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and sebacic acid. PGS exhibits biocompatibility and biodegradability, both highly relevant
properties in biomedical applications. PGS also involves cost effective production with the
possibility of up scaling to industrial production. In addition, the mechanical properties
and degradation kinetics of PGS can be tailored to match the requirements of intended
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Poly(glycerol sebacate) applications by controlling curing time, curing temperature, reactants concentration and
Bioresorbable polymers the degree of acrylation in acrylated PGS. Because of the flexible and elastomeric nature of
Biocompatible PGS, its biomedical applications have mainly targeted soft tissue replacement and the engi-
Tissue engineering neering of soft tissues, such as cardiac muscle, blood, nerve, cartilage and retina. However,
PGS processing applications of PGS are being expanded to include drug delivery, tissue adhesive and hard

tissue (i.e., bone) regeneration. The design and fabrication of PGS based devices for appli-
cations that mimic native physiological conditions are also being pursued. Novel designs
range from accordion-like honeycomb structures for cardiac patches, gecko-like surfaces
for tissue adhesives to PGS (nano) fibers for extra cellular matrix (ECM) like constructs; new
design avenues are being investigated to meet the ever growing demand for replacement
tissues and organs. In less than a decade PGS has become a material of great scrutiny and
interest by the biomedical research community. In this review we consolidate the valuable
existing knowledge in the fields of synthesis, properties and biomedical applications of PGS
and PGS-related biomaterials and devices.
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1. Introduction

There is increasing need for sustainable medical ther-
apeutics to treat ailments and diseases compromising the
normal functions of the human body, or even for aesthetic
purposes. This need will escalate as the human population
continues to soar. To address the issue of sustainable med-
ical treatment, the biomedical sector relies on research on
biomedical materials involving the development of med-
ical devices targeted for numerous applications beyond
traditional implants and prostheses to include tissue
engineering and control drug delivery vehicles. Tissue engi-
neering has gained enormous interest as a means to restore,
maintain and improve tissue function, particularly in the
light of increasing demand for replacement tissues and
organs. In this context, biomaterials play a pivotal role
as the interaction between cells and biomaterials deter-
mine the success or failure of most tissue engineering
approaches [1,2].

Among a range of available biomaterials, polymers
represent materials of choice for numerous biomedical
applications. Biocompatibility is a key property of biomed-
ical polymers, i.e., the ability of the material to perform
with an appropriate host response without inflammation
of the surrounding tissues [1]. The nature of any degra-
dation products represents another important property
of polymers for tissue engineering, i.e., degradation prod-
ucts should be absorbed in the body and ultimately be
removed via natural metabolic processes (i.e., bioresorba-
bility). Depending on their origin, polymeric biomaterials
may be classified as either natural or synthetic. Owing
to their origin natural polymers may positively enhance
cell material interactions. However, this origin can poten-
tially induce dangerous immune reactions [2]. On the other
hand, with synthetic polymers, it is possible to produce
biomaterials with wide-ranging and reproducible proper-
ties by tailored variations of the components and synthetic
processes. Among the many synthetic and bioresorbable

polymeric biomaterials suitable for biomedical applica-
tions, one such family currently attracting attention is
poly(glycerol sebacate) (PGS). PGS is a chemically polymer,
first reported in 2002 in the context of tissue engineer-
ing as a tough biodegradable polyester synthesized for
soft tissue engineering [3]. PGS is relatively inexpensive,
exhibits thermoset elastomeric properties [4], and is biore-
sorbable, i.e., it can degrade and further resorb in vivo,
with the degradation products eliminated through natu-
ral pathways as it is the case with other polymers [5,6].
In addition, PGS maybe tailored to achieve mechanical
properties and degradation rates targeted to a particu-
lar application [3]. Owing to the positive attributes of
PGS, within the span of a decade PGS has been explored
for numerous biomedical applications, ranging from hard
to soft tissue engineering, controlled drug delivery and
tissue adhesives. As the research on PGS based medical
applications is expected to continue, this review seeks
to consolidate existing knowledge, encompassing synthe-
sis technologies, material properties and key biomedical
applications. Approaches for the modification of PGS and
avenues for future research are also discussed.

2. Synthesis of PGS

The synthesis of PGS involves consideration of five crite-
ria, dictated by the intended application [3]:

(1) The polymer must undergo hydrolytic degradation to
minimize the variation in degradation kinetics caused
by enzymatic degradation.

(2) Hydrolysable ester bonds should be incorporated in the
structure.

(3) A low degree of cross-linking should be present in the
polymeric chains.

(4) Crosslink chemical bonds need to be hydrolyzable and
identical to those in the backbone to minimize the pos-
sibility of heterogeneous degradation.
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Fig. 1. Reaction scheme for the chemical synthesis of poly(glycerol sebacate). Adapted from [3].

(5) Starting materials have to be nontoxic, at least one
should be trifunctional and at least one should provide
hydroxyl groups for hydrogen bonding.

The common starting materials chosen for PGS
synthesis are glycerol and sebacic acid. Glycerol
(CH,(OH)CH(OH)CH,0H) is a basic building block for
lipids which satisfies the design criteria mentioned above.
Similarly, sebacic acid (HOOC(CH )gsCOOH) is chosen as the
acid monomer from the toxicological and polymer chem-
istry standpoints. Sebacic acid is the natural metabolic
intermediate in w-oxidation of medium- to long-chain
fatty acids [3,7-10] and has been shown to be safe in vivo
[3,11]. The US Food and Drug Administration (FDA) has
approved glycerol to be used as humectant in foods, and
polymers containing sebacic acid, e.g., polifeprosan, have
been approved for medical applications such as in drug
delivery systems [3,4].

In the original investigation of Wang et al. [3] the
polymer synthesis was carried out in two steps: (1) pre
polycondensation step and (2) crosslinking. For the poly-
condensation process, equimolar mixtures (1 M) of glycerol
and sebacic acid werereacted at 120 °Cunder argon for24 h
before the pressure was reduced from 1 Torr to 40 mTorr
over 5h. For the crosslinking step the prepolycondensed
polymer (prepolymer) was further kept at 40 mTorr and
120°C for 48 h. The reaction scheme of the final synthesis
is shown in Fig. 1 [3].

This conventional method of a two-step synthesis via
prepolycondensation and crosslinking has been mainly
pursued for PGS synthesis. Although studies have been
carried out to modify the properties of PGS by changing
parameters such as the molar concentration of reactant
mixtures [4] and synthesis temperature [12], the syn-
thesis itself however, is normally carried out using the
conventional method described above. This conventional
method of PGS synthesis involves the use of rather harsh
conditions, e.g., temperature greater than 100 °C, and high
vacuum. It is therefore not possible to polymerize the
polymer in vivo and to introduce temperature sensitive
molecules [13]. Nijst et al. [13] used a photopolymerization
approach to address this limitation. The PGS prepolymer
was chemically modified by introducing reactive acrylate
moieties. This PGS with acrylate moieties, designated
poly(glycerol sebacate) acrylate (PGSA), was cured using
UV radiation in the presence of the photo-initiator

2-dimethoxy-2-phenylacetophenone  (DMPA).  Since
crosslinking of vinyl bonds in PGSA can occur via both
redox and photo-initiated free radical polymerization,
Ifkovits et al. [14] investigated both redox and photo
polymerization of PGSA. Using photopolymerization, the
polymer could be cured rapidly within minutes at ambient
temperature. This strategy drastically reduced the curing
time to few minutes from the 48 h typically required using
the conventional method. This approach also helped to
overcome the limitation of thermally processing PGS,
thereby increasing its processing and application possibil-
ities By controlling the incorporation of acrylate moieties
in the PGSA it was also possible to control the mechanical
properties of the final acrylated PGSA [13,14].

3. Properties

Understanding the properties of any biomaterial in
depth is the first step towards elucidating its potential for
possible applications. PGS has been subjected to numerous
studies to gain deeper understanding of its properties. The
following sections cover these aspects of the development
of PGS.

3.1. Physico-chemical properties of PGS

PGS is a transparent, almost colorless polyester. The
chemical structure of PGS is given in Fig. 1 [3]. FTIR analy-
sis carried out by Wang et al. [3] demonstrated that PGS
exhibits peaks at 2930cm~! and 2855cm~! for alkane
groups. An intense band at 1740 cm~! occurs due to C=0
stretching and at 1164 cm~! due to C—O stretching; these
are signature bands for ester linkages thus confirming
that the polymer is a polyester [3]. The structural inves-
tigation of the PGS prepolymer has also been done using
Nuclear Magnetic Resonance (NMR) spectroscopy [13].
Structurally, the hydroxyl groups attached to the carbon
backbone contribute to the hydrophilicity of the polymer
[3]. In fact, PGS has a water-in-air contact angle of 32°
which is almost equal to the 31.9° contact angle value for
flat 2.7 nm thick type I collagen films [3,15]. Carboxylic
groups present in the sebacic acid are involved in the for-
mation of the ester linkages during the crosslinking step.
The crosslinking density increases as the curing time and
curing temperature increase [16]. Jaafer et al. [17] reported
that when the curing time increases, the FTIR spectrum of
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Fig. 2. Tangent modulus (at 10% strain) values for PGS cylinders with
various processing parameters. Linear regression can be used to pre-
dict the modulus (70% power) from these two variables: modulus
(MPa)=3.607-1.410 x (ratio of glycerol:sebacic acid) b 0.60 x (vacuum
curing time in hours).

Data from [4].(2010) Reproduced with permission of John Wiley and Sons.

PGS shows a reduction in the carboxylic acid O-H bend at
1418 cm!. In addition, FTIR results show the reduction
in O—H stretch bands at 3300 cm~', signifying that acid
groups further react with alcohol groups in the mixture to
form ester bonds [17].

3.2. Mechanical properties

Tensile strength tests of PGS have shown that the mate-
rial exhibits nonlinear stress-strain behavior, which is
typical for soft elastomeric materials [3,16]. The typical
stress strain curves of PGS are similar to that of vul-
canized rubber. The elastomeric nature of the polymer
is due to the covalently crosslinked, three-dimensional
network of random coils with hydroxyl groups attached
to its backbone; both the crosslinking and the hydrogen
bonding interactions between the hydroxyl groups con-
tribute to its elastomeric properties [3,18]. For example,
PGS materials have average tensile Young’s modulus in
the range 0.0250-1.2 MPa, the ultimate tensile strength is
>0.5 MPa and strain to failure greater than 330% [3,16,19].
The Young’s modulus of PGS is between that of ligaments
(kPa range) [20,21] and the myocardium of the human
heart, which ranges between 0.02 and 0.5 MPa, and its max-
imum elongation is similar to that of arteries and veins, up
to 260% [22].

The mechanical properties of PGS may be tailored
by altering three processing parameters: (1) curing tem-
perature, (2) molar ratio of glycerol to sebacic acid
and (3) curing time [4,16,23]. In 2008, Chen et al. [16]
demonstrated the influence of curing temperature on the
mechanical properties of PGS, recording Young’s modu-
lus values of 0.056 MPa, 0.22 MPa and 1.2 MPa for curing
temperatures of 110°C, 120°C and 130°C, respectively.
More recently, Kemppainen and Hollister [4] revealed the
effect of altering the molar ratio of glycerol to sebacic
acid and curing time on the mechanical properties of
PGS. The results of the study are presented in Fig. 2

where an increase in the glycerol molar ratio is seen to
decrease the tangent modulus and vice versa. In addi-
tion, the tangent modulus increases with increasing curing
time.

The acrylate groups in PGSA facilitate an additional level
of control [13]. This is because the number of acrylate moi-
eties in PGSA dictates the concentration of cross-links in
the resulting network, thereby influencing its mechanical
properties [14]. The Young’'s modulus and ultimate tensile
strength of photocured PGSA were linearly proportional
to the degree of acryalation (DA). The Young’s modulus of
photocured PGSA varied between 0.05 MPa (DA=0.17) and
1.38 MPa (DA=0.54), and the ultimate strength between
0.05 and 0.50 MPa [13].

It has been also shown that PGS films exhibit stable
mechanical properties, varying slightly when a cycling
load was applied due to a stress softening process [24].
The stiffness of the film was shown to drop ~3% after
the first two cycles, with an overall drop after 10 cycles
of 5, 7, 9 and 14% for PGS containing 0, 5, 10 and
15 wt% Bioglass®, respectively [24]. Thus, PGS is a flex-
ible elastomeric material, with the ability to undergo
large reversible deformation with almost complete recov-
ery in mechanically dynamic environments. This property
makes PGS particularly attractive for soft tissue engineer-
ing applications. Also the flexible nature of the polymer
makes it suitable for applications in difficult contours
of the body, for which hard brittle polymers cannot be
utilized.

