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c Unità di Chirurgia Plastica e Ricostruttiva, Department of Precision Medicine in Medical, Surgical and Critical Care, University of Palermo, Italy
d Bioengineering Group, Ri.MED Foundation, Palermo, Italy
e UCL Mechanical Engineering, University College London, Torrington Place, London WC1E 7JE, United Kingdom

A R T I C L E  I N F O

Keywords:
Nanocomposite hydrogels
Chitosan
Hydroxyapatite
Spheroids of adipose stem cells
Osteogenic differentiation

A B S T R A C T

Chitosan is gaining scientific recognition as a hydrogel in bone tissue engineering (BTE) due to its ability to 
support osteoblast attachment and proliferation. However, its low mechanical strength and lack of structural 
integrity limit its application. Nanometric hydroxyapatite (HA) is used as a filler to enhance the mechanical 
properties and osteoinductivity of hydrogels. In this study, chitosan-based hydrogels were systematically 
compared by adding 10 %, 20 %, and 30 % HA to evaluate their impact on chemical-physical properties and 
cellular behavior. Mechanical reinforcement of HA was evaluated by rheological and mechanical tests, with 
results showing a marked increase in stiffness and mechanical strength as HA concentration increased. Specif
ically, the Young's modulus and the compression strength increased from 26.8 kPa for chitosan alone to 63.8 kPa 
and with values reaching 183 kPa for the 30 wt% HA sample. Swelling tests revealed a decrease in water ab
sorption with higher HA concentrations, while weight loss measurements showed that the addition of HA 
improved hydrogel stability. Biological analysis demonstrated that stem cells maintained viability, with osteo
pontin expression observed after 14 days of culture, indicating successful differentiation toward osteoblasts. This 
study highlights the significant potential of HA-enhanced chitosan hydrogels for BTE applications, with improved 
mechanical properties and osteoinductive capabilities.

1. Introduction

Three-dimensional (3D) culture systems provide an innovative 
approach to tissue engineering and regenerative medicine by better 
replicating the complexity of in vivo tissues. Two-dimensional (2D) cell 
cultures do not accurately mimic the complex 3D architecture and 
microenvironment of native tissues. This limitation is particularly rele
vant in the context of osteogenic differentiation, where the 3D micro
environment plays a critical role in influencing cell behavior, including 
proliferation, migration and differentiation. While 3D cell culture 
models, such as spheroids, closely mimic in vivo conditions by providing 
the necessary cell-to-cell and cell-to-matrix interactions, their integra
tion with materials, such as nanocomposite hydrogels, has been 

relatively underexplored. Compared to traditional two-dimensional 
(2D) cultures, these devices more accurately mimic the complexity of 
in vivo tissues. Currently, millions of patients suffer from bone defects 
resulting from congenital factors, trauma, inflammation, and tumors 
[1]. The primary challenge in orthopedics is addressing significant bone 
defects, mainly due to the complexity of the bone regeneration process 
[2]. The regeneration capacity of auto/allografts has produced interest 
in exploring alternative approaches for bone tissue engineering (BTE) 
[3]. Bone is a connective tissue with a mineralized extracellular matrix 
(ECM), which consists of 60 % inorganic material, such as hydroxyap
atite, 10 % water, and 30 % organic components such as type I collagen 
fibers [4,5]. Developing scaffolds that mimic natural bone tissue for 
bone tissue engineering (BTE) requires osteoinductive properties. This 
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means that the scaffold should have the ability to promote osteogenesis 
and bone formation. Furthermore, the scaffold must be biocompatible, 
biodegradable, and provide mechanical support such as compressive 
strength. It is also relevant that the scaffold exhibits a high degree of 
pore interconnectivity to facilitate cell distribution and attachment [6]. 
In addition to the material used, the correct cell type is crucial for BTE 
[7]. Mesenchymal stem cells (MSCs) are widely used for this purpose 
due to their high osteoinductivity and osteogenic potential. They can be 
easily isolated from different tissues such as bone marrow (BMSCs) or 
adipose tissue (ASCs) [8–10]. ASCs are obtained from adipose tissue via 
liposuction, a safe and non-invasive procedure, and its allogeneic use is 
possible with a low risk of immunogenicity. For this reason, ASC-based 
therapy is promising and could replace bone grafts [8,11]. MSCs are 
commonly cultured as a two-dimensional (2D) monolayer, but to 
reproduce the in vivo microenvironment more accurately in vitro, three- 
dimensional (3D) culture systems have been developed [12,13]. Three- 
dimensional cellular spheroids, called spheroids of adipose stem cells 
(SASCs) a spontaneous assembly of suspended cells, have received 
attention as they offer unique biological properties [14] such as strong 
cell-cell and cell-extracellular matrix (ECM) interactions [15]. For 
example, Saburina et al. [16] reported that ASCs spheroids express 
osteoblast markers and have angiogenic potential and calcium depos
ited. In addition, SASCs have been shown to enable bone regeneration in 
vivo when seeded above in a study where laminectomy was performed in 
mouse models [17] or after calvaria injury in rat models [18] as well as 
possessing significant immunomodulatory capabilities [19].

