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Abstract
Background  Recently biomaterials utilized for designing scaffolds in tissue engineering are not cost-effective and eco-
friendly. As a result, we design and develop biocompatible and bioactive hydrogels for osteo-tissue regeneration based on 
the natural polysaccharide chitosan. Three distinct hydrogel components were used for this.
Methods  Hydrogels networks were created using chitosan 2% (CTS 2%), carboxymethyl chitosan 2% (CMC 2%), and 50:50 
mixtures of CTS and CMC (CTS/CMC 50:50). Furthermore, scanning electron microscopy (SEM), Fourier transforms 
infrared spectroscopy (FTIR), degradation, and swelling behavior of design hydrogels were studied. Also, the cytocompat-
ibility and osteo-differentiation potency were examined by encapsulating mesenchymal stem cells derived from adipose 
tissue (AMSCs) on the designed hydrogels.
Results  According to the findings, our results showed an acceptable pore structure, functional groups, and degradation rate of 
the designed hydrogels for in vitro evaluation. In addition, employing CMC instead of CTS or adding 50% CMC to the hydro-
gel component could improve the hydrogel's osteo-bioactivity without the use of external osteogenic differentiation agents.
Conclusion  The CMC-containing hydrogel not only caused early osteogenesis but also accelerated differentiation to the 
maturity phase of osteoblasts.
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Introduction

In the past decades, polymers with the ability to form gel 
networks great attention has been obtained to design scaf-
folds for tissue regeneration especially bone defects. The 
gelation intrinsic and architecture feature of the natural Fereshteh Sharifi and Maryam Hassani contributed equally to this 
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extracellular matrix (ECM) leads to the creation of a novel 
idea for presenting a functional and practical hydrogel net-
work [1–3]. Superabsorbent biomaterials are widely believed 
to be water absorption and retention for producing hydrogel 
scaffolds. Biomaterials with natural sources like polysac-
charides, polypeptides, and polynucleotides are alternative 
interest elements as hydrogel structure [4–7]. Because of 
its biocompatibility, controlled biodegradability, not induce 
inflammatory activity, bioresorbable nature, aqua-based 
solvent, suitable mechanical strength, and accessibility for 
modification, chitosan (CTS) is an alkaline N-deacetylation 
derivative of chitin polymer that is extensively used in bio-
medical specialized regeneration therapy [8–14]. Therefore, 
CTS and its derivatives can be considered basic hydrogel 
networks. Adding carboxyl and methyl groups to the CTS 
structure through a chemical process led to begetting car-
boxymethyl chitosan (CMC) derivative [15–17].

In addition, CMC exhibited various distinct charac-
teristics over CTS, such as water solubility at natural pH, 
increased antibacterial and antifungal activity, and the pres-
ence of additional functional groups [18, 19]. Because CMC 
comprises various functional groups, such as hydroxyl and 
carboxyl, it may absorb water and moisture, resulting in a 
hydrogel with a variety of desirable features, such as high-
water content, efficient biodegradation, and a natural basic 
source for chemical production [5, 20, 21].

The structure of CTS and CMC is a crucial considera-
tion when employing them as parts of hydrogel networks. 
CTS and CMC contain monomeric building blocks that are 
similar to glycosaminoglycans (GAGs) in the ECM and play 
a functional role in cellular behavior [4]. GAGs are mono-
meric building blocks that correlate with collagen fibers in 
the ECM and play a functional role in cellular behavior. 
CTS has positively charged amino groups, whereas the CMC 
component has carboxylic groups and is negatively charged 
after chemical alteration. Due to their oppositely charged 
groups, CTS and CMC work according to the aforemen-
tioned description, the hydrogels that were developed have 
been utilized as therapeutic agents' scaffolds in the repair 
and regeneration of damaged or defective tissue. Contrary 
to the progress in developing hydrogels during decades, the 
suitable conflation of therapeutics into hydrogels to effi-
ciently enhance bone regeneration is still challenging. In the 
present study, based on our previous research [8, 19, 22–24], 
CTS and CMC biomaterials have been used for the synthesis 
of the hydrogels (CTS 2%, CMC 2%, and CTS/CMC 50:50) 
network at room temperature, with high water content and 
good plasticity for inducing osteo-differentiation in AMSCs 
without using additional supplemental differentiator agents 
or growth factors [8, 22]. Initially, the structure and chemi-
cal traits of designed hydrogels (CTS, CMC, and CTS/CMC 
50:50) were determined. Following that, we evaluated and 
compared the biocompatibility and capacity to promote 

osteo-differentiation of the developed hydrogels (CTS 2%, 
CMC 2%, and CTS/CMC 50:50) as encapsulating agents for 
human adipose-derived mesenchymal stem cells (AMSCs).

