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ABSTRACT: The acidic nature of the degradation products
of polyesters often leads to unpredictable clinical complica-
tions, such as necrosis of host tissues and massive immune cell
invasions. In this study, poly(propylene carbonate) (PPC) and
starch composite is introduced with superior characteristics as
an alternative to polyester-based polymers. The degradation
products of PPC−starch composites are mainly carbon dioxide
and water; hence, the associated risks to the acidic degradation
of polyesters are minimized. Moreover, the compression
strength of PPC-starch composites can be tuned over the
range of 0.2 ± 0.03 MPa to 33.9 ± 1.51 MPa by changing the
starch contents of composites to address different clinical needs. More importantly, the addition of 50 wt % starch enhances the
thermal processing capacity of the composites by elevating their decomposition temperature from 245 to 276 °C. Therefore,
thermal processing methods, such as extrusion and hot melt compression methods can be used to generate different shapes and
structures from PPC−starch composites. We also demonstrated the cytocompatibility and biocompatibility of these composites
by conducting in vitro and in vivo tests. For instance, the numbers of osteoblast cells were increased 2.5 fold after 7 days post
culture. In addition, PPC composites in subcutaneous mice model resulted in mild inflammatory responses (e.g., the formation of
fibrotic tissue) that were diminished from two to 4 weeks postimplantation. The long-term in vivo biodegradation of PPC
composites are compared with poly(lactic acid) (PLA). The histochemical analysis revealed that after 8 weeks, the
biodegradation of PLA leads to massive immune cell infusion and inflammation at the site, whereas the PPC composites are well-
tolerated in vivo. All these results underline the favorable properties of PPC−starch composites as a benign biodegradable
biomaterial for fabrication of biomedical implants.
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1. INTRODUCTION

Aliphatic polyesters are used for the fabrication of medical
implants because of their biodegradation properties, process-
ability, high mechanical strength, and favorable biocompati-
bility.1,2 As an example, poly(lactic acid) (PLA) is used for the
preparation of sutures, screws, and also as a scaffold for bone
regeneration.3,4 However, the secretion of lactic acid during the
biodegradation of PLA resulted in the necrosis of the host
cells.5−7 Additionally, in vivo studies demonstrated that PLA
interferes with the bone remodeling process and unbalances the
number of osteoblast and osteoclasts during the bone
remodeling.8,9 Therefore, an alternative biodegradable polymer
is desirable to eradicate all these clinical complications.
Poly(propylene carbonate) (PPC) is biodegradable aliphatic

polyester, synthesized by the copolymerization of CO2 and
propylene oxide (PO).10 It is important to note that the
degradation products of PPC are CO2 and water that are
biologically benign compounds and forms a weak acid.11 PPC is
used for the formation of polymer scaffolds for tissue
regeneration applications, e.g., bone and nerve regenera-
tion.11,12 Nanofibers of PPC were also fabricated with suitable

mechanical strength, tensile and compression modulus over the
range of 20−30 GPa that were used for nerve tissue
regeneration.13 However, a wider application of PPC is limited
by two factors; its low glass transitional temperature and limited
mechanical strength. The glass transition temperature of PPC is
within the range of 25 to 45 °C that may cause unpredictable
deshaping upon its in vivo application.14 The compression
strength of PPC is also within the range of 100−300 kPa, which
is low for load-bearing applications.15,16

A variety of nano and microfillers has been used as an
additive to the polymer to address their shortfall. Fillers, such as
carbon nanotubes, graphene oxide, clay, and starch are used to
tune the physicochemical properties of polymers.17−20 There
are unmet challenges associated with the application of carbon
nanotubes and graphene for biomedical applications due to
their intrinsic nondegradable properties, controversial cell
proliferation behavior, and their high production cost.21,22
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The lack of cell adhesive properties and the brittleness also
limit the application of clay fillers for the load-bearing
applications.23 Starch is an abundantly available natural
polysaccharide that has been widely used for a variety of
biomedical applications such as drug delivery and the
fabrication of composite scaffolds.24−27 Amylose and amylo-
pectin are the principal components of starch that degrade into
glucose that is highly biocompatible.28 Therefore, it is deemed
that starch displays a great promise as a filler for enhancing the
mechanical strength of PPC.
The aim of this study was to develop a biocompatible,

