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Abstract In this study, gelatin/chitosan hydrogels were synthesized using polymer casting and freeze-drying
techniques. The effects of varying concentrations of hydroxyapatite (HA) particles and carbon nanotubes (CNTSs)
on the mechanical and biological properties of the scaffolds were investigated. Scanning Electron Microscopy
(SEM) images showed that increasing the concentrations of HA and CNTSs resulted in a reduction of the average
pore size from 221 + 5.53 um to 80 + 2 pm and 144 + 3.61 pum, respectively. Water absorption capacity decreased
from 2516% to 1367% and 1509% upon increasing HA and CNT content, respectively. Furthermore, the
degradation rate of the scaffolds under in vitro conditions was reduced followed by the addition of nanoparticles.
Compressive strength tests revealed that the Young’s modulus increased from 1.09 + 0.05 MPa up to 4.92 + 0.22

MPa and 2.90 + 0.13 MPa as the HA and CNT concentrations increased, respectively. These findings suggest that
gelatin/chitosan hydrogels containing HA particles and CNTs exhibit desirable microstructural properties,
including uniform distribution of interconnected pores, enhanced swelling capacity, and improved mechanical
performance, making them promising candidates for tissue engineering applications.
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1. INTRODUCTION

Hydrogels have garnered significant attention as
scaffolds for tissue engineering due to their structural
similarity to the extracellular matrix, biodegradability,
good  stability, hydrophilicity, high  porosity,
interconnected pores, high swelling capacity, and ability
to retain large amounts of water (Hafezi et al., 2021; Tran
et al., 2020). Among natural polymers, gelatin and
chitosan are widely employed in tissue engineering
owing to their biocompatibility and biodegradability. The
mechanical properties and stability of chitosan/gelatin
scaffolds can be enhanced by introducing crosslinked
networks or incorporating inorganic particles such as
hydroxyapatite and carbon-based reinforcements
(Moshayedi et al., 2021). In this study, the effects of
adding varying amounts of hydroxyapatite particles and
Multi-Walled Carbon Nanotubes (MWCNTSs) on the
mechanical and biological properties of gelatin/chitosan
polymer blends were investigated.

2. MATERIALS AND METHODS

Hydroxyapatite (HA) powder was synthesized using
calcium nitrate tetrahydrate, di-ammonium hydrogen
phosphate, and ammonia (Merck, Germany). Porcine
skin gelatin (Gel) (Bloom: 90-130) and medium
molecular weight chitosan (Cs) (75-85 % deacetylation,
Sigma-Aldrich, Germany) were used, with acetic acid as
the solvent. Glutaraldehyde (GA) (MW:100.12 g/mol,
Merck, Germany) served as a crosslinker. Multi-walled
carbon nanotubes (MWCNTSs) (20-30 nm, Tamad Kala,

Iran) and Phosphate-Buffered Saline (PBS) tablets
(Tamad Kala, Iran) were also utilized.

2.1. Hydroxyapatite Synthesis

To produce approximately 5/5 + 0/5 g of HA, calcium
nitrate tetrahydrate (12 g) was dissolved in 175 mL of
deionized water, while di-ammonium hydrogen
phosphate (4 g) was dissolved in 125 mL of deionized
water under stirring (VS-130SH, Vison Scientific,
Korea) at an optimal speed of 500 rpm. The phosphate
solution was gradually added dropwise to the calcium
solution. The pH was initially ~6 and was adjusted to 10—
11 using ammonia. The precipitate was dried at 75°C for
90 minutes, washed thoroughly using a vacuum pump
(JP-40V, Kawaki, Taiwan) to remove residual ammonia,
and dried again at 75 °C for 24 hours. The dried
precipitate was ground using an agate mortar and
calcined at 600 °C (heating rate: 5 °C/min) in a furnace
(F11L, AZAR, Iran) to obtain the final HA powder.

2.2. Functionalization of Multi-Walled Carbon
Nanotubes (fF-MWCNTS)

MWCNTSs were functionalized using a 1:3 mixture of
65 % nitric acid and 94 % sulfuric acid. One gram of
MWCNTs was stirred at 600 rpm (VS-130SH, Vison
Scientific, Korea) at 40-60 °C for 24 hours, and then
ultrasonicated (3200, BENDELINE, Germany) for 2
hours to prevent agglomeration. After filtration and
washing to neutral pH, the nanotubes were dried at 60°C
for 24 hours (Shimaz, Iran). Functionalization enhanced
oxidation, interfacial bonding, and dispersion. Followed
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by washing to neutral pH, the nanotubes were dried at 60
°C for 24 hours (Shimaz, Iran).

2.3. HA and -MWCNT Dispersion

HA powder was dispersed in deionized water at
concentrations of 1 %, 2 %, and 3 % by weight, stirred at
500 rpm (VS-130SH, Vison Scientific, Korea) for 60
minutes and sonicated for 30 minutes (Model 3200,
BENDELINE, Germany). f-MWCNTSs were dispersed in
deionized water at 0.2 %, 0.3 %, and 0.4 % by weight,
stirred at 600 rpm for 4 hours and then sonicated for 2
hours.

