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Biodegradable poly(glycerol sebacate) [PGS] has gained substantial attention in the soft tissue engi-
neering field over the past few years, but its application is limited because its fast degradation rate causes
an acidic environment which can adversely affect cell viability and eventually tissue growth. b-tricalcium
phosphate (b-TCP) is an ideal biocompatible candidate to mitigate these drawbacks of PGS. This work for
the first time rationalizes a biocomposite composed of PGS and b-TCP prepared by a fast and well-
controlled microwave approach. As expected, the presence of b-TCP particles (i) improves the degree of
cross-linking of PGS, thus decreasing the sol content by ca. 66%, (ii) enhances its hydrophilicity with
much lower contact angle, (iii) reduces the degradation rate by a factor of two and (iv) increases the
swelling effect of the biocomposite by ca. 10%. Furthermore both PGS/b-TCP150 and PGS/b-TCP180 bio-
composites demonstrate significant difference in cell viability form the single PGS materials, which is
more than 65% higher in cell growth in one day proliferation, demonstrating an advanced biomaterial
embodying both advantages of PGS polymer and b-TCP bioceramics.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Substantial efforts have been put into developing the synthetic
biopolymers mimicking the physical and molecular properties of
natural tissues. Synthetic biopolymers can be categorized into
biodegradable and non-biodegradable polymers. For instance,
polyetheretherketone is one of the most popular non-degradable
biopolymers and has been preferred for the applications requiring
high resistance to both thermal degradation and biodegradation
[1,2]. The biodegradable polymeric biomaterials, dominated by
polyesters such as poly(lactic acid), poly(ε-caprolactone), poly(-
glycolic acid) and poly(glycerol sebacate), have beenwidely studied
for the therapeutic devices including scaffolds for tissue engineer-
ing and drug carriers [3,4]. Since the first report of poly(glycerol
sebacate) [PGS] by Langer group [5], extensive attention has been
an open access article under the C
attracted to examine and improve the bioapplication of this inter-
esting elastomer for clinical application. PGS is a highly interesting
polymer because of its flexibility, for example, degradation rate can
be tailored by controlling the degree of cross-linking, structure and
morphology [6,7]. More importantly, PGS has proven less inflam-
mation than another widely used biopolymer, poly(lactic-co-gly-
colic acid), probably because of the non-toxic reactants [8].

Although PGS has such advantages, as a synthetic polymer, its
biocompatibility is still an issue which is the bottleneck of the
biopolymer. One of the major drawbacks of PGS is cytotoxicity
caused by fast degraded sebacic acid [7]. The cytotoxicity of the PGS
strongly relies on its degradation rate, the carboxylic acids pro-
duced by aqueous hydrolysis of the PGS and this decreases the local
extracellular pH value to below physiological values [7]. The
increment in the acidity of the surrounding environment can easily
provoke cell death. Therefore, many studies have been performed
to improve the biocompatibility of PGS which is challenging as
determined by a group of factors, for example, degradation rate,
surface hydrophilicity, degree of cross-linking and swelling effect.
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Adding particles such as bioglass [9], silica [10,11], or cellulose [12]
in the polymer matrix was proved to increase the degree of cross-
linking and reduce the degradation rate but not all four factors,
which would dominate cell viability on a polymer matrix.

As mentioned above, the surface state of a polymer plays a
critical role in its bioapplication, which can affect the cell prolifer-
ation. Specifically, polymer's biological performance can be
enhanced by changing its surface topographical (i.e. roughness) or
chemical/physical characteristics (i.e. hydrophilicity) [13]. PGS
surface could be hydrophobic or hydrophilic which depends on the
experimental conditions. When increasing the molar ratio of se-
bacic acid to glycerol, the surface becomes more hydrophobic,
probably because of the reduced amount of hydroxyl backbone
which reacts with carboxylic acids to form the ester linkage [14,15].
Therefore, there is a dilemma between a hydrophilic surface and a
high degree of cross-linking, and both are highly desirable for a
biopolymer.

