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Abstract

Since scaffolds are engineered to support functional tissue formation, their design and materials play an essential role in
medical fields by providing different mechanical function. The aim of this study was to investigate the synthesis and structural
characterization of collagen-gelatin (COL-GEL) composite scaffolds containing fluorapatite (FA) nanoparticles as well as
evaluation of the osteogenic differentiation of human adipose-derived stem cells (hADSCs). First, the composite scaffolds
were evaluated using Fourier transform infrared spectroscopy, scanning electron microscopy, and X-ray diffraction. The
cytotoxicity of scaffolds and various concentrations of FA nanoparticles was studied through MTT assay and acridine orange/
ethidium bromide staining. Next, the differentiated hADSCs were analyzed using Alizarin red and von Kossa staining, cal-
cium content assay, alkaline phosphatase (ALP) activity, real-time RT-PCR, and immunocytochemical analyses. According
to the characterization analyses, the composite scaffolds were properly integrated. The results also illustrated that COL-GEL
composite scaffolds in the presence of FA nanoparticles not only showed no cytotoxicity but also increased ALP activity
and calcium deposition as well as the expression of osteogenic genes, including Runx2, Col-I, ALP, and osteocalcin and the
synthesis of proteins such as osteocalcin and osteopontin in vitro. The obtained data were confirmed by Alizarin red and
von Kossa staining. These results are very promising for further tissue engineering experiments, in which FA nanoparticle
incorporation into COL-GEL composite scaffolds is a novel approach that improves the surface COL-GEL composite scaf-
folds for tissue engineering application in vitro.
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Introduction (Florencio-Silva et al. 2015). Every year, millions of people

suffer severe bone injuries resulted from congenital mal-
Bone tissue is complex, living, and dynamic and continu-  formations, trauma, tumors, and surgery (Majidinia et al.
ously involved in the bone remodeling process, resorp-  2018). Currently, the bone-related problems are wildly

tion by osteoclasts, and bone reformation by osteoblasts  fixed by various medical treatments, including allografts,
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autografts, and xenografts (Soraya et al. 2021). However,
these therapeutic strategies encounter some limitations
and restrictions such as transplant rejection, severe pain,
and infection (Shamsi et al. 2017). Tissue engineering has
shown a promising approach that aims to repair and regen-
erate damaged tissues and reform their function using the
combination of cells, biological molecules, and scaffolds
(Fang et al. 2018; Guo and Ma 2018). In this interdiscipli-
nary field, scaffolds can be fabricated based on natural and
synthetic polymers with properties such as biocompatibil-
ity, non-toxic degradation, and appropriate porosity for the
transportation of nutrients (Guo and Ma 2018; Nafary et al.
2017). An efficient scaffold, as a replicate of living structure
inside tissues of the body, should provide a suitable surface
with chemical, biocompatibility, and mechanical properties
for cells to integrate with the recipient tissue (Cheng et al.
2019). Hydrogels are one of the most common scaffolds that
constitute a wide spectrum of synthetic molecules to native
proteins. They have peculiar features such as the capacity to
fill an irregularly shaped space, hydrophilic nature, and suit-
able structure for cell culture, which make them a desirable
candidate for therapeutic applications (Kamoun et al. 2017;
Wolf et al. 2012).

Collagen has extensive applicability in tissue engineering
as biomaterial due to its notable properties, including bio-
compatibility, biodegradability, easy availability, and high
versatility (Lim et al. 2019). Moreover, collagen fibers lead
to not only cell proliferation and osteogenic differentiation
but also cell migration and cell attachments, which are nec-
essary for tissue engineering (Somaiah et al. 2015). Despite
all the mechanical features of the collagen fiber, this natural
polymer may not be applied alone as a bone substitute due
to the lack of adequate strength (Qian et al. 2019). Gelatin is
obtained through the hydrolysis of collagen for biomedical
and pharmaceutical applications. This denatured product is
commercially available at low cost with high biocompat-
ibility and biodegradability in addition to much less anti-
genic effect than collagen (Su and Wang 2015). Moreover,
scaffolds made of either gelatin or collagen possess suit-
able hydrophilicity as well as mechanical and degradation
properties (Grover et al. 2012). Nevertheless, these mate-
rials cannot provide a perfect extracellular matrix (ECM)
environment with physical structural support. In the current
study, based-collagen and gelatin (COL-GEL) hydrogel was
fabricated, and an inorganic nanoparticle was used in the
scaffold structure to enhance mechanical properties.

