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ABSTRACT 

 

 

 Biodegradable polyesters, poly(1,8-octanediol–glycerol–1,12-

dodecanedioate)s (POGDA)s, were synthesized via polycondensation polymerization 

method without solvent and catalyst and with different monomer molar ratios.  

Formation of POGDA was confirmed with structural analysis by Fourier transform 

infrared spectroscopy.  The effects of varying the monomer molar ratio on POGDA 

properties were illustrated in the gel content and swelling analysis, ultraviolet–visible 

spectroscopy, thermal gravimetric analysis, differential scanning calorimetry, x-ray 

diffraction, tensile test and in vitro degradation tests.  In vitro degradation tests were 

performed in phosphate-buffered solution at 37 °C for 60 days.  Thermoresponsive 

behavior was revealed by POGDA with 0.5 mole ratio of glycerol (Gly), and bending 

tests were performed to study the shape memory effect.  In vitro cytotoxicity tests and 

cell proliferation tests suggested that these POGDA polymers have potential 

applications in biomedical fields such as tissue engineering.  POGDA (0.5 Gly) 

loading with hydroxyapatite (HA) were prepared using similar polycondensation 

polymerization method.  Addition of HA improved the mechanical properties and 

decreased the degradation rate of the composites.  Scaffolds were fabricated from 

POGDA/HA composites using solvent-free salt leaching method.  Pore structure in 

scaffold was visualized with field emission scanning electron microscope and 

porosities were measured using liquid displacement test.  The porous scaffolds 

fabricated from POGDA/HA composites were found to exhibit thermoresponsive 

behavior.  The cell proliferation tests suggested that the scaffolds have good 

biocompatibility with fibroblast cells and have potential to be used in tissue 

engineering. 
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ABSTRAK 

 

 

 Poliester terbiodegradasi, poli(1,8-oktanadiol-gliserol-1,12-dodekanadioat) 

(POGDA) telah disintesis dengan kaedah pempolimeran polikondensasi tanpa pelarut 

dan mangkin dan dengan nisbah molar monomer yang berbeza.  Penghasilan POGDA 

telah disahkan melalui analisis struktur menggunakan spektroskopi transformasi infra 

merah Fourier.  Kesan nisbah molar monomer yang berbeza terhadap sifat-sifat 

POGDA telah digambarkan dalam analisa kandungan gel dan pembengkakan, 

spektroskopi nampak-ultraungu, analisa gravimetrik terma, kalorimeter imbasan 

pembezaan, pembelauan sinar-x, ujian tegangan dan ujian degradasi in vitro.  Ujian 

degradasi in vitro telah dijalankan dalam larutan penimbal fosfat selama 60 hari pada 

suhu 37 °C.  Sifat responsif terma telah ditunjukkan oleh POGDA dengan 0.5 nisbah 

mol gliserol (Gly) dan ujian lenturan telah dijalankan untuk mengkaji kesan bentuk 

ingatan.  Ujian kesitotoksikan in vitro dan ujian percambahan sel mencadangkan 

bahawa polimer POGDA mempunyai potensi aplikasi dalam bidang bioperubatan 

seperti kejuruteraan tisu.  Muatan POGDA (0.5 Gly) dengan hidroksiapatit (HA) telah 

disediakan dengan kaedah pempolimeran polikondensasi yang sama.  Penambahan 

HA telah meningkatkan sifat-sifat mekanik dan mengurangkan kadar degradasi 

komposit.  Perancah telah diperbuat daripada komposit POGDA/HA menggunakan 

kaedah garam larut lesap tanpa pelarut.  Struktur liang dalam perancah digambarkan 

dengan mikroskop elektron imbasan pancaran medan dan keliangan diukur dengan 

ujian sesaran cecair.  Perancah berliang yang diperbuat daripada POGDA/HA 

komposit didapati mempamerkan sifat responsif terma.  Ujian percambahan sel 

mencadangkan bahawa perancah mempunyai biokeserasian yang baik dengan sel 

fibroblas dan berpontensi untuk digunakan dalam kejuruteran tisu.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Research Background 

 

 

 Treatment of damaged organs or tissues using traditional therapy such as organ 

transplants often encounter problems associated with donor site shortage, complex 

surgery, immunogenicity, enormous expenses and post-operative care have limit the 

use of this method (Cohen et al., 1993).  Therefore, a new therapeutic solution termed 

regenerative medicine has been explored to accelerate the proliferation and 

differentiation of cells for regeneration of tissues and organs (Tabata, 2005).  Hence, 

a local in vivo environment of artificial extracellular matrix (ECM) which suitable for 

cell to proliferate and differentiate is necessary.  Tissue engineering is designed to 

build up such environment for cell proliferation and differentiation to regenerate 

natural tissues or to create biological substitutes for defective of lost organs (Tabata, 

2005;Hosseinkhani and Hosseinkhani, 2009).  In tissue engineering, biomaterial is 

used to prepare an artificial scaffold as ECM for cell proliferation and differentiation.  

Most tissue engineering strategies based on the principal that cells seeded into three 

dimensional (3D) scaffolds will be re-assemble into functional structures which 

resembling native tissues (Shi et al., 2010).  
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Biomaterial is defined by the National Institutes of Health Consensus 

Development Conference of November 1982 as “any substances (other than drug) or 

combination of substances, synthetic or natural in origin, which can be used to for any 

period of time, as a whole or as a part of system which treat, augments, or replace any 

tissue, organ, or function of the body” (Boretos and Eden, 1984).  Common synthetic 

biomaterials for biomedical application included metals and alloy, polymers, and 

ceramic.  Polymer-based biomaterials have been developed since 1920s (Moukwa, 

1997).  Market research reports by MarketsAndMarkets has indicated that the 

biomaterials market will be worth US$149.17 billion by 2021.  Polymeric biomaterials 

are the fastest growing field in biomaterials.  Biodegradable and biocompatible 

polymers have been considered as replacements for permanent prosthetic devices used 

for temporary treatments (Nair and Laurencin, 2007;Erbel et al.).  The development of 

a new generation of synthetic biodegradable polymers is underway and being driven 

by the latest biomedical technologies, such as tissue engineering and controlled drug 

delivery (Griffith, 2000;Furth et al., 2007;Garg et al., 2012).  

 

 

Polymeric biomaterials market contains only a small fraction of degradable 

polymers, although the consumption of polymeric biomaterials is more than 8000 

kilotons annually (Lendlein et al., 2011;Yin and Luan, 2016).  Public concerns about 

the environment have created an interest in biodegradable polymeric biomaterials 

synthesized from renewable resources.  Attention has been paid to biodegradable 

polyesters that are easily produced from renewable resources such as polylactic acid 

and poly(glycerol sebacate) (Liu and Ma, 2004;Sundback et al., 2005;Shah 

Mohammadi et al., 2014).  Polyesters are hydrolytically degradable and offer a wide 

range of properties that can be achieved through the manipulation of monomers and 

synthesis conditions (Bruggeman et al., 2008b;Lei et al., 2007b).   

 

 

Biodegradable polymers with smart functions besides biodegradable, such as 

thermoresponsivity, have been reported in the area of petroleum-based and bio-based 

polymers including poly(ε-caprolactone) (PCL), polyurethanes, propylene sebacate, 

etc. (Ajili et al., 2009;Guo et al., 2011;Yang et al., 2013b;Alvarado-Tenorio et al., 

2015;Li et al., 2015a).  However, only few thermoresponsive polyesters synthesized 



3 

 

from renewable resources have been reported, including poly(glycerol-sebacate) (PGS) 

(Cai and Liu, 2008), poly(glycerol dodecanoate) (PGD) (Migneco et al., 2009) and 

polydiolcitrate (Serrano et al., 2011).  For thermally responsive or shape memory 

polymers (SMP), two shapes are formed in the shape memory process, one permanent 

shape and another temporary shape.  Hard segments determine the permanent shape of 

a polymer, whereas soft segments determine the temporary shape.  Shapes can be 

switched at the transition temperature (Ttrans).  Deformation occurs above Ttrans and 

cooling below Ttrans allows a SMP to obtain a temporary shape.  The permanent shape 

of a SMP can be recovered through heating to above Ttrans.  The glass-transition 

temperature (Tg) or melting temperature (Tm) can be a Ttrans, depends on the type of 

polymer.  

 

 

 In this research, biodegradable polyester, poly(1,8-octanediol-glycerol-1,12-

dodecanedioate) (POGDA) with thermoresponsive behaviour were successfully 

synthesized from 1,8-octanediol (Oct), glycerol (Gly) and 1,12-dodecanedioic acid 

(DA) via solvent- and catalyst-free polycondensation polymerization method.  The 

degree of crosslinking and crystallinity was manipulated through variation of the 

monomer molar ratios.  Based on the material properties analysis, POGDA (0.5 Gly) 

was selected to load with hydroxyapatite (HA) particles to produce POGDA/HA 

composites.  The effects of HA concentration on the properties of the composites 

were investigated through a series of tests.  Fabrication of scaffolds was carried out 

using salt-leaching method.  Conventional salt-leaching method involves usage of 

solvent to dissolve polymer and mix with sieved salt.  The use of solvent in salt-

leaching method was eliminated in this research to reduce the toxicity of the scaffolds.   
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1.2 Problem Statement 

 

 

Biomedical application demands materials with specific physical, chemical, 

mechanical, biodegradability and biocompatibility properties for efficient therapy.  