On the other hand, calcium phosphate ceramics are generally
used to improve the biocompatibility of other biomaterials by
coating a layer of calcium phosphate on the surface of bioinert or
bioactive materials because they offer low toxicity, excellent
biocompatibility and osteoconductivity [16]. Among these calcium
phosphates, b-tricalcium phosphate (b-TCP) is more attractive
because of its high biocompatibility, biological safety, ease of
sterilization and long shelf life [17]. More importantly, b-TCP has
proven its osteogenic properties preclinically [18].

Given advantages of both PGS and b-TCP, PGS has been modified
with b-TCP particles by in situ microwave synthesis approach
herein, which has recently shown a great potential to synthesize
materials because of its fast reaction rate, high reproducibility,
improved product selectivity and yields [19e21]. Such bio-
composites alter the morphology, degree of cross-linking and hy-
drophilicity of PGS, leading to a dramatically enhanced
biocompatibility. The prepared samples were also investigated in
cell viability, which further proves the advance of the new
biocomposite.

2. Material and methods

2.1. Synthesis of poly(glycerol sebacate)/b-tricalcium
phosphate biocomposite

PGSwas synthesized using themethod recently developed by us
[22]. Equimolar of glycerol (99%, Sigma Aldrich) and sebacic acid
(>99%, Sigma-Aldrich) were mixed in a round bottom flask and
heated in Discover SP microwave for 12 min (4 � 3 min per cycle)
under nitrogen gas. A cooling interval was introduced after each
cycle to minimize the overheating of monomers and increase the
microwave efficiency. The prepolymer was then cured in vacuum
oven at 120 �C for 8 h.

On the other hand, the synthesis of b-TCP followed our previous
procedures [23]; 0.79 g of calcium acetate monohydrate (�99%,
Sigma Aldrich) and 0.33 g of phosphoric acid (�98%, Acros Or-
ganics) were weighed and dissolved each in 20 mL of methanol
(�99.8%, Sigma-Aldrich). The acid solution was added drop-wisely
into the calcium solution and then transferred to a sealed poly-
tetrafluoroethylene (PTFE) vessel. The reaction mixture was then
ramped for 25 min to preset temperature for a certain time. The
produced powders were washed with deionized water and dried in
the oven overnight.

For biocomposite fabrication, the prepared PGS was added into
the vessel and then the precursor solution of b-TCP was added,
followed by the irradiation with stirring in a microwave cavity
(MARS, CEM Company). Similar to the previous preparation, the
reaction mixture was ramped for 25 min to the preset temperature
ranging from 120 to 180 �C and held for 5e60 min, where 60 min
was required for all temperatures except 180 �C at which only 5min
was needed. PGS/b-TCP biocomposites were then removed from
the vessel and washed with deionized water several times. Finally,
the biocomposite was dried in the drying oven at 60 �C overnight,
denoted as PGS/b-TCP120, PGS/b-TCP150 and PGS/b-TCP180,
depending on the reaction temperature.

2.2. Characterization methods

The synthesized calcium phosphate particles by microwave
approach at different temperature were identified using Powder X-
ray Diffractometer (Bruker D8 Advance Diffractometer, Bruker, UK)
with a CuKa (l ¼ 0.1541784 nm) radiation source. Diffraction pat-
terns were collected from 10� to 80� and a maximum step size of
0.05� with 5 s per step was applied. These diffraction patterns were
compared with the standard spectra from the joint committee on
powder diffraction standards (JCPDS) database. The functional
groups of the prepared PGS/b-TCP biocomposites were confirmed
using a PerkinElmer 1605 FTIR spectrometer in attenuated total
reflection (ATR-FTIR) mode with a wavenumber range of
400e4000 cm�1 at 4 cm�1 resolution. Raman spectra data of the
synthesized PGS/b-TCP biocomposites were acquired using a
Renishaw Raman microscope with a helium-neon laser at a wave-
length of 514.5 nm and 10 scan numbers. Thermal gravimetric
analysis (TGA) was conducted by a PerkinElmer Pyris 1 TGA
analyzer. Approximately 5 mg of samples were used for the tests,
the heating programs were set from 50 to 800 �C with ramping of
10 �C/min, sample temperatures were collected from room tem-
perature. To observe the morphology of prepared PGS/b-TCP bio-
composite, SEM (XL 30, Philips, Eindhoven, Netherlands) was
operated at 5e10 kV and a working distance of 10 mm. Owing to
low conductivity of the samples, a layer of Au was coated on the
surface of the samples before SEM observation.