Fluorapatite (FA) (Ca;, (PO,)¢ F,), as an inorganic
material, is characterized with a high biocompatibility and
bioactivity as well as the absence of toxic and allergenic
properties (Guo et al. 2018; Pajor et al. 2019; Tredwin
et al. 2014). All these features make them suitable use as
coatings for metallic implants, components of composite
materials, bone cement, and bone substitute components
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of dental materials (Pajoret al. 2019). The present study,
for the first time, tries to elucidate the question that COL-
GEL hydrogels in the presence of FA have the capability
to support osteogenic differentiation and mineralization of
human adipose-derived stem cells (hADSCs).

Over the past years, numerous studies have been per-
formed using hADSC:s as a cell source with multilineage
differentiation capacity for tissue engineering and seeding
them in particular scaffolds (Mazzoni et al. 2020). Moreo-
ver, hADSCs is easily extracted from adipose tissue in a
less invasive way, and their proliferative and less-immu-
nogenic properties make them one of the best sources to
use in stem cell therapy (Mazini et al. 2020; Si et al. 2019).

The aim of this study was to find the synthesis and
structural characterization of COL-GEL composite scaf-
folds containing FA nanoparticles as well as assessing the
efficiency of osteogenic differentiation of hADSCs on
fabricated scaffolds.

Materials and methods
Synthesis of gelatin-collagen scaffolds

Initially, 0.1 N hydrochloric acid solution at a concentra-
tion of 10% w/v was used to prepare the gelatin. Collagen
solution was mixed in 0.1 N solution and added drop by
drop to gelatin solution in a stirrer at 4 °C. Next, the two
prepared dilutions were mixed for 5 h with a mass ratio
of collagen/gelatin 1:20. The FA nanoparticles were pre-
pared at 50 and 100 mg and added to the prepared fabri-
cated scaffold at the concentrations of 0.5% and 1% (w/v).
The solution was poured into a mold (5 cm in length and
2 cm in diameter) and incubated at 4 °C for 24 h. Two-step
freezing was done at — 20 °C for 7 h followed by — 80 °C
for 24 h. To produce a porous hydrogel, frozen hydrogels
were moved to the freeze dryer at —57 °C and 0.05 mbar
for 24 h. For cross-linking, a 0.25% glutaraldehyde solu-
tion was used to immerse lyophilized hydrogel for 6 h.
Finally, freeze-dried hydrogels were washed six steps with
deionized distilled water to remove the glutaraldehyde.

Characterization of scaffolds
Fourier transformed infrared analysis

The method was used to examine the functional groups of
composite samples. Fourier transformed infrared (FTIR)
was recorded by FTIR spectrometer with 100 scans for a
wavelength range of 400-4000 cm™! at a scan speed of 23
scans/min with 4 cm™! resolution.
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X-ray diffraction measurement To determine the structure,
X-ray diffraction (XRD) was performed with a Rigaku
RINT 2000 at 20 kV and 2 Ma.

Scanning electron microscopy

Scanning electron microscopy (SEM) was utilized to ana-
lyze the scaffold morphology. For this purpose, before and
after the cell culturing, the supernatant was removed, and the
scaffolds were washed with sterile phosphate buffered saline
(PBS). Next, to fix the cells, 5.2% glutaraldehyde solution
(300 pl) was added for 1 h. After removal of the glutaral-
dehyde solution, the surfaces of scaffolds were rinsed with
PBS. The composite scaffolds were kept in ethanol solu-
tion with concentrations of 60, 70, 80, 90, and 100% for
10 min/each to dehydrate the cells. Finally, the images were
obtained by SEM (Hitachi S-4500, Japan).

Biological investigation
Cell culture

Human ADSCs lines were obtained from the cell bank of
Stem Cells Technology Research Center (Tehran, Iran) and
cultured in Dulbecco’s modified eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% strep-
tomycin/penicillin (all from Gibco, USA) in a humidified
atmosphere of 5% CO, at 37 °C. Almost 50% of the cul-
ture medium was replaced every 2 days. When the hADSCs
reached 80% confluency, they were segregated by 0.25%
trypsin with 0.1% EDTA to form a single cell suspension.
Cells at the second passage were used for the study.

