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Introduction
After myocardial infarction (MI), differentiated cardiomyocytes 

do not have the adequate ability of self-regeneration [1,2] that leads 
to necrosis and impaired cardiac function [2,3]. The ideal remedial 
method is heart transplantation that faces the crisis of donor shortage 
and recipients’ rejections [4,5]. Hence, new cell-based therapy methods 
have emerged such as cell injection along with buffered saline or 
culture media into myocardium to regenerate the heart tissue [6]. 
But, this method often suffers from poor cell survival and lack of 
integration with native myocardium [2,7]. After injection, roughly 90% 
of donor cells would be lost due to washout and extrusion; moreover, 
remaining cells have only ~10% survival chance after 1 week [8]. 
Tissue engineering is novel and vital steps to enhance the efficiency 
of strategies for MI treatment [9] by providing temporary ECM to 
support cell growth during myocardial regeneration [10]. In this way, 
cell-laden hydrogels could provide an ideal microenvironment for 
proliferation and retention of cells injected to the infracted area [7]. 
These systems are formed by physical or chemical cross-linking of 
water-soluble precursors, consisted of synthetic or natural polymers 
[11]. The conditions of gel formation, biocompatibility, biodegradability, 
injectability and providing adequate mechanical support are critical 
criteria for hydrogels design [12,13]. Furthermore, if gel formation is 
postponed, the biomaterial would not have any advantage over liquid-
phase cell delivery [14]. Nowadays, numerous in situ forming hydrogels 
were utilized for myocardial regeneration in both in vitro and in vivo 
studies. These hydrogels are usually prepared from synthetic polymers 
like poly (trimethylene carbonate) [15], poly (ethylene glycol) [16], Poly 

(N-isopropylacrylamide) [7,17] and natural polymers such as Alginate 
[18-20], gelatin [9,21], Fibrin [22], Hyaluronic acid [23], and in particular 
chitosan [24-28]. These investigations showed some advantages such as 
increasing left ventricular myocardial wall thickness, decreasing infarct 
size, preserving LV contractility, promotion of epicardial cell migration 
and angiogenesis. However, the major concern about synthetic hydrogels 
is potential cytotoxicity and their lack of biological cues such as cellular 
adhesion and interaction [1]. Also, natural hydrogels often suffer from 
low tunability, weak mechanical properties [7,29] leading to usage of 
toxic cross-linker to enhance mechanical robustness [30]. Additionally, 
they have roughly high gelation time even up to 1 h resulting in low 
cell retention and cell engraftment. To overcome the aforementioned 
obstacles and fulfill the necessary requirements, the aim of present study 
was to develop a pH-sensitive injectable hydrogel based on chitosan as a 
cell carrier, in accordance with cell niche, for myocardial regeneration. 

It has been demonstrated that hydrogels based on chitosan, a cationic 
copolymer of (1→4)-2-acetamido-2-deoxy-β-D-glucan (N-AC-Glu) and 
(1→4)-2-amino-2-deoxy-b-D-glucan (D-glucan) units linked by (β(1→4) 
glycosidic bands, could improve MI microenvironment, especially 
enhance the retention and engraftment of Adipose Mesenchymal Stem 
Cells (ADSCs), due to its unique bioactive and antioxidant traits [2,31]. 
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Abstract
Recently in situ injectable hydrogels have received considerable attention to regenerate failure heart tissue after 

myocardial infarction (MI). But two criteria remain crucial: first, defining their chemical composition and structural 
parameters because they must be fabricated to withstand physiological condition while having high cell retention; 
second, providing the hydrogel with short gelation time to protect the cells from washout and extrusion in the injection 
site. In this study, two different pH-sensitive hydrogels with instant gelation in the presence of aqueous acetic acid (WH 
sample), and DMEM medium along with acetic acid (MH sample) were prepared. The morphology and structural and 
mechanical properties of the hydrogels were evaluated by SEM, FTIR and compressive strength test, respectively. 
Also, the equilibrium swelling ratio of each hydrogel and their degradation rate as a desirable property were also 
determined. MTT test confirmed that both hydrogels were biocompatible and non-toxic for human Bone Marrow 
Mesenchymal Stem Cells (hBMSCs) within 14 days as well as 31 and 36% cell growth during this time for WH and 
MH samples, respectively. The viability investigation of human Adipose Mesenchymal Stem Cells (hADSCs), tested 
by live/dead assay with Acridine Orange and Ethidium bromide staining, showed high cell survival and cell density 
increase during 1, 7, 14, 21 days. The overall results demonstrated that both in situ forming hydrogels are promising 
candidates for regeneration of the infarcted myocardium.
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Therefore, the main objective of the present study was design of 
chitosan based hydrogels with instant gelation property for loading of 
ADSCs. For this purpose, design of experiments was applied for selection 
of proper condition for hydrogel preparation and extensive mechanical 
and physiochemical characterizations of the hydrogels, as well as in vitro 
investigation of cell survival in hydrogels were carried out.

