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ABSTRACT 

Tissue engineering and regenerative medicines are an exciting research area that aims at regenerative 

alternatives to harvested tissues for transplantation. Cell, Scaffold and growth factors are the three key 

materials for tissue engineering. Biomaterials play a pivotal role as scaffolds to provide three dimensional 

templates and synthetic extracellular matrix environment for tissue regeneration. This paper reviews 

biodegradable synthetic polymers focusing on their potential in tissue engineering applications. The major 

classes of polymers are briefly discussed with regard to synthesis, properties and biodegradability, and known 

degradation modes and products are indicated based on studies reported in the literature. A vast majority of 

biodegradable polymers studied belongs to the polyester family, which includes polyglycolides and polylactides. 

Some disadvantages of these polymers in tissue engineering applications are their poor biocompatibility, 

release of acidic degradation products, poor processability and loss of mechanical properties very early during 

degradation. Other degradable polymers such as polyorthoesters, polyanhydrides, polyphosphazenes, and 

polyurethanes are also discussed and their advantages and disadvantages summarised. With advancements in 

tissue engineering it has become necessary to develop polymers that meet more demanding requirements. 

Recent work has focused on developing injectable polymer compositions based on poly (propylene fumarate) 

and poly (anhydrides) to meet these requirements in orthopaedic tissue engineering. Polyurethanes have 

received recent attention for development of degradable polymers because of their great potential in tailoring 

polymer structure to achieve mechanical properties and biodegradability to suit a variety of applications. 
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I. INTRODUCTION: 

Tissue engineering represents an emerging interdisciplinary field that applies the principles of biological, 

chemical, and engineering sciences towards the goal of tissue regeneration 
[1]

.  

A distinctive feature of tissue engineering is to regenerate patient‟s own tissue and organs that are entirely free 

of poor biocompatibility and low bio functionality as well as severe immune rejection. Cell, scaffold and growth 

factors are the three key materials for tissue engineering 
[2]

. Cells are often implanted or „seeded‟ into an 

artificial structure capable of supporting three-dimensional tissue formation. These structures are typically called 

as scaffolds. 

Scaffolds usually serve at least one of the following purposes 

1. Allow cell attachment and migration 
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2. Deliver and retain cells and biochemical factors 

3. Enable diffusion of vital cell nutrients and expressed products 

4. Exert certain mechanical and biological influences to modify the behavior of the cell phase 
[3]

. 

Prerequisites of scaffolds include 

1. Acceptable biocompatibility and toxicity profiles and having ability to support cell growth and proliferation 

[4]
. 

2. Should have mechanical properties matching those of the tissue at the implantation site or mechanical 

properties that are sufficient to shield cells from damaging compressive or tensile forces without inhibiting 

appropriate biomechanical cues 
[3]

. 

3. The absorption kinetics of scaffold should depend on tissue to be regenerated. For e.g. if scaffold is used for 

tissue engineering of skeletal system, degradation of scaffold biomaterial should be relatively slow , as it has to 

maintain the mechanical strength until tissue regeneration is almost completed 
[2]

. 

4. It should have process ability to form complicated shapes with appropriate porosity. A high porosity and an 

adequate pore size are necessary to facilitate cell seeding and diffusion throughout the whole structure of both 

cells and nutrients. An optimum pore size is in the range between 100 and 500 μm
[2]

. 

5. Biodegradability is often an essential factor since scaffolds should preferably be absorbed by the surrounding 

tissues without the necessity of a surgical removal 
[5]

. 

6. Mimic the native extracellular matrix (ECM), an endogenous substance that surrounds cells, bind them into 

tissues and provide signals that aid cellular development and morphogenesis. 

7. Ideally an injectable prepolymers composition should be in liquid/paste form, sterilisable without causing any 

chemical change, and have the capacity to incorporate biological matrix requirements to be useful in tissue 

engineering applications. Upon injection the prepolymersmixture should bond to biological surface and cures to 

a solid and porous structure with appropriate mechanical properties to suit the application. The curing should be 

with minimal heat generation and the chemical reactions involved in curing should not damage the cells or 

adjacent tissues 
[4]

. 