biodegradable composite with favorable mechanical strength as
an alternative to PLA-based polymers for load-bearing tissue
regeneration. To this end, starch was used as a microfiller to
enhance the physicochemical properties of PPC. The
cytocompatibility and biocompatibility of PPC-starch compo-
sites were studied in vivo for up to 8 weeks. In addition, the
degradation rate of PPC-starch composites was compared with
PLA in simulated physiological conditions and their biological
degradation behaviors were also examined in vivo by using
mice, subcutaneous models. Following these studies, the
feasibility of processing PPC-starch by various techniques
such as a hot melt compression to form micropatterning and
thermal extrusion was examined.

2. RESULTS AND DISCUSSION
2.1. PPC−Starch Composites. The PPC−starch compo-

sites were fabricated by melt mixing method. The melting
temperature and the stirring speed were optimized to acquire
the homogeneous distribution of starch particles within PPC
networks. The preliminary results showed that the minimum
temperature of 170 °C and the mixing speed of 300 rpm were
required to ensure the uniform distribution of components.
The starch composition was varied in the range of 0 wt % to 50
wt %. The distribution of starch microparticles within the
composites was studied by using SEM imaging. The average
particle sizes of starch granules in different composites were
measured by ImageJ software using SEM images in Figure 1.
For instance, the average particle size of starch in PPC-ST50
and PPC-ST40 samples were 27.81 ± 1.78 and 26.72 ± 3.27
μm, respectively that were similar to that of starch particles
prior to mixing with PPC. (p > 0.05). These data confirmed
that starch particles were not agglomerated and distributed
uniformly in PPC. These results illustrated that the starch
granules were not agglomerated, suggesting the homogeneous
dispersion of starch within the PPC matrix. Previous studies
confirmed that the presence of intermolecular interaction
between the fillers and polymer matrices is essential to acquire
the uniform distribution of components.29

ATR-FTIR analysis was used to assess the presence of
intermolecular interaction between starch and PPC in the
composite structures. The ATR-FTIR spectra of neat PPC in
Figure 1b display two characteristic bands in the range of
1730−1750 and 1220−1240 cm−1 corresponding to the
carbonyl group, CO, and ether functional group, −C−O−
C−, respectively.30 Previous studies showed a shift of nearly 4
cm−1 to 12 cm−1 wavenumber for carbonyl band of PPC in the
FTIR spectra as a result of molecular interactions between this
polymer and starch.31,32 We also observed a shift of carbonyl
band for PPC-ST50 from 1739 to 1733 cm−1 wavenumber.
This shift was attributed to the formation of a hydrogen bond
between hydroxyl groups of starch and carbonyl groups of PPC.
The SEM imaging of composite structures and the presence of

intermolecular interaction between PPC and starch confirmed
the formation of homogeneous PPC−starch composites.

2.2. Thermal and Mechanical Behaviors. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) were conducted to assess the thermal behavior of PPC-
starch composites. TGA analysis in Figure 2a shows the effect
of thermal heating on PPC and starch. Figure 2b showed that
the untreated PPC decomposed at 150 °C due to backbiting or
unzipping mechanisms of PPC.33 This result was concluded
from the presence of a strong peak in the derivative
thermogravimetric analysis (DTG) of the untreated PPC. At
150 °C, the cyclic propylene carbonate, which is a byproduct of
PPC synthesis, was decomposed.34,35 The absence of peak at
150 °C in Figure 2c, d confirmed the absence of cyclic
propylene carbonate in the heat-treated PPC and PPC−starch
composites. This result suggested that the thermal blending of
PPC and starch at 170 °C could remove toxic impurities, such
as cyclic propylene carbonate, and thus can potentially
enhanced the biological properties of the composites. The

Figure 1. (a) SEM micrographs of PPC−starch composites, scale bar
is 100 μm, (b) ATR FTIR spectrum of different weight ratio of PPC−
starch.
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peaks at 270 and 300 °C in the DTG profile of PPC-ST50
corresponded to the decomposition temperature of PPC and
starch, respectively. These results, therefore, showed that the
chemical integrity of starch and PPC were preserved at a
temperature below 180 °C used for the preparation of
composites. DSC analysis was also conducted to detect the
characteristic temperature of different PPC-starch composites.
The addition of 50 wt % starch to PPC remarkably increased
the decomposition temperature from 245 to 276 °C as
demonstrated in Figure 2e. These results suggested that the
addition of starch promoted the thermal processing of PPC,
which is a critical factor in extrusion and other thermal-based
processing techniques.36

