]. Jalil and
Nixon mentioned that PLGA polymers degrade into the biocompatible lactic
and glycolic acids [20]. Both acids are eliminated from the body as carbon
dioxide and water after they have entered the tricarboxylic acid cycle. Glycolic
acid may also be excreted unchanged in the kidney. Different PLGA
formulations containing a variety of drug classes for drug delivery use have
been approved by the Food and Drug Administration (FDA). Among these are
microspheres, microcapsules, nanoparticles, pellets, implants and cylinders
[2126]. Although PLGA implants have been designed to deliver a variety of
drug classes, they have not received much commercial success, primarily due
to difficulty in the administration process since they require minor surgical
incision or a special type of pellet injector (trocar) which is inconvenient to
patients. Table 2 illustrates the commercial products containing PLGA in the
form of microparticles, implants and ISG.

ELIGARD® is a sterile polymeric matrix formulation of leuprolide acetate, a
GnRH agonist, for subcutaneous injection. It consists of a biodegradable PLGA
polymer dissolved in the biocompatible solvent N-methyl pyrrolidone (NMP).
It is designed to deliver leuprolide acetate at a controlled rate over a
therapeutic period of 1, 3, 4 or 6 months. ELIGARD® is prefilled and supplied in
two separate sterile syringes. One syringe contains the polymeric delivery
system that consists of the biodegradable PLGA polymer formulation dissolved
in the biocompatible solvent NMP. The other syringe contains the active
constituent leuprolide acetate. The contents of the two syringes are joined and
mixed immediately prior to administration as a single homogenous dose
product. ELIGARD® is administered subcutaneously, where it forms a solid
drug delivery depot.
The Atridox® product is a subgingival controlled release product composed of
a mixing system with two separate syringes. Syringe A contains 450 mg of the
ATRIGEL® delivery system, which is a biocompatible, bioabsorbable, flowable
polymeric formulation composed of 36.7 % PLGA dissolved in 63.3 % NMP.
Syringe B contains 50 mg of the active constituent doxycycline hyclate which is
equivalent to 42.5 mg doxycycline. After mixing, the constituted product is a
pale yellow to yellow viscous liquid with a concentration of 10 % doxycycline
hyclate. When it comes into contact with the crevicular fluid, the administered
liquid product solidifies and allows controlled release of the drug doxycycline
for a period of 7 days.
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Table 2. Common PLGA-based depot formulations available in the market

Trade name

Active constituent

Use

Lupron Depot®

Leuprolide acetate
(gonadotropinreleasing hormone
(GnRH) agonist)

Anti-tumour

Nutropin Depot®
Decapeptyl®

Recombinant
growth hormone
(GH)

GH deficiency

Triptorelin acetate
(luteinizing
hormone-releasing
hormone analogue)

Prostate cancer
Treatment of
endometriosis

Octreotide
(a more potent
inhibitor of GH,
glucagon and
insulin than
somatostatin)

Reduce blood levels
of GH
Carcinoid and
vasoactive
intestinal peptide
tumours

Profact® Depot

Buserelin acetate

Antineoplastic
agent

ELIGARD®
(injectable
suspension)

Leuprolide acetate

TrelstarTM Depot
Sandostatin® LAR
Depot

Somatuline® LA

Zoladex®

Atridox®
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Triptorelin
pamoate

Lanreotide
(long-acting
analogue of
somatostatin)

Goserelin acetate

Doxycycline hyclate

Pharmaceutical
form

Prostate cancer
Treatment of
endometriosis

PLGA microparticles

Treatment of
acromegaly
Treatment of
neuroendocrine
tumours

Endometriosis and
breast cancer in
women
Prostate cancer

PLGA implants

A locally applied
antibiotic that is
placed gently into
gum periodontal
pockets where
bacteria thrive and
cause infection

PLGA ISG

Reduces levels of
testosterone and is
used to treat
prostate cancer
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9.4. MECHANISM AND PROFILE OF DRUG
RELEASE FROM PLGA POLYMERIC
MATRICES
The term ‘release mechanism’ is used to describe the way or the process by
which drug molecules are transported or released [27]. Fredenberg et al.
identified the release mechanism from polymeric drug matrices as a
description of the process or event that determines the release rate, and
reported different processes and mechanisms in drug release such as
dissolution of the drug (in combination with diffusion), diffusion through
water-filled pores, diffusion through the polymer matrix, hydrolysis, erosion,
osmotic pumping, water absorption/swelling, polymer–drug interactions,
drug–drug interactions, polymer relaxation, pore closure, heterogeneous
degradation, formation of cracks or deformation and collapse of the polymer
structure [18].

For PLGA-based drug delivery systems, there are only three possible ways of
drug release: (i) transport through water-filled pores, (ii) diffusion through the
polymer and (iii) due to dissolution or degradation of the encapsulating
polymer (which does not require drug transport) [18].

Diffusion and degradation/erosion are the two main pathways related to the
process of drug release from PLGA drug delivery systems. D’Souza et al.
reported that release from PLGA is initially diffusion-controlled followed by a
degradation/erosion-controlled final stage [28]. Wang et al. also illustrated a
two-phase
release
profile
for
metoclopramide
and
its
salt
(monohydrochloride) from PLGA/benzyl benzoate solutions following
injection into buffer: an early diffusion, followed by erosion [29].
The release profile (shape of the release) for PLGA polymeric matrices is
usually triphasic, sometimes biphasic and rarely monophasic [18]. For PLGA
ISG systems, the most common profile is the triphasic one in which there is an
initial burst release phase followed by a slow release phase and finally a rapid
release phase. Ahmed et al. demonstrated a triphasic release pattern for
haloperidol ISG prepared with PLGA [30]. Ibrahim et al. reported the same
behaviour for meloxicam in situ implants prepared using PLGA dissolved in
NMP [31].

Initial burst is the major disadvantage of polymeric solutions that solidify in
the body [32]. It is a high release rate of the drug or administered material that
is noticed at the beginning of the process. Drug toxicity and tissue irritation are
the major drawbacks associated with the phenomenon [33]. The major causes
of this behaviour include: the rapid release of drug adsorbed on the polymeric
surface [34], unequal distribution of the drug within the polymeric network
[35] and/or rapid diffusion of the drug to the surrounding medium prior to the
solidification process [36]. Several attempts have been conducted to overcome
this drawback; among the factors that should be considered are: the type of
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solvent used, the lactide-to-glycolide ratio (L:G) of the polymer, the
concentration and molecular weight (viscosity) of the polymer, incorporation
of plasticizers or surfactants and formation of in situ microparticles and
microglobules.

9.5. TECHNIQUES UTILIZED TO PREPARE PLGA-BASED ISG
SYSTEMS WITH MINIMUM INITIAL BURST AND
EXTENDED DRUG RELEASE
9.5.1. Ratio of lactide to glycolide in PLGA
It has been stated that the choice of PLGA may be considered as the key factor
in the process of modifying drug release from PLGA-based ISG systems [30,36].
The ratio of lactide to glycolide in PLGA may be 50 : 50, 65 : 35, 75 : 25 or
85 : 15. As the ratio of lactic acid increases the hydrophobicity of the polymer is
increased, as lactic acid is more hydrophobic than glycolic acid; consequently,
the PLGA will absorb less water and degrade more slowly [19].

Madhu et al. studied the release of rosiglitazone from ISG formulations using
different vehicles (NMP and triacetin), PLGA concentrations and L-G ratios
(65 : 35, 75 : 25, 85 : 15); they illustrated that the ratio 85 : 15 showed more
sustained release with comparatively less burst effect [37]. Patel et al. reported
a similar finding for the release profile of fluorescein (model drug) from in situ
forming implants consisting of PLGA dissolved in NMP. They demonstrated the
effect of different formulations of components on drug release profile and
reported that PLGA with a L : G ratio of 75 : 25 released drug at a slower rate
compared to PLGA with a 50 : 50 L:G ratio formulation and mentioned that the
ratio of the polymer subunit composition also affects drug release from these
systems [38].

9.5.2. Use of hydrophobic solvents

Solvents commonly used for dissolving PLGA can be classified into two main
categories: water-miscible solvents and partially water-miscible ones.
Common examples of the former include NMP, dimethyl sulfoxide (DMSO),
propylene glycol, acetone, tetrahydrofuran (THF), 2-pyrrolidone, glycofurol
and low molecular weight PEG [7,18,30,31,36], while the latter includes benzyl
benzoate, ethyl benzoate, ethyl acetate, triacetin, triethyl citrate and benzyl
alcohol [39-41]. Among these solvents, NMP is most frequently used due to its
solvating power. Strickley reported the use of NMP, DMSO and PEG 400 in
many commercial injectable products [42] while 2-pyrrolidone has been used
in veterinary injectable products [43].
Brodbeck et al. explained the role of solvent properties in the dynamics of
polymer precipitation and in vitro release of chicken egg white lysozyme
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protein. The release of this protein from an NMP/PLGA-based system exhibited
a distinct initial burst, while depots of PLGA in triacetin or ethyl benzoate (with
low solvent /water affinity) showed a lower initial burst. They attributed the
lower initial burst behaviour from triacetin and ethyl benzoate to the slower
phase inversion process that produces an ISG system characterized by a less
porous, more fluid, two-phase structure [41]. Wang et al. also reported the
same interpretation for metoclopramide release with PLGA prepared in
different solvents. The NMP/PLGA system showed the fastest release, followed
by triacetin which migrated into the buffer phase more slowly and finally
benzyl benzoate due to its limited water solubility [29]. Ahmed et al. studied
the release of haloperidol from four different solvents: NMP, DMSO (used as
water-miscible), triacetin and ethyl acetate (selected as partially watermiscible). They inferred that solvent type is among the formulation factors that
have a marked effect on haloperidol initial burst and attributed this behaviour
to the slow phase inversion rate, and so the aqueous solubility of the studied
solvents affects the solvent exchange rate during conversion of the
administered polymeric liquid into gel [30]. The same behaviour was reported
for montelukast release from an ISG system prepared using PLGA in the same
solvents [36]. The initial montelukast release was higher from DMSO, followed
by NMP then ethyl acetate and finally triacetin. These solvents are arranged in
descending order according to their miscibility in water: DMSO > NMP > ethyl
acetate > triacetin. For more explanation to the role of solvent, following
injection of the ISG system and during the solvent exchange process, some of
the loaded drug dissipates into the medium/physiological fluid, and hence the
faster the exchange rate, the higher the drug released (initial burst).
By reducing the solvent/nonsolvent affinity for the prepared PLGA solutions,
the rate of phase inversion is slowed and a more uniform release is obtained.
Typical solvents for this behaviour include triacetin, benzyl benzoate, ethyl
benzoate [41], triethyl citrate [44] and benzyl alcohol [40]. The process of
polymer solidification can take from hours to days in these slow phase
inverting systems. Morphological characterization of such systems has
revealed that these depots possess a smaller pore size and are homogeneously
dense. The main drawback of these solutions is their viscosity which makes
them difficult to inject without previous warming to 37 °C [5].
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9.5.3. PLGA concentration and molecular weight (intrinsic
viscosity)
Intrinsic viscosity [η] is a measure of a solute’s contribution to the
viscosity of a solution. Intrinsic viscosity is calculated by
η − η0
[η] = lim
φ→0

η0 φ

where η is the solution viscosity, η0 is the viscosity of the pure solvent and φ is
the solute mass concentration (the volume fraction of the solute in the
solution). The term [η−η0/η0] is the specific viscosity. Intrinsic viscosity [η]
should not be confused with inherent viscosity, which is the ratio of the natural
logarithm of the relative viscosity [η/η0] to the mass concentration of the
polymer [ln ηrelative/φ]. The units of φ, sometimes referred to as c, are g dL−1
and the units of intrinsic viscosity [η] are dL g−1, otherwise known as inverse
concentration.

Intrinsic and inherent viscosity can be measured based on the flow time of a
polymer solution [t] of known concentration through a narrow capillary
relative to the flow time of the pure solvent [t0] through the capillary, where
[η−η0/η0] = [(t−t0/t0].

The concentration of PLGA in ISG formulations normally ranges from
10−6 wt %. The viscosity of prepared polymeric solutions is greatly affected by
the polymer concentration in the solution and its molecular weight [45]. High
polymer concentrations up to 40−50 wt % result in decreased drug initial
release but the viscosity should be considered since the injectability can be
impaired [5,32].

Lambert and Peck studied the release of bovine serum albumin from PLGA
solution; a relatively low initial burst effect was obtained when both high
molecular weight PLGA (75−115,000 g mol−1) and high polymer loading in the
solvent were used [39]. Ahmed et al. studied the release of haloperidol from a
polymeric solution containing 20 %, 30 % and 40 % PLGA (50 : 50 L-:G ratio,
molecular weight (MW) 60,000−70,000 g mol−1, intrinsic viscosity 0.5 dL g−1)
in four different organic solvents, namely NMP, DMSO, triacetin and ethyl
acetate. The initial release of the drug decreased as the polymer concentration
was increased [30]. The same effect was also observed for montelukast,
reported by the same research group [36].

The effect of different PLGA MW (intrinsic viscosity 0.3, 0.5 and 0.7 dL g−1) on
the initial burst and cumulative release of meloxicam has been studied by
Ibrahim et al. [31]. They mentioned that polymer MW and hence polymer
viscosity has a great impact on meloxicam initial burst; as the intrinsic
viscosity of the polymer increases the hydrophilicity decreases, and so PLGA
grades that have low intrinsic viscosity (low MW) will have greater water
solubility owing to the rapid uptake of water while high MW ones will possess
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the opposite effect which accounts for their low initial burst [31,46]. A possible
explanation for the effect of PLGA MW can be illustrated by photo-imaging of
the implant using scanning electron microscopy (SEM) after injection into
phosphate buffer (Figure 1). Implants with low MW (intrinsic viscosity 0.3)
polymer show multiple pores which account for the rapid solvent exchange
while these pores decrease in number and size with high MW (intrinsic
viscosity 0.7) polymer. This effect was also illustrated by Patel et al. who
showed that SEM micrographs of implant cross sections prepared with lower
MW PLGA were more porous than their corresponding higher MW PLGA
implants [38].

Figure 1. SEM imaging for the surface of PLGA-based ISG made with 0.3 dL g−1 PLGA
(A) and 0.7 dL g−1 PLGA (B)

9.5.4. Addition of plasticizers or surfactants
Different biocompatible substances such as PEG, Tweens, Spans,
Chremophores and Pluronics have been reported to decrease the initial drug
release from PLGA ISG systems after their incorporation in the polymeric
solution.

The incorporation of PEG 400 has been reported to decrease the drug initial
burst, possibly by its plasticizing effect on the PLGA matrix system [47]. This
effect was recently illustrated by Ibrahim et al., who developed an optimized
ISG formulation of meloxicam and studied the initial burst and cumulative
release of the ISG system after incorporation of 10−30 % PEG 400 along with
PLGA/NMP polymeric solvent [31]. They concluded that the burst effect was
influenced by the solvent mixture (NMP and PEG 400). Incorporation of PEG
causes a slight decrease in the glass transition temperature of PLGA from 48 °C
to about 45.5 °C as previously illustrated by Alimohammadi et al. [48]. The
plasticizing effect of PEG is based on the reduction of the attractive forces
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among the polymer chains. These effects could explain the decrease in the drug
burst effect after incorporation of PEG. Another possible explanation for the
effect of PEG is its solubilizing power, which allows the uniform distribution of
drug particles inside the PLGA matrix and prevents adsorption of any drug
particles at the surface. Morphological study of the ISG formulation without
PEG shows a cracked surface (Figure 2A). Incorporation of PEG in the
optimized formulation leads to the disappearance of these cracks as indicated
by the smooth implant surface (Figure 2B). Tang and Singh also verified that
the addition of PEG 400 to a PLGA ISG system significantly decreased the initial
burst of aspirin from 36.9 ± 1.9 % to 30.9 ± 1.2 % [49].

Figure 2. SEM of the surface of an atorvastatin in situ gel system without PEG (A) and
the corresponding formulation with PEG (B) [50]. Reprinted from: Depot injectable
atorvastatin biodegradable in situ gel: development, optimization, in vitro, and in vivo
evaluation. Drug Des. Devel. Ther. 10 (2016) 405–415. Copyright (2016), with
permission from Dove Medical Press Ltd.

The incorporation of biocompatible surfactants such as Tweens, Spans,
Chremophores or Pluronics can have a positive effect on the release profile and
duration of activity. Elias-Al-Mamun et al. illustrated the effect of incorporating
biocompatible excipients such as Tween 20, Tween 60, Span 20, Span 80,
Chremophore EL and Chremophore RH 40 on the in vitro release of tamsulosin
from biodegradable PLGA in situ implants. They stated that it was clearly
observed that the studied surfactants lower the release rate of tamsulosin and
prolong the drug activity [24]. Patel et al. also studied the effect of
incorporating up to 5 % Pluronic P85 (P85, MW: 4600 Da) on the release
profile of a sodium fluorescein (low MW mock drug molecule) in situ forming
implant formulation prepared with PLGA dissolved in NMP. They verified that
the P85 concentration showed a minimal effect on sodium fluorescein release
during the first hour. However, after 1 h and up to 4 days (during the
intermediate release stage), a P85 concentration in the range of 1−2.5 %
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appears to lower the drug initial burst. Exactly at the end of the 4-day time
point, in situ forming implants with 1 % and 2.5 % P85 released about 33.6 %
and 28.2 %, respectively, of their drug when compared with the corresponding
formulations without any P85 (38.2 %). They also stated that increasing the
concentration of P85 beyond 5 % reversed any lowering of the drug burst
release [38]. DesNoyer and McHugh studied the effect of variations in Pluronic
concentration and MW on protein release from PLGA/NMP solutions. They
used Pluronic L101 and L121 (hydrophobic), the only difference between them
being the higher MW of the L121. They indicated that the Pluronic molecules
direct themselves in such a way that the hydrophobic PPO parts are inserted
into the polymer matrix while the hydrophilic PEO parts are extended in the
surrounding aqueous phase, an effect that leads to segregation of the Pluronic
molecules and formation of a phase boundary. This effect was more obvious
with the higher MW Pluronics, with overall reduction in the burst effect [51].

9.5.5. Formation of in situ microparticles (ISM) and microglobules

A novel ISM has been developed as an alternative to polymeric ISG systems
[52,53]. The ISM system consists of an inner drug polymer–solvent phase
which is emulsified into an outer phase, usually oil. When this emulsion is
injected into buffer or comes into contact with physiological fluid, the internal
polymeric phase solidifies and microparticles are formed spontaneously, as
shown in Figure 3. This ISM offers many advantages over its corresponding
ISG, such as: low myotoxicity, better syringeability and injectability (since
viscosity is highly dependent on the outer oil phase and not on the polymeric
phase), lower initial burst effect and the relative simplicity of the ISM system
preparation process compared to conventional methods for the preparation of
microparticles [52,53].

Figure 3. SEM of the surface of PLGA-based in situ microparticles

329

Chapter 9

Kranz and Bodmeier studied the release of diltiazem hydrochloride and
buserelin acetate from two different in situ forming systems, namely in situ
implants (ISI) and ISM. Both PLA and PLGA in DMSO, NMP or 2-pyrrolidone
were used to form polymeric drug solutions that were used as ISI. The ISM
systems were prepared utilizing the previously described polymeric drug
solutions which were emulsified into peanut oil at different polymeric solution
to oil phase ratios. The release of both drugs from the ISI systems showed an
initial high burst release compared to release from the ISM systems. They
concluded that the ISM systems significantly reduced drug initial burst effect
when compared to the ISI systems (polymer solutions) and attributed that
effect to the presence of an outer oil phase which makes a partial barrier
between the inner polymer solution and the outer aqueous medium. Another
possible mechanism for the lower initial drug burst was the less porous
surface of the ISM compared to the ISI system [52]. Another comparative study
between both systems (ISI and ISM) was conducted on bupivacaine
hydrochloride utilizing PLA as a biocompatible polymer which was dissolved
in various organic solvents to prepare ISI, while the ISM was prepared using
peanut oil as the external phase at different polymer phase to oil phase ratios
as previously described. A reduced initial bupivacaine hydrochloride release
was also exhibited from the ISM compared to the ISI and they also attributed
this behaviour to the presence of the external oil phase and the less porous
surface of the ISM [54]. Ahmed et al. also reported the same results for
haloperidol and montelukast during the in vitro and in vivo release of both
drugs from ISM and ISI systems [30,36].

Jain et al. developed a novel in situ method for the preparation of an injectable
stable dispersion of PLGA microglobules (premicrospheres or embryonic
microspheres). The preparation was made up of two oil phases. Oil phase I
consists of a mixture of PLGA/triacetin/drug/PEG 400/Tween 80. This mixture
is added dropwise to oil phase II which is composed of Miglyol 812 and Span
80 and homogenized to produce a rubbery injectable dispersion of PLGA
microglobules. The produced embryonic or premicrospheres harden and
shrink, and can entrap the drug and form true microspheres in situ within
17 min. One major advantage of this system is its ability to control the release
of cytochrome c from a few days to weeks. The burst of the drug was less than
30 % (within the first 24 h) of the total drug load and they attributed the
majority of that to unencapsulated drug [55].
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9.5.6. ISG systems based on drug nanocrystals and nanoparticles
Development of polymer-coated drug nanocrystals with subsequent loading
into ISG systems is a technique recently reported to minimize the initial burst
from these systems. Kurakula and Ahmed developed chitosan-coated
atorvastatin nanocrystals loaded into an injectable ISG formulation composed
of 45 % PLGA in a solvent mixture of NMP : benzyl benzoate (1 : 3) and
observed lower initial burst, prolonged atorvastatin release and enhanced
hypolipidemic effect from this formulation when compared to the
corresponding pure drug-loaded ISG system [56]. In another study, Zein
glimepiride nanoparticles were prepared utilizing a liquid–liquid phase
separation technique and loaded into a PEGylated PLGA ISG system. The
authors reported 3.3 % and 17.3 % drug release after 2 and 24 h, respectively.
This ISG system exhibited pseudoplastic behaviour with a reduction of
glimepiride release rate as the concentration of the polymer was increased
[57].
Another factor that could play a role in the release of drugs from ISI systems is
drug lipophilicity. Deadman et al. studied the effect of drug lipophilicity on the
release profile from different controlled release vehicles such as PLGA
microparticles and in situ forming depots. They reported that, although there
was a minor effect of drug lipophilicity on the in vitro studies, the effect was
obvious in vivo, which was attributed to the interaction between the
formulation and biological tissue.
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9.6. APPLICATIONS OF PARENTERAL ISG SYSTEMS
9.6.1. Application in veterinary products
Controlled release veterinary products characterized by a reduction of dosing
frequency, long duration of action and reduced animal stress have emerged
and continue to be developed to meet future market expectation. Around 15 %
of the marketed veterinary products are controlled release dosage forms, of
which parenteral sustained release products account for an estimated 40 %
[58]. Solutions, suspensions, emulsions and implants are the most common
preparations utilized for a parenteral sustained release effect. The main
treatment areas are respiratory diseases, feed efficiency improvement/growth
and milk enhancement. Revalor, Compudose and Synovex are hormonal
solid implant marketed products used to improve growth in cattle. Milbemycin,
a highly effective lipophilic anti-infective agent, has been formulated as an ISG
parenteral long-acting formulation for dogs [59].