Thus, the important of developing diverse biodegradable polymers is increasing in the 

advancement of biomedical materials since the market has contains only a small 

fraction of biodegradable polymer (Yin and Luan, 2016).  Public concern and critical 

discussion about the preservation of natural resources and environment have led to the 

rise of interest on biomaterials with the focus on renewable raw materials.  

Consequently, polyester which can be synthesized by monomers from renewable 

resources has attracted huge attention in the biomaterials field. To increase the 

biocompatibility of the polyester with the host, monomers with low toxicity and can 

be cleared from body after degraded are favourable to synthesize a new polyester.  

 

 

Besides biodegradable and biocompatible, an ideal implant with extra 

functionality to meet specific demands is desired.  A polymer with thermoresponsive 

behaviour will serves as an ideal biomaterial for implantation.  Thermoresponsive 

polymers show shape memory effect by their ability to change shape in different 

temperature.  During implantation, thermoresponsive polymers able to pass through a 

small incision and regain its original shape at desired conditions.  In current works, 

most of the thermoresponsive polymers are petroleum-based polymers and bio-based 

polymers.  Only few polyester synthesized from renewable resources 

thermoresponsive behaviours are reported.  Unfortunately, these polyesters including 

PGS, PGD and polydiolcitrate have Ttrans below 30 °C which is far below body 

temperature and early shape recovery might occurs before implantation.  

 

 

Therefore, a thermoresponsive biodegradable polyester synthesized from 

monomers that can be produced from renewable resources and low in toxicity is 

needed in current market.  The monomers used in the present research were chosen to 

meet these criteria.  Gly is mainly produced from renewable resources as a byproduct 

during the transesterification of vegetable oils and animal fat in the production of 
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biodiesel (Solomon et al., 1995;Demirbaş, 2003).  DA can also be produced from 

renewable resources, such as vernonia galamensis oil (Ayorinde et al., 1989).  

Introduction of Oct into the polymer network was decided based on previous studies 

on PGD and polydiolcitrate.  PGD showed Ttrans below 30 °C. In study of 

polydiolcitrate, only polydiolcitrate synthesized from monomers with longer backbone 

chains exhibited thermoresponsive behaviour.  Therefore, Oct was chosen to react with 

Gly and DA to increase the length of backbone and increase the Ttrans higher than 30 °C 

for shape memory effect.  To improve mechanical properties and biocompatibility, HA 

fillers were incorporated into the polyester. 

 

 

POGDA polyesters and POGDA/HA composites were synthesized using the 

polycondensation method demonstrated by previous study (Bruggeman et al., 2008a) 

but with some modification.  This research was carried out to synthesis POGDA and 

POGDA/HA, to characterize the polyesters and composites, to study the 

biodegradation rate and to investigate the biocompatibility of the polyesters and 

composites. For application in tissue engineering, scaffolds were fabricated using salt-

leaching method without solvent.  

 

List of research questions: 

 

(a) What are the effect of molar ratio of monomers on thermal properties, 

mechanical properties, thermoresponsive behaviour, biodegradation rate and 

biocompatibility of the POGDA polyesters? 

(b) What are the effect of HA particles with different weight percentage on thermal 

properties, mechanical properties, biodegradation rate and biocompatibility of 

the POGDA/HA composites? 

(c) What are the pore size, porosity and biocompatibility of scaffolds fabricated 

using solvent-free salt leaching method? 
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1.3 Objectives 

 

 

The main objective of this research was to develop biodegradable POGDA 

polyester with thermoresponsive behaviour from Oct, Gly and DA through solvent- 

and catalyst-free polycondensation method.  The mechanical and biocompatibility of 

POGDA was to be improved by incorporation of HA particles.  Last part of this 

research was to fabricate scaffolds using solvent-free salt leaching method suitable for 

tissue engineering applications.  

 

The sub-objectives set to achieve the goal of this research:  

 

(a) To determine the effects of molar ratio of monomers on the structural, 

thermal properties, crystallinity, mechanical properties, thermoresponsive 

behaviour, biodegradation rate and biocompatibility of the POGDA 

polyesters. 

(b) To investigate the effect of HA particles with different weight percentage 

on the thermal properties, crystallinity, mechanical properties, 

biodegradation rate and biocompatibility of the POGDA/HA composites. 

(c) To identify the mixing ratio between sieved salt and pre-polymer 

composite solution for porous scaffold fabrication and to determine the 

pore size, porosity and biocompatibility of scaffold prepared from solvent-

free salt leaching method.  
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1.4 Scopes 

 

 

The scopes of this research are identified and divided into few parts. 

 

a) POGDA polyesters were synthesized using polycondensation 

polymerization route with different molar ratio of monomers.  The effects 

of molar ratio of monomers on the structural, thermal properties, 

mechanical properties, thermoresponsive behaviour, biodegradation rate 

and biocompatibility of the POGDA polyesters were examined via Fourier 

Transform infra-red (FTIR) spectroscopy, UV/vis spectroscopy, swelling 

tests, differential scanning calorimeter (DSC), thermogravimetric analysis 

(TGA), X-ray diffraction (XRD), tensile tests, bending tests, in vitro 

biodegradation test, in vitro cytotoxicity and in vitro cell proliferation tests.  

 

b) Incorporation of HA with different weight percentage into POGDA using 

same polycondensation method.  The effects of HA particles with different 

weight percentage on the structural, thermal properties, mechanical 

properties, biodegradation rate and biocompatibility of the POGDA/HA 

composites were investigated via FTIR, DSC, XRD, tensile tests, field 

emission scanning electron microscope (FESEM), in vitro biodegradation 

test and in vitro cytotoxicity.  

 

c) Scaffolds were fabricated from POGDA/HA composites using solvent-free 

salt leaching method.  The morphology, porosity and biocompatibility of 

scaffold were determined via TGA, FESEM, liquid displacement test and 

in vitro cell proliferation tests.   
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1.5 Significant of Study 

 

 

 Oct, Gly and DA were used together for the first time to synthesise 

biodegradable polyesters with thermoresponsive behaviours.  The material properties 

of the newly develop polyesters, POGDAs, were studied in detail.  Different 

composition of monomers was used to create different crosslinking density in the 

polyesters.  The effect of monomers’ composition of the polyesters on material 

properties were determined for better understanding in the relationship between 

crosslinking density and material properties.  The synthesized polyesters in present 

study was shown to have Ttans higher than PGS, PGD and polydiolcitrates.  POGDA 

with selected monomer composition showed the ability to recover to its original shape 

at body temperature which is benefit for biomedical application.  POGDA/HA 

composites were prepared with different loading percentage of HA particles.  The 

effects of HA concentration on the composites properties were disclosed.  In additional, 

the minimum mixing ratio of pre-polymer composite solution and sieved salt was 

determined to fabricate a fully porous scaffold.  The results are important for further 

study of scaffold.   

 

 

 

 



122 

 

REFERENCES 

 

 

 

 

Ahmad, M., Wahit, M. U., Abdul Kadir, M. R. & Mohd Dahlan, K. Z. (2012). 

Mechanical, rheological, and bioactivity properties of ultra high-molecular-

weight polyethylene bioactive composites containing polyethylene glycol and 

hydroxyapatite. The Scientific World Journal. 2012. 

Ajili, S. H., Ebrahimi, N. G. & Soleimani, M. (2009). Polyurethane/polycaprolactane 

blend with shape memory effect as a proposed material for cardiovascular 

implants. Acta Biomaterialia. 5 (5), 1519-1530. 

Albertsson, A.-C. & Varma, I. K. (2003). Recent developments in ring opening 

polymerization of lactones for biomedical applications. Biomacromolecules. 4 

(6), 1466-1486. 

Allen, N. S. & Edge, M. (1992). Fundamentals of polymer degradation and 

stabilization. UK: Springer Science & Business Media. 

Alvarado-Tenorio, B., Romo-Uribe, A. & Mather, P. T. (2015). Nanoscale Order and 

Crystallization in POSS–PCL Shape Memory Molecular Networks. 

Macromolecules. 48 (16), 5770-5779. 

Amsden, B. (2007). Curable, biodegradable elastomers: emerging biomaterials for 

drug delivery and tissue engineering. Soft Matter. 3 (11), 1335-1348. 

Athanasiou, K. A., Darling, E. M. & Hu, J. C. (2009). Articular Cartilage Tissue 

Engineering. Synthesis Lectures on Tissue Engineering. 1 (1), 1-182. 

Athanasiou, K. A., Niederauer, G. G. & Agrawal, C. M. (1996). Sterilization, toxicity, 

biocompatibility and clinical applications of polylactic acid/ polyglycolic acid 

copolymers. Biomaterials. 17 (2), 93-102. 

Ayorinde, F. O., Powers, F. T., Streete, L. D., Shepard, R. L. & Tabi, D. N. (1989). 

Synthesis of dodecanedioic acid fromvernonia galamensis oil. Journal of the 

American Oil Chemists’ Society. 66 (5), 690-692. 



123 

 

Bakar, M. A., Cheng, M., Tang, S., Yu, S., Liao, K., Tan, C., Khor, K. & Cheang, P. 

(2003). Tensile properties, tension–tension fatigue and biological response of 

polyetheretherketone–hydroxyapatite composites for load-bearing orthopedic 

implants. Biomaterials. 24 (13), 2245-2250. 