Materials and Methods
Materials

Chitosan with molecular weight of 100-300 kDa and deacetylation 
degree more than 90% was purchased from Acros Organic (USA). Acetic 
acid, citric acid and disodium hydrogen phosphate were obtained from 
Merck (Germany). PBS, FBS, DMSO, DMEM medium, MTT kit and 
Trypsin were purchased from Gibco (USA). Acridine Orange, Ethidium 
Bromide dyes were purchased from Sigma- Aldrich, Steinheim (Germany). 

Design of experiment

The response surface methodology (RSM) was used to optimize 
hydrogel formation with instant gelation, adjusting and stabilizing 
the pH of hydrogel at pH 7.4 (optimal physiological pH), having a 
minimal excess liquid left after gel formation to yield a gel with desirable 
mechanical properties and cell survival. Central composite design 
(CCD) with 30 runs (6 center points, 16 factorial points and 8 axial 
points) was applied at 5 levels. Four independent variables including 
normality and volume of NaOH to be used for gel formation and volume 
and pH of buffer solution were selected as most important variables. 
All factors levels were determined based on preliminary experiments. 
The dependent variables as the responses of experimental design were 
pH of hydrogel and excess liquid left after gel formation. The Design-
Expert7.0 software was used for regression and graphical analysis of 
the obtained data. Table 1 shows different factors with corresponding 
levels. The details of designed experiments are presented in Table S1 of 
supplementary materials. 

Preparation of chitosan hydrogels
Two chitosan solutions 1% (w/v) were prepared by dissolving 

chitosan powder in aqueous acetic acid 1% (w/v), (WH sample), as well 
as DMEM medium along with acetic acid 1% (w/v), (MH sample), at 
room temperature and stirring for 5 h. The initial pH of solutions was 
acidic (pH 4-5) and adjusted around 6.8-6.9 by drop wise addition of 
NaOH (10 N) to the stirring solution. For gel formation, NaOH solution 
(0.75N) was added to the stationary solution. However, before NaOH 
addition, a buffer solution (pH 6) of Na2HPO4 and citric acid was added 
to prevent abrupt pH changes of hydrogel precursor solutions. 

Fabrication of injecting needle
As shown in Figure 1A, to inject hydrogel precursor and NaOH 

solutions into myocardium, a coaxial needle was designed for in situ 
hydrogel formation through simultaneous mixing of the solutions. Also, 
a 1 ml insulin syringe and a 20 ml syringe (Figure 1B) were used to 
pump NaOH and hydrogel precursor solutions through corresponding 
needles, respectively.

Scanning electron microscopy (SEM) 
To study the morphology and the pore structure of the hydrogels, 

the samples were immersed in PBS at 37°C, removed after 1 and 10 
days and frozen at -80°C followed by lyophilization (Zibrus technology 
GmbH, Germany) within 72 h; then, coated with gold and scanned at an 
accelerating voltage of 20 kV. The morphology of freeze-dried samples 
studied by taking SEM (Seron, AIS-2100, Korea) images. The average 
pore diameter of the hydrogels was acquired by measuring about 100 
pores for each sample with image J software (version 1.44p national 
institute of health).

Fourier transform infrared spectroscopy (FT-IR) 
FT-IR spectroscopy analysis was performed to identify the structural 

difference between the initial chitosan powder and ultimate products, 
MH and WH samples. Briefly, all samples were dried in vacuum oven 
during 72 h (BINDER GmbH, Germany), then shattered and mixed with 
potassium bromide in 1:100 ratios. The mixture was compacted to 1 mm 
semitransparent disk by exerting 20 MPa pressure for 5 min. The FT-IR 
spectra in wavelength range of 4000-400 cm-1 were acquired applying a 
FT-IR spectrometer (Thermo Nicolet, NEXUS-760, USA) [32].

Figure 1: The schematic of co-current coaxial needle, connected to double barrel syringe, to inject hydrogel precursor and NaOH solution into myocardium for gel 
formation. (A) The red needle (number 1): the inner channel for NaOH passage, the needle number 2: the outer channel outlet for hydrogel precursor solution, the 
green needle (number 3): the connective duct between the syringe containing hydrogel precursor solution and the number 2 needle for reaching the hydrogel precursor 
solution to the needle number 2. (B) 1 ml insulin syringe containing NaOH and 20 ml syringe containing hydrogel precursor solution that after the these components 
passing through the corresponding needles the hydrogel will be immediately formed on the tip of the co-current coaxial needle. (C) The co-current coaxial needle and 
instant gel formation on the tip of the needle.