3.3. Thermal properties

PGS is a partially semicrystalline polymer and therefore
its thermal properties depend on the temperature rela-
tive to the glass to rubber transition temperature Tg of the
amorphous phase and the melting temperature T, of the
crystalline phase. An early investigation on the thermal
properties of PGS by Wang et al. [3] revealed two crys-
tallization temperatures at —52.14°C and —18.50°C, and
two melting temperatures at 5.23 °C and 37.62 °C. No glass
transition temperature was observed above —80 °C, which
was the lower detection limit of the instrument used in
the study. DSC results indicate that the polymer is totally
amorphous at 37 °C. Therefore, as with a vulcanized rub-
ber, a PGS elastomer is a thermoset polymer [3]. In a study
carried out by Cai and Liu [25] the PGS network exhib-
ited a Tg at —37.02°C and an additional broad melting
transition at temperatures ranging from —20°C to 40°C.
It also confirmed the observation made earlier by Wang
et al. [3] that the polymer at 37°C is totally amorphous.
An important feature of the study of Cai and Liu [25] is
the investigation of the shape memory behavior of PGS.
The shape-memory effect was examined by a bending test
as follows: a straight strip of the specimen was folded at
room temperature, and then cooled to preserve the defor-
mation. The deformed sample was then heated again at a
fixed temperature, and the changes in shape with temper-
ature were recorded (Fig. 3). The studies revealed that the
three-dimensional network of PGS acted as the fixed phase
and the amorphous phase acted as the reversible phase
[25].
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Fig. 3. Photographs showing the shape memory effect of PGS (recovery temperature 18 °C).
From Ref. [25]. (2008) Reproduced with permission of Elsevier.

3.4. Crystallinity and morphology

It is usually considered that the large and irregular pen-
dant side groups present in polymers with long carbon
backbone, inhibit close packing of the polymer chains in
a regular three-dimensional fashion to form a crystalline
array, thus resulting in their low crystallinity [26,27]. As
mentioned above, thermal studies of PGS have revealed
that it is a semi-crystalline polymer being, completely
amorphous above 37 °C. Broad halos typical for amorphous
polymers are observed in X-ray diffraction (XRD) stud-
ies on PGS [16]. Jaafer et al. [17] demonstrated that the
degree of crystallization of PGS decreases significantly with
increasing curing time and temperature, as revealed by DSC
spectra. Fig. 4 shows the narrowing of the transition region,
reduction in peaks magnitude and a general shift of the
peaks towards lower temperatures as the curing tempera-
ture and time increase [17].

3.5. Degradation behavior

The degradation behavior of any material is an
important characteristic, having profound impact on its

applications, especially relevant for biomedical applica-
tions. Degradation is often a progressive event affecting the
materials physiochemical properties over time. Combined
with the mechanism of degradation, its kinetics and the
possible toxicity of degradation products collectively affect
the material’s application potential. A number of stud-
ies have been carried out to understand the degradation
of PGS both in vitro and under in vivo conditions [3,28].
It is now well established that PGS undergoes surface
degradation; the main mechanism of degradation being
cleavage of the ester linkages. Unlike bulk degradation
mechanisms, for which the mechanical strength decreases
well in advance of mass loss, thereby altering the geom-
etry (shape and volume) of the polymer, in PGS, which
undergoes surface degradation, slow loss of mechanical
strength (tensile properties), relative to mass loss (per
unit original area) occurs. As the mass loss changes lin-
early with time, detectable swelling and better retention of
geometry are observed (Fig. 5) [3,17,29]. PGS degradation
studies have demonstrated that it is difficult to correlate
the in vitro the in vivo degradation behavior of PGS [3].
PGS exhibits an accelerated rate of degradation in vivo rel-
ative to that under in vitro conditions. For example, PGS
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From Ref. [17]. Reproduced with permission of Springer.

subcutaneously implanted in Sprague-Dawley rats was
completely absorbed without granulation or formation of
scar tissue [3]. Moreover the implantation site was restored
to its normal histological architecture within 60 days [3].
On the other hand, under in vitro degradation condition at
37°Cin PBS the PGS film lost only 17.6% of its dry weight on
day 60 [3]. Although it has been seen that the degradation
rate of PGS in vitro cannot be correlated in vivo however,
it may be noted that Liang et al. [30] found that the rate

100 '.10032
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£ 60 {60 §
8 40f .4o§
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Fig. 5. In vivo degradation of PGS implants up to 35 days in young adult
female Sprague-Dawley rats. Changes in mass (OJ); mechanical strength
(x); water content (O). Steady almost linear changes of PGS implant prop-
erties upon degradation observed.

Data from [29]. Reproduced with permission of John Wiley and Sons.

of in vitro degradation of PGS sheets crosslinked at 125°C
for 2 or 7 days were 0.6-0.9 or 0.2-0.6 mm/month, respec-
tively, in the culture medium, which is in the range of in vivo
degradation rates (0.2-1.5 mm/month) of PGS.

The degradation kinetics of PGS can be controlled by
varying processing parameters such as the curing time
and temperature. Chen et al. [16] tailored the degrada-
tion of PGS to match the recovery kinetics of heart tissue.
The degradation kinetics of PGS synthesized at 110°C was
faster than that of PGS synthesized at 120°C, while PGS
synthesized at 130°C showed no evidence of degrada-
tion. These studies were carried out in vitro (in PBS and
Knockout™ EMEM media).

3.6. Biocompatibility

The biocompatibility of PGS stems from the intrinsic
biocompatibility of the starting reactants used in its syn-
thesis. Gylcerol is the basic building block for lipids whereas
sebacic acid is the natural metabolic intermediate in w-
oxidation of medium to long term fatty acids [3,9,11,12].
Hence the degradation products of PGS are often naturally
metabolized in the body. Also, gylcerol and copolymers
containing sebacic acid have been approved by the FDA
for use in medical applications [3,8]. In addition, no cat-
alysts or additives are used in the PGS synthesis process,
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which avoids possible toxic effects in biomedical applica-
tions [31]. Last, as for any biomaterial, the biocompatibility
of PGS is dependent on factors such as themorphology,
surface porosity, density, surface hydrophilicity, surface
energy and chemistry of the material, the environment
whereitisincorporated and the material degradation prod-
ucts [2,32,33].

Preliminary in vitro and in vivo biocompatibility test
results have indicated that PGS is a suitable candidate
material for several soft-tissue engineering applications
[3,19,34-36]. Wang et al. [3] investigated the in vitro cell
response to PGS coated glass Petri dishes seeded with NIH
3T3 fibroblast cells; as control PLGA coated dishes were
used. PLGA was selected as the control since it is frequently
used in tissue engineering applications and its resorption
time matches that of PGS. Normal morphology and higher
cell growth rate for PGS were observed compared to the
PLGA sample, for which clusters formed and most of the
attached cells adopted a long, thin, threadlike morphology,
as tested by an MMT assay.

The in vivo test with Sprague-Dawley rats showed
that the inflammatory response of PGS is similar to that
of PLGA, but unlike PLGA, PGS induced little, if any,
fibrous capsule formation [3]. Sundback et al. [19] inves-
tigated the inflammatory response of PGS and PLGA as
assessed by the recruitment of lymphocytes, ED1 (marker
for macrophages) and fibrotic tissue thickness. The lym-
phocytic and fibrotic reactions were mostly driven by
the material degradation kinetics. As the PGS degradation
behavior is based on surface erosion, the lymphocytic infil-
trate level and the fibrotic zone thickness were seen to
gradually decay throughout the implantation period. How-
ever PLGA was seen to undergo bulk degradation with
significant swelling followed by rapid mass loss. This mass
loss was shown to induce a tissue response spike; both the
lymphocytic infiltration level and the fibrotic zone thick-
ness increased significantly [19].

In tissue engineering, it is important that the cel-
lular behavior affected by the degradation products of
the biomaterial scaffold be considered for a comprehen-
sive biocompatibility evaluation of the polymer used. To
this end, assessment was also done on the cytotoxic
effect of the degradation products of the polymers [19].
Schwann cells were exposed to PGS and PLGA extracts. The
MTS tetrazolium cytotoxicity assay showed that Schwann
cells cultured in both PGS and PLGA extracts had similar
metabolic rates and they showed no cytotoxic effects in
contact with the polymers [19].

A number of approaches are being used to increase the
biocompatibility of biomaterials, such as surface treatment
with NaOH, enzyme treatment, grafting of hydrophilic
groups and coating of the polymeric surface with a bio-
compatible compound [37]. Therefore studies could also
be carried out to translate these approaches to increase
the biocompatibility of PGS. Studies on improving the bio-
compatibility of PGS have indeed been carried out and are
mainly based on coating PGS surfaces with biocompati-
ble molecules such as laminin, fibronectin, fibrin, collagen
types I/III, or elastin [38]. As these molecules are natural
components of the cellular environment, coating with such
molecules will provide an additional impetus for improving

the material-cell interactions and should expand the appli-
cation potential of PGS.

4. Applications of PGS in medical applications

As described above, PGS is a remarkable polymer with
attractive properties for biomedical applications primar-
ily focused on soft tissue engineering applications such
as cardiac muscle, vascular tissue engineering, cartilage,
nerve conduits, retina, and tympanic membrane perfo-
rations. However, its medical applications are expanding
further to include also targeted drug delivery and tissue
adhesives. These applications are discussed in this section.
The properties of PGS together with those of other bioma-
terials used in various medical applications included for
comparison purposes are compiled in Table 1.

4.1. Tissue engineering applications

Tissue engineering is a multi-disciplinary field inte-
grating cell biology, materials science, and surgical
reconstruction, to provide living engineering constructs
that restore, maintain, or improve tissue and organ function
[51,52]. PGS is increasingly being used to develop scaf-
folds or matrices as cell delivery vehicles in a variety of
tissue engineering approaches. The scaffold must be bio-
compatible, provide a conducive surface for the cells to
adhere, must be able to guide and organize the cells in the
required manner and must support cell growth, whereby
cells should be maintained in a viable state by effective dif-
fusion of nutrients and release of waste. Once new tissue
is formed, the scaffold must degrade in a controlled man-
ner and the degradation products must be non-toxic and
well tolerated in the body [51]. Since many soft tissues
in the body have elastomeric properties, successful tissue
engineering usually requires the development of compliant
(elastomeric) bioresorbable materials that can sustain and
recover from prior deformations without adversely affect-
ing the surrounding tissues; PGS is thus a material of choice
in the context of soft tissue regeneration.

4.1.1. Cardiac tissue engineering

Cardiovascular diseases (CVDs) are the number one
cause of death globally [53]. By 2030, almost 23.6 million
people will die from CVDs, mainly from heart disease and
stroke. These are projected to remain the single leading
cause of death [53]. Myocardial infarction (or heart attack)
is one of the major causes of death in patients suffering
from CVD [53].