Balguid, A., Rubbens, M. P., Mol, A., Bank, R. A., Bogers, A. J., Van Kats, J. P., De 

Mol, B. A., Baaijens, F. P. & Bouten, C. V. (2007). The role of collagen cross-

links in biomechanical behavior of human aortic heart valve leaflets-relevance 

for tissue engineering. Tissue engineering. 13 (7), 1501-1511. 

Barbiroli, G., Lorenzetti, C., Berti, C., Fiorini, M. & Manaresi, P. (2003). Polyethylene 

like polymers. Aliphatic polyesters of dodecanedioic acid: 1. Synthesis and 

properties. European Polymer Journal. 39 (4), 655-661. 

Barrett, D. G., Luo, W. & Yousaf, M. N. (2010). Aliphatic polyester elastomers 

derived from erythritol and α, ω-diacids. Polymer Chemistry. 1 (3), 296-302. 

Barrett, D. G. & Yousaf, M. N. (2009). Design and applications of biodegradable 

polyester tissue scaffolds based on endogenous monomers found in human 

metabolism. Molecules. 14 (10), 4022-4050. 

Barrett, D. G. & Yousaf, M. N. (2010). Thermosets synthesized by thermal 

polyesterification for tissue engineering applications. Soft Matter. 6 (20), 5026-

5036. 

Bertuzzi, A., Mingrone, G., Gaetano, A. D., Gandolfi, A., Greco, A. V. & Salinari, S. 

(1997). Kinetics of dodecanedioic acid and effect of its administration on 

glucose kinetics in rats. British Journal of Nutrition. 78 (01), 143-153. 

Bettinger, C. J., Bruggeman, J. P., Borenstein, J. T. & Langer, R. (2009). In vitro and 

in vivo degradation of poly (1, 3‐diamino‐2‐hydroxypropane‐co‐

polyol sebacate) elastomers. Journal of Biomedical Materials Research Part A. 

91 (4), 1077-1088. 

Bettinger, C. J., Kulig, K. M., Vacanti, J. P., Langer, R. & Borenstein, J. T. (2008). 

Nanofabricated collagen-inspired synthetic elastomers for primary rat 

hepatocyte culture. Tissue Engineering Part A. 15 (6), 1321-1329. 

Bettuchi, M. & Heinrich, R. (2009). US Patent 20090118747. Washington DC: U.S. 

Patent and Trademark Office. 

Boretos, J. W. & Eden, M. (1984). Contemporary Biomaterials: Material and Host 

Response, Clinical Applications, New Technology, and Legal Aspects. Noyes 

Data. 



124 

 

Bruggeman, J. P., De Bruin, B.-J., Bettinger, C. J. & Langer, R. (2008a). 

Biodegradable poly (polyol sebacate) polymers. Biomaterials. 29 (36), 4726-

4735. 

Bruggeman, J. P., De Bruin, B.-J., Bettinger, C. J. & Langer, R. (2008b). 

Biodegradable poly(polyol sebacate) polymers. Biomaterials. 29 (36), 4726-

4735. 

Burdick, J. A. & Mauck, R. L. (2010). Biomaterials for tissue engineering applications: 

a review of the past and future trends. Springer Science & Business Media. 

Burkersroda, F. V., Schedl, L. & Göpferich, A. (2002). Why degradable polymers 

undergo surface erosion or bulk erosion. Biomaterials. 23 (21), 4221-4231. 

Cai, W. & Liu, L. (2008). Shape-memory effect of poly (glycerol–sebacate) elastomer. 

Materials Letters. 62 (14), 2171-2173. 

Celli, A., Marchese, P., Sullalti, S., Berti, C., Barbiroli, G., Commereuc, S. & Verney, 

V. (2012). Preparation of new biobased polyesters containing glycerol and 

their photodurability for outdoor applications. Green Chemistry. 14 (1), 182-

187. 

Cerdan, S., Künnecke, B., Dölle, A. & Seelig, J. (1988). In situ metabolism of 1, omega 

medium chain dicarboxylic acids in the liver of intact rats as detected by 13C 

and 1H NMR. Journal of Biological Chemistry. 263 (24), 11664-11674. 

Chattopadhyay, D. K. & Webster, D. C. (2009). Thermal stability and flame retardancy 

of polyurethanes. Progress in Polymer Science. 34 (10), 1068-1133. 

Chen, G., Ushida, T. & Tateishi, T. (2001). Development of biodegradable porous 

scaffolds for tissue engineering. Materials Science and Engineering: C. 17 (1-

2), 63-69. 

Chen, Q.-Z., Bismarck, A., Hansen, U., Junaid, S., Tran, M. Q., Harding, S. E., Ali, N. 

N. & Boccaccini, A. R. (2008a). Characterisation of a soft elastomer poly 

(glycerol sebacate) designed to match the mechanical properties of myocardial 

tissue. Biomaterials. 29 (1), 47-57. 

Chen, Q., Jin, L., Cook, W. D., Mohn, D., Lagerqvist, E. L., Elliott, D. A., Haynes, J. 

M., Boyd, N., Stark, W. J. & Pouton, C. W. (2010). Elastomeric 

nanocomposites as cell delivery vehicles and cardiac support devices. Soft 

Matter. 6 (19), 4715-4726. 

Chen, W., Feng, L. & Qu, B. (2004). In situ synthesis of poly(methyl 

methacrylate)/MgAl layered double hydroxide nanocomposite with high 



125 

 

transparency and enhanced thermal properties. Solid State Communications. 

130 (3–4), 259-263. 

Chen, X., Qi, Y.-Y., Wang, L.-L., Yin, Z., Yin, G.-L., Zou, X.-H. & Ouyang, H.-W. 

(2008b). Ligament regeneration using a knitted silk scaffold combined with 

collagen matrix. Biomaterials. 29 (27), 3683-3692. 

Cheng, S. Z. D. & Jin, S. (2002). Chapter 5 - Crystallization and melting of metastable 

crystalline polymers.  In  Stephen, Z. D. C. (Ed.). Handbook of Thermal 

Analysis and Calorimetry. (167-195). Elsevier Science B.V. 

Chuenjitkuntaworn, B., Inrung, W., Damrongsri, D., Mekaapiruk, K., Supaphol, P. & 

Pavasant, P. (2010). Polycaprolactone/hydroxyapatite composite scaffolds: 

preparation, characterization, and in vitro and in vivo biological responses of 

human primary bone cells. Journal of Biomedical Materials Research Part A. 

94 (1), 241-251. 

Chung, E. J., Sugimoto, M. J. & Ameer, G. A. (2011). The role of hydroxyapatite in 

citric acid-based nanocomposites: Surface characteristics, degradation, and 

osteogenicity in vitro. Acta Biomaterialia. 7 (11), 4057-4063. 

Cohen, S., Baño, M. C., Cima, L. G., Allcock, H. R., Vacanti, J. P., Vacanti, C. A. & 

Langer, R. (1993). Design of synthetic polymeric structures for cell 

transplantation and tissue engineering. Clinical Materials. 13 (1–4), 3-10. 

Coneski, P. N., Rao, K. S. & Schoenfisch, M. H. (2010). Degradable Nitric Oxide-

Releasing Biomaterials via Post-Polymerization Functionalization of 

Crosslinked Polyesters. Biomacromolecules. 11 (11), 3208 - 3215. 

Cornils, B. & Lappe, P. (2000). Dicarboxylic Acids, Aliphatic.  In. Ullmann's 

Encyclopedia of Industrial Chemistry. Wiley-VCH Verlag GmbH & Co. 

KGaA. 

Correia, R. N., Magalhães, M. C. F., Marques, P. a. a. P. & Senos, A. M. R. (1996). 

Wet synthesis and characterization of modified hydroxyapatite powders. 

Journal of Materials Science: Materials in Medicine. 7 (8), 501-505. 

Courtney, T., Sacks, M. S., Stankus, J., Guan, J. & Wagner, W. R. (2006). Design and 

analysis of tissue engineering scaffolds that mimic soft tissue mechanical 

anisotropy. Biomaterials. 27 (19), 3631-3638. 

Cox, S. C., Thornby, J. A., Gibbons, G. J., Williams, M. A. & Mallick, K. K. (2015). 

3D printing of porous hydroxyapatite scaffolds intended for use in bone tissue 

engineering applications. Materials Science and Engineering: C. 47, 237-247. 



126 

 

Cui, Y., Liu, Y., Cui, Y., Jing, X., Zhang, P. & Chen, X. (2009). The nanocomposite 

scaffold of poly (lactide-co-glycolide) and hydroxyapatite surface-grafted with 

L-lactic acid oligomer for bone repair. Acta Biomaterialia. 5 (7), 2680-2692. 

Da Silva, G. P., Mack, M. & Contiero, J. (2009). Glycerol: A promising and abundant 

carbon source for industrial microbiology. Biotechnology Advances. 27 (1), 30-

39. 

Daniels, A. U., Chang, M. K. O., Andriano, K. P. & Heller, J. (1990). Mechanical 

properties of biodegradable polymers and composites proposed for internal 

fixation of bone. Journal of Applied Biomaterials. 1 (1), 57-78. 