Biodegradable synthetic polymers offer a number of advantages over other materials for developing scaffolds in 

tissue engineering. The key advantages include the ability to tailor mechanical properties and degradation 

kinetics to suit various applications. Synthetic polymers are also attractive because they can be fabricated into 

various shapes with desired pore morphologic features conducive to tissue in-growth. Furthermore, polymers 

can be designed with chemical functional groups that can induce tissue in-growth. 

 

II. MAJOR CLASSES OF DEGRADABLE POLYMERS 

 

A vast majority of biodegradable polymers studied belong to the polyester family. Among these poly(α-hydroxy 

acids) such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and a range of their copolymers have 

historically comprised the bulk of published material on biodegradable polyesters and have a long history of use 

as synthetic biodegradable materials  in a number of clinical applications. These polymers have been used as 

sutures plates and fixtures for fracture fixation devices and scaffolds for cell transplantation. 
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FLOW CHART FOR THE CLASSIFICATION OF 

BIODEGRADABLEPOLYMERS

 

 

2.1 Poly(Glycolic Acid), Poly(Lactic Acid) and Their Copolymers 

Poly(glycolic acid) (PGA) is a rigid thermoplastic material with high crystallinity (46-50%). The glass transition 

and melting temperatures of PGA are 36 and 225ºC, respectively. Because of high crystallinity, PGA is not 

soluble in most organic solvents; the exceptions are highly fluorinated organic solvents such as hexafluoro 

isopropanol. Although common processing techniques such as extrusion, injection and compression moulding 

can be used to fabricate PGA into various forms, its high sensitivity to hydrolytic degradation requires careful 

control of processing conditions. Porous scaffolds and foams can also be fabricated from PGA, but the 

properties and degradation characteristics are affected by the type of processing technique. 

Solvent casting, particular leaching method and compression moulding are also used to fabricate PGA based 

implants. 

The preferred method for preparing high molecular weight PGA is ring-opening polymerization of glycolide, the 

cyclic dimer of glycolic acid, and both solution and melt polymerization methods can be used. The common 

catalysts used include organo tin, antimony, or zinc. If stannous octoate is used, temperature of approximately 

175ºC is required for a period of 2 to 6 hours for polymerization. Although it is possible to synthesize these 

polymers by acid-catalysed polycondensation of respective acids, the resulting polymers generally have a low 

molecular weight and often poor mechanical properties. 

 

2.1.1 Biodegradation and Biocompatibility of Polylactides 

The degradation of PLA, PGA and PLA/PGA copolymers generally involves random hydrolysisof their ester 

bonds. PLA degrades to form lactic acidwhich is normally present in the body. This acid then 

enterstricarboxylic acid cycle and is excreted as water andcarbon dioxide. No significant amounts of 

accumulationof degradation products of PLA have been reported inany of the vital organs. Carbon13 

labelledPLA has demonstrated little radioactivity in faces or urineindicating that most of the degradation 



 

24 | P a g e  

 

products are releasedthrough respiration. It is also reported that in additionto hydrolysis PGA is also broken 

down by certainenzymes, especially those with esterase activity. Glycolic acid also can be excreted byurine.The 

rate of degradation however is determined by factors such as configurational structure, copolymer ratio, 

crystallinity, molecular weight, morphology, stresses, and amount of residual monomer, porosity and site of 

implantation. 

 

III. BIOCOMPATIBILITY 

 

Biocompatibility of a material refers to “the ability of a material to perform with an appropriate host response in 

a specific situation” 
[40]

. It involves not only the material used, but also the surrounding cells/tissue. The 

interaction of biomaterials and cells is very complex, and only partially understood 
[41]

.  To understand the 

possibilities to orchestrate the biomaterial-cell reactions, a elucidation of their interactions is needed. 