Materials and methods

Materials

CTS with a degree of deacetylation of 79% was purchased 
from Bio Basic (Canada). 3-(4,5-dimethylthiazol-2-yl)-
2,5dipenyltetrazolium bromide (MTT), chloroform, 4, 
6-diamidino-2-phenylindole (DAPI), and dimethyl sulfox-
ide (DMSO) were purchased from Sigma-Aldrich (Ger-
many). Monochloroacetic acid, acetic acid, NaOH, formic 
acid, triton X-100, paraformaldehyde, sodium chloride, and 
ethanol were purchased from Merck (Germany). The human 
adipose-derived mesenchymal stem cells were obtained from 
the Iranian Biological Resource Center (Iran). Dulbecco's 
modified eagle's medium (DMEM), goat serum, fetal bovine 
serum (FBS), phosphate buffer saline (PBS), and trypsin/
EDTA solution (0.25%) were obtained from Gibco (Canada). 
The anti-OSTEONECTIN primary antibody (AB13418) and 
the secondary antibody (AB7022) were purchased from 
Abcam (UK).

Preparation of hydrogels

Three stock solutions, containing CTS 2%, CMC 2%, and 
CTS/CMC 50:50 were prepared to construct the solution of 
hydrogels mentioned below.

Hydrogel CTS (2%)

The hydrogel CTS 2% (w/v) was made by dissolving 2 g of 
CTS powder in a 1% acetic acid–water solution overnight 
at room temperature with a magnetic stirrer. Under stirrer 
conditions, the pH of the solution was adjusted to around 6.8 
by adding NaOH (10 N). The NaOH solution (0.075 N) was 
used to transition the sol phase to the gel phase (pH 7.2–7.4).

Hydrogel CMC (2%)

To begin, the CMC component was synthesized according 
to a previous study [8]. CTS powder (1 g) was dissolved 
in acetic acid/deionized water (DW) mixture (1/9, v/v) at 
room temperature overnight with continuous stirring. The 
CTS solution was then precipitated with sodium hydroxide. 
DW/isopropanol was used to wash the precipitated CTS. 
The filtered CTS mixture was then dissolved in isopropanol/
sodium hydroxide for 5 h and stirred. After that, a combina-
tion of monochloroacetic acid and isopropanol was added 
dropwise and mixed continuously at room temperature for 



12065Molecular Biology Reports (2022) 49:12063–12075	

1 3

8 h. Finally, the precipitate was filtered, washed with etha-
nol, and dried at room temperature in a vacuum oven (Mem-
mert, Germany). Synthesized CMC 2% (w/v) hydrogel was 
prepared according to the CTS procedure.

Hydrogel CTS/CMC 50:50

To prepare hydrogel CTS/CMC 50:50, each CTS 1% (w/v) 
and CMC 1% (w/v) solution were separately prepared 
through the dissolution of CTS (1 g) and CMC (1 g) powders 
in acetic acid 1% in water at room temperature under con-
tinuous stirring for overnight. After that, the prepared CTS 
solution was added to the CMC solution. At room tempera-
ture, the final composition was homogeneously mixed with 
the aid of a magnetic stirrer. Under stirrer conditions, the pH 
of the solution was adjusted to around 6.8 by adding NaOH 
(10 N). The NaOH solution (pH 0.075 N) was used to tran-
sition the sol phase to the gel phase (pH 7.2–7.4). Finally, 
produced CTS (1%) and CMC (1%) solutions resulted in the 
production of a CTS/CMC (2%) hydrogel known as the CTS/
CMC 50:50 hydrogel.

Scanning electron microscope (SEM)

To evaluate the hydrogels structure and pore morphology, 
the samples were immersed in a mixture of paraformalde-
hyde (2%)/ glutaraldehyde (2%) in PBS at ambition condi-
tion, removed after 1 h, washed with PBS, and frozen at 
– 80 ℃ followed through lyophilization (FD-5010-BT, Iran) 
for 24 h. The freeze-dried samples were coated with gold 
and observed with a scanning electron microscope (SEM, 
MIRA III, Czechia) at a 5 kV accelerating voltage.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy was used 
to examine the functional groups and chemical bonds that 
connect the CTS and CMC powders, as well as the CTS 2%, 
CMC 2%, and CTS/CMC 50:50 hydrogels. The FTIR spec-
tra were collected on a Burker spectrometer (Equinox 55, 
Germany) with a 4 cm−1 resolution from 400 to 4000 cm−1.

