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Introduction

Abstract

Introduction: Biocompatible and biodegradable
scaffolds based on natural polymers such as |
gelatin and chitosan (CS) provide suitable |
microenvironments in dental tissue engineering.
In the present study, we report on the synthesis of
injectable thermosensitive hydrogel (PNIPAAm-
g-CS  copolymer/gelatin  hybrid hydrogel) for
osteogenic differentiation of human dental pulp
stem cells (hDPSCs).

Methods: The CS-g-PNIPAAm was synthesized
using the reaction of carboxyl terminated PNIPAAm with CS, which was then mixed with
various amounts of gelatin solution in the presence of genipin as a chemical crosslinker to gain a
homogenous solution. The chemical composition and microstructures of the fabricated hydrogels
were confirmed by FT-IR and SEM analysis, respectively. To evaluate the mechanical properties
(e.g., storage and loss modulus of the gels), the rheological analysis was considered. Calcium
deposition and ALP activity of DPSCs were carried out using alizarin red staining and ALP test.
While the live/dead assay was performed to study its toxicity, the real-time PCR was conducted to
investigate the osteogenic differentiation of hDPSCs cultured on prepared hydrogels.

Results: The hydrogels with higher gelatin incorporation showed a slightly looser network
compared to the other ones. The hydrogel with less gelatin indicates a rather higher value of G/,
indicating a higher elasticity due to more crosslinking reaction of amine groups of CS via a covalent
bond with genipin. All the hydrogels contained viable cells with negligible dead cells, indicating the
high biocompatibility of the prepared hydrogels for hDPSCs. The quantitative results of alizarin
red staining displayed a significant rise in calcium deposition in hDPSCs cultured on prepared
hydrogels after 21 days. Further, hDPSCs cultured on hydrogel with more gelatin displayed the most
ALP activity. The expression of late osteogenic genes such as OCN and BMP-2 were respectively 6
and 4 times higher on the hydrogel with more gelatin than the control group after 21 days.
Conclusion: The prepared PNIPAAm-g-CS copolymer/gelatin hybrid hydrogel presented great
features (e.g., porous structure, suitable rheological behavior, and improved cell viability), and
resulted in osteogenic differentiation necessary for dental tissue engineering.
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that can favor substituting/regeneration of the lost tooth

Tooth damage can induce numerous difficulties such
as problems in chewing and digestion of foods. It is
caused by trauma, dental caries, tumor, and periodontal
illnesses."” Tissue engineering is a multidisciplinary
approach, which seems to revolutionize the regeneration
of damaged tissues such as defects in dental tissue.* Tooth
engineering is an encouraging novel therapeutic method

