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Poly(glycerol sebacate) (PGS) has been proposed for tissue engineering applications owing to its tough
elastomeric mechanical properties, biocompatibility and controllable degradation. However, PGS shows
limited bioactivity and thus constraining its utilization for musculoskeletal tissue engineering. To address
this issue, we developed bioactive, highly elastomeric, and mechanically stiff nanocomposites by cova-
lently reinforcing PGS network with two-dimensional (2D) nanosilicates. Nanosilicates are ultrathin
nanomaterials and can induce osteogenic differentiation of human stem cells in the absence of any osteo-
genic factors such as dexamethasone or bone morphogenetic proteins-2 (BMP2). The addition of nanosil-
icate to PGS matrix significantly enhances the mechanical stiffness without affecting the elastomeric
properties. Moreover, nanocomposites with higher amount of nanosilicates have higher in vitro stability
as determined by degradation kinetics. The increase in mechanical stiffness and in vitro stability is mainly
attributed to enhanced interactions between nanosilicates and PGS. We evaluated the in vitro bioactivity
of nanocomposite using preosteoblast cells. The addition of nanosilicates significantly enhances the cell
adhesion, support cell proliferation, upregulate alkaline phosphates and mineralized matrix production.
Overall, the combination of high mechanically stiffness and elastomericity, tailorable degradation profile,
and the ability to promote osteogenic differentiation of PGS-nanosilicate can be used for regeneration of
bone.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

There are over 2.2 million bone grafting operations worldwide
annually, making bone the second most transplanted organs fol-
lowing blood [1,2]. Current clinical gold standard, autograft, pro-
vides an optimal osteogenesis, but they are limited in supplies
and also result in donor site morbidity [3–5]. Allograft has been
increasingly used in the past century due to its availability, but
its bone regeneration efficacy is lower than that of autograft and
it is also immunogenic [6–8]. The risk of disease transmission
can be mitigated by irradiation, but it causes damages to collagen
structure, which negatively affects mechanical properties. Due to
limitations of autografts and allografts, there is a rising demand
for synthetic bone graft substitutes [9–13].

Amongst synthetic bone grafts available in the market, the most
successful products are bioactive ceramic granules that surgeons
can combine with patient’s blood and apply to bone defects as a
putty [9–13]. Tricalcium phosphate (b-TCP), hydroxyapatite
(HAp), and biphasic calcium phosphate (a mixture of b-TCP and
HAp) are the most commonly used because they are similar to
calcium-deficient HAp, a natural bone mineral [12]. However,
due to lack of control over the degradation rate of these ceramics,
it is difficult to mimic the rate of bone healing and regeneration. In
the past few years, there has been an increasing interest in bioac-
tive glasses, the silica-based materials composed of Na2O–CaO–
P2O5–SiO2. They are osteoinductive, and have bioactivity index
(correlates to the bone-bonding ability) up to 10-folds higher than
HAp. In addition, they are class A biomaterials, meaning that they
can stimulate bone growth and strongly bond to both bone and soft
tissues [12–15]. Despite superior properties, which can fulfill most
of the requirements for bone graft substitutes, their brittleness and
complex chemistry have limited their translational success. Specif-
ically, bioactive glasses are too brittle for bone defects under cyclic
loading and too difficult to cut and shape to fit defect sites [12–15].
Thus, there is a need for alternative materials to control and trigger
bone regeneration process.

Recently, a significant interest in design bioactive materials
focuses on development of multifunctional nanomaterials [16].
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It is expected that synergistic interactions between nanomaterials
and cells can be used to control and trigger cell fate and can be
used to engineer complex tissue structures. We reported the ability
of nanosilicate (Laponite – Na+0.7[(Mg5.5Li0.3)Si8O20(OH)4]�0.7) to
induce osteogenic differentiation of human mesenchymal stem cells
(hMSCs) and adipose stem cells (ASCs) without any osteoinductive
supplements such as BMP2 and dexamethasone [15,17]. Nanosili-
cates are plate-like two-dimensional (2D) nanoparticles composed
of salts of silicic acids with a heterogeneous charge distribution
[18]. Nanosilicates dissociates into Na+, Mg2+, Li+, and Si(OH)4 in
aqueous solution. These ionic dissolution products are reported to
be involved in cellular adhesion and bone formation. In particular,
Mg+ ions promoted adhesion of osteoblastic cells to materials sur-
faces via fibronectin receptor a5b1 and b1 integrins, resulting in
enhanced gene expression of ECM proteins and new bone formation
[19,20]. Orthosilicic acid or Si(OH)4 promoted synthesis of collagen
type I and stimulated osteogenic differentiation [19,21]. Lithium ions
(Li+) were found to activate Wnt/b-catenin signaling which stimu-
lated osteogenic differentiation of mesenchymal progenitor cells,
promoted cell proliferation and mineralization, while inhibited
apoptosis and osteoclastogenesis [22]. In addition, nanosilicates
showed cytotoxicity at ten-fold higher concentration compared to
nanohydroxyapatite and silica nanoparticles [15]. Thus, they have
promising potentials for bone tissue engineering.

