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Abstract: Chitosan-based scaffolds offer significant potential in tissue engineering and regenerative medicine. Whilst exhibiting great bio-regenerative and biocompatible 
properties, their mechanical properties remain quite poor. The presented research is focused on the modification of macroporous chitosan scaffolds with various amounts of 
bioactive ceramics (hydroxyapatite) and its influence on the physical and rheological properties of the composite scaffold. Chitosan/hydroxyapatite composite scaffolds with a 
highly porous microstructure have been prepared by suspending hydroxyapatite (HAp) particles into the chitosan matrix. According to SEM imaging, homogeneous dispersion of 
the inorganic phase in a chemically-crosslinked chitosan matrix had been achieved. The obtained composite scaffolds exhibited lower swelling capacity with respect to pure 
chitosan after 24 h of incubation in Hanks’ balanced salt solution. Rheological measurements show an increase in storage and loss modulus indicating an improvement in 
mechanical properties under shear stress. Furthermore, no significant change in loss factor (tanδ) was observed indicating no change in composite viscoelastic properties with an 
increase in HAp content. 
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1 INTRODUCTION 
 

Bone is a complex and dynamic tissue that provides 
mechanical support to the body and plays crucial roles in 
calcium homeostasis and haematopoiesis [1]. The inorganic 
phase of bone is primarily composed of calcium phosphates 
(CaP), predominantly in the form of hydroxyapatite (HAp, 
Ca10(PO4)6(OH)2) which corresponds to 65 - 70% of bone 
tissue [2]. The organic phase is mainly collagen, a large 
fibrous protein equivalent to the remaining portion [3, 4]. 
Collagen is mostly responsible for the elastic resistance of the 
bone, acting as a matrix for the deposition and growth of 
mineral salts [2, 5, 6]. Human bone can be divided into strong 
low-porous (cortical) tissue with high stiffness and soft 
spongy (trabecular) bone tissue with low strength. The inner 
part of the bone (trabecular) has a three-dimensional highly 
porous spongy structure with a pore diameter of 100 - 500 
μm allowing for unhindered diffusion of nutrients and 
metabolic waste through the bone [7, 8]. 

To aid in the bone recovery process, calcium phosphates 
such as brushite (CaHPO4×2H2O), monetite (CaHPO4), 
tricalcium phosphate (Ca3(PO4)2) and hydroxyapatite (HAp) 
can be used. The interest in these phosphates is due to their 
biocompatibility, bioactivity, resorbability and chemical 
similarity to the mineral component found within 
mammalian bones. However, most attention is put on HAp 
owing to its thermodynamic stability within body fluids [9, 
10].    
 The first stage in bone tissue engineering begins with the 
design and fabrication of a porous 3D scaffold. In general, 
the scaffold should be fabricated from a highly biocompatible 
material that avoids the possibility of eliciting an 
immunological or foreign body reaction [11]. Furthermore, 
the chosen material should be able to degrade and resorb into 
the body at a controlled rate, matching the rate of specific 
tissue growth [12]. The incorporation of bioactive ceramics, 
such as HAp, into a biodegradable polymer matrix could 
produce bioactive composite materials that mimic natural 