9.6.2. Application in vaccine and gene delivery

Injectable sustained release ISG systems have been utilized for plasmid DNA
release and gene expression. Roy et al. designed two ISG systems to modulate
plasmid DNA release and gene expression for the delivery of DNA expression
vectors and reported extended duration of expression after a single
intramuscular administration [60]. In another study, the in vitro release of
plasmid DNA and salmon sperm DNA from ISG formulations was investigated
and the authors reported that ISG systems can be considered as a valuable
injectable controlled delivery system for plasmid DNA in their role to provide
protection from DNase degradation [61].

9.6.3. Applications in protein and peptide delivery

Biodegradable injectable in situ forming drug delivery systems may offer an
attractive method of protein delivery and could possibly extend the patent life
of therapeutic drugs that are proteins in nature [4]. Joshi reported successful
entrapment, protection and control of in vitro release of the model protein
macromolecule alpha-amylase for up to 6 days and it can therefore be
considered for in vivo investigation [62]. In another study, ISG systems
composed of PLGA and PEG have been widely studied for delivery of proteins
and peptides as these systems are biocompatible and biodegradable. The
triblock copolymer of PLGA–PEG–PLGA has been utilized as a controlled
release ISG system for porcine growth hormone; a single subcutaneous
injection of polymer formulation provided almost steady state serum levels of
the administered hormone for nearly 4 weeks [63].
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9.7. CURRENT AND FUTURE DEVELOPMENT
The demand for parenteral controlled release drug delivery systems is
progressively increasing. This is apparent in the number of polymer-based
drug delivery systems that are under clinical trials and those that have
progressed to commercial production. ISG systems based on smart polymers
are among the controlled release drug delivery systems that need further
development to administer the prepared formulation as easily as possible and
release the incorporated agent in a chemically and conformationally stable
form for a longer duration with minimal side effects. New strategies are now
under investigation such as:
•

•

Preparation of novel polymer- and lipid-based nanoparticles with
subsequent loading into ISG systems.
Incorporation of new surfactants and plasticizers.

9.8. CONCLUSION
Smart polymers have been investigated for their role in drug delivery systems,
particularly in the formulation of ISG systems. Among those, the biocompatible
and biodegradable polymer PLGA has found wide application in drug delivery,
particularly via the parenteral route. PLGA-based ISG systems are efficient
injectable biocompatible controlled release systems as they provide efficient
tools for the delivery of small molecules and macromolecules. Several attempts
have been investigated to lower the initial burst associated with these systems.
Processing and formulation factors and a combination of two or more
techniques can be optimized to produce the desired drug release profile.
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10.1. INTRODUCTION
Biosensors are made of the sensing element, which responds to the substance
being measured and is biological in nature. This compound has to be connected
to a transducer of some sort so that a visually observable response occurs,
such as in case of optical biosensors. The importance of the biological
component is that its interaction with the substrate is highly specific to that
substrate alone, thus avoiding interferences from other substances which
plague many analytical methods. It may catalyse a reaction involving the
substrate (enzyme) or it may bind selectively to the substrate. Biological
elements provide the major selective element in biosensors. They must be
substances able to attach themselves to one particular substrate but not to
others. Four main groups of materials can do this: a) enzymes, b) antibodies, c)
nucleic acids, and d) receptors. The most common component is the enzyme,
although other components containing enzymes are often very suitable. These
include microorganisms such as yeasts and bacteria. The most challenging step
in the development of biosensors is an adequate immobilization of enzymes.
This property is extremely important for stability, sensitivity, and bioanalytical
functionality of the biosensor. In this chapter the role of most applicable
polymers in biosensor technology, their specific properties, and application in
designing biosensors will be highlighted. Application of innovative, polymerbased, biosensor strategies in medical diagnostics (e.g., glucose measuring,
biomarkers testing) and food industry (microbial detection) will be discussed
as well. The biosensor development is one of the perspective ways to reduce
costs and waiting time for many laboratory analyses and to enable highly
sensitive readout system in “real-time.”

10.2. POLYMER MATERIALS IN BIOSENSOR TECHNOLOGY
Polymer materials are essential components of various biosensor setups and
many of them have found medical, industrial, and environmental application.
Polymers are large molecules made out of hundreds, thousands, or even
millions of single molecules called monomers. Since the polymers are capable
of enhancing stability and sensitivity of biosensor, they are mostly used in
designing the receptors for binding of biological compounds such as antigens,
antibodies, microorganisms, enzymes, or some other substrates [1]. The
polymer materials are characterized by biocompatibility, biodegradability, and
electrical conductivity, which makes them applicable in construction of optical,
electrochemical, or enzyme biosensors [2,3]. There are two types of polymers:
natural and synthetic. The human body contains many natural polymers, such
as nucleic acids and proteins. Other examples of natural polymers are cellulose,
dextrans, collagen, and chitin. However, synthetic polymers are more often
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used in biosensor construction. This enables high affinity of the biosensor to
wide array of targets with high specificity. Characteristics of synthetic
polymers, such as denaturation grade, can be manipulated and increase
biosensor stability [4]. Several types of polymers that are commonly used in
generation of biosensors are listed in Table 1.

Polyaniline (PANI) is known as conducting polymer with excellent electronic
properties and ability of binding different biomolecules [2,5]. One of the PANI´s
limitations is the pH sensitivity and necessity for testing to be performed in
acidic environment. However, many derivates of PANI are developed to
overcome these limitations and enable this polymer to provide redox activity
also in neutral pH solutions [2].
Polypyrrole is one of the conductive, conjugated polymers with broad
biomedical application. Since it is characterized by a good electron transfer and
biocompatibility, this polymer has been used for production of nanobiosensors
for detection of hydrogen peroxide (H2O2), in which toxic effects in some
foodstuffs, cosmetics, or plastic packaging, if not detected on time, can have
some serious consequences for human health [6,7]. In some studies it was
shown that the polymer polypyrrole offers some advantages, such as higher
electrical response, when combined with gold nanoparticles, which, for
example, can be the component of glucose biosensor design [8]. The
polypyrrole belongs to a new generation of polymers that can serve as a
substrate in conducting with biological cells or tissues [5,6]. The conjugated
polymer acts as an electronic conductor which can be controlled by changing
the redox potential of the ions entering or leaving the material in dependence
on the polymer charge.
Polyvinylpyrrolidone is water soluble polymer with its applications in medicine,
mostly like binder in pharmaceutical drugs. This polymer has been used in
designing the paper-based biosensors showing a great conductivity and
amperometric determination of the target molecule [9].

Another polymer that can be fabricated with gold nanoparticles is
polycaprolactone, which is used as a substrate in specific biosensor´s setup
[10].
Polyurethane is a polymer commonly used in preparation of enzyme
membranes as a component of the transducer element. The polyurethane layer
that can be part of glucose biosensor is responsible for biosensor sensitivity
and intensity of detection signal [11,12].
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Polymer

Table 1. Polymers used in biosensor technology

Polyaniline

Structural formula

Refs

[1,2,5,13]

Polypyrrole

[1,6,9,13]

Polyvinylpyrrolidone

[9]

Polycaprolactone

[3,10,14]

Polyurethane

[1,11]

Poly(lactic acid) (PLA)

[3, 15-18]

Poly(lactic-co-glycolic
acid) (PLGA)

[4,5,18,24,27-31]

Poly(3,4ethylenedioxythiopene)

[24-26]

Poly(3-aminobenzoic
acid)

[24,27-29]

Poly(pyrrole-3-carboxylic acid)

[24,30,31]

The polymers which are distinguished by their biocompatibility and
biodegradability are especially applicable in medical purposes. Here we are
talking about synthetic polymers, such as poly(lactic acid) (PLA) and its
copolymer (e.g., poly(lactic-co-glycolic acid) (PLGA)), which are approved by
Food and Drug Administration (FDA) and commonly used in drug targeting
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and biosensor production. Both of these polymers are used in production of
nanoparticles based on emulsion-solvent evaporation technique which
resulted in particles with a heterogeneous size distribution [32].

PLA belongs to the family of aliphatic polyesters commonly made from
α-hydroxy acids. PLA is a thermoplastic, high-strength, high-modulus polymer
that can be made from renewable resources to yield objects for use in either
the industrial packaging field or the biocompatible medical device market. It is
one of the few polymers whose stereochemical structure can easily be
modified by polymerizing a controlled mixture of the L- or D-isomers to yield
high molecular weight amorphous or crystalline polymers that can be used for
food contact and are generally recognized as safe [33]. PLA can be synthesized
in a wide range of molecular weights by following two processes:

1. Direct polycondensation reaction of lactic acid which is readily
obtained by the controlled fermentation of starches, usually from corn:
when water is cleaved off from lactic acid, an oligomer is formed, an
ester consisting of 10–30 lactic acid units. This oligomer is in
equilibrium with the corresponding dilactide, an ‘internal’ ester
consisting of two molecules of 2-hydroxypropanoic acid.

2. Ring-opening polymerization of cyclic dimers, that is, dilactide, in the
presence of metal catalysts to synthesize high molecular weight
polymers [34].

PLGA is copolyester of lactic and glycolic acid that can be dissolved in
dichloromethane, chloroform, acetone, ethyl acetate, tetrahydrofurane,
dioxane, dimethyl sulfoxide (DMSO), and toluene. PLGA is often used as a
biomaterial for medical and pharmaceutical applications. Hydrolysis of the
polymer chain leads to PLGA degradation and results in lactic and glycolic acid
which can be metabolized in the Krebs cycle to CO2 and H2O.

Poly(3,4-ethylenedioxythiopene) is a synthetic polymer which in combination
with some other substrates can act as binder for improvement of cathode
stability and its electrochemical properties [26]. Baba and Knoll reported the
possibility of using the poly(3,4-ethylenedioxythiopene) in designing DNA
biosensors, where this polymer was used for modification of platinum
component of the biosensor [35].

Poly(3-aminobenzoic acid) is organic compound which is partially soluble in
water. It has been used in construction of conducting polymer film, as a part of
the biosensor´s build [27,28]. In combination with other polymers, such as
polyaniline, it can be applied for construction of immunosensors in which
mechanism of action is based on the surface plasmon resonance (SPR) [29].
Poly(pyrrole-3-carboxylic acid) is another type of polymers suitable for
designing of SPR-based biosensors and is applicable in food industry,
pharmacy, and medical diagnostics [30].
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10.3. OPTICAL BIOSENSORS AND SPR PRINCIPLE
The electrochemical biosensors and among them the amperometric and
potentiometric ones are the best described in literature and have leading
position on the biosensor market. The biosensors based on optical principles
are the next most commonly used transducers. The various types of optical
transducers exploit properties such as simple light absorption,
fluorescence/phosphorescence, bio/chemiluminescence, reflectance, Raman
scattering, and refractive index. SPR as a further transduction mechanism
shows a main advantage over most optical biosensors, because of the direct
determination of the analyte without the use of labelled molecules [36]. SPR is
an optical biosensor technique that measures molecular binding events at a
metal surface by detecting changes in the local refractive index (Figure 1).

Figure 1. SPR measuring of changes in diffractive index

The phenomenon of anomalous diffraction on diffraction gratings due to the
excitation of surface plasma waves was first described in the beginning of the
twentieth century by Wood. Since then, surface plasmons have been
intensively studied and their major properties have been assessed. When an
optical beam is incident on a metal-coated glass prism its energy and
momentum can be transferred into the surface of the metal to create a surface
plasmon, which is a collective oscillation of free electrons that can give rise to
very intense scattering and forms an electron density wave (Figure 1). The SPR
technique can be upgraded electrochemically and is called the electrochemicalsurface plasmon resonance (EC-SPR). EC-SPR enables monitoring of
interactions with conjugated polymer films as integral part of the biosensor.
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There are three types of SPR formats: scanning angle SPR, scanning
wavelength SPR, and SPR imaging [37]. For all SPR formats the reflectivity of
light incident on a metal/dielectric interface is monitored and correlated to
changes in the local index of refraction of the dielectric layer adjacent to the
metal film. The most widely used format for an SPR experiment is the scanning
angle technique, in which the reflectivity of monochromatic incident light upon
a metal film is monitored as a function of the incident angle. The wavelength is
fixed and the incident angle is swept until resonance is observed as a dip in the
reflectivity curve. Commercial application has made it possible to use SPR as a
detection method for many purposes, including basic life science research,
drug discovery, environmental monitoring, and process analysis. In particular
the possible real-time monitoring of macromolecular interactions is of
paramount importance and a great benefit [38].

In case of Biacore, SPR is evoked when light is totally internally reflected from
a dielectric-dielectric interface (glass solution) into which a very thin film
(10 nm) of gold (or other such metal that obeys the free electron model, e.g.,
silver and aluminium) is interposed. The decaying evanescent wave at the
interfacial region can collectively excite regions of charge in the gold film to
form a surface charge density wave (the surface plasmon) parallel to the metal
dielectric interface. Excitation or resonance of these surface plasmons within
the metal occurs when the parallel wave vector component of the incident light
becomes equal to the wave vector for the propagating surface plasmon. The
resonance results in a decrease of the reflected light intensity applied as the
measured parameter in this SPR device. For light of constant wavelength, the
condition for resonance is a function of the light’s incident angle and effective
refractive index of the surface layer; thus, an SPR experiment involves varying
the angle of incident light until a drop in intensity is observed [39].
If the incident angle is fixed near resonance and the wavelength swept until
resonance is observed as a dip in the reflectivity curve, this technique is called
scanning wavelength measurement. Both the scanning angle and scanning
wavelength measurements typically provide only one or a few data points at a
time. In contrast, SPR imaging measurements use the changes in reflectivity
from a gold thin film that occur upon adsorption to generate difference images
to simultaneously monitor tens, hundreds, or more interactions in a parallel
manner. The high-throughput capabilities of SPR imaging have made it an
attractive tool for screening biomolecular interactions. For example, SPR
imaging has been used in an array format to study the hybridization of DNA
and RNA to nucleic acid arrays fabricated on gold films [40].

SPR offers several advantages over conventional techniques such as
fluorescence or enzyme-linked immunosorbent assay (ELISA). First, because
the measurements are based on refractive index changes, detection of an
analyte is label-free and direct. The analyte does not require any special
characteristics (scattering bands) or labels (radioactive or fluorescent) and can
be detected directly, without the need for multistep detection protocols.
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Second, the measurements can be performed in real-time, allowing the user to
collect kinetic data, as well as thermodynamic data. Last, SPR is a versatile
technique, capable of detecting analytes over a wide range of molecular
weights and binding affinities. Although SPR has historically been limited by its
throughput, new methods are emerging that allow for the simultaneous
analysis of many thousands of interactions. When coupled with new protein
array technologies, high-throughput SPR methods give users new and
improved methods to analyze pathways, screen drug candidates, and monitor
protein-protein interactions [41].

10.4. DEGRADATION OF POLYMER DISTANCE LAYER
Various biodegradable polymers are already well known for the production of
nanoparticles aimed at drug and gene delivery applications [42]. PLGA and
PLA, both of which are FDA-approved biocompatible polymers, have been the
most extensively studied [21,22,32,43]. Besides for nanoparticles production
these polymers have found their application in biosensor technology as well.
They can be easily integrated in the matrix of optical biosensors and give a
reasonable signal toward microbial contaminations [15,19]. The polymer acts
as a distance layer that is usually degraded due to action of microbial enzymes,
which are secreted during the cell growth. The polymer layer can be used as an
attractive surface for the microorganisms which are capable of binding to the
polymer, such as PLGA, and we use it as the culture growth media [22].
Typically, degradation occurs via the cleavage of covalent bonds within the
polymer. Polymer degradation is caused by lytic enzymes secreted either from
the product to be tested or from a microorganism associated with product or
from both. Examples for such enzymes are phospholipases, pronases,
proteinases, hydrolases, lipases, and esterases. Thus, the process of
degradation is irreversible resulting in a definite “signal” of the device in form
of an irreversible color change.
The color of the device is defined by remission of incident light by the
reflecting layer in combination with the properties of the polymer layer. Thus,
the polymer layer may display different characteristics as long as it is
biodegradable and optically transparent such that incident light is able to
contact the reflecting layer and remitted light is able to pass the polymer layer
(wherein the polymer layer does, however, influence the remission). The
thickness of distance layer is also very important, because it will be reduced
through the action of microbial enzymes (lytic and lipolytic) which results in
color change of the biosensor (Figure 2). In that way, an optical thin film
sensor chip can detect bacterial decay of food through a specific color change.
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Figure 2. The polymer layer degradation in two-layer PLGA biosensor setup by action
of specific microbial enzymes

The intensity/degree of color change is in this respect proportional to the
degree of change in the polymer layer. Incident light is remitted by the
reflecting layer as described above and ultimately leads in combination with
the optical properties of the polymer layer to a specific color of the device
which may appear to the human eye as, e.g., a red, white, blue, or green color.
However, the polymer alone sometimes is not enough for induction of
microorganisms to produce sufficient amount of lipolytic enzymes for its
degradation. Investigating the characteristics and biology of microorganisms
and their metabolic pathways, it was possible to see that not all
microorganisms produce the same concentration of lipolytic enzymes under
the same conditions [23].
Under addition of certain substrates in the matrix of the biosensor, it is
possible to stimulate the microbes for better enzyme production, resulting in
higher sensitivity of the polymer-based biosensor [23].

346

Perspective potential of polymer-based biosensor chips in food industry…

10.5. SELECTION OF THE CLUSTER
10.5.1. Metal clusters
Metal clusters are nanometric crystals or amorphous particles and bear unique
physical and chemical behaviour. Clusters combine properties of metals and
semiconductors including surface phenomena and interesting electronic and
optical resonance. In the literature, metal clusters are also referred to as
nanoparticles, nanoislands, or precipitates.

Atoms in metal cluster material are bound by the same forces as in bulk
material, but the surface to volume ratio is quite different and therefore
surface effects dominate metal cluster behaviour. Even clusters built of about
thousand or more atoms contain up to 25 % of surface confined atoms. In
general, surface confined energy transduction is very inefficient but in
nanometer size clusters the boundary region reaches deeply beyond the
surface or even penetrates the whole surface.

To describe the behaviour of clusters, classical electrodynamics are employed.
Macroscopic metal objects clearly differ from nanometric metal objects in
terms of electrons. Electrons in macroscopic metal materials move being
unconfined by material borders. This free movement of the electron gas results
in strong and unspecific reflectivity. For colloidal particles the optical
properties are defined not by a freely moving electron gas but also by the
oscillation of the electron gas. This collective swinging motion of electrons
within the cluster is also a so-called particle plasmon. Metal clusters with a
band-gap in the visible range are excited by the electromagnetic field of a light
wave. Most of the novel phenomena are based on the excitation of plasmons in
the visible or infrared part.

For simple consideration, the behaviour of plasmon oscillations is modelled
using a quasistatic regime. It can be assumed that clusters of 10–20 nm in size
behave like simple dipoles. For larger clusters and large numbers of clusters
the situation becomes more complicated and the Mie function includes all
electronic and atomic behaviour of the colloidal particle, which means that
multipolar and magnetic modes of absorption and scattering are added
compared to the simple dipolar model for small clusters.
Clusters can be formed from a wide variety of materials, but their application is
limited by chemical stability in air, water, or biological environment; in
particular stability against oxidation and thiol modification is a problem for
many forms of clusters. Clusters of only a few atoms in size do not exhibit
resonant behaviour in the visible range of the spectrum. Metal nanocluster
technology is based on the fact that electrons are moving freely and are excited
by an external field. Under these conditions it is clear that metals with a high
amount of free electrons show the best optical effects and for theoretical
studies alkali metals are ideal but they are very unstable in air and in aqueous
solutions and so only noble metal clusters can be used in plasmon studies.
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10.5.2. Mirror cluster
The mirror layer is of great importance for the sensor setup. It has to be very
stable and to contain a smooth surface able to interact with the nanoparticles
at a definite distance that results in anomalous absorption. As a mirror layer
the inconel can be used. Inconel is a nickel-chromium alloy with good oxidation
resistance and often used in food processing. In the majority of the cases the
prefabricated inconel and gold coated PET-foils are used. Drawing a
comparison between the inconel, gold, and silver mirrors requires the testing
of the stability of the associated sensors (complete setup) towards high
temperature and salt concentration [23].

Optical properties of mirror and metal clusters can be used to produce
biomimetic devices of extraordinary functionality. The design of the sensor
relates to the phenomenon of “anomalous absorption”, which can best be
described as a thin film enhanced absorption. A metal cluster film positioned at
a well defined distance to a smooth metal surface shows that the minimum of
spectral reflectivity strongly depends on the thickness of the interlayer. This
setup represents a special kind of reflection interference filter. In such a sensor
setup, we have integrated a biodegradable polymer as a biomimetic
component which is degraded by the same enzymes and at the same rate as
food decay will happen. The degradation of the polymer results in reduction of
the film thickness and thus in a specific change of the color [15,16].

10.6. THE QUENCHER/LIGAND SYSTEM
The characteristic of many proteins to bind their specific ligands, which allows
them to interact with some other proteins, enabled the development of
biosensors with higher sensitivity toward the detection of target molecules. As
transducer that must be attached to the protein, the fluorescent proteins have
been used [44,45].