For the allowance of initially cell-free polymers to elicit infiltration of cells, this interaction is of pivotal 

importance. Under physiological conditions, cells will, amongst others, bind to the surrounding extracellular 

matrix via ligands. Many proteins interact with cells and thereby evoke a myriad of responses 
[42]

. Since the 

recognition of biomaterials by a cell is typically mediated by proteins 
[19, 43-46]

, preadsorption of specific proteins 

(or small peptides such as Arg-Gly-Asp; RGD) has been investigated to improve cellular response 
[43, 47, 48]

. In 

general, enhancing the biocompatibility of a biomaterial can be achieved by altering the surface characteristics 

of the substrate, which in turn can lead to enhancing or reducing protein adsorption 
[43]

. 

 

3.1 Biofunctionality 

When bony tissues fail due to trauma or disease, additional support is required to take over their mechanical 

function. For example, in spinal diseases causing degeneration, instability and/or severe deformations, spinal 

fusion of the segments may be needed. Devices used for this purpose should not only maintain or restore the 

spinal anatomy, but also create the proper mechanical environment for bony fusion. The load bearing device for 

interbody spinal fusion is the so-called cage, which usually is supplied with a load-transducing filler material. 

As bones and implants must resist considerable loads, metals and/or alloys are popular load-bearing materials 

used for cages. 

Metals and/or alloys have proven to be successful, although drawbacks do exist. In spinal surgery, amongst 

others, permanent materials such as metals (and non-resorbable polymers) remain susceptible to long-term 

complications such as migration 
[103]

 wear 
[61]

, late foreign body reaction 
[61,104]

 and infection 
[105]

. The 

inflammatory reaction is, in some cases, the result of the inevitable corrosion of alloys in vivo(often referred to 

as particle disease), and also in the spine 
[106,107]

. In other cases, the aforementioned micro-motion through the 

spinal motion segment may lead to particle debris 
[22]

. 

Therefore strategies to minimize implant related problems have been devised such as removal of the implant 

after fulfilling its purpose in every patient 
[108]

, or to selectively remove the implant in symptomatic patients 
[95]

, 

which in return can cause neurovascular injury or refracture 
[95]

. In the USA, retrieval surgeries of the spine were 

reported in 25-40% of the patients 
[109-111]

. Furthermore, metallic spinal implants are strongly radiopaque on 

roentgenograms, which is the most widely used follow-up imaging after spinal surgery 
[112]

. This results in an 
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obscured view and therefore hampered assessment of fusion, since the presence of a bony bridge throughout the 

spinal implant cannot be seen 
[112-115]

. Not only do metals/alloys interfere with simple x-ray films, they will 

therefore also interfere with computer axial tomography scanning (CAT) and cause artefacts (scattering) with 

magnetic resonance imaging (MRI) 
[100]

 In contrast, the presence of a bony bridge on a plain roentgenogram in 

radiolucent spinal implants can be visualized and does correlate with surgical exploration, considered the gold 

standard 
[116]

. Radiolucent spinal implants are generally made from non-degradable polymers such as 

polyetheretherketone (PEEK) and will also not interfere with CAT scans or MRI scans. However, in a similar 

fashion as metallic cages, non-degradable cages will remain susceptible to similar long-term complications. 

Development of degradable spinal cages will not only result in optimal assessment of spinal fusion during 

follow-up using x-ray films, CAT scans or MRI scans, but also avert potential long-term complications, 

resulting in a patient-friendly and cost-effective treatment option. 

 

3.2 Polylactones 

Poly(caprolactone) (PCL) is the most widely studied in this family. PCL is a semicrystalline polymer with a 

glass transition temperature of about –60ºC. The polymer has a low melting temperature (59 to 64ºC) and is 

compatible with a range of other polymers. PCL degrades at a much lower rate that PLA and is a useful base 

polymer for developing longterm, implantable drug delivery systems. 

Pol(caprolactone) is prepared by the ring-opening polymerization of the cyclic monomer ε-caprolactone. 