Sterilization and cell seeding

First, hydrogels were prepared in 0.5 0.5 cm? samples and
placed in 24-well culture plates (Orange Science, Belgium)
in two groups, with and without FA nanoparticles, and then
immersed in 70% ethanol for 1 h to remove all potential resi-
dues from the sample preparation. After washing three times
with PBS for 2 min, cells were cultured on the scaffolds or
directly onto the 24-well plate at a density of 1x 10* cells/
well with a serum medium consisting of DMEM, 10% FBS,
and 1 % penicillin/streptomycin. Seeded cells were incubated
at 37 °C and 5% CO,.

Cell viability assay

The cell viability of hADSCs on various concentrations
of FA (50, 100, and 500 pg/ml), different scaffolds (pure,
0.5% and 1% COL-GEL-FA), and TCPS (control group) was
evaluated via MTT assay at days 1, 3, and 5 of cell seed-
ing. At the end of each day, the MTT (Sigma-Aldrich) was

poured into each well, and the plate was kept at 37 °C for
3 h according to pervious work (Eftekhari et al. 2021). After
removal of the supernatant, 100 pl of DMSO was added.
The optical density was read by a microplate reader (BioTek
Instruments, USA) at a wavelength of 570-630 nm.

Acridine orange/ethidium bromide staining

This staining was used to evaluate the cell viability of cells
as a qualitative assay. The dual fluorescent staining solu-
tion containing 100 pg/ml AO and 100 pg/ml EB (AO/EB,
Sigma) was purred to each well washed for 2 min with PBS.
After 20 min of staining, each well was imaged with a fluo-
rescent microscope (Nikon, Japan).

Osteogenic differentiation

To differentiate hADSCs into osteogenic lineages, after
removing the basal media, osteogenic medium containing
DMEM supplemented with 10% FBS, 50 mg/ml ascor-
bic acid 2-phosphate, 10 nM dexamethasone, and 10 mM
P-glycerophosphate (all from Sigma Chemical Co) was
added into wells. The cultures were then incubated at 37 °C
and 5% CO, for 14 days.

Alkaline phosphatase activity

Alkaline phosphatase (ALP) assay kit (Parsazmun, Iran) was
used to evaluate the ALP activity during osteogenic differ-
entiation of hADSCs after 7 and 14 days. After washing all
plates with ice-cold PBS immediately, a radio immune pre-
cipitation assay (RIPA) (200 pl) was used to extract all pro-
teins from the cells. Next, the supernatants were centrifuged
for 15 min at 15,000 g and 4 °C and incubated then with an
ALP assay kit according to the manufacturer’s protocol. The
amount of ALP in samples was measured at 405 nm using a
microplate reader (BioTek Instruments, USA).

Calcium content assay

All samples were also examined for calcium deposition
using a calcium assay kit (Parsazmun, Tehran, Iran) after 7
and 14 days of osteogenic differentiation. First, each sample
was slowly rinsed with PBS. Calcium extraction was done
to homogenize using 0.6 mol/L hydrochloric acid (Merck)
followed by shaking the supernatant for 40 min at 4 °C. Then
calcium reagent working solution was mixed into each sam-
ple. The color intensity was assessed at 550 nm, and the
standard solution was used to measure the calcium content.
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Alizarin red and von Kossa staining

On days 7 and 14 after differentiation, Alizarin red and the
von Kossa staining were performed to evaluate the osteogenic
differentiation of samples. For this aim, after removal of the
medium culture, the cells were washed with PBS for 2 min.
Next, 4% formaldehyde (Merck, Germany) was used to fix the
cell at 4 °C for 20 min, and then washing step was done with
PBS to remove the formaldehyde. The cells were stained with
1% solution of Alizarin red (Merck, Germany) at a pH of 7.2
and room temperature for 5 min. Following a rinse of the addi-
tional color with distilled water several times, the stained bone
cells were imaged using light microscopy (Carl Zeiss-Axiovert,
Germany). Similarly, the von Kossa staining stages were done
by 5% silver nitrate solution for 5 min. After the removal of the
unreacted silver with 5% sodium thiosulfate, cells were washed
for 4 times with double distilled water. Finally, the differentiated
cells were captured by light microscopy (Carl Zeiss-Axiovert,
Germany). The quantitative assessment of both methods was
performed by image analysis software (ImageJ).