human bone. A composite material would also improve 
biocompatibility and hard tissue regeneration owing to the 
embedded ceramic particles within the polymer matrix [13]. 
Furthermore, if the 3D scaffold is used as a temporary load-
bearing support, the structure should maintain the load 
without showing fatigue or failure. Therefore, the scaffold 
should achieve a direct bond with surrounding tissue, and at 
the same time be completely degradable leaving space for 
new tissue growth. [12, 14].   
 One of the most investigated biocompatible and 
biodegradable polymers for 3D porous scaffolds preparation 
is a linear polysaccharide chitosan (CHT). It is known for its 
biocompatible, hydrophilic, non-toxic and biodegradable 
properties [15, 16]. Chitosan allows for the formation of 
hydrogels which can be used to create optimal 3D porous 
scaffolds with suitable microstructure for cell proliferation 
and differentiation; therefore, it has been applied in cartilage 
tissue engineering [17, 18], wound healing [9] and bone 
engineering or orthopaedic applications [19, 20]. 
Unfortunately, it cannot induce and accelerate bone tissue 
regeneration [21] and also possesses low mechanical 
properties due to its hydrogel nature, resulting in poor 
performance as a load-bearing material [2]. Previous research 
by Santos et al. [9] describes the dependence of cellular 
growth on the mechanical properties, more precisely, the 
elastic modulus of biodegradable materials, where an 
increase in cell growth can be observed with a modulus close 
to bladder tissue. Here, the choice of crosslinking then plays 
a pivotal role in scaffold properties. The option between 
physical [22] and chemical [23] crosslinking of chitosan can 
determine the scaffold’s in vivo behaviour. If chitosan is 
cross-linked via physical interactions, it can result in "weak 
gels" with higher degradation ability but lower mechanical 
properties. The use of a chemical crosslinking agent such as 
genipin, results in a "strong gel" with higher resistance to 
degradation and improved mechanical properties [24, 25].    
 In this work, chemically-crosslinked chitosan scaffolds 
were modified by different amounts of hydroxyapatite 
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particles in order to prepare composite scaffolds for bone 
tissue engineering applications. According to Budiraharjo et 
al. [26] the addition of HAp supports osteoblast attachment 
and proliferation as well as osteoblastic differentiation of 
bone marrow stem cells. Jongwattanapisan et al. [27] further 
confirmed bioactivity by the formation of an apatite layer on 
the surface of the scaffold allowing for its in vivo 
osteoinductive behaviour. The incorporation of HAp within 
the polymeric matrix can likely improve mechanical 
properties under shear stress, possibly increasing the storage 
and loss moduli which can then be reflected in the material's 
ability to withstand higher shear stress when implanted in 
living organisms [28, 29]. In this work, we investigated the 
influence of different hydroxyapatite content on the physical 
and rheological properties of potential bone scaffolds. The 
CHT/HAp scaffolds were fabricated by thermally induced 
phase separation and chemically crosslinked using genipin. 
The rheological test showed that prepared scaffolds act as 
‘strong gels’ when subjected to shear stress, with slightly 
increased storage modulus when hydroxyapatite was added.  
Obtained chitosan/hydroxyapatite scaffolds were designed as 
potential structures for aiding in the restoration of small bone 
defects with limited load-bearing capabilities. 
 
2 EXPERIMENTAL PART 
2.1 Synthesis of Hydroxyapatite 
  

 A predetermined amount of calcium carbonate (CaCO3; 
Lachner, Neratovice, Czech Republic) was added into a 0.5% 
(v/v) solution of acetic acid (Acetic acid 99.8%; Lachner 
Neratovice, Czech Republic) and left for 2 hours under 
vigorous stirring. Then, a specific amount of ammonium 
dihydrogen phosphate (Lachner, Neratovice, Czech 
Republic) was added, with respect to the hydroxyapatite 
molar ratio Ca/P of 1.67. The pH of the solution was then 
adjusted to 9 using ammonia (Alkaloid Ad Skopje; Skopje, 
North Macedonia) and left for 24 hours under vigorous 
stirring at ambient temperature. The obtained precipitate was 
then filtered, washed with demineralized water until neutral 
pH and dried at 60 °C. 

 
2.2 Preparation of Composite Scaffolds 
 
 Chitosan scaffolds were prepared as follows: CHT 
(Chitoscience 85/200; Heppe Medical Grade Chitosan) was 
dissolved in acetic acid 0.5% (v/v) in order to obtain a 1.2% 
(w/v) chitosan solution. After the solution was filtered, 
genipin (Cayman Chemical Company; Ann Arbor, MI) (a 
crosslinking agent) was added to the solution (2% w/w in 
respect to chitosan) and stirring was resumed for 4 h. 
Following the process of homogenization, the resulting 
solution was poured into a 24-well plate and subjected to a 
24-hour incubation period at 50 °C to facilitate the 
crosslinking reaction. The obtained cross-linked hydrogels 
were subsequently frozen at ‒22 °C and subjected to a 48-
hour lyophilization process using a Kambic LIO-5PLT 
(Slovenia) freeze-dryer. Afterwards, the dried scaffolds 
underwent a wash in acetone (T.T.T; Sveta Nedelja, Croatia) 
to eliminate any potential genipin residues. These samples 

were labelled as CHT.  
 Chitosan/hydroxyapatite composite scaffolds were 
prepared as follows: initially, the chitosan solution was 
prepared as previously outlined, following, different mass 
fractions of hydroxyapatite were introduced (10 - 30% wt.) 
under vigorous stirring for 2 hours. Additional 
homogenization of the obtained suspension was achieved by 
using a Sonoplus (Germany) 400 ultrasonic probe (40% 
amplitude) for 3 min. Subsequently, genipin was added to 
crosslink the prepared composite suspension, following the 
earlier described method. The obtained composite scaffolds 
were denoted as HAp 10, HAp 20 and HAp 30 corresponding 
to the hydroxyapatite weight ratio in composite scaffold. 
  
