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ABSTRACT: Earlier, we had reported the synthesis and character- o

ization of star-shaped poly(p,L-lactide)-b-gelatin (ss-pLG) to improve | ol

cell adhesion and proliferation, but the stability of ss-pLG scaffolds T s
remained a persistent issue. Here we show an increase in the stability

of ss-pLG using 3-glycidoxypropyl trimethoxysilane (GPTMS) as a s th Hyophobiciy
covalent cross-linker (h-ss-pLG). The rate of cell proliferation within i 9
Hep-G2 cultured h-ss-pLG scaffolds increased until the third day, and
afterward it drastically declined. Further, we identified the release of
inorganic silica from GPTMS cross-linked h-ss-pLG, which may be
associated with the decrease in the rate of HepG2 cell proliferation.
However, the cross-linking did not affect red blood cells (RBCs) and
they were completely hemocompatible. In addition, our in vivo
experiments in female rats showed that the hybrid h-ss-pLG scaffolds
were not degraded completely after 4 weeks, as they were covalently
cross-linked with silane. These results suggest the significance of the cross-linker selection, which is one of the other key factors,
and needs to be considered while designing scaffolds.
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1. INTRODUCTION limited because of their potential toxic effects and ineffective
increase in mechanical strength. In addition, sol—gel derived
hybrid materials have also been used, where interpenetrating
networks (IPNs) of organic polymers and inorganic
components form biodegradable composite scaffolds.'®™"3
Among the inorganic components, silica-based bioactive
glasses are an important class of materials because of the
tailored chemical property and controlled degradation when
cross-linked with polymers.”"*

Biomaterials based tissue engineering is a popular approach to
solve the problem of degeneration of tissue; however, suitable
biomaterials must meet some challenging criteria.' For
example, the template for the tissue growth which is
mentioned as the scaffold should exhibit better stability to
match the mechanical properties of the host tissue, and resorb
with a tailored degradation rate. Poly(lactic acid) (PLA) has
received momentous attention and is considered to be the . ) ) )
most promising biopolymer for tissue engineering applications Earlier, we had reported t:culored chemical 'propertles.of 4
owing to its biodegradable nature. The stability, degradation arm star-shapedlgoly(D,'L-lactlde) as cell-adhesive three-dimen-
rate, and mechanical strength of PLA-based 3D scaffolds can sional scal'folds. ) We c1rcur.nv.ent§d the problem _Of the la.ck of
be increased by hydroxyapatite,” bioactive glass,’ and cacium cell adhering functional moieties in P_LA by grafting gelatin to
phosphate.” On the other hand, gelatin is a commercially star-s'haped (4 arms) poly(p,i-lactide) _(SS'PD LLA_)' The
available natural protein that is widely used as a tissue gelatin gr'af.ted star-shaped poly(D,L-}actlde)-b-gelatm. (SS
engineering scaffold due to its biodegradability and similarity pLG) exhibited lower contact angle, ie, the hydrophilicity
to the more expensive collagen adhesive protein. To increase
the stability of the gelatin based scaffolds, pe%ple have used Received: July 29, 2019

various cross-linkers such as glutaraldehyde,s’ EDC-HCL,"® Accepted: December 8, 2019
and genipin.9 However, the use of those cross-linkers are Published: December 9, 2019
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was increased. However, we observed that scaffolds fabricated
from ss-pLG degraded at a faster rate because of the gelatin
graftin% Further, we developed linear PDLLA-b-gelatin (I-
pLG)'® that somehow controlled the degradation rate because
of the degree of gelatin grafting, but the stability of the
scaffolds was not that much higher to support cells for a longer
period. On the other hand, the biocompatible silica possesses
very good cell adhesion property.'”~'? To increase the stability
of the ss-pLG scaffolds, we introduced the cross-linker based
upon the following rationale: The silica alone is brittle; further,
if polymers are introduced to the silica, the resulting hybrid
composites with silica will potentially increase the stability and
toughness of the materials, which could be particularly useful
for tissue engineering applications. In that view, y-glycidox-
ypropyltrimethoxysilane (GPTMS) was taken as a cross-linker,
which is a known silane coupling agent that consists of epoxy
and methoxysilane groups. The epoxy ring of the GPTMS
molecules react with the amino or carboxyl groups on the
polymeric chain and forms pendent silanol groups (Si—OH)
by hydration of the trimethoxy groups on the GPTMS via an
acid-catalyzed reaction. Further, the condensation process of
two Si—OH molecules allows the formation of Si—O-Si
bonds. Thus, the cross-linked structures form through Si—O—
Si linkages.”*™*