Catalysts such as stannous octoate are used to catalyse the polymerization and low molecular weights alcohols 

can be used as initiator which also can be used to control the molecular weight of the polymer. 

 

3.3 Biodegradation And Biocompatibility of Polylactones. 

The homopolymer has a degradation timeof the order of two to three years. PCLwith an initial average 

molecular weight of 50,000 takesabout three years for complete degradation in-vitro. The rate of hydrolysis can 

be alteredby copolymerisation with other lactones, for example acopolymer of caprolactone and Valero lactone 

degradesmore readily. Copolymers of ε-caprolactone with dl-lactide have been synthesized to yield materials 

with more rapid degradation rates (e.g., a commercial suture MONOCRYL, Ethicon). PCL is considered a non-

toxic and a tissue compatible material. 

Blends with other polymers and block copolymers and low molecular weight polyols and macromeres based on 

caprolactone backbone are a few of the possible strategies to explore this class of polymers for various 

applications. 

 

3.4 Poly (Propylene Fumarates) 

Recently, polyesters based on fumaric acid have received attention in the development of degradable polymers, 

and the most widely investigated is the copolyester poly(propylene fumarate) (PPF). The degradation of this 

copolymer leads to fumaric acid, a naturally occurring substance, found in the tri-carboxylic acid cycle (Krebs 

cycle), and 1,2-propanediol, which is a commonly used diluent in drug formulations. The copolymer also has 

unsaturated sites in its backbone, which could be used in subsequent cross-linking reactions. 
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PPF based degradable polymer compositions including injectable biodegradable materials have been reported in 

the literature. Injectable systems developed based on PPF have the advantage of employing chemical cross-

linking overcoming some of the disadvantages in photo cross-linkable systems. Photo-cross-linkable systems 

have limited applications for treatment of deep crevices in bone. A number of studies have reported on the 

synthesis, properties andin-vivodegradation characteristics of poly(propylene fumarate). The copolymers 

degrade to propylene glycol, poly(acrylic acidco-fumaric acid) and fumaric acid. Cross-linking usually occurs 

with methyl methacrylate or N-vinyl pyrolidone and benzoyl peroxide as the initiator. 

A number of methods have been reported to prepare PPF, and each result in different polymer properties. 

Products with complex structure are obtained due to side reactions involving different modes of addition. In one 

method diethyl fumarate and propylene glycol with para-toluene sulfonic acid catalyst are reacted at 250ºC. The 

yield in this process is only 35 %. In another method, propylene glycol and fumaric acid are heated initially at 

145ºC and gradually increasing the temperature to 180ºC. Poly(propylene fumarate) diol with molecular weights 

in the range 500 to 1200 and polydispersity 3 to 4 can be typically prepared by this method. A third method 

involves preparing the bis-(hydroxylpropyl) fumarate trimmer and propylene bis(hydrogen maleate) trimmer by 

reacting propylene glycol/ fumaric acid, and maleic anhydride/propylene glycol, respectively. The two trimmers 

are then reacted at 180ºC to produce PPF. The bis-(hydroxypropyl) fumarate trimmer can also be prepared at 

ambient temperature by reacting fumaryl chloride and propylene glycol. The purified trimmer is reacted at 

160ºC in the presence of trans esterification catalyst antimony trioxide to produce PPF. PPF with molecular 

weights in the range 750 to 1500 could be prepared by this method. 

The polydispersity ranged from 1.7 to 3. It appears that achieving high molecular weight PPF is difficult 

because of side reactions, particularly due to the presence of the backbone double bond. Accordingly, 

incorporation of fillers, or further reactions to form cross-linked networks would be required to achieve good 

mechanical strength. The mechanical properties vary greatly depending on the method of synthesis and the 

cross-linking agent used. Mechanical properties could be improved by incorporating ceramic materials such as 

tricalcium phosphate (TCP), calcium carbonate or calcium sulphate. 