Hydrogel degradation

The degradation rates of the produced hydrogels 
(pH 7.2–7.4) were determined by adding 1 ml PBS to each 
sample. The samples were incubated at 37 °C for 0, 0.5, 1, 
2, 4, 24, 48, 192, and 384 h before being sampled (n = 3 per 
time point). The PBS was removed and then replaced with 
fresh PBS every 2 days. After incubation time, the samples 
were taken from the PBS and placed on filter paper, and the 
weight loss rate was recorded. Degradation was quantified 
using the following equation [25]:

Where Wd (0) is the initial hydrogel mass and Wd(t) is the 
samples hydrogel mass at timed t.

MTT assay

Mesenchymal stem cells derived from adipose tissue 
(AMSCs) were cultured in a T25 tissue culture flask sup-
plied with DMEM as the culture media containing 10% 
FBS at 37 ℃ in a 5% humidified atmosphere. The culture 
media was replaced every 2 days until passage 3. For cell 
seeding, an aliquot of the hydrogels (CTS 2%, CMC 2%, 
and CTS/CMC 50:50) was prepared to produce a homog-
enous solution (pH 6.8). The hydrogel samples from 
100 µl of three different precursor solutions were uptake 
and added 5 × 105 AMSCs (cell per hydrogel). After that, 
NaOH solution (0.075 N) drops were added at pH 6.8 to 
transfer sol to gel the hydrogels containing encapsulated 
AMSCs (pH 7.2–7.4). For neutralizing the hydrogels con-
taining encapsulated AMSCs were washed with PBS and 
DMEM. After that, the neutralized hydrogels containing 
encapsulated AMSCs were inserted into a 96-well tis-
sue culture plate. After that, the media containing 10% 
FBS was added to each well and incubated for 1, 3, 7, and 
14 days. During the evaluation period, an inverted micro-
scope (Bell, INV-100FL) was used to check the biocom-
patibility of all samples. The cytotoxicity and proliferation 
of the hydrogels were assessed using the MTT test (n = 3 
per time point) at specified intervals of time. Every two 
days, the culture medium was changed. Each well received 
a 10% MTT solution (10% total medium volume) and was 
incubated for 3 h. The produced formazan crystals were 
dissolved in DMSO, and the mixed solution's optical den-
sity (OD) at 570 nm was measured using a Bio-Tek micro-
plate reader.

Calcium deposition on the hydrogels

The deposition of calcium on scaffolds was evaluated by cal-
cium content assay and Alizarin Red staining. For calcium 
content assay, the hydrogel samples (n = 3) were washed 
with PBS and the deposited calcium was dissolved in HCl 
solution (0.6 N, Merck) via shaking in an ice bath for 1 h. 
The calcium concentration was measured using a calcium 
content kit (Pars Azmun, Iran) at 570 nm on an ELISA 
microplate reader. For Alizarin Red staining, the hydrogel 
samples were washed with PBS, fixed in a paraformalde-
hyde solution (10%) for 30 min, and stained by Alizarin Red 
solution (Sigma-Aldrich) for 45 min at room ambition. The 
stained samples were evaluated through optical microscopy.

(1)% Degradation (t) = {W d (0) −Wd(t)}∕Wd (0)
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Alkaline phosphatase activity assay

The bio-mineralization is one of the high-level indexes of 
osteo-differentiation. Alkaline phosphatase (ALP) is an 
important functional enzyme for guiding the initial miner-
alization process [26, 27]. Therefore, the determination of 
ALP activity can be considered an osteogenic differentiation 
criterion. To measure ALP activity, each hydrogel contain-
ing encapsulated AMSCs after 3, 7, and 14 days’ incubation 
sample (n = 3) was vortexed in RIPA lysis buffer (1 ×) and 
Protease inhibitor (Sigma-Aldrich) for 10 s, incubated in an 
ice bath for 40 min and centrifuged at 15,000 rpm and 4 °C 
for 15 min. The absorbance of the p-nitrophenol product 
was measured using an ALP kit (Pars Azmun) at 405 nm on 
an ElISA microplate reader. The ALP values were reported 
as the ALP concentration normalized by the total protein 
concentration.

Real‑time PCR

At 14  days after encapsulating AMSCs on hydrogels 
(CTS  2%, CMC  2%, and CTS/CMC 50:50), real-time 
polymerase chain reaction (PCR) was used to assess the 
influence of hydrogel structure on osteo-differentiation. 
OSTEONECTIN and GAPDH were used as osteo-differ-
entiation markers and reference genes, respectively. To 
begin, total ribonucleic acid (RNA) from the encapsulated 
AMSCs was extracted using a whole RNA extraction kit 
(Pars Tous, Iran) according to the manufacturer's instruc-
tions. Then, using reverse transcriptase (RT) kit (Pars 
Tous, Iran) and random hexamer primers, complementary 
deoxyribonucleic acid (cDNA) was produced according to 
the manufacturer's instructions. Table 1 shows the primer 
sequences that were used. The PCR reactions were con-
ducted with a 3 µl cDNA product. The annealing tempera-
ture was 95 °C for 1 min, followed by 35 cycles of 94 °C 
for 30 s, 60 °C for 30 s, and 72 °C for 30 s, followed by a 
5-min extension time at 72 °C. Thermo-Fisher Scientific 
(UK) synthesis kit was utilized to perform real-time PCRs, 
and ABI software was used to assess the average threshold 
cycle. The comparative Ct technique was used to calculate 
gene expression levels. For this purpose, the obtained data 
of the target gene (OSTEONECTIN) and then the refer-
ence gene (GAPDH) were normalized and calculated. The 
difference in data between the tissue culture plate (TCP) 