In post myocardial infarction, the heart undergoes a
three-step healing process characterized by inflamma-
tory, proliferative and maturation phases [54]. During
this period, the matrix metalloproteases (MMPs) are
activated, which degrades the extracellular matrix, result-
ing in myocyte slippage [55,56]. Progressive remodeling
of the myocardium to a non-contractile fibrous scars
tissue occurs, which leads to increased wall stress in
the remaining viable myocardium. This process, results
in a sequence of molecular, cellular, and physiological
responses that lead to LV dilation and ultimately to the
end stages of heart failure or congestive heart failure (CHF)



Table 1
Compilation of relevant properties of various polyester-based biomaterials (natural and synthetic) used in biomedical applications.?
Polymer Origin Polymer type Young’s modulus Tensile strength Tm (°C) Ty (°C)  Degradation Degradation time Application area Reference
(EorT) (MPa) mechanism-hydrolysis
PGA Synthetic T 7-10GPa 70 225 36 Surface Faster degradation; Hard and soft [39,40]
6 months in vivo tissue engineering;
drug delivery
PLGA fibers Synthetic T 40.4-134.5 MPa 2.1-2.6 159.75 59.25 Bulk 32% weight loss Hard and soft [41,42]
observed at 5 tissue engineering;
weeks in vitro drug delivery
PLLA or PDLLA Synthetic T 1-4GPa 30-80 1824 65.1 Surface Slow degradation, Hard and soft [43-45]
at least 4 years tissue engineering;
in vivo drug delivery
PCL Synthetic T 343.9-364.3 MPa 10.5-16.1 59 to -60 Surface Slow degradation Drug delivery, hard [46-48]
64 of up to 4 years in tissue engineering.
certain conditions ~ Composites of PGS
in vivo for soft tissue
engineering
Absolute homopolymer  Natural E 1-1.2MPa 1.8 46.60 —35.55 Surface No data available Soft tissue [37]
of P(3HO) for in vivo engineering,
degradation wound dressing
P(3HB) Natural T 3.5GPa 43 169 1.9 Surface 24-30 months Bone tissue [49,50]
in vivo engineering, drug
delivery and
biomedical devices
PGS Synthetic E 0.04-1.2MPa 0.20-0.5 -254 6 Surface 60 days in vivo Soft tissue [3,16]

engineering, drug
delivery, tissue
adhesive

@ T=thermoplastic; E=elastomeric; Ty =melting temperature; Tg=glass transition temperature; PCL=poly(e-caprolactone); PGA=polyglycolic acid; PGS=poly(glycerol sebacate); P(3HO)=poly(3-
hydroxyoctanoate); P(3HB) = poly(3-hydroxybutyrate); PLGA = poly(lactic-co-glycolic acid) orpoly(lactic-co-glycolic acid); PLLA = poly(L-lactide acid).
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[56,57]. Current available treatments for CHF are heart
transplantation and the use of ventricular assist devices
(VADs). However, these treatments are besieged with acute
problems of donor heart scarcity and high VAD cost. In this
context, cardiac tissue engineering approaches are increas-
ingly of interest in the search for treatments for infarcted
myocardium. Various aspects of cardiac tissue engineering
may be found in the comprehensive reviews of Radisic and
Novakovic [58], Chiu et al. [54] and Leor et al. [59].

PGS has attracted increasing attention as a suit-
able material for myocardial tissue engineering
[16,28,33,60-63]. Most of the studies in this field have
centered on the development of PGS based cardiac patches
(Fig. 6) [16,28,33,60,61,64]. The aim of the tissue engi-
neered cardiac patch is to deliver healthy cardiac cells onto
the infarct region and provide left ventricular restrain i.e.
mechanical support to the left ventricle,

For the successful development of a cardiac patch, it is
important to match the mechanical properties of the matrix
or scaffold material with that of the native myocardium. As
mentioned above, Chen et al. [16] studied the effect of tem-
perature control in PGS synthesis as an approach to produce
PGS with varying stiffness. The study demonstrated that
the stiffness of PGS films synthesized at temperatures in the
range 110-130°C varied from several tens kPa to ~1 MPa,
which covers the range of the passive stiffness of the heart
muscle. Although PGS films were non porous [16], many
studies have also been carried out on porous PGS scaffolds
to tailor the mechanical properties matching that of the
native heart [65]. Matching the stiffness of the PGS sub-
strate to that of the cardiac muscle becomes particularly
important as the substrate stiffness can have an effect on
the phenotype of heart cells and on their functional prop-
erties [66].

Native myocardium is composed of cardiomyocytes,
cardiac fibroblasts (CFs) and endothelial cells [54]. Car-
diomyocytes are aligned in parallel to the heart wall and are
the most physically energetic cells in the body, contracting
more than 3 billion times in an average human lifespan
and pumping over 7000 L of blood per day along 100, 0000
miles of blood vessels [58]. CFs contributes to the struc-
tural, biochemical, mechanical, and electrical properties of
the myocardium. It also secretes regulatory and extracel-
lular matrix (ECM) molecules, and couple gap junctions;
all these have an effect on the cardiomyocytes behaviour
[61,67-71]. The interaction between cardiomyocytes and
CFs also affects the composition of the ECM. Studies have
therefore also been carried out to understand the inter-
action of PGS with cardiomyocytes and CFs both in vitro
and in vivo to assess if PGS films could be successfully inte-
grated with such biological cues like cells and signaling
molecules [28,61,64]. Furthermore, in vitro studies have
provided valuable insights about the materials interaction
in vivo. In this respect, an important study demonstrated
that PGS films were able to support beating cardiomyocytes
derived from hESC for up to 3 months without interrup-
tion. No significant difference was observed in the beating
rates of the cardiomyocytes on the tissue culture plate, pre-
conditioned PGS (immersed in DMEM medium for 6 days
prior cell seeding) without any gelatin coating and gelatin
coated PGS films [28]. This study, therefore demonstrated,

that only preconditioned PGS surface without any gelatin
coating, could provide desired attachment of the seeded
cardiomyocytes, i.e. being able to retain healthy beating
cells before implantation, to support the cells during sur-
gical handling as well as to enable subsequent detachment
of the cells from the surface [28].

It has been observed that CFs play an important role in
the remodeling of engineered cardiac tissue [72]. There-
fore pretreatment of PGS with fibroblasts has been carried
out by Radisc et al. [61] to improve the properties of
the engineered cardiac tissue by creating an environment
to support cardiomyocytes attachment, differentiation
and contractility. The study demonstrated that CFs could
recover from the isolation procedure and remodel the poly-
meric scaffolds by depositing components of ECM and
secrete soluble factors when seeded at low density during
scaffold pre-treatment. Thus, the scaffold was conditioned
to provide a native-like ventricular environment and sup-
port tissue assembly when the myocytes were added.
Invivo studies using rat models have been carried out using
acellular PGS constructs. When implanted a scaffold over
the infarcted myocardium in a nude rat model, the scaffold
remained in the ventricular wall after 2 weeks in vitro. It
was also observed that the scaffold was vascularized (Fig. 7)
[61].

Biomimetic approaches with PGS as a matrix have also
been carried out to find solutions for myocardial tissue
engineering (MTE) [33,64]. Cardiomyocytes have high oxy-
gen demand, rely on unobstructed oxygen supply and are
physiologically embedded in a delicate capillary network
[73]. In a study carried out to mimic this scenario, scaf-
folds were fabricated to provide an in vivo like oxygen
supply to the cells in PGS constructs consisting of a cell
population of both myocytes and nonmyocytes (fibrob-
lasts) [64]. To mimic the capillary network, a highly porous
PGS scaffold fabricated using salt leaching technique was
used in which parallel arrays of channels of 377 +£52 pm
in diameter were introduced [64]. To mimic the role of
hemoglobin, the channel array was perfused with a cul-
ture medium at a flow velocity of ~500 wm/s (comparable
to that of blood flow in native heart), supplemented with
a synthetic oxygen carrier (oxygen™, perfluorocarbon
emulsion). Constructs perfused with unsupplemented cul-
ture medium served as controls. The results showed that
the constructs cultivated in the presence of perfluoro-
carbon (PFC) contained higher amounts of DNA, cardiac
markers (troponin I, connexion-43) and exhibited signif-
icantly better contractile properties, as compared to the
control constructs. Electron microscopy revealed that cells
were present on both the channel surfaces and within the
constructs of both groups [64].

The shear stress resulting from the circulating blood
flow can have an effect on cells, hence in native
myocardium the CMs are shielded from direct contact with
blood by endothelial cells [63]. Low values of shear stress
due to the circulating blood flow may induce phenotypic
changes in cardiac cells, including elongation. However,
higher values of shear stresses (e.g., >2.4 dyncm—2) [63,74]
have been shown to have detrimental effects on cardiac
cells, inducing cell death and apoptosis [63]. When exposed
to excessive shear stress, CMs were seen to round-up and
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Fig. 6. Tissue engineering approach for the development of PGS (matrix material) based cardiac patch.

Adapted from [56].

show signs of dedifferentiation [62,63,70,71]. Therefore, in
another investigation by the same group [63] studies were
carried out to find the optimal flow rate in perfusion to
control oxygen supply and shear stress. A mathematical
model was developed to determine the optimal channel
spacing in the PGS scaffold, and the flow rate that would
result in optimal oxygen concentration in the entire tissue
space. This model was not only useful for studies involving
channeled PGS scaffolds perfused with a PFC emulsion sup-
plemented by a culture medium, but could also be extended
to scaffolds perfused with pure culture medium [63].

Cardiac muscle fibers are highly branched and hier-
archically surrounded and embedded in a 3D collagen
network comprising distinct endomysial [75], perimysial
[76] and epimysial levels of organization that resemble
a honeycomb network [77]. This collagen architecture
maintains the spatial registration of heart cells to enable
cardiomyocyte contraction during systole while also pro-
tecting the cells from over-extension during diastole,
thereby contributing to the robust, elastomeric material
properties required for cardiac pump function [76,77].
This complex structure imparts cardiac anisotropy, i.e.,

Fig. 7. Interactions between PGS scaffold and in vivo environment: implantation in a rat heart infarction model. According to results of Radisc et al. [61] (A)
Implantation of the elastomer scaffold in a nude rat after induction of myocardial infarction by occlusion of the left anterior descending coronary artery. The
scaffold (1 cm diameter x 1.5-mm thick disc) was sutured over the entire infarct bed (arrow). (B and C) Macroscopic view of the area at 2 weeks following
implantation. (D) Cross-sectional view of the graft-host interface at 2 weeks (Mason'’s trichrome staining, collagen stains blue). Note excellent integration
between the graft (arrows) and host (stars). (E) Higher magnification view of image D. Note the formation of multiple blood vessels within the graft, which
were connected to the native circulation as evidenced by the presence of intraluminal red blood cells. Scale bars: 0.5 mm (D), 100 wm (E).

From Ref. [61] Reproduced with permission of John Wiley and Sons.
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direction-dependent electrical and mechanical properties
[33,73,77]. Accordingly, PGS scaffolds have been fabricated
with accordion-like honeycomb (ALH) structure to mimic
the native human myocardium [33]. These constructs
exhibit anisotropic properties to promote parallel heart
cell alignment. The ALH scaffold was microfabricated using
excimer laser microablation technique in which modifica-
tion of PGS to integrate a preferred (anisotropic) plane of
flexibility into the scaffold material was carried out [33].
The scaffold seeded with neonatal heart cells demonstrated
preferential heart cell alignment within 2 week of cul-
ture. During this period the scaffold was also able to retain
anisotropic mechanical properties and withstand in vitro
fatigue loading mimicking the dynamic physiologic epicar-
dial strains. Mechanical properties similar to those of native
rat right ventricular myocardium were also achieved after
optimization of the polymer curing time [33]. Recently,
Jean and Engelmayr [60] carried out finite element (FE)
simulations and a homogenization approach to predict
the anisotropic effective stiffness of the ALH PGS scaffold.
This study showed that the FE model could be useful in
designing variations in the ALH pore geometry that would
then simultaneously provide proper cardiac anisotropy and
reduced stiffness to enhance heart cell mediated contrac-
tility [60]. In another study the ALH structure was further
exploited in combination with an additional porous layer
[65]. A multi-layered PGS scaffold with controlled pore
microarchitecture was fabricated, combined with heart
cells, and cultured with perfusion to engineer contrac-
tile cardiac muscle constructs. In this construct design,
one-layered (1L) scaffolds with accordion-like honeycomb
shaped pores and elastomeric mechanical properties were
fabricated by laser microablation of PGS membranes. Then,
two layered (2L) scaffolds with fully interconnected three
dimensional pore networks were fabricated by oxygen
plasma treatment of 1L scaffolds followed by stacking
with off-set laminae to produce a tightly bonded com-
posite. When seeded with cardiomyocytes isolated from
1 to 3 days old neonatal Sprague Dawley rats, the 3D
pore microarchitecture allowed cells to be readily seeded
throughout its full thickness [65]. The porosity also allowed
mass transport to and from centrally located cells by inter-
stitial perfusion. The 1L and 2L scaffolds were mechanically
stable over 7 days of culture with the heart cells under
static and perfusion conditions. The laser-microablated
PGS scaffolds exhibited effective stiffness ranging from
220 to 290kPa. The ultimate tensile strength and strain-
to-failure were higher than those of normal adult rat left
ventricular myocardium. When subjected to electrical field
stimulation the 7-day constructs contracted in response to
the signals. Excitation thresholds were unaffected by scaf-
fold scale-up from 1L to 2L. The 2L constructs exhibited
reduced apoptosis, increased expression of connexin-43
(Cx-43) and matrix metalloprotease-2 (MMP-2) genes, and
increased Cx-43 and cardiac troponin-I proteins when cul-
tured with perfusion as compared to static controls [65].
Electrospinning, a convenient processing method to
fabricate scaffolds mimicking native cardiac extracellu-
lar organization, has also been investigated using PGS.
Ravichandran et al. [78] prepared PGS/gelatin core shell
fibers by electrospinning to develop cardiac patches.

