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INTRODUCTION

Recently, there has been a high demand of biomaterials
in treatment or replacement of damaged tissues and organs
leading to many studies on several advanced biocompatible
and biodegradable materials [1]. Regarding the trend, hydrogel
scaffolds play an important role in biomedical application due
to their practical performance such as delivery of bioactive
components and/or regenerative cells as well as encapsulation
of nanoparticles in order to enhance cell attachment and proli-
feration [2,3]. The hydrogels consist of hydrophilic polymers
that swell in aqueous solution, thus facilitating the transpor-
tation of substances such as nutrients and by-products from
cell metabolism. Moreover, these materials could be well-
designed to be implanted in a minimally invasive surgical
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Adjustably biodegradable materials have gained much attention in biomedical applications. Among of them, various hydrogel-based
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of bone marrow mesenchymal stem cells. These preliminary results exhibited a great potential of the INgel for bone regeneration.
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operation, improve patient compliance and degrade along with
regeneration process of typical tissues [4-7]. Up to now, injec-
table hydrogel scaffolds have been synthesized based on physical
or chemical methods. Physical hydrogels are formed by hydro-
phobic interaction, stereocomplex effect, electrostatic inter-
action, photochemical reaction, Michael-type reaction, Schiff-
base reaction and enzyme-mediated crosslinking reactions [8-
13]. Every obtained scaffold has exhibited some particular
points on physical property, speed of matrix dissolution,
compatibility, etc. Preparation of the injectable horseradish
peroxidase (HRP) enzyme-mediated hydrogel has recently
been emerging as an effective method because it is a highly
specific reaction which avoids side reactions or production of
toxic by-products to cells and living body [5,9,14]. Several
kinds of the tyramine or p-hydroxyl phenyl acetic-conjugated
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polysaccharides (chitosan, dextran, hyaluronic acid, chitosan,
heparin and chondroitin sulfate) are playing an important role
in the injectable enzyme-mediated preparation of the highly
biocompatible and biodegradable hydrogels that exhibited a
great potential in tissue regeneration [5,15-20].

For hard tissue regeneration, these injectable hydrogel
scaffolds have also performed much potential owing to their
similarity to the extracellular matrix for osteoblast proliferation
and migration. The injectable property completely fill up the
defect site. However, bioactive properties of the hydrogels for
bone regeneration are quite low. Combination of mineral nano-
particles and the hydrogels has recently been a new strend in
fabricating nanocomposite hydrogels for hard tissue substitutes
such as dentistry, orthopedics and reconstructive surgery. The
nanocomposite hydrogels improved mechanical properties and
some biological functions as compared with the original hydro-
gels [21]. In fact, annealed nano-hydroxyapatite-loaded poly-
vinyl alcol and poly acrylic acid (or polyvinylpyrolidone) compo-
site hydrogel exhibited good thermostability, strength and
mechanical properties [22,23]. Beta-tricalcium phosphate-
dispersed hydrogels significantly improved the compressive
strength and biomineralization in simulated body fluid. More-
over, the vancomycin-encapsulated nanocomposite hydrogel
performed antimicrobial activity against Staphylococcus aureus
[24]. Photo-crosslinking bioactive glass-loaded polyethylene
glycol dimethylmethacrylate hydrogels overcame an inherent
brittleness of the bulky bioglass and enhanced biominera-
lization of the polymeric hydrogels [25]. In past, polysaccha-
ride-based nanocomposite hydrogels have also paid much
attention due to biocompatibility of the platform. Thermo
responsive bioactive glass nanoparticles-reinforced chitosan
and collagen hydrogel significantly increased stiffness of
chitosan-based materials. The nanocomposite hydrogels were
also compatible with human cells [26]. Chitosan-tetronictyra-
mine copolymer used to disperse biphasic calcium phosphate
(BCP) nanoparticles and prepare the HRP enzyme-mediated
nanocomposite hydrogels exhibiting a great potential in bio-
medical applications. The composite hydrogels showed an
increment in compressive strength and a high adhesion density
of mesenchymal stem cells as compared to the hydrogel platform
[27,28]. In general, these natural polymer-based nanocom-
posite hydrogels show good biocompatibility and mechanical
properties. However, their biodegradation and support of
cellular activities have not been focused [29].