control group and the CTS 2%, CMC 2%, and CTS/CMC 
50:50 experimental groups was investigated. The p val-
ues of 0.05 were interpreted as being significant and the 
whole data are shown in the figures areas as mean ± stand-
ard error bar. All data from Real-time PCR were collected 
for analyzing the efficiency of reaction through REST2009 
software. After determining efficiency (E), the fold change 
of each gene was calculated in Excel 2016 [28]. Finally, 
the differences between groups were analyzed using the 
one-way ANOVA and t-Test method and the chart of 
obtained results were drawn by Graph Pad Prism 9.4.1 
software (USA).

Etarget = Efficiency primer for target gene; Eref = Efficiency 
primer for the reference gene.

Immunocytochemistry (ICC) staining

After 14 days of incubation, the encapsulated AMSC into 
the hydrogels (CTS 2%, CMC 2%, and CTS/CMC 50:50) 
(n = 3) on the sterilized cover-slip placed bottom of the 
cell culture plate were immune-stained. The encapsulated 
cells were rinsed three times with PBS after being fixed in 
a paraformaldehyde solution in PBS (4%) and submerged 
in a Triton X-100 solution (4%) to improve permeability 
cells. Goat serum was used to prevent non-specific bind-
ing sites (10%). The fixed cells were initially incubated 
overnight at 4 °C with the anti-OSTEONECTIN primary 
antibody (1:100), washed many times with PBS, and then 
incubated for 1 h at room temperature with the secondary 
antibody (1:200). Finally, the cell nuclei were stained with 
DAPI solution (4′,6-diamidino-2-phenylindole) in PBS 
and examined with a confocal fluorescence microscope 
(Labomed, PCM400, Denmark) fitted with DAPI and FITC 
filters in darkness. The number of positive cells (defined as 
DAPI stained nucleus in the active cell than protein marker 
labeled in the cytoplasm) in each sample was adjusted by 
the formula presented:

Positive cells: the number of protein marker FITC/the 
number of nuclei DAPI labeled.

The data was analyzed through the Graph-Pad Prism 
version 9.4.1 (USA).

Fold change =
(

Etarget

)Δct target(control−sample)
/

(

Eref

)Δct ref(control−sample)

Table 1   The types and sequence 
of primers

Primer Forward (5′–3′) Reverse (3′–5′)

Primer pair
  SPARC  ( OSTEONECTIN)

ACA​TCG​GGC​CTT​GCA​AGA​TAC​ GTT​GTC​TTC​ATC​CCG​CTC​AT

(Reference Gene)
GAPDH

CTC​ATG​TCC​TGG​TAT​GAC​CG CTT​CCT​GTT​GTG​CTC​TTG​CT
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Statically analysis

The results expressed as mean ± SD are representing at least 
three independent experiments. The differences between 
groups were analyzed using the one-way ANOVA method 
after testing for homogeneity of variances by the PASW Sta-
tistics program package (version 19, SPSS Inc., USA). The 
statistical significance was assigned as *for p ≤ 0.05, **for 
p ≤ 0.01, and ***for p ≤ 0.001.

Results

Characterization of the hydrogel’s scaffolds

The SEM images of the hydrogels (CTS 2%, CMC 2%, and 
CTS/CMC 50:50) showed relatively stiff structure, and a 
linked and untangled network. Also, SEM images revealed 
that combining the content of CTS with CMC (50:50) in the 
hydrogel’s component thinned the present entangled cavity 
wall. A combination of CTS with CMC (50:50) for produc-
ing mixed hydrogel led to alter pore size and the thinness of 
cavities wall hydrogel structure (Fig. 1a).