with a bioengineered technique or renovate the injured
dental tissue. Dental tissue engineering consists of cells,
scaffolds, and growth factors. The chief part of this
method is the stem cells that are cultured on the surface of
scaffolds, to generate a platform for stem cell proliferation,
differentiation, and attachment.” Hydrogels have been
chosen for numerous usages in tissue engineering, in large
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part because of their exceptional biocompatibility, pliable
techniques of synthesis, the array of several components,
and appropriate physical properties.” Injectable hydrogels
are a novel style of hydrogel network with definite fluidity
that can be injected with a slightly invasive method into
the damaged part like dental tissue.** Thermosensitive
injectable hydrogels remain as a liquid at 25°C and
convert to gels after the injection into the body." These
types of hydrogels undergo reversible sol-gel transitions in
physiological conditions with similar mechanical strength
to those of alive organs." Poly(N-isopropylacrylamide)
(PNIPAAm) has been used to serve as one of the most
widely thermo-sensitive polymers. PNIPAAm-based
hydrogels provide a phase conversion in an aqueous
solution and reveal a lower critical solution temperature
(LCST) at nearby 33°C.'>'* At temperatures below the
LCST, a PNIPAAm-based hydrogel is extremely soluble
in water due to the hydrogen interaction of amide groups
with water molecules. Above the LCST, a PNIPAAm-based
hydrogel is insoluble in an aqueous solution because the
hydrogen interaction is weakened and the hydrophobic
bonds between the methyl groups of (-CH(CH,),) raise
to be robust and so the hydrogels experience sudden and
extreme shrinkage.!*'* Chitosan (CS) is a hydrophilic
and polycationic polymer attained by deacetylation of
chitin with biocompatible, biodegradable, and non-toxic
property, and wound-healing activity.!® Most of these
weird behaviors are related to the existence of main amines
alongside the CS backbone.'” CS has been widely utilized
in dental tissue engineering usages.’® For example, it is
confirmed that hydrogels containing CS are extensively
prepared for dental-pulp restoration because they can
increase the growth, attachment, and odontoblastic
differentiation of dental pulp stem cells (DPSCs) and
mesenchymal stem cells (MSCs)."** It was proven that
sodium hyaluronate/CS polyelectrolyte scaffolds were
biocompatible and nontoxic and enhanced the dental
pulp regeneration.?’ In a study, a composite of CS/gelatin
(Gel)/nanohydroxyapatite (CS/Gel/nHA) was fabricated
for odontogenic differentiation of DPSCs. The results
indicated the prepared scaffold enhanced the growth
and biomineralization of DPSCs. Besides, the functional
expressions of dentin sialophosphoprotein (DSPP), bone
morphogenic protein-2 (BMP-2),and alkaline phosphatase
activity (ALP) genes of DPSCs cultured on fabricated
composite were upregulated that confirmed the formation
of mineralized constructs on (CS/Gel/nHA) scaffold.?
Gelatin is a protein product derived from collagen (Col)
and is one of the most frequently utilized biomaterials
for providing cellular platforms due to its biocompatible
properties.”® Lately, CS-Gel scaffolds have obtained much
attention in numerous tissue regeneration applications
due to their chemical resemblances to the extracellular
matrix (ECM) in the natural organs, nontoxicity, and
biodegradability.*** It was proven that nano-fibrous Gel/
silica bioactive glass (NF-Gel/SBG) promoted hDPSCs

growth, odontogenic differentiation, and ALP activity
and could be a suitable candidate for dentin/pulp tissue
engineering.” In other work, three-dimensional-printed
alginate-Gel hydrogel scaffolds enhanced odontoblastic
differentiation of hDPSCs. Besides, the ALP activity and
mineral deposition were promoted by the fabricated
scaffold.”” Genipin, a crystalline, water-soluble, natural,
and non-toxic chemical crosslinking, is obtained from
gardenia fruits.”® It was proven that genipin-treated Col
enhanced odontogenic differentiation and growth of
hDPSCs. The odontogenic differentiation of hDPSCs was
elevated by genipin via the extracellular signal-regulated
kinase (ERK) signaling pathway. The ALP activity and
mineral deposition were enhanced. The surface roughness
and compressive properties of Col were increased by
treatment with genipin.”” In this work, a new design of
hydrogel has been proposed as a carrier for hDPSCs
benefiting from the desired properties of CS, PNIPAAm,
and Gel. To this end, acid terminated PNIPAAm was
synthesized and grafted to CS (PNIPAAm-g-CS) via
amid condensation reaction. Subsequently, PNIPAAm-
g-CS copolymer/Gel hybrid hydrogels were prepared
with different ratios of Gel using genipin as a chemical
crosslinker. The suitability of the prepared hydrogel for
hDPSCs proliferation and differentiation was evaluated in
vitro.

Materials and Methods

Materials

Medium molecular weight CS (degree of deacetylation= 75-
85%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS), 2, 2'-azobis
(isobutyronitrile) (AIBN), N-isopropylacrylamide
(NIPAAm, 99%), genipin, p-nitrophenyl phosphate,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and alizarin red powder were supplied
by Sigma-Aldrich (St. Louis, Missouri United States).
3-Mercaptopropionic acid (MPA), isopropyl alcohol, and
gelatin were purchased from Merck. Dulbecco’s modified
eagle’s medium F-12 (F-12 DMEM), fetal bovine serum
(FBS), and antibiotics (Penicillin, Streptomycin), and all
cell culture components were purchased from Invitrogen
(Karlsruhe, Germany).