Gelatin fibers were also electrospun for comparison. When
subjected to mechanical evaluation, the PGS/gelatin fibers
showed a Young’s modulus value of 6 MPa and elonga-
tion at break of 61%. The contact angle value for the
fibers was 7°. Cell-material interaction was assessed by
seeding the electrospun fibers seeded with a coculture of
mesenchymal stem cells (MSCs) and cardiomyocytes. Cell-
scaffold interactions analyzed by cell proliferation, analysis
of the expression marker proteins like actinin, troponin-T
and platelet endothelial cell adhesion and cell morphol-
ogy all revealed that the fabricated scaffolds possessed
good biocompatibility, demonstrating the potential of spun
PGS/gelatin core shell fibers with dual population of MSCs
and cardiomyocytes for cardiac patch applications [78].

As the dynamic in vivo and in vitro environment dif-
fer, it is critical to assess the performance of any scaffold
material in vivo, which ideally must be monitored seri-
ally and noninvasively [79]. Pertaining to this, Stuckey
et al. [79] used magnetic resonance imaging to evaluate
the in vivo performance of three patches made of PGS,
poly(ethyleneterephathalate)/dimer fatty acid (PED) and
TiO, reinforced PED (PED-TiO,) grafted onto infarcted rat
hearts. Patch free rat infarcted heart was used as a con-
trol. The results showed rapid in vivo degradation of PGS
in comparison with its degradation in vitro. However, the
PGS patch mechanically compatible with the rat heart was
found to be successful in reducing hypertrophy, giving
it potential for limiting excessive postinfarct remodeling
[79].

4.1.2. Vascular tissue engineering

A number of studies have been carried out investigat-
ing the application of PGS for vascular tissue engineering.
These investigation included the development of tubu-
lar based PGS constructs for engineering of blood vessels
[80,81], the study of material cell interactions [35,82], the
evaluation of the physiologic compliance of PGS based arte-
rial constructs [34] and its hemocompatibility assessment
[83]. Tubular PGS scaffolds were first created by Gao et al.
[80], using an outer Teflon model with an inner sacrifi-
cial mandrel composed of paraffin wax. During scaffold
preparation this inner space was filled with salt particles
of 75-150 pm. The salt was fused at 37 °C and 88% relative
humidity for 8 h following which the resultant salt tem-
plate was dried. PGS dissolved in tetrahydrofuran (THF)
was then introduced into this salt template. After the evap-
oration of the solvent the mandrel and the paraffin were
removed. The PGS was cured and the salt particles leached
out. The resultant tubular structure obtained had an inter-
nal diameter of 5 mm, wall thickness of 1 mm and a length
60 mm. The scaffold was approximately 95% porous with
interconnected pores (75-150 wm) and a large fraction of
micropores (5-20 pm) [80]. The fabrication of PGS tubular
structures was further improved by another study of Crapo
et al. [81]. In this study tubular scaffolds were prepared
using three different types of mandrels. Scaffold type I used
a paraffin mandrel, scaffold type Il used arigid polytetraflu-
oroethylene (PTFE) mandrel and scaffold type III used a
heat shrinkable (HS) mandrel. The heat shrinkable mandrel
sleeve, made of food-grade acrylatedpoly(olefin) (outer
diameter (OD) 5.28 mm, and inner diameter (ID) 4.76 mm)
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[4], was placed around a stainless steel rod encased by
PTFE tubing to further reduce scaffold defects by reducing
salt template disruption and adhesion to the mandrels. The
scaffold fabrication process using the type Il molds and HS
mandrels was similar to the other fabrication processes,
with two additional steps. After drying the salt template
the poly(olefin) sleeve was removed by shrinking it onto
a metal rod at120°C (<5min) and cooling the salt tem-
plate to 20°C before obtaining the final scaffold. Scaffolds
fabricated with the heat-shrinkable mandrel had higher
yield, fewer defects, more homogeneous wall thickness and
microstructure, and higher porosity. These interconnected
micropores should facilitate good cell-to-cell interaction
and mass transport. When seeded with smooth muscle
cells in a bioreactor, the optimized scaffold retained 74%
of cells, which proliferated and formed a confluent cellular
layer after 21 days of in vitro culture [81].

Endothelial cells (ECs) and smooth muscle cells (SMCs)
play a pivotal role in vascular tissue engineering. ECs form
a nonthrombogenic lining in the lumen of the vessel and
SMCs form the vasoresponsive medial layer that bears
the majority of the circumferential load. The interactions
between ECs and SMCs are critical for the proper func-
tion of blood vessels. Endothelial progenitor cells (EPCs)
play a critical role in blood vessel formation, differentiating
into ECs, and most likely SMCs as well. The interaction of
baboon endothelial progenitor cells (BaEPCs) and baboon
smooth muscle cells (BaSMCs) cultured on PGS films and
PGS constructs has been also investigated [35]. Cytocom-
patibility studies showed that PGS scaffolds and films
provided a compatible surface for attachment and prolif-
eration. Histological evaluations indicated that the BaSMCs
were distributed throughout the scaffolds and synthesized
extracellular matrix. In fact the biocompatibility of the
seeded cells on PGS was similar to that observed on the
tissue culture plate control. Typical normal cobblestone
morphology by BaEPCs and spindle shaped by BaSMCs were
observed under phase contrast microscopy. Immuofluo-
rescent staining revealed that von Willebrand factor and
a-smooth muscle actin were expressed by BaEPCs and
BaSMCs, respectively [35].

Compliance mismatch is a significant challenge to
long-term patency (the condition of being open) in
small-diameter bypass grafts because it causes intimal
hyperplasia and ultimately graft occlusion [34]. Recently,
Crapo and Wang [34] engineered small arteries using
elastomeric polymers PGS and PLGA under dynamic
mechanical stimulation to produce strong and compliant
arterial constructs. The final polymer constructs had thick-
ness of 282+ 18 um for PGS and 290+ 17 pm for PLGA,
respectively. Similarly, porosity was 84.6 +0.6% for PGS
scaffolds and 84.2 +0.9% for PLGA scaffolds. The luminal
surfaces of PGS and PLGA scaffolds appeared similar. In vitro
cell culture studies were carried out in a pulsatile perfusion
bioreactor using adult baboon arterial smooth muscle cells
(SMCs) cultured under cyclic strain for 10 days. Porcine
carotid arteries were used as a positive control. After 10
days the seeded SMCs were found to co-express collagen
and elastin giving rise to engineered arterial constructs
with physiologic compliance. Scaffolds were significantly
stronger after culture regardless of the material, but the

elastic modulus of PLGA constructs was an order of mag-
nitude greater than that of PGS constructs and the positive
control. Also, arteries and PGS scaffolds exhibited elastic
deformation and recovery whereas PLGA showed plastic
(permanent) deformation. The compliance of arteries and
PGS constructs was equivalent at the pressures tested. It
was also found that altering the scaffold material (from
PLGA to PGS) significantly decreased collagen content and
significantly increased insoluble elastin content in con-
structs without affecting soluble elastin concentration in
the culture medium. PLGA constructs contained no appre-
ciable insoluble elastin [34]. One major contributing factor
in the compliance mismatch observed for engineering vas-
cular constructs is the challenge encountered with the
synthesis of mature elastin [82]. Elastin provides elastic-
ity and compliance to native arteries. It has been seen that
arterial elastic fibers that are arranged into circumferen-
tially organized elastic lamellae, allows arteries to maintain
their original configurations from variations in hemody-
namic stress [82,84]. However, synthesizing mature elastin
has been a real challenge. Lee et al. [82] reported for the
first time the preparation of mature and organized elastin
in arterial constructs made up of porous PGS construct
without any aid of exogenous factors or viral transduc-
tion. Smooth muscle cells of both baboon and porcine
origins were used to develop the arterial constructs using
porous PGS scaffold cultured in a pulsatile flow bioreactor.
Three types of scaffolds with large (75-90 pum), medium
(45-53 wm), and small (25-32 um) pores were studied.
Compared with larger pores, small pores increased SMC
alignment, elastin and collagen production, burst pressure,
and compliance. Circumferentially organized extracellu-
lar matrix proteins including elastin and multilayered
SMCs expressing calponin and a-smooth muscle actin
were revealed by histological analysis. Biochemical anal-
ysis demonstrated that the constructs contained mature
elastin equivalent to 19% of the native arteries. Mechan-
ical tests indicated that the constructs could withstand
up to 200 mmHg burst pressure and exhibited compli-
ance comparable to native arteries. These results show that
nontransfected cells in PGS scaffolds in unsupplemented
medium produced a substantial amount of mature elastin
within 3 weeks, and the elastic fibers had similar orienta-
tion to that in native arteries (Fig. 8) [82].

Biomaterials intended for long-term contact with blood
must not induce thrombosis, antigenic responses, destruc-
tion of blood components, and plasma proteins [85].
Motlagh et al. [83] investigated these aspects of hemocom-
patibility of PGS. PGS biphasic scaffolds were prepared by
dip-coating glass rods with PGS acetone solution and then
recoating the scaffolds with porous poly(1,8-octanediol
citrate) (POC). Biphasic scaffolds consist of an outer porous
phase and an inner non-porous phase. The thrombogenic-
ity (platelet adhesion and aggregation) and inflammatory
potential (IL-1b and TNFa expression) of PGS were eval-
uated using fresh human blood and a human cell line
(THP-1). The activation of the clotting system was assessed
via measurement of tissue factor expression on THP-1
cells, plasmarecalcification times, and whole blood clotting
times. Glass, tissue culture plastic (TCP), poly(L-lactide-
co-glycolide) (PLGA), and expanded polytetrafluorethylene
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Fig. 8. ECM proteins and elastic fibers in PGS constructs and native arteries according to Lee et al. [82]. (A) H&E staining of the complete cross-section.
(B) Immunofluorescence staining of elastin and fibrillin-1. Nuclei stained blue by Hoechst dye. Porcine carotid artery was used as a positive control. Blank
scaffold showed no positive staining. Negative control with secondary antibody alone was also performed, but omitted to save space. L: lumen. (C) Partial
magnification of the box shown in A and corresponding elastin autofluorescence. Magnification: 4x for A, 60x for B, and 20x for C; scale bar: 500 wm for
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From Ref. [82]. Reproduced with permission of National Academy of Sciences, United States.

(ePTFE) were used as reference materials. Relative to
platelet attachment on glass (100%), attachment levels on
ePTFE, PLGA and PGS were 61%, 100%, and 28%, respec-
tively. PGS elicited a significantly lower release of IL-1b
and TNFa from THP-1 cells than ePTFE and PLGA. Simi-
larly the THP-1 cells showed decrease expression when
exposed to PGS, in comparison to other reference materi-
als. Plasma recalcification and whole blood clotting profiles
of PGS were comparable to or better than those of the ref-
erence polymers tested [83]. This study suggested that PGS
is a suitable hemocompatible material, however further
studies are needed to characterize the hemocompatibility
in vivo [83].

All these studies therefore show a possible avenue for
the use of PGS to engineer non-thrombogenic vascular
grafts with physiologic compliance.