(α-) level (1-) level 0))central level (+1)level (α+)level Factor code
0.5 0.63 0.75 0.88 1 Normality of NaOH (mol/l) A
4 8 12 16 20 Volume of NaOH (µl) B
6 6.2 6.4 6.6 6.8 pH of buffer C
5 10 15 20 25 volume of buffer (µl) D

Table 1: Variables and levels selected to prepare in situ forming hydrogels from 200 µl chitosan precursor solution (1% w/v).
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Compressive strength of hydrogel

Because the tensile test is not suitable for the hydrogels, 
compressions tests were performed on cylindrically-shaped samples to 
determine the elastic modulus [33]. Hydrogels samples were prepared 
as described before and compressed between two compression plates 
under 0.02 MPa pressure with a rate of 5 mm/min at room temperature 
(n=3) using a compression instrument (Santam, STM-20, Iran). Stress-
strain curve was drawn and Young’s modulus was calculated to show 
mechanical strength of the samples [15].

Viscosity of hydrogel precursor solutions 

For investigation of injectability, the viscosity of chitosan precursor 
solutions was measured at 30°C (n=3) using viscometer (Brookfield, 
DV-III Ultra, USA) [34].

Hydrogel degradation

To evaluate the degradation of hydrogels, 5 holes were punched 
on the caps of 2 ml Eppendorf tubes with a 17G needle and hydrogel 
samples were prepared from 500 µl precursor solutions in each tube 
[8]. Then 1 ml of DMEM medium was added to each tube, incubated 
in shaker incubator at 100 rpm and sampled at 1, 24, 48, 72, 120, 240 
h (n=3 per time point) with medium changes (1 ml removed and 
replaced with fresh medium) every 48 h. For sampling, 1 ml of medium 
was removed from the tubes and gels were frozen at -80°C. Finally, all 
samples were lyophilized together for 72 h and weighed again. Weight 
loss percentage defined by comparison of the lyophilized gel weight to 
that of the 1 h groups [8].

Swelling studies

Hydrogel samples were prepared and lyophilized. The swelling 
behavior of samples was determined by immersing them in phosphate 
buffer saline (pH 7) at 37°C. Over a period of 24 h the samples were 
weighted at specific time intervals (n=3 per time point) until a constant 
weight was reached. Then, the swollen samples were blotted with 
filter papers to absorb excess water on their surface and weighted 
immediately [32]. The swelling ratios, Q, were calculated as quotient of 
the swollen gel weight and the dry polymer weight [35].

MTT cytotoxicity assay

The hydrogel samples from 100 µl of two different precursor solutions 
were prepared in each well of 96 wells plate and almost 100,000 hBMSCs, 
provided by Tehran Heart Center (Iran), were seeded on the surface of each 
hydrogel sample. The samples were incubated in DMEM, supplemented 
with 10% FBS, under standard cell culture conditions. Then hydrogel 
cytotoxity was investigated by MTT-assay (Gibco, USA) after 0 (the first 
culture day), 1, 3, 7, 14 days of incubation (n=5 per time point). The culture 
medium was changed every 3 days [36].

Cell loading

The hADSCs (provided by cell bank of Bon-Yakhte Research Center 
in Tehran, Iran) were suspended in 70 ml of both chitosan solutions (1 
million/ml) and hydrogel samples were prepared by mixing of cell loaded 
chitosan solutions and NaOH (0.75 N). These cell loaded hydrogels were 
transferred to 96 well plates and cultured for 21 days. Each well contained 
100 ml of culture medium and refreshed every 2 days. 

Live/dead assay

Cell viability and apoptotic potential were investigated through 
live/dead assay using Acridin orange ethidium bromide (AO/EtBr) 

staining (Sigma-Aldrich, Steinheim, Germany), and cells were imaged 
with a fluorescent microscope (Nikon, TE 2000-S, Japan). It should be 
noted that the nucleuses of live cell and dead cells become green and red 
with AO and EtBr, respectively [36].

Statistical analysis

The data were analyzed using one-way ANOVA with post hoc 
Tukey tests or two-way t-test statistical method. All data being 
reported as mean ± standard deviation (SD). At least three groups were 
compared in each Statistical analysis. A value of p< 0.05 was considered 
statistically significant. 

Results
Design experiments

The conditions of different experimental runs for independent 
factors and corresponding responses are presented in Table S1 of 
the supplementary material. The gelation process was optimized by 
empirical data correlation using design Expert-7.0 software. A quadratic 
model, Y1, for response 1 (pH of hydrogel) and a modified quadratic 
model, Y2, for response 2 (excessive liquid left after gel formation) were 
suggested to correlate dependent variables of Y1 and Y2 to independent 
factors. The final equations for pH of hydrogel [Eq. (1)] and for excess 
liquid [Eq. (2)] in terms of coded factors are presented, where A, B, 
C and D are coded values of NaOH normality, NaOH volume, pH of 
buffer and volume of buffer, respectively.

The analysis of variance (ANOVA) for hydrogel pH and excess liquid 
left after gelation, summarized in Tables S2 and S3 of supplementary 
material respectively, indicates that the results are statistically significant 
for both dependent variables with p-value<0.0001. 