It is well known that chitosan is tissue adhesive, hemo-
static, anti-infective, biodegradable and supportive for cell
attachment. However, not all cell types show good proliferation
on chitosan based scaffolds [30-32]. Collagen and its denatured
gelatin are widely used for pharmaceutical and medical appli-
cations due to their high biocompatibility, fast biodegradability
and enhancement of cell attachment and proliferation [33,34].
Gelatin possesses more integrin binding domains for cell attach-
ment and thus enhances cell attachment. Nonetheless, they are
quickly degraded by collagenase within 3-4 days [34-36].
Calcium phosphate nanoparticles have been used in orthopedic
applications because of its biocompatibility, osteoconductivity
and osteointegration [37]. Biphasic calcium phosphate has
been reported as more efficient in repairing periodontal defects

and producing osteo induction as compared to hydroxyapatite
or tricalcium phosphate. The BCP nanoparticles can also perform
an appropriate biodegradation and osteointegration [38].
However, brittleness of the BCP materials partially reduced
its potential in bone applications [39]. Therefore, fabrication
of the polymeric BCP nanocomposite biomaterials has been
an approach [39,40].

In this study, an in situ-forming nanocomposite hydrogels
prepared from 4-hydroxyphenylacetamide-conjugated chitosan
and tyramine-functionalized gelatin in the presence of the
BCPNPs, HRP enzyme and small amount of H2O2. The chitosan/
gelatin and BCPNPs-based INgels could be adjustable gelation
time, appropriate collagenase-mediated degradation rates and
enhancement of biomineralization and bone cell growth that
enable it to be a great plaform for regenerative medicine to over-
come some limitations of gelatin or chitosan-based materials.

EXPERIMENTAL

Chitosan low molecular weight (75-85 % deacetylation),
gelatin type A from porcine skin (Bloom 300), 4-hydroxyl-
phenylacetic acid (HPA) and tyramine (TA), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) were obtained
from Acros Organics. Collagenase and horseradish peroxidase
(HRP) enzymes (type VI, 298 purpurogallin unit/mg solid)
were purchased from Sigma-Aldrich.

Preparation of polymers and BCPNPs

Preparation of PCD and PGD: PCD and PGD deriva-
tives were prepared from chitosan and gelatin using carbodi-
imide coupling reagent. Briefly, chitosan (1g) was dissolved
in a solution of 40 mL distilled (DI) water and 0.5 mL HCl 1.0
M. HPA (0.45 g, 2.9 mmol) was added into the mixture. pH of
solution was adjusted to 5 and then EDC (0.90 g, 4.7 mmol)
was added to the chitosan solution under stirring for 24 h at
room temperature. The solution was dialyzed against DI water
using membrane dialysis (molecular weight Cut-Off (MWCO)
6000-8000) for 3 days. Subsequently, the modified chitosan
solution was lyophilized to obtain PCD as demonstrated in
Fig. 1a. The obtained PGD was 0.94g and content of HPA was
0.068 wt/wt % (calculated by UV-vis). 1H NMR (D2O)/ppm:
δ 2.05 (s, -COCH3, chitosan); δ 3.22 (m, -C2 (H), chitosan); δ
3.43-3.92 (m, C3+4+5+6, chitosan); δ 2.89 (d, -CH2-, HPA); δ 6.89
and 7.22 (d, -CH=CH-, HPA) [41].

Gelatin (2 g) and tyramine (1.00 g, 7.3 mmol) were dissol-
ved in distilled water (30mL). The pH of the mixture was
adjusted to 6 following addition of EDC (0.50 g, 2.5 mmol)
under stirring for 24 h. Then, the solution was dialyzed against
deionized water using membrane dialysis (MWCO 6000-8000)
for 3 days. Subsequently, the dialyzed solution was freeze-dried
to obtain PGD as demonstrated in Fig. 1b. The obtained PGD
was 1.80 g and content of tyramine was 0.01 wt/wt % (calculated
by UV-vis). 1H NMR (D2O)/ppm: δ 6.75 and 7.11 (d, -CH=CH-
of tyramine), δ 2.65 and 2.88 (m, -CH2CH2 -, tyramine).