In the context of BTE, hydrogel scaffolds play a key role by providing 
a supportive three-dimensional environment for cell growth, prolifera
tion, and differentiation [20]. Hydrogels are 3D cross-linked hydrophilic 
polymer networks that can absorb and retain a significant amount of 
water within their structure. They are able to mimic the ECM due to 
their high water content. Commonly used hydrogel materials for BTE 
include natural polymers such as collagen, chitosan, alginate, and hy
aluronic acid [21,22], as well as synthetic polymers such as polyvinyl 
alcohol (PVA) as reported by Xiang C. and colleagues [3]. Natural 
polymers are suitable due to their excellent biocompatibility, low 
toxicity, and biodegradability [24]. In addition to natural and synthetic 
polymers, composite hydrogels, such as such as PCL fibers/GelMA-based 
systems, are also widely used for their enhanced properties, including 
controlled release capabilities, as demonstrated in recent studies [25]. In 
BTE, chitosan (Chi) scaffolds are a promising alternative due to their 
biocompatibility, biodegradability, osteoinductivity, and antimicrobial 
properties [26,27]. Chitosan is a natural linear amino polysaccharide, 
derived from the deacetylation of chitin [28], insoluble in water but able 
to form a solution in an acidic media. In fact, due to the protonation of 
amino groups, chitosan becomes positively charged in an acidic aqueous 
solution. If a strong base such as NaOH is added to the solution, it reacts 
with the acid protons, neutralizing the solution and deprotonating the 
amino groups, resulting in the formation of a hydrated gel-like precip
itate [21,29–33]. In bone tissue engineering, hydroxyapatite is often 
used as a nanofiller for chitosan hydrogels due to its biocompatibility 
and osteoinductivity and acts as a mechanical reinforcement [34–39]. 
Studies have demonstrated that composite hydrogels based on bio
polymers such as chitosan that incorporates HA exhibit enhanced me
chanical properties and cell-supporting functions, making them highly 
effective in bone tissue engineering applications [40].

The use of HA-loaded composite hydrogels has been shown to not 
only enhance the structural integrity of scaffolds but also to provide a 
sustained release of bioactive factors that promote bone regeneration. 
This combination of HA's biological activity with the advantageous 
properties of chitosan-based hydrogels represents a promising approach 
for developing scaffolds that can facilitate bone healing, support cell 
infiltration, and enhance tissue integration [41]. Recently, Yiqun et al. 
[42] reported that MSCs cultured in 3D chitosan - nanohydroxyapatite 
hydrogel promoted osteogenic differentiation, Kong et al. [43] reported 
that chitosan - nanohydroxyapatite scaffold showed better biomineral 

activity than chitosan hydrogel for BTE.
The primary aim of this study is to compare the effect of three 

different HA concentrations (10 wt%, 20 wt%, and 30 wt%) on the 
biological and chemical-physical properties of chitosan-based hydrogels 
produced via pH-induced physical crosslinking. Specifically, the impact 
of HA concentration on the polymer matrix dispersion, mechanical 
strength, and biocompatibility was evaluated. Notably, our goal is to 
determine the optimal concentration of HA that balances mechanical 
robustness with biological functionality. To achieve this, several tests 
were conducted to assess the hydrogel's mechanical properties, cellular 
compatibility, and its potential to support osteogenic differentiation. 
The incorporation of hydroxyapatite into a chitosan-based hydrogel 
aims to mimic the natural composition of bone, to fabricate a scaffold 
that promotes osteoinductivity [44,45] and mimics the native bone 
extracellular matrix, a viable environment for mesenchymal adipose 
stem cells. Chitosan-based hydrogels were crosslinked using a NaOH 
crosslinking agent to obtain pH variation of acidic chitosan solution, 
thus inducing a physical crosslinking. The physical, chemical, and 
morphological properties of the hydrogels were investigated. Mechani
cal and rheological tests were conducted to assess how the filler modi
fied the mechanical and structural stability of the hydrogel. 
Furthermore, spheroids of adipose-derived stem cells (SASCs) were 
seeded on these hydrogels to assess their biocompatibility and osteo
genic potential. The combination of these materials with a 3D spheroid 
culture model provides a novel approach to studying osteogenesis. By 
focusing on SASCs, this research also aims to further the use of adipose 
tissue as a suitable source of stem cells for BTE. The results highlight the 
ability of these nanocomposite hydrogels to support cell viability and 
osteogenic differentiation, underscoring their potential as customizable 
scaffolds for bone tissue engineering.

2. Materials and methods

2.1. Materials

High molecular weight chitosan (Chi), nano-hydroxyapatite (200 
nm, according to the supplier), acetic acid (AA) (for analysis, 99.8 %), 
sodium hydroxide (NaOH) (ACS reagent, ≥97.0 %, pellets) were pur
chased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's Phosphate- 
Buffer Saline (PBS pH 7.4) was purchased from Gibco (Carlsbad, CA).

2.2. Preparation of chitosan-based hydrogel

The chitosan polymer solution (2 wt%) was prepared by dissolving it 
in a 0.5 vol% aqueous acetic acid solution at 40 ◦C for 5 h under 
controlled stirring. For the chitosan/HA suspensions, the HA powder 
was suspended in an aqueous AA solution containing 0.5 % (v/v) of AA 
with different concentrations (10, 20, and 30 wt% with respect to the 
chitosan phase) for 15 min in an ultrasonic bath. Then, Chi was added to 
the suspension and dissolved at T = 40 ◦C for 5 h under a controlled 
magnetic stirrer. The crosslinking agent was prepared by adding 2 g of 
NaOH to 50 mL of deionized water to achieve a final concentration equal 
to 1 M.