In the present study, cross-linking of ss-pLG with GPTMS
(h-ss-pLG) and their cellular proliferation on the hybrid
scaffold is demonstrated. The covalent cross-linking will
increase the hydrophobicity and thus the stability of the
matrix. In accordance with our hypothesis, we studied the
contact angle and validated the newly synthesized h-ss-pLG for
their biocompatibility and biodegradability by in vitro culturing
of hepatocyte (Hep-G2) cells within the h-ss-pLG scaffolds
and in vivo subcutaneous implantation of the h-ss-pLG in
female rats. On the other hand, we also prepared gelatin cross-
linked scaffolds (h-Gel) for the comparative study.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. 3,6-Dimethyl-1,4-dioxane-2,5-
dione (p,L-lactide), Tin(II) 2-ethylhexanoate, N-hydroxusuccinimide
(NHS), (3-Glycidyloxypropyl)trimethoxysilane (GPTMS), Hematox-
ylin-Eosin (H&E) solution, and methylthiazolyldiphenyl-tetrazolium
bromide salt (MTT) were purchased from Sigma-Aldrich. Pentaer-
ythritol was procured from SRL chem. lab. Dialysis tubing having
MWCO = 100 000 was purchased from Cole Parmer. Analytical grade
solvents like dichloromethane (DCM), tetrahydrofuran (THF),
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and
hydrochloric acid (HCI) were purchased from SRL chem. lab.
Other materials and chemicals were purchased from Hi-media unless
specified in the text.

2.2. Synthesis of Hybrid Star-Shaped Poly(p,.-Lactide)
Grafted Gelatin (h-ss-pLG). Synthesis of ss-pLG was done
according to our previously reported paper."> Further, 10% of ss-
pLG was prepared in DMSO and water containing 10 mM
hydrochloric acid (HCI) (300 gL in 3 mL). Then, GPTMS was
added in equal molar ratio (the mole ratio of GPTMS/gelatin;
molecular weight of gelatin was considered as 90000 g/mol) and
stirred overnight at temperature 70 °C. Equimolar ratio was chosen
based on the optimization experiments carried out (data not shown);
the disappearance of Si—OH band at 910 cm™" and the appearance of
a broadened Si—O-—Si band at 1115 cm™ in the FT-IR spectrum
were considered as successful cross-linking. The hybrid gelatin (h-
Gel) was also prepared in the same way as h-ss-pLG was prepared.
After 12 h of reaction, the hybrid gels were dialyzed against water for
48 h.
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2.3. Characterization of Polymer. 2.3.7. FTIR Study. FTIR was
done using PerkinElmer IR spectrophotometer (PerkinElmer Inc.,
USA) in ATR mode.'>"¢

2.3.2. Thermogravimetric Analysis (TGA). Mettler TGA thermog-
ravimetric analyzer was used to characterize thermal properties of
polymers. Temperature ranging from 40 to 800 °C was analyzed with
a heating rate of 20 °C/min under N, atmosphere.

2.3.3. Differential Scanning Calorimetry (DSC) Analysis. DSC
was carried out using Mettler STAR SW 10.00 instrument under
nitrogen atmosphere. The samples were first heated until 150 °C at 10
°C min™" heating rate and then quenched to —50 °C to remove the
moisture or water present in the sample. The second heating run from
37 to 200 °C was performed. Results were reported from the second
heating run.

2.3.4. Water Contact Angle Measurement. Water contact angle
was measured with a Kruss K100 tensiometer and the associated
software using our previously reported protocol.' ¢

2.4. Fabrication of 3D Unmodified and Hybrid Scaffolds.
Scaffolds were fabricated by freeze—drying technique.”” Briefly, 10%
hybrid gel was prepared. SO uL polymer solution was poured onto the
wells of a 96 well plate and cured at 70 °C for overnight. Further, the
cured gel was kept at —20 °C overnight. Thereafter, the gels were held
at —80 °C for 4 days using a freeze—dryer (LyoQuest 85, Telstar,
Spain). The scaffolds were stored in a vacuum desiccator until further
use.

2.5. Characterization of Scaffolds by Scanning Electron
Microscopy (SEM). Surface morphology of scaffolds was evaluated
by Scanning Electron Microscopy (Zeiss Evol8, Germany). Image]
software was used to calculate the pore sizes from SEM images.