Synthesis of acid terminated PNIPAAm

Acid end-capped PNIPAAm was produced through
free radical polymerization according to the reported
procedure.*® Briefly, NIPAAm (1 g), MPA (150 uL), and
AIBN (20 mg) were dissolved in 20 mL of isopropanol
and stirred under N, inert atmosphere for 30 minutes.
Then, polymerization was carried out at 75°C for 12
hours under an N, atmosphere. After polymerization, the
synthetic polymer was precipitated with an extra volume
of cold diethyl ether. The precipitated polymer was dried
under vacuum and subsequently, dissolved in deionized
water and dialyzed against deionized water for 3 days to
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remove unreacted monomers and chemicals. Ultimately,
the refined PNIPAAm-COOH was lyophilized and stored.

Synthesis of CS-g-PNIPAAm

The CS-g-PNIPAAm was synthesized by the reaction of
carboxyl terminated PNIPAAm with CS in the presence
of NHS and EDC.* For this purpose, CS (60 mg) was
dissolved in 1% acetic acid under continuous stirring at
room temperature, and then, PNIPAAm-COOH (200
mg) was mixed with this solution. Afterward, the EDC/
NHS with weight ratios of 1:2 (450 mg/900 mg) was added
to the mixture, and the reaction was continued for 12
hours at 25°C. The product solution was dialyzed against
distilled water for 2 days to eliminate unreacted reagents
and then lyophilized for future usage.

Synthesis of the thermosensitive injectable hydrogels of
CS-g-PNIPAAm using gelatin and chemical crosslinker
CS-g-PNIPAAm (80 mg) was dissolved in 2 mL (hydrogel
A) or 3 mL (hydrogel B) of gelatin solution (2 % (w/v))
and mixed for a while to gain a homogenous solution.
Then genipin (2 mg) and NaHCO, (10 mg) were added
to the solution to distribute uniformly in each sample
and were mixed for 30 minutes at room temperature.
Then, the solution was kept at 37°C to form the gel in
an incubator to attain dark blue color. The gelation time
of hydrogels was determined by applying the test tube
inverting method. The fabricated hydrogels were frozen at
-70°C and lyophilized for further characterizations.

Structural characterization of the prepared hydrogels
Structural characterization of the synthesized PNIPAAm-
COOH, CS-g-PNIPAAm, and hydrogels was carried out
by FT-IR Tensor 27 spectrometer (Bruker Optik GmbH,
Ettlingen,

Germany) in the range of 4000 to 400 cm™! using KBr
powder. Scanning electron microscopy (SEM) was applied
to evaluate the structure and morphology of the prepared
hydrogels by TESCANMIRAS3 electron microscope (FE-
SEM, MIRA3 FEG-SEM Tescan, Czech). For the SEM
analysis, freeze-dried samples were first coated with a
gold layer. The storage (G') and loss modulus (G”) of the
prepared hydrogels were measured with the frequency
dependence in the range from 0.1 to 10 Hz via a parallel
plate rheometer (Anton Paar, MCR-301, Austria). The
samples were placed between parallel plates (25 mm in
diameter) with a gap distance of 400 pm and conductions
were performed at 37°C at 0.2 % strain and angular
frequency of 1 rad s™.