Degirmenbasi, N., Kalyon, D. M. & Birinci, E. (2006a). Biocomposites of 

nanohydroxyapatite with collagen and poly (vinyl alcohol). Colloids and 

Surfaces B: Biointerfaces. 48 (1), 42-49. 

Degirmenbasi, N., Kalyon, D. M. & Birinci, E. (2006b). Biocomposites of 

nanohydroxyapatite with collagen and poly(vinyl alcohol). Colloids and 

Surfaces B: Biointerfaces. 48 (1), 42-49. 

Demirbaş, A. (2003). Biodiesel fuels from vegetable oils via catalytic and non-

catalytic supercritical alcohol transesterifications and other methods: a survey. 

Energy Conversion and Management. 44 (13), 2093-2109. 

Djordjevic, I., Choudhury, N. R., Dutta, N. K. & Kumar, S. (2009). Synthesis and 

characterization of novel citric acid-based polyester elastomers. Polymer. 50 

(7), 1682-1691. 

Djordjevic, I., Choudhury, N. R., Dutta, N. K. & Kumar, S. (2011). Poly[octanediol-

co-(citric acid)-co-(sebacic acid)] elastomers: novel bio-elastomers for tissue 

engineering. Polymer International. 60 (3), 333-343. 

Djordjevic, I., Choudhury, N. R., Dutta, N. K., Kumar, S., Szili, E. J. & Steele, D. A. 

(2010). Polyoctanediol Citrate/Sebacate Bioelastomer Films: Surface 

Morphology, Chemistry and Functionality. Journal of Biomaterials Science, 

Polymer Edition. 21 (2), 237-251. 

Dong, W., Ren, J., Lin, L., Shi, D., Ni, Z. & Chen, M. (2012). Novel 

photocrosslinkable and biodegradable polyester from bio-renewable resource. 

Polymer Degradation and Stability. 97 (4), 578-583. 

Dong, W., Ren, J., Shi, D., Ma, P., Li, X., Duan, F., Ni, Z. & Chen, M. (2013). 

Hydrolyzable and bio-based polyester/nano-hydroxyapatite nanocomposites: 



127 

 

Structure and properties. Polymer Degradation and Stability. 98 (9), 1790-

1795. 

Dutta, S., Passi, D., Singh, P. & Bhuibhar, A. (2015). Ceramic and non-ceramic 

hydroxyapatite as a bone graft material: a brief review. Irish Journal of 

Medical Science (1971-). 184 (1), 101-106. 

El-Hadi, A., Schnabel, R., Straube, E., Müller, G. & Henning, S. (2002). Correlation 

between degree of crystallinity, morphology, glass temperature, mechanical 

properties and biodegradation of poly (3-hydroxyalkanoate) PHAs and their 

blends. Polymer Testing. 21 (6), 665-674. 

Erbel, R., Di Mario, C., Bartunek, J., Bonnier, J., De Bruyne, B., Eberli, F. R., Erne, 

P., Haude, M., Heublein, B., Horrigan, M., Ilsley, C., Böse, D., Koolen, J., 

Lüscher, T. F., Weissman, N. & Waksman, R. Temporary scaffolding of 

coronary arteries with bioabsorbable magnesium stents: a prospective, non-

randomised multicentre trial. The Lancet. 369 (9576), 1869-1875. 

Fathi, M. H., Salehi, M., Saatchi, A., Mortazavi, V. & Moosavi, S. B. (2003). In vitro 

corrosion behavior of bioceramic, metallic, and bioceramic–metallic coated 

stainless steel dental implants. Dental Materials. 19 (3), 188-198. 

Filion, T. M., Xu, J., Prasad, M. L. & Song, J. (2011). In vivo tissue responses to 

thermal-responsive shape memory polymer nanocomposites. Biomaterials. 32 

(4), 985-991. 

Flory, P. J. (1953). Principles of polymer chemistry. Ithaca, NY: Cornell University 

Press. 

Fu, S.-Y., Feng, X.-Q., Lauke, B. & Mai, Y.-W. (2008). Effects of particle size, 

particle/matrix interface adhesion and particle loading on mechanical 

properties of particulate–polymer composites. Composites Part B: 

Engineering. 39 (6), 933-961. 

Furth, M. E., Atala, A. & Van Dyke, M. E. (2007). Smart biomaterials design for tissue 

engineering and regenerative medicine. Biomaterials. 28 (34), 5068. 

Garg, T., Singh, O., Arora , S. & Murthy, R. S. R. (2012). Scaffold: A Novel Carrier 

for Cell and Drug Delivery. 29 (1), 1-63. 

Garrido, C. A., Lobo, S. E., Turibio, F. M. & Legeros, R. Z. (2011). Biphasic Calcium 

Phosphate Bioceramics for Orthopaedic Reconstructions: Clinical Outcomes. 

International Journal of Biomaterials. 2011, 9. 

Gokel, G. W. (2004). Dean's handbook of organic chemistry. McGraw-Hill New York. 



128 

 

Gooch, J. W. (2011). Flory-Rehner Equation.  In  Gooch, J. W. (Ed.). Encyclopedic 

Dictionary of Polymers. (315-316). New York, NY: Springer New York. 

Grassie, N., Mcneill, I. C. & Cooke, I. (1968). Thermal degradation of polymer 

mixtures. I. Degradation of polystyrene–poly(methyl methacrylate) mixtures 

and a comparison with the degradation of styrene–methyl methacrylate 

copolymers. Journal of Applied Polymer Science. 12 (4), 831-837. 

Griffith, L. G. (2000). Polymeric biomaterials. Acta Materialia. 48 (1), 263-277. 

Guan, J., Fujimoto, K. L., Sacks, M. S. & Wagner, W. R. (2005). Preparation and 

characterization of highly porous, biodegradable polyurethane scaffolds for 

soft tissue applications. Biomaterials. 26 (18), 3961-3971. 

Gunatillake, P. A. & Adhikari, R. (2003). Biodegradable synthetic polymers for tissue 

engineering. Eur Cell Mater. 5 (1), 1-16. 

Guo, B., Chen, Y., Lei, Y., Zhang, L., Zhou, W. Y., Rabie, A. B. M. & Zhao, J. (2011). 

Biobased poly (propylene sebacate) as shape memory polymer with tunable 

switching temperature for potential biomedical applications. 

Biomacromolecules. 12 (4), 1312-1321. 

Guo, W.-X. & Huang, K.-X. (2004). Preparation and properties of poly(dimer acid–

dodecanedioic acid) copolymer and poly(dimer acid–tetradecanedioic acid) 

copolymer. Polymer Degradation and Stability. 84 (3), 375-381. 

Guo, W.-X., Huang, K.-X., Tang, R. & Chi, Q. (2004). New polyanhydrides derived 

from C12,C13,C14,C15 dibasic acid: synthesis and characterization. Polymer. 

45 (16), 5743-5748. 

Guo, W., Kang, H., Chen, Y., Guo, B. & Zhang, L. (2012). Stronger and faster 

degradable biobased poly (propylene sebacate) as shape memory polymer by 

incorporating boehmite nanoplatelets. ACS Applied Materials & Interfaces. 4 

(8), 4006-4014. 

Gupta, T. & Adhikari, B. (2003). Thermal degradation and stability of HTPB-based 

polyurethane and polyurethaneureas. Thermochimica Acta. 402 (1–2), 169-181. 

Hager, M. D., Bode, S., Weber, C. & Schubert, U. S. (2015). Shape memory polymers: 

Past, present and future developments. Progress in Polymer Science. 49, 3-33. 

Hamid, S. H. (2000). Handbook of polymer degradation. (2nd). Taylor & Francis. 

Hansen, C. M. (2007). Hansen solubility parameters: a user's handbook. (2nd). Boca 

Raton, FL: CRC press. 



129 

 

Hardy, J. G., Palma, M., Wind, S. J. & Biggs, M. J. (2016). Responsive Biomaterials: 

Advances in Materials Based on Shape‐Memory Polymers. Advanced 

Materials. 28 (27), 5717 - 5724. 

Harris, L. D., Kim, B.-S. & Mooney, D. J. (1998). Open pore biodegradable matrices 

formed with gas foaming. Journal of Biomedical Materials Research. 42 (3), 

396-402. 

He, B. B. (2009). Two-dimensional X-ray diffraction. NJ: John Wiley & Sons. 

Hofmann, D., Entrialgo‐Castaño, M., Kratz, K. & Lendlein, A. (2009). Knowledge‐

Based Approach towards Hydrolytic Degradation of Polymer ‐ Based 

Biomaterials. Advanced Materials. 21 (32‐33), 3237-3245. 

Hong, Z., Qiu, X., Sun, J., Deng, M., Chen, X. & Jing, X. (2004). Grafting 

polymerization of L-lactide on the surface of hydroxyapatite nano-crystals. 

Polymer. 45 (19), 6699-6706. 

Hong, Z., Zhang, P., He, C., Qiu, X., Liu, A., Chen, L., Chen, X. & Jing, X. (2005). 

Nano-composite of poly (L-lactide) and surface grafted hydroxyapatite: 

mechanical properties and biocompatibility. Biomaterials. 26 (32), 6296-6304. 

Hosseinkhani, H. & Hosseinkhani, M. (2009). Tissue Engineered Scaffolds for Stem 

Cells and Regenerative Medicine.  In  Baharvand, H. (Ed.). Trends in Stem Cell 

Biology and Technology. (367-387). Totowa, NJ: Humana Press. 