Nanosilicates strongly interacts with hydrophilic polymers such
as collagen and poly(ethylene glycol) (PEG), and results in unique
property combinations including high stiffness, toughness, bioac-
tivity, and cell adhesion characteristics for biomedical applications
[23,24]. Some of the promising biomedical applications for
nanosilicates-based composites include high-performance elas-
tomers [25–28], self-healing structures [29], injectable hemostats
[30], moldable hydrogels [31], and drug delivery vehicles [32,33].
Recently, our group showed that by incorporating nanosilicates
in collagen-based matrix, significant enhances alkaline phosphate
(ALP) activity (an early marker for osteogenesis), and promotes
production of mineralized matrix [34]. However, the mechanical
properties of the collagen-based nanocomposites are significantly
lower (modulus � 20 kPa) for bone tissue engineering applications
and can be used for non-load bearing sites.

Here we report synthesis and fabrication of mechanically stiff
and elastomeric nanocomposite from poly(glycerol sebacate)
(PGS) reinforced with nanosilicates for bone tissue engineering
application. PGS is tough biodegradable elastomeric polyester, syn-
thesized via polycondensation of glycerol and sebacic acid [35–37].
The surface eroding nature of PGS makes it preferable for scaffold-
ing application compared to other polyesters. In addition, its
degradation products, glycerol and sebacic acid, are bioresorbable;
glycerol is a building block for lipid, while sebacic acid is a natural
intermediate of fatty acid metabolisms [35,37,38]. Comparing to
other widely used synthetic polymers such as poly(lactic acid)
(PLA) and poly(lactic-co-glycolic acid)(PLGA)-based materials,
PGS triggered lower inflammatory responses and minimal fibrous
encapsulation [35–37]. As a consequence, PGS-based scaffolds are
explored for various soft tissue engineering applications, including
vascular graft [39–41], nerve guide [42], cardiac patch [43], carti-
lage tissue [44], and retinal transplantation [45]. In addition, it
has been reported that PGS supported phenotypes of osteoblasts
in vitro and was a promising osteoconductive substrate for bone
tissue engineering application [46].

To enhance osteogenic capacity of PGS, we propose to incorpo-
rate bioactive nanosilicates within the crosslinked PGS network.
The addition of nanosilicates to PGS is expected to increase the
mechanical stiffness while preserving the elastomeric properties
of nanocomposites. Due to the enhanced surface interactions
between nanosilicates and PGS, hydrophilicity, biomineralization
and physiological stability of nanocomposite network can be
improved. We also hypothesize that nanosilicates will improve
the cell adhesion characteristics and facilitate in vitro mineralized
matrix formation. It is anticipated that nanoengineered PGS scaf-
folds can be used for bone tissue regeneration.

2. Materials and methods

2.1. Poly(glycerol sebacate)(PGS) synthesis

Poly(glycerol sebacate)(PGS) was synthesized by polycondensa-
tion of glycerol and sebacic acid (Fig. 1a) according to previously
published methods [47]. Glycerol (C3H8O3) and sebacic acid
(C10H18O4) were obtained from Sigma–Aldrich (USA). Briefly, glyc-
erol and sebacic acid in an equimolar ratio were mixed in a two-
neck round-bottom flask, and heated to 120 �C under nitrogen for
24 h. The pressured was then gradually decreased to 50 mTorr,
and the reaction was continued for 48 h. The vacuum was turned
off and the reactor was filled with Argon. The pre-polymer solution
was cooled down to room temperature, transferred to a glass con-
tainer, and kept in 4 �C refrigerator for future use.

2.2. Synthesis of PGS and PGS-nanosilicate composites

Nanosilicates (Laponite XLG) was obtained from BYK Additives
Inc. The nanocomposites were prepared by mixing PGS pre-
polymer in 70% chloroform–30% ethanol (50% w/v), then adding
0%, 1%, 2.5%, 5%, 10%, 15% w/w of nanosilicates to the PGS
(Fig. 1b). Nanosilicates (nSi) were suspended in the solution using
a probe sonicator (Model FB120, Fisher Scientific) to uniformly dis-
perse it in PGS prepolymer solution. The increase in viscosity was
observed as we add nanosilicates to PGS indicating enhanced inter-
actions between nanoparticle and PGS prepolymer. Then, the solu-
tion was poured into a Teflon mold and left in a fume hood for 48 h
for solvent evaporation. The dried pre-polymer was put in a vac-
uum dessicator for 24 h before thermal curing in a vacuum oven
at 130 �C for 48 h. The samples were named PGS, PGS-1%nSi,
PGS-2.5%nSi, PGS-5%nSi, PGS-10%nSi, and PGS-15%nSi, respec-
tively, according to concentration of nanosilicates.

2.3. Surface morphology

The surface morphology of the nanocomposites was imaged
using scanning electron microscopy (FEI Quanta 600 FE-SEM,
USA, fitted with an Oxford EDS system). The nanocomposite sam-
ples were vacuum dried in a dessicator, then sputter coated with
Au/Pd up to a thickness of 8 nm before being mounted onto the
specimen stub with carbon tape.

2.4. Sol content analysis

Degree of crosslinking was determined by sol (uncrosslinked
network) and gel (crosslinked network) content analysis.
Nanocomposites were submerged in THF for 24 h. The swollen
samples were dried overnight and the final weight (Wd) was mea-
sured. The percentage of sol content (sol%) was calculated from the
initial (Wi) and final weight (Wd) using Eq. (1).