Human dental pulp stem cells (DPSCs) culture and in
vitro cellular evaluations

Human dental pulp stem cells (hDPSCs) from the Iranian
Biological Resource Center were grown at a contained
seeding density in Dulbeccos-modified Eagle’s media
(DMEM-F12; Inoclon, Tehran, IRAN). Media consisted

of 20% fetal bovine serum (FBS; Gibco, NY, USA) and 2
mM L-Glutamine (Inoclon, Tehran, IRAN) at 37°C and
5% CO,. Cells were collected and subcultured using 0.25%
trypsin until they achieved 80% confluence (Inoclon,
Tehran, IRAN). The culture media was changed every two
days, and hDPSCs from the third and sixth passages were
included in the subsequent experiments. Three groups,
including control, hydrogel A, and hydrogel B were
evaluated for cell growth in two different media (normal
medium (NM)/differentiation medium (DM)). The DM
as an osteogenic medium included 50 pg/mL of ascorbic
acid (AA), 10 mM of B-GP, and 10 nM of dexamethasone.

Live/dead assay

To investigate the effect of the hydrogel matrix on hDPSCs
proliferation, the survival of cultured hDPSCs was assessed
on different hydrogels and the control group using a live/
dead kit. To prepare the sterile hydrogels, autoclaved CS
powder was dissolved in sterile hydrochloric acid (0.1 M)
solution and the B-GP solution was sterilized using a 0.22
pum syringe and subsequently, hydrogels were prepared
as described above. Hydrogels' solution was added to 24-
well culture plates (0.25 mL/well) and incubated at 37°C
for gel formation. Then, hDPSCs at a seeding density of
5.0 x 10* cells/well were cultured on the gel surface and
incubated for 7 days. To prepare the staining solution,
1 pL of Calcein-AM stock solution (4 mM Calcein-AM
stock solution in dimethyl sulfoxide (DMSO)) and 1 pL
of ethidium homodimer-1 (EthD-1) stock solution (2 mM
EthD-1 stock in diluted DMSO/H,0) were added in 2 mL
PBS under no-light conditions. After 7 days, the staining
solution was added to the samples cultured in a 24-cell
plate with a cell density of 5 x 10 Then, the stained plate
was wrapped in aluminum foil and placed in the incubator
for 45 minutes. Images of stained samples were prepared
using Cytation™ 5 imaging reader at wavelengths of 420
and 480 nm. Viable cells in different groups were indicated
by the observation of calcein-AM or the lack of EthD-1
signal, while the existence of EthD-1 signal detected dead
cells.

Alizarin red staining (ARS) analyses

Calcium secretion of cultured hDPSCs on hydrogels
was detected in the differentiation medium using ARS
analysis. Hydrogels were prepared and distributed in 24-
well culture plates (250 pL per well). After gel-forming,
hDPSCs with a cell density of 2.5 x 10* were cultured
on each well for 21 days. Each group received a fresh
osteogenic medium every three days. After 3 weeks of cell
culture, the cells were washed twice with PBS and fixed
with 4% formaldehyde for 20 minutes. Then, the cells were
washed with an appropriate amount of deionized water
(x3) for 10 minutes. Finally, the samples were stained
with 40 mM/L ARS for 15 minutes to analyze the calcium
deposits of hDPSCs. The stained samples were washed
with deionized water (x5) to remove the extra stains, and

Biolmpacts, 2023, 13(1), 63-72 |65



Samiei et al

the cells were imaged using an inverted microscope. To
measure the quantity of ARS, 200 pL of 10% acetic acid
(v/v) (AcOH) was applied to each well of a 24-well plate
to extract bound AR into the solution and incubated at
room temperature for 30 minutes. Then, pipette cutting
head tips were used to gather the cells, which were moved
to a 1.5 mL microcentrifuge tube containing 10% AcOH.
After 30 seconds of rotating, the samples were incubated
on ice for 5 minutes before being exposed at 85°C for
10 minutes. After centrifuging the samples at 10,000g
for 20 minutes, 200 pL of the supernatant was moved to
a new tube. To neutralize the acids, 75 pL of 10% (v/v)
ammonium hydroxide was applied to the samples. Each
sample's absorbance at 405 nm was measured using an
ELISA spectrophotometer. The standard AR curve was
used to calculate the calcium content in each well.