The morphology of hepatocytes (Hep-G2) was also evaluated
using SEM. After 3 days culturing of cells within hybrid scaffolds, they
were taken out from cell culture media and washed with PBS three
times. Further, they were fixed with 4% paraformaldehyde (PFA) for
1S min. The cell-fixed scaffolds were again washed with PBS to
remove PFA and stored at 4 °C with PBS until the characterization.
Before the characterization, scaffolds were treated with a series of
ethanol treatments such as 50%, 60%, 70%, 90%, and 100% ethanol.
The dried scaffolds were gold sputtered and imaged under SEM
(Zeiss Evol8, Germany).

The hybrid scaffolds (h-Gel and h-ss-pLG) incubated in red blood
cells (RBCs) were taken out from the shaking incubator after 4 h.
They were washed with PBS 3 times. Then, RBCs were fixed with 1%
glutaraldehyde for 15 min, and washed 3 times. The fixed RBCs were
stored in 4 °C until the further characterization. The blood smear was
gold sputtered and imaging was done using scanning electron
microscopy (Zeiss Evol8, Germany).

2.6. Silica Release Profile. The silica release profile from the
hybrid scaffolds was analyzed in cell culture media. The scaffolds
having the dimensions of 8 mm diameter were put into 200 uL
DMEM/FBS containing cell culture media. After days 1, 3, S, and 7,
the scaffolds were washed with PBS. Further, the scaffolds were
analyzed by FTIR and energy-dispersive X-ray spectroscopy along
with elemental mapping. All the experiments were done in triplicate.

2.7. Cell Culture. Hepatocytes Hep-G2 was procured from
NCCS, Pune, India. Cells were cultured in Dulbecco’s modified
eagle’s medium (DMEM) (high glucose), with 10% fetal bovine
serum (FBS) and 1% penicillin streptomycin in a CO, incubator at 37
°C with 5% CO,, 95% humidity. During the culture, medium was
changed every 2 days. For the cell culturing on 3D scaffolds, scaffolds
were initially kept in 100% ethanol for 30 min and then sterilized
under UV for 30 min. Then, the scaffolds were soaked in cell culture
media and kept in CO, incubator at 37 °C for 30 min. Cells were
counted and concentrated into volume of 20—2S5 uL; further, they
were seeded into the scaffolds and kept in a CO, incubator for 3 h to
allow the cells to attach and settle into the scaffolds. After 3 h of
incubation, fresh media was added.

2.7.1. Cell Viability and Proliferation. The fabricated scaffolds
were studied for cell viability using MTT assay.">*® Cell numbers
were normalized to 1 according to the observation of cell growth in
2D culture plate on the third day.
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Scheme 1. Reaction Scheme for the Synthesis of Silane Cross-Linked Gelatin Grafted Star-Shaped PDLLA (h-ss-pLG)
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For the GPTMS cytotoxicity, various concentrations (0.1%, 0.2%,
0.5%, 1.0%, and 2.0%) were prepared in DMSO and 20 uL sample
was added to the growing cell. After 3 day of culturing, MTT was
added and cytotoxicity of GPTMS was found. All the experiments
were done in triplicate.

2.7.2. Molecular Gene Expression Study by Quantitative-
Reverse-Transcription PCR (gPCR). 2.7.2.1. RNA Isolation. RNA
was isolated from cultured HepG2 cells grown in scaffolds after 1/5/7
days using TRIzol reagent (Thermo Fisher, USA) as per
manufacturer’s recommendation. All steps were performed at room
temperature (20—25 °C). The RNA thus obtained was stored at —80
°C until further use. The RNA yield was calculated by diluting the
sample in RNase-free water and measuring the absorbance at 260 and
280 nm. We calculated the RNA concentration using the formula

A260 X dilution X 40 = x pgRNA/mL

The purity of the RNA was calculated by obtaining the A260/A280
ratio. A ratio of ~2 was considered pure.

2.7.2.2. cDNA Synthesis. The cDNA was synthesized using the
previously reported protocols.”” The samples were first treated with 2
U/uL DNase to remove all traces of genomic DNA. The Primer 3
software was used to design SYBR Green oligonucleotide primers for
the real-time quantitative PCR (qQRT-PCR) experiment for analyzing
P-actin, TWIST, SOX2, and VEGF. Human f-actin expression was
used as an in-house control. cDNA was synthesized using a cDNA-
reverse-transcription kit (TaKaRa Bio.Inc, Tokyo) as per the
manufacturer’s instructions.

2.7.2.3. Quantitative Real-Time PCR. Quantitative real-time PCR
(qQRT-PCR) was carried out using a LightCycler 96 System (Roche
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Molecular Systems, Inc., India) with cDNA as the template at
following conditions: PCR — 42 cycles, preincubation at 95 °C for 5
min, denaturation at 95 °C for 10 s, annealing at 60 °C for 10 s, and
elongation at 72 °C for 10 s. Gene expression was normalized to f-
actin.