Sol ð%Þ ¼ W i �Wd

W i
� 1 ð1Þ
2.5. Hydration properties

Hydration properties of nanocomposites were evaluated from
swelling ratio and contact angle measurement. For the swelling
study, samples were submerged in phosphate buffer saline (PBS)



Fig. 1. Synthesis and fabrication of PGS nanocomposites. (a) PGS was synthesized via polycondensation of glycerol and sebacic acid. (b) The prepolymer containing PGS and
nanosilicate were thermally crosslinked to obtain elastomeric nanocomposites.
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at 37 �C for 48 h. The excess surface water was drained and the
weight of swollen samples (Ws) was measured. The swelling ratio
was calculated from the swollen (Ws) and initial weight (Wi) using
Eq. (2). Surface hydrophilicity was determined by water contact
angle analysis. A drop of water was dripped onto the sample using
a 21-gauge flat needle. The shape of the water drop was captured
with a camera (KSV CAM-200 contact angle analyzer, KSV Instru-
ments LTD), and the contact angle was analyzed using imageJ
software.

Swelling ratio ¼ Ws

W i
ð2Þ
2.6. Degradation studies

Nanocomposites were submerged in phosphate buffer saline
(PBS) at 37 �C. The samples were collected after 3, 7, 10, and
28 days, and dried weight was determined. Percentage of weight
loss at specific time point was calculated from the initial (Wi)
and final dried weight (Wd) using Eq. (3). In complementary to
weight loss, surfaces of nanocomposites before (day 0) and after
28 days in PBS (day 28) were imaged using scanning electron
microscopy (SEM) (Neoscope JCM-5000).

Weight loss ð%Þ ¼ W i �Wd

W i
� 100 ð3Þ
2.7. Thermal analysis

Thermal properties of nanocomposites were determined by
thermogravimetric analysis (TGA) (TGA Q50, TA Instruments).
The samples weighed �10 mg were heated from 0 �C to 750 �C
with the heating rate of 10 �C min�1. Thermal stability was deter-
mined by calculating the remaining weight at 750 �C. Degradation
temperature and temperature range were determined from the
first derivative curve (% weight loss/�C).

2.8. Mechanical properties

Since we aimed to use the nanocomposites for bone regenera-
tion at load bearing sites, samples were subjected to cyclic
compression using the eXpert 7600, ADMET, USA). Five cycles of
loading and unloading were implemented (strain rate 0.1 mm/
min). Stress–strain curves were plotted, and compressive modulus,
energy loss, and percentage of recovery were calculated. For the
fractured surface study, nanocomposites were cut into a thin strip
(2 cm long � 0.5 cm wide � 1 mm thick) and pulled vertically
(strain rate 0.1 mm/min) until fractured. The fractured surfaces
were imaged using scanning electron microscopy to study surface
characteristics.

2.9. In vitro biomineralization

Bone bioactivity of nanocomposites was studied by submerging
samples in 10� simulated body fluid (10� SBF). SBF was prepared
according to previously published methods [48]. Nanocomposites
were punched using a 6 mm diameter biopsy punch. The samples
were weighed and the volume of SBF needed was calculated
accordingly (150 mg/100 ml SBF). The samples were immersed in
10� SBF for 30 min and 6 h, then air dried for further studies.
Attenuated Total Reflectance – Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) (Bruker Alpha FTIR) was used to determine
characteristic bands of hydroxycarbonate apatite layer formed on
the surface. The samples were further imaged using scanning elec-
tron microscopy (SEM). In addition, they were stained by Alizarin
Red S (ARS) (2% solution, pH 4.2, Electron Microscopy Sciences)
for calcium deposit, and imaged using a stero microscope
(Amscope FMA 050). For quantitative analysis, the stained samples
were washed in 10% acetic acid (Fisher Scientific) for 30 min with
shaking. The solution was neutralized with 10% ammonium
hydroxide (Sigma–Aldrich) until the pH fell within the range of
4.1–4.5, then the UV absorbance was read at 405 nm (Infinite
M200PRO, TECAN). The absorbance was converted to ARS concen-
tration using a predetermined standard curve.

2.10. Protein adsorption

Protein adsorption on the nanocomposites was determined by
washing the samples (6 mm diameter) twice with Dulbecco’s
phosphate buffered saline (DPBS) before soaking in 10% fetal
bovine serum (FBS) at 37 �C for 24 h. DPBS and FBS were purchased
from Life Technologies. The samples were washed thrice with DPBS
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to remove non-specifically adsorbed proteins. Then, 2% sodium
dodecyl sulfate (SDS) solution (20% SDS solution, Amresco) was
added with shaking for 6 h to collect adhered protein. The solution
was collected and protein concentration was quantified using a
Micro BCATM Protein Assay Kit (Thermo Scientific). Briefly, an equal
amount of collected supernatant and BCA working reagent were
incubated at 37 �C for 2 h then quantified using a UV/Vis spec-
trophotometer at 562 nm. The bovine serum albumin (BSA) came
with the assay kit was used as a standard.

