J Mater Sci (2009) 44:5713-5724
DOI 10.1007/s10853-009-3770-7

A review on biodegradable polymeric materials for bone tissue

engineering applications

Muhammad Igbal Sabir - Xiaoxue Xu -
Li Li

Received: 17 March 2009/ Accepted: 21 July 2009 / Published online: 12 August 2009

© Springer Science+Business Media, LLC 2009

Abstract Biodegradable polymer scaffolds have played a
significant role in wide range of tissue engineering appli-
cation such as bone scaffolds since the last decade. The aim
of this article is to provide the comprehensive overview of
biocompatible and biodegradable polymer materials and
composite materials with their advantages and drawbacks
in the application of biomaterial scaffolds, furthermore the
properties and degradation criteria of the biomaterials are
discussed in this review.

Introduction

Tissue engineering is a developing science technology and
can be applied to improve the numerous clinical situations,
including spinal fusion, joint replacement, and fracture
nonunion and pathological loss of bones [1]. The tissue
engineering applications from synthetic and biodegradable
polymer scaffolds have been comprehensively examined
for the bone tissue replacement in lab and clinic. The
polymer materials are more beneficial than others because
of their biocompatibility, mechanical properties, micro-
structure and the degradation rate, and these properties can
even be precisely controlled by composition and fabrica-
tion of scaffold polymer materials. The basic idea in all of
these accessions is to seed or grow the cell on the
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biodegradable polymer scaffold to promote tissues growth
and remodeling. During the bone tissue regeneration, cell
cannot be directly entrapped, because the environment
which is used to create them is brutal for the cells to inhabit
[2, 3]. Tissue-engineering systems have attempted to
mimic the function of ECMs by placing cells along with
growth factors in synthetic scaffolds that act as temporary
ECMs. As the new bone is formed, the temporary scaffold
will degrade and be absorbed by the body [4, 5]. In last
15 years bone tissue engineering research has increased
dramatically. The design and development of the bone
scaffolds depend upon the porosity that provides inter-
connected pores, suitable mechanical strength, and suffi-
cient micro chemistry of surface. It is friendly to the cell
behaviors like proliferation, migration, adhesion, and dif-
ferentiation [6]. There are many factors for the bone tissue
engineering, but all connected one are more of the fol-
lowing key ingredients, (a) harvested cells, (b) recombinant
signaling molecules, and (c) three dimensional (3D)
matrices [7, 8]. During the tissue regeneration, all of these
factors play very important roles in the healing process. In
the field of bone tissue engineering three dimensional
scaffolds facilitate the cells, the guilds, augment and then
regenerate three dimensional tissues. After implanted into
the defect sites, the scaffolds are expected to promote and
direct the growth of new bone cells and make the new cells
attach to intrinsic tissues nearby by degrading slowly and
grow together afterwards.

This article focuses on biodegradable/bioresorbable
polymer materials as scaffold for the bone growth and
tissue engineering. There are two types of bones (a) com-
pact or cortical bone and (b) trabecular or cancellous bone
(spongy tissue) [9, 10]. During the remodeling process,
osteoclast cells are responsible for the breakdown and
removing the cells on the surface of the bone. Osteoblast
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cells synthesize the collagenous precursors of bone matrix
[11]. During the development of the bone scaffold, the
basic aim is to imitate the structural and mechanical
properties of cancellous bone as close as possible. The
scaffold fabrication technique should be flexible to build
alternative scaffold architectures in order to allow biomi-
metic designs. A great assortment of techniques is pres-
ently being in use for fabrication of porous polymeric
scaffolds, including solid free-form fabrication, emulsion
freeze-drying [12], porogen leaching [13], fiber bonding
[14], gas foaming [15], electro spinning, microsphere sin-
tering, phase separation [16, 17], 3D-plotting technique or
a mixture of these techniques [18, 19]. Although the tra-
ditional scaffold fabrication methods can produce highly
porous scaffolds, these methods have limited control over
scaffold architecture and pore interconnectivity. Conse-
quently, the processing technique applied to manufacture a
polymer scaffold with the desired characteristics must be
selected or developed appropriately. Numerous novel
manufacturing techniques have been developed to process
synthetic polymers into porous scaffolds with large void
volumes for cell seeding and adequate surface area for cell
attachment. Each technique has particular drawbacks, such
as the use of toxic solvent and lack of uniform architecture
and poor strength, while the advantages are ease of fabri-
cation, superior structural strength, the ability to incorpo-
rate, and deliver bioactive molecules, but none can be
regarded as an ideal technique of scaffold fabrication to be
applied to all tissues. The selection of a scaffold fabrication
technique is, therefore, a question of setting priorities to
determine the vital requirements [20].