Fluorescent reporters that are used in labelling procedure and attached to the
recognition element can be incorporated by covalent chemical modifications or
site specific. We can differ between endosteric incorporation (at binding site)
and allosteric incorporation (outside of the binding site). It is believed that
polymer-based, fluorescent biosensors have more potential over standard
methods in molecular diagnostics (ELISA, polymerase chain reaction (PCR)).
The principle of their work is based on the quencher/ligand or the OFF state,
where fluorescence occurs only due to binding of molecule of interest. In that
case, the quencher is removed and detection signal is exhibited (Figure 3) [44].
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Figure 3. Removal of quencher by an antigen results in fluorescence

10.7. MODIFICATIONS OF BIOSENSOR MATRIX AND
SYSTEM

Transducer

Biological
element

Sample

Enzymes

Ability of biosensors to detect or monitor specific medical, environmental, and
industrial molecular targets emerged from development of various
possibilities nowadays in manipulating the biosensor matrix and enabling
analytical analysis of high sensitivity in real-time. The biosensor matrix is
crucial for the sensor sensitivity and quality of exhibiting detection signal
which can be electronic or optical. That is why the choice of components that
build up the biosensor matrix must be done with highest concerns. The signal
that the biosensor produces is normally proportional to concentration of target
substances (chemical, toxin, enzyme, etc.). A biosensor has a biological sensing
element either intimately connected or integrated within a transducer
(Figure 4).

Signal

Figure 4. Major elements of an optical biosensor that gives signal when in contact with
specific enzyme

Biosensors may be classified according to the biological specificity-conferring
mechanism or, alternatively, to the mode of physicochemical signal
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transduction. They may be further classified according to the analytes or
reactions that they monitor:
a) direct monitoring of analyte concentration
producing/consuming such analytes.

or

of

reactions

b) alternative indirect monitoring of an inhibitor or activator of the
biological recognition element.

Polymer-based biosensor by which the polymeric material is coating the
electrode is commonly used for protein immobilization. The polymers as major
component of biosensor matrix can act as electrical conductor and be
applicable in many immobilization strategies [1]. As an example, there are
enzyme-based amperometric biosensors which use enzymes reverse micelle
membrane or polymaleinmidostyrene as immobilization stabilators [46].
Desmodur (diphenylmethane diisocyanate or triphenylmethane-4,4‘,4‘‘triisocyanate) is an example for type of crosslinker commonly used in a way to
stabilize polymer solution and the thickness of the polymer layer [20,22].
Optical properties of mirror and metal clusters (silver or gold) can be used to
produce biomimetic devices of extraordinary functionality. The biomolecular
environment can serve as pattern for cluster formation and generate an optical
fingerprint through the specific interaction of biomolecules and chromophores
[47].

We have integrated a biodegradable polymer as interlayer of food biosensor,
which is degraded by the same enzymes and at the same rate as food decay will
happen [15]. In some cases it is possible to increase activity of causing agents
such as microorganisms, resulting in better biosensor sensitivity and readout
ability. One way to do this is due to the addition of certain substrates in the
matrix of the biosensor that will stimulate the microorganisms for better
enzyme production, resulting in stronger signal of the biosensor [22].
Optimization of different sensor matrices enabled breakthrough in
development of many immunosensors as well, making them more specific,
stable, and accurate [48].

10.8. APPLICATION OF BIOSENSORS IN FOOD INDUSTRY
Monitoring of safety and nutritional quality of food is very important. Most of
the microbiological methods are very expensive, demanding, and timeconsuming. Having a biosensor chip that would give the signal in presence of
microbial pathogens in food (fresh, canned, or vacuumed) within a short
period of time (few minutes or few hours) would be of great advantage over
currently used microbiological testing methods. In this connection, biosensor
is an appropriate alternative to the conventional techniques. Biosensors are
considered to be a revolutionary tool in combating, in some cases even life
treating, medical complications as consequence of food poisoning. The
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microorganisms can replicate very fast, especially in meat products. If we
would not have some sensitive control system that would monitor meat decay
due to the changes in storage temperature or packaging, the consumers would
stay unprotected in these situations.

Microbial enzymes are major causes of quality deterioration and food spoilage.
Understanding of the enzymatic processes which have taken place or may still
occur in food is required for making valid, well-profound shelf-life evaluation.
The range of enzyme activity can be much higher than the range of bacterial
growth. A major problem is determining the relationship between microbial
composition and the appearance of deterioration in food caused by physical,
chemical, or enzymatic reactions. Even less is known about the activity of
microbial enzymes under the effect of the intrinsic factors in food.

Biosensors are one of the foremost relevant techniques for monitoring of food
decay, they are specific, and their production is considered as of a low cost.
Their specificity derives from biological interactions between antigen and
antibody, enzyme and substrate, receptor, and ligand or interaction between
nucleic acid and transducers. Here, we would concentrate on polymer-based
biosensors that are developed for food testing. Some of examples are
biosensors based on PLA and its co-polymer PLGA [15,16,19,22,23]. The design
of these biosensors that can be composed of two or three layers relates to the
phenomenon of “anomalous absorption,” which can best be described as a thin
film enhanced absorption (Figure 5). A metal nanoparticle layer positioned at a
well defined distance to a smooth metal surface shows that the minimum of
spectral reflectivity strongly depends on the thickness of the distance layer.
This setup represents a special kind of reflection interference filter. In such a
sensor setup, a biomimetic polymer is integrated which is degradable by lytic
enzymes excreted by microorganisms in food decay [19]. It could be shown
that a meat, milk, or vegetable deterioration, which is correlated to the amount
of enzymes secreted by microorganisms, can be detected by these types of
biosensors [23].
Some further polymers, which can be used in sensor setup described above,
may be selected from the group of polymers comprising poly-L-lactic acid
(PLLA), poly(hydroxybutyrate) (PHB), and polyvinylcaprolactam (PVCL) or
any other polymers, which can be classified as a biodegradable polymer.
Preferably, biodegradable synthetic polymers are used, which can also include
synthetic polymers of gelatine, agarose, dextrose, lipids, cellulose, starch,
chitin, polyhydroxyalkanoates, poly(ε-caprolactone) (PCL) or PCL-systems,
poly(ethylene/butylenes) succinate, poly(ethylene/butylenes) adipate, or
polynucleic acids [38].
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Figure 5. Two-layer biosensor (left) and three-layer biosensor (right)

The biodegradable polymer layer may additionally comprise a bifunctional
crosslinking agent, such as diisocyanate, glutardialdehyde, or desmodur. These
stabilizers of biosensor matrix are products based on diphenylmethane
diisocyanate (MDI), toluene diisocyanate (TDI), hexamethylene diisocyanate
(HDI), or isophorone diisocyanate (IPDI). This type of optic biosensors is
normally constructed with reflecting layer positioned under the polymer layer
and both influence a process of remission and color change of the biosensor
[19,20,22].

Biosensors present a novel and cost effective method for detection not only the
microbial pathogens, but also allergens and organic, toxic compounds in food,
such as pesticides [49]. Fluorescence-labelled biosensor also found their
application in food industry. It consists of a receptor component that binds a
target ligand and a signal transduction component to convert the ligandbinding event into measurable signals, such as fluorescence,
chemiluminescence, or colorimetric, electrochemical, and magnetic response
[50]. Food components that can be sensed by biosensors are glucose, sucrose,
fructose, lactose, glycerol, cholesterol, choline, and so forth.

One of the greatest disadvantages of biosensors is instability of their biological
sensing element toward different environmental conditions (changes in pH,
temperature, and ionic strength). However, due to constant novel approaches
in synthesis of new polymers, many of these “weaknesses” could be overcome.
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10.9. CLINICAL SIGNIFICANCE OF POLYMER-BASED
BIOSENSORS
Nowadays, many medical conditions can be monitored by biosensors. They can
be used for analysis of clinical samples or for ex vivo and in vivo monitoring of
different physiological changes within human body [51]. Many diagnostic
testing tools today include automated analyzers whose maintenance is very
costly and time demanding. So, faster, smaller, and cheaper devices are highly
needed for laboratory testing. Polymer-based biosensors are one of the
promising ways to enable more reliable and rapid response during glucose or
biomarker testing. Since diabetes mellitus as metabolic disease is present in
huge part of world’s population, it is necessary to have stable and rapid blood
glucose tests. The blood glucose concentration is the main diagnostic criteria
for patient’s diabetes monitoring. For better control of diabetes, the
self-monitoring of blood glucose was established as well. There are many types
of biosensor capable of detecting the blood glucose levels with high accuracy.
For immobilization of glucose oxidase (GOx) enzyme, the polymer polypyrrole
has been used in several biosensor designs [24,52]. Besides GOx, there are two
more enzymes whose mechanism of action was decisive for development of
different glucose biosensor setups: hexokinase and glucose-1-dehydrogenase
(GDH) [53].

Most of the glucose biosensors are electrochemical and can be potentiometric,
conductometric, or amperometric in type. Development of glucose biosensors
went through three generations. The first-generation glucose biosensors were
based on an enzyme electrode measuring the oxygen concentration which was
proportional to the glucose concentration. The second-generation glucose
biosensors brought many improvements due to replacement of oxygen with
some redox mediators that would transport the electrons from an enzyme to
the electrode. Mostly used mediators of that kind were thionine, methylene
blue, methyl viologen, ferricyanide, quinines, and many others. The thirdgeneration glucose biosensors gave up from redox mediators and enabled
direct electron transport between the enzyme and the electrode [53].
Biosensors can also be used for detection of some of the most important cancer
biomarkers [54]. We know that diagnosis of the cancer in early stage increases
the survival rate of the patient, and the biosensor technology enables a fast and
less invasive diagnostic tool in detection of variety of pathogeneses. Since there
is no single oncogen that is altered in each type of cancer, several biosensors
detecting different biomarkers were developed. These biosensors are able to
detect prostate specific antigen (PSA), carcinoembryonic antigen (CEA), afetoprotein (AFP), epidermal growth factor-2 (HER-2), interleukin-6 (IL-6),
and interleukin-8 (IL-8) [55]. Respiratory insufficiency can also be monitored
with help of lactate biosensor based on lactate oxidase enzyme [56]. Thanks to
biosensor technology, it is possible to monitor the function of many human
organs, such as kidneys, with help of urea biosensors, and to control
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cholesterol levels which can be altered in course of some disorders like
hypertension and anemia and can be detected by cholesterol biosensors [57].
Another type of clinically important biosensors is DNA sensors, which are
applicable in diagnosis of inherited diseases. These biosensors can be made of
conducting polymer that acts as transducer [58].
Even if it seems that development of biosensors was a rapid process, it was
actually a long way which included many technical optimizations and requires
some additional improvements even today. Starting with multiple matrix
optimizations of polypyrrole based sensors or improvement of electron
transfer due to properties of nanoparticles and nanotubes, all of that enabled
the development of much more stable biosensors of high selectivity, specificity,
and sensitivity toward various clinical targets.
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11.1. INTRODUCTION
The market of biopolymers is growing every year and important new demands
can be expected from applications which offer clear beneﬁts for customers and
environment. A 2014 report published by BCC Research has estimated the
global bioplastic demand in 2014 at more than 1400 kt, whereas it is predicted
to be increasing to about 6000 kt in 2019 [1]. Furthermore, in correlation with
the important demand of bioplastics, it is expected that the global production
capacities will increase to more than 7.8 million tons in 2019. Unfortunately,
for certain requests such as packaging or engineering sectors, the biopolymers
cannot be fully competitive with polymers from the category of commodity or
engineering thermoplastics (i.e., polystyrene (PS), polyethylene (PE),
polypropylene (PP), and polyethylene terephthalate (PET)). However, the
rapid emergence of bioplastics is one of the major stories of the last decade.
In comparison with other biopolymers, the production of poly(lactic acid)
(PLA) has numerous advantages [2], such as: (a) biodegradability, recyclability,
and compostability [3-4], (b) biocompatibility, which is a very attractive aspect
of PLA, especially with respect to biomedical applications, (c) processability
(PLA has better thermal processability compared to other biopolymers. It can
be processed by injection molding, film extrusion, blow molding,
thermoforming, fiber spinning, and film forming in order to yield molded parts,
films, or fibers [5-6]), and (d) energy savings (PLA requires 25−55 % less
energy to produce than petroleum-based polymers [7]). Despite the above
positive features, PLA has also drawbacks, which limit its use, such as: (a) poor
toughness (PLA is a very brittle material with less than 10 % elongation at
break [8]. Although its tensile strength and elastic modulus are comparable to
PET, the poor toughness limits its use in the applications that need plastic
deformation at higher stress levels), (b) slow degradation rate (PLA degrades
through the hydrolysis of backbone ester groups and the degradation rate
depends on the PLA crystallinity, molecular weight, morphology, water
diffusion rate into the polymer, and the stereoisomeric content [9]. The
degradation rate is often considered to be an important selection criterion for
biomedical applications [10]. The slow degradation rate leads to long in vivo
lifetime (mostly 3−5 years), which is a serious problem with respect to
disposal of consumer commodities), (c) hydrophobicity, (d) lack of reactive
side-chain groups, (e) long injection molding cycle time due to a small rate of
crystallization, and (f) high sensitivity to moisture and low resistance to
hydrolysis. However, PLA-based products with speciﬁc end-use properties
(high speed of crystallization, toughness and impact resistance, ﬂame
retardancy, antistatic to electrical conductive properties, and anti-UV and
antimicrobial characteristics) have been recently produced for novel
applications as new PLA bionanocomposites [11].
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The ever increasing commercial importance of polymers has entailed a
continuous interest in their thermal stability. The kinetic modelling of the
decomposition process plays a central role in many of those studies, being
crucial for an accurate prediction of the materials behavior under different
working conditions [12-25]. A precise prediction requires knowledge of the
so-called kinetic triplet, namely, the activation energy, the frequency factor,
and the kinetic model, through the conversion function, f(α). This latter
parameter is an algebraic expression that is associated with the model that
describes the kinetics of a solid-state reaction. Therefore, the kinetic analysis
also provides some understanding of the mechanism of the reaction.
Knowledge of the kinetic model of thermal degradation is very helpful in the
field of the thermal stability of polymers [26-31].
It is generally agreed that the choice of the PLA matrix (isomer purity,
molecular, rheological, and thermal properties, and method of processing) is of
key importance for the production of composites/nanocomposites. However,
among the other different factors, it is also essential to take into consideration
the requirements of application. It is important also to point out that PLA is
usually delivered as granules previously crystallized during the ﬁnal steps of
fabrication process, to obtain a certain degree of crystallinity. However,
because the engineering applications are demanding a high thermal stability
and/or utilization at high temperature, the general tendency is to use a PLA
matrix with extremely low D-isomer content, which can exhibit higher melting
temperature and degree of crystallinity [11]. PLA with low D-isomer content is
mostly indicated in applications requiring semicrystalline polymers, while
those with higher percentage of D-isomer are generally used where amorphous
polymers are necessary, such as heat seal layers needing low activation
temperature.
PLA is industrially obtained through the polymerization of lactic acid or by the
ring-opening polymerization of lactide (the cyclic dimer of lactic acid, as an
intermediate) [32-33]. Presently, the main way to obtain high molecular
weight PLA is through ring-opening polymerization of lactide, carried out
commonly by using a stannous octoate-based catalyst. Additionally, the
biosynthesis of PLA using enzymes is a new challenge, in terms of both
research and industrial implementation [34]. It has to be noted that lactic acid
can be made by fermentation of sugars obtained from renewable resources,
such as corn, potato, cane molasses, and sugar beet. PLA is the first commodity
polymer produced from annually renewable resources [35].
Currently, the applications of PLA cover medical, packaging, and
technical/engineering fields. PLA is used in a wide range of biomedical
applications such as stents, surgical sutures, plates, and screws for
craniomaxillofacial bone fixation, interference screws in ankle, knee, and hand,
spinal cages, soft-tissue implants, tissue engineering scaffolds, tissue cultures,
drug delivery devices, and craniofacial augmentation in plastic surgery [36]. In
many cases PLA can be blended or copolymerized with other polymeric or
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non-polymeric components to achieve the desired behavior [37,38]. The
general criterion for selecting a polymer for use as a biomaterial is to match
the mechanical properties and the time of degradation to the needs of the
application. PLA is ideally suited for many applications in the environment,
where recovery of the product is not practical, such as agricultural mulch films
and bags. Composting of post-consumer PLA items is also a viable solution for
many PLA products. Biodegradable plastics, packaging and paper coatings,
sustained release systems for pesticides and fertilizers, and compost bags are
also examples of PLA usage in non-medical application. Fiber manufacturing is
one of the largest potential application areas for PLA. PLA is readily melt
spinnable and stress crystallizes upon drawing, and can be designed for many
fiber applications. Some of the current fiber uses include hollow fiberfill for
pillows and comforters, bulk continuous filament for carpet, filament yarns,
and spun yarns for apparel, spun bond, and other nonwovens and
bicomponent fibers for binders and self-crimping fibers. PLA excels at
resistance to stain in standard tests with coffee, cola, tea, catsup, lipstick, and
mustard. PLA also burns with low smoke generation, has good ultraviolet
resistance, is easily dyeable, and brings good wickability of moisture to
applications [35]. Films are the second largest application area for PLA. For
example, PLA in food packaging applications is ideal for fresh products and
those whose quality is not damaged by PLA oxygen permeability [2]. PLA is a
growing alternative as a green/ecofriendly food packaging polymer. New
applications have been claimed in the field of fresh products, where
thermoformed PLA containers are used in retail markets for fruits, vegetables,
and salads. That field of application of biodegradable polymer in food-contact
articles includes also disposable cutlery, drinking cups, salad cups, plates,
overwrap and lamination film, straws, stirrers, lids and cups, plates and
containers for food dispensed at delicatessen, and fast-food establishments.
For today, the major PLA application is in packaging (nearly 70 %) [2]. In this
field, as a native form or in a blend, PLA contributes tremendously to
packaging material stiffness, clarity, deadfold and twist retention, lowtemperature heat sealability, and special barrier characteristics (i.e., aroma and
flavor).
Because of its versatility, it is generally agreed that the production and
processing of PLA (by injection molding, compression molding, extrusion, and
spinning) and its nanocomposites can be realized with similar equipment
[32,39,40], such as in the case of traditional polymers. With few modiﬁcations
and adaptations, the production of PLA composites/nanocomposites is
realized using the following techniques:
(a) there is melt-compounding using typical procedures, for example, dry-mixing all or some of the components with high speed mixers,
followed by compounding in a wide range of melt-blending equipment
such as internal mixers, single- or twin-screw extruders, or Buss
kneaders. The processing conditions (shear, temperatures, and mixing
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time) are determined by the type of equipment, nature of dispersed
phase(s), blend composition, and desired end-use product properties.
It is worth recalling that the polyester-based matrix (i.e., PLA) is very
sensitive to temperature, shearing, and hydrolysis, so that all
precautions should be applied to avoid its degradation [32]. It is
absolutely necessary to limit the content of water in PLA for all
compositions at 50−250 ppm whatever the processing conditions, and
this can be problematic in the case of some natural ﬁbers used as
reinforcements or of ﬁllers containing crystallization water. Clearly, the
melt-compounding method is highly preferred in the context of
sustainable development since it avoids the use of organic solvents,
which are not ecofriendly and can alter the life cycle analysis of PLA.
Moreover, this approach is easier upscaled to larger scale and to
industry, whereas the twin-screw extrusion is the preferred method for
PLA modiﬁcation by reactive extrusion processing (REX) or for the
addition of masterbatches, impact modiﬁers, ﬁbers, ﬁllers, additives, or
selected polymers, which can increase the performances of PLA [41],
(b) solvent-based methods (i.e., solvent-casting) are chosen especially in
the incipient phase of the research, mostly at small laboratory scale.
Besides, due to low quantities of active pharmaceutical ingredients, this
technique remains of interest for the biomedical sector, and
(c) there are other methods. The production of composites/
nanocomposites based on PLA can imply the polymerization of lactide
on the surface of dispersed phases for better compatibility/higher
performances [42], the physical blending of PLA (as ﬁbers) with
natural or synthetic ﬁbers [43], utilization of pultrusion as technique
[44] to produce PLA reinforced with long ﬁbers [45], coextrusion
(ﬁbers, ﬁlms, and sheets), and hot pressing using the ﬁlm stacking
method [46].
PLA can be compounded with fibers (flax, kenaf, glass fibers, carbon fibers, and
cellulose), fillers (talc, carbonaceous ﬁllers, hydroxyapatite, inorganic
carbonates and sulfates, mica, and kaolin), and nanofillers (organomodiﬁed
layered silicates, graphite derivatives, carbon nanotubes, sepiolite, halloysite,
polyhedral oligomeric silsesquioxanes, silica, and ZnO). Generally speaking,
ﬁllers/nanofillers are combined with polymers to either reduce the cost or to
modify the physical, rheological, optical, or other properties of the polymeric
composites/nanocomposites. If the ﬁllers/nanofillers do not decrease the
molecular, thermal, and mechanical characteristics of PLA, their utilization can
be an effective route to cost reduction and also the source of improved
mechanical parameters, such as the increase of modulus/stiffness at room
temperature or high temperature, especially in those PLA grades which allow a
high degree of crystallinity. It is worth mentioning that a great number of
adequately modiﬁed ﬁllers can lead to PLA nanocomposites, which show
remarkable improvements of properties evidenced even at very low nanoﬁller
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loading (usually 3−5 %). Micro- and nanofillers containing layered silicates or
nanoclays have been reported in the literature [47-49].
Several works reported the melt blending of an organically modified
montmorillonite type, named Cloisite® 30B (referred to as organically
modified montomorillonite (OMMT)) with PLA [50-58]. This is due to the
favorable enthalpy interactions between the clay organic modifier and the
polymer, which is supposed to improve clay exfoliation [59]. According to the
literature, 2−2.5 % of OMMT seems to induce a good balance between low clay
loading and the notable enhancement of the rheological, mechanical, fracture,
thermal, and gas barrier properties. Nevertheless, the thermomechanical
properties of these biobased clay polymers above the glass transition cannot
compete with reinforced commodity thermoplastics. The clay organic modifier
is also known to catalyze the degradation of the PLA matrix during processing.
Besides the risk of clay aggregation, processing difficulties are likely to occur
during large scale productions where the melt strength is the dominant factor
(i.e., film blowing and foaming). Reactive extrusion with a chain extender is
widely used to counteract melt degradation and to increase molecular weight,
melt strength, and hydrolytic stability of polyesters. Najafi et al. [54,60]
showed that the melt degradation of PLA blended with 2 % of OMMT can be
minimized by adding 1 % of a styrene-acrylic multifunctional epoxy random
oligomer (referred to as SAmfE). Later, different studies showed that 0.5 % of
SAmfE chain extender is sufficient to both counteract degradation reactions
and significantly enhance PLA melt properties [61-63].
In this area the fundamental challenge is to enhance the interaction between
the clay and the matrix in order to enhance clay dispersion. Tethering reactive
species onto the surface of the OMMT platelets seems to be a valuable
methodology, as already reported by several authors [64-66]. Taking into
account that the resultant performance of PLA-based nanocomposite products
is strongly affected by clay dispersion and the processing technique, lab-scale
equipment is unable to induce a similar thermomechanical history as large
scale processing systems. Most studies on PLA-OMMT nanocomposites melt
blended with SAmfE chain extender were limited to the effects of the nanofiller
content and both blending ratio and conditions [54,58,60,61]. Then, the
processed materials were ground into pellets and compression molded to
obtain test samples. Since this manufacturing process is both time and cost
intensive, it is not able to easily penetrate the market of nanocomposite
materials.
The present work aims at the manufacturing of PLA sheets reinforced with
commercial OMMT through reactive extrusion in a pilot plant. PLA was first
compounded separately with OMMT and chain extender on common
preindustrial extruders and PLA-OMMT sheets were subsequently calendered
in line using a masterbatch approach. Moreover, the reactivity exhibited by the
OMMT towards the multifunctional reactive agent was investigated. Then,
based on the clay dispersion, the rheological, mechanical, and thermal
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behaviors of the nanocomposites were analyzed. Finally, a new index was
proposed in order to elucidate the correct mechanism responsible for the
thermal degradation of the polymer and its nanocomposite obtained by
reactive extrusion.