ALP assay

ALP activity was assessed after 21 days in cultured
hDPSCs (initial seeding cell density 2.5 x 10*) under a
differentiation medium. Briefly, the wells were washed
with PBS (3x). Then, 400 pL of cell digestion buffer
(including the buffer storage solution (1.5 M Tris -HCl,
1 mM ZnCl,, MgCl, 6H,0) was diluted in dH,0 (1:10),
and 1% Triton X-100) was applied to each well. The cells
were then incubated for 30 minutes at 37°C before being
deposited overnight at 4°C. After that, cell lysates were
transferred into the tubes, vortexed for 2 minutes, and
centrifuged at 2000 rpm for 5 minutes. On a 96-well plate,
approximately 10 uL of each cell lysate was mixed with
190 pL of ALP solution (37.1 mg pNPP in 20 mL cellular
buffer). The Cytation 5™ system was used to measure
ALP activity absorption at 405 nm.

RNA extraction, cDNA synthesis, and qPCR

Onday21,theexpression of osteogenic genes was examined
in the samples mentioned above with an initial cell density
of 2.5 x 10*. Total RNA was collected from each sample
using the standard TRIzol procedure and solubilized
in 20 pL of RNase-free water. RNA concentration was
determined using the NanoDrop 2000 spectrophotometer
at 260 nm (NanoDrop Technologies, Wilmington, DE,

Table 1. Primer sequences used in the analysis of RT-PCR

USA). The cDNA was reverse-transcripted according
to the manufacturer's instructions through a Thermo
Fisher scientific kit. In this step, 1 ug of each isolated RNA
was mixed with 1 pL of Random Hexamer and a certain
proportion of DNase-RNase free water to make a total
volume of 12 pL for each PCR reaction. They were heated
to 65°C for 5 minutes before being placed on ice for 10
minutes. For each sample, the main mixture was formed
by adding 4 pL RT buffer (5x), 1 uL ANTP (200 U/pL), 1
uL MLV (200 U/uL), 1 pL RNase inhibitor (100 uU/pL),
and 1 pL free-RNAase water. PCR reaction in one-step
PCR (SimpliAmp) was performed by applying 8 uL of the
main mixture to PCR tubes at 25°C for 10 minutes, 43°C
for 1 hour, 70°C for 10 minutes, and 8°C for 5 minutes.
The RT-PCR green SYBR protocol and the iQ5-BioRad
RT-PCR approach were used to confirm osteogenic gene
expression in hDPSCs (Bio-Rad; Hercules, CA, USA).
In brief, the RT-PCR reaction mixture included 1 pL of
cDNA, 8 pL of DNase-RNase free water, 0.5 pL of reverse
primer, 0.5 uL of the forward primer, and 10 puL of SYBR
Green PCR (2x) (Dajon, Korea: BIO FACT Co., Ltd.).
RT-PCR was performed following temperature cycling
conditions. Amplification was done with initial activation
phase for 10 minutes at 94°C followed by 40 cycles of
denaturation phase for 15 seconds at 94°C, different
annealing temperatures (Table 1) for 30 seconds, lasting
30 seconds at 72°C, and final extension for 10 minutes at
72°C. The Pfaffl approach was used to examine the relative
fold variations in the expression pattern.”

Statistical analysis

ANOVA was used for statistical analysis, followed by a
multiple comparison post hoc test. The mean values and
standard deviations (SD) were used to represent data.
Statistical significance was defined as a P value less than
0.05. GraphPad Prism software version 6.0 was utilized for
statistical analysis.