A few fundamental requirements should be met for the
polymer materials used as bone scaffold [21] (a) bior-
esorbable/biodegradable (b) good mechanical and chemical
properties and stability (c) good adhesion capability with
the cells. The scaffold should positively interact with cells,
enhancing cell adhesion, growth, migration, and differen-
tiated function. The basic challenges to the material
selection and scaffold design are to achieve the initial
strength and stiffness; the material for the scaffold must
have the sufficient interatomic and intermolecular bonding/
or a physical and chemical structure which must allow
hydrolytic attach and breakdown. In addition porosity and
proper pore size are the important design parameters for the
scaffold design and high surface area necessary for
mechanical stability [22].

Materials for scaffolds
Over the last century, several biomaterials have been

extensively used in surgical implantation. Polymer mate-
rials are widely used in tissue engineering, because of its
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good properties such as degradability, biocompatibility,
and ease of process ability [23]. Osteoinduction and
osteoconduction are important concepts of bone tissue
engineering materials [24]. Several years ago, scientists
and researchers became familiar with the osteoconductive
properties of the synthetic absorbable polymer materials
which are dependent on their location and structure.

There are two kinds of materials synthetic and natural
polymer materials. Biodegradable synthetic polymer
materials such as poly (glycolic acid), poly (lactic acid),
and their copolymers, poly (p-dioxanone), and copolymers
of trimethylene carbonate and glycolide have been used in
a number of clinical applications. Natural biodegradable
polymer materials are derived from the proteins such as
collagen, gelatin, and albumin and the polysaccharides
such as cellulose, hyaluronate, chitin, and alginate. Poly-
mer materials are differing in their molecular weight,
polydispersity, crystallinity, and thermal transition, and
different degradation rate which would strongly affect
polymer scaffold properties. For example, polymer
hydrophobicity and crystallinity percent can affect on the
cellular phenotype, and deflection in the surface charges
will affect the cellular spreading. This may be the reason of
changes in cellular activities [25, 26].

Synthetic biodegradable polymer materials offer more
advantages than natural materials; they can be synthesized
to give various properties such as predictable lot to lot
uniformity, free from concerns immunogenicity, and reli-
able source of raw material because the polymer materials
with the fundamental building block units having simple
and well know structure and properties. This review mainly
focuses on the synthetic biodegradable materials for bone
scaffold (Table 1), which gives the information about the
physical properties of human hard tissues as reference of
selection of polymer materials.

Saturated aliphatic polyesters (PLA, PGA, and PCL)

Saturated aliphatic polymer materials are one of the ancient
and most frequently used grouped of materials in the field
of bone Tissue engineering [29]. In this family, there are
poly (lactic acid) (PLA) and poly (glycolic acid) (PGA),
poly (lactic-coglycolide) (PLGA) and copolymers. PLA
has three forms D-PLA PDLA, L-PLA (PLLA), and blend
of p, L-PLA (PDLLA), PLA, PGA, and PLGA are the most
widely used materials in the bone scaffold application.
High molecular weight aliphatic polyesters are mostly
synthesized by the condensation polymerization. The most
popular synthetic aliphatic polyesters, poly(L-lactide),
PLA, and PCL are synthesized by ring-opening polymeri-
zation (ROP) of the respective cyclic monomers, catalysts
can be used such as Sb(antimony), Zn (zinc), or Pb(Lead)
[30]. The basic chemical structure of all aliphatic polyester
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Table 1 Mechanical property of human tissues [27, 28]

Tensile strength (Mpa) [43]

Compressive strength (Mpa)

Young modulus (Gpa)  Fracture toughness (Mpa ml/2)

Cancellous bone 7.4 4-12 0.02-0.5 N/a
Cottrial bone 60-160 130-180 3-30 2-12
Cartilages 3.7-10.5 0.7-15.3 (Mpa) N/A
Ligament 13-46 N/A 0.065-0.541 N/A
Tendon 24-112 N/A 0.143-2.31 N/A
Fig. 1 Structures of aliphatic o)
polyesters 0
o)
o o)
n n
Poly (lactate acid) Poly (glycolic acid) Poly (e-caprolactone)

materials is the same and the only difference is the pendent
groups as shown Fig. 1. And change in pendent groups
contributed differences in molecular weight, crystallinity
which directly affects the kinetics of degradation. As a
result, the degradation rate of PLA and PGA copolymer
depends on the ratio of PLA and PGA present in the
material.

Poly (glycolic acid)

PGA is a rigid thermoplastic material, with high crystal-
linity (45-55%), high melting point, and high glass tran-
sition temperature (see Table 2). Due to its high degree of
crystallization, it is not soluble in most organic solvents. It
is only possible in highly fluorinated solvents (hexafluo-
roisopropanol). PGA is an acidic and more hydrophilic
than PLA. PGA can be processed by the common fabri-
cation techniques such as extrusion, injection, and com-
pression molding. PGA can fabricate into foam and porous
scaffolds. The properties and the degradation can be
affected by the type of processing technique, and PGA is
highly sensitive to the degradation; it requires precise
control on processing conditions. Solvent casting leaching
method and compression moulding are used to fabricate the
PGA based porous scaffolds.