11.2. REACTIVE EXTRUSION PROCESSING AT
LABORATORY SCALE
11.2.1. Reaction monitoring
The PLA extrusion grade used in this work has a D-lactide content of about 2 %
and a melt flow index (210 °C/2.16 kg) of 6.4  0.3 g/10 min. The chain
extender agent, namely, Joncryl-ADR-4300F®, has functionality, fn  12, a glass
transition temperature of 56 °C, a molecular weight (Mw) of 5443 g mol−1, and
an epoxy equivalent weight of 433 g mol−1. Quaternary ammonium ionmodified montmorillonite clay (Cloisite® 30B) has a concentration of
90 meq/100 g and the weight loss on ignition was about 30 %. Table 1 shows
the generic structure of the above materials.

Table 1. Chemical structures of all materials used in this study.
Acronym

Trade name

Chemical structure
R1

SAmfE

R3

Joncryl−ADR−4300F®

R4
B

O

O O

Cloisite® 30B
MMT−N+(CH2CH2OH)2(CH3)T

O
O

CH2 CH2 OH
CH3

a
C

R6

R2

OMMT

R5

A

+

N

b

T

CH2 CH2OH

R1–R5 are H, CH3, a higher alkyl group, or combination of them; R6 is an
alkyl group and A, B are each between 1 and 20 and C between 1 and 12
b T is a tallow fatty chain having the following composition:
 65 % C18H37,  30 % C16H33 and  5 % C14H29
a

The compositions of PLA, manufactured by reactive extrusion (PLA-REX),
nanocomposite (PLA-C), and nanocomposite obtained by reactive extrusion
(PLA-REX-C) are shown in Table 2. Initially, two different PLA-based
masterbatches were prepared. For the first masterbatch (referred to as
MBSAmfE), SAmfE chain extender was enclosed in predried PLA using a single364
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-screw extruder (screw diameter = 30 mm, L/D = 25). The die temperature was
set to 135 °C (in order to avoid premature reactions) and the screw speed to
60 rpm. Regarding the second masterbatch (referred to as MBclay), OMMT was
enclosed in predried PLA using a corotating twin-screw extruder (screw
diameter = 25 mm, L/D = 36). The die temperature was set to 165 °C and the
screw speed to 120 rpm in order to enhance OMMT dispersion.
The details on masterbatches manufacturing, reactive extrusion-calendering
process operating conditions, and characterization techniques were previously
described by Cailloux et al. [62].

Table 2. Notations and compositions (wt %) of all investigated samples.
Notation

PLA

MBclay

MBSAmfE

OMMT

SAmfE

PLA
PLA−REX
PLA−C
PLA−REX−C

100.0
99.5
97.5
97.0

0
0
2.5
2.5

0
0.5
0
0.5

−
−
2.5  0.2
2.5  0.1

−
0.5  0.1
−
0.5  0.1

The influence of both the OMMT and chain extender on the PLA torque was
investigated in an internal mixer, as shown in Figure 1.  measurements were
used to calculate the specific mechanical energy (SME) according to Eq. (1)
[67]. The SME defines the mechanical energy transferred to the melted
polymer by the rotor shaft:

SME =

𝜔

𝑡max

∫
𝑚 4

𝛤(𝑡)𝑑(𝑡)

(1)

where  is the screw speed, m is the sample mass, (t) is the torque at a time t,
and tmax is the mixing time. (t) was integrated from 4 min to 35 min.
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Figure 1. Torque evolution as a function of mixing time.

Table 3. Specific mechanical energy (SME) values for all formulations.
Sample
Nomenclature

Chain
extender
(wt %)

OMMT
(wt %)

SME
(J·g−1)

PLA

0

0

364  26

PLA−REX

0.5

0

507  17

PLA−C

0

2.5

325  27

PLA−REX−C

0.5

2.5

390  11

SME results are given in Table 3. As expected, the torque trace of PLA sample
decreased monotonously over mixing time, which resulted from the
occurrence of thermo-oxidative as well as hydrolysis reactions. By contrast, the
torque increased monotonously until it reached a plateau at about 13 min
(indicated by a dashed line) with the incorporation of the chain extender (i.e.,
PLA-REX). This behavior is reflected in the calculated SME values (i.e., SMEPLAREX > SMEPLA). Since the chain extender is a multifunctional-epoxide reactive
agent, this could be attributed to the chemical bonding of several PLA chains to
one chain extender molecule. The thermo-oxidative degradations are therefore
minimized, thus leading to an increase in molecular weight and modification of
the molecular topology [69].
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Regarding OMMT-based samples, a significant torque decrease of
approximately 20 % was measured at 4 min. In fact, the clay acts as an internal
lubricant, decreasing the viscosity of the molten blend, as already reported
elsewhere [58]. The torque trace of PLA-C decreased monotonously over
mixing time until it reached a plateau at approximately 21 min (indicated by a
dotted line), which was below the PLA torque trace. This behavior agrees well
with both the calculated SME values. Results suggest that the addition of
OMMT further decreased the thermal stability of PLA during mixing. The
thermal decomposition products of the surfactant in organomodified clay act
as catalyst, which significantly decreases the thermal stability of polyesters at
high temperatures [60,70].
In contrast, the addition of 0.5 % of chain extender increased the melt stability
of PLA-REX-C sample. As shown in Figure 1, the torque curve increased over
mixing time until it reached a plateau around 21 min. However, a slower and
less pronounced torque increase was observed as compared to PLA-REX
samples. It is well known that both PLA functional end groups (i.e., −COOH and
−OH groups) can react with the epoxy groups of the chain extender, creating
covalent bonds. However, little reactivity of PLA terminal end groups towards
the chain extender is initially expected, as most PLA functional end groups
might be end-capped [71]. On the other hand, the organic treatment of the
OMMT results in a high concentration of −CH2CH2OH groups (c.f. section
11.2.1.). The low molecular weight of the quaternary ammonium ion may
enhance the diffusivity of the −OH functional end groups towards the epoxy
groups in the melted bulk. Accordingly, the chain extender initially may be
grafted onto the clay surface through the −C−O−C− ester linkage formation (c.f.
I in Figure 2), mitigating further possible reaction between PLA and the chain
extender. The enhancement of the PLA melt properties is likely to be reduced,
thus leading to lower torque values.
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Figure 2. Expected reactions of PLA-OMMT in the presence of SAmfE chain extender.

For longer reaction times, the formation of new terminal −COOH and −OH
groups in PLA (i.e., shorter PLA chains and/or oligo-PLA) is expected due to the
action of different degradation mechanisms at high temperatures. The
remaining free epoxy groups may further react with the new PLA terminal
groups, probably leading to the creation of covalent bonds between the clay
and the polymer chains (c.f. II in Figure 2). Recall that the chain extender has a
functionality of 12. Thus, the topological modifications achieved are not trivial
and are thought to be a mixture of several types of non-uniform structures in
molecular weight, in architectures, and in number of branch per
macromolecules [62].

11.2.2. Characterization of reactivity between
clay and chain extender
The −C−O−C− ester linkage formation was investigated using Fourier
transform infrared spectroscopy (FTIR). For this purpose, a 150 mL beaker
was charged with 4 g of chain extender (in excess) and 2 g of predried clay
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powder and manually mixed at 180 °C during 20 min. Clay-chain extender
samples were extracted after 0, 5, 10, and 20 min and cooled to room
temperature. Figure 3 shows the change in FTIR absorbance spectra of the
clay-chain extender samples as function of the reaction time. The absorption
peaks of clay nanoparticles appear at 1011 cm−1 for Si−O stretching, 2925 and
2851 cm−1 for C−H stretching of the hydrocarbon chains of the organic
ammonium ions, and 3626 cm−1 for the structural −OH stretching of both
silanol groups (Si−OH) and the organic modifier (−CH2−OH) [64,72]. The
absorption peaks of the chain extender were situated at 696 cm−1 for aromatic
C=C vibration, at 762 cm−1 for aromatic C−H bending, at 798 cm−1 for epoxy
ring bending, at 1492 and 1445 cm−1 for aromatic C−C vibration, and at
1720 cm−1 for C=O stretching [73].

Figure 3. FTIR spectra of clay-chain extender samples at different reaction times.

The absorbance band at 3626 cm−1 (i.e., structural −OH stretching) and at
798 cm−1 (i.e., epoxy ring bending) were used for the monitoring of clay-chain
extender reactions. Inserts in Figure 3 show the time evolution of the peaks
corresponding to the structural −OH group (3626 cm−1) and to the epoxy
groups (798 cm−1), respectively. The intensity of both peaks decreased as the
reaction time increased (indicated by the arrow). The absorbance of the epoxy
group was negligibly small as compared to this of structural −OH groups for
reacted clay-chain extender samples.
Since the peak absorbance intensity is proportional to the concentration of
absorbing species, this trend was probably due to total consumption of the
available epoxy groups during mixing or to a remaining concentration of epoxy
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groups below the detection limit of the FTIR analysis. A relative decrease in the
amount of structural −OH groups (referred to as α) was determined from the
ratio of absorbance area of structural −OH group at 3626 cm−1 against internal
standard, as given by Eq. (2). The characteristic band associated with
stretching of −CH2 groups at 2925 and 2851 cm−1 was used as the internal
standard:

𝛼 = 100 [1 − (

𝐴−𝑂𝐻
𝐴−𝐶𝐻2

(

)
𝑡=0

𝐴−𝐶𝐻2

)]

𝐴−𝑂𝐻 𝑡

(2)

where A−OH and A−CH2 are the area under the peak corresponding to the
structural −OH stretching (at 3626 cm−1) and to the −CH stretching (at 2925
and 2851 cm−1), respectively, and t is the reaction time.
The relative amount of structural −OH groups decreased rapidly when the
reaction time increased to 5 min (−73 %). The value of α tended to reach a
plateau as the reaction time increased further. Thus, relatively fast chemical
grafting between SAmfE and the clays is believed to proceed via the reaction
between the epoxy groups and the −OH functionalities, which are on the
surface of the platelets (Si−OH) and the organic modifying agent (−CH2−OH).
In order to evidence the intercalation of chain extender molecules into the clay
galleries, the basal reflection of raw OMMT powder and clay-chain extender
samples extracted after 5 min (referred to as clay-chain extender t=5) were
studied using wide-angle X-ray diffraction (WAXD) analysis. As shown in
Figure 4, raw OMMT exhibited a unique sharp peak at 2 = 4.8°, corresponding
to the basal spacing of the raw OMMT. By contrast, OMMT-chain extender t=5
featured an additional peak at 2 = 2.3° which implies that the basal d-spacing
between clay platelets increased from 1.86 to 3.84 nm. This increased
interlayer spacing was attributed to intercalation of SAmfE. On the other hand,
some degradation of the organic modifier should be considered due to the
apparition of a shoulder in the high 2 tail.
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Figure 4. Influence of the reactivity exhibited by −OH functionalities of the clay
towards the epoxy group on interlayer spacing.

11.3. REACTIVE EXTRUSION PROCESSING
AT PILOT PLANT SCALE
11.3.1. Molecular characterization
An identical extruder as described for the preparation of MBclay coupled to
vertical three-roller stack was used in order to manufacture 15 m of
calendered sheets (nominal width = 100 mm and nominal thickness = 1 mm) of
each formulation reported in Table 2. Prior to processing, neat PLA and both
masterbatches were dry blended and dried at 80 °C for 3 h. Since the reaction
kinetics between hydroxyl groups and epoxy groups is notoriously slow [74],
tres was maximized using a screw speed of 40 rpm, thus leading to a maximum
tres of 4.43 min. The heating zones were set to 150−175 °C. The chill roll
temperature was set to 50 °C with a rotation speed of 1.25 rpm.
Since the processing technique in a pilot plant is of interest in the present
work, from now only calendered sheets will be considered. Figure 5 shows the
molecular weight distribution (MWD) of the extruded samples and Table 4
summarizes the corresponding MW values. It is known that the chain extender
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can yield the formation of long chain branching (LCB) and/or non-uniform
complex topological structures, which can flaw size-exclusion chromatography
– differential refractometer (SEC-DRI) data due to co-elution issues. However,
these experimental limitations can be assumed as negligible for low levels of
structural modifications [62,75].

Figure 5. Effect of the clay and/or chain extender addition on the shape of the MWD.

While a slight decrease in molecular weights was observed for both PLA and
PLA-C samples as compared to raw PLA pellets, molecular weight averages
agreed within 9 %. This suggests that the effects of the different thermooxidative-hydrolysis degradations were minimized due to a satisfying
optimization of the processing conditions (i.e., nitrogen blanket, relatively low
profile temperature, and vacuum). While both PLA and PLA-C samples
displayed a narrow monomodal MWD, the PLA-REX spectrum was slightly
broadened, the molecular weight increased, and a shoulder appeared in the
high molecular weight tail. These changes were expected and are consistent
with various published works [68,69]. Since the chain extender is a
multifunctional-epoxide agent, these differences were attributed to an increase
in the population of high molecular weight linear chains and/or the presence
of a mixture of non-uniform branched structures.
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Table 4. Average molecular weights of the samples under study.
Sample
Nomenclature

Mn
(kg·mol−1)

Mw
(kg·mol−1)

Mz
(kg·mol−1)

PDI

PLA pellets

77  1

165  4

298  34

2.1  0.1

PLA

74  4

158  1

277  21

2.1  0.1

PLA−REX

96  3

241  11

427  42

2.5  0.2

PLA−C

73  2

152  2

271  3

2.1  0.1

PLA−REX−C

73  2

160  3

293  7

2.0  0.1

Raw PLA pellets, PLA, PLA-C, and PLA-REX-C molecular weight averages
ranged within 10 %. Although the molecular weight of PLA-REX-C was not
enhanced, this does not necessarily exclude the occurrence of topological
changes during compounding. Recall that possible premature reactions might
have occurred between epoxy rings and −OH functionalities of the clay,
possibly minimizing chain extension-branching reactions. Additionally,
PLA-REX-C samples were previously filtered before SEC analyses. Thus, PLA
macromolecules, which were grafted to both chain extender molecules and
clay nanoparticles, might have been removed during filtration, eliminating the
higher molecular weight fractions.

11.3.2. Effect of clay and/or chain extender addition
on the rheological behavior
Within the linear viscoelastic regime, insight into molecular structures can be
obtained by examining the temperature dependence of dynamic experiments
collected at different temperatures. Typically, the success or failure of the
application of the time-temperature superposition (TTS) principle is used in
this area. Based on the Cole-Cole plot, the validity of the TTS principle can be
verified by plotting the magnitude of the complex modulus, |G*|, against the
product of the zero-shear rate viscosity and frequency, 0 · , as shown in
Figure 6. Since such plots are temperature-independent, all data should merge
into the same curve if the TTS holds.
PLA and PLA-REX samples exhibited a similar temperature dependence of |G*|
versus 0 ·  as compared to PLA-C and PLA-REX-C, respectively. Consequently,
only PLA-C and PLA-REX-C datasets are shown in Figure 6 for the sake of
clarity. According to the above TTS statement, results suggest that PLA-C (c.f.
Figure 6a) samples exhibit a thermorheologically simple behavior. At first
glance, low clay loading did not seem to change both the rate of relaxation
times and molecular motions at different testing temperatures.
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Figure 6. Effect of (a) the clay nanoparticles alone and (b) clay-chain extender addition
on the validity of the TTS principle. Experimental data correspond to isothermal
frequency measurements collected at the indicated temperature.

However, a clear deviation of the TTS criterion was observed for PLA-REX-C
samples (c.f. Figure 6b). The loss of thermorheologically simple behavior is
usually attributed to LCB formation [62]. That is, the melt response time
significantly increased when the architecturally modified macromolecules
became sufficiently long to entangle and impede the segmental motions of the
neighboring chains, thus leading to a modification of the sequence of the
molecular relaxation by changing the temperature of measurement. Since the
addition of a small amount of clay nanoparticles alone apparently did not
influence the temperature dependence of viscoelastic measurements, the
observed loss of thermorheologically simple behavior must be primarily
attributed to the formation of different non-uniform branched structures,
which possibly exhibit LCB.
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On this basis, the storage modulus, G’(), and the complex viscosity, |*()|,
obtained from frequency sweeps at 180 °C are shown in Figure 7. At first
glance, all formulations exhibited similar rheological behavior at high 
(between 102 and 103 rad s−1). This indicates that similar processing conditions
can be used when the extruder switches from PLA to PLA-REX-C, which is
important for commercial systems.

Figure 7. Dynamic rheological behavior of samples at 180 °C. Arrows indicate the
geometric effects of clay nanoparticles.

PLA-C and PLA samples exhibited the typical rheological behavior of linear
polymers over the whole experimental window. In the lowest  range,
reptation mode of the polymer chains seemed to be hindered for PLA-C
samples (increase in G’ and |*| indicated with an arrow). This trend could
result from nanoparticle-nanoparticle and/or nanoparticle-polymer
interactions. The lower G’ and |*| values for PLA−C samples as compared to
PLA may be attributed to the slight decrease in molecular weight after
processing (c.f. Table 4).
According to the literature, PLA-REX samples exhibited the typical behavior of
LCB polymers [62,69]. Within the experimental windows, neither |*()|
reached a plateau nor G’() reached the theoretical double logarithmic slope of
2. In the lowest  range, G’ values increased and became less shear-sensitive as
compared to PLA, due to the alteration of the molecular mobility. This

375

Chapter 11

indicates an increase in the melt elasticity (and thus in the melt strength)
which is beneficial for processing stability.
However, changes in the rheological behavior with the addition of 0.5 wt.% of
chain extender were not as pronounced as in the presence of OMMT. Within
the experimental windows, the geometrical constraints induced by the clay in
the lowest  range were not seen for PLA-REX-C. Since the corresponding
onset frequency is related to the size, the size distribution, and the interfacial
tension between clay and polymeric matrix, this transition might have been
shifted to lower  in the present case. During mixing, the higher local shear
field coupled with the possible clay polymer tethering might have induced
better clay dispersion.
Accordingly, the out-of-phase of |*|,  , was considered in order to determine
if PLA-C and PLA-REX-C showed modifications in the frequency onset. This is
because  provides additional information about the elastic compound of the
complex viscosity of the material. The double logarithmic derivative of 
versus log, d2(log( ))/d(log())2 for PLA-C and PLA-REX-C was also plotted
in Figure 8.

Figure 8. Effect of the chain extender addition on the frequency onset of the transition
induced by clay nanoparticles on  at 180 °C.

The maximum peak of the second derivative (indicated by an arrow) is slightly
shifted towards lower  for PLA-REX-C samples (  0.1 rad s−1) as compared
to PLA-C samples (  0.3 rad s−1). Accordingly, the results agreed with the
aforementioned hypothesis; that is, the frequency onset of the transition was
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shifted to lower  when the chain extender was added. This could suggest
better clay dispersion in the polymeric matrix, probably with an increased
interfacial tension.

11.3.3. Effect of chain extender incorporation on clay
dispersion in the PLA matrix
Figures 9 and 10 show the X-ray diffraction (XRD) patterns and the
transmission electron microscopy (TEM) morphologies, respectively, of PLA-C
and PLA-REX-C samples. In Figure 9, a primary sharp peak was observed at
2 = 2.4 ° for PLA-C, which broadened and shifted to slightly lower diffraction
angles (2 = 1.9 °) with the incorporation of the chain extender (i.e., PLA-REXC). The d-spacing increased approximately from 1.86 to 3.7 nm and to 4.6 nm
for PLA-C and PLA-REX-C, respectively, thus indicating clay intercalation. A
second peak was also observed at 5.8 ° for both nanocomposite materials. This
peak may be attributed to a clay gallery collapse due to the thermal
degradation of the organomodifying agent.

Figure 9. Influence of the chain extender addition on the state of dispersion of clay
nanoparticles. Raw OMMT powder was included for comparison purposes.
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On the other hand, the lower peak intensity of PLA-REX-C samples as
compared to PLA-C ones may be attributed to the partial disruption of parallel
stacking and/or layer registry of the clay platelets (i.e., delamination). This
observation was confirmed in Figure 10, where the degree of clay delamination
and intercalation appeared to be improved with the chain extender addition.
This could be attributed to the combined effects of clay-polymer tethering
through chain extender molecules and higher shear viscosity during
clay-polymer mixing (c.f. Figure 7). The local shear field applied to the clay
platelets may have increased during mixing, thus disrupting the OMMT
ordered structures. This observation corroborates the aforementioned
hypotheses and is in line with the study of Najafi et al. [54]. As shown in
Figure 10, the clay distribution in PLA-C and PLA-REX-C was relatively
homogeneous and uniform (c.f. magnification x 8000) and calendering
processing yielded principally clay orientation in MD.