4.1.3. Cartilage tissue engineering
Articular cartilage is a complex living tissue that lines
the bony surface of joints. It can withstand millions

of cycles of loading, exhibiting little or no wear under
normal conditions [86]. It therefore provides a reduced
friction surface enabling the joints to bear very large
compressive loads. This ability of articular cartilage is
attributed to the complex structure and composition of its
extracellular matrix which possesses mechanical proper-
ties that are anisotropic, nonlinear and viscoelastic [86].
Although articular cartilage enables joints to withstand
cycles of high load bearing activities, depending on the
extent and location of damage, articular cartilage cells can
self-heal when injured. This is however not always the
case as articular cartilage lacks vasculature, and there-
fore has little or no capacity to repair itself [4,87]. Hence,
tissue engineering approaches have been gaining momen-
tum to engineer new or replace damage cartilage. In
this context several materials have been investigated for
matrix support or as scaffold material. The first study on
exploring PGS as a scaffold material for cartilage tissue
engineering was carried out by Kemppainen and Hollister
[4]. They fabricated 3D PGS scaffolds exhibiting designed



1064 R. Rai et al. / Progress in Polymer Science 37 (2012) 1051-1078

pore shapes, pore sizes, porosities and architecture
using solid free-form fabrication methods. The scaffold
possessed 48.1% +4.24 of porosity with pore diameters of
1.04 mm =+ 0.04. Finite element analysis predicted the mod-
ulus value of the fabricated scaffold from the basic PGS
bulk properties studied, to range from 0.03 to 1.13 MPa, i.e.,
within the range of native articular cartilage. In vitro studies
with seeded condrocytes on PGS scaffolds were carried out
utilizing similar designed polycaprolactone (PCL) scaffold
as positive control. The results showed higher expression
of aggrecan (the main proteoglycan found in cartilage and
a typical marker for differentiated chrondrocytes) on PGS
scaffolds than in preseeded cells. Similarly the collagen 2
to collagen 1 ratio (called differentiation index) was higher
on PGS scaffold when compared to the control PCL scaffold.
These results indicate more chondrogenic gene expression
on a PGS scaffold than on a PCL scaffold, therefore demon-
strating the ability of PGS to produce a cartilaginous matrix
[4]. Another study was carried out by the same group [87]
on the material effects on cartilage regeneration for scaf-
folds with the same controlled architecture. 3D scaffolds
of the same design were fabricated using each of the poly-
mers PCL, PGS and poly (1,8 octanediol-co-citrate) (POC).
Physical and in vitro cell culture studies (using porcine
chondrocytes) revealed that although the scaffold architec-
ture remained the same, the scaffolds fabricated from the
three polymers showed differences in their physical prop-
erties and tissue regeneration in terms of cell phenotype,
cellular proliferation and differentiation, and matrix pro-
duction. After 4 weeks of in vitro cell work, POC showed
the highest DNA, sulfated glycosaminoglycans (sGAG), dif-
ferentiation index and the lowest hypertrophy and matrix
degradation gene expression compared to PCL and PGS.
Although PCL and PGS both promoted chondrocytes to pro-
liferate and express genes related to cartilage formation,
they were also found to promote gene expression for carti-
lage destruction and ossification. [87]. Since these studies
gave contradictory results, additional research is essential
to draw any conclusion on the suitability of PGS in cartilage
regeneration approaches.

4.1.4. Retinal tissue engineering

The retina is an eye tissue that contains photorecep-
tor cells which transduct the light into electrical impulses
used further by the neural network to create the visual
information [88]. Retinal degenerative disease affects the
photoreceptor functions and causes visual impairment. At
the moment, no viable cure exists and attempts have been
made in the area of retinal transplantation, which aims for
areplacement of the diseased photoreceptors. A successful
transplant would secure the survival of the graft photore-
ceptors without being rejected by the host. Furthermore,
the photoreceptors should preserve the organization and
structure that ensure the proper signal phototransduction
to the host neurons [88].

Emerging transplantation methods include the inser-
tion of an immature graft retina with well-organized
photoreceptors[88,89] and targeted delivery of retinal pro-
genitor cells (RPCs) in the subretinal space [36,90]. In both
cases attempts have been made to identify the critical
factors that could lead to a graft-host integration failure.

The remaining inner retinal cells in the donor retina and
the diseased host photoreceptors [89,91] hinder the forma-
tion of functional tissue and should therefore be removed
prior to the graft implantation. When using RPCs the main
challenges are the delivery, survival and differentiation
of cells [90]. Solutions for these issues may involve poly-
meric, biodegradable membranes inserted in the subretinal
space to either induce selective photoreceptor removal
by temporary retinal detachment [89,91] or as a scaf-
fold for RPCs support, delivery and differentiation [36,90].
The material used in retinal tissue engineering should
have similar size and mechanical properties as the sub-
retinal space, which implies high flexibility and extensive
elongation, but it should be robust enough for surgical
manipulation [92]. The membranes should also display
non-cytotoxicity [36], no inflammatory and no immune
response [92]. In addition the biomaterials suggested for
this application should exhibit biodegradability through
hydrolysis within 6 months [36] and adjustable properties
by tailoring the composition [92]. In cell-seeded scaffolds,
porosity is a fundamental requirement since it enhances
cell attachment and survival [92], and pore microto-
pography could guide the differentiation of progenitor
cells [36].

In this context, PGS membranes have been developed
for three different purposes: to be placed in subretinal
space alone [91], as a composite with a graft retina and sur-
face modification [88,89] and as a scaffold for RPCs delivery
[36,90]. When placed between the retinal pigment epithe-
lium and the outer nuclear layer, PGS membranes act as
a barrier in the blood flow from the choroids to the retina
causing selective removal of the diseased host photorecep-
tors [91]. This is highly desirable since as a consequence
the integration of a healthy photoreceptor layer would be
enhanced. Composite grafts have been also created and
transplanted in the subretinal space using PGS membranes
and retinal tissue [88,89] (Fig. 9). In order to overcome
the major challenge of graft-host integration, PGS mem-
branes were modified chemically with peptides containing
RDG sequence and physically with a layer of electrospun
laminin and poly(epsilon-caprolactone) PCL nanofibers
[89].

PGS scaffolds can also provide temporary structural
support for RPCs, facilitating their differentiation and mat-
uration. Replica molding [88-90] in combination with a
cryo-sectioning technique [88,89] was used to produce thin
membranes suitable for the subretinal space. The method
involves a PDMS negative mold spincoated with a sucrose
layer on its surface; PGS scaffold is cured in the mold and
then removed. Membranes of 45 wm thickness with pores
of 50 wm in diameter placed at a distance of 175 wm [36,90]
were seeded with RPCs (Fig. 10). The pore diameter and
pattern were established in accordance to cell nutritional
requirements and could be changed in a reliable man-
ner. Similar membranes (but non-porous) were created for
blocking the flow of nutrients causing selective removal of
the photoreceptor layer [91]. These membranes showed a
complete degradation after 28 days in vivo [91]. A further
step was the development of a composite graft contain-
ing a PGS membrane and immature porcine full-thickness
retina to be transplanted in the same surgical step [89]. For
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Fig. 9. lllustration of the composite retinal graft model. Top: The in vivo
host retina is dependent on a dual blood supply. The choroid supplies
the photoreceptors in the outer nuclear layer (ONL) while the retinal ves-
sels supply the inner retinal cells in the inner nuclear and ganglion cell
layer (INL and GCL). Middle: When the composite graft, consisting of pho-
toreceptors in a transplant outer nuclear layer (tONL) fused with a PGS
membrane, is placed in the subretinal space, the membrane blocks the
nutritive support to the host ONL which induces ischemia and removes
host photoreceptors. Bottom: Following PGS membrane degradation, the
remaining inner retina of the host integrates with the transplanted pho-
toreceptors (tONL) creating a new retina with all normal layers.

From Ref. [88]. Reproduced with permission of Elsevier.

an easier manipulation of the graft and reduced mechanical
disruption of the retina, the membrane should be as flexible
and therefore as thin as possible. Cryo-sectioning tech-
nique was employed for cutting PGS slices of 30 wm in
thickness from a block of 3 mm produced by replica mold-
ing from a pre-polymer [89].

Young’s modulus and the maximum strain at failure
for the PGS porous scaffold were 1.66+0.23 MPa and
113 4+22%, respectively [90], rendering an elastic and soft
material similar to the retinal tissue with an elastic modu-
lus of 0.1MPA and 83% strain at failure.

Cell adhesion [88,89] and morphologic adaptation [36]
may be enhanced by chemical and topographical sur-
face modifications. PGS scaffolds were coated with the
extracelullar matrix protein laminin to promote cell attach-
ment and differentiation of RPCs towards mature retinal
phenotypes [36]. Short cell recognition peptides such as
arginyl-glycyl-aspartic acid (RDG) were chemically cou-
pled to the surface for better fusion between the PGS

membrane and the retinal tissue sheet [88,89]. Coating PGS
with electrospun nanofibers of laminin and poly (epsilon-
caprolactone) resulted in improved attachment of porcine
retinal layers, and can lead to graft-host neuronal con-
nections [89]. The structure, geometry and degradation
behavior of the nanofibers could influence axonal regen-
eration, cell adhesion and guidance [89].

Ex vivo and in vivo studies have shown that PGS mem-
branes are well tolerated in the subretinal space. Further,
PGS membranes facilitated the selective apoptosis of the
host photoreceptors without provoking inflammation of
the tissue [88,89,91]. Composite grafts with full-thickness
retina survived in all transplants showing the lack of an
immune rejection and formation of an outer nuclear layer
of photoreceptors [88].

As previously mentioned, PGS scaffolds showed a high
potential for the targeted delivery of progenitor cells to
the retina and provided a suitable environment for their
growth and differentiation into retinal neurons. Within 7
days of culture of murine RPCs on the scaffolds in vitro, cell
infiltration and adhesion to pores was observed, followed
by growth and partial differentiation [90]. In ex vivo exper-
iments mRPC were integrated into retinal layers in normal
and rhodopsin knockout retinal explant models [36]. PGS
scaffolds seeded with mRPC were scrolled into a syringe
and injected with minimal trauma in vivo, in the subretinal
space of mice [36]. After one month it was seen that the
cells migrated into the host retina and the protein expres-
sion patterns demonstrated that they differentiated into
mature retinal neurons [36].

Although only limited amount of data are available, the
results are encouraging for the application of PGS in retinal
tissue engineering, based on PGS tailored properties. For
this application, PGS mechanical properties are similar to
retinal tissue and enable very thin membranes to be cre-
ated and scrolled into a syringe. The surface biodegradation
mechanism reduces the swelling, reduces the change of
geometry and decreases the pH influence on the microen-
vironment. Finally, PGS shows a high compatibility with
mRPC and promotes cell differentiation.

4.1.5. Nerve tissue engineering

Autologous autografts have been studied for bridging
neural defects, however these materials may pose prob-
lems, such as donor site morbidity, scarcity of donor tissues
and inadequate functional recovery [19,93]. Numerous
natural and synthetic materials are being studied to
overcome these problems for nerve tissue engineering.
Artificial materials such as poly(glycolide) (PGA), poly(L-
lactide) (PLLA), poly(DL-lactide-co-glycolide) (PLGA)
[94-96], poly(lactide-e-caprolactone) [97-99], biodegrad-
able polyurethanes [100], poly(organo)phosphazenes
[101], and trimethylene carbonate-caprolactone copoly-
mers [102-104] proposed as neural conduits may exhibit
unfavorable swelling and pro-inflammatory characteris-
tics [19]. Owing to the favorable biocompatibility shown
by PGS for other cell lines with respect to cardiac, vascular,
cartilage and retinal tissue engineering [3,4,28], studying
the biocompatibility of PGS for neural reconstruction
applications has also been explored [19]. Several in vitro
biocompatibility tests using primary Schwann cells and in
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Fig. 10. SEM of PGS topology and mRPC adhesion. (A) Top view of a PGS scaffold of 45 mm in thickness with 50 mm diameter pores spaced 175 mm apart.
(B) Top view of PGS seeded with mRPCs after 7 days of proliferation surrounding pore (circle). (C) Magnification of B showing individual mRPCs with
flattened radial and bipolar morphology. (D) Side view of PGS scaffold showing the cone-like pore formation on the upper surface and 45 mm thickness.
(E) Adhesion of neurospheres to the PGS surface, along the sidewalls, and within individual pores (circle). (F) Magnification of E showing spheroid mRPC

infiltration into an individual pore.
From Ref. [36]. Reproduced with permission of Elsevier.

vivo acute and chronic tissue inflammation studies using
male fisher rats were carried out. A PLGA material (50:50,
carboxyl ended) possessing resorption time matching
that of PGS was used as the control. In vitro studies via
both direct and indirect contact tests experiments with
Schwann cells revealed that PGS had no deleterious effect
on the cells metabolic activity, attachment or proliferation,
and did not induce apoptosis. The in vitro effects of PGS
were similar or superior to those of PLGA. The in vivo tissue
response to PGS was compared to the response to PLGA
implanted juxtaposed to the sciatic nerve. The response
was influenced by the degradation mechanism. In vivo,
PGS demonstrated a favorable tissue response profile com-
pared with PLGA, with significantly less inflammation and
fibrosis and without detectable swelling during degrada-
tion. The lack of in vitro Schwann cell toxicity and minimal
in vivo tissue response observed demonstrates that PGS
can be a promising candidate material for neural recon-
struction applications [19]. Application of PGS as a possible
nerve conduit material is further enhanced by the fact that
material properties such as Young’s modulus, which ranges
between several tens kPa to ~ 1 MPa, is close to the stiffness
value of the in situ peripheral nerve (0.45MPa) [19,105].
Also in comparison to other conduit materials such as
lactide-glycolide and lactide-caprolactone copolymers,
which undergo swelling of up to 100-300%, PGS undergoes
degradation without much swelling. This behavior lowers
the possibility of narrowing the tubular lumen by a swelled
distorted matrix from, which can impede regeneration
[19,106,107].