2.7.2.4. Calculation of Fold Change (27*2<). Fold change was
calculated using the 27249 method.*® Briefly, triplicate expression
values were calculated and averaged for individual time points. Gene
of interest (TWIST, SOX2, VEGF) were designated as test expression
(Cq™) whereas the average expression values for housekeeping genes
were designated as housekeeping expression (Cq™). ACq is the
difference in threshold cycle between the target and reference genes.
ACq for sample A (h-Gel) was calculated as follows: ACq* = Cq™* —
Cq™. Similarly ACq for sample B (ACq®) (h-ss-pLG) and control
(cells cultured in 96 well plate) (ACq™) were calculated, individually.
AACq for h-Gel (AACq*) was calculated by subtracting ACq" from
ACq*. Similarly, AACq® for h-ss-pLG was calculated. Finally, the
calculated AACq values were raised to the power 27, where x is
AACq.* Table S1 shows the sequences of the primers used in the
study.

2.8. Hemocompatibility of Scaffolds. 2.8.1. Blood Sample.
Blood samples were collected in a 15 mL centrifuge tube containing
EDTA as an anticoagulant, from Blood Bank, Banraras Hindu
University (BHU), Varanasi, India.

2.8.2. Hemolysis. The hemolysis of the hybrid scaffolds after 1 and
8 h was studied using the reported papers.'>"

2.8.3. Evaluation of Erythrocyte Membrane Integrity. Lactate
dehydrogenase (LDH) enzymes released from the erythrocyte
incubated hybrid scaffolds were photometrically detected after
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Figure 1. Characterization of hybrid gels. FTIR spectra of (A) silane cross-linked gelatin (h-Gel) and (B) silane cross-linked ss-pLG (h-pLG).
Thermal properties of hybrid gels. (B) TGA and (C) DSC thermograms of gelatin-grafted and silane cross-linked hybrid polymers.

treatmsnf with scaffold samples by LDH commercial assay kit (Tulip
Diagnostics, India).”> The previously reported procedures were
followed without any modification.'*>"

2.9. Subcutaneous in Vivo Implantation of Scaffolds and
Their Immune Response. The animals were acclimatized for 2
weeks in laboratory condition (25 + 2 °C), with 12 h light/dark cycle.
All in vivo experiments were conducted as per the guidelines of the
Central Animal Ethical Committee, Institute of Medical Sciences,
Banaras Hindu University (BHU), Varanasi, India (Registration No.
542/02/ab/CPCSEA). We used female Charles—Foster (CF) rats
having the weight of 220—220 g body weight. The rats were
subcutaneously implanted with acellular Gel, ss-PDLLA, ss-pLG, and
the hybrid h-ss-pLG, h-Gel scaffolds that have the specific dimensions
(8 mm in diameter, 2 mm in height). The study was conducted for
two time points: week 1 and week 4. The weight loss was observed for
the course of the experiment. Moreover, no animal death was
observed during the experimental period. After 1 and 4 weeks of
implantation, scaffolds were retrieved from the implanted site with the
overlying native tissues. The scaffolds with tissues were put into 10%
formaldehyde for 48 h and processed, and tissue sections were
prepared for histology according to previously reported procedures.*®

2.10. Statistical Analysis. All measurements were reported as
mean + standard deviation (SD), n = 3 with a confidence level of

95%. GraphPad Prism v S was used to test the statistical difference
using one-way ANOVA and two-way ANOVA.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Hybrid Gels.
The ss-pLG was synthesized according to our earlier reported
paper.”> Gravimetric yield of the synthesized ss-pLG was
estimated as 89.56%. Therefore, approximately 84.1% of
gelatin was grafted into the backbone ss-PDLLA. Scheme 1
represents the synthesis of hybrid silica cross-linked gelatin
grafted star-shaped PDLLA (h-ss-pLG) using GPTMS. The
epoxy ring of the GPTMS molecules reacted with carboxyl
groups on ss-pLG. This formed pendent silanol groups (Si—
OH). Further, the condensation of two Si—OH molecules was
held and formed Si—O—Si bonds. The chemistry for the
synthesis of hybrid gelatin (h-Gel) was similar to that of h-ss-
pLG.”* The synthesized hybrid gels h-Gel and h-ss-pLG were
characterized initially by using FTIR. Figure 1A, i and ii, shows
the FTIR spectra of hybrid gels of h-Gel and h-ss-pLG,
respectively. The unmodified Gel and ss-pLG polymer was also
characterized to compare it with the synthesized silane cross-
linked hybrid gels. We were able to observe the disappearance
of Si—OH band at 910 cm™ and appearance of broadened Si—
O-Si band at 1115 cm™ in the FT-IR spectrum of the hybrid
gels; this suggested the formation of a highly condensed
interpenetrating silica network (Figure 1A and Figure S1), We
found the characteristic peaks for Gel and ss-pLG at 1661 and
1688 cm™' representing its distinct C=O bond vibra-