Figure 10. Effect of the chain extender addition on the clay dispersion for PLA-C and
PLA-REX-C samples as observed with TEM at the indicated magnification. The
micrographs are arranged from low to high magnification.

11.3.4. Mechanical characterization
Tensile engineering stress-strain curves are shown in Figure 11. All samples
presented a local maximum in the engineering stress associated with a yield
point. However, the formation of crazes prevented the propagation of a stable
neck, resulting in a brittle fracture, as shown in Figure 12. Table 5 summarizes
the mechanical properties.
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Figure 11. Typical tensile engineering stress-strain curves at 10 mm min−1.

PLA and PLA-REX samples exhibited a relatively straight fractured plane with
crazes surrounding only the fractured zone (c.f. Figure 12). PLA-REX samples
featured a comparatively higher amount of crazes, as already discussed
elsewhere [76]. The formation of a larger amount of highly localized plastic
deformation surrounding crazes slightly enhanced b, as can be seen in Table 5.
However, E, y, and y were not affected by the modification of the molecular
architecture.

Figure 12. Photographs of the samples after tensile testing at 10 mm min−1.
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Table 5. Influence of clays and/or chain extender addition on the tensile parameters
at 10 mm·min−1.
Sample
nomenclature

E (GPa)

y (MPa)

y (%)

b (%)

PLA

3.5 ± 0.1

74 ± 2

2.2 ± 0.1

2.2 ± 0.1

PLA−REX

3.3 ± 0.1

73 ± 1

2.18 ± 0.03

2.5 ± 0.1

PLA−C

3.7 ± 0.1

73 ± 3

2.17 ± 0.01

2.82 ± 0.01

PLA−REX−C

3.9 ± 0.1

72 ± 2

2.3 ± 0.1

3.00 ± 0.05

This situation changed substantially for PLA-C and PLA-REX-C samples.
Observations suggest a competition between crazing and localized shear
banding mechanisms. Additionally, PLA-REX-C samples exhibited plastic
tearing in the fracture plane. E showed a 6 % and 11 % increment for PLA-C
and PLA-REX-C samples, respectively. This trend suggests effective stress
transfer from the polymeric matrix to the clays, for PLA-clay nanocomposites.
Neither y nor y appeared to be significantly modified with clay incorporation
in the presence or the absence of the chain extender. On the other hand, b
increased for PLA-C and PLA-REX-C samples. In order to understand these
changes, the interfacial interactions of PLA-C and PLA-REX-C were observed by
means of scanning electron microscope (SEM), as shown in Figure 13.
It was observed that PLA and PLA-REX samples exhibited similar fracture
surface morphologies. Consequently, solely PLA is shown in Figure 13 for the
sake of clarity. The fracture surface of PLA is relatively smooth with thin fibril
formations, typical for brittle polymers. By contrast, the roughness of the
fractured surface increased with the incorporation of clay (i.e., PLA-C samples).
In Figure 13, cavities were also observed at the clay-polymer interface. This
observation corroborates previous results. During tensile testing, these
cavities were probably induced by sliding debonding at clay-PLA interface, due
to a poor interfacial interaction between both elements. The triaxial stress
concentration can be locally released in the surrounding of voids, thus slightly
improving b under further tensile loading. By contrast, the incorporation of
the chain extender enhanced shear deformation mechanism in PLA-REX-C
samples. Recall that PLA-REX-C exhibited finer clay dispersion than PLA-C.
Thus, the layer surface interaction with the polymer matrix was enhanced. In
contrast to PLA-C samples, clay and its organomodifying agent probably
chemically interact with PLA through chain extender molecules. Hence, the
chain extender acts as a bridge, possibly delaying the interfacial debonding
mechanism up to a critical stretch point under tensile loading. Once this
threshold is reached, the finer dispersion of the clays in the polymeric matrix
might have enhanced multiple cavitation processes, which locally released the
triaxial stress state and further enhanced shear flow of the PLA matrix.
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Figure 13. SEM micrographs of PLA, PLA-C, and PLA-REX-C fractured surfaces.

11.3.5. Thermal stability
Figure 14 shows the experimental curves recorded for the thermal degradation
of PLA and its nanocomposite obtained by reactive extrusion (PLA-REX and
PLA-REX-C), under linear heating rate of 10 K min−1. From this plot, it was
possible to obtain various decomposition temperatures: onset decomposition
temperature (T5: temperature at which 5 % of mass is lost), temperature at the
maximum decomposition rate (Tm), and final decomposition temperature (T95:
temperature at which 95 % of mass is lost). In addition, other decomposition
parameters have also been determined: conversion (m) and conversion
derivative ((d/dT)m) at the maximum decomposition rate. As shown in
Figure 15, the onset decomposition temperature (T5) of PLA-REX increased
from 328 to 338 °C when adding OMMT nanoparticles (i.e., 10 °C higher). This
temperature is very important to be considered when processing polymers
and polymer-based composites and nanocomposites.
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Figure 14. TGA data of PLA-REX and PLA-REX-C.

The temperature at the maximum decomposition rate (Tm) of PLA-REX also
increased from 358 to 367 °C (i.e., 9 °C higher) when incorporating OMMT
nanoparticles. On the other hand, the values of conversion at the maximum
conversion rate were approximately constant (m = 64 and 66 % for PLA-REX
and PLA-REX-C), as well as the values of conversion derivative
((d/dT)m ≈ 2.8 x 10−2 and 3.0 x 10−2 K−1). The final decomposition temperature
of PLA-REX, T95, increased from 372 to 383 °C when adding OMMT
nanoparticles (i.e., 11 °C higher).
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Figure 15. Characteristic temperatures of the thermal
degradation of PLA-REX and PLA-REX-C.

11.3.6. Kinetics of the thermal decomposition: elucidation of
reaction mechanism
The reaction rate of a solid-state reaction is usually described by the following
equation:
𝑑𝛼
𝑑𝑡

= 𝑘 𝑓(𝛼) = 𝐴 exp (−

𝐸
𝑅𝑇

(3)

) 𝑓(𝛼)

where k is the kinetic constant, A is the Arrhenius frequency factor, R is the gas
constant, E is the activation energy, α is the reacted fraction or conversion, T is
the process temperature, and f(α) accounts for the reaction rate dependence
on .
By rearranging Eq. (3), the linear differential equation follows readily:
𝑙𝑛 (

𝛽

𝑑𝛼
𝑑𝑇

𝑓(𝛼)

) = 𝑙𝑛𝐴 −

𝐸 1
𝑅 𝑇

where 𝛽 =

𝑑𝑇
𝑑𝑡

(4)

The parameter β is the linear heating rate. When integrating Eq. (3) and
truncating the infinite series to the second term, the linear integral equation is
derived for experiments carried out at constant heating rate (β). This equation
is called the general analytical equation (GAE), developed by Carrasco in 1993
[77].
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𝑙𝑛 [𝛽

𝑔(𝛼)
2𝑅𝑇
𝑇 2 (1−
)
𝐸

] = 𝑙𝑛

𝐴𝑅
𝐸

−

𝐸 1
𝑅 𝑇

𝛼 𝑑𝛼

where 𝑔(𝛼) = ∫0

(5)

𝑓(𝛼)

The mathematical expressions for f() and g() are known for all the empirical
and theoretical mechanisms studied in this work [78].
Figure 16 shows the results of the differential kinetic analysis (Eq. 4) for two
empirical kinetic models (n-order and autocatalytic) and a theoretical nonconventional solid-state reaction mechanism (random scission for L = 2, where
L is the minimum length of the polymer that is not volatile) for the thermal
degradation of PLA-REX. Previously, the value of n (for n-order kinetic model)
was optimized for the whole set of experimental points, at various linear
heating rates, for the thermal degradation of PLA pellets, as previously
reported [79]. The empirical reaction order so calculated was n = 0.550. For the
autocatalytic kinetic model, the optimized values of n and m were 0.771 and
0.244, respectively. The fit of experimental data was excellent (r2 > 0.99) for the
three models, but the autocatalytic (AC) kinetic model was the most
satisfactory (i.e., less divergences between experimental and theoretical data).
The same result was found for PLA-REX-C. The activation energy values so
evaluated were 187−221 kJ mol−1 for PLA-REX and 219−256 kJ mol−1 for PLAREX-C, as shown in Figure 17.
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Figure 16. Differential kinetic analysis for the thermal degradation of PLA-REX by
using two empirical methods (n-order and autocatalytic) and a theoretical nonconventional mechanism (random scission for L = 2).
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Figure 17. Activation energy values for the thermal degradation of PLA-REX and
PLA-REX-C by using two empirical methods (n-order and autocatalytic)
and a theoretical non-conventional mechanism (random scission for L = 2).

In all cases, the incorporation of nanoparticles led to activation energies
32−35 kJ mol−1 higher. These findings are really encouraging because the
nanoparticles exerted a protective effect on thermal degradation of the
polymer.
Figure 18 shows the results of the general analytical equation (GAE) (Eq. 5) for
two empirical kinetic models (n-order and AC) and a theoretical non-conventional solid-state reaction mechanism (random scission for L = 2) for
the thermal degradation of PLA-REX. The fit of experimental data was excellent
(r2 > 0.99) for the three models, but the theoretical random scission mechanism
was the most satisfactory (i.e., less divergences between experimental and
theoretical data) for PLA-REX, whereas the empirical autocatalytic kinetics was
the best for PLA-REX-C. The activation energy values so evaluated were
193−248 kJ mol−1 for PLA-REX and 216−278 kJ mol−1 for PLA-REX-C, as shown
in Figure 17. In all cases, the addition of nanoparticles led to activation
energies 23−30 kJ mol−1 higher. It must be pointed out that the general
analytical equation applied to the random scission mechanism provided the
best fit of experimental points within the whole range of conversions. In this
case, the activation energy values for PLA-REX and PLA-REX-C were 193 and
216 kJ mol−1, respectively. Several authors argued that thermal and hydrolysis
reactions for biopolymers could be generated by random chain scission
reactions of ester groups [80,81]. This is in accordance with our kinetic
findings.
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Figure 18. General analytical equation applied to the thermal degradation of PLA-REX
by using two empirical methods (n-order and autocatalytic) and a theoretical nonconventional mechanism (random scission for L = 2).

In addition to these empirical and theoretical non-conventional kinetic models,
it is interesting to ascertain the validity of conventional solid-state
mechanisms. The mechanisms considered in this work are diffusion
mechanisms, D1 (one-dimensional), D2 (two-dimensional), and D3 (three-dimensional); random nucleation with nucleus on the individual particle, F1
(one nucleus), F2 (two nuclei), and F3 (three nuclei); phase-boundarycontrolled reaction, R1 (motion in one dimension), R2 (contracting area), and
R3 (contracting volume). When applying the general analytical equation to the
theoretical conventional mechanisms R1, F1, and D1, the fit of experimental
points was only excellent (r2 > 0.99) for mechanism F1. When applying the
general analytical equation to the theoretical conventional mechanisms R2, F2,
and D2, the fit of experimental points was excellent (r2 > 0.99) for these three
mechanisms. When applying the general analytical equation to the theoretical
conventional mechanisms R3, F3, and D3, the fit of experimental points was
only excellent (r2 > 0.99) for mechanisms R3 and D3. The values of activation
energy for all the conventional solid-state mechanisms considered in this work
for the thermal degradation of the polymer and its nanocomposite are shown
in Figure 19.
The activation energy values so evaluated were 203−544 kJ mol−1 for PLA-REX
and 228−604 kJ mol−1 for PLA-REX-C. Therefore, the addition of nanoparticles
led to activation energies 25−62 kJ mol−1 higher.
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In all cases, regression coefficients were higher than 0.984. This means that all
the mechanisms are quite adequate, from a mathematical point of view, to
represent the kinetics of the thermal degradation. Therefore, it is necessary to
employ a method able to discern the best mechanism (and then it will be
possible to evaluate the right activation energy responsible for the split of
macromolecules leading to the thermal degradation of the polymer matrix).
Master plots have been successfully used to serve this goal. Theoretical values
were determined by using the mathematical expressions of conversion
functions. On the other hand, points correspond to experimental values
calculated by means of the following equation:
𝑓(𝛼)
𝑓(0.5)

=

𝑑𝛼
)
𝑑𝑇
𝑑𝛼
( )
𝑑𝑇 0.5

(

𝐸

1

1

𝑅

𝑇

𝑇0.5

exp [ ( −

𝑑𝛼

where f(0.5), ( )

𝑑𝑇 0.5

(6)

)]

, and 𝑇0.5 are conversion function, conversion derivative,

and temperature at 𝛼 = 0.5.
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Figure 19. Activation energy values for the thermal degradation of PLA-REX
and PLA-REX-C by using theoretical conventional mechanisms.

Conversion derivative and temperature at  = 0.5 are experimental values and
E is the activation energy previously evaluated for each of the mechanisms
considered in this work. Figure 20 shows the master plots for PLA-REX
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corresponding to two empirical mechanisms (n-order and AC) and one
theoretical non-conventional mechanism (random scission for L = 2).
It can be concluded that n-order kinetics (n = 0.550) is not adequate to
represent the thermal degradation of PLA-REX because there are important
divergences between theoretical and experimental values. The same
conclusion was obtained for the nanocomposite. On the other hand, AC and
random scission mechanisms were quite correct. These master plots give
valuable information about the most suitable mechanisms. However, this
information is only qualitative. In order to elucidate the most appropriate
kinetic model, it is absolutely necessary to develop a quantitative procedure.
One potential method is the calculation of the absolute error, defined as
follows:

|∆𝑓(𝛼)⁄𝑓(0,5) | = |(

𝑓(𝛼)

)

𝑓(0.5) experimental

− (

𝑓(𝛼)

)

𝑓(0.5) theoretical

(7)

|
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Figure 20. Master plots for PLA-REX when using two empirical mechanisms
(n-order and autocatalytic) and a theoretical non-conventional mechanism
(random scission for L = 2).

Figure 21 shows the absolute error between experimental and theoretical
values of f()/f(0.5) for various mechanisms (n-order, AC, and random scission
for L = 2) corresponding to the thermal degradation of PLA-REX-C. The best
mechanism was the autocatalytic one.
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When comparing mechanisms R1, F1, D1, and random scission, the best one
was F1. When comparing mechanisms R2, F2, D2, and random scission, the
best one was random scission. When comparing mechanisms R3, F3, D3, and
random scission, the best one was R3 or random scission.
Even though the absolute value of error (as a function of  is a quantitative
procedure, it is not possible to elucidate the best mechanism on the entire
conversion range. For this reason, we are proposing a new index, the integral
mean error (IME), which takes into consideration the mean area under the
curve of the absolute value of error versus conversion, defined as follows:
𝛼

𝐼𝑀𝐸 =

∫0 |∆𝑓(𝛼)⁄𝑓(0,5) |𝑑𝛼
𝛼

∫0 𝑑𝛼

(8)
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Figure 21. Absolute values of the error between experimental and theoretical
standardized conversion functions for PLA-REX-C by using two empirical mechanisms
(n-order and autocatalytic) and a theoretical non-conventional mechanism
(random scission for L = 2).

Table 6 contains IME values for all the mechanisms studied in this paper
corresponding to the thermal degradation of PLA-REX and PLA-REX-C. IME
values were evaluated for two conversion ranges: 0−50 % and 0−100 %. In the
first half conversion range (0−50 %), the three best mechanisms for the
thermal degradation of PLA obtained by reactive extrusion were random
scission (IME = 2.7 %), autocatalytic (IME = 3.4 %), and F1 (IME = 3.4 %), and
those for the thermal degradation of the nanocomposite were autocatalytic
(IME = 1.9 %), F1 (IME = 2.2 %), and R3 (IME = 4.4 %). On the other hand, IME
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values on the entire conversion range 0−100 %, the three best mechanisms for
the thermal degradation of PLA obtained by reactive extrusion were F1
(IME = 2.0 %), autocatalytic (IME = 2.9 %), and random scission (IME = 4.2 %),
and those for the thermal degradation of the nanocomposite were
autocatalytic (IME = 1.4 %), F1 (IME = 1.9 %), and R3 (IME = 5.0 %). The worst
mechanisms were diffusion mechanisms D1, D2, and D3, with IME values of
22−104 %.
Moreover, R1, F2, and F3 were not appropriate mechanisms, with IME values
between 12 and 159 %. Therefore, the best empirical mechanism was the
autocatalytic process, the best theoretical conventional mechanism was F1
(first-order: random nucleation with one nucleus on the individual particle),
and the best theoretical non-conventional mechanism was random scission
process.
Energy activation values calculated for autocatalytic (empirical procedure) and
random scission (theoretical mechanism) processes are quite similar (203 and
193 kJ mol−1 for PLA-REX, and 228 and 216 kJ mol−1 for PLA-REX-C) and
completely different from those obtained for the theoretical mechanisms F1
(290 and 325 kJ mol−1) and R3 (258 and 290 kJ mol−1). For this reason, it is
plausible to conclude that the best theoretical mechanism for the thermal
degradation of PLA and its nanocomposite, obtained by reactive extrusion, is
random scission.

Table 6. Integral mean error between experimental and
theoretical f()/f(0.5) for various kinetic models.
Integral Mean Error, IME (%)
PLA−REX

PLA−REX−C

Mechanism

α = 0–50%

α = 0–100%

α = 0–50%

α = 0–100%

n-order
Autocatalytic
Random scission (L = 2)
R1
R2
R3
F1
F2
F3
D1
D2
D3

8.4
3.4
2.7
13.7
8.9
7.1
3.4
27.1
158.5
90.9
104.1
102.2

9.5
2.9
4.2
26.3
10.6
7.1
2.0
18.0
84.5
59.2
59.4
53.9

5.8
1.9
5.0
11.7
6.3
4.4
2.2
37.7
233.5
79.3
78.4
39.7

7.4
1.4
6.3
24.4
8.6
5.0
1.9
23.8
122.2
52.7
45.9
22.0
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In order to check the validity of the activation energy values obtained for the
thermal degradation of PLA-REX and PLA-REX-C by using the random scission
kinetic model, the following equation must be used:
𝛼 = [1 − exp [−

𝐴 𝑅 𝑇2
𝛽𝐸

2

(1 −

2𝑅𝑇
𝐸

) exp (−

𝐸
𝑅𝑇

(9)

)]]

Figure 22 shows the comparison between experimental and theoretical
(random scission for L = 2) values of conversion as a function of temperature
for the thermal degradation of PLA-REX and PLA-REX-C.
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Figure 22. Comparison between experimental and theoretical (random scission for
L = 2) values of conversion as a function of temperature for the thermal degradation
of PLA-REX and PLA-REX-C.

From this plot, it is clear that the non-conventional theoretical random scission
mechanism is completely appropriate to describe the thermal degradation of
PLA obtained by reactive extrusion and its nanocomposite with OMMT.
Finally, there was a compensation factor between frequency factor and
activation energy for PLA obtained by reactive extrusion and its
nanocomposite, for all the empirical and theoretical kinetic models studied.
The linear relationship between lnA and E was really excellent (r2 = 0.9996).
The equation relating these two kinetic parameters was lnA
(s−1) = −5.02 + 0.192 E (kJ mol−1). This means that an increase of activation
energy (i.e., higher energy barrier) leads to an increase of frequency factor (i.e.,
higher probability to be decomposed).
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11.4. CONCLUSIONS
In this work, PLA sheets reinforced with commercial OMMT were
manufactured in line through reactive extrusion in a pilot plant. Initial reaction
monitoring analyses suggested that premature chain extender-clay tethering
occurs relatively quickly, thus minimizing further architectural modifications
of PLA. A relatively homogeneous distribution of clay nanoparticles, principally
oriented in the direction of production (machine direction), was successfully
achieved through REX-calendering process. The coexistence of dispersed
structures involving tactoids of various sizes and intercalated organoclay
layers was confirmed. However, the degree of both clay delamination and
intercalation was improved through clay-polymer tethering via chain extender
molecules. The mechanical properties of these bionanocomposites changed
notably. After tensile testing, the nanocomposite exhibited the presence of
several cavities at the clay-PLA interface, resulting from a poor interfacial
interaction between clays and the polymer. By contrast, nanocomposite
samples exhibited multiple cavitation processes which slightly enhanced shear
flow of the polymeric matrix. The onset decomposition temperature of the PLA
increased from 328 to 338 °C when adding OMMT nanoparticles (i.e., 10 °C
higher). Therefore, the addition of nanoparticles clearly enhanced the thermal
stability of the polymer matrix. The general analytical equation was applied to
various kinetic models: empirical (n-order and AC), theoretical conventional
(R1, F1, D1, R2, F2, D2, R3, F3, and D3), and theoretical non-conventional
(random scission). By means of master plots, it was possible to qualitatively
determine the best mechanism. Moreover, a new index, based on the integral
mean error between experimental and theoretical values of f()/f(0.5), was
developed. This index constitutes a quantitative criterion to discern the best
mechanism. Random scission kinetic model was found to be the best
mechanism explaining the chemical reactions involved in the thermal
degradation of PLA obtained by reactive extrusion and its nanocomposite. The
activation energies so calculated were 193 and 216 kJ mol−1 for PLA and its
nanocomposite, respectively. Therefore, the presence of nanoparticles within
the polymer matrix exerted a protective effect on the thermal degradation.
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12.1. INTRODUCTION
Research results and activities of chemists are splendid, but they should
become conscious of their severe duty to protect natural abundant
environment from pollution by synthetic chemical materials that have no
existence in nature as appealed by “Silent Spring” authored by Rachel Carson
in 1962 and “Our Stolen Future” authored by Theo Colborn, Dianne Dumanoski
and John P. Myers in 1996. Inadequate and antisocial use of synthetic harmful
chemical material has been considerably improved by strong pressure of
public opinion.