Figure 1b and c show the FTIR spectra of CTS 2%, 
CMC 2%, CTS/CMC 50:50 hydrogels, as well as the CTS, 
and CMC powders control. For the CTS control, the region 
of 3444 cm−1 was attributed to stretching vibrations of N–H 
and O–H bonds of amino and hydroxyl groups, respectively 
[29, 30]. The peak for stretching vibration of aliphatic C–H 
bonds, the bending vibrations of N–H bonds of amine 
groups, and bending vibrations of –CH2 and –CH3 groups 
appeared at 2924 cm−1, 1604 cm−1, and 1411 cm−1, respec-
tively [8]. The peak of 1245 cm−1 and 1163 cm−1 is related 
to the stretching vibration of C-N bonds of amine groups 
and asymmetric stretching vibration of C–O bonds of ether 
bridge, respectively [16, 29]. While, new alteration peaks 
for the synthesized CMC at 1728 cm−1 and 1601 cm−1 are 
related to the stretching vibration of the carbonyl (C=O) 
bond of carboxylic acid groups and the bending vibrations 
of N–H bonds of amine groups, respectively [8]. For the 
CMC 2% hydrogel sample, the presence of the charac-
teristic peaks of CMC control was confirmed. All of the 
basic peaks related to CTS structure were observed in the 
CMC graph (Fig. 1b). Moreover, the peak corresponds to 
carboxylic at 1601 cm−1, OH, and NH at 3444 cm−1 were 
amplified CTS peaks, that created and broadened peaks with 
high intensity. As shown in Fig. 1c, the large Decay of the 
OH peak at about 3100 cm−1 concerning C=O stretching 
at 1630 cm−1 was indicative of the successful mixing pro-
cess through the amine groups on the CTS and carboxyl 
groups on the CMC structure [8]. Lastly, peaks decreasing at 
about 1090 cm−1 and C–H bands with the centrality of about 
2880 cm−1 disclosed the presence of CH3COONa made of 

NaOH reaction with acetic acid in all designed hydrogels 
(CTS 2%, CMC 2%, and CTS/CMC 50:50) (Fig. 1b) [31].

The hydrogels are submerged in PBS solution for 348 h to 
see how they degrade. The weight loss diagram is shown in 
Fig. 1c. Based on the degradation graph, all three hydrogels 
were gradually degraded. While CMC 2% hydrogel exhib-
ited a more than 60% degradation rate at 384 h.

Growth and viability of the AMSCs encapsulated 
on the hydrogels

According to Fig. 2a and S1, there were substantial dif-
ferences in the cellular proliferation rate between the dif-
ferent hydrogels, control, and control DF on the first day 
of encapsulating AMSCs on the hydrogels. While, with 
more time incubation, the proliferation rate of cells in CTS 
2% and CTS/CMC 50:50 hydrogels became more than in 
CMC 2% hydrogel. However, CTS 2% hydrogels signifi-
cantly promoted cell proliferation on the third day of incu-
bation, decreasing cellular proliferation on 7 days (Fig. 2b) 
(**p < 0.01 and *** p < 0.001). After 14 days of AMSCs 
encapsulating on CTS 2%, CMC 2% hydrogels, and con-
trol DF, the proliferation cells were significantly higher 
than 7 days (Fig. 2b). While the encapsulated cells on CTS/
CMC 50:50 hydrogel exhibited no difference in cell viability 
after 14 days of incubation compared with the previous time 
evaluation (7 days).

Osteo‑inductivity of hydrogels

There was a reddish color on the hydrogels (CTS  2%, 
CMC 2%, and CTS/CMC 50:50) after 3 days because of 
the formation of calcium deposition (Fig. 3a and S2). The 
results showed significant differences in the calcium con-
tent for positive (control treated with external differential 
factor- control DF) and negative controls with the hydro-
gels (CTS 2%, CMC 2%, and CTS/CMC 50:50) during 
14 days’ incubation (**p < 0.01 and ***p < 0.001) (Fig. 3b), 
which revealed osteo-differentiation for the encapsulated 
AMSCs into the designed hydrogels. The calcium content 
of CMC 2% and CTS/CMC 50:50 hydrogels after 7 days of 
incubation was indicated significantly higher than CTS 2% 
hydrogels, positive and negative controls. The calcium 
deposition of CMC 2% hydrogel illustrated a similar trend 
as control DF. It is noteworthy, that the CTS/CMC 50/:50 
hydrogel displayed a homological progressive process in 
calcium deposition until 7 days like control DF. After that, 
a high increment of calcium deposition of CTS/CMC 50/:50 
hydrogel was observed. After 14 days incubation, the cal-
cium content of CMC hydrogel diminished while increas-
ing the calcium levels of CTS 2% and especially CTS/CMC 
50:50 hydrogels (*** p < 0.001) (Fig. 3b).
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Fig. 1   a The scanning electron 
microscope (SEM) images of 
the morphology of the hydro-
gels (scale bars A: 5 µm and B: 
200 µm). b FTIR spectra of the 
hydrogels. c FTIR spectra of 
the hydrogels, CTS, and CMC 
powder. e The degradation rate 
of the hydrogels of 0.5, 1, 2, 
4, 24-, 48-, 192-, and 384-h’ 
hydrogels drop into PBS. The 
results shown are means ± SD 
of 3 samples. Samples differing 
significantly from each other 
are indicated by vertical bars. 
The hydrogels refer to CTS 2%, 
CMC 2%, and CTS/CMC 50:50 
hydrogels
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The ALP activity of the encapsulated AMSCs was deter-
mined over 14 days without using any external osteogenic 
differential agent. The encapsulated cells on the hydrogels 
(CTS 2%, CMC 2%, and CTS/CMC 50:50) showed a con-
siderable progress ratio in ALP activity (Fig. 4a) (*p < 0.05). 
In addition, the statistical comparison of ALP activity of 
encapsulated AMSCs on the CMC 2% hydrogel with CTS/
CMC 50:50 hydrogel after 14 incubations showed a signifi-
cant level of *p < 0.05.