2.11. In vitro cell adhesion, proliferation and differentiation

MC-3T3 E1 preosteoblasts (ATCC�) were cultured in normal
growth media (a-MEM) (HycloneTM) containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (gibco� by Life Tech-
nologies), at 37 �C in an incubator with humidified atmosphere
(5% CO2). The cells were used for seeding at 70% confluency in cul-
ture. Nanocomposites (6 mm diameter) were glued to a glass slide
(1 � 1 cm) with a medical grade silicone adhesive (Loctite 5240),
and put into a 24 well plate. The glass slide would aid in handling
the samples without disturbing adhered cells. Before cell seeding,
the samples were washed twice with DPBS, sterilized under UV
light for 4 h, and incubated in normal growth media overnight at
37�c. The cells were trypsinized (0.5% trypsin–EDTA, gibco� by Life
Technologies) and seeded on the samples at the high density of
1 � 105 cells in 5 ll normal growth media. The seeded samples
were incubated at 37 �C for 3 h to allow cells to adhere; then,
600 ll of normal growth media was added. The samples were col-
lected at 24 h and 3 days after the initial cell seeding. They were
washed with DPBS, fixed with 2.5% glutaraldehyde (25% aqueous
solution, Alfa Aesar�), and dehydrated with graded ethanol (30%,
50%, 75%, 95%, and 100%, respectively). The seeded samples were
then subjected to chemical drying with hexamethyldisilazane
(HDMS) (electronic grade, Alfa Aesar�) before sputter coated and
imaged with scanning electron microscope.

Preosteoblasts were trypsinized and seeded on pre-conditioned
samples at the density of 5000 cells per sample per well (96 well
plate) in normal growth media. The samples were divided into 2
sets, the first set was cultured in normal growth media while the
other in osteoconductive media (a-MEM supplemented
with 10 mM b-glycerolphosphate and 0.05 mM ascorbic acid).
b-Glycerolphosphate and ascorbic acid were used as purchased
from Sigma–Aldrich. Osteoconductive media was added to the sec-
ond set of samples at 24 h after the initial cell seeding. Cell prolif-
eration at day 1, 5, 7, 10, and 14 was determined by alamarBlue�

assay (Thermo Scientific) following the standard manufacturer’s
protocol.

Osteogenic differentiation of preosteoblasts was evaluated from
determining production of alkaline phosphatase (ALP) and matrix
mineralization. ALP was stained by BCIP/NBT solution (Thermo Sci-
entific) at day 3 following the standard manufacturer’s protocols.
ALP activity was further quantified using SensoLyte� pNPP Alkaline
Phosphatase Assay Kit, and normalized by amount of double strand
DNA (ds-DNA). The amount of dsDNA was quantified using Pico-
Green� Assay in conjunction with NanoDrop3300 fluorospectrom-
eter (Thermo Scientific). In addition, matrix mineralization at day
14 was stained by Alizarin Red S, and imaged with the stereomi-
croscope. The stained images were quantified for the area coverage
using ImageJ (NIH) software with Threshold_Colour plugin. For all
studies, seeded cells were cultured in normal growth media and
osteoconductive media for comparison.

2.12. Statistics

The experimental results are plotted as mean ± standard devi-
ation (n = 3–5). Statistical analysis of all quantitative data was
performed by one-way analysis of variance (ANOVA), while pair-
wise comparison of data was determined by Turkey’s post hoc
test. Statistical significance was shown as *p < 0.05, **p < 0.01,
***p < 0.001.
3. Results and discussion

PGS prepolymer was synthesized via polycondensation of glyc-
erol and sebacic acid with molecular weight (Mw) � 5012 Da and
polydispersity index (PDI) of �2.6, according to previously pub-
lished protocol [47]. A fully crosslinked PGS polymer was obtained
by thermal curing process at 130 �C for 48 h, according to previ-
ously published reports. Different amount of nanosilicates (0%,
1%, 2.5%, 5%, 10%, 15% w/w to the PGS) was incorporated before
the thermal crosslinking process to obtain PGS-nanosilicate com-
posites. All the samples were used to evaluate physical and chem-
ical characterization without any post-modification process.
3.1. Nanosilicate enhances crosslinking density and hydrophilicity of
nanocomposites

The degree of covalent crosslinking after thermal curing process
was determined via sol–gel contents. Covalently crosslinked
nanocomposites readily swelled in THF and the sol content was
leached out. The remaining dry weight of crosslinked network
was used to determine the gel content of the nanocomposite net-
work. The results showed that the amount of sol content (uncros-
slinked macromer) decreased with increasing nanosilicate
concentration, indicating the increase in crosslinking density
(Fig. 2a). For example, the sol content was decreased by 15.5% upon
the addition of 5% nanosilicates. This ascertained the role of
nanosilicates as multifunctional crosslinkers as previously
reported [26,31]. Although the exact nature of crosslinking mech-
anism is not known, but it is expected that the surface of nanosil-
icate, rich in hydroxyl group, might interact with the hydroxyl
group present on PGS backbone to form ester. This resulted in
increased gel content due to addition of nanosilicates.