The effect of the addition of starch on the mechanical
performance of the composites was also studied. The stress−
strain curve of neat PPC and PPC-starch composites are shown
in Figure 3a. The addition of starch significantly increased the
compression Young’s modulus of PPC as illustrated in Figure
3b. For instance, the compressive modulus of constructs was
increased from 0.2 ± 0.03 MPa for neat PPC to 13.9 ± 0.57
MPa and 33.9 ± 1.51 MPa for composites with 20 and 50 wt %
starch contents, respectively. A remarkable 170-fold increase of
the compression strength of PPC-ST50 compared to neat PPC
could extend the applications of PPC from soft tissue
regeneration to hard musculoskeletal tissue repair.37 Further
increase of starch content dramatically decreased the structural

Figure 2. (a) TGA profiles of PPC, starch, and their composites, (b) DTG curves of the unheated PPC, (c) heat-treated PPC, and (d) PPC-ST50;
(e) DSC results of the different PPC and starch composites.
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integrity of the composites as the Young’s modulus of PPC-
ST60 was less than 100 kPa. Therefore, PPC-ST50 was used for
further investigations and its degradation behavior was
compared with pure PPC. The addition of starch particles in
the ductile PPC matrix led to increasing the energy of crack
propagation and material failure. Therefore, these composites
acquired higher compressive modulus and were tougher.38

2.3. Processability of the PPC Composites. Different
heat-treatment approaches are used to generate micropatterns
or to form different structures for a variety of biomedical
applications. Hot melt compression technique is used to
produce micropatterns on the surface of polymeric structures to
assess cell−cell and cell−surface interactions studies. In
addition, the thermal extrusion method is commonly used for
3D printing and also for positive and negative moldings of
polymers to produce structures with predefined shapes.39−41

We examined the feasibility of using PPC-starch composites in
different heat treatment processes. As depicted in Figure 4, hot
melt compression and also extrusion could be used for the
preparation of PPC-starch composites. Additionally micro-
molding technique was used to prepare microchannels, 10 μm
× 100 μm on the surface of the PPC-starch composites (Figure
4b).42 These results demonstrate that PPC-starch composites
could preserve their integrity in heat treatment processes to
fabricate fibers, molds, micropatterned films, and three-
dimensional structures. The long-term in vitro and in vivo
degradation behaviors of PPC−starch composites also need to
be studied and compared with current gold standards, such as
PLA.

2.4. Cell Behavior Study. The potential of using PPC
composites for the load-bearing applications was investigated
by culturing osteoblast cells (Saso-2) on the surface of these
constructs. Cell adhesion and proliferation were assessed by
using SEM imaging and MTS assay at different time points
postculture. The SEM images in Figure 5a−h show the initial
osteoblast attachment and spreading after 1, 6, 12, and 24 h on
the surface of PPC-ST0 and PPC-ST50 samples. On both
surfaces, the cells exhibited round shape after 1 h seeding
whereas they attached to the surface of the samples using their
pseudopods after 6 h (black arrows in Figure 5a−d). After 12 h,
the migrant cells show a focal adhesion with extensive numbers
of filopodia, slender cytoplasmic projections that extended
beyond the leading edge, and better spreading with widely
varying cell shapes (Figure 5e, f).43,44 After 24 h, the cells on
the surface of both PPC-ST0 and PPC-ST50 were mostly

Figure 3. (a) Compressive stress−strain curves up- to 0.3 (mm/mm)
strains, (b) compressive modulus of different PPC−starch composites
(*p < 0.05, **p < 0.01, and ***p < 0.001).