Real-time RT-PCR

The gene expression of the key osteogenic markers, includ-
ing runt-related transcription factor2 (Runx2), collagen
type 1 (Col-I), ALP, and osteocalcin, was analyzed by the
real-time reverse transcription 3polymerase chain reac-
tion (RT-PCR) assay at days 7 and 14 after the osteogenic
induction. Following the isolation of total cellular RNA from
hADSCs, cDNA synthesis was performed applying a Revert
Aid first-strand cDNA synthesis kit (Fermentas, Burlington,
Canada). The cDNA was applied for 40 cycles of PCR by a
Rotor-gene Q Real-time analyzer (Corbett, Australia). Real-
time PCR was carried out using Maxima TM SYBR Green/
ROX qPCR Master Mix (Fermentas) followed by melting
curve analysis to confirm PCR specificity. All samples were
evaluated in duplicate, and the average values were applied
for quantification. It should be considered that target genes
were normalized against HPRT and calibrated to TCPS. The
related primer sequences are indicated in Table 1.

Immunocytochemistry

The immunocytochemistry (ICC) was done to measure the
synthesis of osteogenic proteins containing osteocalcin and
osteopontin at the end of the first and second weeks after
the osteogenic induction. For this purpose, all wells were
washed twice with PBS before fixing with 4% paraformalde-
hyde (Sigma) for 20 min. After washing again, 0.4% Triton
X1 00 was used to make high permeability in membrane’s
hADSCs. Next, the 5% goat serum/PBS-tween-20 was added
to block the cells for 30 min at 37 °C. After the removal
of the block solution, the primary antibodies, including
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Table 1 Primers used in real-time RT-PCR analysis

Gene Primer sequence(F,R, 5'— 3') Product
length)
bp(
ALP GCACCTGCCTTACTAACTC 162
AGACACCCATCCCATCTC

HPRT CCTGGCGTCGTGATTAGTG TCA 125

GTCCTGTCCATAATTAGTCC

Col 1 TGGAGCAAGAGGCGAGAG 121
CACCAGCATCACCCTTAGC

Osteocalcin GCAAAGGTGCAGCCTTTGTG 80
GGCTCCCAGCCATTGATACAG

Runx2 GCCTTCAAGGTGGTAGCCC CGT 66

TACCCGCCATGACAGTA

osteocalcin (1:100; Santa Cruz Biotechnology Inc.) and
osteopontin (1:200; Santa Cruz Biotechnology Inc.) were
added into wells that were incubated overnight at 4 °C
(Azizipour et al. 2021).The next day, the cells were washed
three times using PBS—-Tween-20 (0.1%) and maintained at
room temperature for 2 h with the secondary antibody, fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse IgG
(1:100; Sigma-Aldrich). Following a rinse with PBS, DAPI
10% (Sigma-Aldrich) was added to counterstain the cell’s
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Fig.1 a FTIR spectra, b XRD pattern of nanocomposite scaffolds.
FA, fluorapatite nanoparticles; cross-Linked COL-GEL, collagen and
gelatin hydrogel cross-linking glutaraldehyde; COL-GEL, collagen
and gelatin hydrogel; COL-GEL-FA, COL-GEL hydrogel in the pres-
ence of fluorapatite nanoparticles
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nucleus. Finally, the cells were captured with fluorescent
microscopy (Nikon, Japan). The intensity of antibodies was
measured by Imagel.

Statistical analysis

All biological experiments were evaluated through a one-
way analysis of variance (ANOVA). The result was reported
as mean + standard deviation (SD). P-values <0.05 were
considered statistically significant.

Results

Physico-chemical characterization of COL-GEL-FA
nanocomposites

The FTIR spectroscopy was used to analyze the functional
group in molecular nature of COL-GEL-FA. As results
shown in Fig. 1a, the peaks of neat FA at 563 and 1056 cm™!
in the fingerprint region show the vibratory motion of the
structures of nanoparticles. The absorbance band sited in
1650 cm™ is related to carbonyl functional groups in amide
bands in both materials (collagen and gelatin). On the other
hand, -NH groups due to hydrogen bands show a broad peak

Fig.2 SEM micrographs of

a FA nanoparticle, b COL-
GEL-FA0.5% scaffold, ¢ COL-
GEL scaffold without cells, and
d COL-GEL-FA0.5% scaffold
with attached cells. Green,
yellow, and red arrows point to
nanoparticle, pores, and cells,
respectively. FA, fluorapatite
nanoparticles; COL-GEL,
collagen and gelatin hydrogel;
COL-GEL-FA0.5%, COL-GEL
hydrogel in the presence of
0.5% fluorapatite nanoparticles

L1 =20.16 nm

L3 =22.01 nm

in 3600 cm™!. In COL-GEL cross-linked sample, the amount
of —-NH groups decreased because cross-linker agents
reacted with amin groups; this claim can be observed from
the FTIR spectrum from uncross-linked COL-GEL sample.
The presence of FA nanoparticles in the COL-GEL sample
has created many changes in main peaks through reactions
between functional groups in FA and amide bonds in col-
lagen and gelatin materials.