2.3 Composite Scaffolds Identification 
 
 The prepared materials were analysed using a Bruker 
Vertex 70 ATR-FTIR spectrometer (Massachusetts, USA) at 
a resolution of 2 cm-1 in a spectral range of 4000 - 400 cm‒1 
with 32 scans set at a temperature of 20 °C.  

The mineralogical composition was identified by XRD 
analysis on a Shimadzu XRD 6000 device (Japan) with CuKα 
radiation at a voltage of 40 kV and a current of 30 mA. XRD 
patterns were obtained in step mode in the range of 2θ angles 
from 5 to 70 ° with a step of 0.02 ° and a step hold of 0.6 s. 
The average crystallite size of the prepared powder was 
calculated on the whole diffraction pattern using the 
DIFFRAC.SUITE TOPAS V.5.0 software (Bruker, 
Karlsruhe, Germany). Recommended physically sound 
crystallite value, volume weighted mean size calculated with 
the integral breadth-based calculation (Lvol-IB), was 
reported. The structure of Holly Springs HAp [30] was used 
as a starting model without the inclusion of CO3

2– in the 
structure. 

The microstructure of composite scaffolds was imaged 
by scanning electron microscope (SEM) TESCAN Vega3 
SEM Easyprobe (Czech Republic) with an electron beam 
energy of 10 keV. An energy-dispersive X-ray (EDX) 
spectrometer (Bruker B-Quantax; Massachusetts, USA) 
connected to the SEM has been used to determine the 
elemental composition of the scaffolds. Prior to the 
SEM/EDX analysis, the samples were sputtered with gold 
and palladium for 90 s.  
 
2.4  Swelling Behaviour 
 

The swelling ability of the composite scaffolds was 
evaluated in Hanks' balanced salt solution (HBSS, pH 7.4) 
for 24 h at a constant temperature of 37 °C. After incubation 
time, samples were delicately collected and washed using 
demineralized water. The swelling degree (%) was expressed 
as a weight ratio of the absorbed medium and dry sample.  
 
2.5  Rheological Properties 
 

The storage and loss moduli of hydrogels were 
performed on a rheometer HR 30 Discovery Hybrid 
Rheometer (TA Instruments; Delaware, USA). Previously 
swollen samples were placed in parallel plate geometry (25 
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mm diameter and 1000 μm gap) and then fixed with a preload 
force (0.7 N). All measurements were carried out at 37 °C. 
First, an amplitude sweep test carried out at a constant 
frequency of 0.2 Hz with a strain range from 0.01 to 100.0% 
was performed to determine the linear viscoelastic range.  
 
2.6 Statistics 
 

The results are displayed as the mean values ± standard 
deviation. To assess data differences, a two-way analysis of 
variance (ANOVA) was conducted, followed by a Tukey 
post hoc test. Any significant distinctions between groups 
were indicated with an asterisk (*). 

 
3 RESULTS AND DISCUSSION 
3.1 FTIR Analysis 
 

Prepared composite scaffolds were identified using 
ATR-FTIR spectroscopy. As depicted in Fig. 1a, the cross-
linked chitosan scaffold exhibited distinctive absorption 
bands: the region between 3360 and 3289 cm‒1 showed an 
overlap of bands, corresponding to the stretching vibrations 
of hydroxyl and amino groups, as well as their interactions 
through hydrogen bonding [31]. Additionally, two 
absorption bands at 2920 and 2863 cm‒1 were observed, 
which can be attributed to the symmetric and asymmetric 
stretching of C–H in the –CH2 group. Further, there were two 
absorption bands at 1644 - 1641 cm‒1 and 1557 cm‒1 [32], 
which could be attributed to the stretching vibrations of the 
carbonyl group (amide I) and a combination of N–H and C–
N stretching vibrations (amide II) [33]. These bands were a 
result of the crosslinking reaction between chitosan and 
genipin. The absorption band ranging from 1547 to 1542 cm‒

1 may be ascribed to the presence of the carboxylic group 
arising from chitosan acetate salt [34]. Additionally, the 
absorption bands at 1405, 1375, and 1315 cm‒1 can 
correspond to the bending vibrations of ‒CH2 groups from 
the pyranose ring, as well as –CH3 groups [35, 36], along 
with stretching vibrations of the C–N bond (amide III). 
Moreover, the band at 1150 cm‒1 corresponds to the 
asymmetric stretching of the C–O–C bridge [37]. Lastly, the 
absorption bands at 1061 and 1027 cm‒1 could correspond to 
the stretching vibrations of C–O–C and – COH bonds, 
originating from the crosslinking of chitosan with genipin 
[38–40]. 
 FTIR spectrum of prepared hydroxyapatite (Fig. 1b) 
shows characteristic absorption bands: the band overlap at 
1021 cm‒1 is associated with symmetric ν3-PO4