2.3. Sol/gel content analysis

The degree of cross-linking of the specimens was determined by
sol (non-cross-linked network) and gel (cross-linked network)
content analysis which followed the reported method [10]. Bio-
composite or PGS was weighed (Wi) and then submerged in
tetrahydrofuran (THF) for 24 h. The swollen samples were dried
overnight and the final weight (Wf) was measured. The percentage
of sol and gel content (%) was calculated using Eqs. (1) and (2):

Sol ð%Þ¼Wi �Wf

Wi
x100% (1)

Gel ð%Þ¼100%� Solð%Þ (2)

where Wi is the initial weight of the specimens and Wf is the re-
sidual mass of the specimens at the preset time.

2.4. Hydration

Hydration properties of samples were evaluated from swelling
ratio and contact angle measurement. For the swelling study,
samples were weighed (Wi) and then submerged in phosphate
buffer saline (PBS) at 37 �C for 48 h. The excess water was drained
and the weight of the swollen sample (Ws) was measured. The
swelling ratio was calculated using Eq. (3):

Swelling ratio¼ Ws

Wi
(3)
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Surface hydrophilicity was determined by water contact angle
analysis. The contact angle measurements of the samples were
obtained with a goniometer (Cam 200, KSV Instruments Ltd). A
drop of 10 mL size of water was dripped onto the biocomposite
surface. The mean value of the contact angles was calculated by the
Cam2008 software (KSV Instruments Ltd) on three specimens.

2.5. Degradation and cell culture

Five or more specimens with a dimension of 5 � 5 mm2 were
stored in the standard PBS, 1 X at 37 �C. The samples were collected
after 7, 14, 21 and 28 days and then dried in an oven at 60 �C
overnight. The percentage of mass loss (%) was calculated using Eq.
(4):

Mass loss ð%Þ¼Winitial �Wfinal

Winitial
x100% (4)

where Winitial is the initial weight of the biocomposites or PGS and
Wfinal is the residual mass of the biocomposites or PGS at the preset
time.

HumanMesenchymal Stem Cells (hMSCs) (passage 3) were used
for this cell culture studies. Initially, cells were incubated for
growing at standard condition (37 �C, 95% air, 5% CO2, 95% relative
humidity) in Dulbecco's Modified Eagle Medium (DMEM, Gibco,
Life Technologies, Paisley, UK) supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin/streptomycin (PAA Laboratories,
GE Healthcare, Chalfont St. Giles, UK). When cell confluency per-
centage reached 80%, they were trypsinized and ready for seeding
on the prepared samples. PGS and its biocomposites were sterilized
by UV light exposure for 20 min on both sides before the seeding
process.

A triplicate of specimens was used for this study. hMSCs were
initially seeded at density of 15000 cells/polymer in 24-well plates.
Seeding was undertaken by pipetting out the intended cell density
in 10 mL of culturemedia on the polymer to ensure cells did not flow
away from the sample. Then they were kept in the incubator for 1 h
to ensure cell attachment on the polymers. 1 mL of culture media
was added to each polymer. Culturemediawas changed every three
days.

A cell-count kit (CCK) assay was carried out in three time points
(day 1, 4 and 7). At each time point, 10% of the assay reagent was
added to the sample and incubated for 1 h. Subsequently, a fluo-
rescence measurement was taken for each well plate and this
measurement was repeated three times by using wavelength de-
tector (Infinite® M200, Tecan) at 450 nm wavelength.