The XRD analysis was done to investigate the crystallo-
graphic of the COL-GEL-FA scaffold, as shown in Fig. 1b.
The XRD pattern of the FA nanoparticle shows the peaks at
26/7°, 31°, and 49/4°. This pattern indicates that FA nano-
particles do not have significant crystal plates. The compari-
son between XRD patterns, uncross-linked and cross-linked
samples, showed that using cross-linker agents leads to a
decrease in the intensity of crystalline peaks. In nanocom-
posite samples (COL-GEL-FA), it suggested that the pres-
ence of nanoparticles has shown minimal effect on crystal
structures. As a result, it appears that the main nanocompos-
ite material has an almost amorphous structure.

Scanning electron microscopy

Figure 2 shows the SEM micrographs of FA nanoparticles
and scaffold on the 14th day of differentiation. According

L2 =26.82 nm
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to data, FA nanoparticles with 20.16, 22.01, and 26.82 nm
(Fig. 2a) and with 19.31, 19.69, and 23.49 nm on the scaf-
fold (Fig. 2b) were observed. Porous and interconnected
structures seen in Fig. 2b suggested that it is effective for
cell adhesion and migration in tissue engineering. Figure 2c
shows the micrograph of COL-GEL prepared in high quality.
As shown in Fig. 2d, all cells were attached on the surfaces
of the scaffold.

Cytotoxicity assay

Figure 3a shows the hADSCs proliferation in different con-
centrations of FA nanoparticle and COL-GE scaffolds with
and without FA nanoparticles on the 1st, 3rd, and 5th days
assessed by MTT assay. There was no significant cytotoxicity

for all groups at 1 and 3 days after induction, and FA at con-
centration of 100 pg/ml illustrated a remarkable enhancement
in cell proliferation of hADSCs compared to TCPS and the
other group in 3 days. Additionally, the COL-GEL-FA scaf-
fold 0.5% and 1% represented no cytotoxicity in samples.
AO/EB staining was done to confirm the cell viability
performed by MTT assay. In this assay, the nucleus of a
living cell is green; in contrast, the nucleus of a dead cell
represents red color. According to the result shown in
Fig. 3b-h", all samples represent normal morphology of
nucleus in comparison with TCPS after 5 days of induction.
These results showed that FA at concentration of 100 pg/ml
and COL-GEL-FA scaffolds had no cytotoxicity in cells.
Hence, the FA at concentration of 100 pg/ml and the COL-
GEL-FAO0.5% scaffold were chosen for further experiments.

a
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0.8 OTCPS
o 07 SFA 50 pg/mi
O
S 06 & FA 100 ug/ml
‘®
S 05 r B FA 500 pg/ml
&)
g %47 BCOL-GEL
S T @COL-GEL-FA 0.5 %
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01 r
0
1 3 5
Time (Day)
TCPS FA 100 yg/ml FA COL-GEL COL-GEL-FA0.5% COL-GEL-FA1%

Tdo-

3 day st da.

5t day

Fig.3 hADSCs proliferation in different concentrations of FA nano-
particle, COL-GEL scaffolds with and without FA nanoparticles at
days 1, 3, and 5. a MTT assay (¥p<.05 and **p<.0I). b-h" AO/
EB staining. Scale bar b—e”: 10 pm, f-h": 20 pm. TCPS, tissue cul-
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500 pg/ml

ture polystyrene or control sample; FA, fluorapatite nanoparticles;
COL-GEL, collagen and gelatin hydrogel; COL-GEL-FA0.5% and
1%, COL-GEL hydrogel in the presence of 0.5% and 1% fluorapatite
nanoparticles, respectively
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ALP activity measurement and calcium content
assay