The strength and modulus of PGA are very high and that
is why the fiber of PGA is used in as sutures [23]. PGA has
other monomers which are co- polymerized to reduce the
stiffness in fibers. PGA is used in bone tissue engineering
and medical application because its degradation properties
and the decomposed product glycolic acid are natural
metabolite. PGA has two degradation steps. In the first step
water is diffused into the amorphous regions of matrix and
hydrolytic chain scission of the ester group start. In the

second step of degradation there are crystalline areas of the
polymer, which dominated when the amorphous part has
been eroded. Although the degradation product, glycolic
acid, is resorbable at high concentration, it may cause the
increase of the localized acid concentration which will
cause the tissue damage. PGA was also investigated for
development of bone fixation device (Biofix) [31, 32].

Poly (lactic acid)

PLA is synthesized by the cyclic dimer of lactic acid that
exists as two optical isomers: D &L- lactate is the naturally
occurring isomer, and pL-lactide is the synthetic blend of
D-lactide and vL-lactide. The homopolymer L-lactide
(LPLA) is a semi crystalline polymer. This material has
high tensile strength, elongation, and modulus that make it
more suitable for the load bearing applications such as
sutures and orthopedic fixation. Poly (lactic acid) has linear
structure, and has one pendent methyl group which makes
it more amorphous and hydrophobic than PGA due to the
increase in the amorous behavior; the solubility in the
organic solvents also amplify.

PLA can be dissolved in various organic solvent, such as
chloroform, methylene chloride, methanol, ethanol, ben-
zene, acetone, DMF, and etc. Poly (lactic acid) also can be
degraded by the homogenous hydrolysis erosion. The poly
(L-lactic acid) releases the lactic acid on decomposition/
degradation, when carboxylic acid monomers are released
during the degradation they help to reduce the PH and
further induce degradation, which phenomenon is known
as auto catalysis. The degradation time of P (p, L) LA is
less than LPLA. LPLA requires 2 years to complete
absorption. Copolymers of LPLA and glycolide are pre-
pared to disrupt the crystallinity and accelerate the
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Table 2 continued

Reference

Processing
method

Applications

Degradation
product

Degradation

Crystallinity

%

Tensile(F)/ Modulus Elongation Solvent

Polymer

time (Weeks)

(%)

Compressive (Gpa)
(C) strength
(MPa)

[52-54]

Bone replacement,,

0-14-1.4

Chloroform,methylene

14-85

25-27

Polyanhydrides

medical devices,
drug delivery

chloride

camphorsulfonic acid
[53] tetrahydrofuran

ES, SC, PL, EFD, [55, 56,

Phosphates and  Fixation and bone

Surface

55

Poly(phosphazene) —

81]

MSS

replacement,

ammonia from

(THF)

medical devices,

backbone and

drug delivery, foam

coatings

other products
depending on
side chain
structure

This data summary was prepared on the information taken from the literature reviewed in this article and the data should be used as a guide only

SC solution casting, CM Compression molding, SFF solid free forming, ES electro spinning, P/ particulate leaching, /M injection molding, EFD emulsion freeze drying

degradation. PLA can be processed by various methods
like petrochemical based plastics, among which include
injection molding, sheet extrusion, blow molding, and
thermoforming [33]. PLA and their derivates can be used
for the fabrication of three dimensional scaffolds by solu-
tion casting, gel casting, solvent casting and particulate
leaching, high pressure gas foaming, particulate and electro
spinning [34]. To enhance the mechanical and physical
properties, it is necessary to design the copolymerizing of
aliphatic polyesters. The copolymers of lactic acid and
glycolic acid have been investigated. The two main series
are those of (1) LA/GA and (dl) LA/GA. Gilding and reed
(1979) have shown that the composition in 25-75% range
for (1) LA/GA and 0-70% for the (dl) LA/GA is amor-
phous. There is no linear relationship between the physical
properties of the components of homopolymer and their co
polymer. For the (I) LA/GA copolymers, resistance to
hydrolysis is more pronounced at either end of the
copolymers compositions range. The degradation rate of
the copolymer highly depends upon the amount of each co
monomer [35, 36]. Half lives of various poly (lactic acid)
and poly (glycolic acid) ratios are shown in the graph
(Fig. 2).

Poly (lactic acid) and poly (glycolic acid) and their
copolymers have multiple uses “because of their good
mechanical strength, degradation, biocompatibility” such
as sutures, scaffolds for tissue engineering, drug carriers,
etc. [38].