Preparation of BCP nanoparticles: Recent years, BCPNPs
have been widely studied for bone regeneration due to its
biocompatibility and osteoconductivity. In our previous study,
the nanoparticles were synthesized using calcium chloride and
tricalcium phosphate salts at molar ratio of Ca/P = 1.57. The
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pH of the reaction mixture was maintained at pH 7. Calcination
process was conducted at 750 °C to obtain BCP material. The
BCPNPs obtained below 80 nm in diameter via ball-milling
process [27].

Preparation of PGD-PCD-based hydrogels and INgels:
Preparation of gelatin or chitosan-based hydrogels was evalua-
ted as some screening experiments to select a suitable condition
for further works. Briefly, PGD (40 mg) was dissolved in distilled
water (300 µL) and separated into two vials equally. Then,
enzyme HRP (30 µL of 0.05 mg/mL stock solution) and H2O2

(30 µL of 0.05-0.15 % w/v stock solution) were added into
each tube separately. The gelatin-based hydrogel was formed
by mixing two HRP and H2O2-contained vials. PGD polymer
concentration was 10 % w/w in hydrogel. Chitosan-based
hydrogel was prepared by the same process as described for
gelatin-based hydrogel in which 8 mg PCD was prepared in
distilled water (150 µL) with HRP (30 µL of 0.05 mg/mL stock
solution) and H2O2 (30 µL of 0.05-0.15 % w/v stock solution).
The final concentration of the polymers solution was 8 % w/w.
The gelation time was determined by using the vial tilting method.

For PGD-PCD hydrogels, in situ hydrogel formation occu-
rred when solution A (contained PGD, PCD and HRP) mixed

with solution B (contained PGD, PCD and H2O2) at same
volume of the precursor polymer solution as demonstrated in
the above experiments.

BCPNPs-dispersed PGD-PCD hydrogels were prepared
via the same process of the hydrogels, in which contained 10
w/w % of the BCPNPs. The gelation time behaviours of the
hydrogels and INgels were characterized at the different
concentration of H2O2 from 0.05 to 0.15 % wt/vol. Morphology
of the INgel was observed by scanning electron microscopy
(SEM) at the freeze-dried form. Depending on weighted amount
of the conjugated tyramine and HPA moieties in the modified
polymers, concentrations of HRP and H2O2 were adjusted to
prepare the hydrogels or nanocomposite hydrogels. The enzyme-
mediated hydrogels contained approximately 8 w/w % of the
polymer concentration. Effect of PCD-formulated weight ratio
on the collagenase-mediated biodegradation of biomaterials
were investigated.

Collagenase-mediated degradation study: The biodegra-
dation of hydrogels and INgels was studied in a collagenase
media, in which these materials were immersed in phosphate
buffer saline (PBS) solution pH 7.4 containing collagenase
(0.2 U/mL) at 37 °C and then monitored their weight-losses at
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different incubation times. Samples with different mass ratios
were accurately weighted (wi) before immersing in 1 mL of
enzymatic solution. At the predetermined intervals, samples
were removed from the incubation medium. Then, weight of
remaining hydrogels and INgels (wt) were measured.

 Degradation rate (rate of weight loss %) = i t

i

W W
100

W

− ×

where Wi and Wt are initial or remaining weights of hydrogels
or INgels, respectively).

Biomineralization study: Biomineralization is one of the
most crucial factors to evaluate potential of materials for bone
regeneration. In the study, the PGD-PCD hydrogels and its
nanocomposites were immersed in a SBF buffer solution (pH
7.4). After 4 weeks soaking in the SBF solution, these materials
were collected and washed with distilled water to remove
soluble inorganic salts. Biomineralization of the INgels were
characterized by scanning elecgron microscopy, energy dis-
persive X-ray analysis and X-ray diffraction methods.

Evaluation of cytocompatibility: The rabbit bone marrow
(MSCs) were cultured in α-minimum essential medium (α-
MEM) supplemented with 10 % fetal bovine serum, 100 U/mL
penicillin G and 100 µg/mL streptomycin (Gibco BRL, NY,
USA). The MSCs were seeded at 10 million cells per Ø 150
mm dish and cultured at 37 °C in a 5 % CO2 incubator. The culture
medium was replaced every three days. Once cells reached 80
% confluence, they were detached by using Trypsin-EDTA
(Gibco BRL, NY, USA) and re-suspended in α-MEM.