These composite materials exhibit compressive strengths in the range 2 to 30 MPa. ß-TCP was particularly 

useful for reinforcement, and compositions without TCP reinforcement disintegrated very early in the implant. 

Cross-linking characteristics reported for PPF, N-vinyl pyrolidone (N-VP), benzoyl peroxide, sodium chloride, 

and TCP indicate that for a range of formulations, the maximum temperature varied within 38 to about 48ºC, 

compared to 94ºC observed for polymethylmethacrylate (PMMA) cements. The curing times varied between 1 

and 121 min, which allows the composites to be tailored to specific applications. The compressive strengths 

varied between 1 and 12 MPa. 

3.5 Biocompatibility And Biodegradation of Ppf. 

PPF undergoes bulk degradation and degradation time is dependent on polymer structure as well as other 

components. PPF degrades by hydrolysis to fumaric acid and propylene glycol. Based on in-vitrostudies, the 

time required to reach 20% loss in original weight ranged from 84 (PPF/ß-TCP composite) to over 200 days 

(PPF/CaSO4 composite). ß-TCP in these compositions not only increased mechanical strength, but also acts as a 

buffer making the pH change minimal during the degradation process. 
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PPF does not exhibit a deleterious long-term inflammatory response when implanted subcutaneously in rats. A 

mild inflammatory response was observed initially and a fibrous capsule formed around the implant at 12 

weeks. 

 

IV. POLYANHYDRIDES 

 

Polyanhydrides are one of the most extensively studied classes of biodegradable polymers with demonstrated 

biocompatibility and excellent controlled release characteristics. Polyanhydrides degrades by surface erosion 

and their main applications are in controlled drug delivery.Polyanhydrides based drug delivery systems have 

been utilized clinically. 

Polyanhydrides are synthesized  by dehydration of the diacid or a mixture of diacids by melt polycondensation. 

The dicarboxylic acid monomers are converted to the mixed anhydride of acetic acid by reflux in excess acetic 

anhydride. 

High molecular weight polymers are prepared by melt-polycondensation of prepolymers in vacuum under 

nitrogen sweep. 

Langer and co-workers have synthesized polyanhydrides for drug delivery applications. Polyanhydrides is used 

to deliver carmustine, an anticancer drug, to sites in the brain where a tumour has been removed. The 

degradation products of are non-toxic and have controlled surface erosion degradation mechanism that allows 

delivery of drugs at a known rate. Polyanhydrides have limited mechanical properties that restrict their use in 

load–bearing applications such as in orthopaedics. For example poly[1,6-bis(carboxyphenoxy) hexane] has a 

Young‟s modulus of 1.3 MPa  which is well below the modulus of human bone (40 to 60 MPa). To combine 

good mechanical properties of polyimides with surface-eroding characteristics of polyanhydrides, 

poly(anhydrides-co-imides) have been developed, particularly for orthopaedic applications. Examples include 

poly-[trimellitylimidoglycine-co bis(carboxyphenoxy) hexane], and poly[pyromellitylimidoalanine-co-1,6-

bis(carboph-enoxy)-hexane]. These poly(anhydride-co-imides) have significantly improved mechanical 

properties, particularly compressive strengths. Materials with compressive strengths in the 50 to 60 MPa range 

have been reported for poly(anhydrides-co-imides) based on succinic acid trimellitylimidoglycine and 

trimellitylimidoalanine. The degradation of these copolymers occurred via hydrolysis of anhydride bonds, 

followed by the hydrolysis of imide bonds. 

Photo cross-linkable polyanhydrides have also been developed for use in orthopaedic applications, particularly 

focusing on achieving high mechanical strength. The systems developed are based on dimethacrylated 

anhydrides. 

Dimethacrylatedmacromeres based on sebacic acid and 1,6-bis(p-carboxyphenoxy)hexane. Both ultraviolet 

(UV) and visible light cure methods have been investigated with these macro monomers. The most effective 

means of photo polymerization of these macro monomers was found to be 1.0 wt % camphor Quinone and 1.0 

wt % ethyl-4-N,N-dimethyl amino benzoate with 150 mW/cm2. Combination of redox type and visible 

initiation has provided means of achieving efficient curing of thick samples. 