Poly (caprolactone)

PCL is an important material in the aliphatic polyesters
family. It is the most widely used and investigated material.
PCL is a semicrystalline polymer with low melting tem-
perature (other physical and chemical properties listed in
Table 1).The crystallinity of PCL increases with the
decrease of molecular weight of the material. PCL is
synthesized by the ring-opening polymerization of cyclic

— T — 1
PLA 100
PGA o

copolymer ratio

Fig. 2 Degradation of PLGA copolymers with lactic acid and
glycolic acid Co polymer ratio in vivo [37]
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monomer g-caprolactone in the presence of stannous
octoate, serving as a catalyst. In the polymerization low
molecular alcohols are as initiator, which can also be uti-
lized as terminator in the process. PCL is soluble in tet-
rahydrofuran, chloroform, methylene chloride, carbon
tetrachloride, benzene, toluene, cyclohexanone dihydro-
pyran, and 2-nitropropane; and only partially soluble in
acetone, 2-butanone, ethyl acetate, acetonitrile, and dime-
thyl fumarate. The degradation mechanism of PCL and its
copolymers are similar to PLA. This is done in two steps,
random hydrolysis ester cleavage and weight loss through
the diffusion of oligomeric sort from the volume. Polymer
blends and copolymers can be established with different
ratio according to the end requirement such as mechanical
and physical, biocompatibility and degradation time. PCL
degradation is three times slower than the P (b, L) LA. It
can be increased by making the copolymer with pL-lactide.
Thus aliphatic polyester polymers are widely used in the
tissue engineering field with a wide range of benefits. The
most important factors are better osteoinductive potential,
low degradation time, good mechanical properties, and low
emission of harmful by products.

Polypropylene fumarate (PPF)

Poly (propylene fumarate) is synthetic, unsaturated linear
polyester, the synthesis of PPF commonly utilizes two
steps, in the first step, what diethyl fumarate reacts with
excess propylene glycol to produce is hydroxypropylfum-
arate in the presence of zinc chloride as acid catalyst. The
structure of PPF is given in Fig. 3. PPF can be cross linked
through its fumarate double bond. PPF achieves high
mechanical strength when it is properly cross linked. Due
to this property it is highly recommended in bone
replacement scaffold. Additionally, the porous PPF scaf-
fold gives the osteoconductive surface for bone in-growth
[39, 31].

As unsaturated linear polyester, PPF can be harden/
cured via thermal cross linking or photo cross linking to a
strong polymer network through the active carbon chain
double. The choice of cross-linking agent can affect the
degradation and mechanical properties of the cross-linked
polymer. The mechanical properties of the PPF may
change with different choice of composition of the PPF. In
several experiments PPF has been seen to be a biocom-
patible. In rat tibia modal, osteoblasts, osteoid, and new

O OH
HO O

O

n

Fig. 3 Structure of Poly (propylene fumarate)
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woven bone were in close apposition to degrading scaffold
without evidence of an heightened or other unfavorable
pathologic inflammatory response. PPF is soluble in
methylene chloride, chloroform, tetrahydrofuran, acetone,
ethanol and ethyl acetate is partially soluble in toluene and
is not soluble in petroleum or water. The degradation can
occur by hydrolytic chain scission of its ester groups.
Propylene glycol and fumaric acid are the byproducts on
degradation. These products are biocompatible and can be
easily removed from the body. PPF experiences bulk
degradation and the degrading time depends on the struc-
ture as well as the other factors. Both propylene glycol and
fumaric acid subunits are non toxic. These subunits play a
vital role in the process by which food is converted into
energy. PPF degradation depends on many factors such as
molecular weight, cross-linking agent, crosslink density,
pore size and volume of scaffold, PH value of surround-
ings, and also the other copolymer or constituent ratio in
the PPF composites [40].

PPF has the characteristic of injectability into the body.
Before cross linking it is in liquid form, which makes the
polymer easy to handle. It can also easily produce asym-
metrical formed implants by injection molding. The char-
acteristic of injectability makes it appropriate for the
orthopedic implant in minimally persistent procedures.

Polyhydroxyalkanoates (PHA, PHB, PHBV, P4HB,
PHBHHXx, PHO)

Polyhydoxyalkanotes (PHA) are aliphatic polyesters which
are generated from microorganism under unbalanced growth
conditions. PHB is discovered in 1920, which is produced by
the bacteria “Bacillus megaterium”. PHA is a semi crys-
talline and has melting temperature within 160-180 °C.
Further properties and processing are discussed in Table 2.
The basic structures of Poly (3-hydroxybutyrate) are given in
Fig. 4.

PHA polymers are biodegradable with excellent bio-
compatibility, which makes them attractive as scaffold for
tissue engineering. There are several copolymers of poly-
hydoxyalkanotes (PHA), including PHB, PHBV (poly
3-hydoxybutyratevalerate) PAHB copolymer of 3-hydroxy-
butyrate, 3-hydroxyhexanoate (PHBHHX), and poly
3-hydroxyhexanoate PHO. PHB homopolymer is a tough,
brittle polymer. The less tough copolymer has more

bt

Fig. 4 Structures of Poly (3-hydroxybutyrate)
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prospective as a biomaterial. Salt leaching technique is used
for the fabrication of PHBHHX/PHB scaffolds [41]. In
recent years, PHA, PHB, and their copolymers are widely
used in the biomedical devices and biomaterial application,
such as bone plates, sutures rivets staples screws, orthopedic
pins and bone marrow scaffolds, meniscus regeneration
devices, and various applications which are demonstrated
and analyzed in [42]. Depending upon the end use require-
ment, PHA polymer can be copolymerized, either blended or
composed with other polymer materials; enzymes or inor-
ganic materials to further adjust their mechanical properties
or biocompatibility.