The results of the investigation by Sundback et al. [19]
therefore, suggest that PGS possesses promising properties
which could be exploited for application as nerve conduit
materials. Nevertheless further studies need to be carried
out to generate a large body of in vitro and in vivo data.

4.1.6. Repair of tympanic membrane perforations

Chronic tympanic membrane (TM) perforation often
occurs as a sequel of tympanostomy tube placement and
extrusion. With more than two million procedures per-
formed annually, tympanostomy tube insertion is one of
the most common surgical procedures [108,109]. Numer-
ous techniques are available for the repair of chronic TM
perforations, which are dependent on the size and loca-
tion of the perforation and the status of the Eustachian
tube function [109-111]. Transcanal myringoplasty tech-
niques have been used for the treatment of centrally
located small perforations (2-3 mm) using scaffolds made
of rice paper, gel-film or fat to bridge the gap and facili-
tate epithelial migration and closure [109-111]. Wieland
et al. [109] investigated for the first time PGS-engineered
plugs to repair chronic tympanic membrane perforations
in a chinchilla model. The PGS plug comprised four lay-
ers: bilayer central strut sandwiched between two flanges.
The PGS plugs were inserted in stable 11 TM perforations.
Gel-film overlay myringoplasty in 8 chinchillas was also
studied for comparison. It was observed that of the 11 tym-
panic membranes implanted with PGS plug, 10 healed after
weeks. Similarly for the gel-film, 6 of the 8 had healed at 6
weeks. Imaging of the medical mucosal and lateral epithe-
lial surfaces of the tympanic membranes revealed PGS plug
incorporation with neovascularization. Histology demon-
strated a confluent cell layer on both sides of the graft and
a decrease in the size of the plug owing to the surface ero-
sion of the material. The results of this study suggested the
feasibility of exploring further PGS as a scaffolding mate-
rial for the repair of chronic TM perforations in humans. In
addition, the tympanostomy tube shape of the PGS plug is
also more structurally stable as opposed to currently used
materials for myringoplasty such as gel-film, rice paper and
fat [109].
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4.2. Drug delivery

Controlled drug delivery is becoming increasingly
applied because of the advantages that it offers over
conventional delivery (drugs administered via an oral or
intravenous route), including: controlled delivery of drugs
locally at the target site, continuous maintenance of tar-
get drug concentration within the therapeutic window and
reduced toxicity [112]. The integration of controlled drug
delivery in tissue engineering applications for support and
stimulation of tissue growth has further highlighted the
importance of local drug delivery [113,114]. As in tissue
engineering applications, the matrix or the scaffold used as
a delivery vehicle plays a pivotal role in the success of the
complete delivery system. This is because the matrix mate-
rials strongly influence the efficiency of drug encapsulation
and its subsequent release kinetics. In addition, the matrix
material used must be biocompatible and biodegradable.

Controlled drug delivery has also been applied for anti
cancer therapy. This approach aims at delivering anti-
cancer drugs to targeted cancerous tissues and to minimize
systemic toxicity [115]. In this context, Sun et al. [115]
investigated PGS as a bioresorbable drug delivery vehi-
cle for anticancer therapy application. PGS implants were
doped with the anticancer drug 5-fluorouracil (5-FU). Dif-
ferent weight % of doped 5-FU (2, 5, 7.5 and 10%) PGS
samples were prepared and subjected to an in depth
investigation involving chemical characterization, in vitro
degradation, drug release behavior, in vivo degradation
and tissue biocompatibility. In vitro degradation studies
upto 30 days in PBS medium showed that all 5-FU-PGS
samples retained their macroscopic geometry while under-
going degradation. Also, the in vitro degradation rate of
5-FU-PGS accelerated with increased concentration of the
drug. Surface studies using scanning electron microscopy
(SEM) showed that the surfaces of the degrading 5-FU-
PGSs with higher concentration of 5-FU had irregular pits.
These pit occurred due to the dissolution and diffusion
of the 5-FU molecule in PBS, which facilitated increased
water penetration and higher exposed surface area, lead-
ing to higher rate of polymer hydrolysis and degradation.
This role of 5-FU in pit formation explained why irregu-
lar pits were observed in the degrading 5-FU-PGS samples
with increasing drug concentration. The cumulative drug
release profiles of 5-FU-PGSs exhibited a biphasic release
with an initial burst release in the first day. Almost 100%
cumulative release of 5-FU was found after 7 day for
all 5-FU-PGSss. This release pattern was similar to that
observed by the successful Gliadel® wafer commercially
used for the treatment of recurrent glioblastoma and malig-
nant gliomas. An in vivo investigation was carried out
by inserting the 5-FU-PGS specimens intramuscularly on
one side of the backbone of Wistar rats [115]. The 5-FU-
PGS showed a much faster degradation rate in vivo than
that in vitro. Histological studies using hematoxylin and
eosin staining indicated no remarkable inflammation in
the tissue surrounding 5-FU encapsulated PGS implants,
suggesting that 5-FU-PGSs implants had good biocompat-
ibility and no tissue toxicity. In vitro anti-tumor activity
assay suggested that 5-FU-PGSs samples exhibited anti-
tumor activity through sustained-release drug mode. These

results therefore demonstrated successfully that PGS is a
candidate for developing bioresorbable drug carriers for
anticancer therapy. Similarly, studies carried out by Tobias
et al. [116] were aimed at developing PGS based delivery
devices that could be deployed into urological organs for
the treatment of chronic prostatitis. The drug encapsulated
in the study was ciprofloxacin-HCL (CIP), a fluoroquinolone
antibiotic commonly used for the treatment of a range
of infections. The device was developed by casting PGS
into a tubular geometry with CIP packed into its core,
with a micromachined release orifice drilled through its
wall using a microablation method. The PGS drug deliv-
ery device functioned through a combination of osmosis
and diffusion mechanisms to release CIP. These results
demonstrated the efficiency of PGS in functioning as a
semipermeable material for an elementary osmotic pump
with controlled release of CIP [116]. All these studies there-
fore suggest that PGS can be successfully and efficiently
used as matrix for encapsulating drugs. Such PGS drug
delivery vehicles offer the added advantage that owing to
the tailorable degradable nature of PGS, vehicles made of
this polymer could be implanted at disease sites where
device retrieval is restricted [116].

4.3. Other medical applications

Several other medical applications are suggested for
PGS, two of which are reviewed in this section: use
as a barrier material to prevent VP adhesions and as a
surgical sealant. Postoperative adhesions occur in up to
94% of all patients who undergo abdominal procedures,
frequently causing intestinal obstruction and requiring fur-
ther operation [117-119]. It is reported that 84% of this
postoperative adhesion is accounted by the adhesion that
forms between the visceral and parietal peritoneum (VP
adhesion)[119,120]. These adhesions result in small bowel
obstruction (SBO) and present complications in further
operations. Currently the effective approach to prevent
these adhesions is the use of barriers placed between
injured peritoneum areas to prevent apposition of injured
surfaces [119,121,122]. One of the clinically relevant barri-
ers used currently is Seprafilm (Genzyme, Cambridge, MA)
[119,123-126] Seprafilm is a hyaluronic acid-based film
with demonstrated anti-adhesive efficacy, however this
film sticks to moist surfaces and cannot be repositioned
once applied [126-129]. Consequently, up to 20% of this
product is discarded during a typical abdominal operation
owing to handling difficulties [119,129]. Therefore, owing
to its superior mechanical properties, biocompatibility and
resorbability PGS was evaluated for possible applications
as a barrier material to prevent such VP adhesions [119].
The evaluation was performed in a rat peritoneal adhesion
model. The animals were evaluated for the presence of VP
adhesions at 3, 5, and 8 weeks. Moreover, the laparoscopic
applicability of PGS films was demonstrated by placement
into a juvenile porcine abdomen using standard laparo-
scopic equipment and techniques. A statistically significant
94% reduction in VP adhesion formation rate was observed
between control animals (75%) and animals with a PGS
film barrier (4.8%) [119]. PGS films were easily placed
in the juvenile porcine abdomen and could be readily
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repositioned without material loss or tissue damage, unlike
Seprafilm. PGS barrier films were shown to be efficacious
in reducing VP adhesions in the rat model. They were
seen to be easier to handle and could be placed using
standard laparoscopic techniques. These promising results
suggest that PGS films will be effective barriers to adhesion
formation for patients undergoing open and laparoscopic
abdominal operations[119].Inanother application, a surgi-
cal sealant was developed by polymerizing PGS and lactic
acid [12]. The PGS-co-LA tissue sealant developed is lig-
uid at 45°C and solidifies into a soft wax like patch at
body temperature. This difference in the physical state of
the PGS-co-LA copolymer enables it to be used as a surgi-
cal sealant. The PGS-co-LA tissue sealant exhibited higher
adhesive strength than either fibrin sealant or synthetic
PleuraSeal™. In addition, the incorporation of lactic acid
into the polymer PGS was seen to improve the cytocom-
patibility of the PGS-co-LA copolymer as opposed to pure
PGS when assessed with SNL mouse fibroblasts [12].

4.4. Summary

Summarizing the previous sections it can be stated that
PGS is widely gaining momentum for numerous medi-
cal applications. A number of relevant patents granted for
medical devices are summarized in Table 2. In addition,
other possible avenues for PGS applications in the medical
sector could be as bioresorbable sutures and drug eluting
stents. PGS can also be a promising polymer for develop-
ing bioresorbable pressure synthetic adhesives (PSA). Such
PSA can find applications in wound coverings and closures,
surgical drapes, electrocardiograph electrode mounts and
transdermal drug delivery [37]. Considering applications of
other flexible, bioresorbable polymers such as some poly-
mers of the polyhydroxyalkanoate (PHA) family [37,130]
similar range of applications are possible for PGS includ-
ing, manufacture of medical surgical garments, upholstery,
packaging, compostable bags, lids or tubs for thermo-
formed articles and making flushables that can degrade in
septic tank systems like hygienic wipes and tampon appli-
cators.

5. Processing technologies for PGS constructs

In tissue engineering and regenerative medicine,
approaches involving contact guidance using oriented
chemical cues and state of the art processing technologies
have been implemented either individually or in conjunc-
tion, such as rapid prototyping, solid free form fabrication,
micromolding, microablation and electrospinning to fab-
ricate designed scaffolds with controlled architecture,
including such features as surface topography (e.g., paral-
lel array of channels), porosity (well interconnected pores
to achieve convective and diffusive oxygen transport) and
mechanical properties similar to native tissues (e.g., tai-
lored structures to mimic anisotropic tissues) [33,64,131].
With these technologies, features of dimensions rang-
ing from nano to microscale are now being introduced
in advanced scaffold designs. In this context, investiga-
tions targeting several applications have been carried out
to fabricate controlled structured scaffolds based on PGS.

Fabrication of PGS is relatively uncomplicated since it may
be either easily melted or solvent processed. The PGS
prepolymer is soluble in a number of solvents such as
1,3-dioxolane, tetrahydrofuran, ethanol, isopropanol, and
N,N-dimethylformamide [3]. Special designs of scaffolds
based on PGS are discussed in this section.

5.1. Contact guidance

The presence of a three-dimensional surface topog-
raphy resembling the structure of extracellular matrix
proteins [132] and topographic features within the base-
ment membrane containing submicron length scales [133]
present important biophysical cues to cells [131]. Research
is taking place to achieve contact guidance, i.e., introduce
topographical micropatterning at micro and nanoscales on
PGS substrates to induce controlled cellular responses like
desired orientation and morphology of cells [131]. Such
oriented layer of cells in turn induces the self-assembly of
additional consistently organized layers of cells and extra-
cellular matrix [134]. Contact guidance has been observed
in a variety of cell types, such as epithelial cells [135-137],
fibroblasts [137-140] oligodendrocytes [141] and astro-
cytes [141]. One potential application of contact guidance
is in the field of tissue engineering. Bettinger et al. [131]
has conducted such studies on the microfabrication of PGS
for contact guidance. Rounded features of sub-micron scale
(down to 500 nm) have been introduced in PGS platforms
by replica molding on sucrose coated microfabricated sil-
icon. The final PGS substrates obtained by delaminating
through sucrose dissolution in water had microstructures
between 2 and 5 wm in wavelength and depth of 0.45 pm.
When seeded with bovine aortic endothelial cells (bAECs)
the PGS matrix was able to align the cells. SEM studies
showed cells displaying preferential attachment of filopo-
dia to the apex of the microstructures thus suggesting that
cells have an inherent ability to detect local gradients in
topography and to adhere preferentially. This work of Bet-
tinger et al. [131] showed that round features on substrates
canalso promote cell alignment like that observed for sharp
features.