1
2 2 2 2

7.17 1.56 0.85 0.021 0.021 0.094 0.031

0.16 0.16 0.031 0.094 0.52 0.2 0.2 0.39

= + + + − + −

− − − + + + + +

Y A B C D AB AC
AD BC BD CD A B C D

		

			                         			                         (1)

2
2 2 2 2

5.67 1.67 2.5 1.83 4.5 2.75 2.25      

 9.21 10.46 11.71 11.71

= + + + + − +

+ + + +

Y A B C D AD BD
A B C D						                   (2)

Figures 2A-2C show the effect of independent factors on pH 
of hydrogel in a three dimensional graph obtained from Design 
Experiment Software. According to Figure 2A, pH of hydrogel increased 
by increasing both the normality and volume of NaOH as expected. The 
effect of NaOH normality is more than that of NaOH volume changes 
because of the reduced volume of the final mixture at gel formation. The 
higher value for constant coefficient of NaOH normality (A) in Eq. (1) 
agrees well with this result. As shown in Figures 2B and 2C the effect 
of buffer pH and volume on hydrogel pH was not significant due to its 
buffering capacity. Figures 2E-2H shows the effect of four independent 
factors on the excess liquid left after gel formation. As shown in these 
figures, the amount of excess liquid decreased to a minimum value by 
increasing all factors and then increased by further increase of them. 
The decrease of excess liquid is due to higher gel formation in a mixture 
with appropriate pH for hydrogen bonding and electrostatic interaction 
between polymer chains. Figures 2E and 2G indicate that by further 
increase of NaOH normality and buffer pH, the pH of chitosan solution 
increased with consequent decrease of electrostatic interaction and 
hydrogen bonding between polymer chains which in turn reduced gel 
formation with increase excess liquid. Further increase of NaOH volume 
(Figure 2F) enhances pH and volume of final chitosan mixture with 
consequent decrease of electrostatic and hydrogen bonding between 
polymer chains and resulted in less gel formation with increase of excess 
liquid. Excessive dilution of chitosan solution by further increase of 
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buffer volume (Figure 2H) resulted in less electrostatic interactions and 
hydrogen bonding between polymer chains with consequent decrease 
of gel formation and increase of excess liquid. 

Based on these results, the optimum condition at which the pH 
of hydrogel was in the desirable range of 7-7.5 with minimum excess 
liquid was determined. The yellow region in Figure 2D indicates the 
predicted area for the favorable responses by desirability of 0.923. As 
shown in this figure, the optimum values of NaOH normality and 
volume, buffer pH and volume were 0.74 mol/l, 11.69 µl, 6.38 and 14.01 
µl, respectively. At optimum condition the pH of hydrogel and the 
volume of excessive liquid was 7 and 4.95 µl, respectively. However, the 
corresponding experimental values of the conformation test were 7-7.5 
and 7µl, respectively.

Adjustment of hydrogel pH and instant gel formation on the 
needle tip

The pH of hydrogels, prepared at optimum condition, was 
appropriately adjusted to be in the range of 7-7.5 as typical pH of 6.8 to 
7.6 for cell culture [37] and pH of 7.0-7.4 for the highest specific growth 
rate [38]. Also, as shown in Figure 1c, a co-current coaxial needle was 
built in which the hydrogel precursor solution (plus cell in cellular 
investigations) flows through the external conduit and NaOH as a 
gellant passes through internal needle. The aforementioned solutions 
reach simultaneously to the needle tip and hydrogel forms instantly 
without any cell and material wasting.

SEM analysis

The SEM images for MH and WH were taken from samples that 
were removed from PBS after 1 and 10 days after immersion at 37°C 
and completely freeze dried. Figures 3A and 3D show that both samples 
were porous with almost homogenous porosity with the average pore 
size of 14.69 and 17.43 µm for the WH and MH samples at day 1, 
respectively. However, Figures 3C and 3F show the formation of large 
gaps and enlargement of the pores up to 500 µm because of gradual 

hydrogel collapse and disintegration after 10 days’ immersion in PBS 
for the WH and MH samples, respectively. 

FT-IR analysis

The F’T-IR spectra of initial chitosan powder, dried WH Hydrogel 
and dried MH hydrogels are shown in Figure 4A. Chitosan characteristic 
absorptions were located at 663 cm-1 related to C—H stretching vibration. 
The bands at 1034 and 1091 cm-1 belong to secondary hydroxyl group 
(typical peak of —CH—OH in cyclic alcohols, C—O stretch) and the 
primary hydroxyl group (characteristic peak of —CH2—OH in primary 
alcohols, C—O stretch) [32]. The peaks at 1380 and 1423 cm-1 related 
to N—H stretching (amid III band) and N—H stretching of amide and 
ether bonds, respectively [32]. The bands at 1595 and 1658 cm-1 ascribed 
to bending variation of the N—H (N-acetylated residue, amide II band) 
and the carbonyl (C=O) stretching in amide I, respectively [32]. The 
absorption bands at 2877 cm-1 related to typical stretching of C—H 
[39]. and the peaks at 3179 cm-1 pertaining to O—H stretching and 
N—H stretching of chitosan [32]. FTIR spectra of WH hydrogel showed 
bands at 517, 643, 851 and 1093 cm-1 that are attributed to bending 
and symmetric stretching of PO4