DOI: 10.1021/acsabm.9b00680
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tion.">*>** After cross-linking of GPTMS with Gel and ss-
pLG, the C=0 stretching peaks shifted to lower frequencies at
1642 and 1627 cm™', which confirmed the strong covalent
interaction between ss-pLG and GPTMS: Gel and GPTMS,
respectively.

Further, we studied the thermal properties of the synthesized
hybrid gel (Figure 1B,C). Figure 1B shows the thermogravi-
metric analysis (TGA) of unmodified and hybrid gel. Thermal
degradation profile of unmodified and hybrid gels were quite
different. The unmodified polymers Gel and ss-pLG showed its
Tonsee at 225 and 209 °C whereas T, of the polymers were
found as 457 and 455 °C, respectively (Table 1). Moreover,

Table 1. Thermal Degradation Properties of Gel, ss-pLG,
and h-Gel, h-ss-pLG Determined by TGA

Sample no Sample(s) Tonset(°C) Tax(°C)
1 Gel 22§ 457
2 ss-pLG 209 455
3 h-Gel 311 495
4 h-ss-pLG 326 504

the hybrid gels of h-Gel and h-ss-pLG showed improved
thermal properties, where T, for h-Gel and h-ss-pLG were
found as 495 and 504 °C, respectively. The strong covalent
binding of GPTMS with the respective polymer produced
improved thermal properties in the case of hybrid gels.

DSC thermograms of Gel, ss-pLG, and modified h-Gel, h-s-
pLG are shown in Figure 1C. T, values of Gel, ss-pLG, h-Gel,
and h-ss-pLG were observed at 142.9, 112.59, 114.87, and
126.46 °C, respectively. The shifting of T, clearly indicates the
successful cross-linking. On the other hand, T, of h-Gel was
reduced from its counterpart, Gel. The reduced T, of h-Gel
could be due to self-assembly of the molecules and
condensation of a water molecule from them. The con-
densation will lead to reduction in the molecular weight.

3.2. Fabrication and Characterization of Scaffolds.
The hybrid gels were frozen and freeze—dried to get porous
scaffolds. It is to be noted that the structural complexity of
tissue engineering scaffolds should be similar to native tissue in
order to facilitate the required biological function.” Biological
tissues generally have a gradient porous structure where
porosity is not uniform. Rather, the natural engineering of
porous architecture will be in such a way to maximize the
overall performance of the structure. For instance, scaffolds
employed in angiogenesis process (regeneration of a blood
vessel/vascularization) should have the pores with a diameter
of 20 to 40 pm for the exchange of metabolic components and
to facilitate neovascularization.”® Even though higher pore
sizes and porosity may facilitate nutrient and oxygen delivery
and enable more cell growth, the large amount of void volume
may mitigate the mechanical properties of the scaffold.””

We used scanning electron microscopy (SEM) to gain
qualitative surface morphology information about the molec-
ular architecture of newly fabricated h-Gel and h-ss-pLG
scaffolds. Figure 2 shows the SEM image of h-Gel and h-ss-
pLG, respectively. h-Gel displayed a distorted elliptical porous
architecture with pore sizes approximately ranging 35 + 12
um. However, it is to be noted that not all the pores were of
uniform size—pore sizes were in the range from 20 to 50 pm.
On the contrary, the resulting h-ss-pLG 3D scaffolds showed
thicker walls of 3D morphology and pore sizes were 40 + 8

pm.
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Figure 2. Surface morphology of hybrid scaffolds analyzed by SEM.
The hybrid gels were freeze—dried and scaffolds were prepared.

3.3. Influence of Cross-Linking on Cell Proliferation
within Hybrid Scaffolds. The surface hydrophobicity is a
key factor which governs the cell response. Water contact angle
was used to characterize the hydrophilicity of the newly
synthesized h-Gel and h-ss-pLG. The contact angle measure-
ment indicates that Gel and ss-pLG were more hydrophilic
than the hybrid h-Gel and h-ss-pLG (Figure 3A). The higher
hydrophobicity of h-ss-pLG than h-Gel could be attributed to
the efficient cross-linking of GPTMS with ss-pLG and Gel.