To obtain cylindrical scaffolds, the Chi and Chi/HA solutions were 
loaded into polymethyl methacrylate molds, with a height of 2 mm and 
different diameters. A paper filter soaked in NaOH was placed under and 
over the mold in a Petri dish for 5 min. After the filter was removed, the 
crosslinking procedure was reached by immersing the mold in a NaOH 
bath for 15 min. Once the crosslinking process was completed, the 
hydrogels were soaked in deionized water to remove any excess NaOH.

2.3. Morphological characterization

The morphology of chitosan-based hydrogels was observed by 
scanning electron microscope (SEM) (FEI Quanta 200 F, FEI, USA). Chi 
and Chi/HA hydrogel samples with diameters equal to 15 mm and 2 mm 
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height were frozen at − 80 ◦C and freeze-dried (FreeZone Triad by 
Labconco corporation, USA, Missouri, Kansas City) at − 30 ◦C and 0.220 
mbar for 24 h. After water removal, the samples were fractured under 
liquid nitrogen and attached to an aluminum stub using adhesive carbon 
tape. Before the analysis, the samples were coated with a thin gold layer 
using a Sputtering Scancoat Six (Edwards Laboratories, Milpitas, CA, 
USA) for 60 s under an argon atmosphere to prevent electrostatic 
discharge. The average pore size of the hydrogels was measured using 
ImageJ software.

2.4. FT-IR/ATR analysis

A Fourier transform infrared spectrometer in attenuated total 
reflectance (FTIR-ATR, model IRTracer - 100 spectrophotometer from 
Shimadzu, Europe, Italy, Milan) was used to investigate the chemical 
surface properties of the powdered lyophilized hydrogels. The instru
ment used attenuated total reflectance Fourier transform infrared (ATR - 
FTIR) with an operating wavelength of 4000–500 cm− 1, and a resolution 
of 4 cm− 1. For each material, five samples were tested and the repre
sentative spectra were reported.

2.5. Mechanical characterization

Compression tests were performed on a cylindrical sample 
measuring 40 mm in diameter and 2 mm in height using a universal 
testing machine (UTM, model 5943, Instron, UK). The UTM was 
equipped with a 1 kN load cell and with a BioPulse bath. The tests were 
conducted in PBS at a temperature of 37 ◦C. Uniaxial tests to determine 
the compressive strength and the response under cyclic loading were 
performed on three samples per each condition.

The uniaxial compression test was performed at a strain rate of 1 
mm/min reaching up to 50 % strain. The cyclic tests were performed at a 
compression/unloading speed of 1 mm/min. Cyclic tests applied quasi- 
static triangular ramps with maximum forces incrementally increasing 
from 10 N to 100 N, in 10 N steps. In addition, 100 cycles of compression 
tests reaching a maximum strain of 16 % in all cycles were conducted at 
a speed of 1 mm/min. Cyclic tests mimic physiological conditions and 
allow studying material's ability to withstand mechanical compression 
under cyclic and repeated loading over time. The elastic modulus (E) 
and compressive strength (s) were determined from the stress-strain 
curves. The energy dissipated during compression was determined as 
the area under the stress-strain curve during the cyclic test. For each 
material, seven samples were tested for each type of mechanical analysis 
performed. The stress-strain curves presented are representative of the 
tested samples, while the mechanical parameters derived from these 
curves are reported as average values with standard deviations.

2.6. Rheological characterization

The rheological characterization of polymeric solutions and the 
hydrogels was performed using a Discovery Hybrid Rheometer (HR10 
by TA Instrument) with a plate-plane parallel equipped with a Peltier 
cell. The tests were conducted at a temperature of 37 ◦C to mimic 
physiological conditions. The sample had a height of 2 mm and a 
diameter of 6 cm. A frequency sweep test was carried out for both the 
polymeric solution and the hydrogels in the frequency range of 0.1–100 
Hz with 1 % constant strain. The amplitude sweep test was evaluated 
with an oscillation strain of 0.1–100 % and a constant frequency of 10 
Hz was performed only on cross-linked hydrogels. For each material, 
five samples were tested and the representative curves were reported.

2.7. In vitro swelling test

To study the swelling behavior of hydrogels, the lyophilized samples 
(n = 3) were immersed in 2 mL of deionized water at 37 ◦C in a 

biological incubator. The swelling ratio (%) of the hydrogels was eval
uated by measuring the absorbed water as a function of time Eq. (1): 

Swelling ratio (%) =
(Ws − Wd)

Ws
×100 (1) 

where, Ws and Wd are the weights of the swollen and dried hydrogels, 
respectively.

2.8. In vitro weight loss test

The weight loss of the samples (n = 3) was evaluated by immersing 
hydrogels in phosphate-buffered solution (PBS) (pH = 7.4) at 37 ◦C in 
the incubator to imitate physiological conditions. The weight loss (%) 
was calculated by considering the mass loss at different time points using 
the following Eq. (2): 

Weight Loss (%) =
(W0 − Wt)

W0
×100 (2) 

where, W0 and Wt are the weights at initial time and at different time 
points, respectively.

For each material, five samples were tested and the curves were re
ported as average values with standard deviations.