Glass discs cover slips were used in a control experiment. A
calibration curve was obtained by seeding the cells in pre-
determined five different cell densities and fluorescence was
measured for each cell density. Fluorescence absorbance was
correlated with cell number which generated a calibration curve
and an equation that was accordingly used for indirect cell count-
ing. Cell culture datawere statistically analyzed by SPSS software by
using Kruskal-Wallis analysis where p-value for statistical signifi-
cance was �0.05.

3. Results and discussion

3.1. Synthesis of PGS/b-TCP biocomposites

Calcium phosphate particles prepared bymicrowave at different
reaction temperatures and times were characterized by X-ray
diffraction (XRD) spectroscopy, as illustrated in Fig. 1a. The phase of
the synthesized calcium phosphate matches with the standard
diffractionpattern of b-TCP (JCPDS#09e0169) [24]. The phase of the
calcium phosphates does not alter with the reaction temperature
and reaction time in themicrowave. This is because the formation of
b-TCP relies on the solvent species in which the solubility of both
calcium and phosphate precursors affects the final phase of the
calciumphosphates [23]. The characteristic peaks associatedwithb-
TCP in literature were reported at a few regions: symmetric PeO
stretching vibrations (n1:960 cm�1), antisymmetric PeO bending
vibrations (n4: 650-400 cm�1), and antisymmetric PeO stretching
vibration (n3: 1010-1090 cm�1) [25,26]. From the Raman spectra of
b-TCP(Fig. 1b), the peaks are also comparable with the literature,
showing the symmetric PeO bending (n2), antisymmetric PeO
bending (n4) and symmetric PeO bending (n1) around 400-
460 cm�1, 560-610 cm�1 and 950-970 cm�1, respectively [26].

For PGS, ATR-FTIR analysis (Fig. 1c) was used to confirm the
formation of ester bonds, indicated by an intense peak at
1735 cm�1. The two absorption peaks around 2928 and 2855 cm�1

are attributed to the methylene group and the broad peak observed
around 3400-3600 cm�1 is because of hydrogen bonded hydroxyl
groups [9]. For the Raman spectra of PGS, there are no significant
peaks found at the range between 200 and 1000 cm�1(Fig. 1b).

The prepared biocomposites (i.e. PGS/b-TCP120, PGS/b-TCP150
and PGS/b-TCP180) were then characterized by Raman (Fig. 1b) and
ATR-FTIR (Fig. 1c) spectroscopy. Similar to PGS, ester linkage at
1735 cm�1, methylene group at 2928 and 2855 cm�1, and broad
hydroxyl group at around 3400- 3600 cm�1 are observed in ATR-
FTIR spectrum. Additional peaks corresponded to the PeO bond
of the b-TCP are also found in these biocomposites. As illustrated in
Fig. 1b, the Raman spectra of the PGS/b-TCP biocomposites show
the peaks around 400-460 cm�1, 560-610 cm�1 and 950-970 cm�1,
which correspond to symmetric PeO bending (n2), anti-symmetric
PeO bending (n4) and symmetric PeO bending (n1), respectively
[26]. Both infrared and Raman spectra thus prove that the b-TCP
particles are incorporated with PGS.