Results and Discussion

Hydrogel preparation and characterization

The synthesis and preparation steps of the hydrogels
are shown in Fig. 1. In this study, to achieve the

Gene name Abbreviation Forward/Reverse primers (5’->3’) Annealing temperature (°C)
Alkaline phosphatase ALP gﬁﬁiigiiggglifgé;—?fg 58

Bone Morphogenetic Protein 2 BMP-2 g;iglzgziﬁi’g%iiﬁgzg 52.2

Runx Family Transcription Factor 2 Runx2 CASAA((SZEQ;E CC:AG c(fAAchi'Arg;$$cATA 59
Glyceraldehyde 3-phosphate dehydrogenase GAPDH SEZTGC(:EE:TCCCTATCCET(?;;E 58.5
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thermosensitive and biocompatible hydrogel, in the first
step acid terminated PNIPAAm was prepared and used
for the grafting with amine functional groups of CS.
Finally, to benefit from the advantages of gelatin, the
hydrogel of CS-g-PNIPAAm incorporated with gelatin
was conducted using genipin as a chemical crosslinker.
The sol-gel transition was investigated with an inverted
tube test at 37°C that indicated a fast gelation time of
around 1 minute.

Fig. 2 indicates the FT-IR spectra of PNIPAAm-
COOH, CS-g-PNIPAAm, and the synthesized hydrogels.
The characteristic peaks at 1649, 1545, and 1461 cm™
are contributed to amide I, amide II, and C-N bands
of PNIPAAm-COOH. In the FT-IR spectrum of CS-
g-PNIPAAm, amide bands of CS and PNIPAAm
overlapped, while bands corresponding to the methyl
groups of PNIPAAm at 1385 cm™ and C-O of CS around
1096 cm™ were observed that could demonstrate the
grafting of PNIPAAm to CS.***? In the FT-IR spectra of
prepared hydrogels A and B, characteristic peaks of CS-
g-PNIPAAm were shifted somehow; while due to the
similarity of gelatin functional group, there were no new
peaks by introducing the gelatin moiety.

Microstructures of the prepared hydrogels were
confirmed by SEM images (Fig. 3). A high porous network
structure is obvious for the prepared hydrogel samples
confirming the high water permeability to the amorphous
parts of hydrogels that provide a suitable environment
for cell adhesion and proliferation as well as drug loading
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Fig. 2. The FT-IR spectra of PNIPAAm, CS-g-PNIPAAm, hydrogel A, and
hydrogel B.

and release purposes.”® Hydrogel B shows a slightly looser
network compared to hydrogel A due to the higher gelatin
incorporation.

To evaluate the mechanical properties of the gels, the
rheological analysis with frequency sweeping can be
considered where stronger hydrogel has a higher G' value
(elastic response) compared to G" (viscose response)
that confirms a “gel-like” phase.’® Therefore, dynamic
rheological analysis was done with frequency sweeping

: 1

H P
ﬁ.:—[—c*—('H—}—s (¢
‘:0 » H

AIBN H,C.__NH

OH

—_—

i PNIPAAmM-COOH

s L -
OH N 0O 03,
*

EDC/NHS HO

NHCOPNIPAAm

CS-g-PNIPAAm

+

Human dental pulp stem cells
Differentiation media _

Fig. 1. Schematic presentation of hydrogel preparation steps and their biomedical application.
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Hydrogel A
5

Fig. 3. The SEM micrographs of the hydrogels A and B. Different
morphological features are seen between hydrogel A and hydrogel B.
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Fig. 4. The storage (G') and loss (G") modulus for hydrogels A and B at

37°C.

(Fig. 4). The G’ of both hydrogels are higher than G" and
hydrogel A indicates a rather higher value of G' compared
to hydrogel B indicating a higher elasticity. This can be
attributed to the more crosslinking reaction of amine
groups of CS via a covalent bond with genipin and
reducing the chain mobility in hydrogel A.