2.9. Cells culture

Adipose tissue samples (n = 10) were obtained from healthy subjects 
after obtaining informed consent from patients. Samples were taken 
from different anatomical parts (breast, abdominal, and thighs) and 
digested mechanically (30 min or 1 h depending on whether lipoaspirate 
or tissue in a 37 ◦C bath under agitation) and enzymatically (collagenase 
150 mg/mL, Gibco, Carlsbad, CA, hyaluronidase 20 mg/mL, Sigma, St. 
Louis, MO). Next, centrifugation at 1200 rpm for 5 min was performed, 
and the stromal vascular fraction (SVF) was recovered and resuspended 
in stem cell medium and ultra-low attachment flasks (Corning, NY, 
USA). After spheroids isolation occurred, they were counted and stained 
with the vital dye PKH26 (Sigma) which binds to membranes to monitor 
the viability and the morphology during the culture. Then, the cells were 
plated on top of chitosan and chitosan hydroxyapatite scaffolds in 
osteoblastic differentiation condition (Stempro, Gibco, Carlsbad, CA) 
and maintained in a 37 ◦C incubator with 5 % CO2 for 14 days.

2.10. Cell viability analysis

The cell viability of SASCs under all conditions was quantified by the 
MTS assay (3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)- 
2-(4-sulfophenyl)-2Htetrazolium) assay (Promega, Madison, WI). Cells 
were plated in biological triplicates at a density of 20,000 cells/well in 
96-well plates filled with 100 μL/well of culture medium (control) or 50 
μL/well of scaffold and 50 μL/well of culture medium. Fresh medium 
was added every three days until the end of the experiment. In order to 
observe the results obtained at 14 days of culture, the spectrophotom
eter (TECAN Spark 10 M, Switzerland, Europe) was used at an absor
bance of 490 nm.

2.11. Immunofluorescence staining

In order to characterize the differentiation of SASCs after 14 days 
cultured in an osteoblastic medium, cells were first fixed in 4 % form
aldehyde for 10 min at room temperature. They were subsequently 
permeabilized with 0.1 % Triton-X100 and exposed to the rabbit 
osteopontin antibody (Thermofisher Scientific, Massachusetts, USA) 
overnight at 4 ◦C. Then, anti-rabbit alexa fluor 568 secondary antibody 
(Thermofisher Scientific) was used for 2 h at room temperature and the 
nuclei were stained with Hoechst for 10 min at room temperature. 
Immunofluorescence analysis was conducted with a confocal 
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microscope (Leica DM IL LED Fluo, Wetzlar, Germania).

2.12. Luminex investigation

By Luminex plates (PPX-03-MXYMKX2, Thermofisher Scientific), we 
analyzed the presence of three analytes related with osteoblastic dif
ferentiation (BMP-2, BMP-9 and Osteopontin) in the conditioned media 
(or cell culture supernatants) at 14 days of in vitro culture in all scaffold 
conditions. According to the manufacturer's instructions, for each 
cytokine analysis, we subtracted the average value of the basal medium 
used for the differentiation of SASCs to the blank. Next, an average was 
performed from each duplicate sample and the data were processed as 
the intensity value in log10.

2.13. Statistical analysis

The data were analyzed statistically using one-way analysis of vari
ance (ANOVA). When appropriate, comparisons between datasets were 
conducted using the Student's t-test. A significance threshold of p < 0.05 
was applied. ANOVA was utilized to identify significant variations in the 
values obtained from sample characterization, with p < 0.05 indicating 
statistical significance.

3. Results and discussions

3.1. Rheological and mechanical characterization

Fig. 1 shows the fabricated Chi and Chi/HA hydrogels with a height 
of 2 mm and a diameter of 6.5 mm. As shown, it is worth noting that the 
hydrogel maintains its shape even after the removal of the mold. This 
ability to retain shape suggests remarkable mechanical stability. In 
addition, a difference in color between Chi and Chi/HA (10, 20, and 30 
wt%) can be qualitatively observed. The Chi hydrogel was more trans
parent, while the presence of nano-hydroxyapatite gave the Chi/HA 
hydrogel a milky color.

Tests were performed to evaluate the rheological and mechanical 
response of the biopolymeric solutions and cross-linked hydrogels [42]. 
The rheological analyses were essential to assess the effect of different 
HA concentrations on the viscosity of the polymer solutions and to 
evaluate the effect of the filler on the stiffness of the chitosan-based 
hydrogels. Frequency sweep tests were conducted to evaluate key 
rheological properties, including complex viscosity (η*), storage 
modulus (SM), and loss modulus (LM). Fig. 2A presents the flow curves 
and complex viscosity as a function of angular frequency (ω) for each 
polymeric solution. The flow curves exhibit pseudoplastic behavior, 
with complex viscosity decreasing as the angular frequency increases. 
Notably, at low frequencies, the flow curve of the Chi solution flattens, 
indicating a pseudo-Newtonian behavior. In contrast, the addition of HA 
nanofillers to the Chi/HA solution results in a significant increase in 
complex viscosity, particularly at low and medium frequencies, with the 
viscosity rising as the HA concentration increases. At high frequencies, 
this effect diminishes, and the complex viscosity approaches values 
similar to those of the Chi solution. The flow curves further highlight the 
shear-thinning behavior of the polymeric solutions, where complex 
viscosity decreases as the applied stress increases, consistent with find
ings by Tang et al. [46]. The shear-thinning effect becomes more pro
nounced with higher HA concentrations in the Chi/HA solution, 
suggesting the formation of a semi-3D nanoparticle network within the 
chitosan-based suspensions [47]. Fig. 2B shows the storage (SM) and 

loss modulus (LM) as a function of angular frequency for the polymeric 
solutions. At high frequencies, the solutions exhibit a liquid-like 
behavior, with the loss modulus (LM) exceeding the storage modulus 
(SM) for all formulations. The introduction of HA significantly altered 
the rheological behavior of the solutions, especially at low frequencies. 
Specifically, the addition of HA resulted in a marked increase in the 
storage modulus, which became almost independent of frequency in the 
nanocomposite solutions. This suggests a transition from liquid-like to 
solid-like viscoelastic behavior, with the storage modulus increasing in 
proportion to HA concentration. Notably, the Chi/HA 30 wt% solution 
exhibits a crossover between the loss and storage moduli [46,48]. This 
behavior observed at low frequencies can be attributed to the formation 
of a semi-3D nanoparticle network, which restricts the polymer relaxa
tion process [49]. These findings are consistent with previous research 
by Adhikari et al. [50] which reported a transition from liquid-like to 
solid-like response in the low frequency region for a dispersion of hy
droxyapatite in an alginate-based bioink.