We then examined the in vitro cell proliferation within the
hybridized h-Gel and h-ss-pLG by studying the cell metabolic
activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) (MTT). The MTT absorbance values for h-Gel
and h-ss-pLG were lower than those of the unmodified Gel and
ss-pLG after 3 days of culturing (Figure 3B). This indicates a
reduction in the rate of cell proliferation and reduction in
overall cell viability. Furthermore, we performed MTT assay
for various concentration of (0.1—2%) of GPTMS. Increasing
the concentration of GPTMS induces cytotoxicity in a
concentration-dependent manner until 1%, and there was no
significant difference from 1-2% GPTMS, which was the
additional component involved to make the hybrid gel (Figure
3C). We have already reported that ss-pLG is biocompatible
and it supports cell proliferation."> Of note, 2% GPTMS
showed less than 6% cytotoxicity, which is within the accepted
range (10%). Therefore, it is clear that GPTMS plays a less
significant role in inducing the cytotoxicity. MTT assay
indicates a reduction in cell proliferation and cell viability
that is independent of GPTMS concentration.

To understand the cell proliferation behavior at the
molecular level, we studied the gene expression profiles of
key genes that are involved in cell proliferation, invasion, and
metastasis using quantitative polymerase chain reaction
(qPCR) experiment. We studied the gene expression profile
of TWSIT, SOX2, and VEGF that are associated with cell
grow‘ch,‘q’8 invasion,”” and metastasis,’ respectively. Figure
3D,E,F shows the molecular gene expression of cells grown in
hybrid scaffolds. h-ss-pLG showed a 1.0-fold increase in
TWIST mRNA expression after day 1 compared to h-Gel. The
level of TWIST mRNA were reduced after Day S in both h-Gel
and h-ss-pLG groups. The mRNA expression of TWIST in h-
ss-pLG remained 0.5-fold greater than h-Gel after day S.
However, after day 7, TWIST expression was drastically
reduced in h-ss-pLG (2.5 fold lower than h-Gel), indicating
reduced cell proliferation in h-ss-pLG group. We observed a
significant decrease in the gene expression of both SOX2 and
VEGF in cells cultured in h-ss-pLG compared to h-Gel
scaffolds. The TWIST gene expression was higher in h-ss-pLG
compared to h-Gel because of the degree of gelatin grafting in
the PDLLA backbone. As evident from the SOX2 and VEGF
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Figure 3. Demonstration of cell proliferation within the hybrid scaffolds and their molecular characterization. (A) Water contact angle
measurements of polymer coated cover glass. (B) Rate of cell proliferation of Hep-G2 within the scaffolds assessed using MTT assay. (C)
Cytotoxicity of GPTMS at various concentrations against Hep-G2. Molecular gene expression (D) TWIST, (E) SOX, and (F) VEGF of cells within
hybrid scaffolds. (G) Schematic expression of silica release affecting the molecular expression of the proteins. (H) Surface morphology of cells
seeded hybrid scaffolds after 3 days of culturing. All bars expressed as mean values + SD (n = 3) In the case of QPCR data, confidence intervals
(CI) were taken and plotted as a graph instead of SD; * p < 0.0S, **p < 0.001, *** p < 0.0001.

expression, the metastasis process had not proceeded, which
could be because of the decrease in the rate of cell
proliferation. Metastasis initiation (SOX2 expression) and
propagation (VEGF expression) are both dependent on the
expression of TWIST. Initially, until day 5 the TWIST
expression was normal; however, after day S, we observed a
reduced TWIST expression. Further, we physically observed
that the cells were being detached from the scaffold; therefore,
it could be the reason for the reduced molecular expression
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levels of TWIST, which further leads to a decrease in the
SOX2 expression and subsequently to reduced VEGF
expression. Overall, we observed that the initiation and
propagation of metastasis were arrested in the cell grown in
h-ss-pLG scaffolds (Figure 3G).

Further, SEM images of Hep-G2 cell-seeded scaffolds were
acquired to check the cellular growth behavior within 3D
scaffolds. We observed that the thick wall of h-ss-pLG became
thinner and better cell growth appeared in h-ss-pLG compared
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Figure 4. Qualitative release kinetics of silica from hybrid scaffolds. (A) Elemental mapping and (B) FTIR of hybrid scaffolds before and after

incubating in cell culture media.

to h-Gel (Figure 3H). We were not able to track any cells after
7 days of culturing through SEM.