Hu, W. (2013). Polymer Crystallization.  In  Hu, W. (Ed.). Polymer Physics: A 

Molecular Approach. (187-221). Vienna: Springer Vienna. 

Huang, N. (2013). Tissue Engineering and Regenerative Medicine: Role of 

Extracellular Matrix Microenvironment.  In  Hayat, M. A. (Ed.). Stem Cells 

and Cancer Stem Cells, Volume 9. (313-323). Springer Netherlands. 

Hutmacher, D. W. (2001). Scaffold design and fabrication technologies for 

engineering tissues — state of the art and future perspectives. Journal of 

Biomaterials Science, Polymer Edition. 12 (1), 107-124. 

Ikada, Y. & Tsuji, H. (2000). Biodegradable polyesters for medical and ecological 

applications. Macromolecular Rapid Communications. 21 (3), 117-132. 

Imai, Y., Nagai, M. & Watanabe, M. (1999). Degradation of composite materials 

composed of tricalcium phosphate and a new type of block polyester 

containing a poly (L-lactic acid) segment. Journal of Biomaterials Science, 

Polymer Edition. 10 (4), 421-432. 



130 

 

Jaggi, H. S., Kumar, S., Das, D., Satapathy, B. K. & Ray, A. R. (2015). Morphological 

correlations to mechanical performance of hydroxyapatite ‐ filled 

HDPE/UHMWPE composites. Journal of Applied Polymer Science. 132 (1), 

41251. 

Jagur-Grodzinski, J. (2006). Polymers for tissue engineering, medical devices, and 

regenerative medicine. Concise general review of recent studies. Polymers for 

Advanced Technologies. 17 (6), 395-418. 

James A. Cooper, B. F. a. a. C. (2013). Recent Advancements in Soft Tissue 

Regeneration. Recent Patents on Biomedical Engineering. 6 (1), 22-28 (7). 

Jayasekara, R., Harding, I., Bowater, I. & Lonergan, G. (2005). Biodegradability of a 

Selected Range of Polymers and Polymer Blends and Standard Methods for 

Assessment of Biodegradation. Journal of Polymers and the Environment. 13 

(3), 231-251. 

Ji, C., Annabi, N., Khademhosseini, A. & Dehghani, F. (2011). Fabrication of porous 

chitosan scaffolds for soft tissue engineering using dense gas CO2. Acta 

Biomaterialia. 7 (4), 1653-1664. 

Johari, N., Fathi, M. & Golozar, M. (2012). Fabrication, characterization and 

evaluation of the mechanical properties of poly (ε-caprolactone)/nano-

fluoridated hydroxyapatite scaffold for bone tissue engineering. Composites 

Part B: Engineering. 43 (3), 1671-1675. 

Kadokawa, J.-I. & Kobayashi, S. (2010). Polymer synthesis by enzymatic catalysis. 

Current opinion in chemical biology. 14 (2), 145-153. 

Kalita, S. J., Bhardwaj, A. & Bhatt, H. A. (2007). Nanocrystalline calcium phosphate 

ceramics in biomedical engineering. Materials Science and Engineering: C. 27 

(3), 441-449. 

Katti, D. S., Lakshmi, S., Langer, R. & Laurencin, C. T. (2002). Toxicity, 

biodegradation and elimination of polyanhydrides. Advanced Drug Delivery 

Reviews. 54 (7), 933-961. 

Kim, K. W. & Woo, S. I. (2002). Synthesis of High‐Molecular‐Weight Poly (L‐

lactic acid) by Direct Polycondensation. Macromolecular chemistry and 

physics. 203 (15), 2245-2250. 

Kim, T. G., Shin, H. & Lim, D. W. (2012). Biomimetic scaffolds for tissue engineering. 

Advanced Functional Materials. 22 (12), 2446-2468. 



131 

 

Kischkel, S., Grabow, N., Püschel, A., Erdle, B., Kabelitz, M., Martin, D. P., Williams, 

S. F., Bombor, I., Sternberg, K., Schmitz, K.-P., Schareck, W. & Bünger, C. 

M. (2016). Biodegradable polymeric stents for vascular application in a porcine 

carotid artery model. Gefässchirurgie. 21 (1), 30-36. 

Kiziltay, A., Marcos-Fernandez, A., San Roman, J., Sousa, R. A., Reis, R. L., Hasirci, 

V. & Hasirci, N. (2015). Poly(ester-urethane) scaffolds: effect of structure on 

properties and osteogenic activity of stem cells. Journal of Tissue Engineering 

and Regenerative Medicine. 9 (8), 930-942. 

Kobayashi, S. (1999). Enzymatic polymerization: a new method of polymer synthesis. 

Journal of Polymer Science Part A: Polymer Chemistry. 37 (16), 3041-3056. 

Kobayashi, S., Uyama, H. & Kimura, S. (2001). Enzymatic polymerization. Chemical 

Reviews. 101 (12), 3793-3818. 

Kuo, M., Tsai, C., Huang, J. & Chen, M. (2005). PEEK composites reinforced by 

nano-sized SiO 2 and Al 2 O 3 particulates. Materials Chemistry and Physics. 

90 (1), 185-195. 

Kurtz, S. M., Villarraga, M. L., Herr, M. P., Bergström, J. S., Rimnac, C. M. & Edidin, 

A. A. (2002). Thermomechanical behavior of virgin and highly crosslinked 

ultra-high molecular weight polyethylene used in total joint replacements. 

Biomaterials. 23 (17), 3681-3697. 

Kusmanto, F., Walker, G., Gan, Q., Walsh, P., Buchanan, F., Dickson, G., Mccaigue, 

M., Maggs, C. & Dring, M. (2008). Development of composite tissue scaffolds 

containing naturally sourced mircoporous hydroxyapatite. Chemical 

Engineering Journal. 139 (2), 398-407. 

Lecomte, P. & Jérôme, C. (2012). Recent Developments in Ring-Opening 

Polymerization of Lactones.  In  Rieger, B., Künkel, A., Coates, G. W., 

Reichardt, R., Dinjus, E. & Zevaco, T. A. (Eds.). Synthetic Biodegradable 

Polymers. (173-217). Berlin, Heidelberg: Springer Berlin Heidelberg. 

Lee, J. M. & Boughner, D. R. (1985). Mechanical properties of human pericardium. 

Differences in viscoelastic response when compared with canine pericardium. 

Circulation research. 57 (3), 475-481. 

Lee, K.-W., Wang, S., Yaszemski, M. J. & Lu, L. (2008). Physical properties and 

cellular responses to crosslinkable poly (propylene fumarate)/hydroxyapatite 

nanocomposites. Biomaterials. 29 (19), 2839-2848. 



132 

 

Lei, L., Ding, T., Shi, R., Liu, Q., Zhang, L., Chen, D. & Tian, W. (2007a). Synthesis, 

characterization and in vitro degradation of a novel degradable poly ((1, 2-

propanediol-sebacate)-citrate) bioelastomer. Polymer Degradation and 

Stability. 92 (3), 389-396. 

Lei, L., Ding, T., Shi, R., Liu, Q., Zhang, L., Chen, D. & Tian, W. (2007b). Synthesis, 

characterization and in vitro degradation of a novel degradable poly((1,2-

propanediol-sebacate)-citrate) bioelastomer. Polymer Degradation and 

Stability. 92 (3), 389-396. 

Lei, L., Li, L., Zhang, L., Chen, D. & Tian, W. (2009). Structure and performance of 

nano-hydroxyapatite filled biodegradable poly ((1, 2-propanediol-sebacate)-

citrate) elastomers. Polymer Degradation and Stability. 94 (9), 1494-1502. 

Leja, K. & Lewandowicz, G. (2010). Polymer biodegradation and biodegradable 

polymers—a review. Polish Journal of Environmental Studies. 19 (2), 255-266. 

Lendlein, A., Behl, M., Hiebl, B. & Wischke, C. (2010). Shape-memory polymers as 

a technology platform for biomedical applications. Expert review of medical 

devices. 7 (3), 357-379. 

Lendlein, A. & Kelch, S. (2002). Shape‐memory polymers. Angewandte Chemie 

International Edition. 41 (12), 2034-2057. 

Lendlein, A. & Langer, R. (2002). Biodegradable, elastic shape-memory polymers for 

potential biomedical applications. Science. 296 (5573), 1673-1676. 

Lendlein, A., Neffe, A. T., Pierce, B. F. & Vienken, J. (2011). Why are so few 

degradable polymeric biomaterials currently established in clinical 

applications? The International journal of artificial organs. 34 (2), 71-75. 

Lewandowska, K. (2009). Miscibility and thermal stability of poly(vinyl 

alcohol)/chitosan mixtures. Thermochimica Acta. 493 (1–2), 42-48. 

Li, H., Sivasankarapillai, G. & Mcdonald, A. G. (2014). Lignin valorization by 

forming thermally stimulated shape memory copolymeric elastomers—

Partially crystalline hyperbranched polymer as crosslinks. Journal of Applied 

Polymer Science. 131 (22), 41103. 

Li, H., Sivasankarapillai, G. & Mcdonald, A. G. (2015a). Highly biobased thermally-

stimulated shape memory copolymeric elastomers derived from lignin and 

glycerol-adipic acid based hyperbranched prepolymer. Industrial Crops and 

Products. 67, 143-154. 