Fig. 3 shows the results obtained from the frequency sweep test 
conducted on the hydrogel, confirming a solid-like behavior, charac
terized by a flat curve of the storage modulus and values of SM much 
higher than LM as a function of frequency [51]. This solid-like behavior 
was observed over the frequency range investigated for each hydrogel, 
confirming the efficacy of the cross-linking protocol. Moreover, the 
hydrogel exhibited relatively stable G′ and G″ moduli throughout the 
frequency range, slightly increasing with HA concentration. Chitosan 
exhibits a soft consistency and ductile properties; however, rheological 
tests suggest that the incorporation of HA into the chitosan matrix 
significantly enhances the material's stiffness [52].

To identify the linear viscoelastic region (LVR), the stress range in 
which G′ is independent of the applied shear stress, an oscillation 
amplitude sweep test was conducted for each hydrogel. Specifically, the 
hydrogels were subjected to a stress sweep to the point of rupture.

Fig. 4 illustrates that the G′ values are lower than the G″ values, 
indicating that all hydrogels exhibit predominantly elastic (solid-like) 
behavior. Both G′ and G″ increase with higher HA concentrations, sug
gesting good interfacial compatibility between the polymer matrix and 
the nanofiller. The cross-over point, where G′ surpasses G″, marks the 
transition to liquid-like behavior and signifies the disruption of entan
glements formed by hydrogen bonds between the deprotonated -NH2 
and -OH groups. This disruption signals the end of the elastic region, 
occurring at a critical stress [52]. As HA concentration increases, the 
cross-over point shifts to higher strains, demonstrating that the addition 
of HA nanoparticles enhances the polymer matrix's resistance to shear 
stress [52,53]. The liquid-like behavior observed at high frequencies in 
the Chi/HA 10 wt%, Chi/HA 20 wt%, and Chi/HA 30 wt% formulations 
can be attributed to the disruption of the nanoparticles' three- 
dimensional structure [54]. The rheological results highlight the effect 
of HA concentration on both viscosity and mechanical properties of the 
chitosan-based hydrogels. These findings confirm that HA acts as a 
mechanical reinforcement for the hydrogel structure, which are typi
cally characterized by low rigidity.

The mechanical properties of chitosan hydrogels with different HA 
filler concentrations were assessed through uniaxial compression tests. 
Fig. 5 presents the stress-strain curves, while Table 1 reports Young's 
modulus, maximum compression strain, and compressive toughness at 
80 % strain. As shown in Fig. 5, the slope of the stress-strain curves 
increases with higher HA concentrations, indicating increased stiffness. 
Table 1 shows a rise in Young's modulus from 26.8 kPa for Chi to 63.8 
kPa for Chi/HA 30 wt%. The compression strength also increased with 

Fig. 1. Comparison of chitosan-based hydrogels (Chi) and chitosan/hydroxyapatite (Chi/HA) nanocomposite hydrogels containing 10 wt%, 20 wt%, and 30 wt% HA. 
The images highlight differences in color and transparency, indicating HA incorporation.
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HA: 70 kPa for Chi, 90 kPa for Chi/HA 10 wt%, 140 kPa for Chi/HA 20 
wt%, and 183 kPa for Chi/HA 30 wt%.

Compressive toughness rose from 1309.26 kJ/m3 for Chi to 3657.57 
kJ/m3 for Chi/HA 30 wt%. Different factors such as HA particle size and 
distribution, mechanical properties of the chitosan, and interfacial in
teractions between chitosan and HA can contribute to changing the 
mechanical properties of the material [55]. The results suggest that the 
addition of HA nanofiller, acting as a mechanical reinforcement, effec
tively improved the mechanical strength of the hydrogel structure, as 
confirmed in the literature [56,57]. This may be due to good interaction 
between HA and the Chi matrix and to the formation of secondary 

crosslinking points between Chi and HA, able to reduce the free move
ment of polymer chains [58], coherently with the morphological results 
that will be discussed later.

For application as bone-tissue materials, hydrogels are required to 
bear repetitive loads for a short time; therefore, a fatigue cycle test was 
conducted to assess the performance of the hydrogels.

Cyclic compression tests were performed to evaluate the hydrogel's 
performance under repeated stress (Fig. 6). Panels A to D of Fig. 6 show 
the stress-strain curves for Chi and Chi/HA composites (10 wt%, 20 wt 
%, and 30 wt%) up to 100 cycles. Hysteresis decreased in subsequent 
cycles, stabilizing, which indicates rapid self-recovery and fatigue 

Fig. 2. Rheological behavior of polymeric solutions: (A) Representative flow curves showing complex viscosity versus angular frequency, demonstrating shear- 
thinning behavior with increasing HA concentration; (B) representative storage modulus (SM) and loss modulus (LM) as a function of angular frequency, 
revealing HA's impact on viscoelastic properties. For each material, the curves shown represent one of the five tested samples.