Calcein-AM

Hydrogel A Control

Hydrogel B

EthD-1

Cell viability in synthesized hydrogels

In 2D and 3D cultures, the viability of 7-day-old cultured
hDPSCs was evaluated with live-dead calcein-AM (green)
and EthD-1 (red) staining (Fig. 5). The ratio of green to
red fluorescence intensity showed the level of cell viability.
The presence of the prepared hydrogels did not decrease
cell viability, which was greatly enhanced, suggesting
that the developed hydrogels have a beneficial effect on
biological activity in vitro similar to cellular expansion
and development within a hydrogel scaffold.*® According
to Fig. 4, all of the hydrogels contained viable cells with
very few dead cells (red), indicating that the hDPSCs
developed well on the hydrogel throughout the incubation
period. As a result of the observed activity of PNIPAAm
as a 3D scaffold during cell development, the soft matrix
appears to retain optimal properties for long-term use in
bone tissue engineering and tooth regeneration.’® Besides,
CS was applied to PNIPAAm to enhance cell attachment,
reinforce mechanical properties, and facilitate cell
proliferation.’”**

The ARS investigation of calcium deposition

ARS is an incredibly flexible tool for measuring calcium
deposition because itissimple to obtain for quantification.*
Calcium formation is critical in ECM mineralization. A
red complex is formed when ARS interacts with calcium
cations.’** Fig. 6A shows that the osteogenic medium
induced red color and dark spots in groups exposed to
the differentiation medium.*** The quantitative results
indicate that a substantial rise in Ca deposition (P < 0.05)
occurs in cell-cultured on hydrogel substrate at day 21
compared to the control groups (Fig. 6B).*

Fig. 5. The viability of hDPSCs using the live/dead kit cultured in different groups, including 2D culture, hydrogel A, and hydrogel B. The green and red
hDPSCs were labeled using Calcein-AM and EthD-1, respectively. Scale bar: 300 ym.
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Fig. 6. The osteogenic behavior of the hDPSCs treated with the hydrogels A and B. (A) Alizarin red staining (ARS) microscopic images of the treated and
untreated hDPSCs in both regular and differential media for 21 days. (B) The histogram of the calcium storage in the treated hDPSCs measured by ARS
(absorbance at 405 nm). The ARS for each group was calculated using the standard curve (* P <0.05). Scale bar: 100 pm. NM: Normal medium; DM:

Differentiation media.

ALP activity analysis in the synthesized hydrogel

ALP is one of the most critical osteogenic biomarkers
in the early stages of mineralization. It belongs to the
zinc metalloprotein enzyme family. ALP can promote
phosphate aggregation for hydroxyapatite in ECM by
catalyzing p-nitrophenyl phosphate (pNPP) hydrolysis
and the removal of phosphate to inorganic phosphate
and p-nitrophenol (pNP), which then improves mineral
deposits by a collection of inorganic phosphates and

0.257 2 | B Control
t 0.20- | I B Hydrogel A
L= B Hydrogel B
g
0.5+
3]
g
£ 0.10
o
3
< 0.05
0.00-

NM DM

Fig. 7. The ALP activity of hDPSCs in (A) the control and (B) the osteogenic
supplement media on day 21. The differences between the groups were
measured and shown (* P <0.05). NM: Normal medium; DM: Differentiation
medium.

Ca’* as a result of mineralization.”” The ALP enzyme
promotes the differentiation of hDPSCs to an osteoblast
phenotype and is recognized as an early osteogenic
marker of bone differentiation. Fig. 7 shows that alkaline
phosphatase expression was higher in the group cultured
in the differential medium than the control group
(P<0.05). hDPSCs cultured on hydrogel B had the most
ALP activity. But there was no substantial difference in
hydrogel groups in different mediums. Taken together,
chitosan and PNIPAAm are suitable substrates for growth
and cell proliferation, which increase ALP expression.***