The addition of nanosilicates was expected to increase the swel-
ling ratio of PGS networks as nanosilicates are hydrophilic. The
swelling ratios for PGS nanocomposites containing 0%, 1%, 5%,
10%, and 15% nanosilicates were 0.99 ± 0.04, 1.02 ± 0.04,
1.04 ± 0.01, 1.05 ± 0.02, and 1.05 ± 0.03, respectively (Fig. 2b).
Additionally, the contact angles of a water droplet on nanocompos-
ites decreased with increasing nanosilicates contents (Fig. 2c). For
example, the PGS surface had a water contact angle of 73.9 ± 5.2�,
similar to previously reported literature [49]. The addition of 15%
nanosilicates lowered the contact angle to 59.7 ± 1.5�, indicating
increased in hydrophilicity of nanocomposites. The increase in
hydrophilicity was likely due to the polyions present on the
nanosilicate surfaces that attracted water molecules and thus,
resulted in higher swelling ratio. These properties would affect
degradation kinetics as well as cellular responses to the nanocom-
posites as water molecules at the interfaces influenced protein
adsorption and cell adhesion.

To evaluate the effect of nanosilicate on surface properties of
nanocomposite, protein adsorption on surface was investigated
(Fig. 2d). Proteins adsorbed on the surfaces could affect cell attach-
ment and growth. We soaked the samples in Dulbecco’s phosphate
buffered saline (DPBS) containing 10% of bovine serum albumin
(BSA). The result indicated that the protein adsorbed on PGS and
PGS-nanosilicates were twofold more than tissue culture polystyr-
ene (TCP) control. On the other hand, the addition of nanosilicates
to PGS had no statistically significant effects on protein adsorption
compared to PGS alone.



Fig. 2. Effects of nanosilicates on crosslinking density and hydrophilicity. (a) Soluble contents of PGS and PGS-silicates nanocomposites were determined via sol–gel content.
Since nanosilicates also acted as crosslinkers, sol fraction significantly decreased upon the addition of nanosilicates compared to PGS. Increases in nanosilicate contents also
resulted in (b) higher swelling ratio in physiological conditions and (c) decreased contact angle. (d) However, the addition of nanosilicates had no effects on protein
adsorption compared to PGS (statistical significance was shown as *p < 0.05, **p < 0.01, ***p < 0.001).
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3.2. Nanosilicate improves physiological stability of nanocomposites

Degradation properties of biomaterials have profound effects on
their applications in tissue engineering, where scaffolds need to
provide structural support while degrading in the rate that
matches the rate of new tissue regeneration. Under physiological
conditions, PGS degrades by surface erosion via cleavage of ester
bonds. This is advantageous over bulk-degrading polymers, since
PGS exhibits gradual loss in mechanical strength and geometry,
in relation to mass loss [35]. After 4 weeks in PBS, the samples
were imaged using scanning electron microscope (SEM) to exam-
ine the effect of degradation on surface morphology. The images
showed that the nanocomposite with higher nanosilicate content
underwent significantly less degradation (Fig. 3a). Specifically, for
PGS and PGS-1% nanosilicates, a great extent of surface erosion
and agglomeration of degraded products were observed. On the
other hand, the changes in surface morphology of PGS-10%
nanosilicates were minimal.

Degradation profiles of PGS and PGS-nanosilicates nanocom-
posites were investigated under physiological conditions (PBS,
37 �C) for 4 weeks. From the results, it was apparent that percent-
age of weight loss significantly reduced with increasing nanosili-
cate concentrations. For example, on day 10, the weight losses
for the samples containing 0%, 5%, 10%, and 15%, were 25 ± 3%,
23 ± 1%, 17.5 ± 2%, and 9.8 ± 1.2%, respectively (Fig. 3b). Statistical
analysis revealed significant differences of weight loss upon the
addition of nanosilicates for all studied time points (i.e., day 3, 7,
and 10). These results indicated that the addition of silicates
retarded the degradation of the polyester backbone and enhanced
physiological stability by increasing the degree of crosslinking.

It has been reported that nanosilicates disintegrated slowly at
pH < 9, while PGS underwent hydrolysis of ester groups and
released carboxylic groups. The short-term degradation of PGS
and PGS-nanosilcates were mainly dominated by hydrolysis of
PGS. A long-term degradation profile involving disintegration of
nanosilicates over a period of months will need to be evaluated
in the future. Nevertheless, it should be noted that degradation
of PGS in vivo was reported to be faster than in vitro [49]. In vivo
degradation of PGS was accelerated by esterases present in the sur-
rounding microenvironment.

3.3. Nanosilicate enhances thermal stability of nanocomposites

The thermal characteristics of PGS and PGS-nanosilicates
nanocomposites were examined using thermogravimetric analysis
(TGA). The samples were heated from 0 to 750 �C with the heating
rate of 10 �C min�1. The addition of nanosilicates to PGS network
enhanced thermal stability. The remaining weight at 750 �C
increased upon the addition of nanosilicates, indicating higher
thermal stability (Fig. 4a). For example, pure PGS was completely
decomposed at 750 �C, while PGS-15% nanosilicates had
7.2 ± 1.3% weight remained. The first derivative of TGA curves
revealed 2-phase thermal degradation profiles (Fig. 4b). The first
degradation phase corresponded to the decomposition of cross-
linked PGS, at which the temperature was comparable amongst
all compositions (approximately 450 �C). The second phase corre-
sponded to a decomposition of crosslinked nanosilicate-PGS net-
works. The decomposition temperature corresponding to the
second phase of thermal decomposition increased with increasing
nanosilicate contents. In other words, it took longer time and
higher temperature to thermally decompose the crosslinked
regions of nanocomposites containing nanosilicates. The results
suggested that nanosilicates enhanced thermal stability of the
nanocomposites owing to increased degree of crosslinking.