Fig. 3. Rheological properties of hydrogels. Representative storage (SM) and loss modulus (LM) as a function of angular frequency confirm the solid-like behavior of 
Chi and Chi/HA hydrogels and the stiffening effect of HA. For each material, the curves shown represent one of the five tested samples.
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resistance. In the first cycle, a larger hysteresis was observed, likely due 
to the breaking of chemical crosslinks [52]. As the cycles progressed, 
hysteresis decreased and stabilized, indicating that the hydrogels exhibit 
rapid self-recovery and fatigue resistance [52]. This behavior suggests 
that the hydrogels are able to reorganize and dissipate energy effectively 
during deformation, consistent with previous reports [3,60].

Additionally, Fig. 7 quantifies the dissipated energy for each cycle, 

which was influenced by both HA concentration and the number of 
cycles. Higher HA concentrations and more cycles resulted in a more 
elastic material, showing improved recovery and resilience. The tighter 
hysteresis and enhanced energy dissipation observed in the samples 
highlight the significant impact of HA concentration and cyclic loading 
on the hydrogel's mechanical performance [52,61]. The mechanical 
testing clearly demonstrated a significant increase in both Young's 

Fig. 4. Representative oscillation strain sweep test results for hydrogels. Storage modulus (SM) and loss modulus (LM) indicate enhanced elasticity and resistance to 
deformation with higher HA concentrations. For each material, the curves shown represent one of the five tested samples.

Fig. 5. Representative stress-strain curves from uniaxial compression tests of Chi and Chi/HA hydrogels. Increasing HA concentration improves stiffness and me
chanical strength. For each material, the curves shown represent one of the seven tested samples.
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modulus and compressive strength correlated with HA concentration. 
This enhancement in mechanical stability is crucial for the fabrication of 
materials capable of providing the necessary structural support. 
Furthermore, the composite hydrogel exhibits promising mechanical 
properties for bone tissue applications, demonstrating rapid self- 
recovery and resistance to cyclic loading forces. These results are 
consistent with the findings of Kumar et al. [52], which demonstrated 
the ability of HA to enhance the Young's modulus of a Chi-based 
hydrogel, even though the filler concentrations used in their study 
were an order of magnitude lower.

3.2. Morphological analysis

Fig. 8 shows the morphology of the cross-sectioned lyophilized 
hydrogels. As can be observed, the freeze-drying process resulted in an 
interconnected and defined porous structure with an average pore 
diameter of ∼ 200 μm in the case of Chi hydrogel and ∼ 100 μm in the 
case of Chi/HA hydrogel, also featured by very thin walls, in agreement 
with scientific literature [52,37,63]. As already observed in other works 

[22], the addition of HA led to a reduction of the mean pore size of the 
structure. According to Emami et al. [65] this result can be ascribed to 
an increase in the crosslink density in the presence of HA nanoparticles 
that can act as secondary crosslinking points for Chi, resulting in a more 
compact architecture. At higher magnification, the presence of HA 
nanoparticles can be observed in the Chi/HA samples. As expected, the 
number of particles increases upon increasing the HA concentration in 
the hydrogel.

The SEM analysis shows that the nanoparticles are homogeneously 
distributed in the polymer matrix and their average diameter is almost 
uniform, confirming that the nanoparticles are well-dispersed in the 
polymer solution. This indicates an efficient dispersion process, ensuring 
that the nanoparticles are adequately integrated into the polymer so
lution. The proper distribution of the nanoparticles is crucial for 
improve the material's properties.

3.3. FTIR-ATR analysis

The chemical features of HA particles, and lyophilized Chi and Chi/ 
HA hydrogels were evaluated using FTIR-ATR spectroscopy (Fig. 9). The 
spectra of nano HA particles showed a strong absorption band around 
1021 cm− 1 corresponding to the asymmetric stretching vibration mode 
of phosphate PO4 bend (ν3), and PO4 stretch (ν3) at 962 cm− 1 [66–68]. 
The peaks at 601 cm− 1 and 565 cm− 1 are attributed to the stretching of 
P–O bonds or the ν4 phosphate mode vibrations [66,67]. The bands at 
875 cm− 1 and 1450 cm− 1 correspond to the ν2 vibration and the 
stretching vibrations of the carbonate group (CO3 

2− ), respectively [69]. 
The FTIR spectra of Chitosan show a peak at 1550 cm− 1 corresponding 
to C–N bending and a peak at 1150 cm− 1 and 1090 cm− 1 describing the 
C–O stretching [70]. It is possible to see that the absorption band 
around 1600 and 1650 cm− 1 corresponds to the stretching of C––O [70]. 
The other characteristic peaks of Chitosan at 3450 cm− 1, 3300 cm− 1, 
and 2900 cm− 1 correspond to the stretching of bond O–H, amine I, and 
C–H, respectively [70], not shown in Fig. 9. Chi/HA composites showed 

Table 1 
Summary of mechanical properties of Chi and Chi/HA hydrogels. Increasing HA 
concentrations enhance Young's modulus, compressive strength, and toughness. 
Significant differences within the same column (p < 0.05) are indicated by 
different letters, as determined using multiple Student's t-tests.