The crystallinity and mechanical properties of the
P(HB-HV) can change with the amendment of the percent-
age or ratio of the respective monomers. It experiences sur-
face erosion by hydrolytic cleavage of the ester bonds.
Copolymers degrade by the multistage process in which the
greater part of the molecular weight loss occurs before the
considerable mass loss. A graph of weight loss of various
P(HB-HV) and copolymers (Fig. 5).

Both PHB and P(HB-HV) can be soluble in wide range
of organic solvents such as chloroform, dichloromethane,
propylene carbonate acetic anhydride, and 1N sodium
hydroxide. They can be manufactured or processed into
various forms such as films, sheet, sphere, and fibers [57].
PHB is particular for the bone tissue engineering applica-
tion. It is demonstrated to produce a component fruitful
bone tissue adaptation response with no verification of an
undesirable chronic inflammatory response after implan-
tation periods of upto 12 months. The major disadvantages
of the PHA polymer are their restricted availability and
time-taking extraction process from bacterial culture that
require a proper extraction setup.

Polyanhydrides

Polyanydrides are hydrolytically unstable class of polymer
which are usually either aromatic, aliphatic, or a mixture/

% of initial weight

I I 1 | 1
0 10 20 30 40 50 60 70
Timea (d)

Fig. 5 Kinetics of percentage of initial weight loss for P (HB-HV)
and with different copolymer ratios and molecular weight in the form
of solvent—cast disks [43]

blend of two components. Polyanhydrides are most com-
prehensively investigated classes of biodegradable polymer
with demonstrated biocompatibility and excellent proper-
ties such as controlled release characteristics. Polyanhy-
drides are synthesized by dehydration of the diacid or
mixture of diacids by melt polycondensation.

The dicarboxylic acid monomers are transformed to
mixed anhydride of acetic acid by reflux in intemperance
acetic anhydride. A polymer with high molecular weight is
prepared by the melt polycondensation of prepolymer in
vacuum and absence of nitrogen. Although polyanhydrides
were best to the drug delivery application but because of
their surface degradation/eroding properties, polyanhy-
drides have the low load bearing and mechanical proper-
ties, so it is not widely used in orthopedic implantation.

The young’s modulus is very low near 1.3 MPa, which
does not meet the modulus of human bone (40—400 MPa)
[54]. These polymer materials can be dissolved in the
common organic solvents such as chloroform and methy-
lene chloride and are extremely sensitive to aqueous
environments. To get the good mechanical properties
polyanhydride is copolymerized with polyimide with sur-
face erosion characteristics.

Poly (anhydride-co-imides) has been designed specially
for the orthopedic application, such as poly-[trimellityli-
midoglycinr-co-bis (carboxyphenoxy) hexane)] and poly-
pyromellitylimidoalanine-co-1,  6-bis  (carboph-enoxy)
hexane]. Poly (anhydride-e-imides) has the considerable
enhanced mechanical properties. Poly (anhydride-co-imi-
des) is established with succinic acid trimellitylimidogly-
cine and trimellitylimidoalanine. It has the compressive
strength in range of 50-60 Mpa. Laurencin et al. have also
studied the mechanical properties of poly (anhydride-co-
imide) as scaffold for bone tissue engineering application.
The osteocompatibility of these polymer materials was
examined via the rat tibial modal. It was shown that
untreated imperfections cured in 12 days. In comparison,
the imperfections treated with poly (anhydride-co-imides)
created endosteal bone growth on the 3rd day and formed
the bridges of cortical development bone around the
implanted matrices on the 30th day representing the
osteocompatibility of matrices [53].

For the orthopedic application photo cross-linkable,
polyanhydrides have also been developed predominantly
focusing on achieving good mechanical strength. The
material is based on dimethacrylated anhydrides. The
curing of macro monomer is achieved by ultraviolet (UV)
and visible light. Material degradation and mechanical
properties are based on the monomer choice. Injectable
photocrosslinked polyanhydrides can be used to renovate
the irregularly shaped bone imperfection or soft tissue
repairs. The degradation occurred by means of hydrolysis
of anhydride bonds, subsequently the hydrolysis of imide
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bonds of these copolymers. The hydrolytic degradation of
polyanhydride is nontoxic and composed of the diacid
molecules and water soluble linear methacrylicacid mole-
cules [58]. Thus, the main advantages of such scaffolds are
non-toxic, injectability, low degradation and high com-
patibility, and the various properties can be modified dur-
ing the fabrication and synthesizing of scaffolds.

Poly (orthoesters)

Poly (orthoesters) is an amorphous, hydrophobic, biode-
gradable polymer. The unique feature of poly (orthoesters)
is that, in addition to its surface wearing down mechanism,
the rate of degradation is PH sensitive. These kinds of poly
(orthoesters) which are PH sensitive are used in the
development of several drug delivery systems. There are
four different types of poly (orthoesters) have been
developed the structures of poly (orthoesters), which are
shown in Fig. 6. Poly (orthoesters) (POEI) is synthesized
by the transesterification between a diol and diethoxy tet-
rahydrofuran. During the hydrolysis of POEIIL, the
decomposed product is y-hydroxybutyric acid [59].