However, improvement of the use of troublesome chemical materials produced
by chemists and chemical industry is very slow. Most serious subject of
chemists and chemical industry is environmental pollution by wastes consisted
of poorly biodegradable chemical materials produced by chemical industry.
For example, plastic wastes lacked of biodegradability powerfully injury
wildlife [1]. Poorly biodegradable plastic wastes were found in the internal
organs of dead bodies of wild birds. Recent newspaper reported that microplastics were found in the internal organs of 80 % of sardines captured in
Tokyo bay in 2015. This serious situation is a severe punishment for
superficial understanding of society that enlarged easygoing abandonment of
poorly biodegradable plastic wastes.

Improvement of the above environmental pollution by using biodegradable
polymers has received increasing attention. However, development of
synthetic biodegradable polymers is insufficient, because utility is much more
important than biodegradability for users of synthetic polymers, and utilities
of biodegradable synthetic polymers are limited. Grant of biodegradability to
useful synthetic polymers is a greatly important subject for polymer chemists.
In the cases where grant of biodegradability is difficult or durability of
synthetic polymers is absolutely important, retrenchment of wastes of
synthetic polymers is inevitable. Protection of abundant environment from
pollution by poorly biodegradable wastes of synthetic polymers requires
construction of zero-emission system by conversion of one-way use of
synthetic polymers that leaves wastes to recycling use of synthetic polymers
that decreases wastes of synthetic polymers. Recycling use is not uniform, and
grade up of recycling use is necessary for the retrenchment of wastes of
synthetic polymers.

My research group accidentally discovered powerful capture of bacteria in the
living state on the surface of cross-linked poly(N-benzyl-4-vinylpyridinium
bromide) (PBVP(Br)), during our development of novel technology for water
purification without leaving harmful chemical materials in the treated water.
During this research, we encountered with violent proliferation of bacteria on
the polymer surface which was covered with proliferated bacterial cells that
401
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resembled a group of breeding mold, although there was no organic material
other than the polymer and bacteria. We overlooked the great significance of
proliferation of bacteria on the polymer surface at that time. After about ten
years, we were shocked by violent digestion of cross-linked PBVP(Br) by
activated sludge when placed in continuous aerobic treatment system of
artificial sewage by activated sludge.

Stimulated by this shocking occurrence, we tried to prepare biodegradable
vinyl polymers by connection of oligomers of vinyl compounds by N-benzyl-4vinylpyridinium chloride (BVP(Cl)), since oligomers of vinyl compounds are
biodegradable different from high molecular weight vinyl polymers.

Since the role of BVP is fundamentally significant in the exertion of strong
biodegradability to vinyl polymers by insertion of BVP into the main chain, I
describe the conspicuous character of vinyl polymers that contain BVP in the
main chain before explanation of biodegradability of these polymers.
Especially important character of BVP is extraordinary strong affinity with the
surface of bacteria and virus. This affinity is supported by strong hydrophilicity
of BVP.
I describe a variety of eccentric utilities of vinyl polymers that contain BVP in
the main chain, because utility is much more important than biodegradability
for users of synthetic polymers.

12.2. POWERFUL CAPTURE OF BACTERIAL CELLS IN THE
LIVING STATE ON THE SURFACE OF CROSS-LINKED
PBVP(Br)
12.2.1. Accidental discovery of powerful capture of bacterial cells
by cross-linked PBVP(Br)
My research group accidentally discovered powerful capture of bacterial cells
in the living state by cross-linked PBVP(Br), during eccentric development of
new technology for water purification using insoluble resins without leaving
harmful chemical materials such as trihalomethane in the treated water [2].
Figure 1 shows examples of powerful removal of bacterial cells from water by
cross-linked PBVP(Br). Batch studies of the removal of Escherichia coli,
Salmonella typhimurium, Staphylococcus aureus, Streptococcus faecalis, and
Pseudomonas aeruginosa were carried out using a glass tube (28 by 100 mm)
at 37 °C. In the glass tube was placed 20 mL of each bacterial suspension in
sterilized saline, and added 10 g (wet weight) of cross-linked PBVP(Br). About
99 % removal of the viable cells of E. coli, S. aureus, S. faecalis and P. aeruginosa
was achieved during 2 h. However, 99 % removal of S. typhimurium was
achieved after about 6 h.
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Figure 1. Removal of viable cells of various bacteria from water by cross-linked
PBVP(Br): A – Salmonella typhimurium; B – Staphylococcus aureus;
C – Streptococcus faecalis; D – Pseudomonas aeruginosa

We also discovered powerful capture of bacteriophage T4 [3] and pathogenic
human viruses [4] by cross-linked PBVP(Br). Adsorption of bacteriophage T4
by cross-linked PBVP(Br) was performed by batch studies under aseptic
conditions. Adsorption of bacteriophage T4 reached 99.9999 % reduction of
virus infectivity during 2 h when used 4.0 mL of T4 phage solution and 0.38 g
of the polymer at 25 °C. The T4 phage adsorbed by the polymer was still
bacteriolytic.
Removal experiments of pathogenic human viruses were performed by batch
method under aseptic conditions using 50 g L−1 of cross-linked PBVP(Br) at
35 °C. Levels of infectivity in suspensions of enterovirus, herpes simplex
virus, poliovirus, and human immunodeficiency virus were reduced
1,000−1,000,000 fold during 2 h. Those of coxsackievirus and echovirus were
reduced 60−600 fold during 1 h. The haemagglutinaion titres of solutions of
human rotavirus, influenza virus, human adenovirus, and Japanese
encephalitis virus were reduced 16−256 fold during 30 min.

This epoch-making and serendipitous discovery was brought around by a fresh
and eccentric idea of my inexperienced student. General water disinfection
processes involve removal and destruction of micro-organisms and viruses by
both physical and chemical means. A serious defect of chemical disinfection is
the formation of harmful chemical materials accompanied with the chemical
treatment. We attempted to develop an efficient physical method using
insoluble and functional polymer in order to prevent leaving of harmful
chemical materials in the treated water.
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12.2.2. Inducement to attempt removal of bacteria from water with
use of cross-linked PBVP(Br)
My research group accidentally discovered an eccentric ion-exchange reaction
of cross-linked PBVP(Br) that showed prior adsorption of organic pollutants
that contained −SO3Na, such as surface active agents and dyestuffs, over
inorganic salts [5].

Since ion-exchange resins were used to remove microbes from water [6], we
attempted to remove bacteria from water using cross-linked PBVP(Br) and
discovered much stronger removal of bacteria than conventional ion-exchange
resins [2]. After removal experiment, we accidentally stored used polymer in
desiccator without sterilization. After several days, we were shocked by violent
proliferation of bacteria on the polymer surface, which was covered by
proliferated bacteria that resembled a group of breeding mold. We recognized
that bacteria were strongly captured on the polymer surface in the living state.
However, we overlooked considerably strong biodegradability of cross-linked
PBVP(Br), in spite of the fact that there were no organic materials other than
the polymer and the bacteria.

12.2.3. Influence of chemical structure of cross-linked PBVP(Br) on
the ability to capture bacterial cells

Effect of chemical structure of cross-linked PBVP(Br) on the ability to capture
bacterial cells in water was investigated by equilibrium capture experiment
[7]. Strong ability of the polymer to capture bacterial cells was further
confirmed by these experiments. The ability was quantitatively evaluated by
removal coefficient based on the initial rate of decrease of viable cell counts
caused by the addition of the polymer to bacterial suspension. The removal
coefficient of cross-linked PBVP(Br) was extraordinarily larger than those of
many other synthetic polymers examined. The removal coefficient uniformly
increased with the content of BVP(Br), and indicated that the presence of
BVP(Br) is definitively important in the capture of bacterial cells by crosslinked PBVP(Br).
The removal coefficient considerably increased when the content of
divinylbenzene became smaller. This result indicated that high degree of
swelling in water of the polymer matrix of cross-linked PBVP(Br) enhanced the
ability to capture bacterial cells. This result indicated important contribution
of water in the capture of bacterial cells by cross-linked PBVP(Br). The
removal coefficient increased with content of 4-vinylpyridine in the polymer
matrix of cross-linked PBVP(Br), and indicated that hydrophilicity of polymer
matrix of cross-linked PBVP(Br) enhanced the ability to capture bacterial cells
in water.
Hydrophilicity and high degree of swelling in water of the polymer matrix of
cross-linked PBVP(Br) appeared to enhance the ability to capture bacterial
cells, as well as the biodegradability of the polymer.
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12.2.4. Affinity of bacterial cells with cross-linked PBVP(Br)
The capturing interaction between cross-linked PBVP(Br) and bacterial cells
was investigated in detail. Strength of the capturing interaction was evaluated
by the removal coefficient based on the initial rate of decrease of viable cell
counts caused by the presence of cross-linked PBVP(Br). Hydrophobic bacteria
and hydrophilic bacteria showed distinct differences in the capturing
interaction [8]. With hydrophobic bacteria such as S. aureus and
S. typhimurium, electrostatic interaction and hydrophobic interaction between
polymer surface and bacterial cells appeared to be important in the affinity of
cross-linked PBVP(Br) with bacteria. With hydrophilic bacteria such as E. coli,
Enterobacter sp. and Klebsiella sp., however, other factors such as solvent
(water) mediated forces and hydrodynamic forces appeared significant.

12.2.5. Bioreactor using bacterial cells immobilized by capture on
the surface of cross-linked PBVP(Br)

We developed a new type of bioreactor using bacterial cells immobilized by
capture on the surface of cross-linked PBVP(Br) [9]. Whole cells of E. coli with
aspartase activity were captured on the polymer surface. When suspension of
the bacterial cells in buffer solution was passed through a glass column
containing beads of cross-linked PBVP(Br), bacterial cells were captured on
the polymer surface and formed an immobilized cell system. A fixed-bed
column reactor containing 300 mg of the bacterial cells immobilized by
capture on 10 g of the polymer beads was used for the preparation of Laspartic acid from ammonium fumarate. Continuous operation of the
bioreactor produced L-aspartic acid in a quantitative yield.

Entrapment of biocatalysts inside a polymer network or capsule is the most
commonly used method for immobilization of microbial cells. In this case,
however, the transport of a substrate or product of high molecular weight
compounds into and out of the polymer matrix is hindered. This disadvantage
can be avoided by use of the new method of immobilization, i.e., capture of
microbial cells on the surface of cross-linked PBVP(Br).

12.2.6. Removal of bacteria and virus by filtration through
composite microporous membrane made of cross-linked
PBVP(Cl)

Conventional treatment processes for water supplies have been thought to
inactivate viruses adequately, but detection of infectious human viruses in
treated drinking water has raised concern that the processes may not always
inactivate viruses [10]. Viruses are reported to be more resistant than bacteria
to chlorine disinfection [11]. Therefore, development of effective method to
remove viruses from drinking water is of special importance in the field of
public health and hygiene. We developed microporous filter materials for
removal of virus from water by using copolymer of styrene with BVP(Cl), PST405
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co-BVP(Cl), in molar ratio of 5 : 2 [12]. Ultrafiltration using one to three sheets
of 145 μm-thick cellulose nitrate membrane with pore size 0.45 μm and coated
with 1.7 mg g−1 of PST-co-BVP(Cl) showed 99.4−99.998 % removal of
bacteriophage T4, whereas control experiments using not coated membrane
showed 91−95 % removal of bacteriophage T4. Composite 360 μm-thick
microporous membrane with pore size of 20 μm was prepared that consisted
of connected minute beads of 1.7 μm diameter made of cross-linked PBVP(Br)
and reinforced by unwoven cloth. Simple filtration using one sheet of the
composite membrane at 34.2 cm h−1 showed 99.96−99.9995 % removal of
bacteriophage T4. The virus was not detected in the filtrate when two sheets of
the composite membrane were used.
Virus was effectively removed by filtration from air with use of the composite
microporous membrane [13]. We used a 0.83 mm-thick membrane with pore
diameter 14.3 μm and porosity 42 % consisted of connected minute beads of
1.7 μm diameter made of cross-linked PBVP(Cl) and reinforced by unwoven
cloth. Filtration using one sheet of the membrane removed
99.9994−99.9998 % of bacteriophage T4 from air, in spite of the fact that pore
size of the membrane was greatly larger than the virus.

The composite microporous membrane made of cross-linked PBVP(Cl)
effectively removed bacteria from air by filtration [14]. Thickness, pore
diameter and porosity of the membrane were 0.72 mm, 14.5 μm and 63 %,
respectively. Diameter of connected minute beads was 1.4 μm. Filtration at
63.7 cm sec−1 gave 99.98 % and 99.996 % removal of E. coli and P. aeruginosa,
respectively. S. aureus was not detected in the filtrate.
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12.3. STRONG ACTION OF LINEAR POLY(N-BENZYL-4VINYLPYRIDINIUM HALIDE) UPON MICROBIAL
CELLS
It should be noticed that linear (not-cross-linked) PBVP(Br) exhibits quite
different properties from that of cross-lined PBVP(Br) based on the strong
affinity of the pyridinium group with microbial cells and virus. Cross-linked
PBVP(Br) and PBVP(Cl) capture bacterial cells in the living state. In contrast,
linear PBVP(Br) and PBVP(Cl) exhibit strong bactericidal activity. In addition,
linear PBVP(Br) and PBVP(Cl) facilitates coagulation and sedimentation of
microbial cells suspended in water.

12.3.1. Strong antibacterial activity of linear PBVP(Br)

Cross-linked PBVP(Br) is insoluble in water and powerfully captures bacterial
cells in the living state [2]. On the contrary, however, linear PBVP(Br) is
soluble in water and hygroscopic, and shows a very strong bactericidal activity
[15]. Linear PBVP(Br) showed strong antibacterial activity against Grampositive bacteria such as Arthrobacter atrocyaneus, Bacillus subtilis, S. aureus
and Streptococcus sp., but showed fairly less activities against Gram-negative
bacteria such as E. coli, Klebsiella pneumoniae, P. aeruginosa, S. typhimurium,
and Serratia marcescens. The antibacterial activity of this polymer was
considerably greater than that of the corresponding monomeric compound,
and a notable polymer effect was suggested. Bactericidal activity of linear
PBVP(Br) was a match for conventional disinfectants such as benzalkonium
chloride and chlorohexidine. However, it should be strongly noticed that
copolymers of vinyl compounds with BVP does not exhibit bactericidal activity
in the case where the content of BVP is low.

12.3.2. Removal of bacteria from water by coagulation and
sedimentation using linear PBVP(Br) and PBVP(Cl) and
their copolymers

Linear PBVP(Br) shows an eccentric property against bacteria in addition to
strong bactericidal activity, and produced coagulation and sedimentation of
bacterial cells [16]. Addition of 5 mg L−1 of linear PBVP(Br) to suspensions of
bacterial cells was sufficient, and turbidity resulted by suspended solids was
not necessary for the coagulation. Linear PBVP(Br) easily produced
coagulation of Gram-positive bacteria, Gram-negative bacteria and yeast, with
some exceptions such as Streprococcus sp., P. aeruginosa and S. cerevisie. The
corresponding monomeric compound did not produce any coagulation, and
suggested a notable polymer effect in the coagulation and sedimentation by
linear PBVP(Br).

Coagulation and sedimentation of bacteria was not limited to linear PBVP(Cl)
and PBVP(Br). Copolymer of acrylamide with 11.0 mole % of BVP(Cl), PAAM8407
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co-BVP(Cl)1, produced coagulation and sedimentation of E. coli, B. subtillus,
P. aeruginosa, and S. aureus [17]. Addition of more than 50 mg L−1 of PAAM8-coBVP(Cl)1 produced bacterial flocks that precipitated at a rate of around
200 cm h−1. Reduction of supernatant population of bacteria was in the range
of 1/30,000 to 1/25,000,000. PAAM8-co-BVP(Cl)1 was highly biodegradable.
Details of the biodegradability of PAAM8-co-BVP(Cl)1 are explained later.

Coagulation and sedimentation of Ralstonia solanacearum was also realized by
addition of linear copolymer of methyl methacrylate with BVP(Cl) in molar
ratio of 3 : 1, PMMA3-co-BVP(Cl)1 [18]. The coagulation appeared to be
accomplished within 1 h when 200 mg L−1 of PMMA3-co-BVP(Cl)1 was added.

Coagulation and sedimentation of bacterial cells was also realized by addition
of sawdust that was coated with 1 weight % of equimolar copolymer of styrene
with BVP(Cl) [19]. When the coated sawdust was mixed with suspension of
E. coli and allowed to stand, the coated sawdust precipitated and the bacterial
cells formed flocks and accumulated over the precipitated sawdust, and
bacterial population in the supernatant layer reduced to 1/1,000,000 or less
during the procedure under appropriate conditions.

12.3.3. Removal of micro-organisms by filtration through unwoven
cloth coated with copolymer of styrene with BVP(Cl)

Unwoven cloth coated with 32 mg g−1 of an equimolar copolymer of styrene
with BVP(Cl), PST1-co-BVP(Cl)1 was found to be effective in the removal of
micro-organisms from water [20]. In the removal of E. coli from water (influent
concentration was 8.34 x 106 cells mL−1) by filtration through ten sheets of the
coated unwoven cloth, rate of removal was 99.99 % at filtration rate of
2.6 cm h−1, and remained 99 % even at high filtration rate of 300 cm h−1 and
low influent concentration of bacterial cells such as 103 cells mL−1. The rate of
removal tended to increase with decrease of influent bacterial concentration.
Seven other bacteria and two yeasts were effectively removed by filtration
through the coated unwoven cloth. Filtration through the coated unwoven
cloth was also effective in the removal of spores of fungi from water, but was
not very effective in the removal of bacteriophage T4 from aqueous
suspension.

12.3.4. Electrochemical sensor for viable microbial cell
concentration using copolymer of styrene with BVP(Cl)

Conventional measurement of concentration of viable microbial cells
suspended in water is based on colony counts. This method requires at least
24 h. We developed a new and convenient method for rapidly measuring the
concentration of viable aerobic and facultatively anaerobic microbial cells
suspended in water [21].
The sensor was consisted of a flow cell that contained an oxygen electrode and
unwoven cloth coated with 10 mg g−1 of a copolymer of styrene with BVP(Cl)
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that contained 27 mole % of BVP(Cl), PST3-co-BVP(Cl)1. When a sample
suspension of microbial cells is passed through the electrochemical sensor at a
constant flow rate, the microbial cells are captured on the surface of the coated
unwoven cloth in the living state, and accumulated. The consumption of
oxygen by the captured living microbial cells appears as a decrease in the
electric current. Rate of decrease of the electric current is proportional to the
concentration of viable microbial cells. A control experiment was performed
using suspension of bacterial cells killed by autoclaving. In this case, a
negligible decrease in the electric current was observed. Each measurement
required about 10 min. The minimum detectable concentration of living
microbial cells expressed at 610 nm was 0.005−0.023. The minimum
detectable concentration of bacterial cells in colony count was
3.7 x 105 cells mL−1 in the case of E. coli.

12.3.5. Bioreactor using bacterial cells immobilized on the surface
of unwoven cloth coated with copolymer of styrene with
BVP(Cl)

Cells of Arthrobacter simplex having 3-ketosteroid-△1-dehydro-monogenase
activity were immobilized by capture on the surface of unwoven cloth coated
with a copolymer of styrene with 25 mole % of BVP(Cl), PST3-co-BVP(Cl)1 [22].
The captured bacterial cells catalyzed dehydrogenation of cortisol to
prednisolone in solvents containing methanol. A fixed-bed column reactor was
continuously operated, and yielded about 90 % of prednisolone during 6 days.

Cells of E. coli having aspartase activity were immobilized by capture on the
surface of unwoven cloth coated with copolymer of styrene with 29 mole % of
BVP(Cl), PST2-co-BVP(Cl)1 [23]. Continuous operation of a fixed-bed column
reactor containing the immobilized cells produced L-aspartic acid in 95 % yield
from ammonium fumarate. Stability of the enzymatic activity of the
immobilized cells was much improved by use of the coated unwoven cloth as
the supporting material instead of beads of cross-linked PBVP(Cl).

12.3.6. Control of soil-borne plant diseases by capture of disease
germs using sawdust coated with copolymer of styrene
with BVP(Cl)
Control of soil-borne diseases of plants is a significant subject in agriculture.
Conventional treatment processes involve disinfection using chemical
materials as fungicides. However, use of hazardous chemical materials is not
desirable for protection of environment. In addition, international treaty
decided on prohibition of the use of methyl bromide for fumigation because of
its property of destroying the ozone layer. Under the social circumstances, an
alternative method for effective protection of plants from soil-borne diseases is
eagerly anticipated, and biological control and other non-chemical methods
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have received increasing attention. Furthermore, use of poorly biodegradable
chemical materials as disinfectants is not desirable, because they remain in soil
for a long time, and induce disease germs to obtain resistance power against
the disinfectants.

My research group accidentally discovered cure of a soil-borne disease of fruit
tree when we wrapped roots of the tree in unwoven cloth coated with
equimolar copolymer of styrene with BVP(Cl). Although we tried the treatment
only one time, the fruit tree did not exhibit the symptom after the treatment.
Since the discovered cure of the soil-borne disease of fruit tree was
heterogeneous, we expected to develop a novel method for the control of soilborne plant diseases.

Tomato bacterial wilt caused by Ralstonia solanacearum was controlled by the
addition of sawdust coated with 1 weight % of equimolar copolymer of styrene
with BVP(Cl), PST1-co-BVP(Cl)1, prior to transplantation [24,25]. This method
effected 87 % reduction in appearance and 89 % reduction in the index of
symptom under appropriate conditions. The coated sawdust did not exhibit
bactericidal activity against R. solanacearum. Half-life of the polymer was only
5.6 days when treated with activated sludge in soil, and remaining possibility
in soil is expected to be very low. The disease control by the coated sawdust
was explained in terms of reduction of infectious contact between the roots of
tomato and the cells of R. solanacearum due to coagulation-like interaction
between microbial cells and the coated sawdust, in addition to capture of the
disease microbial cells by the coated sawdust.