SEM images of the PGS and its biocomposites (Fig. 2 as well as
Figs. S1 and S2) reveal the spherical b-TCP particles with a
dimension of 50e190 nm are well incorporated into PGS. The sur-
face condition of the biocomposites also changes significantly
when compared with PGS. The surface of PGS is generally smooth
and the presence of b-TCP particles in the polymer results in an
uneven/rough surface as illustrated in Fig. S1. Furthermore, higher
temperature allowsmore particles to be attached in the PGS. PGS/b-
TCP prepared at low temperature (120 �C) has less b-TCP particles
that agglomerate on its surface. On the other hand, PGS/b-TCP150
and PGS/b-TCP180 biocomposites have much better incorporation
of the b-TCP particles into PGS (Fig. 2 and Supporting information,
Fig. S2). However, when comparing PGS/b-TCP150 and PGS/b-
TCP180 biocomposites, b-TCP particles tend to agglomerate in the
PGS polymer when the temperature is higher than 150 �C. PGS/b-
TCP150 demonstrates a more homogeneous layer of b-TCP particles
incorporated on the surface of the biocomposite. Furthermore, TGA
as shown in Fig. 1d presents the mass ratios between PGS and b-
TCP. PGS/b-TCP180 contains over 60 wt% of the original weight
(namely the weight percentage of b-TCP is >60%), which is three
times higher than PGS/b-TCP150. PGS/b-TCP120 has a slight larger
weight loss than PGS/b-TCP150 although PGS losses 100% weight at
490 �C. Both the cross-section and surface images of the bio-
composites in Fig. S2 in supporting information show b-TCP par-
ticles are well incorporated in the PGS matrix. Further energy
dispersive X-ray spectroscopy (EDS) analysis in Fig. S3 in support-
ing information also presents the biocomposites are embodied by
b-TCP particles. The figure also indicates more b-TCP particles on
the surface of PGS/b-TCP150 than PGS/b-TCP180. Taking into ac-
count the results of TGA measurement, one can conclude that more
b-TCP particles are incorporated into the bulk of PGS polymer when
synthesized at 180 �C.



Fig. 1. (a) XRD of b-TCP particles prepared at different reaction temperatures and reaction time, where the reaction time is 60 min at 120 �C and 150 �C, although only 5 min at
180 �C. (b) Raman spectra of PGS/b-TCP biocomposite synthesized at 120 �C (60 min), 150 �C (60 min) 180 �C (5 min) by microwave, comparing with pure phase of PGS and b-TCP. (c)
IR spectra of the prepared PGS/b-TCP biocomposites and pure PGS (d) TGA tests of the PGS/b-TCP biocomposites and the PGS polymer. PGS, poly(glycerol sebacate); b-TCP, b-
tricalcium phosphate; IR, infrared; XRD, x-ray diffraction; TGA,thermal gravimetric analysis.

C.C. Lau et al. / Materials Today Advances 5 (2020) 1000234
Based on the XRD patterns, IR spectra, Raman spectra and SEM
images, the biocomposites of PGS/b-TCP were prepared success-
fully, where the presence of these b-TCP particles alters the
morphology and surface conditions of the PGS. These altered sur-
faces would have different surface properties, changing their
biocompatibility.

3.2. Improved surface properties/hydrophilicity

As mentioned above, the surface hydrophilicity of a biomaterial
is crucial to cell adhesion and proliferation. Therefore, the surface of
the biocomposites was investigated by measuring the swelling
ratio and contact angle. Fig. 3 illustrates the swelling data for the
PGS and its biocomposites. The swelling ratio of PGS/b-TCP150 in-
creases by 8% to 1.16 ± 0.03 as compared with PGS which is only
1.07 ± 0.01 and followed by PGS/b-TCP180which is 1.14 ± 0.01. PGS/
b-TCP120 has comparable swelling ratio with PGS, also proving the
lower incorporation of b-TCP particles in the PGS as seen in its SEM
image (Supporting information, Fig. S1). The incorporation of b-TCP
particles stimulates the water uptake owing to the changes in the
surface. The uneven surface increases surface area-to-volume ratios
of the biocomposites, and this also increases the amount of the
absorbed water, which can affect the degradation rate [27]. More-
over, for PGS/b-TCP180, the agglomeration of b-TCP particles re-
duces the surface area-to-volume ratio, leading to lower swelling
ratio when compared with PGS/b-TCP150.