133 

 

Li, H., Sivasankarapillai, G. & Mcdonald, A. G. (2015b). Lignin valorization by 

forming toughened thermally stimulated shape memory copolymeric 

elastomers: Evaluation of different fractionated industrial lignins. Journal of 

Applied Polymer Science. 132 (5), 41389. 

Li, W.-J., Laurencin, C. T., Caterson, E. J., Tuan, R. S. & Ko, F. K. (2002). Electrospun 

nanofibrous structure: A novel scaffold for tissue engineering. Journal of 

Biomedical Materials Research. 60 (4), 613-621. 

Li, Y., Thouas, G. A. & Chen, Q.-Z. (2012). Biodegradable soft elastomers: 

synthesis/properties of materials and fabrication of scaffolds. RSC Advances. 2 

(22), 8229-8242. 

Liang, S.-L., Cook, W. D., Thouas, G. A. & Chen, Q.-Z. (2010). The mechanical 

characteristics and in vitro biocompatibility of poly(glycerol sebacate)-

Bioglass® elastomeric composites. Biomaterials. 31 (33), 8516-8529. 

Lin, J. & Chen, L. (1998). Study on shape‐memory behavior of polyether‐based 

polyurethanes. I. Influence of the hard‐segment content. Journal of Applied 

Polymer Science. 69 (8), 1563-1574. 

Liu, C., Xia, Z. & Czernuszka, J. (2007). Design and development of three-

dimensional scaffolds for tissue engineering. Chemical Engineering Research 

and Design. 85 (7), 1051-1064. 

Liu, C. Z. & Czernuszka, J. T. (2007). Development of biodegradable scaffolds for 

tissue engineering: a perspective on emerging technology. Materials Science 

and Technology. 23 (4), 379-391. 

Liu, M., Zhang, Y., Wu, C., Xiong, S. & Zhou, C. (2012). Chitosan/halloysite 

nanotubes bionanocomposites: structure, mechanical properties and 

biocompatibility. International journal of biological macromolecules. 51 (4), 

566-575. 

Liu, Q., Tan, T., Weng, J. & Zhang, L. (2009a). Study on the control of the 

compositions and properties of a biodegradable polyester elastomer. 

Biomedical Materials. 4 (2), 025015. 

Liu, Q., Wu, J., Tan, T., Zhang, L., Chen, D. & Tian, W. (2009b). Preparation, 

properties and cytotoxicity evaluation of a biodegradable polyester elastomer 

composite. Polymer Degradation and Stability. 94 (9), 1427-1435. 

Liu, X. & Ma, P. (2004). Polymeric Scaffolds for Bone Tissue Engineering. Annals of 

Biomedical Engineering. 32 (3), 477-486. 



134 

 

Liu, Y., Lee, J. Y. & Hong, L. (2003). Morphology, crystallinity, and electrochemical 

properties of in situ formed poly (ethylene oxide)/TiO2 nanocomposite 

polymer electrolytes. Journal of Applied Polymer Science. 89 (10), 2815-2822. 

Lorden, E. R., Miller, K. J., Ibrahim, M. M., Bashirov, L., Hammett, E., Chakraborty, 

S., Quiles-Torres, C., Selim, M. A., Leong, K. W. & Levinson, H. (2016). 

Biostable electrospun microfibrous scaffolds mitigate hypertrophic scar 

contraction in an immune-competent murine model. Acta Biomaterialia. 32, 

100-109. 

Lu, H. H., Cooper, J. A., Manuel, S., Freeman, J. W., Attawia, M. A., Ko, F. K. & 

Laurencin, C. T. (2005). Anterior cruciate ligament regeneration using braided 

biodegradable scaffolds: in vitro optimization studies. Biomaterials. 26 (23), 

4805-4816. 

Lu, L., Peter, S. J., Lyman, M. D., Lai, H.-L., Leite, S. M., A. Tamada, J., Vacanti, J. 

P., Langer, R. & Mikos, A. G. (2000). In vitro degradation of porous poly(l-

lactic acid) foams. Biomaterials. 21 (15), 1595-1605. 

Lucas, N., Bienaime, C., Belloy, C., Queneudec, M., Silvestre, F. & Nava-Saucedo, 

J.-E. (2008). Polymer biodegradation: Mechanisms and estimation techniques–

A review. Chemosphere. 73 (4), 429-442. 

Ma, P., Li, T., Wu, W., Shi, D., Duan, F., Bai, H., Dong, W. & Chen, M. (2014). Novel 

poly (xylitol sebacate)/hydroxyapatite bio-nanocomposites via one-step 

synthesis. Polymer Degradation and Stability. 110, 50-55. 

Ma, P. X. (2004). Scaffolds for tissue fabrication. Materials today. 7 (5), 30-40. 

Maitland, D. J., Metzger, M. F., Schumann, D., Lee, A. & Wilson, T. S. (2002). 

Photothermal properties of shape memory polymer micro-actuators for treating 

stroke*. Lasers in Surgery and Medicine. 30 (1), 1-11. 

Mark, J. E. (ed.) (1999). Polymer Data Handbook  Oxford University Press. 

Mathot, V. B. F. & Reynaers, H. (2002). Chapter 6 - Crystallization, melting and 

morphology of homogeneous ethylene copolymers.  In  Stephen, Z. D. C. (Ed.). 

Handbook of Thermal Analysis and Calorimetry. (197-244). Elsevier Science 

B.V. 

Matsumura, S. (2006). Enzymatic Synthesis of Polyesters via Ring-Opening 

Polymerization.  In  Kobayashi, S., Ritter, H. & Kaplan, D. (Eds.). Enzyme-

catalyzed synthesis of polymers. (95-132). Berlin, Heidelberg: Springer Berlin 

Heidelberg. 



135 

 

Maurus, P. B. & Kaeding, C. C. (2004). Bioabsorbable implant material review. 

Operative Techniques in Sports Medicine. 12 (3), 158-160. 

Melchels, F. P. W., Feijen, J. & Grijpma, D. W. (2009). A poly(d,l-lactide) resin for 

the preparation of tissue engineering scaffolds by stereolithography. 

Biomaterials. 30 (23–24), 3801-3809. 

Messori, M., Degli Esposti, M., Paderni, K., Pandini, S., Passera, S., Riccò, T. & 

Toselli, M. (2013). Chemical and thermomechanical tailoring of the shape 

memory effect in poly (ε-caprolactone)-based systems. Journal of Materials 

Science. 48 (1), 424-440. 

Middleton, J. C. & Tipton, A. J. (2000). Synthetic biodegradable polymers as 

orthopedic devices. Biomaterials. 21 (23), 2335-2346. 

Migneco, F., Huang, Y.-C., Birla, R. K. & Hollister, S. J. (2009). Poly(glycerol-

dodecanoate), a biodegradable polyester for medical devices and tissue 

engineering scaffolds. Biomaterials. 30 (33), 6479-6484. 

Mikos, A. G., Herring, S. W., Ochareon, P., Elisseeff, J., Lu, H. H., Kandel, R., Schoen, 

F. J., Toner, M., Mooney, D., Atala, A., Dyke, M. E. V., Kaplan, D. & Vunjak-

Novakovic, G. (2006). Engineering complex tissues. Tissue Engineering. 12 

(12), 3307-3339. 

Mikos, A. G., Thorsen, A. J., Czerwonka, L. A., Bao, Y., Langer, R., Winslow, D. N. 

& Vacanti, J. P. (1994). Preparation and characterization of poly (L-lactic acid) 

foams. Polymer. 35 (5), 1068-1077. 

Milašinović, N., Knežević-Jugović, Z., Milosavljević, N., Filipović, J. & Kalagasidis 

Krušić, M. (2012). Controlled release of lipase from Candida rugosa loaded 

into hydrogels of N-isopropylacrylamide and itaconic acid. International 

Journal of Pharmaceutics. 436 (1–2), 332-340. 

Moradi, A., Dalilottojari, A., Pingguan-Murphy, B. & Djordjevic, I. (2013). 

Fabrication and characterization of elastomeric scaffolds comprised of a citric 

acid-based polyester/hydroxyapatite microcomposite. Materials & Design. 50, 

446-450. 

Mosbach, J., Pedain, J. & Noll, K. (1988). U.S. Patent No. 4,764,553. Washington, 

DC: Bayer Aktiengesellschaft, Bayerwerk, Fed.Rep.of Germany. 

Motlagh, D., Yang, J., Lui, K. Y., Webb, A. R. & Ameer, G. A. (2006). 

Hemocompatibility evaluation of poly (glycerol-sebacate) in vitro for vascular 

tissue engineering. Biomaterials. 27 (24), 4315-4324. 



136 

 

Moukwa, M. (1997). The development of polymer-based biomaterials since the 1920s. 

JOM Journal of the Minerals, Metals and Materials Society. 49 (2), 46-50. 

Mousa, W. F., Kobayashi, M., Shinzato, S., Kamimura, M., Neo, M., Yoshihara, S. & 

Nakamura, T. (2000). Biological and mechanical properties of PMMA-based 

bioactive bone cements. Biomaterials. 21 (21), 2137-2146. 

Nagata, M. & Sato, Y. (2004). Biodegradable elastic photocured polyesters based on 

adipic acid, 4-hydroxycinnamic acid and poly (ε-caprolactone) diols. Polymer. 