3- and P—O [40] in the used buffer. 
It should be noted that peaks at 643 and 1093 cm-1 were respectively 
connected to C—H and C—O stretching of chitosan as well, but it is 
difficult to differentiate them because of overlapping with the bands of 
phosphate groups. The absorption at 1412 and 1562 cm-1 are related to 
N—H stretching of amide III and amide II of chitosan. The bands at 
1640 and 1697 cm-1 connected to C=O stretching of chitosan. The peaks 
at 2871 cm-1 related to stretching of C—H and finally the accumulated 
peaks at 3182, 3293 and 3421 cm-1 belong to N—H symmetrical 
vibrations concerned with Amide II that exists in N-acetyl glucosamine 
unit of chitosan and vibration of O—H of chitosan [39] and additive 
materials. FTIR spectra of MH hydrogel showed bands at 518, 643, 833 
and 1022 cm-1 attributed to bending and symmetric stretching of PO4

3- 
and P—O of the used buffer and also culture medium in this hydrogel. 
Similar to spectra of WH hydrogel, it should be considered that peaks 
at 643 and 1093 cm-1 were also related to C—H and C—O stretching 

Figure 2: The effect of independent variables on pH of hydrogel in a 3D plot: (a) NaOH normality and volume. (b) NaOH normality and buffer pH. (c) NaOH normality 
and buffer volume. (d) The predicted values of independent factors by software at which the pH of hydrogel was in the desirable range of 7-7.5 and excess liquid left 
after gel formation was minimum (e, f, g and h) are the one factor graphs of the effect of NaOH normality and volume and buffer pH and volume, respectively, on excess 
liquid after gel formation. 
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Figure 3: The SEM images of freeze dried hydrogels morphology and porosity with different magnification. (A) and (B) WH sample, (D) and (E) MH sample after 1 day 
immersion in PBS. (C) WH sample and (F) MH sample after 10 days’ immersion in PBS.

Figure 4: Physiochemical and mechanical characterization of hydrogels: (A) The FT-IR spectra of chitosan and prepared hydrogels. (B) The stress- strain curve from 
compression test for different samples. (C) The weight loss of hydrogel within 20 days of immersion in DMEM at 37°C. (D) The swelling ratio of hydrogels; WH: Sample 
prepared with water. MH: sample prepared with medium.
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of chitosan, but it is difficult to differentiate them due to the overlaps 
with the bands of phosphate groups. The absorption at 1414 and 1562 
cm-1 belong to N—H stretching of amide III and amide II of chitosan. 
The bands at 1640 and 1692 cm-1 are connected to C=O stretching 
of chitosan. The peaks at 2881 cm-1 attributed to typical stretching of 
C—H and eventually the collected peaks at 3169, 3282 and 3422 cm-1 
belong to N—H symmetrical vibrations concerned with amide II that 
exists in N-acetyl glucosamine unit of chitosan and vibration of O—H 
in chitosan and additive materials [39]. In both hydrogel samples 
after NaOH addition, the intensity of C—O bands with the centrality 
~1090 cm-1 and C—H bands with the centrality ~2880 cm-1 became 
low; because CH3COONa salt is formed by NaOH addition and the 
intensity of C—O an C—H peaks decreased. In areas corresponding 
to the N—H stretching and the carbonyl group in the range of 1560 to 
1690 cm-1 were intensified because of the presence of carbonyl groups 
of citric acid in the buffer, and the acetic acid in the aqueous solvent 
which is used to dissolve chitosan. Also, the presence of hydroxyl 
groups in the additive materials increased the accumulation of the —
OH peaks in the range of 3000 to 3500 cm-1. Furthermore, since the 
peaks around 893 to 1156 cm-1 are generally related to saccharide 
structure [39]; and the peaks around 517 to 1093 cm-1 in both hydrogels 
were connected to phosphate group. As shown in Figure 4A, the peaks 
of the MH sample in these ranges were intensified due to the presence 
of further carbohydrate and phosphate groups in DMEM used in this 
sample, compared with WH sample. It should be mentioned that the 
weakness of C—H peaks intensity with centrality ~2880 cm-1 is because 
of the high deacetylation degree of chitosan and this feature enhances 
the adhesion of cells due to the high amine groups on chitosan [41].