ALP activity and calcium content were determined quantita-
tively at days 7 and 14 after differentiation. In Fig. 4a, a sig-
nificant enhancement in the ALP activity was observed in the
hADSC:s cultured under FA nanoparticles conditions on the
7th and 14th days. There was no significant increase in cells
cultured on both scaffolds on the 7th day. However, on the
14th day, a clear increase in the ALP level was seen in cells
cultured on the COL-GEL scaffolds in comparison with those
on the COL-GEL-FA0.5% scaffolds. These results illustrated
that both COL-GEL scaffold and COL-GEL-FA0.5% scaf-
fold had an osteoinductive effect on the hADSCs.
According to calcium content test, a greater amount of cal-
cium was produced in cells seeded on the COL-GEL-FA0.5%
scaffolds in comparison with those on other groups at the end
of the first and second weeks after the osteogenic induction
(Fig. 4b). However, the cells treated with FA nanoparticles
and COL-GEL scaffolds displayed a significant calcium
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Fig.4 a Alkaline phosphatase activity, b calcium content on nano-
particle and nanocomposite scaffolds during osteogenic differentia-
tion (*p<.05, **p<.01, and ***p <.001). TCPS, tissue culture poly-
styrene or control sample; FA, fluorapatite nanoparticles; COL-GEL,
collagen and gelatin hydrogel; COL-GEL-FA0.5%, COL-GEL hydro-
gel in the presence of 0.5% fluorapatite nanoparticles

deposit during differentiation days. Thus, the calcium con-
tent assay supported that COL-GEL-FAOQ.5% scaffolds might
increase the osteogenic differentiation in hADSCs.

Alizarin Red and von Kossa staining

Qualitatively, calcium nodules were seen by Alizarin red
and von Kossa staining at 7 and 14 days after osteogenic
induction. Calcium sediments significantly increased
in cells cultured on FA nanoparticles and COL-GEL-
FA0.5% scaffolds compared to TCPS proved by Alizarin
red test (Fig. Sa—a'""). As evidence shown in Fig. 5c—c'",
von Kossa staining illustrated that there was a heavy min-
eral deposition throughout the COL-GEL-FA0.5% scaf-
folds compared to other groups after 14 days of culture.
The data obtained by ImageJ software (Fig. 5b and d)
proved that COL-GEL-FAO0.5% illustrated more mineral-
ized nodule formation and intense staining compared to
the other groups.

Gene expression analysis

Expression level of critical genes associated with the osteo-
genic differentiation, including ALP, Col-I, osteocalcin, and
Runx2 was measured using real-time RT-PCR to study the
effect of FA nanoparticle and COL-GEL-FAO0.5% scaffolds
at days 7 and 14 after induction (Fig. 6). On the 7th day, real-
time RT-PCR illustrated that the gene expression of osteogenic
markers in the cells cultured on COL-GEL-FA0.5% scaf-
folds was remarkably higher than those on the other groups
(Fig. 6a). However, the gene expression of these transcription
factors increased in all groups during the osteogenic induction.
As shown in Fig. 6b, the COL-GEL-FA0.5% scaffolds signifi-
cantly upregulated the osteogenic gene expression known as
ALP, Col-I, osteocalcin, and Runx2 on the 14th day.

Osteocalcin and osteopontin immunofluorescence staining

Figure 7 reveals the ICC analysis of the expression of osteo-
calcin and osteopontin proteins in all groups after 14 days.
The expression of these osteogenic markers confirmed their
presence in differentiated hADSCs in all samples. In COL-
GEL-FAO0.5% scaffolds, the highest expression of osteocal-
cin and osteopontin proteins was observed in comparison
with the other groups. The intensity of osteocalcin and
osteopontin was measured by Imagel (Fig. 7i).

Discussion
Over the past years, tissue engineering has been used to repair

damaged and diseased tissues. The significant factors of this
field are potent stem cells, biocompatible scaffolds, and
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Fig.5 Calcium deposition staining on nanoparticle and nanocompos-
ite scaffolds during osteogenic differentiation. a—a'"" Alizarin red S,
b the graph of % area for calcium nods, c—¢’"" von Kossa staining,
and d the graph of % area for von Kossa staining. Scale bar: 10 pm.