Cytocompatible study was conducted to evaluate growth
of mesenchymal stem cells derived from rabbit bone marrow
(MSCs) in the INgels. 5 × 104 MSC cells were seeded onto the
UV-sterilized samples in 24-well plates. After 48 h incubation,
these cellular materials were washed with PBS three times.
Cell viability was evaluated by commercially available live/
dead viability/cytotoxicity kit (Life Technologies Korea LLC,
Seoul, Korea). The results were observed using fluorescence
microscope (TE2000, Nikon, Seoul, Korea) equipped with a
digital camera.

Characterizations: The structure of PCD and PGD were
determined by using NMR spectrometer (Varian, 400 MHz,
U.S.A). Contents of HPA and tyramine in the natural polymers
were evaluated by UV-vis measurement (spectrophotometer
JASCO V-570, Japan). Morphology of the BCPNPs and INgels

were observed by Field-emission scanning electron microscope
(FESEM, JSM-635F, JEOL). The phase analysis of the minera-
lization layer was identified using an X-ray diffractometer,
D8/Advance, Bruker, UK) with CuKα, (λ = 1.5406 Å) as a
radiation source over the 2θ range of 10-70° at 25 °C). Compo-
sitions of the phase were analyzed by energy dispersive X-ray
(EDX) analysis. The measurement was tested on the carbon-
coated samples.

RESULTS AND DISCUSSION

Characterizations of polymers: The HPR-mediated cross-
linking reactions play a crucial role in preparation of several
natural polymers-based hydrogels [5,8,9]. PGD was
synthesized by the coupling reaction using EDC. The gelatin
derivative was determined by the resonance signals (2.65 and
2.88 ppm) of the methylene protons of tyramine. Peaks of
aromatic protons of tyramine appeared at 6.75 and 7.11 ppm.
Some signals of amino acids in 1H NMR spectrum were shown
(Fig. 2a): δ 4.55 and 4.68 (-CH2-, proline); 4.27 (-CH-, hydro-
xyproline); 3.88 (-CH2-, alanine); 1.34 (-CH3, alanine); 3.57
(-CH2-, glycine); 2.23 (-CH2-, glutamic acid); 1.60 (-CH2-,
arginine); 3.14, 7.23 and 7.29 (-CH-, phenylalanine).

HPa conjugated with chitosan formed its soluble PCD
for in situ preparation of the hydrogels. The PCD was
confirmed from resonance signals of aromatic protons of HPa
at 6.89 and 7.22 ppm (Fig. 2b). The signals at 2.89 ppm were
assigned to methylene protons of HPa. Overlapped and broad
resonance signals of D-glucosamine of chitosan were observed
in the interval 3-4 ppm. These 1H NMR results could confirm
the successful preparation of two phenolic precursor polymers
for fabricating the HRP enzyme-mediated hydrogels.

Characterizations of BCP: Recent years, BCPNPs have
considered as one of most important calcium phosphate mate-
rials in bone reconstruction. There are two common methods
for preparing the nanoparticles such as sintering of a calcium
phosphate salt precipitate state from aqueous reaction and
solid-state reactions between two inorganic calcium and phos-
phate salts. In the study, the BCP nano powders were synthe-
sized using ultrasound irradiation assisted process prior to the
sintering. The synthesized BCP powders had a higher uni-
formity and spherical shape with diameter around 80 nm as
seen in Fig. 3a. X-rat diffraction showed two crystalline phases
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of β-TCP and HAp (Fig. 3b). With the small particle size, the
nanoparticles will be highly potential in fabrication of nano-
composite biomaterials.