Sample Elastic modulus 
E [kPa]

Compressive 
strength [kPa]

Compressive toughness 
[kJ/m3]

Chi 26.8 ± 1.01a 70 ± 1.32a 1309.26 ± 2.32a

Chi/HA 
10 %

30.3 ± 5.78b 90 ± 5.45b 1591.36 ± 3.57b

Chi/HA 
20 %

40.8 ± 6.14c 140 ± 6.12c 2566.19 ± 2.57c

Chi/HA 
30 %

63.8 ± 6.3d 183 ± 6.78d 3657.57 ± 4.71d

Fig. 6. Cyclic compression behavior of hydrogels. Stress-strain curves for Chi and Chi/HA hydrogels after 100 cycles show rapid recovery and fatigue resistance. For 
each material, the curves shown represent one of the seven tested samples.
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the characteristic peaks of both, chitosan and HA samples, although the 
peaks related to HA particles were overlapped by the more intense peaks 
of chitosan. The PO4 peak at 601 cm− 1 and 560 cm− 1 can also be easily 
recognized in the composite hydrogels and did not show any wavelength 
shifts compared to the nanohydroxyapatite. As expected, results showed 
that the intensity of the peaks ascribable to the HA particles increased 
with increasing filler concentration in the composites [52,71]. It is 
noticeable that with the addition of HA, the intense peak at about 1021 
cm− 1 becomes more prominent, overlapping with the chitosan peak at 
1090 cm− 1, which appears less distinct. This phenomenon was more 
prominent as the concentration of HA in the composites increased. The 
absence of wavelength shifts in the Chi/HA composites suggested that 
the interactions between the two phases were only physical without any 
chemical reaction. The results effectively confirm the presence of HA in 
the hydrogel structure, indicating a successful dispersion process.

3.4. Loss weight test

The evaluation of weight loss of hydrogel is an important factor to 
evaluate its stability in a physiological environment and its applica
bility. Typically, the degradation of the polymer occurs due to processes 
such as simple dissolution, hydrolysis, and enzymatic activity. The 

hydrolytic process involves the cleavage of covalent bonds with water 
[72]. The weight loss analysis for each formulation was carried out in 
vitro at 37 ◦C in PBS, as presented in Fig. 10. All samples have proven to 
gradually lose weight during the 21 days of incubation. The samples 
containing the higher HA concentration (Chi/HA 30 wt%) experienced 
lower weight loss. This can be attributed to the stabilizing effect of HA, 
which, through its phosphate groups, helps to buffer the degradation 
process. This finding is consistent with previous studies, including those 
by Triyono et al. [73], who observed a similar effect in HA-incorporated 
nanocomposite hydrogels. In addition, B. Kaczmarek et al. [74] also 
reported that the incorporation of HA in composite materials contributes 
to a reduction in degradation rates. This further supports the notion that 
HA plays a critical role in enhancing the material's stability under 
physiological conditions, possibly by influencing both the physical and 
chemical degradation pathways.

3.5. Swelling test

Fig. 11 shows the swelling ratio of Chi and Chi/HA hydrogels at 0, 
15, and 30 min, 1, 5, and 24 h. The results suggest that the Chi sample 
tends to swell slightly more than the others. Nonetheless, all hydrogels 
achieved equilibrium after 15 min of immersion in water. The addition 

Fig. 7. Dissipated energy during cyclic compression. Hydrogels with higher HA concentrations exhibit increased elasticity and reduced energy loss, demonstrating 
better structural recovery. Significant differences (p < 0.05) are indicated by different letters, as determined using multiple Student's t-tests.

Fig. 8. SEM images of Chi and Chi/HA hydrogels. The porous structures of hydrogels are shown, with smaller pore sizes observed as HA concentration increases.
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of HA slightly changed the swelling characteristics, specifically by 
decreasing it [75]. The statistical analysis revealed a significant differ
ence only between the Chi sample and the Chi/HA nanocomposite sys
tems, indicating an ‘on-off’ effect attributed to the additive. However, 
this effect appears independent of the additive's concentration in the 
hydrogel system. This behavior can be likely explained by assuming that 
HA acts as a physical impediment to the absorption of water by the 
lyophilized structure. This could be due to the reinforcement created by 
the additional hydrogen bonds which hinder the free movement of the 
polymer chain [75,57]. In addition, the reduced swelling ratio may also 
be correlated to the pore structure of the hydrogels. As highlighted in the 
scientific literature, a smaller average pore size is associated with lower 
swelling capacity, as smaller pores limit the space available for water 
retention [75,77]. This phenomenon aligns with previous findings, 
which reported that larger pores facilitated greater water uptake and 
consequently enhanced swelling behavior [74,78]. The presence of HA 

in the hydrogel matrix likely influences the pore morphology, resulting 
in a denser and more compact network. This structural modification 
might explain the observed changes in the swelling behavior, further 
supporting the hypothesis of HA acting as a structural and functional 
modifier of the hydrogel matrix [52].

3.6. Biological analysis

The viability of SASCs was quantified by MTS analysis on the cell- 
seeded onto scaffolds at 14 days when osteoblastic differentiation is 
expected to have already happened. Analyses showed an increase of 
proliferation into Chi (1.5 fold) and Chi/HA 10 wt% (2 fold) when 
compared with the culture condition without the scaffold. A different 
behavior was observed when the concentration of HA increased. In fact, 
SASCs showed a preserved viability into Chi/HA 20 wt% and a slight 
decrease into Chi/HA 30 wt% (Fig. 12A). This behavior is likely 

Fig. 9. FTIR-ATR spectra of nanohydroxyapatite (HA), Chi, and Chi/HA hydrogels. Characteristic peaks indicate the successful incorporation of HA without chemical 
interactions. For each material, the spectra show one of the five tested samples.