In another study, the contact guidance of muscle cells
(murine myoblast cell line C2CI2) using PGS matrix was
studied [134]. Micromolding and microablation were used
to produce two distinct groups of PGS membranes (LINE
and control, CTL) with and without struts, micropatterned
with linear gratings and two distinct pore designs (square,
SQ and rectangle, RECT). The fabricated PGS films had thick-
ness of the order 250 wm and top to bottom pores of
the order of 150-280 wm. The resulting scaffolds exhib-
ited anisotropic elastomeric mechanical properties, an
important requirement of muscle cells for their normal
functioning (Fig. 11). The orientation of the cells along the
axis was calculated using the angle of deviation (AD) of the
cellular long axis with respect to the gratings and pore edge.
The quantification was carried out based on SEM images. A
progressive increase in cell orientation was observed, with
SQ CTL< SQ LINE and RECT CTL < RECT LINE). These findings
suggested that PGS scaffolds enabled cultured muscle cells
to preferentially align in parallel to linear gratings and pore
edges with significant individual and interactive effects of
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Link

Table 2
Summary of patents related to PGS and biomedical applications of PGS.

Patent Title Summary

US 20110129436 Polyglycerolsebacate The invention describes the use of
peritoneal adhesion PGS for preventing adhesions
barrier between two tissue surfaces.

US20040044403 Tissue-engineered The invention describes novel, less
vascular structures invasive and improved methods of

tissue engineering of constructs
that require an endothelial surface
such as blood vessels and heart
valves. The construct makes use of
poly(glycolic-co-sebacic) and other
sebacic acid derived copolymers.

US7722894 Biodegradable polymer The patent claims the application

of PGS for a number of medical and
non-medical applications.

US20100168832 Scaffolds for artificial The invention relates to scaffolds
heart valves and for artificial heart valves and
vascular structures vascular structures comprising a

biocompatible block copolymer.
Although materials are not
described, sebacic acid polymer, as
possible material is included.

US 4237317 Process for producing The patent relates to the method
sebacic acid for the preparation of sebacate.

US 20060085063 Nano- and micro-scale The claim describes a synthetic
engineering of conduit made of PGS for vascular
polymeric scaffolds for tissue engineering comprising, a
vascular tissue substantially tubular body made of
engineering circumferential polymer fibers.

US 20090234332 Artificial microvascular The claim relates to the usage of
device and methods for PGS to develop artificial
manufacturing and microvascular devices mimicking
using the same. key features of physiological

vascular networks. The device
would enable better understanding
of the efficacy of various chemical
or biological compounds against
diseases of the cardiovascular
system.

W09942147 Biodegradable shape The claim relates to the synthesis,

memory polymer

composition of biodegradable
shape memory polymer; articles
manufactured using it and their
usage. Although the polymer is not
described but it may involve PGS.

http://patents.com/us-20110129436.html

http://www.freepatentsonline.com/y2004/0044403.html

http://www.freepatentsonline.com/7722894.html

http://www.freepatentsonline.com/y2010/0168832.html

http://www.freepatentsonline.com/4237317.html

http://www.freepatentsonline.com/y2006/0085063.html

http://www.freepatentsonline.com/y2009/0234332.html

http://v3.espacenet.com/publicationDetails/biblio?CC=
WO&NR=9942147&KC=&FT=E

surface topography and anisotropic pore design (Fig. 12)
[134].

Research and development of fibers (nano to micron-
size) have gained much prominence in recent years due to
the heightened awareness of their potential applications in
the biomedical field. Electrospinning is the most success-
ful method for producing these fibers, and is a relatively
simple process (general information about electrospinning
is available in comprehensive reviews [142,143]). Fibrous
scaffolds have attractive properties for tissue engineering
as they mimic the structure of the extracellular matrix.
Moreover the anisotropic nature of fiber aligned tissues,
such as the meniscus of the knee, the annulus fibrosus of the
intervertebral disc, and cardiac muscle can be engineered
using electrospun fibers [144-146]. High surface area to
volume ratio [147-149] and favorable handling of tensile
loads while maintaining relatively low bending rigidities
are attractive properties of fibrous scaffolds [149-151]. In
addition electrospun fibers also provide contact guides for
cell orientation and migration. Nano-/microscale surface

topographies significantly influence cell behaviors such as
adhesion, orientation, migration and proliferation by mim-
icking the topography of the ECM [149,152,153]. In this
context a study has been carried out focusing on the manip-
ulation of electrospun PGS scaffold architecture (via control
of fiber alignment) and porosity (via inclusion of a sacrificial
fiber population) to control cellular interactions in vitro as
well as cellular population and matrix organization, in vivo
[146]. In this work, Ifkovits et al. [146] studied the influ-
ence of PGS fiber alignment and scaffold architecture on
contact guidance, i.e., cellular interaction and matrix orga-
nization. Three scaffolds were fabricated using AcrPGS, by
varying fiber alignment, i.e., aligned fiber (AL), non-aligned
(NA) and by introducing a PEO sacrificial polymer popula-
tion (composite (CO)). PEO removal led to an increase in
scaffold porosity and maintenance of scaffold anisotropy,
as evident through visualization, mechanical testing, and
mass loss studies. The ability of the scaffold architecture to
influence cellular alignment was confirmed in vitro using
neonatal cardiomyocytes. The alignment of the fibers and
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Fig. 11. Laser microablation of PGS: (A-D) SEMs at low and high magnification of membranes with micropatterning and (A and B) square pores or (C and
D) anisotropic rectangular pores. Scale bars: (B and D) 500 wm, (C and E) 200 pm.

From Ref. [134]. Reproduced with permission of John Wiley and Sons.

cells was evaluated at 5 days post-seeding by determin-
ing the angle of intersection of a fiber or cell body with
a horizontal reference line. As expected, a Gaussian dis-
tribution of fiber angles was observed for the AL and CO
scaffolds, with the greatest quantity of fibers being ori-
ented perpendicular to the reference line. However, this

was not the case for the NA scaffolds where, as expected,
the fibers displayed a random orientation. Similar trends in
cellular alignment were also observed. The majority of cells
seeded on the AL and CO scaffolds were oriented in perpen-
dicular direction to the reference line, where the cells on
the NA scaffold maintained a random orientation. When

Fig. 12. Scanning electron micrographs of C2C12 muscle cells cultured on PGS scaffolds. (A and B) Square and rectangular pores without micropatterning,
respectively; (C and D) square and rectangular pores with gratings, respectively. Scale bars: (A-D) 100 wm. Arrows (C and D) indicate grating direction.

From Ref. [134]. Reproduced with permission of John Wiley and Sons.
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implanted subcutaneously in rats, CO scaffolds were com-
pletely integrated at 2 weeks, whereas, 13% and 16% of the
NA and AL scaffolds, respectively, remained acellular. How-
ever, all scaffolds were completely populated with cells at
4 weeks post-implantation. Polarized light microscopy was
used to evaluate the collagen elaboration and orientation
within the scaffold. An increase in the amount of collagen
was observed for CO scaffolds and enhanced alignment of
the nascent collagen was observed for AL and CO scaffolds
compared to NA scaffolds. These studies therefore success-
fully demonstrated the effect of scaffold architecture and
porosity on matrix organization [146].

5.2. Designed scaffolds: 3D structures and surface
topography

Scientists are increasingly looking at architectures
present in nature to mimic and to overcome the struc-
tural challenges encountered during the design of scaffolds
targeted for tissue engineering. One such structural
arrangement is the honeycomb-like structure which is
abundantly found in nature, e.g., the hexagonal networks of
wax built by bees, structural architecture of the native heart
and the intricate trabeculations of bone. It is considered
that these honeycomb like structures evolved in nature
to balance mechanical properties to weight [77,154]. As
discussed earlier in Section 4.1.1, Engelmayr et al. [33]
fabricated accordion like PGS structures to mimic the
anisotropic nature of cardiac muscles in order to maxi-
mize the functional behavior of the engineered tissue. An
adaption of an accordion like structure is given in Fig. 13A.

Another interesting surface topography on acrylated
PGS substrate was studied by Madhavi et al. [155]. Inspired
by the nanotopography of gecko feet, which allow attach-
ment on vertical surfaces, Madhavi et al. [155] modified
the surface of PGSA films to mimic the topography of gecko
feet. Gecko feet exhibits two important adhesive features of
adhesionin a dry environment without a chemical glue and
a fibrillar design that enhances interface compliance and
conformability to surface with a variety of roughness. For
the fabrication of the PGSA films nanomolds were first fab-
ricated by using photolithography, followed by reactive ion
etching of an oxide layer on a silicon wafer. The acrylated
PGS prepolymer was poured into the molds and UV cured to
transfer the patterned surface design from the mold to the
PGSA film. Gecko patterns having different pillar size and
center-to-center pitch were developed (Fig. 13B) [155].

In vitro tests have been carried out to determine the
adhesiveness of nanopatterned PGSA using porcine intesti-
nal tissue. To modulate physiological conditions, shear or
sliding forces were used to mimic the potential shear forces
experienced by tissue adhesives after surgical placements.
In vivo biocompatibility studies were performed on rat
models. To improve the adhesiveness, the film was also
coated with oxidized dextran. These studies showed that
the PGSA based adhesive invoked minimal tissue response,
coating with dextran significantly increased the interfa-
cial adhesion strength both in vitro and in vivo. The study
therefore demonstrated that PGS based adhesive can have
potential application for sealing wounds and for usage as
sutures and staples [155]. Given the exciting results of

surface designs, summarized in this section, the possibil-
ity of patterning the surface of PGS material is bound to
receive further attention for advanced applications of PGS
in tissue engineering.

5.3. Controlled architecture of porous PGS scaffolds to
achieve vascularization

One of the main challenges faced in the engineering
of artificial tissue is incorporation of stable and sus-
tainable microvasculature in the engineered tissues. In
the absence of proper vasculature engineered tissues are
totally dependent on the host vasculature for oxygen,
nutrients and waste removal [156-158]. Because of this
dependency the thickness of the engineered tissues is lim-
ited by the mass transfer properties of the scaffold matrix.
For example, without an intrinsic capillary network the
maximal thickness of an engineered tissue is 150-200 pm
[158-160]. Microvasculature becomes particularly impor-
tant when considering tissue engineering approaches for
organs such as heart, liver and kidney, which have a high
metabolic demand. To address this issue of vascularization
numerous biomaterial processing approaches have been
reported in literature, including freeze drying, knitting,
particulate leaching, selective laser sintering, stereolithog-
raphy, cell-hydrogel molding and laser microablation to
produce porous scaffolds, and more recently to introduce
controlled capillary networks in the scaffold [54,58,161].

In this context, Fidkowski et al. [158] fabricated PGS
films, into which they successfully incorporated capillary
networks. To fabricate such PGS constructs, fine capillaries
of 45 wm in width and 30 wm in depth were first etched
onto silicon wafers by standard microelectromechanical
system (MEMS) techniques. The capillary network pattern
was then transferred from the silicon micromold to PGS. A
flat film of PGS was also made on which inlet and outlet
channels were introduced. The inlet and outlet channels in
the patterned PGS film were aligned with the correspond-
ing channels in the PGS flat film and the two layers were
allowed to adhere to each other. To mimic endothelializa-
tion, the capillary networks were perfused with a syringe
pump at a physiological flow rate. Following this process
the device was then seeded with primary human umbilical
vein endothelial cells (HUVECs). The device was endothe-
lialized under flow conditions and part of the lumen of the
capillaries reached confluence within 14 days of culture.
The cells were also found to be stable under this culture
conditions for at least 4 weeks [158].

Another study investigated the fabrication of three
dimensional microfluidic tissue engineering vascular scaf-
folds based on PGS [162]. Microfluidic networks were
simulated using a finite element method. Standard litho-
graphic and plasma etching techniques were used to
prepare the silicon masters for the replica molding. The
PGS prepolymer was then introduced into this silicon mold
and cured, thus transferring the final design to the PGS film
(100 wm, thick). Devices containing up to five microflu-
idic layers were stacked and bonded. This was achieved
easily by simply curing the polymeric films without any
additional use of cytotoxic solvents or adhesives. In the
final device the microchannels present had a trapezoidal
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Fig. 13. Accordion like structure adapted from Engelmayr et al. [33] and (B

) SEM image of incorporated gecko inspired pillar patterns on PGS matrix.