Fig. 3. Effects of nanosilicates on degradation. The addition of nanosilicates to PGS increased the stability of nanocomposites in physiological conditions. (a) For PGS and PGS-
1%nanosilicates, agglomerated polymer degradation products were observed all over the surface after 28 days. The nanocomposites with 10% nanosilicate underwent
significantly less surface erosion compared to PGS. (b) Percentage weight loss of nanocomposite in PBS decreased with increasing nanosilicate content. Nanocomposite with
15% nSi showed significantly lower weight loss compared to PGS and PGS-5%nSi (**p < 0.01).
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3.4. Nanosilicate enhances mechanical stiffness of nanocomposites

We aimed to use PGS-nanosilicate nanocomposites for bone
regeneration at load bearing sites where they need to withstand
repetitive compressive loadings. PGS is an elastomeric polymer
and extensively investigated for soft tissue engineering applica-
tions [35]. For bone tissue engineering application, the strength
and toughness need to be enhanced, ideally to match those of can-
cellous bone. In addition to osteoinductive properties, nanosili-
cates has been demonstrated to drastically improve mechanical
properties of soft nanocomposite materials [31,33]. So we expect
that the addition of nanosilicate to PGS will enhance the mechan-
ical stiffness of nanocomposite network.

To evaluate the elastomeric properties, PGS and PGS-
nanosilicate nanocomposites were subjected to 5 cycles of cyclic
compression until 20% strain (Fig. 5a). PGS exhibited non-linear
stress–strain curve, which is a characteristic of soft elastomeric
biomaterials. The stress–strain curve was used to determine the
modulus of the crosslinked networks. The compressive modulus
of nanocomposite was increased with increasing nanosilicate con-
centration (Fig. 5b). The modulus was found to be 1.67 ± 1.15 MPa
for PGS, which is comparable to literature. The addition of 1%, 2.5%,
5%, and 15% nanosilicates to PGS resulted in 1.93 ± 0.89 MPa,
3.22 ± 0.51 MPa, 6.61 ± 0.27 MPa, and 8.39 ± 0.30 MPa, respectively.
The addition of 15% nanosilicates engendered 5-fold increase in
compressive modulus. Such enhancements could be attributed to
strong interactions between nanosilicate and PGS which restricted
movement of polymer chains during deformation and improved
load-transfer efficiency within the network.

Energy absorbed by the network during each cycle, and per-
centage recovery upon cyclic loading, were also determined
(Fig. 5c). The maximum energy was absorbed during the first cycle.
For subsequent cycles (2–5 cycles), energy absorption was rela-
tively constant for the network. Pure PGS absorbed 5.9 ± 4.4 kJ/m3

during the first cycle and approximately 2.1 ± 1.6 kJ/m3 during
cycle 2–5. The addition of nanosilicates significantly increased
energy absorption, indicating enhanced toughness. For example,
during the first cycle nanocomposites containing 1% and 15%
nanosilicates exhibited energy absorption of 29.3 ± 5.9 kJ/m3 and
65.7 ± 3.6 kJ/m3, respectively. In comparison to PGS, over 11-fold
increase in toughness was observed due to the addition of 15%
nanosilicates.

Network recovery (%) upon reloading was calculated from the
stress–strain curves (Fig. 5d). A crosslinked network of PGS is com-
posed of covalently-linked random coils with hydroxyl groups
attached to their backbone. Covalent crosslinks and hydrogen
bonds between hydroxyl groups contributed to its elastomericity
[35,49]. Interestingly, the addition of nanosilicates resulted in



Fig. 4. Effects of nanosilicates on thermal properties. (a) Thermogravimetric analysis indicated the addition of nanosilicates significantly enhanced thermal stability of the
networks. (b) The first derivative of the thermograph showed two phases of thermal decomposition. The first phase corresponded to decomposition of the crosslinked PGS
network. The temperature range of the second phase, which corresponded to decomposition of PGS-nanosilicate crosslinked networks, increased with increasing silicate
content (statistical significance was shown as *p < 0.05).
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significantly improved mechanical strength and toughness without
compromising elastomeric properties of PGS. There was no statis-
tically significant difference between elastic recovery of all PGS
and PGS-nanosilicate compositions. For example, the percentage
of recovery upon reloading of nanocomposites containing 0%, 5%,
and 15% nanosilicates was found to be 85.6 ± 13.6%, 91.9 ± 4.4%,
and 93.1 ± 2.0%, respectively. Overall, the addition of nanosilicates
to PGS has been shown to enhance energy absorption by 11-fold,
increase compressive modulus by 5-fold, while maintaining elas-
tomeric properties of the polymer. These properties of PGS-
nanosilicate nanocomposites are promising for bone regeneration
at load bearing sites.