12.3.7. Suppression of soil-borne plant disease by coagulation of
disease germs using copolymer of methyl methacrylate
with BVP(Cl)

We attempted to develop another new technology to control soil-borne plant
diseases without disinfection of disease germs, and realized suppression of
tomato bacterial wilt caused by R. solanacearum by coagulation of cells of
disease germs with use of copolymer of methyl methacrylate with BVP(Cl) in
molar ratio of 3 : 1, PMMA3-co-BVP(Cl)1, as polymeric coagulant for microbial
cells [18]. When 10 mg kg−1 of the above copolymer was added to soil before
transplanting of seedlings of tomato, and 2 mg kg−1 of the copolymer was
supplemented once a week after transplanting, 51 % reduction of appearance
and 54 % reduction of index of symptoms were observed. PMMA3-co-BVP(Cl)1
did not exhibit bactericidal activity against R. solanacearum, and it appeared
that coagulation of the bacterial cells reduced the opportunity for infectious
contact of roots of tomato with cells of R. solanacearum, and resulted in the
disease suppression. PMMA3-co-BVP(Cl)1 was shown to be highly
biodegradable, and the half-life was 5.1 days when treated with activated
sludge in soil.
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12.4. VIOLENT DIGESTION OF CROSS-LINKED
PBVP(Br) BY ACTIVATED SLUDGE
12.4.1. Miserably complete failure of using cross-linked PBVP(Br)
as a filter medium for bio-film process of sewage treatment
The starting point of our research work with respect to exertion of strong
biodegradability to vinyl polymers by insertion of BVP into the main chain is
our accidental discovery of powerful capture of bacteria in the living state and
proliferation of bacteria on the surface of cross-linked PBVP(Br) [2]. At that
time, we were drawn to investigate mechanism of the capturing phenomenon
and utilities of vinyl polymers that contained BVP in the main chain, and
overlooked the great importance of proliferation of bacteria on the surface of
the polymer. Proliferation of bacteria on the surface of the polymer is an
important evidence of vigorous consumption of the polymer by bacteria, and
exceptionally strong biodegradability of the polymer. After about ten years, we
were greatly shocked by violent digestion of the polymer by activated sludge
[26].

As an extension of investigation on utility of capture of bacteria on surface of
cross-linked PBVP(Br), we attempted to use this polymer as filter medium for
bio-film process of aerobic treatment of sewage [27-29]. We performed
continuous aerobic treatment of artificial sewage by activated sludge using a
test apparatus filled with cross-linked PBVP(Br) prepared in the form of
Raschig ring. Time course of the chemical oxygen demand (COD) of the effluent
solution during the biological treatment is shown in Figure 2 [26]. We expected
removal of COD by continuous aerobic treatment of artificial sewage by
activated sludge. Contrary to this expectation, however, COD of effluent
solution was extraordinarily larger than that of influent sewage during early
2−3 weeks of the treatment, as shown in Figure 2. This unbelievable increase
of COD during the biological treatment was attributed to the presence of crosslinked PBVP(Br), because there was no organic materials existed in the
treatment system other than the organic components of artificial sewage and
activated sludge. Since cross-linked PBVP(Br) used in the experiment was
insoluble in water, increase of COD during the aerobic treatment was explained
in terms of increase of microbial cell population in the treatment system. In
other words, increase of COD was explained in terms of proliferation of
microbial cells contained in activated sludge due to digestion of cross-linked
PBVP(Br) as their favorite dish. Cross-linked PBVP(Br) was found to be
strongly favorited by microbes contained in activated sludge.
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Figure 2. Course of COD in continuous aerobic treatment of artificial sewage by
activated sludge in the presence of cross-linked PBVP(Br) prepared in the form of
Raschig ring. Influent COD (mg L−1): A – 100; B – 200; C – 300; D – 500.

Since we conjectured digestion of cross-linked PBVP(Br) by activated sludge
during the treatment, we pursued gravimetric weight of the polymer during
the treatment. After a prescribed time, polymer samples were taken out from
the treatment system, washed with deionized water, and dried to constant
weight. Dry weight of cross-linked PBVP(Br) conspicuously decreased during
the biological treatment as shown in Figure 3. Weight reduction of cross-linked
PBVP(Br) during the treatment would be an evidence of digestion of the
polymer by activated sludge. Extent of weight reduction was obviously
increased with substrate load of influent artificial sewage. This result
suggested that digestion of cross-linked PBVP(Br) by activated sludge was
accompanied by digestion of organic substrates contained in influent artificial
sewage.
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Figure 3. Change of weight of cross-linked PBVP(Br) prepared in the form of Raschig
ring in continuous aerobic treatment of artificial sewage by activated sludge in the
presence of the polymer. Influent COD (mg L−1): A – 100; B – 200; C – 300; D – 500.

This accidental discovery is a severely negative result in the development of
new chemical material useful for bio-film process. Considerable increase of
COD of artificial sewage during the aerobic treatment with activated sludge is a
desperately opposite result of our original expectation. In contrast, however,
surprisingly violent digestion of synthetic polymer by activated sludge is an
exciting and dreamlike discovery that gives us promising expectation of
breakthrough methodology for complete transfiguration of poorly
biodegradable synthetic polymers to strongly biodegradable synthetic
polymers. We assumed that digestion of cross-linked PBVP(Br) by activated
sludge was attributed, at least partly, to the presence of BVP(Br) in the main
chain of the polymer. Therefore, we attempted exertion of strong
biodegradability to synthetic high molecular weight vinyl polymer with
exclusive carbon-carbon bonds in the main chain by insertion of BVP(Br) or
BVP(Cl) into the main chain.

12.4.2. Essence of biodegradability of polymers that harmonized
with recycling system of materials in the natural
environment

I keenly realized the great importance of nutritive worth for microbes in
charge of biodegradation in synthesis of biodegradable polymers. In abundant
natural environment, harmonious recycling system of materials fulfils its
function, and there is no useless waste in the harmonious recycling system.
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Essence of biodegradability seems to be keeping of harmony with this natural
recycling system.

12.5. BIODEGRABILITY OF POLY(METHYL
METHACRYLATE) (PMMA) THAT CONTAINS BVP(Cl)
IN THE MAIN CHAIN
Connection of oligomers of vinyl compounds by biodegradable chemical unit is
an effective method in the syntheses of biodegradable vinyl polymers, because
oligomers of vinyl compounds are biodegradable unlike the corresponding
high molecular weight vinyl polymers [30]. For example, biodegradable
poly(carboxylic acid) was prepared by incorporation of vinyl alcohol into the
main chain [31]. Therefore, we attempted to use BVP(Cl) as a biodegradable
chemical unit to connect oligomers of vinyl compounds in synthesis of
biodegradable vinyl polymers, and investigated biodegradation of copolymers
of methyl methacrylate with BVP(Cl), PMMA-co-BVP(Cl), by activated sludge
[26].
Polymer samples were prepared as films of 3 cm wide, 3 cm length, and
0.13 mm thick. The polymer films were placed in a cage made of 8-mesh saran
net, and the cage was placed in an aeration tank of a sewage works by hanging
with a rope. Before the biological treatment, intrinsic viscosity determined in
chloroform at 30 °C was in the range of 0.41−0.55 dL g−1.

In Figure 4 is plotted the ratio of intrinsic viscosity of the recovered polymer
sample to that before the biological treatment versus the treatment time. In the
case of homo-polymer of methyl methacrylate (Figure 4A), change of
molecular weight was not significant and clearly indicates that homo-polymer
of methyl methacrylate is not biodegradable. When the content of BVP(Cl) was
1 mole % (Figure 4B), reduction of molecular weight of PMMA-co-BVP(Cl) was
negligible. On the other hand, reduction of molecular weight was significant
when the content of BVP(Cl) was 5 mole % (Figure 4C) and 10 mole %
(Figure 4D).

However, reduction of molecular weight appeared to reach the uppermost
limit after about 30 days of the biological treatment. These results clearly
indicate that biodegradability of the BVP(Cl) portion is overwhelmingly
stronger than that of the oligomer portion.
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Figure 4. Ratio of intrinsic viscosity of PMMA-co-BVP(Cl) recovered after placing in an
aeration tank of sewage works to that before the biological treatment. Intrinsic
viscosity of the polymer determined in chloroform at 30 °C before the biological
treatment (dL g−1): A – 0.54; B – 0.41; C – 0.50; D – 0.55. Contents of BVP(Cl) (mole %):
A – 0; B – 1; C – 5; D – 10.

Figure 5 shows weight reduction of PMMA-co-BVP(Cl) during the biological
treatment. Although the data fluctuated widely, weight of polymer samples
reduced during the biological treatment. It should be noticed that weight
reduction of PMMA-co-BVP(Cl) did not reach the uppermost limit and
continued during the biological treatment. This result clearly indicates that
biodegradation of oligomer portion of PMMA-co-BVP(Cl) continued during the
treatment, making a sharp contrast to the case of homo-polymer of methyl
methacrylate.

Figure 5. Weight reduction of PMMA-co-BVP(Cl) during placing in an aeration tank of
sewage works. Intrinsic viscosity of the polymer determined in chloroform at 30 °C
before the biological treatment (dL g−1): A – 0.54; B – 0.41; C – 0.50; D – 0.55.
Contents of BVP(Cl) (mole %): A – 0; B – 1; C – 5; D – 10.
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We further investigated biodegradation of copolymer of methyl methacrylate
with 24.3 mole % of BVP(Cl), PMMA3-co-BVP(Cl)1, by activated sludge in soil
[18]. Test soil was washed with water using a Soxhlet extraction apparatus for
30 h, and the washed soil was further purified by Soxhlet extraction using a
mixed solvent of toluene with ethanol in a volume ratio of 7 : 3 to remove
organic materials included in the test soil, and dried to constant weight under
reduced pressure. The test soil was sterilized by autoclaving at 121 °C for
180 min. After 2 days, the autoclaving was repeated once again just before the
biological degradation of PMMA3-co-BVP(Cl)1. Polymer sample (100 mg) was
dissolved in a mixed solvent (10 mL) of toluene and ethanol in a volume ratio
of 7 : 3, and the polymer solution was mixed with the purified soil (50 g). Thus,
content of the polymer sample in the dried soil was 2.0 g kg−1. This mixture
was then placed in a desiccator, and the solvents were removed by drying
under reduced pressure to constant weight. Activated sludge was obtained
from sewage works immediately before the biological degradation, and
washed three times with sterilized physiological saline.

In this study, we prepared artificial sewage according to a literature recipe
[28], and used to assist the biological degradation of polymer samples. Peptone
(6.0 g), meat extract (4.0 g), urea (1.0 g), sodium chloride (0.30 g), potassium
chloride (0.14 g), calcium chloride (0.14 g), magnesium sulfate (0.10 g), and
disodium hydrogen-phosphate (1.0 g) were dissolved in 1,000 mL of distilled
water, and pH was adjusted to 8.5. COD of this undiluted solution was about
10,000 mg L−1. This solution was diluted with an appropriate amount of
distilled water to prepare artificial sewage of prescribed COD concentration.

Washed activated sludge (710 mg in the wet weight that corresponded to
50 mg in the dry weight) and artificial sewage (1.0 mL with a COD
concentration of 10,000 mg L−1) were mixed with the test soil (50 g) that
contained 100 mg of the polymer sample. Since 1.0 mL of the added artificial
sewage contained 10 mg of COD, and weight of the polymer sample was
100 mg, the amount of organic materials in the artificial sewage added to 1 g of
the polymer sample was 100 mg as COD. The total amount of water added to
the test soil was set to be 180 g kg−1. The mixture was allowed to stand at room
temperature.
After a prescribed time, the remaining polymer sample was recovered by
Soxhlet extraction using a mixed solvent of toluene with ethanol in a volume
ratio of 7 : 3 for 30 h. Fine soil particles contained in the extractive was
removed by centrifugation three times at 2,000 g. The supernatant was placed
in a rotary evaporator, and the mixed solvents were removed by evaporation.
Ethyl acetate was added to the residue, and the recovered polymer was
precipitated. The precipitated polymer was isolated and dried to constant
weight under reduced pressure.
Figure 6 shows time course of weight reduction during the biological
treatment by activated sludge in soil. In control experiments carried out in the
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absence of activated sludge, polymer sample was quantitatively recovered
from test soil. Time course of weight reduction shown in Figure 6 followed
first-order kinetics, and the half-life of PMMA3-co-BVP(Cl)1 was evaluated to be
5.1 days under the experimental conditions. This half-life suggests that the
amount of residual PMMA3-co-BVP(Cl)1 would be reduced to 1/1000 within
2 months of the biological treatment. Although biodegradation of PMMA3-coBVP(Cl)1 in the natural environment may require a much more prolonged
period, it is not necessary to afraid of severe persistency of PMMA3-co-BVP(Cl)1
in the natural environment. In contrast, homo-polymer of methyl methacrylate
did not exhibit biodegradability under the conditions.

Figure 6. Time course of weight reduction of PMMA3-co-BVP(Cl)1 that contained
24.3 mole % of BVP(Cl) during biological treatment with activated sludge in soil at
room temperature. Amount of PMMA3-co-BVP(Cl)1, 2.0 g kg−1; amount of activated
sludge, 14.2 g kg−1 in wet weight (1.0 g kg−1 in dry weight); amount of artificial sewage
used to assist the biodegradation, 0.2 g kg−1 in COD; amount of water, 180 g kg−1.

12.6. BIODEGRADABILITY OF POLY(VINYL ACETATE)
THAT CONTAINS BVP(Cl) IN THE MAIN CHAIN
We investigated biodegradation of copolymer of vinyl acetate with BVP(Cl),
PVAC-co-BVP(Cl), by placing in aeration tank of sewage work [32]. Polymer
samples were prepared as films of 2.5 cm wide, 3.5 cm long and 0.5 mm thick.
The polymer films were placed in a cage made of 100-mesh nylon net, and the
cage was placed in aeration tank of sewage work by hanging with rope. After
prescribed time, polymer films were taken out from the aeration tank, washed
with deionized water, dried to constant weight, and submitted for analyses.
Aspect of biodegradation of PVAC-co-BVP(Cl) was much different from that of
PMMA-co-BVP(Cl).
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In the control experiment using a homo-polymer of vinyl acetate, change of
intrinsic viscosity as well as that of gravimetric weight were not very
significant even after 1072 days of the biological treatment. On the other hand,
PVAC-co-BVP(Cl) that contained 3.9 mole % of BVP(Cl) showed a significant
reduction in gravimetric weight during the biological treatment. After 7 days of
the treatment, recovered polymer showed a 32 % reduction in gravimetric
weight. Exertion of biodegradability by insertion of BVP(Cl) into the main
chain is effective for poly(vinyl acetate). Unexpectedly, however, further
weight reduction was not observed after this period of the treatment. Exertion
of strong biodegradability to poly(vinyl acetate) by insertion of BVP(Cl) into
the main chain ended at early period of the biological treatment.
Intrinsic viscosity of recovered polymer was larger than that before the
biological treatment. This result indicates that biodegradation of lower
molecular weight fractions contained in the polymer sample predominated
over that of higher molecular weight fractions during the treatment. This
phenomenon was not observed in the biodegradation of PMMA-co-BVP(Cl).

We found an important phenomenon during the above biodegradation of
PVAC-co-BVP(Cl). Chlorine was predominantly removed from the polymer at
early period of the treatment. For example, PVAC-co-BVP(Cl) that contained
3.9 mole % of BVP(Cl) involved 1.51 % of chlorine before the biological
treatment, but chlorine was not detected in the residual polymers recovered
after 28 days of the biological treatment. The uppermost limit of weight
reduction during the biological treatment could be attributed to the
disappearance of BVP(Cl) in the residual polymer at early period of the
biological treatment.

Although chlorine disappeared from PVAC-co-BVP(Cl) at early period of the
treatment, nitrogen remained in the residual polymer recovered after the
treatment. For example, PVAC-co-BVP(Cl) that contained 3.9 mole % of
BVP(Cl) showed the presence of 0.84 % nitrogen before the biological
treatment, and a remainder of 0.33 and 0.68 % of nitrogen after 28 and
713 days. Presence of nitrogen and absence of chlorine could suggest that
pyridyl group was included in the residual polymer recovered after the
biological treatment, and that the presence of pyridyl group is not helpful for
the improvement of poor biodegradability of poly(vinyl acetate).
Contrary to the biodegradation of PVAC-co-BVP(Cl), weight reduction did not
exhibit uppermost limit at early period of the treatment in biodegradations of
copolymer of methyl methacrylate with BVP(Cl), PMMA-co-BVP(Cl) [26],
copolymer of styrene with BVP(Cl), PST-co-BVP(Cl) [35], copolymer of
acrylamide with BVP(Cl), PAAM-co-BVP(Cl) [17], and copolymer of
acrylonitrile with BVP(Cl), PAN-co-BVP(Cl) [36].
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12.7. BIODEGRABILITY OF POLY(ACRYLAMIDE) THAT
CONTAINS BVP(Cl) IN THE MAIN CHAIN
Poly(vinyl alcohol) is well-known as water-soluble and biodegradable vinyl
polymer [33], but copolymer of acrylamide with BVP(Cl), PAAM-co-BVP(Cl),
was found to be water-soluble and exceedingly more biodegradable than
poly(vinyl alcohol) [17].
We used PAAM-co-BVP(Cl) that contained 82.1 mole % of acrylamide,
11.0 mole % of BVP(Cl), and 7.0 mole % of acrylic acid.

Ratio of biochemical oxygen demand (BOD) to total organic carbon (TOC) of
aqueous solution is an index of biodegradability of chemical materials, because
TOC reflects substantial concentration of organic materials and BOD is a
measure of concentration of biodegradable materials in the sample solution.
We found that BOD5/TOC of the above PAAM-co-BVP(Cl) was 0.607, whereas
that of a commercial product of poly(vinyl alcohol) (100 % hydrolyzed and
average molecular weight was 14,000) was 0.033. Used sample of PAAM-coBVP(Cl) was much more biodegradable than used sample of poly(vinyl
alcohol), in spite of the fact that average molecular weight of the sample of
PAAM-co-BVP(Cl) was exceedingly higher.

In contrast, aqueous solution of homo-polymer of acrylamide, PAAM, did not
consume oxygen, and BOD5/TOC was substantially zero. Exertion of
biodegradability to vinyl polymers by insertion of BVP(Cl) into the main chain
is unexpectedly powerful.

We performed degradation of the above PAAM-co-BVP(Cl) by the treatment
with activated sludge in water using a 200 mL shaking flask at 25 °C. Initial
amount of TOC was 38.0 mg L−1 that consisted of the above PAAM-co-BVP(Cl)
(30.0 mg L−1), artificial sewage [28] added to assist the biodegradation
(1.2 mg L−1), and activated sludge that performed the biodegradation
(6.8 mg L−1). After 7 days, TOC of the sample mixture reduced to 7.1 mg L−1. We
pursued total amount of organic carbon contained in the test solution, and did
not pursue the real amount of PAAM-co-BVP(Cl) contained in the solution.
However, amount of TOC remained in the solution after 7 days of the treatment
was nearly equal to that of the initial amount of TOC contained in the solution
due to the added activated sludge. Experimental results of weight reduction
during the biological treatment followed first-order kinetics, and suggested
that half-life of the above PAAM-co-BVP(Cl) during the biological treatment is
only 2.4 days. If this biodegradability of the above PAAM-co-BVP(Cl) is
unnecessarily strong, this defect can be easily improved by necessary
retrenchment of the content of BVP(Cl) in the PAAM-co-BVP(Cl).
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12.8. BIODEGRABILITY OF POLYSTYRENE THAT
CONTAINS BVP(Cl) IN THE MAIN CHAIN
Preparation of biodegradable polystyrene by connection of oligomers of
styrene with use of BVP(Cl) as the biodegradable chemical unit appeared
difficult, because oligomers of styrene larger than trimer are poorly
biodegradable, although dimer of styrene is biodegradable [34]. However, we
did not give up and tried to connect oligomers of styrene using BVP(Cl), and
found that BVP(Cl) is not only a biodegradable chemical unit useful to connect
biodegradable oligomers, but also facilitates biodegradation of the connected
oligomer portion [35].

We used six types of copolymers of styrene with BVP(Cl), i.e., equimolar
copolymer of styrene with BVP(Cl), PST1-co-BVP(Cl)1, copolymer of styrene
with BVP(Cl) in molar ratio of 2 : 1, PST2-co-BVP(Cl)1, copolymer of styrene
with BVP(Cl) in molar ratio of 3 : 1, PST3-co-BVP(Cl)1, copolymer of styrene
with BVP(Cl) in molar ratio of 4 : 1, PST4-co-BVP(Cl)1, copolymer of styrene
with BVP(Cl) in molar ratio of 5 : 1, PST5-co-BVP(Cl)1, and copolymer of styrene
with BVP(Cl) in molar ratio of 8 : 1, PST8-co-BVP(Cl)1.

A prescribed amount of the polymer was dissolved in a mixed solvent of
ethanol and tetrahydrofuran (in a weight ratio of 1 : 1) and mixed with purified
and dried soil, and was dried to a constant weight under a reduced pressure at
room temperature to remove solvents.

We performed biodegradation of PST-co-BVP(Cl) by treatment with activated
sludge in soil. We mixed a prescribed amount of washed activated sludge and
artificial sewage with test soil that contained the test polymer. We added
artificial sewage, 0.2 g in COD per gram of the test polymer, to assist the
biodegradation. The total amounts of water and activated sludge were settled
to be 200 mL kg−1 and 14.2 g kg−1 (in wet weight), respectively. We allowed the
mixture to stand at room temperature. After a prescribed time, we recovered
the remained polymer by extraction with a mixture of ethanol and
tetrahydrofuran in weight ratio of 1 : 1 for 48 h using a Soxhlet extraction
apparatus. We removed fine soil particles contained in the extractive by
centrifugation at 2000 g for 20 min. We repeated this centrifugation three
times, and removed solvents by evaporation using a rotary evaporator. We
added ethyl acetate to the residue to isolate the recovered polymer sample,
and dried the isolated polymer to a constant weight under a reduced pressure
at room temperature. Low molecular weight oligomers and other organic
materials soluble in ethyl acetate were not included in the residual weight.
Before these experiments, we performed a series of experiments to ascertain
the reliability of the recovery procedure.
Figure 7 and Figure 8 show time course of weight reduction of polymers
during the biological treatment. Here, residual weight is the total weight of
polymeric materials recovered after the biological treatment. Figure 9 and
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Figure 10 show time course of t ln 2/ln a/(a-x) during the biological treatment.
Here, t is treatment time (days), a is initial amount of the polymer (g kg−1), and
x is weight loss of polymer during the treatment time t.