Figure 4. Processability of the PPC-ST50 composite (a) macrograph of PPC-ST50 sheet produced by hot melt compression under the following
conditions: temperature, 150 °C; pressure, 7 MPa; and time, 1 h; and PPC-ST50 melted extruded fibers; (b) microchannel pattern.
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confluent and well covered the whole surface (Figure 5g, h).
These results confirmed the cell-adhesiveness properties of
PPC based constructs 24 h postculture. In addition, the long-
term growth of the osteoblast cells on the surface of the
composites was studied for up to 7 days to confirm the
cytocompatibility of these structures in vitro.
The results in Figure 5i show that the numbers of cells,

cultured on PPC-ST0 and PPC-ST50, are continuously
increased by 2.5-fold (p < 0.001) 7 days postculture.
Furthermore, at different time points, there was no significant
difference among the numbers of cells on the tissue culture
polystyrene (TCPS) flask (as the positive control) and the
samples (p > 0.05). These results confirmed the cytocompatible
properties of the PPC and PPC-starch composites. Favorable
mechanical properties and in vitro cytocompatibility of the

PPC−starch composite structures encouraged us to assess the
biocompatibility of these constructs in vivo.

2.5. In Vivo Biocompatibility Study. The H&E staining
of the samples demonstrated a fibrotic tissue was formed
around the implants 2 weeks postoperation as a mild
inflammatory response to foreign objects in vivo as shown in
Figure 6a, b. However, no distinct tissue necrosis, edema,
hyperemia, hemorrhaging, and muscle damages were observed
during this time. The collagen-rich fibrotic capsule and
neovascularization around the implant was diminished from 2
to 4 weeks postimplantation as shown in Figure 6c. No cell
infiltration was noticed within these PPC-starch implants due
to the nonporous structure of these constructs. In vivo
subcutaneous implantation studies confirmed the favorable
biological properties and biocompatibility of the PPC−starch
composites. These results suggest that the PPC−starch
composites may have high potential for a variety of biomedical
applications.

2.6. Degradation Behavior. A cocktail of enzymatic
solutions (constitutes of α-amylase and lipase) were used to
simulate physiological conditions in vitro. The degradation
profiles of PPC−starch, PLA, and PLGA were compared. The
results in Figure 7a show that 13.35 ± 0.12% of PPC-ST50
degrades after 8 weeks. These results suggested that the
degradation rate of the PPC-starch composites was comparable
to that for PLA films, e.g., 8.20 ± 0.62 wt %. In addition, the
SEM imaging of the composite structures in Figure 7b, c
showed that after 8 weeks, starch granules were washed out
from the composites as pores with diameter in the range of 20
μm are formed on the surface of the composite structures. The
opaqueness of the washing media at this time point also
suggested that the starch granules were removed from the
composites and were suspended in the media. The degradation
rate of the composites was gradually accelerated because of the
formation of the pores on their surface, which increases the
surface contact area between the media and the structures. It is
worth to mention that the bulk degradation of PPC (a
polyester-based polymer)−starch was governed by hydrolysis
and enzymatic reaction.14,45,46 In the literature, series of
associated clinical complications were also reported because
of the acidic degradation of PLA, PLGA, and their
combination.47−49 Therefore, we monitored the variation of
pH in the washing media of PLA, PLGA, and the composite
structures for up to 2 months.
Our result in Figure 7d demonstrates that the pH of the

media that contained PLA and PLGA samples was dropped to
5.75 ± 0.26 and 5.94 ± 0.27, respectively, within 1 week. After
4−5 weeks, the pH of the soaking solution of PLGA samples
dramatically decreased to 1.5. This sudden drop in pH was due
to the bulk degradation of PLGA during this period. Within the
examined period, the pH of PLA washing media approached a
plateau at nearly 5.5. The reduction of pH as the result of PLA
degradation can cause a severe inflammatory reaction and tissue
necrosis. In particular, for bone remodeling phase, the drop of
pH decreases the activity of osteoblast and thus can lead to
long-term osteoporosis.50 On the other hand, the pH of media
that contained PPC−starch composites was neutral even after 2
months. This biologically benign degradation behavior of PPC-
starch composites is of a great value for biomedical applications.
The in vivo biomedical application of PLA is widespread from
drug encapsulation to scaffolds for bone tissue engineering.51

Therefore, it was essential to compare directly the long-term
biodegradation behavior of PPC-starch composites with PLA