3.4. Silica Release May Affect Cell Proliferation. We
observed a decrease in the rate of cell proliferation in silane
cross-linked hybrid scaffolds (h-Gel and h-ss-pLG). However,
the reason for the reduction in cellular proliferation stands
unaddressed owing to a less significant effect of GPTMS on
cytotoxicity against Hep-G2 cells. To identify the reason, we
framed a hypothesis that silica release from the silane cross-
linked h-ss-pLG affects the rate of HepG2 cell proliferation.
We had a strong rationale to support our hypothesis, because
previous reports indicate that silica material possess good cell
adhesion property.'®*" We believed that the release of silica
might trigger the detachment of cells that are attached to silica.
In order to validate our hypothesis, we quantified the initial
silica level (%silica) present in the hybrid scaffold. We assessed
the silica level after day 3 and day 7 (post cell culture media
incubation) by energy-dispersive X-ray analyzer (EDX).
Interestingly we observed the reduction in the silica profile
of the scaffold.

Figure 4A shows the silica release profile at day 0, 3, and 7
observed by elemental mapping through EDX for the h-Gel
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and h-ss-pLG samples. We observed the decrease in the
intensity of silica element after day 3 and 7 of incubation in the
cell culture media. The silica quantity (%silica) in h-Gel at Day
3 (20.58 + 3.27) was lower than the initial silica level at day 0
(22.81 + 3.11); this was further reduced to 15.95 + 3.37 on
day 7. Similarly, the %silica in h-ss-pLG at day 7 (14.83 +
3.72) was much lower than the %silica at day 0 (18.27 + 5.94)
and day 3 (15.3 + 3.84) (Table 2). The significant level of
silica released from the scaffold to cell culture medium
observed by EDX provides strong evidence to validate our
hypothesis. Furthermore, we studied the silica release profile in
h-Gel and h-ss-pLG by FTIR after day 3 and day 7. We
observed the Si—O—Si in the phase stretching band around

Table 2. Quantitative Release Kinetics of Silica from Hybrid
Scaffolds Assessed by EDX Analysis

after incubation in cell culture media

sample Day 0 Day 3 Day 7
h-Gel 22.81 + 3.11 20.58 + 3.27 15.95 = 3.37
h-ss-pLG 18.27 + 5.94 15.3 + 3.84 14.83 £ 3.72
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1115 cm™". The decrease in the Si—O—Si band stretching
indicates the release of silica with time (Figure 4B). The wide
FTIR spectrum is given in Figure S2. The dissolution property
of silica from chitosan-based hybrid scaffolds had also been

reported, which complies with our observation.”’

In addition, we further cultured 1929 cells on hybrid
polymers (h-Gel and h-ss-pLG) and un-cross-linked polymers
(Gel and ss-pLG) coated 2D cover glass and stained with
Rhodamine phalloidin to evaluate the morphology of
fibroblasts. We observed that the cells came out of the plane
and there was a significant change in the morphology of
polymers which could be attributed to the release of silane
(Figure S3). Therefore, it could be attributed to the silica
release affecting the cellular proliferation as silica inherently
had the cell adhesion property.

3.5. Influence of Silane Cross-Linking on Hemocom-
patibility. We next studied the hemocompatibility of the h-
Gel and h-ss-pLG in human blood, in vitro. Normally, platelets
do not adhere to endothelial cells in the circulating blood.
However, when blood is exposed to a foreign surface the
platelets tend to deposit and form a layer of proteins and cells,
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is followed by immune system activation and initiation of the
coagulation process. The hemolysis was studied in vitro. The
hemolysis was found to be <6% for all the scaffolds evaluated.
The h-Gel and h-ss-pLG scaffolds showed no significant
difference when compared to their respective unmodified
counterparts after 1 and 8 h (Figure SA). Further, the
hemolysis was high for h-Gel and h-ss-pLG, at both 1 h and 8
h. However, hemolysis <10% has been considered as
hemocompatible.**

Similarly, the membrane integrity of erythrocytes was
evaluated by quantifying the enzyme LDH, when they were
incubated with scaffolds. After 1 and 8 h intervals, the ss-
PDLLA and ss-pLG incubated with erythrocytes did not show
any significant increase, whereas a significant increase in the
release of LDH was observed for hybrid scaffolds (h-Gel and h-
ss-pLG) (p > 0.05) when compared to PBS (negative control).
This could be attributed to the hydrophobicity of hybrid
scaffolds (Figure SB). These results indicate that the hybrid
scaffolds induce a small disturbance in the membrane integrity

of erythrocytes.
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Figure 6. In vivo compatibility of hybrid scaffolds. H&E staining of retrieved acellular (A) unmodified and (B) hybrid scaffolds after 1 and 4 weeks

of subcutaneous implantation in female rat.