Poly (orthesters) has the property of hydrophobicity; it
can be easily dissolved in organic solvents together with
chloroform, methylene chloride, and dioxane. It is difficult
to remove the solvent in situation of solvent casting. These
polymer materials are not intrinsically disposed to the
degradation in the presence of water, while they can be
degraded in the presence of anhydrides, glycolic acid or
lactic acid. These polymer materials perform degradation
heterogeneously by the surface erosion. The mechanical
properties of poly (orthoesters) also vary over a wide range
by the selection of starting materials with different com-
positions and molecular weights. For example, the tripo-
lymerization of 3,9-bis(ethylidene 2.4,8,10-tetraoxaspiro
[5] with blend of the rigid diol CDM and the flexible diol
HD allows preparation of polymer material with controlled
glass transition temperature with varying levels of chain
elasticity [60].

Fig. 6 This shows different
structures of Poly (Ortho esters)

POE |

Poly (phosphazene)

The phonsphazene polymer constitutes family of greatly
diverse performance material. This polymer possesses
backbone of alternating nitrogen and phosphorous atoms.
Thus, this material has high molecular weight.

The different variety of substituents can be added to get
the precise controlled properties of the final products.
There are over 700 known phosphazene derivatives. The
synthesis of polyphosphazene from the cyclic precursor
hexachlorocyclotriphosphazene[(NPCI2)3] was attempted
by Stokes in 1895. But it was without success as the
polymer obtained was an insoluble cross-linked gel. The
first successful synthesis of polyphosphazene was reported
by Allcock and Kugel in 1965 by suspiciously controlling
the parameters for the thermal ring opening polymerization
of the precursor hexachlorocyclotriphosphazene. Primarily
polyphosphazene such as poly [bis (trifluoro ethoxy)
phosphazene] and poly[bis(aryloxy)phosphazene] devel-
oped biostability. Biodegradable polyphosphazene is syn-
thesized by the addition of certain side groups on the
phosphorous atoms which are sensitive to hydrolysis.
Polyphosphazene exhibits high blood compatibility and it
is studied as a material for blood connecting devices. It is
feasible to control the hydrolysis of polyphosphazene over
hours, days, months, or years by precise controlling the
species of side group’s substituents [60]. The decomposi-
tion products of this polymer were found to be the natural
and non toxic. Many of the initially developed poly-
phosphazenes were homopolymer materials where all the
phosphorous atoms in the polymer chain carried the same
type of organic substituents. Polyphosphazene is an
excellent polymer for drug delivery and tissue-engineering
applications [55]. Biodegradable polyphosphazene has the
prospective for bone tissue engineering. Due to its physical
and chemical properties of osteoconductive and non-haz-
ardous degradation byproducts, it has been widely inves-
tigated for this application by Laurencin et al. The
polyphosphazene of amino acid ester group is excellent
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biodegradable material. The degradation product of this
material is amino acid. The effects of different amino acid
ester pendent groups were investigated by the Allcock et al.
[61]. The Laurencin et al. investigated effect of relative
amount of mixed substituents in poly (ethyl glycinato)
(p-methyl phenoxy) phosphazene.

A matrix of amino acid ester polyphosphazene nano
fibers, with or without hydroxyapatite, has been developed.
That presents an open scaffold which favors the quick
proliferation of osteoblasts and the accelerated augment of
bone tissue. Poly phosphazene can be processed in electro
spinning, solvent casting particulate leaching, and emul-
sion freeze drying for the bone scaffold [62, 63]. Polyph-
osphazene is blended or copolymerized with the widely
used poly (lactic glycolic acid). These have been consid-
ered in order to consume the synergistic properties of these
two polymers. These produce near-neutral PH medium by
the hydrolyzing polyphosphazene assisting to neutralize
the acidic hydrolysis. PLGA delays the rate of hydrolysis
of the combined polymer. At the same time the PLGA puts
in strength to the polyphosphazene [56].

Natural polymer materials

Collagen, fibrin, hyaluronic acid, agrose, chitosan, based
alginate materials are used in the bone and cartilage tissue
engineering application, because of their excellent bio-
compatibility. Natural polymer materials serve as intrinsic
templates for cell attachment and growth. They could
stimulate an immune response at the same time. The
structures of the natural polymer materials are highly
organized and contain extra cellular substance, named
ligand that can be bound to cell receptors. Although they
are known as biocompatible but there are some disadvan-
tages of natural polymer materials such as deficiency in
bulk quantity, expansive, and difficulties in the process-
ability for scaffold in clinical applications. The degradation
rate of natural polymer materials varies from patient to
patient, because the degradation of natural polymer mate-
rials are depends upon enzyme which varies with patient to
patient.