Mechanical strength and elastic modulus of hydrogels

The mechanical properties of hydrogels, determined by compressive 
strength test are shown in Figure 4B. The peak stress for WH and MH 
samples, which is equal to the average of maximum stress just before 
hydrogel break and disruption, was 10.6 and 5.5 kPa, respectively. The 
strain of hydrogels, determined by dividing the change in length to the 
initial length of hydrogel samples, was 53.4 and 52.6% for WH and MH 
samples, respectively that indicates the samples’ flexibility. Finally, the 
elastic modulus (Young’s modulus) of WH and MH samples, obtained 
by dividing stress to strain, was 19.8 and 10.3 kPa, respectively. By and 
large, the mechanical property of MH sample was weaker than that of 
WH sample that can be attributed to the presence of mineral salts in 
hydrogel precursor solution which reduces the interaction between 
polymeric chains. The more interactions between polymeric chains 
cause the more physical cross-linking with consequent increase of the 
mechanical strength [15]. Besides, the SEM images in Figure 3 show 
that the pore dimension and extent of hydrogel disintegration for MH 
sample were more than those of WH sample that acknowledge its less 
mechanical strength of MH sample. 

Hydrogel degradation

Figure 4C shows the weight loss of WH and MH samples in DMEM 
versus time. Both hydrogels were susceptible for gradual weight lost in 
DMEM solution due to solvent penetration with increased swelling 
pressure against mechanical strength emerged by physical cross-
linking points of the polymeric network. So the structural integrity of 
the physically and ionically cross-linked hydrogels decreased gradually, 
hydrogels crumbled and collapsed in the media. Also, gel-sol transition 
occurred simultaneously due to slight and gradual decrease of ambient 
pH to 6.5 with consequent weight loss of hydrogels. As shown in Figure 
4C, the weight loss of both samples in the early hours was low due to 

the integrity of the gel structure, but disruption and gel-sol transition 
increased gradually and after 20 days the weight loss of MH samples was 
more than 90%. Similar trends can be observed for WH sample. The 
mechanical strength test, samples morphology and porosity endorsed 
the more weight loss of MH sample.

Swelling ratio

Swelling ratio of hydrogels is shown in Figure 4D. According to 
these results, the rate of solvent absorption by both samples was initially 
high and decreased gradually until reached to the maximum swelling 
ratio after 10 h. Then, swelling ratios started to decrease due to the 
slight decrease of swelling pressure and the equilibrium swelling ratios 
were 360 and 415 for WH and MH samples after 12 h, respectively. The 
higher swelling ratio of MH sample, compared with that of WH sample, 
can be attributed to its weak mechanical strength.

Viscosity of chitosan solutions 

The viscosity of hydrogel precursor solutions was 12.5 and 20 cp for 
WH and MH samples, respectively. The higher viscosity of MH sample 
is due to the presence of mineral salt in precursor solution. Collectively, 
these results indicate that the viscosity of both WH and MH samples 
was suitable for in situ gel formation since the viscosity of injectable 
hydrogels must be below 50 cp [30] to be injected easily into the body 
at liquid state.

Cytotoxicity of hydrogels

Figure 5 shows the cytotoxic effect of hydrogels on hBMSCs that 
were seeded on their surface via MTT-assay during 14 days. The 
survival of cells is reported in terms of optical density (OD) at 570 nm. 
These results show that the hydrogels were nontoxic and biocompatible 
for hBMSCs, as well as 31 and 36% cell growth during this time for WH 
and MH samples, respectively. The OD and proliferation of cells seeded 
on MH sample was more than that for WH sample, because it contained 
culture medium during gel formation. Based on time standard, it can be 
said that both hydrogels were nontoxic and biocompatible as 75% of the 
primary cells survived at the end of MTT test [42].

Cell viability

Figure 6A shows the AO/EtBr staining results for hADSCs loaded 
into hydrogel samples after 1, 7, 14 and 21 days of cell culture. As 
shown in these figures, most of the observed cells were alive, dispersed 
and stretched well in hydrogels. Live/dead staining showed excellent 
survival rates of cells. Viability percentages of hADSCs cultured in MH 
samples on day 1, 7, 14 and 21 were 90.76, 95.45, 94.97, 96.78% and in 
WH samples were 87.5, 95.04, 91.30 and 99.56%, respectively. Although 

Figure 5: Cell survival in terms of optical density vs. time at 0 (first culture day), 
1, 3, 7, 14 days of post-seeding, determined by MTT assay.
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Figure 6: The viability of hADSCs, loaded into hydrogels. (A) AO/EtBr staining and fluorescent images (green (live) and red (dead)) of hADSCs loaded in two type 
chitosan hydrogels on different days of post-culturing (Scale bar represent 50 µm). (B) Proliferation of hADSCs cultured in chitosan hydrogels during 21 days.There 
was no significant difference between two types hydrogel (n= 5; Mean ± SE). (C) Dead hADSCs cultured in chitosan hydrogel during 21 days. *significant difference 
between two samples on the 21th day of culturing (*P ≤ 0.05; n=5; Mean ± SE).

the difference between the number of viable cells of both samples was 
not significant (Figure 6B), the number of dead cells showed significant 
difference (p ≤ 0.05) on the 21st day of culturing (Figure 6C). 