Fig. 10. Weight loss of hydrogels over 21 days in PBS. Hydrogels with higher HA concentrations demonstrate improved stability and reduced degradation. Data 
reported as average values of five samples with standard deviations.
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associated with the osteoinductive properties of HA, which promote a 
shift from cell proliferation to differentiation. This hypothesis is also 
confirmed by a study by Soriente et al., where they observe the viability 
of mesenchymal stem cells in osteoinductive medium cultured on Chi 
and HA at 50, 60 and 70 %, reporting a reduction in viability at high 
concentrations [79]. In addition, scaffold porosity and pore size play a 
predominant role in seeding, cell proliferation, nutrient and oxygen 
diffusion, and overall true tissue formation [80]. In this context, it has 
been observed that HA scaffolds with higher porosity allow vasculari
zation, providing sufficient oxygen and nutrient flow to allow direct 
bone formation in in vivo rat models compared with those with lower 
porosity [81]. These results allow us to state that conditions in which 
there is a high concentration of hydroxyapatite lead to a decrease in the 
porosity of the scaffold, with consequent stress on the cells, as observed 
in this study. To track whether the scaffold can support the proliferation 
and osteoblastic differentiation of SASCs, they were labeled with the red 
PKH26 dye, which stains the cell membrane of living cells, and placed 
within the different scaffolds with osteoblast differentiation medium. 
The morphology of the cells in the systems was examined through 
fluorescence microscopy, showing a cell distribution on the surface and 
in the layer thickness of the scaffold after 14 days of culture (Fig. 12B/C/ 
D/E).

In addition, to validate the successful differentiation into osteoblastic 
cells, we evaluated the osteopontin expression, a typical protein that 
plays a role in bone homeostasis by providing the basis on which bone 
forms [57,82] and the production of osteoblastic markers (BMP-2, BMP- 
9 and osteopontin) in the conditioned medium of the samples. The 
confocal microscopy z-stack visualization confirmed the presence of 
osteopontin-positive cells in all systems, as can be seen in Fig. 13. 
Furthermore, the quantification of the Z size showed the effective 
colonization of the cells seeded on the top of the systems, with the range 
of 25–200 μm. Surprisingly, instead, BMP-2 was released in small 
quantities (10 pg/mL) in all samples, BMP-9 wasn't express and osteo
pontin only in the control group: SASCs. A possible interpretation of 
these data is that these factors didn't release in the medium but they 
were perhaps deposited on the scaffold. In particular, the osteopontin 
expression was found in intracellular space, as visible in Fig. 13 [83,84].

4. Conclusion

In this work, nanocomposite chitosan-based hydrogels for bone tis
sue engineering applications were successfully produced via pH-induced 
cross-linking. The effect of the nanometric hydroxyapatite concentra
tion, from 10 wt% to 30 wt%, on the chemical-physical properties of the 
hydrogels was systematically investigated. Rheological analysis high
lighted the ability of the nanometric filler to induce a shear-thinning 
behavior on the chitosan solutions as well as the efficacy of the cross- 
linking protocol. Mechanical tests demonstrated that the hydrogel's 
stiffness could be adjusted by varying the HA concentration, exhibiting 
an increase of the elastic modulus higher than 100 % when 30 wt% of 
HA is loaded in the hydrogel. The nanocomposite hydrogels showed 
rapid self-recovery and resistance to cyclic loading applications, as 
confirmed by compressive fatigue tests up to 100 cycles. The weight loss 
analysis revealed that HA improves the in vitro stability of the hydrogel 
by reducing the weight-loss ratio and the total weight loss up to 21 days. 
The swelling capacity of the hydrogels was minimally influenced by HA 
incorporation and remained consistent across different HA concentra
tions. Biological evaluation conducted by seeding mesenchymal stem 
cells derived from adipose tissue (SASCs) shows the scaffolds' biocom
patibility and the HA effect in osteoinductivity behavior. The findings 
suggest that the chitosan-based hydrogel incorporating 10 wt% HA 
concentration provides a promising scaffold for bone tissue engineering. 
Despite the promising results, some limitations should be noted. This 
study focused on short-term properties, neglecting the long-term sta
bility and degradation behavior, which are crucial for clinical applica
tions. Biocompatibility and osteogenic differentiation were conducted in 
vitro, which may not fully replicate the in vivo microenvironment. 
Additionally, only three concentrations of HA (10 %, 20 %, and 30 %) 
were tested, suggesting that a wider range of concentrations could 
provide a more comprehensive understanding. Biocompatibility was 
assessed using a single 3D cell model (SASCs), but evaluating multiple 
cell lines or co-culture systems would provide a comprehensive insight 
into the hydrogel's performance. Future studies should explore the 
incorporation of cells within the polymer matrix to create a cell-laden 
structure or a bioink, as well as investigate regenerative properties of 
these materials in dynamic culture systems such as Organ-on-Chip 
models or bioreactors, which more closely mimic the physiological 
environment. Additionally, in vivo studies should be conducted to 

Fig. 11. Swelling behavior of hydrogels. Swelling ratios decrease with increasing HA concentration, suggesting HA's impact on water absorption. Data reported as 
average values of three samples with standard deviations.
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evaluate the performance of the most promising scaffolds under physi
ological conditions. These approaches could provide valuable insights 
into the scaffolds' potential for clinical translation. The use of primary 
cells, as demonstrated in this work, underscores the relevance of these 
materials in the field of personalized medicine, paving the way for 
tailored bone regeneration strategies.
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