Collagen

Collagen has been widely used for the regeneration of
tissues, mostly for the repair of soft tissues. Collagen
favors the cell adhesion and provides cellular recognition
for regulating cell attachment and function. Collagen may
guide to the concern of unfavorable immune response.
Collagen undergoes enzymatic degradation which occurs
in body via enzymes, such as collagenases and metallo-
proteinases, to yield the corresponding amino acids [64].
Due to their enzymatic degradation, unique physico-

chemical, mechanical, and biological properties are studied
in various applications. It can be processed in sheet, tubes
sponge’s foams, nano fibrous powders, fleeces, injectable
viscous solution, and dispersions. The degradation rate can
alter by various treatments. New spongy collagen matrix
containing oxidized cellulose has been recently introduced
in US and European market for treating exuding diabetic
and ulcer wounds [65, 66]. Degradable collagen sponges,
due to their excellent biocompatibility, and porous struc-
ture have been widely studied as scaffold material for
accelerated tissue reproduction. The composite of collagen
and hydroxyapatite and TCP (tri calcium phosphate) is
used as biodegradable synthetic bone graft replacement. It
is widely investigated as scaffold for musculoskeletal and
nervous tissue engineering. The pure collagen is expansive.
The drawbacks of collagen are its variable physical
chemical and degradation properties and the risk of infec-
tion and difficult to handle processing [67].

Albumin

Albumin is a protein which is in excess in blood plasma,
almost 50% of the total mass of the plasma. Albumin is a
water soluble protein. Human body has the ability to
degrade albumin. Because of its excellent blood compati-
bility, albumin is investigated as drug delivery.

Fibrin

Fibrin is a biopolymer similar to collagen which is
involved in the natural blood clotting process. Fibrin is
derived from fibrinogen and thrombin which is 362KDA
protein composed of three pairs of peptide chains. It is
always used as carrier for cells and in conjunction with
other scaffold materials. Fibrin is completely degradable
and injectable, but it has the disadvantage of poor
mechanical strength for articular cartilage tissue engi-
neering applications.

Polysaccharides

Polysaccharides are macromolecules produced from a large
number of monosaccharide units joined together by gly-
cosidic linkages. Polysaccharides have the unique property
of cell signals to immune. Polysaccharides are synthesized
oligosaccharide moieties. The biodegradability and ability
to fabricate appropriate structures make them one of the
most important and widely studied biomaterials [68].

Hyaluronic acid (HA)

HA is a member of the gylcosaminoglycan family, which is
linear polysaccharide consisting of alternating units of
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N-acetyl-D-glucosamine and glucuronic acid, being found
in virtually every tissue invertebrates [69, 70]. Because of
HA’s immunoneutrality and the tissue repair by promoting
mesenchymal and epithelial cell migration, differentiation
and enhancing collagen deposition and angiogenesis HA
can be used in irregular shaped defects and implanted with
minimal invasion. On the other hand, it has constrained
type of mechanical properties and applications.

Chondrotin sulfate(CS)

Chonodrotin sulfate is a major component of aggrecan, the
most abundant glycosaminoglycan found in the proteo-
glycans of articular cartilage [71]. Numerous studies have
investigated the effectiveness of using composite scaffolds
composed of CS and other biopolymer materials, such as
collagen or synthetic biodegradable polymer materials,
used as scaffolds for cartilage tissue engineering.

Chitosan

Chitosan is derived from chitin. It is a cationic linear
polysaccharide consisting of b (1-4) linked D-glucosamine
with randomly located N-acetylglucosamine groups
depending upon the degree of deacetylation of the polymer.
Chitosan has a high degree of biocompatibility in vivo.
Current investigation is conducted to evaluate the potential
of using injectable material based on chitosan and its
derivatives as a scaffold material for various tissue engi-
neering including cartilage, skin, and bone. Degradation of
chitosan is adjusted by residual amount of acetyl content
and degradation rate can occur swiftly in vivo. The
porosity of the chitosan scaffold can be controlled which
may influence on the mechanical properties [72, 73].

Alginic acid

Alginic acid is a kind of polysaccharide of non-human
origin. Alginate is a non-branched, binary copolymer of
(1-4) glycosidically linked b-D-mannuronic acid and
a-L-guluronic acid monomers. The high functionality of
alginic acid makes it a biocompatible material. It is widely
used as cell transplantation vehicles to grow new tissues as
well as wound dressing. The drawbacks of these polymer
materials are slow degradation, insufficient mechanical
integrity which make it impossible for long term implants.

All these natural polymer materials have their own
advantages such as available in abundance, biodegradable
and bioreabsorbable, non-toxic and biocompatible, synergic
with bioactive components. Generally naturally occurring
biomaterials may create the native cellular milieu, large
batch-to-batch variations upon separation from biological
tissues are the main restriction for their wide applications.