Discussion
Despite contemporary hydrogels provide an acceptable matrix for 

delivering exogenous cells to the infarct zone, most of them suffer from 
low adjustability such as dearth of cell retention, roughly high gelation 
time and inadequate mechanical properties [7]. In particular, the vast 
number of former researches on injectable hydrogels has focused on 
animal studies without meticulous material characterizing and in vitro 
analyses to define an optimal fabrication according to physiological 
condition. Thus, this is vital to perform extensive analyses on fabrication 
multifaceted desirable hydrogel prior to in vivo experimentations.

In this work, two pH-sensitive hydrogels based on chitosan were 
prepared in the presence of aqueous acetic acid and DMEM medium 
(as helper nutrient for cells) along with acetic acid, to overcome the 
above mentioned constraints. Chitosan, a cationic naturally-derived 
biomaterial with high hydrophilicity, was chosen because of its 
structural similarity to glycosaminoglycans, a pivotal constituent 
of the ECM that enhanced cell viability for many types of cells [12]. 
Also, appropriate combination of chitosan with various cells, especially 
ADSCs, has been confirmed according to literatures [2,31]. However, 

chitosan suffers from mechanical weakness and instability [12]. To have 
an instant gelation in aqueous solutions and enhance the mechanical 
robustness, NaOH was selected as a strong base, to provide physical 
crosslinking between chitosan polymeric chains by hydrogen bonding. 
Also, to prevent the drastic increase in the pH of hydrogel, unique 
phosphate buffer was utilized to adjust the pH of hydrogel around 7.4 
as an optimal physiological pH. In addition, this phosphatic enhancer 
was applied with the aim of inducing ionic intermolecular interactions 
and consequently elevating mechanical properties and controlling 
degradation time of hydrogels.

As shown in Figure 4A, presence of all typical absorptions of 
chitosan and characteristic bands of phosphatic groups of the buffer in 
both hydrogels indicates all amino polysaccharide nature and properties 
of chitosan were maintained in comparison to pure chitosan before gel 
formation. So, fluctuations caused by the addition of buffer and NaOH 
leading to hydrogen bonds and intermolecular ionic interactions 
between positive charge of chitosan and negatively charged ions of the 
buffer and sodium hydroxide, but no covalent bonds were observed 
in gel formation process that indicate hydrogels were formed through 
physical and ionic gelation [41]. As seen in Figure 1C, after combination 
of these components on the tip of designed unique co-current coaxial 
needle, hydrogel formed immediately via these favorable intermolecular 
interactions. In most of the previous studies [43], because of the slow 
gel formation even up to 1 h, the injected cells and materials were more 
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seemingly to be completely washed out in the heart’s severe contracting 
environment, and carried away in the bloodstream than to be a suitable 
gel in the ventricle wall [1]. So, such a rapid instant gel formation 
with least washout and cell wasting in the injection site is a promising 
achievement. Furthermore, the combination of the selected components 
and the molecular interactions between them without covalent cross-
linking provided desirable degradation rates for the hydrogels. Actually, 
two mechanisms were responsible for degradation of the hydrogels: 
disruption and gel-sol transition. The hydrogels immersed in DMEM 
gradually collapsed as well as becoming soluble due to the decrease 
of medium pH to 6.5 at which sol-gel transition occurred. Hydrogels 
for cardiac repair should survive for at least one week and be totally 
removed in 6 weeks [44]. Thus, a degradation time of 20 days (Figure 
4C) for the samples with fundamental goal of delivering into and 
preserving cells in injured region is suitable time; because, it is not too 
short causing leaking out of the cells and not so long resulting in spatial 
hindrance and preventing revascularization. As can be observed in 
SEM images of Figure 3, the trend of hydrogel degradation affected its 
architecture and porosity. At first day of immersion in PBS, the average 
pore size of MH and WH samples was 14.69 and 17.43 µm (Figures 3B 
and 3E), respectively. As the dimension of myocardium pores are about 
20 µm [21], both samples seemed suitable for myocardial regeneration 
because required oxygen and nutrients for cells growth could easily 
pass through these hydrogels. Figures 3C and 3F show the formation 
of large gaps and enlargement of the pores up to 500 µm because of 
gradual hydrogels collapse and degradation after 10 days of immersion 
in PBS. This is a desirable structural property of hydrogel for cell growth 
and proliferation with simultaneous tissue regeneration; because the 
cells will have more spaces for growth and receive more nutrients and 
oxygen through these large pores to increase their population until 
complete regeneration [45].