Characterizations of hydrogels, INgels and gelation
time: Regarding to several previous studies, HRP/H2O2-mediated
coupling reaction of phenolic moities-modified polymers is
an high efficieny to prepare in situ injectable hydrogel [5]. For
preparation of the hydrogels in screening conditions, the fast
gelation time obtained to be 60 s and 12 s for PGD and PCD
solution at around 0.125 wt % of the stock H2O2 concentration
(or 0.0625 wt % in a final concentration), respectively. Amount
of the H2O2 catalyst in the preparation was used in regard to
the UV-vis-determined HPA or tyramine content. It was reported
that to obtain the fast gelation time, a molar ratio of H2O2 and
phenolic moiety at 0.5 is optimal [5,9,11,16]. Regarding these
reports, HRP catalyzes to decompose hydrogen peroxide for
coupling phenol or aniline derivatives. The minimally fed HRP
performed effectively at very low content (about 0.005 mg/mL
of the enzyme in final concentration). Understanding the role
of HRP enzyme is very critical for formulation and fabrication
of several types of phenolic derivatives-based biomaterials.
Regarding the obtained results, the CTA and PCD-based hydro-
gels and INgels were prepared as demonstrated in Fig. 4a.
H2O2 concentration significantly affected the gelation time of
PCD-PGD (1:5 wt/wt) hydrogel and its nanocomposite as seen
in Fig. 4b. In the investigated concentration range of the stock
H2O2, an increment of the catalyst content induced a fast gelation
of the polymers solution in presence of HRP that could be
explained by a higher content of the produced hydroxy radical
for oxidizing phenolic moieties to crosslink polymer chains.
Previous studies have shown that an excess amount of H2O2

could be harmful to catalytic role of HRP and induce cytoto-
xicity [5,11,31]. The gelation time of the polymer solutions
seemed to be constant at 0.125 and 0.15 wt % of the used
H2O2 concentration so the preparation of PCD-PGD (1:5 w/w)-
based materials should select at 0.125 wt % of H2O2 concen-
tration as an optimal condition. The selected H2O2 concentra-
tion was enough to oxidize phenolic moiety and significantly
decreased in the crosslinking process that couldn’t induce cell
apoptosis. In general, PCD/PGD hydrogels and INgels could
be formed quickly in situ within 40 s. However, there is a

slightly difference in gelation time of the hydrogels and theirs
nanocomposites that contain BCPNPs. That is due to free
functional groups of gelatin and chitosan binding to OH groups
in BCP resulting in increasing crosslinking density of INgels
and thus decreased its gelation time. A further study on the
INgels’s porosity was conducted. Fig. 4c shows pore-size distri-
bution of the material ranging from 100 to 500 µm. BCPNPs
were well-distributed in the scaffold as seen in Fig. 4d. These
results indicate supportive effects on cell growth and migration or
sustainable release of bioactive components of the INgels [9,42].

in vitro Biodegradation study: Biodegradability of several
artificial materials plays an important role in the tissue regene-
ration or drug delivery systems. For implanted materials,
studies on their enzymes-induced biodegradation are especially
important to select a degradable scaffold with repairing or rege-
nerating process of the defects. As mentioned, biodegradation
and cellular compatibility behaviours of the chitosan or gelatin-
based biomaterials are partially different. Fig. 5a shows the
collagenase-induced degradation profiles that differently per-
formed as changed mass ratios of PCD-PGD in the gels. The
degradation rate decreased following a decrement in amount
of gelatin in the PCD-PGD-based hydrogels. The hydrogels
at a mass ratio of 0 PCD: 10 PGD were completely degraded
after 42 h whereas at ratio of 0.5 PCD: 10 PGD, a complete degra-
dation took 90 h. In contrast, the higher chitosan-formulated
hydrogels (1 PCD: 10 PGD; 1 PCD: 5 PGD; 1 PCD: 2.5 PGD)
were not utterly degraded within 762 h. The collagenase-induced
degradation of the INgels was partially slower than that of the
hydrogels as compared from 0.5 PCD: 10 PGD samples (Fig.
5b). The INgel prepared at 1 PCD: 5 PGD and 1 PCD: 2.5
PGD ratios performed a lowest degradation rate approximately
60 wt/wt % of its weight at the end of this survey. The different
behaviours could be derived from binding of calcium ions
(released from BCPNPs) and collagenase leading to inhibition
of its proteolytic activity [43]. These studies clarified that
gelatin-based materials have a fast biodegradable characteristic
in a collagenase containing media while the biodegradation
of chitosan-formulated hydrogel could be modulated. The
obtained results are also significant because the hydrogels or
its nanocomposite could be used to implant for regenerating
every specific tissue.
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Biomineralization study: Biomineralization is one of the
most crucial factors to evaluate potential of materials for bone
regeneration. In the study, the PGD-PCD (5:1) and PGD-PCD
(2.5:1) hydrogels and their nanocomposites were characterized
due to their similar slow degradation rate and different amount
of PGD. The studies could indicate whether formation of bio-
mineralization is dependent on nature of polymers that forming
hydrogel. Fig. 6a-b [profile (1) and (2)] show all initial hydro-
gels and these SBF-incubated samples are in amorphous phase