The contact angle of these specimens was also examined. As
shown in Table 1, the contact angle of the PGS implies that the PGS
surface appears to be hydrophilic to some extent. PGS/b-TCP150
and PGS/b-TCP180 exhibit 14% lower contact angle than PGS
(76.70 ± 2.30�), indicating these biocomposites have a better hy-
drophilic surface. On the other hand, PGS/b-TCP120 has a compa-
rable contact angle to PGS because of two separate phases instead
of a composite. The adding of the particles in the polymer generally
affects both the degree of cross-linking and the hydrophilicity of
the PGS. In this study, the incorporation of b-TCP particles improves
the hydrophilicity because these particles are hydrophilic [28,29].
These b-TCP particles can interact with water, like the hydroxyl
backbone of PGS and creating a hydrophilic surface, which is in
agreement with a previous study [30]. On the other hand, the
changes in the contact angle can be explained by Wenzel's equa-
tion: a larger surface area or a rough surface can reduce the contact
angle of a hydrophilic surface because it increases the polar inter-
actionwith water droplets, leading to a lower contact angle [31,32].
These properties could affect the degradation kinetics and cellular
responses as water molecules at the interfaces affect cell adhesion
and proliferation [10].

3.3. Enhanced degree of cross-linking

Other than the surface properties, the degree of cross-linking of
bulk materials was determined via sol-gel content. Theoretically,
the cross-linked part swells and the non-cross-linked part leaches
out from the polymer in THF solution. Therefore, the remaining dry
weight of the cross-linked network is used to determine the gel
content of the biocomposite network. Fig. 4 shows that sol content
(non-cross-linked monomer) decreases when incorporating the b-
TCP particles into PGS. For instance, the sol content of PGS/b-



Fig. 2. SEM images of PGS/b-TCP150 (left) and PGS/b-TCP180 (right) biocomposite with different magnification. The agglomeration of b-TCP particles is observed for PGS/b-TCP180
although PGS/b-TCP150 has a more homogeneous distribution of these particles. PGS, poly(glycerol sebacate; b-TCP, b-tricalcium phosphate.

Fig. 3. Swelling ratio of the PGS and its biocomposites at different reaction tempera-
ture and time in the microwave.

Table 1
Contact angle of the PGS and its biocomposites prepared at
different reaction temperature and time in microwave

Sample Contact angle (�)

PGS 76.70 ± 2.30
PGS/b-TCP120 72.95 ± 9.80
PGS/b-TCP150 65.65 ± 7.34
PGS/b-TCP180 65.95 ± 4.11

PGS, poly(glycerol sebacate; b-TCP, b-tricalcium phosphate.

Fig. 4. Effects of b-TCP particles on degree of cross-linking is determined by the sol-gel
content. The presence of b-TCP particles dramatically reduces the sol (non-cross-
linked) and increases the gel (cross-linked) content.
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TCP150 biocomposites decreases by at least 66% as compared with
PGS sample, which is 26.43 ± 4.10%. All the biocomposites show a
higher degree of cross-linking where the sol content is only
8.93 ± 2.35%, 8.25 ± 0.98% and 6.59 ± 0.97% for the PGS/b-TCP120,
PGS/b-TCP150 and PGS/b-TCP180, respectively. Although an in-
crease in synthesis temperature of biocomposite is likely to result in
a further cross-linking of unreacted carboxylic site (-COOH) and
(-OH) on the cured PGS prepared at 120 �C for 8 h, the comparable
percentage sol contents after 120, 150 and 180 �C microwave
heating suggest that the effect of biocomposite synthesis
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temperature to the cross-linking is insignificant. Thus, the reduc-
tion in the sol content of prepared biocomposites is attributed in
the incorporation of b-TCP particles in the polymer matrix which
increases the degree of cross-linking [9e11]. This may be due to the
electrostatic interaction between ‘Ca2þ site bridging’ mechanisms,
that is, negatively charged of unreacted carboxylic site (-COO-) or
the unreacted (-OH-) presented on the PGS binds to Ca2þ of b-TCP
[9].

Degradation properties of biomaterials have significant effects
on their application in tissue engineering as it should match with
the rate of new tissue regeneration. Under physiological conditions,
PGS degrades due to surface erosion via cleaving the ester linkage.
The surface erosion is advantageous over bulk degradation because
this type of erosion exhibits gradual loss in geometry in relation to
mass loss.