From Ref. [155]. Reproduced with permission of National Academy of Sciences, United States.

shape. A successful microfluidic device must provide opti-
mal oxygen concentration to the cells and enable exchange
of nutrients and waste products. Simultaneously, the shear
stresses the cells may experience within such microflu-
idic scaffolds may be detrimental. However, when in vitro
cell culture studies were carried out by seeding hepatocyte
carcinoma cells (HepG2), the vascular constructs exhibited
constant maximum shear stress within each channel of the
device [162]. This behavior mitigated the detrimental effect
of shear stresses on the cells, thereby making it a promising
construct for scaffolds incorporating an artificial vascula-
ture. Fabrication of such microfluidic device using PGS also
exhibited advantages over other materials used to make
such devices, for example poly(dimethylsiloxane) (PDMS)
and poly(lactic acid-co-glycolic acid) [162]. The major lim-
itation of PDMS is that it is not degradable, on the other
hand PLGA has been shown to be too rigid, with undesir-
able bulk degradation kinetics, and that high concentration
of the PLGA byproducts can lead to cytotoxic effects thereby
limitingits usein large organ size scaffolds [162]. Therefore,
PGS with its amenable properties can be an excellent mate-
rial for making such microfluidic devices aimed for various
biomedical applications.

6. Modification of PGS
6.1. Composites of PGS and inorganic materials

Bioactive glasses particles have been shown to form
tenacious bonds to both hard and soft tissues; bonding
is enabled by the formation of a hydroxyapatite (sim-
ilar to biological apatite) layer on the glass surface on
exposure to biological fluids [163,164]. One such bioac-
tive glasses attracting interest is Bioglass® 45S5 [165],
which has a high bioactivity index (Class A), being osteo-
genetic, osteoconductive and exhibiting the ability to bond
with both soft and hard connective tissues. In vivo work
has shown that implantation of Bioglass® 45S5 in rat

muscle neither calcified the muscle nor caused abnormal-
ity in organs like heart, kidney and liver [24,166-168].
By incorporating bioactive glass particles as coatings or
fillers into bioresorbable polymers, composite scaffolds or
structures of tailored biological and mechanical proper-
ties can be produced for applications in the engineering
of various tissues [24,163,169,170]. Bioglass® 45S5 par-
ticles have also been incorporated as fillers into PGS to
produce a PGS/Bioglass® composite membranes with tai-
lorable biological and mechanical features for cardiac tissue
engineering (Table 3)[24,171]. Bioglass® 45S5 porous scaf-
folds produced via a replica foam technique [172] have also
been coated with PGS to produce flexible and toughened
scaffolds for bone tissue engineering [173]. In any tissue
engineering strategy it becomes important to tailor the
rate of degradation of the scaffold to match the regener-
ative rate of the engineered tissue. PGS in vivo has been
reported to undergo fast degradation, being completely
absorbed within 6 weeks [3]. By incorporating Bioglass®
45S5 in PGS [24] and by coating Bioglass® scaffold with
PGS [173] it was demonstrated that the degradation rate
of the composite can be tailored to attenuate the material
degradation kinetics to match that of the targeted tissues.
This attenuation of the degradation kinetics of PGS compos-
ite by Bioglass® was in line with what has been observed
with other inorganic bioceramic fillers. The combination of
Bioglass® with PGS can also overcome possible problems
associated with the toxicity presented by the acidic degra-
dation products of PGS. PGS while undergoing aqueous
hydrolysis of its ester groups releases carboxylic groups,
which can cause localized acidic environment with pH
values below physiological values. It has been reported
that this localized acidity can limit the application of PGS
as support material for tissue engineering applications
[171]. Therefore through these studies [24,171,173] it was
successfully demonstrated that PGS/Bioglass® composites
overcome the problem of pH reduction owing to the PGS
leachates. Addition of the inorganic fillers has also provided
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Fig. 14. SEM image of the planar surface of the fabricated Bioglass®
45S5/PGS composite film.

additional control for tailoring the composite mechanical
properties and degradation rates. Fig. 14 shows an SEM
planar image of a Bioglass® 45S5/PGS fabricated in our
laboratory. The composite Bioglass® 4555/PGS films were
fabricated via melt processing, avoiding the use of solvents
such as THF and chloroform (CHCl3 ) routinely used for such
composite fabrication [24,170].

Composites of PGS and nanotubular halloysite
(2Si0,-2AI(OH);) have also been developed for soft
tissue engineering applications [174]. The nanotubular
halloysite was incorporated into the PGS matrix at differ-
ent wt% (1, 3, 5, 10 and 20) to produce the PGS-halloysite
composites. Incorporation of the nanotubular halloysite
into the PGS matrix increased the elongation to break
of the composite. For example, a composite containing
20 wt% of halloysite exhibited an elongation to break of
225%, compared to a value of 110% for pure PGS. For the
1 and 5 wt% halloysite composite, mechanical properties
were stable over a one-month period, making the material
a candidate for mechanical support to damaged tissues
during the lag phase of the healing process. Although
resilience and mechanical stability improvement was
observed in the PGS-halloysite composite, halloysite
incorporation did not improve the problem associated
with acidic pH environment caused by the degradation
products of PGS [174].

6.2. Blending PGS with other polymer(s)

To date, studies on blending PGS with other poly-
mer(s) have been mainly carried out in connection with
the fabrication of electrospun fibers. Electrospinning PGS
prepolymer presents difficulties because its low solution
viscosity makes it difficult to spin it into fibers. This
problem was overcome, for example, by blending PGS
prepolymer with FDA approved biodegradable poly(e-
caprolactone) [149]. The incorporation of PCL (18-33% of
total polymer blend) increased the viscosity of the blend to
a level suitable for electrospinning. Blending with PCL also
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offered an additional advantage as stable scaffolds could
be produced without further processing, such as thermal
curing or photocrosslinking. PGS and PCL were dissolved
at different weight ratios (5:1, 3:1, 2:1 and 0:1, respec-
tively) in an anhydrous chloroform:ethanol (9:1) mixture
and electrospun at 12.5, 15, 17.5 and 20kV [149]. At a
given PGS:PCL ratio, higher voltages resulted in signifi-
cantly smaller fiber diameters (reduced from ~4 um to
2.8 wm). Further increase in voltage resulted in the fusion of
fibers. Similarly, higher PGS concentrations in the polymer
blend resulted in significantly increased fiber diameter. The
mechanical properties of the PGS:PCL scaffolds were com-
parable to thermally or photocrosslinked polymer sheets,
even though no crosslinking method was used. At the
same time, PGS-PCL scaffolds did not result in decreased
mechanical properties as compared to PCL-only scaffolds.
Overall, the mechanical properties of the scaffolds were in
the range of the native human aortic valve [175]. Inter-
estingly, increase in the ultimate tensile strength was
achieved without compromising ultimate elongation. Bio-
logical evaluation of these scaffolds showed significantly
improved HUVEC attachment and proliferation compared
to PCL-only scaffolds (p <0.05). Thus, these study demon-
strated that simple blends of PGS prepolymer with PCL can
be used to fabricate microfibrous scaffolds with mechani-
cal properties in the range of a human aortic valve leaflet
[149]. In another study electrospun PGS-PCL fibers were
seen to successfully support the growth and controlled dif-
ferentiation of the seeded mesenchymal stem cells into
vocal fold-specific, fibroblast-like cells. The MSCs, when
seeded in a the micro-structured, fibrous PGS-PCL scaf-
fold in a conditioned medium (enriched with connective
tissue growth factor (CTGF) and ascorbic acid) for 21 days,
expressed enhanced cell proliferation, elevated expression
of fibroblast-specific protein-1, and decreased expres-
sion of mesenchymal surface epitopes without markedly
triggering chondrogenesis, osteogenesis, adipogenesis, or
apoptosis. At the mRNA level, CTGF supplement resulted in
a decreased expression of collagen I and tissue inhibitor of
metalloproteinase1, but an increased expression of decorin
and hyaluronic acid synthesase 3. At the protein level,
collagen I, collagen III, sulfated glycosaminoglycan, and
elastin productivity was higher in the conditioned PGS-PCL
culture than in the normal culture. Thus, this successful dif-
ferentiation of MSCs into vocal fold-specific, fibroblast-like
cells is an important step towards regeneration of damaged
human vocal folds [176].

Yiand LaVan [177] fabricated PGS nanofibers by coaxial
electrospinning. Various combinations were investigated,
such as a mixture of PLLA and PGS prepolymer used as
the core and Nylon-6 as the shell. In other versions the
core was replaced by PLLA or a gelatin was mixed with
PGS prepolymer to form the core shell. In vitro cell culture
work using human dermal microvascular endothelial
cells (HDMEC) showed that the cells were able to adhere
and spread on the fibrous network. Cells also retained
their normal phenotype thus suggesting that electrospun
fibers did not have any deleterious effect on the cells
[177]. Kenar et al. [178] carried out studies blending
PGS with poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) and poly(L-p,L-lactic acid) (P(L-p,L)LA). The

PHBV-P(L-D,L)LA-PGS (PPG) blend was electrospun into
aligned fiber mats with fiber diameter ranging between
1.10 and 1.25 wm and thickness of 12 + 3 wm. The fibrous
mats were fabricated for cardiac patch application. When
Human Wharton’s Jelly mesenchymal stem cells were
seeded into the matrix, the parallel alignment of the fibers
was able to promote alignment of the seeded cells in one
direction. Also the fibrous PPG mats were soft enough to
be retracted by the cells. These directional alignments of
the cells and softness of the mats are crucial in cardiac
patch development as these would enable the seeded
cardiomyocytes to have contractile activity [178].

6.3. Functionalization of PGS

One approach for improving the biocompatibility of a
biomaterial is to coat its surface with relevant bioactive
molecules. Coating of surfaces with cell adhesion medi-
ators like fibronectin (FN), laminin (LM) or other ECM
components enhances cell attachment, proliferation, dif-
ferentiation and migration [38,179]. A similar approach
was investigated to coat the surface of PGS with ECM pro-
teins such as laminin, fibronectin, fibrin, collagen types I/III,
orelastin [38]. The effect of protein coating was assessed via
in vitro cell culture studies using peripheral blood endothe-
lial progenitor cells. FN-precoated scaffolds stained with
H&E demonstrated increased cellularity both in the lumi-
nal surface with ECM formation and “interstitial” layer of
the scaffolds compared with the uncoated controls [38]. At
14 days of incubation, all precoated scaffolds demonstrated
increased cellularity. Protein precoating also altered the
phenotypes of endothelial progenitor cells, which resulted
in changes in cellular behavior and extracellular matrix
production. This study therefore suggested that using sin-
gle or multiple protein precoating PGS substrates allows
building and adjusting a particular biological environment
to obtain cell- and tissue-specificity. In addition, the study
showed that protein coated surfaces could predetermine
cellular phenotypes and differentiation as well as enhance
ECM formation on scaffolds [38]. In another study PGS
surfaces were coated with laminin which promoted cell
attachment and differentiation of retinal progenitor cells
(RPC) towards mature retinal phenotype [36]. Thus scaf-
fold precoating with bioactive proteins was shown to allow
more precise engineering of cellular behavior in the devel-
opment of PGS-based tissue engineering constructs [38].

7. Concluding remarks

PGS is a bioresorbable polymer produced from reac-
tants that are intrinsic to human metabolic pathways,
thus PGS is a biocompatible and bioresorbable material
with increasing applications in the biomedical field, as
discussed in this review. PGS presents fewer concerns in
relation to immunogenic effects in comparison to natu-
ral polymers and is a flexible, elastomeric polymer that
also exhibits shape memory effect. It offers additional fea-
tures of tailorable mechanical properties and degradation
kinetics matching those of the target tissues. Owing to
these amenable features, PGS has mainly been studied
for soft tissue engineering applications. Applications of
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PGS have been now extended to hard tissue engineering
scaffolds, control drug delivery devices and tissue adhe-
sives. Sophisticated technologies are also being used either
individually or in conjunction to generate 3D PGS porous
and structured devices. These processing methods include
rapid prototyping, solid-free form fabrication, micromold-
ing, microablation and electrospinning, mainly used to
fabricate structured PGS scaffolds for tissue engineering
applications. Such state of the art technologies applied to
PGS will play a synergistic role in providing further insight
and generating knowledge on the interaction between
PGS and living tissue for a variety of established and new
biomedical applications of PGS.
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