@ Springer

Poor mechanical strength is also a drawback for trans-
plantation scaffolds made from natural polymer materials,
such as collagen and chitin. These polymers cannot be
easily melted with heat but require a special solvent.
Because of these drawbacks, it is necessary to explore the
synthetic biodegradable polymer or blend of natural and
synthetic polymers, which gives better enhanced properties
for bone tissue engineering applications.

Composite material

Composite material is consisting of two or more material.
These materials behave together to get the better properties
of scaffold. Polymer/ceramics composite scaffolds are
imitation of natural bone. As we know, the natural bone is
made of HAP and organic collagen material. HAP has
better osteoconductivity. HAP, as the mineral part in the
formation of composites and collagen, gelatin, chitosan,
chitin, elastin, poly(methymethacrylate), poly(propylene
fumarate), polyphosphazenes, and poly(hydroxybutyrate),
poly(lactide-co-glycolide),(PCL, PLLA PGA), poly anhy-
dride, polyorthoester, it can be the matrix phase for the
bone replacement. Bioactive phases in the polymer com-
posite can also change the degradation behavior of the
polymer materials, by allowing rapid exchange of protons
in water for alkali in the glass in ceramics. This behavior is
providing the PH buffering effect at the polymer surface
transforming the acidic polymer degradation [74]. In
addition to bioactive, glasses increase the hydrophilicity
and water absorption of the hydrophobic polymer matrix
which cause the change in degradation kinetics. There are
different fabrication routes for the composite scaffolds with
their advantages and disadvantages, such as thermal
induced phase separation, solvent casting/particle leaching,
solid free form, micro sintering scaffold coating. Highly
porous polymer/ceramic composite scaffold appears to be a
promising substrate for the bone tissue engineering because
of its outstanding mechanical properties and osteoconduc-
tivity. Biodegradable polymer scaffold may provide a
number of benefits for bone tissue engineering; enhanced
environment for cell seeding, survival, growth, and dif-
ferentiate function because of the osteoconductive function
imparted by HAP, which increases mechanical properties
that are essential for load bearing [75, 76].

Blends

Polymeric material blends have been produced by combi-
nation of synthetic and natural, natural-natural and syn-
thetic—synthetic polymers in order to combine the good
mechanical characteristics, easy processability, and low
production and transformation costs of the former with the
specific tissue, and cell compatibility of the latter [77].
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Furthermore, blending synthetic and natural polymers
provide a control of the degradation rate of the system as
the degradation kinetics of a polymeric blend increases
with increasing the natural polymer amount, the blend
composition can be adjusted to make the scaffold degra-
dation rate match with the growth rate of the regenerating
tissue. There are many polymeric blends between natural
and synthetic polymers, such as polylactide/chitosan, PLA/
HA, PLG/geltin/elastin [58], poly(L-lactic acid)/starch,
PCL/starch, etc. Blending PCL with a suitable hydrophilic
natural polymer is retrieved to be a promising and easy
method to improve PCL biocompatibility [78]. Starch and
gellan are two suitable materials for the production of PCL
based blends for SLS (selective laser sintering) fabricated
tissue engineering scaffolds. PCL is a regulatory approved
biodegradable and biocompatible synthetic polymer with
good mechanical properties, degradation occurs through
hydrolysis of its ester bonds [79]. However degradation
rate of PCL is slow due to its hydrophobic and semicrys-
talline nature. Blend between PCL and starch has the better
mechanical properties and enzymatic degradation as com-
pared to the individual polymers. Synthetic/synthetic
blends of polymers developed to get the ease in process-
ability, mechanical and biocompatible properties and to
reduce the cost [80] as compared to the parent material.
Thus blends can be designed to enhance processability and
better properties to the tissue engineering applications.
Whereas there are some drawbacks such as having difficult
miscibility in blend formation and processability for scaf-
fold applications. Only few blends are used for the tissue
engineering application. Therefore further research is
needed in this field.

Summary

This review highlights the polymer materials used as in the
scaffold for the bone tissue engineering and emphasizes the
behavior and degradation criteria of biodegradable polymer
materials, the biodegradable and synthetic polymer mate-
rials and bioactive composite and their blends. A critical
evaluation in this article is peculiarly attractive as bone
tissue engineering scaffolds because of the biocompatibil-
ity, and having the tailor made composition and properties
corresponding to those of the host tissues and adjustable
biodegradation kinetics. A careful analysis of these studies
reveals the biodegradable scaffolds resorption/degradation
and mechanical properties of biodegradable polymer
materials are designed by the polymer scientists to meet the
specific requirement of different applications. The selection
of initiator and monomer during polymerization influences
the mechanical properties and molecular weight and mor-
phology effect on the degradation kinetics. Innovation in

the material sciences and synthetic organic chemistry and
the novel biotechnology makes the improvement of wide
variety of unique polymeric materials for application of
tissue engineering possible. The triumph of biodegradable
scaffolds for the regeneration as well as repair of muscu-
loskeletal tissues lies in our ability to tailor design and
processing or modify present biodegradable polymer
materials to get the desirable mechanical, physical, deg-
radation, and biocompatibility properties.
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