As PGS nanocomposite were highly elastomeric, we were not
able to observed any fracture until high deformation. In order to
complement the cyclic compression tests, we examined the frac-
ture mode of PGS and PGS-nanosilicate composites by subjecting
them to a uniaxial tension until break. The fractured surfaces were
imaged using scanning electron microscope (SEM) (Fig. 5e). The
fractured surface of PGS and PGS-1%nanosilicates showed the forming
of stress concentration that eventually led to failure. The surfaces
appeared rough and irregular, consisting of microvoids and dim-
ples. These are typical characteristics of ductile fractures where
the crack propagates slowly and is accompany by large amount
of plastic deformation. PGS nanocomposites with 5% and 10%
nanosilicates had smoother fractured surfaces, indicating a shift
toward brittle fracture. The fractured surface of PGS-15%
nanosilicates displayed a mixture of transgranular and intergranu-
lar fractures, which are typically observed in a brittle fracture. Nev-
ertheless, the nanocomposites were able to withstand repetitive
loading with almost complete recovery and the surface fractured
only after extensive tensile strain �300%, which is not observed
in physiological conditions. So, we did not investigate the tensile
characteristics of nanocomposites.
3.5. Nanosilicates enhances in vitro bioactivity

The bone-bonding ability of materials can be evaluated by the
ability of hydroxycarbonate apatite (HCA) layer to form on its sur-
face in simulated body fluid (SBF) (Fig. 6a) [50]. HCA is similar to
the natural bone mineral, calcium-deficient hydroxyapatite
(CDHAp), and is thought to be involved in interaction with collagen
fibrils, protein adsorption, and bone progenitor cells’ attachment
and differentiation [12]. FTIR spectra of PGS submerged in 10�
SBF for 6 h contained two weak vibrational bands at 571 and
602 cm�1, which corresponded to the P–O bending of PO4

3�

(Fig. 6b). According to the literature, this was an indication that a
crystalline phase of HCA had started to develop. Intensities of these
two peaks were significantly enhanced for PGS-2.5%nSi soaked in
SBF. The spectra of PGS-2.5%nSi also showed a strong band at
1035 cm�1 assigned to P–O stretching and a band at 1544 cm�1

assigned to C–O stretching of CO3
2�. These phosphate and carbon-

ate bands indicated the formation of a crystalline HCA layer on
the nanocomposite surfaces. Comparably, the aforementioned
phosphate and carbonate bands were missing in the FTIR spectrum
of the PGS and PGS-nSi before submersion in SBF. In addition, the
samples immersed in 10� SBF for 30 min were stained for calcium
with Alizarin Red S (ARS) dye and quantified (Fig. 6c). It was appar-
ent that the addition of nanosilicates resulted in significantly
increased mineralization. For example, more than 3-fold increase
in ARS staining was resulted from the addition of 1% nanosilicates.
SEM images also showed that hydroxycarbonate apatite (HCA)
started to deposit on PGS and PGS-nanosilicate nanocomposites
after 30-min immersion in 10� SBF; and the HCA layer developed
over time (Fig. 6d). It was apparent that the deposition increased
upon the addition of nanosilicate. For example, after 6 h, the sur-
face of PGS-2.5% nanosilicates was almost completely covered
by the HCA layer. Overall, these results clearly indicated that



Fig. 5. Effects of nanosilicates on mechanical properties. (a) Cyclic compression of PGS and PGS-nanosilicates nanocomposites. (b) More than 4-fold increase in compressive
modulus was observed due to the addition of 10% nanosilicates. (c) Also, nanosilicates enhanced toughness of the networks. The energy absorbed was maximum during the
first cycle, and stayed relatively constant in the subsequent cycles. (d) With increased compressive strength, PGS-nanosilicates were able to maintain elastomeric properties, i.e.,
nanosilicates had no significant effects on % recovery upon reloading. (e) Electron micrographs of fractured surfaces showed ductile fracture of elastomeric PGS, and more
brittle-like fractures upon the addition of silicates (statistical significance was shown as *p < 0.05, ***p < 0.001).

Fig. 6. In vitro bioactivity of nanocomposite. (a) The ability of nanocomposite to facilitate hydroxycarbonate apatite (HCA) on the surface was evaluated by subjecting to
simulated body fluid (SBF). (b) FTIR spectra showed phosphate and carbonate bands designated to the HCA layer on PGS nanocomposites. The formation of HCA layer
increased upon the addition of nanosilicates, as evidenced by (c) Alizarin Red S (ARS) staining for calcium and (d) SEM images. These results suggested that nanosilicates
significantly enhanced bone bioactivity of the nanocomposites (***p < 0.001).
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nanosilicates could significantly enhanced biomineralization, and
the PGS-nanosilicates nanocomposites are promising biomaterials
for bone regeneration.