Figure 5. SEM micrographs of osteoblast cells cultured on surfaces of
the PPC-ST0 and PPC-ST50 after (a, b) 1, (c, d) 6, (e, f) 12, and (g,
h) 24 h, respectively; osteoblast cell proliferation results (i) from MTS
assay before and after 1, 3, and 7 days (p*** < 0.001).
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structures in vivo. To this end, we used mice subcutaneous
implantation model and collected the samples 2 months
postoperation.
The long-term biodegradation behavior of PPC−starch

composites and PLA structures were compared in vivo by
using six pathogen-free mice. The implants were collected two
months post implantation operation. The H&E staining of the
skin biopsies in Figure 8 show a very mild fibrous tissue around
the PPC−starch composite structure. There was no cell
invasion into the composite structures. However, a fibrotic
tissue was formed around PLA constructs with massive immune
cell diffusions into their structures. Previous studies also
reported less mature capsules of sustained thicknesses for the
PLA and high molecular weight PLGA up to 49 days.52 All
these in vitro and in vivo observations confirmed superior
biodegradation behavior and biological properties of PPC−
starch composites compared to PLA for tissue engineering
applications.

3. CONCLUSIONS
Thermal blending method was an efficient technique to prepare
a homogeneous mixture of PPC-starch. The addition of starch
enhanced both thermal and mechanical properties of PPC. Our
in vitro tests demonstrated that PPC-starch composite was
cytocompatible as osteoblast cells adhered and proliferated on
the surface of these samples for at least 7 days. Subcutaneous
implantation of PPC-starch composites confirmed the bio-
compatibility of these constructs and their biologically benign
degradation behavior. These composites were well-tolerated in
vivo as the inflammation of foreign body diminished within 2−
4 weeks post-implantation. All these results suggest that PPC-
starch composites can be contemplated as a viable alternative to
PLA to eradicate the associated clinical complications, such as
host tissue necrosis and osteoporosis.

4. EXPERIMENTAL SECTION
4.1. Materials. Poly(propylene carbonate) was provided by Cardia

Bioplastics Ltd. with the molecular weight (Mw) of 160 kDa and the Tg
of the 37.63 °C. Soluble starch with the average size ∼25 μm (ACS
reagents), Dulbecco’s modified eagle medium (DMEM), phosphate

buffer saline (PBS, pH 7.4), poly(D,L-lactide) IV 0.49 dL/g (average
Mw 75−120 kDa), poly(D,L-lactide/glycolide) (50:50) IV 1.02 dL/g
(average Mw 60−75 kDa), Aspergillus oryzae, rhizopus oryzae and
trypsin were obtained from Sigma-Aldrich and were used without any
further purification. [3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium] was obtained from
Promega for MTS assay. Fetal bovine serum (FBS) and antibiotic-
antimycotic were purchased from Life Technologies.

4.2. Fabrication of Polymer Disks. Polymer disks were
fabricated by melt-mixing PPC and starch granules. Prior to mixing,
the starch granules were visualized with bright field microscopy. The
average particle size of these starch granules, calculated by using
ImageJ software, was 28.59 ± 2.98 μm. Known amounts of PPC and
starch granules were thoroughly melt-mixed at 170 °C for 10 min in a
custom-made stainless steel vessel using a stirrer (WiseStir HS30D
stirrer) at a rotation speed of 300 rpm. The resulting paste was then
placed in a custom-made cylindrical shaped molds; the temperature
was slowly decreased to ambient conditions (25 °C) and the sample
was stored at room temperature for further characterizations. The
produced polymer cylinder was 5 cm in height and 1 cm in diameter,
and cut to the desired sizes according to each characterization
methods. The composition of starch was varied between 0 and 50 wt
% to assess its effect on physicochemical properties of the composites.
The resulting PPC−starch composites were denoted as PPC-ST,
followed by the weight ratio (percent) of starch. For instance, PPC-
ST40 represents the PPC-starch composite with 40 wt % starch and 60
wt % PPC contents.

For in vitro and in vivo animal studies, the samples were prepared in
aseptic condition. To confirm the presence of molecular interaction
between PPC and starch, attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR, Varian 660-IR) spectroscopy was used. For
each measurement, 32 scans collected with a resolution of 4 cm−1 over
the range of 1100−1900 cm−1.