Determining the expression of the OSTEONEC-
TIN gene in encapsulated AMSCs on the hydrogels is 
one of the osteo-differential factors. The data revealed 

up-regulation of OSTEONECTIN for encapsulated 
AMSCs on the hydrogels, specifically, CTS/CMC 50:50 
hydrogel (**p < 0.01 and ***p < 0.001) (Fig. 4b).

The ICC assay was done to confirm the expression of 
OSTEONECTIN protein for encapsulated AMSCs on the 
hydrogels (CTS  2%, CMC  2%, and CTS/CMC 50:50) 
(**p < 0.01 and *** p < 0.001) (Fig. 5a). The fluores-
cence microscopic images showed noticeable expression 
of OSTEONECTIN within a lot of several cells on the 
hydrogels, establishing the differentiation of encapsulated 
AMSCs to osteoblasts.

Fig. 2   The viability of encap-
sulated AMSCs (5 × 105 cell/
hydrogel) on the hydrogels after 
a) 24 h, 48 h, and 72 h and b) 7 
and 14 days determined using 
MTT assay (n = 3, **p < 0.01 
and ***p < 0.001) (control DF: 
control supplemental differen-
tial factor)
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Discussion

In the present research, we designed and developed CTS and 
its derivatives (carboxymethyl chitosan, CMC) (CTS 2%, 
CMC 2%, and CTS/CMC 50:50) hydrogels were utilized as 
hydrogel scaffolds in bone regeneration. Indeed, the chemi-
cal modification was used to improve hydrogel bioactivity 
by adding carboxyl and methyl groups to produce CMC as a 
component in the hydrogel network for preparing high simi-
larity to the micro-environment of bone structural nature 
[8, 23].

The lyophilized hydrogels samples were cut and the 
microstructures were characterized by SEM (Fig. 1a). As 
shown in high-resolution SEM images, CTS/CMC 50:50 

exhibited smoother and more integrated surfaces than 
CTS 2% and CMC 2% hydrogels (Fig. 1A). CTS polymer 
possesses positively charged amino groups, so these groups 
can be a site for creating or modifying external groups. 
The chemical modification of CTS led to add carboxyl and 
methyl groups in the backbone structure. The positively 
charged CTS (amine groups) and negatively charged CMC 
(carboxyl groups) were reacted via electrostatic interaction 
[17, 18]. FTIR is utilized to distinguish the bending vibra-
tions and stretching of different functional groups, which 
could be used to approve the chemical structure and create 
new binding or functional groups of the analyzed compos-
ites [1]. According to FTIR results, all basic peaks of CTS 
were observed in CMC produced. Furthermore, fundamental 

Fig. 3   a Alizarin red staining 
images of encapsulated AMSCs 
(5 × 105 cell/hydrogel) on the 
hydrogels. The magnification 
of images is 200. b Calcium 
content of encapsulated AMSCs 
(5 × 105 cell/hydrogel) on the 
hydrogels up to 14 days of 
incubation (n = 3, **p < 0.01 
and ***p < 0.001) (control DF: 
control external differentiation 
factors)
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peaks related to functional groups of CTS and CMC were 
confirmed in three graphs of hydrogels (Fig. 1b). Degra-
dation and swelling properties depend on the components 
and nature of the polymers utilized [32]. Due to solvent 
penetration and increasing swelling pressure on the poly-
meric network, all developed hydrogels absorbed water and 
lost weight in PBS. As a result of the physical pressure, 
the swelling ratio steadily increased, the structural strength 
of the ionically cross-linked hydrogels decreased, and the 
hydrogels in PBS collapsed. On the other hand, there was a 
simulated transition gel to sol phase of the hydrogels when 
the ambient pH was changed to 6.5 based on penetration of 
PBS component to the hydrogels network and ion exchange 
in addition to weight loss [31].