2.4. Fabrication of gelatin/chitosan Composite
Hydrogels

Chitosan and gelatin were dissolved in 1 % acetic acid
and mixed in a 1:4 ratio. HA suspension (1 %, 2 %, 3 %)
and -MWCNT suspension (0.2 %, 0.3 %, 0.4 %) were
added. The mixture was dispersed by magnetic stirring at
500 rpm (VS-130SH, Vison Scientific, Korea) and
sonication for 30 minutes. Glutaraldehyde (25 %) was
diluted to 0.25 % and added at 3 % by volume based on
total weight. The mixture was cast into molds,
refrigerated, frozen, and freeze-dried (Model 10, Pishtaz
Equipment Sazan Co., lIran) for 34 hours. Table 1
presents the naming convention for the hydrogels.

Table 1. Sample codes and weight percentages* of
components.

Sample code | Cs:Gel HA CNTs GA
(Wt %) | (Wwt%) | (wt%)
CG 1:4 1 0/2 3
CG-HA2 1:4 2 0/2 3
CG-HA3 1:4 3 0/2 3
CG-CNTO0/3 1:4 1 0/3 3
CG-CNTO0/4 1:4 1 0/4 3

* The weight percentages were determined by dissolving the specified
amount of each component in a solvent, calculated based on the weight
of the component relative to the total weight of the mixture

2.5. Characterization of hydrogels

The microstructure of the samples was analyzed using
SEM (VEGA-ll, TESCAN, Czech Republic).
Compressive mechanical properties, swelling behavior,
biodegradation, and cytotoxicity were also assessed in
this study. Compressive strength was then determined
using a uniaxial compressive testing machine (DBBP-50,
Bong Shin, Korea).

3. RESULTS AND DISCUSSION

In terms of mechanical properties, the results
indicated that increasing the amounts of hydroxyapatite
and MWCNTSs significantly enhanced the Young’s
modulus, thereby improving the compressive mechanical
properties of the composite hydrogels (Figure 1).

The SEM images and pore size distribution of
hydrogels with varying HA and f-MWCNTs
concentrations are presented in Figure 2. The average
pore sizes of the scaffolds decreased upon increasing HA
concentrations, from 221 + 5.53 um (CG) to 117 + 2.93
(CG-HA2) and 80 + 2 pm (CG-HAZ3), indicating a denser
and more stable network. The precipitation of HA
particles and electrostatic interactions contributed to
reduced porosity, while f-MWCNTs caused a slight
reduction in porosity without significantly altering the
pore size (Figure 3). Hydrogels with proper dispersion of
HA and f-MWCNTSs exhibited a uniformly distributed,

interconnected porous structure, favorable for cell
attachment and nutrient exchange.
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Figure 1. The stress-strain curve of the synthesized composite
hydrogels measured under compressive stress in the dry state.

Figure 2. SEM micrograph and pore size distribution of
hydrogels A: CG, B: CG-HA2, C: CG-HA3, D: CG-CNTO0/3
E: CG-CNTO0/4.
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Figure 3. The effect of adding HA and f-MWCNTS on the
average porosity of chitosan/gelatin hydrogels.
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The results showed that increasing the HA content
reduced water absorption and swelling due to the
formation of a denser network, whereas f-MWCNTSs had
a minor effect on swelling (Figure 4). The biodegradation
rate decreased with higher concentrations of HA and f-
MWCNT, indicating enhanced structural stability
(Figure 5). Cytotoxicity testing using the MTT assay
demonstrated high cell viability (>70 %) for CG and CG-
CNTO0/3 hydrogels, confirming their biocompatibility
and potential for tissue engineering applications (Figure
6).
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Figure 4. Water absorption capacity of gelatin/chitosan
hydrogels containing various amounts of HA and f-MWCNTs
in PBS (pH = 7.4) at 37 °C over time.
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Figure 5. The degradation rate graph of the samples in PBS
(pH=7.4)at37°Condays3and?7.
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Figure 6. Cellular cytotoxicity test results of CG and CG-
CNTO0.3 composite hydrogels.

4. CONCLUSION

In conclusion, gelatin/chitosan hydrogels reinforced
with hydroxyapatite (HA) and functionalized multi-
walled carbon nanotubes (f-MWCNTSs) exhibited

improved mechanical and biological properties.
Incorporation of HA and f-MWCNTS reduced pore size,
water absorption, and degradation rate while enhancing
compressive strength and Young's modulus. These
modifications resulted in a more stable and dense
network structure, making the hydrogels suitable for
tissue engineering. Among all samples, CG and CG-
CNTO0/3 hydrogels exhibited the best overall
performance, with optimal mechanical strength, swelling
behavior, and biocompatibility. Therefore, CG and CG-
CNTO0/3 are recommended as the most promising
candidates for tissue engineering applications.
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