effective inducers on differentiation (Bayat et al. 2019). The
use of various biocompatible materials to fabricate suitable
structures of scaffolds enhances cell attachment, prolifera-
tion, and differentiation of stem cells and leads to impres-
sive results in terms of osteogenic differentiation (Markides
et al. 2012). The fabricated scaffolds should be structurally
similar to natural ECM to achieve an appropriate result in
terms of cell functions and tissue formation (Yao et al. 2017).
Although numerous studies have been performed to develop
biomaterial-based tissue engineered products, more efforts
should be made for producing practical techniques of fabricat-
ing suitable scaffolds. In this research, for the first time, the
FA nanoparticle as an inducer was used to synthesize a COL-
GEL-based scaffold for increasing the osteogenic differentia-
tion efficiency of hADSCs. Then the physical and structural
properties of nanocomposite scaffolds were evaluated.
Collagen has been reported to induce osteogenic differen-
tiation of mesenchymal stem cells (MSCs), and researchers
have extensively applied it to biological scaffolds (Akhir and
Teoh 2020). Substrate attachment sites are critical for devel-
opment, differentiation, and metabolic activity for various
cell types. Collagen integrin-binding domains increase cell
expansion and survival in culture (Reichert et al. 2009). On
the other hand, the high water content of collagen hydrogels
causes poorer mechanical properties so that these hydrogels
are insufficiently strong and degrade quickly (Goodarzi et al.
2019). Various polymers inside the collagen network can
also develop mechanical properties and biodegradability of

@ Springer

Alizarin Red S

b80 %

Area%

14th day
OTCPS BFA ©COL-GEL @COL-GEL-FA 0.5%

Von Kossa

d70-

60 r
50 r
40
30 r
20 r
10 ¢

0

COL-GEL-FA 0.5%

Area%

14th day
OTCPS BFA ®COL-GEL EBCOL-GEL-FA 0.5 %

(*p<.0I). TCPS, tissue culture polystyrene or control sample; FA,
fluorapatite nanoparticles; COL-GEL, collagen and gelatin hydro-
gel; COL-GEL-FAO0.5%, COL-GEL hydrogel in the presence of 0.5%
fluorapatite nanoparticles

collagen hydrogels. A large number of residues of gelatin,
including glycine and proline, promote cell attachment and
biomolecule sediment (Zhou et al. 2021). Interestingly, gela-
tin-based biomaterial properties such as biocompatibility, low
antigenicity, and effective cell attachment have made gelatin
as a promising candidate in tissue regeneration (Bello et al.
2020; Goodarzi et al. 2019). Despite the functional proper-
ties, gelatin-based materials possess weak mechanical prop-
erties, which make them thermally unstable, and degrade at a
faster rate, and then they are not able to keep their structural
integrity alone (Bello et al. 2020; Ji et al. 2020). Some studies
have shown that a Gel-COL-based scaffold not only had suit-
able hydrophilicity and optimal mechanical and degradation
properties but also enhanced cell viability and proliferation
(Goodarzi et al. 2019; Grover et al. 2012). Furthermore, it
was appropriate for cell adhesion and infiltration due to its
highly porous structure with interconnected pores (Goodarzi
et al. 2019). Based on SEM micrographs of differentiated
hADSCs, the structure and porosity of synthesized nanocom-
posite scaffolds acted as an environment for cell attachment
and growth to immigrate the cells. Moreover, the scaffolds
showed a better supply in creating a proper cell behavior that
can be associated to its similarity to natural ECM. Further-
more, the obtained data illustrated that COL-GEL composite
scaffolds increased cell viability and the expression of osteo-
genic proteins and genes in vitro. In addition, this hydrogel
had positive osteogenesis effects that they altered in ALP
enzyme activity and calcium deposition.
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Currently, osteoinductive materials have been widely uti-  well as stretching and bending of scaffolds for PO,* are at
. . . . . -1 . s .
lized in tissue regeneration to promote the osteogenic pro-  580-590 cm™" (Montazeri et al. 2011). Additionally, studies

cesses. Azizipour et al. (2021) investigated the influence =~ have shown that FA surfaces promoted osteogenic differen-
of COL-GEL hydrogel with and without nanoparticles on tiation and mineralization of ADSCs (Clark et al. 2015; Liu
osteogenic differentiation of MSCs, and the cell prolifera- et al. 2012). In addition, it has been frequently reported that
tion and ability of biomineralization of MSCs increased after ~ the properties of FA crystals could attract pro-osteogenic
incorporating nanoparticles into COL-GEL hydrogel. The = growth factors from the culture media to produce an osteoin-
FA nanoparticles are capable of releasing fluoride at aregu-  ductive microenvironment (Guo et al. 2014). As indicated in
lated rate, and according to the previous findings, fluoride =~ MTT assay, FA at concentration of 100 pg/ml had not only
has the inducing effect on bone formation (Kushwaha et al.  no toxicity on cells but also an effect on proliferation of
2012). According to spectrum data, the sharp peak between =~ hADSCs. Furthermore, compared to COL-GEL scaffolds,
800 cm™~! and 1200 cm™' of FA nanoparticles is associated ~ the COL-GEL-FA scaffolds increased the cell proliferation
to the PO,>~ group which was observed in the spectrum of ~ in MTT assay. Herein, we suggested that incorporation of
COL-GEL-FA implying that it could be a reason of bond-  FA nanoparticles into the COL-GEL hydrogel as a novel
ing between the FA and COL-GEL scaffolds. Indeed, the =~ nanocomposite may activate the regulators of osteogenesis