4.3. Thermal Analysis. Thermal stability of the composites and
PPC was determined by differential scanning calorimetry/thermal
gravimetric analysis (DSC/TGA). Measurements were carried out by
using a thermal gravimetric analyzer (Mattler Toledo (1/79 Newton
Road, Wetherill Park, 2164)) under helium/oxygen (50/50 ratios) gas
flow conditions. The weight loss as a function of temperature was
measured at a heating rate of 5 °C/min. STARe system (version
V.9.0×) control software was used for the data analysis. The PPC−
starch composite were encapsulated in Al pans and heated with purged
dry nitrogen gas flow (50 mL/min). Standard mode DSC measure-
ments were performed at a heating rate of 2 K/min.

Figure 6. H&E histological photographs of skin surface treated with PPC-ST50 composites: (a) a week after surgery, (b) 2 weeks after surgery, and
(c) 4 weeks after surgery. The inflammatory response increased from the first week to the second week after implantation. However, no obvious
inflammation could be detected after 4 weeks postsurgery.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06407
ACS Appl. Mater. Interfaces 2015, 7, 22421−22430

22426

http://dx.doi.org/10.1021/acsami.5b06407


Figure 7. (a) Comparison between the degradation rates of PPC-starch composite with PLA and PLGA in period of two months; SEM images of
(b) PPC-ST50, and (c) PPC-ST0 after 8 weeks soaking in enzyme solution, scale bar is 100 μm for large scale models and 50 μm for magnified
images; (d) pH values measurements in enzyme solutions for 8 weeks.

Figure 8. Explanation site of (a) PPC-ST50 and (b) PLA 8 weeks postsurgery, and hematoxylin and eosin staining of paraffin sections of the
implantation site at 8 weeks around (c) PPC-ST50 composite and (d) PLA. After 8 weeks a prominent foreign body reaction could be observed in
the PLA implantation zone. However, the inflammatory response to the PPC-ST50 composite resolved dramatically. The PPC-ST50 and PLA
scaffolds present in the H&E images may not adhere to the glass slides during histological staining.
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4.4. Scanning Electron Microscopy (SEM). Surface morphology
and the dispersion of the starch particles within the PPC polymer
matrices were examined by Zeiss EVO 50 SEM, operating at an
acceleration voltage of 10 kV. The cross-section of samples was
mounted on aluminum stubs, using conductive silver paint, and then
gold sputtered (Emitech K550X sputter coater) prior to SEM analysis.
SEM analysis was also used to examine the cell morphology of the
osteoblast cells on the surface of PPC-starch composites within 24 h
postculture at different time intervals. For this analysis, the samples
were placed in 24 well-plates, and 75 μL of cell suspension was added
to each well to have 2 × 105 cells/well. At different time points, the
attached cells were fixed in 2.5% glutaraldehyde for 1 h and washed
with PBS for at least three times. Polymeric samples incubated at room
temperature for another hour in the secondary fixative (1% osmium
tetroxide in 0.1 M PBS). Sequential dehydration in various ethanol
grades including 30, 50, 70, and 90% and pure ethanol were then
performed. The ethanol residues were removed from the samples by
using 0.5 mL of hexamethyldisilazane (HMDS) and incubation at
room temperature for 2 min. Subsequently, the samples were dried in
a desiccator with the lid off to allow the HMDS evaporate overnight.
Gold coating was used for the final SEM analysis.
4.5. Mechanical Test. Uniaxial compression tests were performed

in an unconfined state by using Instron (model 5543) with a 1000 N
load cell using the method describe in the previous study.53 The
compression (mm) and load (N) were obtained at a crosshead speed
of 30 μm/s and up to 0.3 mm/mm of strain level. The compressive
modulus was then calculated as the tangent slope of stress−strain
curves in the linear strain region of 0.1 to 0.2 mm/mm.
4.6. Osteoblast Cell Proliferation. The PPC-ST0 and PPC-ST50