Figure 7. Time course of weight reduction of PST-co-BVP(Cl) during the biological
treatment with activated sludge in soil at room temperature (amount of polymer
sample is given in parentheses): (☓) PST1-co-BVP(Cl)1 (0.5 g kg−1),
(●) PST1-co-BVP(Cl)1 (1.0 g kg−1), (☐) PST2-co-BVP(Cl)1 (0.5 g kg−1),
and (■) PST2-co-BVP(Cl)1 (1.0 g kg−1).

Figure 8. Time course of weight reduction of PST-co-BVP during the treatment with
activated sludge in soil at room temperature (amount of polymer sample used for the
treatment was 0.5 g kg−1): (○) PST3-co-BVP(Cl)1, (△) PST4-co-BVP(Cl)1, (▲) PST5-coBVP(Cl)1, and (◆) PST8-co-BVP(Cl)1.
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Figure 9. Time course of t ln 2/ln a/(a-x) during the treatment of PST-co-BVP(Cl) with
activated sludge in soil at room temperature (the amount of polymer sample is given in
parentheses): (☓) PST1-co-BVP(Cl)1 (0.5 g kg−1), (●) PST1-co-BVP(Cl)1 (1.0 g kg−1),
(☐) PST2-co-BVP(Cl)1 (0.5 g kg−1), (■) PST2-co-BVP(Cl)1 (1.0 g kg−1).

Figure 10. Time course of t ln 2/ln a/(a-x) during the treatment with activated sludge
in soil at room temperature (amount of polymer sample was 0.5 g kg−1):
(☓) PST1-co-BVP(Cl)1, (☐) PST2-co-BVP(Cl)1, (○) PST3-co-BVP(Cl)1,
(△) PST4-co-BVP(Cl)1, (▲) PST5-co-BVP(Cl)1, (◆) PST8-co-BVP(Cl)1.

Closed circles and cross marks in Figure 7 show time course of weight
reduction of PST1-co-BVP(Cl)1 during the treatment. Here, cross marks and
closed circles show the results obtained with 0.5 and 1.0 g kg−1 of PST1-coBVP(Cl)1, respectively. Above two time courses were very close. Closed circles
and cross marks in Figure 9 show time course of t ln 2/a/(a-x) during the
biological treatment of PST1-co-BVP(Cl)1. Cross marks and closed circles show
the results obtained with 0.5 and 1.0 g kg−1 of the copolymer, respectively.
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These time courses were close and did not depend on t. These experimental
results indicated that biodegradation of PST1-co-BVP(Cl)1 followed first-order
kinetics under the conditions of biological treatment. Addition of 1.0 g kg−1 of
PST1-co-BVP(Cl)1 appeared to be not too much, and was within the ability of
activated sludge used for the biological treatment. The half-life of PST1-coBVP(Cl)1 during the biological treatment was evaluated 5.6 days.

Open squares and closed squares of Figure 7 show time course of weight
reduction of PST2-co-BVP(Cl)1 during the treatment, where amount of polymer
sample was 0.5 and 1.0 g kg−1, respectively. Weight reduction was faster when
smaller amount of polymer sample was used (open squares), making a sharp
contrast with PST1-co-BVP(Cl)1 where weight reduction did not depend on the
amount of polymer sample. The difference of PST1-co-BVP(Cl)1 from PST2-coBVP(Cl)1 appears to be derived from the more difficult biodegradation of PST2co-BVP(Cl)1 than that of PST1-co-BVP(Cl)1. Addition of 0.5 g kg−1 of polymer
sample of PST2-co-BVP(Cl)1 appeared to be still too much with respect to the
degradation ability of microbes contained in the activated sludge used in the
biological treatment.

Open squares and closed squares of Figure 9 show the time course of
t ln 2/ln a/(a-x) during the biological treatment of PST2-co-BVP(Cl)1, where
concentrations of polymer were 0.5 and 1.0 g kg−1, respectively. Degradation of
PST2-co-BVP(Cl)1 did not follow first-order kinetics under the treatment
conditions. This result indicates that addition of 0.5 g kg−1 of PST2-co-BVP(Cl)1
was still overloading with respect to the ability of microbes contained in
activated sludge used in the treatment system. However, slope of the linear
relationship shown in Figure 9 was lower in the case of open squares, that is,
when smaller amount of PST2-co-BVP(Cl)1 was used. This result suggests that
the linear relationship shown in Figure 9 will become independent on the
treatment time when amount of the polymer sample is sufficiently small. In
addition, linear relationship shown in Figure 9 by open squares coincides with
that shown by closed squares at the treatment time of zero. This result
suggests that the linear relationship shown by Figure 9 may give 6.4 days as
the half-life under the ultimate conditions where a sufficiently small amount of
PST2-co-BVP(Cl)1 is used. On the basis of this assumption, we evaluated halflife of PST2-co-BVP(Cl)1 to be 6.4 days when amount of polymer sample was
sufficiently small and did not exceed the degradation ability of microorganisms contained in the activated sludge used in the treatment system.
We performed biodegradations of PST3-co-BVP(Cl)1, PST4-co-BVP(Cl)1, PST5co-BVP(Cl)1 and PST8-co-BVP(Cl)1 by activated sludge in soil using 0.5 g kg−1 of
polymer samples. Open circle in Figures 8 and 10 show the experimental
results using PST3-co- BVP(Cl)1. Half-life was evaluated to be 6.9 days. Open
triangles of Figures 8 and 10 show the experimental results using PST4-coBVP(Cl)1. Half-life was evaluated to be 7.8 days. Closed triangle of Figures 8
and 10 show the experimental results using PST5-co-BVP(Cl)1. Half-life was
evaluated to be 9.0 days. Closed rhombuses of Figures 8 and 10 show the
423

Chapter 12

experimental results using PST8-co-BVP(Cl)1. Half-life was evaluated to be
12.5 days.

The slope of Figures 9 and 10 reflects biodegradability of the oligomer portion
of PST-co-BVP(Cl). Strong biodegradability of the oligomer portion lowers the
slope, whereas poor biodegradability of the oligomer portion raises the slope.

We investigated the mode of chain scission of PST3-co-BVP(Cl)1 during the
treatment with activated sludge in soil in detail. Since the recovered polymer
samples of PST-co-BVP(Cl) did not exhibit perceivable change in the
elementary composition, we estimated the rate of chain shortening of the
recovered polymer simply on the basis of the rate of reduction of molecular
weight, that is, by division of molecular weight of recovered polymer by that of
the polymer before the biological treatment.
In the case where random scission at inside of polymer chain predominated in
biodegradation of polymer, reduction of molecular weight may predominate
over that of gravimetric weight of recovered polymers. On the other hand, in
the case where uniformly successive scission from end of polymer chain
predominated, reduction of molecular weight and that of gravimetric weight of
recovered polymer may occur in parallel.

Experimental results concerned with the mode of chain scission in
biodegradation of PST3-co-BVP(Cl)1 are summarized in Figure 11.
Concentration of used polymer sample was 0.5 g kg−1. Closed circle show time
course of residual weight of polymer and open circle show time course of
reduction of molecular weight of recovered polymer. Obviously, reduction of
molecular weight much predominated over reduction of gravimetric weight of
polymer during the biodegradation of PST3-co-BVP(Cl)1. This result clearly
indicates that cleavage at BVP(Cl) portion much predominated over that of
trimer portion in the biodegradation of PST3-co-BVP(Cl)1. Biodegradation of
trimer of styrene appears to be much more difficult than that of BVP(Cl),
although dimer of styrene is biodegradable [34]. It is obvious that BVP(Cl) is
not only a biodegradable chemical unit useful to connect biodegradable
oligomers, but also facilitates biodegradation of the connected oligomer
portion.
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Figure 11. Time course of (●) residual weight and (○) rate of reduction of molecular
weight of the recovered polymer during the treatment of PST3-co-BVP(Cl)1 with
activated sludge in soil at room temperature. Mw is molecular weight of recovered
polymer and Mw0 is molecular weight of the polymer before the biological treatment.
The amount of polymer sample used for the treatment was 0.5 g kg−1.

12.9. BIODEGRABILITY OF POLY(ACRYLONITRILE) THAT
CONTAINS BVP(Cl) IN THE MAIN CHAIN
We investigated biodegradation of copolymer of acrylonitrile with BVP(Cl),
PAN-co-BVP(Cl), by the treatment with activated sludge in soil [36]. We used
the following five sorts of polymers; PAN2-co-BVP(Cl)1 that contained
33.0 mole % of BVP(Cl), PAN7-co-BVP(Cl)1 that contained 12.3 mole % of
BVP(Cl), PAN9-co-BVP(Cl)1 that contained 10.0 mole % of BVP(Cl), PAN14-coBVP(Cl)1 that contained 6.6 mole % of BVP(Cl), and PAN32-co-BVP(Cl)1 that
contained 3.0 mole % of BVP(Cl). For comparison, we also used homo-polymer
of acrylonitrile, PAN, and copolymer of acrylonitrile with 4-vinylpyridine,
PAN7-co-VP1, that contained 13.2 mole % of 4-vinylpyridine.
Polymer sample (100 mg) was dissolved in dimethylformamide (DMF, 10 mL),
and was mixed with washed and dried test soil (50 g). The mixture was then
placed in a desiccator, and DMF was removed by drying under a reduced
pressure to constant weight.

Washed activated sludge (0.71 g in wet weight) and an artificial sewage
(100 mg in COD) were mixed with test soil (50 g). Total amount of water in the
test soil was 200 mL kg−1. The mixture was allowed to stand at room
temperature. After a prescribed time, the remained polymer was recovered by
extraction with DMF using a Soxhlet extraction apparatus at room temperature
for 100 h. Fine soil particles contained in the extractive were removed by
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centrifugation. The supernatant was placed in a rotary evaporator, and DMF
was removed by evaporation. Ethyl acetate was added to the residue and the
recovered polymer was precipitated, and was dried to constant weight under a
reduced pressure. A series of control experiments were performed to ascertain
reliability of the recovery procedure. Recovered polymer samples of PAN-coBVP(Cl) did not exhibit a perceivable change of elementary composition.

Figure 12 shows time course of weight reduction during the biological
treatment. Here, residual weight of polymer recovered after the biological
treatment was obtained by precipitation using ethyl acetate and was purified.
Therefore, low molecular weight oligomers and other organic materials soluble
in ethyl acetate were not included. As shown in Figure 12, weight reduction
was not observed in the cases of PAN (cross marks) and PAN7-co-VP1 (closed
circles), respectively. In the absence of BVP(Cl), biodegradation was not
observed, similarly to the cases of polystyrene, poly(methyl methacrylate),
poly(vinyl acetate), and polyacrylamide.

Figure 12. Time course of weight of polymer recovered after the treatment with
activated sludge in soil at room temperature. Initial amount of polymer sample,
2.0 g kg−1; amount of artificial sewage added to the treatment system, 2.0 g kg−1 in COD;
amount of water, 200 mL kg−1. Intrinsic viscosities of polymer samples determined
before the biological treatment are given in parentheses in dL g−1. In the cases of PANco-BVP(Cl), the given viscosities are those of corresponding PAN-co-VP determined
prior to the reaction with benzyl chloride. (☓) PAN (0.65); (●) PAN-co-VP (0.75);
(▲) PAN32-co-BVP(Cl)1 (0.69); (△) PAN14-co-BVP(Cl)1 (0.59);
(■) PAN7-co-BVP(Cl)1 (0.66); and (☐) PAN2-co-BVP(Cl)1 (1.10).

On the contrary, PAN32-co-BVP(Cl)1 (closed triangles) exhibited obvious weight
reduction during the biological treatment. PAN was splendidly transfigured to
biodegradable polymer by insertion of only 3 mole % of BVP(Cl) into the main
chain. In this case, average number of acrylonitrile unit in the oligomer portion
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was 32. Much more splendid weight reductions were observed in the cases of
PAN14-co-BVP(Cl)1 (open triangles), PAN7-co-BVP(Cl)1 (closed squares), and
PAN2-co-BVP(Cl)1 (open squares), respectively.

Figure 13 shows time course of t ln 2/ln a/(a-x) during the biological
treatment. Here, t is treatment time, a is initial amount of polymer sample, and
x is weight loss of the polymer during the treatment time t. Time course of
weight reduction was shown to follow approximately the first order kinetics,
although the above function increased a little bit with the treatment time t, and
we evaluated half-lives of these copolymers by extension of the relation to the
treatment time t zero. Half-lives of PAN2-co-BVP(Cl)1, PAN7-co-BVP(Cl)1, PAN14co-BVP(Cl)1, and PAN32-co-BVP(Cl)1 were evaluated to be about 6.7, 7.2, 12.4
and 21 days, respectively, when sufficiently small amount of polymer samples
were used.

Figure 13. Time course of t ln 2/ln a/(a-x) during the treatment of PAN-co-BVP(Cl)
with activated sludge in soil: t, treatment time; a, initial amount of polymer sample; x,
weight loss of polymer sample during the treatment time t. (▲) PAN32-co-BVP(Cl)1;
(△) PAN14-co-BVP(Cl)1; (■) PAN7-co-BVP(Cl)1; and (☐) PAN2-co-BVP(Cl)1.

These results indicate that biodegradation of PAN-co-BVP(Cl) is not limited to
the portion of BVP(Cl), and oligomer portion also exhibits exhaustive
biodegradation when the chain is sufficiently short. In biodegradation of
PAN32-co-BVP(Cl)1, closed triangles of Figure 12 indicated that the weight
reduction during 28 days (54 %) much surpassed the amount of BVP(Cl)
(3.0 mole %, corresponded to about 12 weight %). Biodegradation of
oligomers of acrylonitrile was shown to be not limited to low oligomer, and
even 32-mer still shows significant biodegradability when BVP(Cl) was
inserted into the main chain. Half-life of PAN32-co-BVP(Cl)1 was evaluated to be
about 21 days. This half-life means that 99.9 % of the polymer will disappear
during 7 months of the biological treatment. These observations prompted us
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to consider that BVP(Cl) acts as not only a highly biodegradable chemical unit
useful to connect biodegradable oligomers, but also acts as a functional group
that facilitates biodegradation of the connected oligomer portion. This method
is a epoch-making technology that transfigures poorly biodegradable vinyl
polymers to strongly biodegradable vinyl polymers.

We investigated mode of chain scission of PAN-co-BVP(Cl) during the
biological treatment in detail using the following four types of polymer
samples having a similar degree of polymerization: PAN7-co-BVP(Cl)1, PAN9-coBVP(Cl)1, PAN14-co-BVP(Cl)1, and PAN32-co-BVP(Cl)1. Viscosity average degrees
of polymerization of these copolymer samples were 710, 710, 610, and 770,
respectively. Experimental conditions of the biological treatment were the
same as described above. Closed circles in Figure 14 show the relation
between content of BVP(Cl) and residual weight after two weeks of the
biological treatment. Open circles in Figure 14 show the relation between
content of BVP(Cl) and rate of shortening of the estimated degree of
polymerization, DP/DP0. Here, DP0 and DP are estimated viscosity average
degree of polymerization before the biological treatment and that of polymer
samples recovered after two weeks of the biological treatment, respectively.

Figure 14. Influence of the content of BVP(Cl) in PAN-co-BVP(Cl) on residual weight
(●) and rate of reduction of the estimated viscosity average degree of polymerization
(○) of polymer samples after two weeks of the treatment. Here, DP0 and DP are the
estimated viscosity average degree of polymerization before the biological treatment
and that of the recovered polymer sample after two weeks of the biological treatment,
respectively. Experimental conditions of the biological treatment are same as in
Figure 12.

Figure 14 shows that weight reduction much predominated over reduction of
molecular weight of polymer when content of BVP(Cl) was low. For example, in
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the case of PAN32-co-BVP(Cl)1, residual weight reduced to 66 % after two
weeks of the treatment, but chain length of the recovered polymer was 98 % of
the original length at this stage. This result indicates that the amount of low
molecular weight fraction was very small in the recovered polymer and
reflects a characteristic feature of the biodegradation. Biodegradation of lower
molecular weight polymer predominated. When biodegradation started, the
shortened polymers seem to undergo predominant biodegradation, leaving
high molecular weight polymers unchanged.

In the case of PAN7-co-BVP(Cl)1, however, residual weight reduced to 32 %
after two weeks of the treatment, and chain length of recovered polymer was
34 % of original length at this stage. Weight reduction balanced with
shortening of polymer chain, and uniformly successive scission from the end of
polymer chain appeared to be suitable for the mechanisms of biodegradation.
This observation suggests that biodegradability of oligomer portion of
acrylonitrile stands comparison with that of BVP(Cl) when the oligomer
portion was shorter than heptamer. Oligomers of acrylonitrile appear to be
much more biodegradable than oligomers of styrene.

12.10. RECYCLING USE OF SYNTHETIC POLYMERS
WITHOUT LEAVING WASTES INTO NATURAL
ENVIRONMENT
Chemists and chemical industry should become aware of their responsibility
for the serious fact that most of synthetic polymers are poorly biodegradable
and severely pollute the natural environment after use [1]. Grant of strong
biodegradability to synthetic polymers is useful to protect natural abundant
environment from pollution by wasted synthetic polymers. Insertion of BVP
into main chain exerts strong biodegradability to vinyl polymers, but this
technology cannot transfigure all sorts of synthetic polymers biodegradable.

Therefore, prevention of waste of used synthetic polymers is greatly important
in protection of natural environment from pollution by wasted synthetic
polymers. In the case of synthetic polymers where durability is absolutely
more important than biodegradability, prevention of waste after use is
inevitable. For the solution of this subject, recycling use of synthetic polymers
is inevitable.
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12.10.1. Zero-emission use of synthetic polymers to prevent
pollution of natural environment by wasted synthetic
polymers
In the protection of natural abundant environment from serious pollution by
wasted synthetic polymers, zero-emission use of synthetic polymers is
inevitable. Use of resource materials can be roughly classified into one-way use
and recycling use. One-way use leaves waste such as micro-plastics at the final
stage, and pollutes natural environment. In contrast, recycling use decreases
the amount of abandoned wastes. Key point of effective retrenchment of the
amount of wasted synthetic polymers is drastic conversion of one-way use to
recycling use of synthetic polymers. Prevention of abandon of used polymers is
exceedingly more important than appropriate treatment of abandoned used
polymers.

12.10.2. Grade of recycling use of synthetic polymers

Recycling use of synthetic polymer is not uniform, and can be classified into
five grades based on the degree of reduction of wastes. Grade up of recycling
use of synthetic polymers decreases wastes of the polymers. Thermal recycle
of used polymer does not supply raw materials necessary to prepare the
corresponding polymer, and is not worth as recycling use of synthetic polymer.
Substance of thermal recycle of used polymers is utilization of used polymers
as fuels.
Grade 1 is deceptive recycle that does not decrease waste, i.e., reutilization for
different purpose such as utilization of used PET (polyethylene terephthalate)
bottle as fiber or sheet. This recycled fiber or sheet is wasted after use, and
does not decrease wastes.

Grade 2 is material recycle and chemical recycle. Material recycle accompanies
deterioration of quality of reclaimed polymers, and supplement of new
polymer is indispensable in re-preparation of corresponding polymers to
compensate this quality deterioration, and is called as cascade-type recycle.
Chemical recycle can return used polymers to raw materials of the
corresponding polymer, but practice of chemical recycle is limited to some
types of synthetic polymers. In the case of vinyl polymers, de-polymerization of
used polymer can supply raw material of the polymer, but yields of the
corresponding monomer are not sufficient except for methyl methacrylate and
styrene. Efficient and individual collection system of used polymers is
inevitable in practice of material recycle and chemical recycle.

Grade 3 is reuse that considerably decreases wastes. For example, when PET
bottle is reused 30 times, amount of resource materials required for
production of PET bottle decreases to 1/30, and amount of wastes due to used
PET bottle also decreases to 1/30. Individual collection system of used
synthetic polymers such as deposit system is necessary in practice of efficient
reuse of polymers.
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Grade 4 is reduction that further decreases wastes of polymers by
miniaturization, lightening and prolongation of using period of products made
of polymers. Elevation of durability of polymers that consists products
elongates the using period of products and reduces wastes. Repair of products,
exchange of broken portion of products, and exchange of outstripped module
of products with progressed module elongates using period of products and
retrenches wastes.

Reduction of total environmental load derived from industrial products is
evaluated through total life of industrial products from mining of resource
materials, manufacturing of products, use of products, and final treatment of
used products. An important index of retrenchment of the total environmental
load of industrial products during the total life of product is known as “factor
X”.

Grade 5 is perfect recycle that can cope with exhaustion of resource materials,
and can manufacture products without use of new resource materials. In the
case of exhausted resource materials, manufacturing of industrial products
without use of new resource materials is unavoidable. A part of rare metals is
already reached to this situation, and wastes of industrial products that
contain the exhausted resource materials are called as “urban mine”. The
valuable exhausted resource materials contained in the corresponding used
products are taken out and can be used for repeated manufacture of products.

12.10.3. Closely connected cooperation of artery industry with
venous industry required by efficient recycling of
resource materials

Manufacturing industries are roughly classified into artery industry and
venous industry. Artery industries supply products using resource materials
and recycled materials, and venous industries take out materials from used
products and reclaim collected materials, and supply the reclaimed materials
to artery industries. In the case where reclamation of materials taken out from
used products is easily practiced, recycling use of materials can be easily
accomplished. In contrast, in the case where taking out of materials from used
products is difficult or reclamation of collected materials is difficult, venous
industries are obliged to give up recycling of resource materials, and used
products lose their utility value and pollute natural environment as useless
wastes. One-sided manufacturing of complicated products by artery industries
obstructs recycling use of materials and promotes abandonment of useless
wastes and increases the environmental load. Accurate separation of used
products according to their sort and deposit system of used products to
original producer strongly assist efficient practice of recycling use of resource
materials and reduce environmental load. These improvements of recycling
system require closely connected cooperation of artery industries with venous
industries. Exhausted material that is indispensable for manufacture of
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industrial products is mainly contained in the corresponding used products,
and recycling of used products at original factory is efficient. Large scale
production by selfish artery industry leaves a lot of wastes that promote
increase of environmental load, and should be controlled by strong pressure of
public opinion.
Efficient recycling use of resource materials requires support of public society.
Deposit system is efficient on practice of reuse of products. EPR (extended
produced responsibility) system proposed by OECD prompts effective
cooperation of artery industry with venous industry in practice of recycling
use of resource materials.
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