45 (1), 87-93. 

Nair, L. S. & Laurencin, C. T. (2007). Biodegradable polymers as biomaterials. 

Progress in Polymer Science. 32 (8–9), 762-798. 

Nejad, H. B., Baker, R. M. & Mather, P. T. (2014). Preparation and characterization 

of triple shape memory composite foams. Soft Matter. 10 (40), 8066-8074. 

Neto, W. a. R., De Paula, A. C. C., Martins, T. M., Goes, A. M., Averous, L., Schlatter, 

G. & Bretas, R. E. S. (2015). Poly (butylene adipate-co-

terephthalate)/hydroxyapatite composite structures for bone tissue recovery. 

Polymer Degradation and Stability. 120, 61-69. 

Noohom, W., Jack, K. S., Martin, D. & Trau, M. (2008). Understanding the roles of 

nanoparticle dispersion and polymer crystallinity in controlling the mechanical 

properties of HA/PHBV nanocomposites. Biomedical Materials. 4 (1), 015003. 

O'brien, F. J. (2011). Biomaterials & scaffolds for tissue engineering. Materials today. 

14 (3), 88-95. 

Okada, M. (2002). Chemical syntheses of biodegradable polymers. Progress in 

Polymer Science. 27 (1), 87-133. 

Ortega, J., Maitland, D., Wilson, T., Tsai, W., Savaş, Ö. & Saloner, D. (2007). 

Vascular Dynamics of a Shape Memory Polymer Foam Aneurysm Treatment 

Technique. Annals of Biomedical Engineering. 35 (11), 1870-1884. 

Ouyang, H. W., Toh, S. L., Goh, J., Tay, T. E. & Moe, K. (2005). Assembly of bone 

marrow stromal cell sheets with knitted poly (L-lactide) scaffold for 

engineering ligament analogs. Journal of Biomedical Materials Research Part 

B: Applied Biomaterials. 75B (2), 264-271. 

Palazzo, B., Iafisco, M., Laforgia, M., Margiotta, N., Natile, G., Bianchi, C. L., Walsh, 

D., Mann, S. & Roveri, N. (2007). Biomimetic Hydroxyapatite–Drug 

Nanocrystals as Potential Bone Substitutes with Antitumor Drug Delivery 

Properties. Advanced Functional Materials. 17 (13), 2180-2188. 



137 

 

Park, H. J., Lee, O. J., Lee, M. C., Moon, B. M., Ju, H. W., Min Lee, J., Kim, J.-H., 

Kim, D. W. & Park, C. H. (2015). Fabrication of 3D porous silk scaffolds by 

particulate (salt/sucrose) leaching for bone tissue reconstruction. International 

journal of biological macromolecules. 78, 215-223. 

Pasupuleti, S. & Madras, G. (2011). Synthesis and degradation of sorbitol‐based 

polymers. Journal of Applied Polymer Science. 121 (5), 2861-2869. 

Pearce, E. (1988). On the dissolution of hydroxyapatite in acid solutions. Journal of 

dental research. 67 (7), 1056-9. 

Perego, G., Cella, G. D. & Bastioli, C. (1996). Effect of molecular weight and 

crystallinity on poly(lactic acid) mechanical properties. Journal of Applied 

Polymer Science. 59 (1), 37-43. 

Petricca, S. E., Marra, K. G. & Kumta, P. N. (2006). Chemical synthesis of poly (lactic-

co-glycolic acid)/hydroxyapatite composites for orthopaedic applications. Acta 

Biomaterialia. 2 (3), 277-286. 

Pina, S., Oliveira, J. M. & Reis, R. L. (2015). Natural‐Based Nanocomposites for 

Bone Tissue Engineering and Regenerative Medicine: A Review. Advanced 

Materials. 27 (7), 1143-1169. 

Pounder, R. J. & Dove, A. P. (2010). Towards poly (ester) nanoparticles: recent 

advances in the synthesis of functional poly (ester) s by ring-opening 

polymerization. Polymer Chemistry. 1 (3), 260-271. 

Pudleiner, H., Hoppe, H. G. & Onig, K. K. (1997). US Patent No. 5621065. 

Washington DC: U.S. Patent and Trademark Office. 

Puppi, D., Chiellini, F., Piras, A. & Chiellini, E. (2010). Polymeric materials for bone 

and cartilage repair. Progress in Polymer Science. 35 (4), 403-440. 

Qiu, H., Yang, J., Kodali, P., Koh, J. & Ameer, G. A. (2006). A citric acid-based 

hydroxyapatite composite for orthopedic implants. Biomaterials. 27 (34), 

5845-5854. 

Quaresimin, M., Schulte, K., Zappalorto, M. & Chandrasekaran, S. (2016). 

Toughening mechanisms in polymer nanocomposites: From experiments to 

modelling. Composites Science and Technology. 123, 187-204. 

Ratner, B. D., Hoffman, A. S., Schoen, F. J. & Lemons, J. E. (2004). Biomaterials 

science: an introduction to materials in medicine. Academic press. 



138 

 

Rezwan, K., Chen, Q. Z., Blaker, J. J. & Boccaccini, A. R. (2006). Biodegradable and 

bioactive porous polymer/inorganic composite scaffolds for bone tissue 

engineering. Biomaterials. 27 (18), 3413-3431. 

Robinson, R. A. & Elliott, S. R. (1957). The Water Content of Bone. The Journal of 

Bone&Joint Surgery. 39 (1), 167-188. 

Scandola, M., Focarete, M. L., Adamus, G., Sikorska, W., Baranowska, I., Swierczek, 

S., Gnatowski, M., Kowalczuk, M. & Jedlinski, Z. (1997). Polymer blends of 

natural poly (3-hydroxybutyrate-co-3-hydroxyvalerate) and a synthetic atactic 

poly (3-hydroxybutyrate). Characterization and biodegradation studies. 

Macromolecules. 30 (9), 2568-2574. 

Serrano, M. C., Carbajal, L. & Ameer, G. A. (2011). Novel biodegradable shape‐

memory elastomers with drug‐releasing capabilities. Advanced Materials. 23 

(19), 2211-2215. 

Seyednejad, H., Ghassemi, A. H., Van Nostrum, C. F., Vermonden, T. & Hennink, W. 

E. (2011). Functional aliphatic polyesters for biomedical and pharmaceutical 

applications. Journal of Controlled Release. 152 (1), 168-176. 

Shah Mohammadi, M., Bureau, M. N. & Nazhat, S. N. (2014). 11 - Polylactic acid 

(PLA) biomedical foams for tissue engineering.  In  Netti, P. A. (Ed.). 

Biomedical Foams for Tissue Engineering Applications. (313-334). Woodhead 

Publishing. 

Shi, J., Votruba, A. R., Farokhzad, O. C. & Langer, R. (2010). Nanotechnology in 

Drug Delivery and Tissue Engineering: From Discovery to Applications. Nano 

Letters. 10 (9), 3223-3230. 

Simeone, R. L., Lippert, R. D., O'dwyer, J. B. & Kania, C. M. (1997). U.S. Patent No. 

5,663,240. Washington, DC: U.S. Patent and Trademark Office. 

Singhal, P., Small, W., Cosgriff-Hernandez, E., Maitland, D. J. & Wilson, T. S. (2014). 

Low density biodegradable shape memory polyurethane foams for embolic 

biomedical applications. Acta Biomaterialia. 10 (1), 67-76. 

Sionkowska, A. & Kozłowska, J. (2013). Properties and modification of porous 3-D 

collagen/hydroxyapatite composites. International journal of biological 

macromolecules. 52, 250-259. 

Small, W., Buckley, P. R., Wilson, T. S., Benett, W. J., Hartman, J., Saloner, D. & 

Maitland, D. J. (2007). Shape Memory Polymer Stent With Expandable Foam: 



139 

 

A New Concept for Endovascular Embolization of Fusiform Aneurysms. IEEE 

Transactions on Biomedical Engineering. 54 (6), 1157-1160. 

Smolko, E. & Romero, G. (2007). Studies on crosslinked hydroxyapatite-polyethylene 

composite as a bone-analogue material. Radiation Physics and Chemistry. 76 

(8), 1414-1418. 

Solis, F. (2003). An Introduction to Polymer Physics by David I. Bower. American 

Journal of Physics. 71 (3), 285. 

Solomon, B. O., Zeng, A. P., Biebl, H., Schlieker, H., Posten, C. & Deckwer, W. D. 

(1995). Comparison of the energetic efficiencies of hydrogen and 

oxychemicals formation in Klebsiella pneumoniae and Clostridium butyricum 

during anaerobic growth on glycerol. Journal of Biotechnology. 39 (2), 107-

117. 

Sommer, S., Weikard, J. & Luehmann, E. (2012). U.S. Patent No. 8,231,976. 

Washington, DC: U.S. Patent and Trademark Office. 

Sonseca, A., Peponi, L., Sahuquillo, O., Kenny, J. M. & Giménez, E. (2012). 

Electrospinning of biodegradable polylactide/hydroxyapatite nanofibers: study 

on the morphology, crystallinity structure and thermal stability. Polymer 

Degradation and Stability. 97 (10), 2052-2059. 

Sundback, C. A., Shyu, J. Y., Wang, Y., Faquin, W. C., Langer, R. S., Vacanti, J. P. 