Figure SC presents the photomicrograph of SEM image
displaying a negligible number of damaged RBCs when
incubated with both h-Gel and h-ss-pLG. The qualitative
imaging results comply with our quantitative hemolysis and
LDH release. Thus, the silane cross-linking has a less
significant effect on the hemcompatibility.

3.6. Influence of Silane Cross-Linking on Immune
Response in Vivo. In vivo experiments were conducted to
evaluate the host immune response and implant integration of
the scaffolds. We investigated the biodegradation and tissue
biocompatibility of unmodified and hybrid acellular scaffolds
after subcutaneous implantation in rat; after 1 and 4 weeks
post implantation, we retrieved the scaffolds from the
implanted site with the overlying native tissues and performed
histological examination to assess the infiltration of inflamma-
tory cells. The incision led to a loss in the weight of the animals
and animals were gaining weight slowly. The rate of weight
gain was relatively good compared to the Sham group (Table
S2). Figure S4 presents the photomicrographs of the animals at
the implant site after 4 weeks of study.

Figure 6 shows the H&E stain of the subcutaneous tissue
after the implantation of scaffolds. Higher cell infiltration and
cell attachment were observed after week 1 in all the tested
scaffolds. The unmodified Gel, ss-PDLLA, and ss-pLG
scaffolds were completely degraded after week 4; the excised
tissue was morphologically similar to the control tissue, which
indicates the degraded product or the scaffold did not affect
the host tissue. On the other hand, the hybrid scaffolds h-Gel
and h-ss-pLG were not degraded completely as the Gel, ss-
PDLLA, and ss-pLG. This could be attributed to silane cross-
linking which increased the stability of hybrid scaffolds.
Further, there were no significant changes observed in
infiltration of cells for h-Gel and h-ss-pLG scaffolds compared
to Gel, ss-PDLLA, and ss-pLG. The results from the animal
study demonstrated that hybrid scaffolds have good tissue
compatibility; at the same time, they were not degraded
completely within 4 weeks of the study because of silane cross-
linking.

There have been a number of biodegradable polymers using
cross-linkers widely explored as scaffold systems for tissue
engineering applications. The degradation of collagen (the
natural omnipresent structural protein present in the body)
was affected by the cross-linking and ranging from 1 to 4 weeks
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or longer in vivo.*> The silk fibronin, another natural protein,
showed various degradation times from 2 months to 1 year
based on the processing of the scaffold.** The degradation of
synthetic biodegradable polymers PCL and PLGA was found
as 2 years™ and 26 weeks,"”*” respectively. The long-term
biodegradable scaffolds because of cross-linking or by its
inherent nature could be used for soft tissue engineerin§
applications such as ligament repair, cartilage regeneration,”

pediatric cardiovascular surgery involving biocompatible
materials,"”*" and bone implant application.”’ Also, long-
term lzizodegradable scaffolds can be used for local delivery of
drugs.

4. CONCLUSION

To conclude, our findings indicate an increase in the
hydrophobicity and stability of the hybrid scaffolds (h-ss-
pLG and h-Gel) when they were cross-linked with GPTMS.
However, our in vitro results indicate a decrease in the rate of
cell proliferation within the silane cross-linked hybrid scaffolds
(h-Gel and h-ss-pLG) after day 3. We arrived to the conclusion
based on the observation that GPTMS per se at concentrations
used have not shown any significant cytotoxicity, and the
reduction in the rate of cell proliferation was highly aligned
with the release of silica that was confirmed by FT-IR and EDX
elemental mapping experiments. We postulate that cells
adhered on the silica matrix may become detached while the
silica is released from the hybrid scaffold that could directly
influence a decrease in the rate of cell proliferation within the
scaffold. Concurrently, the in vivo subcutaneous implantation
study showed that Gel, ss-PDLLA, and ss-pLG scaffolds
degraded completely after week 4, whereas the hybrid scaffolds
h-ss-pLG and h-Gel were not degraded, which could also be
due to the silane cross-linking. We anticipate our results to
open up new avenues in the cross-linker selection while
facilitating the stability of the tissue culture scaffold without
affecting their biological functions. Therefore, it is critical to
understand the biological behavior of the scaffold and its
components including the cross-linkers prior to its specific use.
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