were used for the in vitro cell studies. The aseptic technique was used
for the fabrication of these samples. The samples were placed in 24
well-plates, and 50 μL of Saos-2 (Sarcoma osteogenic) cell suspension
was added to each well to reach the initial cell count of 2 × 105 per
well-plate. Osteoblast cell proliferation was studied by using the MTS
assay at different time points, e.g., 1, 3, and 7 days postculture. At each
time point, the samples were placed in a new well-plate and rinsed by
PBS triple. The washed samples were then soaked in 250 μL of fresh
media and 50 μL of MTS solution for 1 h at 37 °C incubator. The
viability of cells was quantified by measuring the absorbance of the
resulting solutions at 490 nm wavenumbers.
4.7. In Vivo Biocompatibility. The in vivo cytocompatible and

the biological properties of the PPC-ST50 and PLA disks were studied
by using a mice subcutaneous implantation model. These composites
were prefabricated in vitro in an antiseptic condition as described in
4.2. Nine pathogen-free, male BALB/c mice, aged 6 months weighed
28 ± 1.7 g were acquired, housed, and studied under a protocol
approved by SLHD Animal Welfare Committee in Sydney, Australia
(#2013/019A). Each mouse was anesthetized individually by intra-
peritoneal injection of a mixture of ketamine (75 mg/mL) and xylazine
(10 mg/mL) at 0.01 mL/g of body weight. The dorsal hair was shaved,
and the skin was cleaned with betadine solution and washed with
sterile saline. The incision was created surgically in the dorsal area and
dissected to create a subcutaneous pouch into which the hydrogel was
inserted. The wounds were then closed with 5−0 silk sutures and
covered by Atrauman (Hartmann, Australia) and IV3000 wound
dressings (Smith & Nephew) for 7 days. Carprofen (5 mg/kg) was
given at the time of anesthesia and then on the following day
postsurgery for analgesia. After surgery, each mouse was caged
individually for the first 2 days and then three mice per cage thereafter
with free access to water and food. The animal behavior was
monitored for signs of pain/distress, restlessness, depression, and lack
of appetite. Heart and respiratory rates, body temperature, and their
activities were also monitored. The mice maintained their well-being
throughout the period of study. Skin biopsies were collected for
histological analysis at 1, 2, 4, and 8 weeks postimplantation.
Skin biopsies with implanted conjugated PPC−starch composite

were fixed in 100 mg/mL formalin for 24 h. All samples were then
dehydrated and embedded in paraffin. The 5 μm sections were
deparaffinised in xylene and stained with haematoxylin and eosin

(H&E). The samples then mounted on the microscopic slides and
were studied by using DM600 Nikon Upright microscope.

4.8. Enzymatic Degradation. Degradation studies were carried
out by soaking samples in PBS solution (0.1 M, pH 7.4) containing α-
amylase (150 U/L) from Aspergillus oryzae, lipase (110 U/L) from
Rhizopus oryzae, and the coenzyme solution which combined from 110
U/L lipase and 150 U/L α-amylase using PBS as a control. The
concentrations of α-amylase and lipase were selected according to the
body standard, where serum α-amylase and serum lipase in healthy
adults were in the range of 46 to 244U/L and 30 to 190 U/L,
respectively.28 Antibiotic-a (0.2%) was used in all solutions to prevent
micro-organism growth. These analyzes were carried out at 37 °C
under dynamic conditions using a shaker (BIOLINE-Incubator shaker
4500) at 70 rpm. The surface area of all samples was similar (50 mm2

and height of 1 mm). At different time points (1 day, 3 days, and 1, 2,
4, 6, and 8 weeks) the washing media was changed to preserve the
activity of the enzymes. In addition, at each time point, the pH of
solutions was measured, and the gravimetric techniques were used to
study the degradation of the composite PPC-starch composites. The
weight loss (%) of specimens was calculated by using eq 1, whereas the
final weight of samples was obtained after 6 h drying using a vacuum
oven at 40 °C.

=
−

×
⎛
⎝⎜

⎞
⎠⎟weight loss (%)

initial weight final weight
initial weight

100
(1)

4.9. Statistical Analysis. Results of mechanical properties,
enzymatic degradation, cell toxicity, and cell proliferation were
reported as mean ± SDV, acquired from at least three independent
experiments at each condition. Statistical analysis (N = 3) was
performed using a one-way analysis of variance (ANOVA) with a
Tukey’s multiple comparisons tests for a significance level of p < 0.05.
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