& Hadlock, T. A. (2005). Biocompatibility analysis of poly (glycerol sebacate) 

as a nerve guide material. Biomaterials. 26 (27), 5454-5464. 

Szycher, M. & Reed, A. M. (1993). U.S. Patent No. 5,254,662. Washington, DC: U.S. 

Patent and Trademark Office. 

Tabata, Y. (2005). Significance of release technology in tissue engineering. Drug 

Discovery Today. 10 (23-24), 1639-1646. 

Tang, J., Zhang, Z., Song, Z., Chen, L., Hou, X. & Yao, K. (2006). Synthesis and 

characterization of elastic aliphatic polyesters from sebacic acid, glycol and 

glycerol. European Polymer Journal. 42 (12), 3360-3366. 

Tcharkhtchi, A., Abdallah-Elhirtsi, S., Ebrahimi, K., Fitoussi, J., Shirinbayan, M. & 

Farzaneh, S. (2014). Some New Concepts of Shape Memory Effect of 

Polymers. Polymers. 6 (4), 1144-1163. 

Thomas, C. M. (2010). Stereocontrolled ring-opening polymerization of cyclic esters: 

synthesis of new polyester microstructures. Chemical Society Reviews. 39 (1), 

165-173. 



140 

 

Tian, H., Tang, Z., Zhuang, X., Chen, X. & Jing, X. (2012). Biodegradable synthetic 

polymers: Preparation, functionalization and biomedical application. Progress 

in Polymer Science. 37 (2), 237-280. 

Tihan, T. G., Ionita, M. D., Popescu, R. G. & Iordachescu, D. (2009). Effect of 

hydrophilic–hydrophobic balance on biocompatibility of poly (methyl 

methacrylate)(PMMA)–hydroxyapatite (HA) composites. Materials 

Chemistry and Physics. 118 (2), 265-269. 

Tobias, I. S., Lee, H., Engelmayr, G. C., Macaya, D., Bettinger, C. J. & Cima, M. J. 

(2010). Zero-order controlled release of ciprofloxacin-HCl from a reservoir-

based, bioresorbable and elastomeric device. Journal of Controlled Release. 

146 (3), 356-362. 

Tschirch, R. P. & Sidman, K. R. (1981). U.S. Patent No. 4,284,682. Washington, DC: 

U.S. Patent and Trademark Office. 

Uyama, H. & Kobayashi, S. (1993). Enzymatic ring-opening polymerization of 

lactones catalyzed by lipase. Chemistry Letters. 1993 (7), 1149-1150. 

Van Wachem, P. B., Hendriks, M., Blaauw, E. H., Dijk, F., Verhoeven, M. L. P. M., 

Cahalan, P. T. & Van Luyn, M. J. A. (2002). (Electron) microscopic 

observations on tissue integration of collagen-immobilized polyurethane. 

Biomaterials. 23 (6), 1401-1409. 

Wade Jr, L. (2010). Organic Chemistry. (seventh ). United Sates of America: Pearson 

Education, Inc. 

Wan, Y., Feng, G., Shen, F. H., Balian, G., Laurencin, C. T. & Li, X. (2007). Novel 

Biodegradable Poly(1,8-octanediol malate) for Annulus Fibrosus Regeneration. 

Macromolecular Bioscience. 7 (11), 1217-1224. 

Wang, L., Weng, L., Song, S., Zhang, Z., Tian, S. & Ma, R. (2011). Characterization 

of polyetheretherketone–hydroxyapatite nanocomposite materials. Materials 

Science and Engineering: A. 528 (10), 3689-3696. 

Wang, S., Kempen, D. H., Yaszemski, M. J. & Lu, L. (2009). The roles of matrix 

polymer crystallinity and hydroxyapatite nanoparticles in modulating material 

properties of photo-crosslinked composites and bone marrow stromal cell 

responses. Biomaterials. 30 (20), 3359-3370. 

Wang, S., Yaszemski, M. J., Gruetzmacher, J. A. & Lu, L. (2008). Photo-crosslinked 

poly(ɛ-caprolactone fumarate) networks: Roles of crystallinity and 



141 

 

crosslinking density in determining mechanical properties. Polymer. 49 (26), 

5692-5699. 

Wang, X., Nyman, J. S., Dong, X., Leng, H. & Reyes, M. (2010a). Fundamental 

biomechanics in bone tissue engineering. Synthesis Lectures on Tissue 

Engineering. 2 (1), 1-225. 

Wang, Y., Ameer, G. A., Sheppard, B. J. & Langer, R. (2002a). A tough biodegradable 

elastomer. Nature biotechnology. 20 (6), 602-606. 

Wang, Y., Ameer, G. A., Sheppard, B. J. & Langer, R. (2002b). A tough biodegradable 

elastomer. Nat Biotech. 20 (6), 602-606. 

Wang, Y., Bella, E., Lee, C. S., Migliaresi, C., Pelcastre, L., Schwartz, Z., Boyan, B. 

D. & Motta, A. (2010b). The synergistic effects of 3-D porous silk fibroin 

matrix scaffold properties and hydrodynamic environment in cartilage tissue 

regeneration. Biomaterials. 31 (17), 4672-4681. 

Wang, Z., Zhuge, J., Fang, H. & Prior, B. A. (2001). Glycerol production by microbial 

fermentation: a review. Biotechnology Advances. 19 (3), 201-223. 

Williams, J. M., Adewunmi, A., Schek, R. M., Flanagan, C. L., Krebsbach, P. H., 

Feinberg, S. E., Hollister, S. J. & Das, S. (2005). Bone tissue engineering using 

polycaprolactone scaffolds fabricated via selective laser sintering. 

Biomaterials. 26 (23), 4817-4827. 

Xie, T. (2011). Recent advances in polymer shape memory. Polymer. 52 (22), 4985-

5000. 

Xue, L., Dai, S. & Li, Z. (2010). Biodegradable shape-memory block co-polymers for 

fast self-expandable stents. Biomaterials. 31 (32), 8132-8140. 

Xue, L., Dai, S. & Li, Z. (2012). Synthesis and characterization of elastic star shape-

memory polymers as self-expandable drug-eluting stents. Journal of Materials 

Chemistry. 22 (15), 7403-7411. 

Yang, F., Wang, J., Hou, J., Guo, H. & Liu, C. (2013a). Bone regeneration using cell-

mediated responsive degradable PEG-based scaffolds incorporating with 

rhBMP-2. Biomaterials. 34 (5), 1514-1528. 

Yang, J., Webb, A. R. & Ameer, G. A. (2004). Novel Citric Acid‐ Based 

Biodegradable Elastomers for Tissue Engineering. Advanced Materials. 16 (6), 

511-516. 



142 

 

Yang, J., Webb, A. R., Pickerill, S. J., Hageman, G. & Ameer, G. A. (2006). Synthesis 

and evaluation of poly(diol citrate) biodegradable elastomers. Biomaterials. 27 

(9), 1889-1898. 

Yang, S., Leong, K.-F., Du, Z. & Chua, C.-K. (2001). The design of scaffolds for use 

in tissue engineering. Part I. Traditional factors. Tissue engineering. 7 (6), 679-

689. 

Yang, X., Cui, C., Tong, Z., Sabanayagam, C. R. & Jia, X. (2013b). Poly (ε-

caprolactone)-based copolymers bearing pendant cyclic ketals and reactive 

acrylates for the fabrication of photocrosslinked elastomers. Acta 

Biomaterialia. 9 (9), 8232-8244. 

Yin, J. & Luan, S. (2016). Opportunities and challenges for the development of 

polymer-based biomaterials and medical devices. Regenerative Biomaterials. 

3 (2), 129-135. 

You, Z., Cao, H., Gao, J., Shin, P. H., Day, B. W. & Wang, Y. (2010). A 

functionalizable polyester with free hydroxyl groups and tunable 

physiochemical and biological properties. Biomaterials. 31 (12), 3129-3138. 

Young, S. K., Gemeinhardt, G. C., Sherman, J. W., Storey, R. F., Mauritz, K. A., 

Schiraldi, D. A., Polyakova, A., Hiltner, A. & Baer, E. (2002). Covalent and 

non-covalently coupled polyester–inorganic composite materials. Polymer. 43 

(23), 6101-6114. 

Zheng, X., Zhou, S., Li, X. & Weng, J. (2006). Shape memory properties of poly (D, 

L-lactide)/hydroxyapatite composites. Biomaterials. 27 (24), 4288-4295. 

Zhou, S., Zheng, X., Yu, X., Wang, J., Weng, J., Li, X., Feng, B. & Yin, M. (2007). 

Hydrogen bonding interaction of poly (D, L-lactide)/hydroxyapatite 

nanocomposites. Chemistry of materials. 19 (2), 247-253. 

Zhu, N. & Chen, X. (2013). Biofabrication of Tissue Scaffolds.  In  Pignatello, R. (Ed.). 

Advances in Biomaterials Science and Biomedical Applications. (Ch. 12). 

Rijeka: InTech. 

Zhuge, J., Fang, H.-Y., Wang, Z.-X., Chen, D.-Z., Jin, H.-R. & Gu, H.-L. (2001). 

Glycerol production by a novel osmotolerant yeast Candida glycerinogenes. 

Applied microbiology and biotechnology. 55 (6), 686-692. 

 

  