We used MTT assays to see how the chemical altera-
tion of CTS to form CMC, as well as the combination 
of CTS and CMC, affected the proliferation of AMSCs. 
When compared to 2D cell culture in TCP, the three-
dimensional (3D) network of hydrogels (CTS  2%, 
CMC 2%, and CTS/CMC 50:50) had a direct influence 
on primary cellular attachment and promoted growth dur-
ing the first day (S1). The results of the first day showed 
that the designed hydrogels had good biocompatibility, 
were nontoxic, and forcefully promoted cell proliferation 
(Fig. 2a). Generally, diminishing proliferation is related 
to turn-on cellular signaling cascade during differentia-
tion pathways [22, 33]. Increasing proliferation rate after 
14 days of incubation revealed that the combination of 

Fig. 4   a ALP activity of osteo-
differentiated cells (5 × 105 
cell/hydrogel) after 14 days 
incubation (n = 3, *p < 0.05). 
b Real-time PCR results for 
expression of OSTEONECTIN 
as osteo-differentiation marker 
of encapsulated AMSCs on the 
hydrogels (106 cell/ hydrogel) 
after 14 days (AMSCs on tissue 
culture plate as a control) (n = 3, 
**p < 0.01 and ***p < 0.001)
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CMC with CTS as a bioactive component and high simi-
larity to natural bone ECM can support cell attachment 
and proliferation rate besides inducing some osteogenic 
signaling cascades [22, 23, 34, 35]. As shown in Fig. 2a 
and b, CTS 2% similar to control exhibited a progressive 
proliferation process during 14 compared to CMC 2% and 
CTS/CMC 50:50 hydrogels. After 14 days of incubation, 
due to the preparation 3D network, CTS 2% hydrogel 
could support better conditions for a continuous progres-
sive viability process than control. While the comparison 
of osteogenic protein markers expression between CTS 2% 
and other groups exhibited the CTS 2% hydrogel couldn’t 

support osteo-differentiation similar to CMC 2% and CTS/
CMC 50:50 hydrogels. Consequently, the opposite rela-
tionship between proliferation and differentiation process 
can be observed in CTS 2% hydrogel performance dur-
ing the osteo-differentiation evaluation [21, 22, 36]. The 
presence of functional groups such as hydroxyl, amine, 
carboxyl, and more similarity to GAGs structure in the 
CMC prepared an acceptable situation for an attractive 
environment to promote proliferation levels. Therefore, 
the hydrogels containing the CM 2% component exhib-
ited a high level of cellular viability than the control. Most 
be attention, the correlation between proliferation and 

Fig. 5   a ICC results for 
expression of OSTEONECTIN 
of osteo-differentiated cells 
(5 × 105 cells/ hydrogel) after 
14 days. The magnification 
is 20 µm. b The percent of 
osteo-differentiated encapsu-
lated AMSCs on the hydro-
gels. (n = 3, **p < 0.01 and 
***p < 0.001)
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differentiation during the osteo-differentiation process in 
14-day evaluation can be seen in CMC 2% and CTS/CMC 
50:50 hydrogels.

The natural bone structure and composition are made of 
natural bio-macromolecule and hydroxyapatite elements 
[37, 38]. Consequently, one of the notable indexes of osteo-
differentiation is bio-mineralization. Therefore, the design 
and preparation of bio-mimetic structure for synthesis bio-
mineralization through MSCs differentiated to osteogenic 
without the use of external differential agents or growth fac-
tors are remaining a great challenge [39, 40]. Currently, bone 
tissue engineering researchers are focusing to stimulate min-
eralization by employing the specific material, morphology, 
pore size, porosity, etc. of the designed scaffold [40–42]. The 
calcium deposition of the encapsulated AMSCs to osteo-
differentiation was qualified and quantified by Alizarin red 
staining and calcium content assay, respectively [23, 43]. 
Alizarin red staining images showed the calcium deposi-
tion with degradation rate during time evaluation. Mean-
while, the calcium content of the CMC 2% hydrogel exhib-
ited a decreasing trend up to 14 days of incubation. While 
the results showed that the amount of calcium deposition 
on CTS/CMC 50:50 hydrogels was increased over 14 days 
(Figs. 3b and S2).