without any diffraction peaks responding to BCP crystalline.
XRD diffraction of the initial INgels showed several typical
peaks presenting HAp and β-TCP crystallized phases in
BCPNPs as seen in profiles (3). After 28 days of incubation, a
highly crystallized phase of HAp could be observed in profile
(4) and some diffraction peaks of calcium carbonate appeared
which indicated a substitution of carbonate into HAp lattice
that occurred in the SBF-mediated mineralization process
leading formation of carbonated HAp on the surface of the
incubated materials [44]. These results confirmed efficiency
of the INgelss in enhancing biomineralization in vitro.

EDX analysis results in Fig. 7 indicated the material with
a different PGD content exhibiting a distinct mineralization
behaviour. The PGD-PCD (5:1) hydrogel formulated with a
higher amount of PGD performed an increment in deposition
of calcium and phosphate ions on its surface as compared to
the PGD-PCD (2.5:1) hydrogel as seen in Fig. 7a and 7b. There
was a same behaviour in two INgels (Fig. 7c and 7d). The PGD-
PCD (5:1)-formulated scaffold indicated a higher deposition
of calcium and phosphate ions. Our data is aligned with previous
report in which HAp-encapsulated gelatin matrix was shown
to induce a significant formation of the carbonated HAp on
scaffold surface after incubated in SBF solution for 21 days
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[45]. The obtained results confirm that the highly PGD or
gelatin-formulated sample could enhance mineralization
ability.

Cytocompatibility of INgels: In cytocompatible evalua-
tion of hydogel scaffolds, live/dead staining assay is one of
the most popular technique for visualizing behaviour of cells
on the scaffolds. The living cells are stained with green fluore-
scence by an intracellular esterase reduction of a nonfluore-
scent calcein AM [9,31]. Fig. 8a and 8b show that the INgels
were cytocompatible with Mesenchymal stem cells. This is
similar to our previous study indicated that chitosan-tetronic/
BCP nanocomposite hydrogels could enhance MSCs attach-
ment and a supplement of BCPNPs also contributed to accele-
rate proliferation of the cell due to its rough surface and a
high protein deposition from the incubated media [27]. In the
evaluation, a high density of the proliferated MSCs could
observe on the PGD-PCD (5:1) INgel as compared to PGD-
PCD (2.5:1) nanocomposite sample. It is well-known that
gelatin-enrich biomaterials could induce outgrowth of cells
because gelatin owns more integrin binding domains for cell
attachment and enhancing outgrowth of cells [34,35]. These
results could offer several different formulations of the PGD-
PCD hydrogel with a various collagenase-mediated degrada-
tion rate and the high cytocompatibility which enables implant
with minimally invasive ways exhibiting its greatly potential
for regenerating several kinds of typical tissues as combined
with bioactive molecules or/and nanoparticles such as growth
factor, genes, BCPNPs, bioglass nanoparticles, etc.

Conclusion

In the study, the PCD-PGD/BCP INgels were in situ prepared
via horseradish peroxidase-catalyzed reaction. Depending on the
amount of formulated chitosan derivative, the INgels performed
an appropriated biodegradation rate over a long period of time.
Moreover, an increment of the formulated gelatin, the
biocomposite could enhance biomineralization and MSCs
proliferation on the composite surface. Regarding to these
obtained results and some well-known osteo induction and osteo
integration characteristics of BCPNPs, the study could pave a
way for further evaluations to apply in bone tissue regeneration.

Fig. 8. Fluorescent microscopy images of the cellular PGD-PCD (5:1) INgels (a) and PGD-PCD (2.5:1) nanocomposite sample (b)
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