Degradation of the PGS and PGS/b-TCP biocomposites were
investigated under physiological conditions (PBS, 37 �C) for 4
weeks (Fig. 5). From the results, apparently, the mass loss of the
biocomposites reduces significantly when compared with PGS.
After 7 days, the mass loss of PGS is the highest which is
8.84 ± 0.94% and maximum 3% for the biocomposites. Similar trend
is observed after 28 dayswhere the residual mass of PGS is less than
83% compared with all biocomposites (>92%), indicating the bio-
composites have a ca. 10% slower degradation rate. On the other
hand, the morphology of these degraded samples after 28 days was
observed using SEM to examine the effect of degradation on their
surface morphology. The images show that many evenly distrib-
uted b-TCP particles are still found on the surface of biocomposites,
especially for those two prepared at a higher temperature (i.e. PGS/
b-TCP150 and PGS/b-TCP180) as shown in Supporting information,
Fig. S4, indicating such biocomposites undergo the same surface
erosion mechanism which is mainly dominated by hydrolysis of
PGS, and these b-TCP particles are relatively incorporated into the
polymer matrix.

The degradation rate of the biocomposites is slower than PGS
owing to a higher degree of cross-linking as observed by the sol/gel
analysis. Increase in the gel content indicates a higher degree of
cross-linking, and the degradation rate is always inversely pro-
portional to the degree of cross-linking. Therefore, PGS with the
highest sol content degrades faster than the biocomposites. This is
because the incorporation of b-TCP particles into PGS can retard the
degradation of the polyester backbone and enhance physiological
Fig. 5. Degradation rates of the PGS and PGS/b-TCP biocomposites at day 7, 14, 21, and
28.
stability by increasing the degree of cross-linking. Furthermore,
swelling ratio also plays a critical role in the degradation rate.
Higher swelling ratio allows more water to be absorbed and results
in a faster degradation rate [27]. Therefore, PGS/b-TCP150 with the
highest swelling ratio shows the fastest mass loss among these
biocomposites.

The short-term degradation of these biocomposites is mainly
dominated by the hydrolysis of PGS, but long term degradation is
complex and requires further investigation which involves the
degradation of the b-TCP particles where b-TCP is a weak water
soluble inorganic salt and it could be dissolved slowly from the
composite after a long period. For instance, only approximately 5%
of TCP mass loss was observed from its composite after 15 weeks
[10,33].
3.4. In vitro bioactivity

After investigating the properties of the biocomposites, PGS/b-
TCP150 and PGS/b-TCP180 were selected to study their biocom-
patibility owing to their improved hydrophilicity and reduced
degradation rate. Fig. 6 presents cell proliferation data over three
intervals (at day 1, 4, and 7). Initially cells were seeded at a density
of 15000 cells/biocomposite. Overall, there is a continuous cellular
growth over time in all samples. At day 1, the control sample (glass
discs) exhibits the highest proliferation rate at around
27800 ± 2400 cells, being statistically different from the PGS
samples (the statistic value p shows the significant differences
between samples when it is less than 0.05). The cell numbers in
both PGS/b-TCP150 and PGS/b-TCP180 are approximately
16500e18000 cells each biocomposite as compared with the PGS
samples that are less than 10000 cells per sample, and is in
agreement with the previous study [9]. Both of the biocomposites
increase 65% of cell proliferation rate when compared with PGS. At
day 4, a similar trend is found where the highest cellular prolifer-
ation is noticed in the control experiment (on a glass discs), fol-
lowed by the PGS/b-TCP (around 26000e26400 cells each
biocomposite) and the least growth is observed in the PGS samples
which is only 18795 ± 561 cells per sample. This further shows that
the biocomposites show a 40% difference when compared with the
PGS although they have a similar surface area where cells
Fig. 6. Cell viability study of the PGS and PGS/b-TCP biocomposites with the control
glass discs where the measurements were taken at day 1, 4 and 7. The two selected
biocomposites do not show the significant difference between each other (p > 0.05),
but the PGS and the biocomposites exhibits significant difference in cell viability
(p < 0.05). *p < 0.05.
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proliferation takes place. At day 7, cell proliferation figures of all the
samples are about double of that on day 1. Both PGS/b-TCP150 and
PGS/b-TCP180 still illustrate higher proliferation rate than PGS
samples, which is at least 24% increase in cell viability than PGS
sample (30637 ± 722 cells per sample). The findings of this study
show that the cell number in both PGS/b-TCP150 and PGS/b-TCP180
increases in a similar rate, although a better cell viability than PGS
(p < 0.05). Therefore, this can summarize that the biocomposites
are more biocompatible than PGS for cell viability in particular for a
short-time proliferation, which better matches with the bone
growth when using in implants.