950 cm~! band is associated with PO43_ group with FA as  in hADSCs.
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«Fig.7 Immunostaining of differentiated hADSCs to exhibit a-
d’’ osteocalcin and e-h’’ osteopontin expression levels on the 14th
differentiation. Scale bar: 20 pm. i The graph of % area for antibodies
(**p<.0I). TCPS, tissue culture polystyrene or control sample; FA,
fluorapatite nanoparticles; COL-GEL, collagen and gelatin hydrogel;
COL-GEL-FA0.5%, COL-GEL hydrogel in the presence of 0.5%
fluorapatite nanoparticles

Furthermore, COL-GEL-FA scaffolds illustrated high
ALP activity and calcium deposits along with enhanced
production of ALP, Col-I, osteocalcin, and Runx2 com-
pared to COL-GEL scaffolds. A synergistic effect between
COL-GEL and FA nanoparticles showed that it could effec-
tively induce the osteogenic differentiation of hADSCs. The
expression levels of osteogenic genes detected by real-time
RT-PCR in bone tissue engineering have been studied pre-
viously. The upregulation of osteogenic genes, including
Runx2, and osteocalcin are related to the development of
spontaneous osteogenesis (Akhir and Teoh 2020). Runx2
expression significantly enhances during the osteogenic dif-
ferentiation of MSC in the early stage of development (Wang
et al. 2019). Osteocalcin serves as a reliable indicator of
osteogenic development that appears at the early stages of
differentiation days (Nakamura et al. 2009). The COL-GEL-
FA composite scaffolds showed a significant upregulation
of Runx2 and osteocalcin expression during the first 7 days.
At the end of the second week, while all groups showed
a significant increase in osteocalcin expression compara-
ble to the TCPS, it was not clear which group expressed
more osteocalcin. Moreover, the COL-GEL group showed
the higher gene expression of Runx2 than the other groups
which was not observed as same as the first week. However,
COL-GEL-FA composite scaffolds represented a remarkable
increase in comparison with TCPS. The ALP as an essential
enzyme provides a high phosphate concentration that com-
bines with calcium to organize mineral deposition process
(Blair et al. 2018). Moreover, Col-I binds to the cell surface
with the other proteins as the main component of the ECM
(Li et al. 2016). In the current research, the COL-GEL-FA
composite scaffolds showed higher ALP and Col-I expres-
sion compared to TCPS and other groups on days 7 and 14.

In addition to osteocalcin, osteopontin is one of the most
non-collagen proteins in bone tissue. In the current study, the
presence of osteogenic proteins, osteocalcin and osteopontin,
was evaluated qualitatively by the ICC method. The highest
expression of these proteins was observed in differentiated
cells on the COL-GEL-FA nanocomposite scaffolds com-
pared to those on the other groups. According to the data,
FA made the increased expression of osteogenic proteins
and genes. FA nanoparticles with a differential induction
effect stimulate cellular signaling such as FGF and VEGF
signaling pathways during the osteogenesis process (Clark
et al. 2015; Wang et al. 2014). Moreover, the COL-GEL-FA

scaffolds increased the expression of osteocalcin and osteo-
pontin during bone differentiation, and the results obtained
from the expression of proteins in ICC are consistent with
the results of real-time PCR.

Conclusion

In conclusion, as indicated by the calcium content, ALP
activity, and expression levels of proteins genes involved
in bone differentiation, COL-GEL-FA composite scaffolds
showed a good biocompatibility for supporting the osteo-
genic differentiation of hADSCs in vitro. This may suggest
that incorporating FA nanoparticles into COL-GEL compos-
ite scaffolds can make a beneficial scaffold for further tissue
regeneration experiments by affecting the signal pathways
involved in osteogenesis. Therefore, FA nanoparticles are a
novel approach that improves the surface COL-GEL com-
posite scaffolds for tissue engineering application in vitro.
However, it is important that prior to in vivo assessment,
additional studies about the scaffold, such as plasticity, ease
of formation, and fluidity are essential.
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