ALP is a glycoprotein and functions as an enzyme that 
adhere to the outer surface of matrix vesicles and cells [42, 
44]. Many experimental studies have been established in 
which ALP enzymatic potential and functionality are linked 
to the initial bio-mineralization process [26, 27]. Roberts 
et al. and Kim et al. studies showed that the removal of ALP 
substrate from in vitro environment led to prevent calcifica-
tion of cultured bone cells [45, 46]. Indeed, ALP enhanced 
extracellular mineralization through the release of inorganic 
phosphate from the bio-mineralization inhibitor inorganic 
pyrophosphate. The hydroxyapatite formation is initiated 
using the agglomeration of calcium and inorganic phosphate, 
followed through crystal extension, mainly in the creation of 
hydroxyapatite crystal [42, 47, 48]. For this purpose, ALP 
activity was measured as an enzyme involved in the miner-
alization of bone in the AMSCs encapsulated into designed 
hydrogels. The hydrogels containing CMC could promote 
the osteo-differentiation process and increment the ALP 
expression after 14 incubation [22, 36, 49–51]. With respect 
to bone tissue engineering, the affinity for biologically active 
proteins such as ALP and the effect of utilizing structure as 
a scaffold with suitable components and a rougher surface 
could be stimulating the formation of the natural healing 
processes of the surrounding bone. And the other hand, there 
is the opposite correlation between ALP expression and cal-
cium deposition/content [50–52]. As shown in Fig. 3b and 
4a, the increasing ALP gene expression and protein activity 
led to a decrease the calcium deposition. The data displayed 
that encapsulated AMSCs were differentiated to mature 

osteoblasts, therefore the potency of the hydrogels network 
to enhance the stem cells down the osteogenesis pathway.

Evaluating the osteoinductive potential of the hydrogels 
was done by ALP activity, real-time PCR, and immunocy-
tochemistry (ICC) assay. The ALP expression and activity 
mostly happen before the mineralization process, so it can 
be considered an early osteogenesis marker [53, 54]. The 
ALP data showed that designed hydrogels specific CMC 2% 
hydrogel could induce ALP activity without using any exter-
nal osteogenic differential agents during 14 days’ incubation. 
Another factor to check the osteogenesis differentiation of 
encapsulated AMSCs on the hydrogels (CTS 2%, CMC 2%, 
and CTS/CMC 50:50) was quantitatively measuring the 
expression of OSTEONECTIN in mRNA levels by real-
time PCR after 14 days. OSTEONECTIN mRNA is highly 
expressed at the initiation of the osteo-differentiation pro-
cess, while its expression declines as the mature osteoblasts 
[23]. Evaluating mRNA expression must be confirmed by 
protein synthesis and activity, due to the post-transcriptional 
regulation of the genes, and protein modification can be a 
side effect on protein production and function [22, 36]. 
Consequently, after determining OSTEONECTIN mRNA 
expression and ALP activity as osteo-differentiation mark-
ers, the ICC assay was carried out for confirming the expres-
sion of OSTEONECTIN protein as osteo-differential protein 
in encapsulated AMSCs on the (CTS 2%, CMC 2%, and 
CTS/CMC 50:50) hydrogels (Figs. 5a and S3). The higher 
expression (46.27) for the encapsulated AMSCs on the CTS/
CMC 50:50 hydrogels confirmed the function of CMC as an 
effective bioactive component and prepared a high mimic 
environment structure to the functional bone for inducing 
osteogenesis differentiation (Fig. 5b) [55]. While most tissue 
engineering research must be used supplemental media or 
growth factors to induce osteogenic differentiation [21, 52, 
56–58]. The in-vitro evaluation results showed the employ-
ment of CMC on the hydrogel structure can stimulate the 
osteogenesis process in AMSCs without using any osteo-
genic differential agents or growth factors.

Conclusions

The design and development of new hydrogel-based natural 
biomaterials with bioactivity properties are essential for the 
progress of applications related to osteo-tissue regenera-
tion. Here, we report osteo-differentiation promoted through 
hydrogels (CTS 2%, CMC 2%, and CTS/CMC 50:50) struc-
ture without using external osteo-differentiation agents. 
Prepared hydrogels based on the positively charged natu-
ral polymer CTS, negatively charged CMC, and combina-
tion of CTS with CMC led to the formation of hydrogels 
with porous network and functional groups, as shown using 
scanning electron microscopy (SEM) and Fourier transform 
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infrared spectroscopy (FTIR). The effect of utilizing CMC 
and the combination of CMC with CTS as a component 
of hydrogels in the degradation and swelling rate were 
determined during 384 h. Also, our results exhibited that 
the designed hydrogels were cytocompatible, and applying 
CMC in hydrogel structure could promote the osteo-differ-
entiation of encapsulated mesenchymal stem cells derived 
from adipose tissue (AMSCs) in vitro conditions. Eventu-
ally, developing hydrogel structure by chemical modification 
on the natural polymer can enhance bioactivity and suggest 
a new strategy for producing a three-dimensional network 
as substrate in tissue regeneration applications in the future.
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