The bioactivity studies display the biocomposites show prom-
ising results where both biocomposites showing significant differ-
ence in cell number when compared with the PGS. This can be
interpreted by relating the biocomposite degradation rate with cell
bioactivities. First, a slower degradation rate may provoke cellular
metabolic and proliferative activities. In other words, the cell
viability is inversely related to the degradation rate [10,34,35]. The
sebacic acids degraded from the hydrolysis process of PGS could
lower the local pH and produce an acidic environment which is
unfavorable for the cell viability [9,36]. Second, the hydrophilic
surface and better swelling effect are preferable for cell prolifera-
tion as proved in the reported literatures [37e39], therefore the
improved hydrophilic surface of biocomposites shows a better cell
viability. Third, as compared with a single polymer material, the
presence of b-TCP particles can improve the cell viability and pro-
liferation owing to its biocompatibility and non-toxicity. In addi-
tion, as suggested by Hu et al. [40] the high crystallinity of the b-TCP
can also affect the cell proliferation. As such the PGS/b-TCP150 and
PGS/b-TCP180 show the improved cell viability after 7 days among
these biomaterials because of slower degradation rate, smallest
contact angle and largest swelling effect.

It can be summarized that the incorporation of b-TCP particles
not only reduces the degradation rate but also improves the surface
hydrophilicity and swelling effect. The improved properties
dramatically enhance the biocompatibility of PGS which could not
be achieved by a single PGS biomaterial. This is because the hy-
drophilicity and degree of cross-linking of PGS always conflict with
each other. For instance, to decrease the degradation rate, the de-
gree of cross-linking of PGS needs to be increased, while this re-
duces the free hydroxyl bonds in the backbone of PGS and then
affects the hydrophilicity of the polymer, although it is beneficial
for cell proliferation. Another benefit of composing b-TCP into a
polymer is to promote the new bone ingrowth and to buffer the
drop in pH during the degradation process, as suggested by Roy
et al. [41]. This is because b-TCP particles can resorb and induce cell
proliferation which is beneficial for new bone formation and is
hardly to be achieved by PGS [42].

4. Conclusion

In this work, we successfully in situ fabricated PGS/b-TCP bio-
composites by a fast microwave synthesis approach. The degree of
cross-linking, hydrophilicity, and morphology of the biocomposites
have been altered with the presence of these biocompatible b-TCP
particles with a size of 50e190 nm. Specifically, these b-TCP par-
ticles improved the degree of cross-linking by decreasing the sol
content by ca. 66% and enhanced the hydrophilicity as indicated by
the smaller contact angle. Such biocomposites also increased the
swelling ratio of the biopolymer by nearly 10%. The degradation
rate of these biocomposites also changed notably, decreasing more
than two times after 28 days in the PBS solution compared with
pure PGS polymer. Many b-TCP particles were observed after 28
days degradation test, indicating these b-TCP particles were rela-
tively evenly incorporated into the polymer matrix. As a result, the
biocomposites (i.e. PGS/b-TCP150 and PGS/b-TCP180) proved
higher cell viability, for example,. after one day, the optimized
biocomposites increased cell viability by at least 65% compared
with pure PGS polymer. It can be concluded that a slower degra-
dation rate (higher degree of cross-linking), better hydrophilic
surface, and higher swelling effect support the attachment and
proliferation of cells, resulting in the best biocompatibility of the
new biocomposites prepared by the fast and facile microwave
approach, which would meet the requirement of a drug carrier or
an implant.
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