Gene expression analysis in the synthesized hydrogel

As shown in Fig. 8, the expression of osteogenic genes
was studied to determine the osteogenic differentiation of
hDPSCsinhydrogels. Thereisa direct relationship between
serum bone ALP quantities and bone development,
with the majority of ALP activation and mineralization
occurring during osteogenic initiation.*** Runx2, a
specific transcription factor, serves an essential function
in osteogenic development. It can stimulate osteogenesis-
related gene expression, control the progression of the
cell cycle, and enhance a suitable microenvironment for
osteogenesis. Allthese seem to favora multitude of signaling
pathways such as TGE, BMP, Notch, Wnt, Hedgehog,
and FGF in the early stage of osteogenic induction.”*
In particular, BMP-2 is a well-known inductive growth
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Fold change in ALP mRNA level

(©) (D)
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s & Control
 Hydrogel A
Hydrogel B

Fig. 8. The expression of osteogenic differentiation genes: (A): ALP; (B): Runx; (C): BMP, and (D) OCN normalized to the internal GAPDH gene. *# $show
statistically significant difference (P < 0.05) with the internal control, hydrogels, and corresponding groups in different media. NM: Normal medium; DM:

Differentiation medium.

factor for osteogenic differentiation of various stem
cells.”*** The OCN gene encodes a non-collagen protein
that is only found in osteoblasts. In the structure of the
OCN protein, glutamic acid has a high affinity for calcium
ions (Ca*). Reducing OCN's proclivity for Ca®* results in
less osteogenic differentiation.*” Greater concentrations
of Ca** have been shown to influence bone development
and stem cell differentiation.”®* In this analysis, there is
a specific pattern of expressed osteogenic genes in most
of the studied groups. The expression of osteogenic genes
improved in differentiated conditions compared to normal
conditions. According to this study, hDPSCs cultured
on hydrogels in differentiated media have the highest
osteogenic gene expression. Comparing corresponding
groups in normal and differential culture media revealed
that the differentiation medium promotes osteogenic
gene expression more effectively (P>0.05). On day 21, the
expression of osteogenic genes expressed at the late stage
of osteoblast differentiation, such as OCN and BMP-2,
was significant, approximately 6 and 4 times higher on
the hydrogel B than in the control group, respectively
(P>0.05). In hDPSCs cultured on hydrogel B in a
differentiation medium, the expression of the osteogenic
genes ALP and Runx, expressed in the early stages of
osteoblast development, is 3 and 2 times in comparison
to the control group, respectively. Because of the high
percentage of gelatin, the ability of cell differentiation
in hydrogel B is higher than that in other groups. The
gelatin in the scaffold structure promotes cell attachment,
biodegradability, and differentiation.®

Conclusion
To establish a safe and robust thermo-responsive hydrogel,

PNIPAAm-g-CS copolymer/Gel hybrid hydrogels were
prepared with different ratios of Gel using genipin as a
chemical crosslinker for dental tissue engineering and
were characterized by utilizing a variety of techniques.
Based on our findings, the fabricated hydrogel seems to
mimic the in vivo ECM feature providing a permissive
microenvironment with high biocompatibility for the
growth of hDPSCs. The prepared hydrogels promoted the
expression of osteogenic genes such as BMP and OCN
along with ALP activity and calcium formation. These
results indicate that the synthesized scaffold can provide
an osteogenic environment without the application of
exogenous agents. Thus, the scaffold might be used for
the osteogenic differentiation of hDPSCs in dental tissue
engineering.
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Research Highlights

What is the current knowledge?

v Biocompatible and biodegradable scaffolds based on
natural polymers such as chitosan and gelatin in combination
with thermosensitive PNIPAAm can provide suitable
microenvironments for dental tissue engineering.

v The CS-g-PNIPAAm/gelatin hybrid hydrogels were
fabricated and evaluated as a new scaffold for the proliferation
and differentiation of hDPSCs.

What is new here?

v The potential of the prepared hydrogels for dental tissue
engineering was assessed by investigating the structural
analysis, biocompatibility tests, and also expression of
ALP, Runx, BMP, and OCN genes using real-time PCR for
osteogenic differentiation of hDPSCs.

V The results indicated that the developed hydrogels
especially with a higher value of gelatin could be considered
an attractive candidate for dental tissue engineering purposes.
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