3.6. Nanosilicates enhances cell adhesion and proliferation

Initial cell adhesion to biomaterials surface play an important
role in cell spreading, proliferation, and differentiation. The pre-
osteoblasts cells were seeded on PGS and PGS-silicates and cell
adhesion and spreading was evaluated. All substrates supported
cell adhesion. Remarkably, cell spreading was enhanced with the
addition of nanosilicate, whereas cells on pure PGS appeared
spherical (Fig. 7a). This could be attributed to higher surface stiff-
ness or the presence of nanosilicates, or their combinatorial effects.
Our earlier reports showed that the addition of nanosilicates to
non-fouling and resistant to cell adhesion surfaces (polyethylene
glycol (PEG)), resulted in enhanced cell adhesion and spreading
[28,51–53]. In a similar study, PNIPAM hydrogels did not support
adhesion of fibroblasts and endothelial cells, however, the addition
of nanosilicates led to increased cell adhesion in a concentration-
dependent manner [33]. It was proposed that nanosilicates provide
cell adhesion sites for protein adsorption that subsequently facili-
tate cell adhesion, however, the actual mechanisms are still
unclear.

Proliferation of cells seeded on PGS and PGS-silicates were
investigated by analyzing their metabolic activity over two weeks
using alamarBlue� assay. All nanocomposite surface supported
proliferation of preosteoblasts (Fig. 7b). The metabolic activities
of cells increased with time and started to decrease after 1 week
of culture. This could be attributed to the cells reaching confluency.
Cell proliferation in osteoconductive media was slightly higher
Fig. 7. Cellular adhesion and proliferation on nanocomposites. (a) PGS and PGS-nanosilica
nanosilicates. (b) Both PGS and nanocomposite supported cell proliferation over a perio
than normal growth media; however, there was no statistical dif-
ference between the groups. In addition, no significant difference
in the metabolic activities was observed due to the addition of
nanosilicates. This was opposite to the previous reports that the
addition of nanosilicates to PEO resulted in increased metabolic
activity in a concentration-dependent manner [52]. This discrep-
ancy could be explained by the fact that PEO exhibited low cell
attachment, thus, significant enhancement was observed upon
the addition of nanosilicates. On the other hand, PGS itself is cell
adhesive, and has been demonstrated in the literature to be cyto-
compatible and support cell proliferation. From the metabolic
activity study, it was evidenced that cell proliferation on PGS and
PGS-nanosilicates were higher on TCP during the first week and
vice versa in the second week, unlike the PEO-nanosilicates system
in which cell proliferation on the nanocomposites with 70%
nanosilicates was still significantly lower than TCP.

3.7. Differentiation of preosteoblasts on PGS and PGS-nSi

The ability of PGS-nanosilicate nanocomposites to promote
osteogenesis was determined by assessment of ALP and matrix
mineralization production by the seeded cells in both normal
growth and osteoconductive media (aMEM supplemented with
b-glycerophosphate and ascorbic acid). As an early marker of
osteogenic differentiation, ALP staining and subsequent image
quantification was performed on day 3. In both media conditions,
PGS-nSi nanocomposites displayed stronger ALP staining com-
pared to PGS (Fig. 8a). The quantification of ALP activity further
confirmed the results. There was no apparent difference in the
staining between the normal growth and the osteoconductive
groups at this time point. The increases in ALP activity with the
tes supported initial cell adhesion. The cell spreading increased upon the addition of
d of 14 days and no significant difference was observed between the groups.



Fig. 8. Differentiation of preosteoblasts on PGS nanocomposites. The addition of nanosilicates enhanced osteogenic differentiation of seeded cells as evidenced by (a)
increased alkaline phosphatase (ALP) activity on day 3 and (b) increased matrix mineralization on day 14. The images of stained samples were quantified and plotted (right
figures). Also, it should be note that matrix mineralization in osteoconductive media was significantly higher than that in normal media (***p < 0.001).
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addition of nanosilicates indicated a key role of nanosilicates in
upregulating osteogenic differentiation.

Furthermore, matrix mineralization, a late-stage marker of
osteogenic differentiation, was assessed on day 14 by ARS staining.
The addition of nanosilicates resulted in significant increases in
ARS staining in a concentration-dependent manner (Fig. 8b). More-
over, the samples in osteoconductive media displayed higher ARS
staining compared to the cells seeded in normal growth media.
Image quantification showed more than 6-fold increase in percent-
age of area coverage upon the addition of 15% nanosilicates when
cultured in normal growth media. It is important to note that the
enhancement of both ALP activity and matrix mineralization with
increasing nanosilicate concentrations were observed in the
absence of osteogenic factors such as BMP2 and dexamethasone.
In particular, nanosilicates promoted ALP and mineralized matrix
deposition even when the preosteoblasts were cultured in normal
growth media. In a summary, the results indicated that nanosili-
cates could promote osteogenic differentiation of preosteoblasts
without any osteogenic factors. These agreed with previous works
reporting osteoinductive properties of nanosilicates [15,34].
4. Conclusion

We successfully fabricated PGS-nanosilicates elastomeric
nanocomposites. Degree of crosslinking, hydrophilicity, thermal
and structural stability can be tailored by addition of nanosilicate.
Importantly, mechanical strength and stiffness could be enhanced
while the elastomeric property of the polymer was still preserved.
In vitro mineralization also showed increased bioactivity upon the
addition of nanosilicates. The nanocomposites supported attach-
ment and proliferation of preosteoblasts and significantly promoted
osteogenic differentiation of cells in the absence of osteogenic fac-
tors, suggesting osteoinductive properties of the nanocomposites.
Overall, these indicate that PGS-nanosilicate nanocomposites can
be used for bone tissue engineering applications.
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