Depending on the monomers used, the mechanical properties as well as degradation time can be varied. 
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Compressive strengths of 30-40 MPa, and tensile strengths of 15-27 MPa, similar to those of cancelleous bone, 

have been reported. 

 

4.1 Biocompatibility And Biodegradation of Polyanhydrides. 

Polyanhydrides are biocompatible, have well-defined degradation characteristics, and have been used clinically 

in drug delivery systems. Polyanhydrides degrade by hydrolysis of the anhydride linkage. The hydrolytic 

degradation rates can be altered by simple changes in the polymer backbone structure by choosing the 

appropriate diacid monomers. 

Poly(sebasic acid) degrades quickly (about 54 days in saline), while poly(1,6-bis(-p-carboxyphenoxy)hexane 

degrade much more slowly (estimated 1 year). Accordingly, combinations of different amounts of these 

monomers would result in polymer with degradation properties custom- designed for a specific application. 

Minimal inflammatory responses to sebacic acid/1,3- bis(p-carboxyphenoxy) propane (SA/CPP) systems have 

been reported when implanted subcutaneously in rats up to 28 weeks. Loose vascularized tissue had grown into 

the implant at 28 weeks, with no evidence of fibrous capsule formation. No data have been reported about 

polymer sterilizability and heat generation during polymerization. A 12 week study using 2-3 mm diameter full 

thickness defect in the distal femur of rabbits showed good tolerance of the SA/CPP polymer system and 

osseous tissue in the outer zone of some implants. 
 

V. CONCLUSIONS 

 

A vast majority of biodegradable polymers studied belong to polyester family and poly(glycolic acid), poly 

(lactic acid) and their copolymers have historically comprised the bulk of published material. These polymers 

have a relatively long history of use in a number of clinical applications. 

They will continue to play a key role in various forms for medical applications requiring biodegradable 

polymers. Polyesters offer synthetic chemists many opportunities to design polymers through combination of 

different monomers to achieve property requirements to suit a variety of applications. Additionally, the 

development of precursors such as polyols and macro monomersbased on polyesters may find uses in injectable 

and insitucurable polymer formulations. Poly(propylene fumarate) is one example of a recently developed 

polyester basedinjectable polymer system. 

Polyanhydrides is another family of polymers studies extensively with demonstrated biocompatibility and 

excellent controlled release characteristics. Polyanhydridesdegrade by bulk erosion and their main applications 

are in controlled drug delivery. Recently photocross-linkable polyanhydrides have been developed for use in 

orthopaedic applications. Tyrosine-derived polycarbonates,polyorthoesters, polyurethanes and 

polyphosphazenes have also been investigated to explore their potential as biodegradable polymers. 

Review of the literature indicates that relatively few attempts have been made to develop injectable polymer 

compositions for use in tissue engineering applications. The key challenges in developing such compositions 

include the choice of appropriate precursors that would degrade to biocompatible and resorbable compounds, 

the ability to incorporate cells and other components to support cell attachment and proliferation, ability to cure 
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insitu in the in-vivo environment with minimal heat generation, and the ability to control degradation kinetics to 

suit the intended application. 

Polyurethanes offer many advantages in the design of injectable and biodegradable polymer compositions. As a 

class of polymers, polyurethanes generally have good biocompatibility. They also offer substantial opportunities 

to tailor polymer structure to achieve a broad range of mechanical properties. By choice of star, dendritic or 

hyperbranched prepolymers, one can introduce structural variations to tailor degradation kinetics as well as 

incorporation of appropriate functional groups for improved cell attachment. In the rapidly advancing field of 

tissue engineering, polyurethanes offer numerous opportunities to develop suitable scaffolds for a variety of 

applications. 
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