Hydrogels are distinguished as ideal environments for cell and 
tissue growth due to their high water contents and soft tissue-like 
elasticity [46]. Particularly, swelling of hydrogel based on chitosan 
has direct relation with hydrophilicity of constituent groups [32]; and 
ionization of anionic and cationic groups of the network into chitosan’s 
polymeric chains and higher swelling ratio is favorable for transfer 
of nutrients required for encapsulated cell growth [47]. Equilibrium 
swelling ratio of WH and MH hydrogels was 360 and 415, respectively 
and were considerably higher than those reported by Dahlmann et al. 
for hydrogels used for cardiac regeneration [35]. Additionally, such 
high water content along with the presence of good intermolecular 
interactions through physical and ionic gelation caused favorable 
mechanical robustness and elasticity for both samples in accordance 
with native cardiac tissue. The compressive elastic modulus (Young’s 
modulus) of hydrogels for cardiac repair should be at least in the range of 
10 to 15 kPa [21] for comparison, the modulus of heart tissue is 5.8 kPa 
[30]. Thus, the suitable compressive elastic modulus of hydrogels makes 
them a good candidate for myocardial regeneration and also it has been 
shown the Young’s modulus of hydrogel and cardiac differentiation of 
stem cells have direct relation [15]. The elastic modulus of WH and MH 
samples was 19.8 and 10.3 kPa, respectively, which fulfill the required 
amount, and are flexible enough to resemble heart muscle. However, 
it can be said, in this case, WH sample with more elasticity may be a 
better candidate to be used for cardiomyocyte regeneration. 

MTT results confirmed that applied materials not only did not 
have adverse effect on hBMSCs, but also were very biocompatible for 
cell retention and viability (Figure 5). Live/dead staining of hADSCs 
substantiated that the pH of hydrogel samples was adjusted very well 
in the pH range for cell viability. Both hydrogels maintained hADSCs 

viability during 21 days of culturing that was almost greater than 88 and 
91% for WH and MH samples, respectively. These results confirmed the 
FTIR analysis that chitosan structure maintained after gel formation; 
because it is well known that protonated amine groups of chitosan 
interact with negatively charged cell membranes and cause cell adhesion 
and growth [48]. In addition to pH one of the important factors of 
physiological environment is its osmolality. When a mammalian cell is 
exposed to a hypertonic surrounding the water will leave the cell leading 
the cell to shrink. Conversely, when this cell is subjected to a hypotonic 
surrounding, the water molecules will penetrate into the cell causing the 
cell to swell. As seen in Figure 6A, all cells in both samples had stable 
and normal shape during culture days. This clarifies the fact that the used 
buffer properly mimicked physiological buffer. In fact, the internal and 
external osmotic pressure of cells resembled the physiologic pressure and 
consequently the cells became neither shrinkage nor swollen. Collectively, 
these results indicated that cell viability for MH samples was more than 
that for WH samples due to more access of cells to nutrients in culture 
media that existed in MH hydrogels especially in the early hours of 
culture or during a long time. Also, higher porosity and more spaces for 
cell growth in MH samples provided free movements and migration of 
cells with consequent more growth and proliferations during cell culture.

Conclusion
In this study, two pH-sensitive chitosan hydrogels were prepared in 

the presence of aqueous acetic acid and DMEM culture medium, and 
tested as cell carrier and cardiac scaffold for regenerating of infracted 
myocardium. The combination of chitosan, NaOH and applied 
phosphate buffer provided desirable intermolecular interaction leading 
to instant ionic gelation without addition of exogenous cross-linker and 
strong covalent bonds as FTIR analysis of both hydrogels showed the 
presence of characteristic absorptions of chitosan without any chemical 
reaction and confirmed the preservation of aminopolysaccharide 
nature and structure of chitosan. The instant gel formation is one of the 
key features of novel hydrogels of this study to prevent cells washout 
and extrusion. Furthermore, the formulated hydrogels possess pH 
and osmolality in accordance with cellular niche and physiological 
environment that resulted in high cell viability and good cell growth 
and proliferation of hADSCs laden in these hydrogels during 21 days 
of culture. In addition, such combinations of materials resulted in 
porous hydrogels with remarkable swelling ratio that provide oxygen 
and nutrients transfer for cells growth adequately and also easy exit of 
cellular metabolic products from the hydrogels pores. The high water 
content of hydrogels along with proper ionic interaction resulted in 
flexible and viscoelastic hydrogels with adequate mechanical robustness 
in harmony with myocardium and regulated disintegration and 
removal of them after 20 days in simulated physiological environment 
as a suitable time for myocardial regeneration. Although the elastic 
modulus, porosity, swelling ratio and degradation rate of hydrogels 
endorsed less mechanical strength of MH sample with respect to WH 
sample, it was not significant. However, MTT assay and live/dead 
staining demonstrated more cell retention for MH samples than that for 
WH samples due to more access of cells to nutrients in culture media. 
But higher porosity and more spaces for cell growth in MH samples 
provided free movements and migration of cells leading to more 
growth and proliferations of them. Overall conclusion is that both pH-
sensitive chitosan hydrogels with instant gel formation are promising 
candidates to develop scaffolds for cardiac tissue regeneration. But 
further studies, using chemical and physical stimuli for cell growth and 
cell differentiation toward cardiomyocyte are required. 
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