3‒ bending, 
while two bands, observed at 600 and 560 cm‒1, could be 
attributed to asymmetric ν4-PO4

3‒ bending [41]. Two 
absorption bands ranging from 3610 to 3000 cm‒1 and 1635 
cm‒1 can be attributed to physically bound water [42]. 
Additionally, absorption bands at 1464, 1450, 1418, 880 and 
873 cm‒1 were detected. According to previous studies [27, 
43, 44], observed bands can be associated with carbonate 
groups incorporated in hydroxyapatite lattice. Generally, 
absorption bands at 1546, 1456 and 880 cm–1 are assigned to 
ν3 and ν2 vibrations of the –CO3

2‒ group that occupies the 
position of hydroxyl ions, i.e. A-type substitution. On the 

other hand, B-type substitution, where carbonate groups 
replace PO4

3– sites, is usually indicated by the bands at 1465, 
1413 and 873 cm–1 [45] On the contrary, Ren et al.  [46] 
reported on carbonate signature bands for A-type and B-type 
substitution. The authors concluded that bands at 1450, 1413 
and 880 cm–1 can be a result of carbonate adsorbed on the 
apatite crystal surface. Our FTIR results indicate carbonated 
hydroxyapatite with B-type substitution.   
 FTIR spectra of CHT/HAp scaffolds (Fig. 1) show the 
superposition of the chitosan-genipin matrix and HAp 
spectra; however, some bands are difficult to observe due to 
band overlap. Furthermore, slight changes in FTIR spectra 
can be observed with the addition of hydroxyapatite into the 
chitosan-genipin matrix (Tab. 1). In the composite spectra, a 
subtle shift in the absorption bands related to phosphate 
groups can be found, along with a reduction in the intensity 
of the band corresponding to the C–O–C bond of chitosan. 
According to El-Sayed et al., [47] such shifts in absorption 
bands may be attributed to CHT/HAp interaction between 
chitosan functional groups and phosphate groups of HAp. 
 

Table 1 FTIR absorption bands characteristic of hydroxyapatite. 
 Wavenumber, cm‒1 

Sample ν3–PO4
3‒ ν4–PO4

3‒ 
CHT / / 
HAp 1025 600, 560 

HAp 10 1020 600, 564 
HAp 20 1021 601, 564 
HAp 30 1020 602, 563 

 
 Furthermore, a decrease in the intensity of absorption 
band at 1063 cm‒1 could be attributed to the limiting 
vibrational space for C–O–C bond as a result of HAp 
modification [21, 48, 49]. 
 

 
Figure 1 FTIR spectra of (a) chitosan and composite scaffolds; (b) pure 

hydroxyapatite; detailed view of the (c) 1600-1300 cm-1 and (d) 900-850 cm-1 FTIR 
spectra.  

 
3.2 XRD analysis 
 
 XRD pattern of synthesized hydroxyapatite is shown in 
Fig. 2a. For comparison, ICDD data of hydroxyapatite 
(ICDD 09-432) is given in Fig. 2b. Diffraction maxima at 2θ 
~ 25.8°, 28.3°, 32°, 39.6°, 46.6°, 49.4°, 53.2°, 64° 
corresponding to (002), (200), (211), (310), (222), (213), 
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(004), (304) reflections of hydroxyapatite confirmed the 
successful synthesis of HAp through the precipitation 
method. Moreover, wider diffraction maxima indicated 
hydroxyapatite of nanometric crystallites with size estimated 
by Scherrer approximation. The average crystallite size 
(Lvol-IB) of the prepared powder is 4.9 ± 2.9 nm. It has been 
reported that nanosized HAp exhibit improved bioresorption 
in vitro and in vivo [50, 51]. 

XRD patterns of composite scaffolds are shown in Fig. 
3a. A broad diffraction maximum was detected at 2θ ≈ 21.2° 
which corresponds to the crosslinked chitosan matrix. The 
addition of HAp into the chitosan matrix resulted in two 
observable diffraction maxima at 2θ ≈ 25.8° (002) and 32° 
(211) which correspond to the strongest diffraction maxima 
of HAp [9, 42]. The diffraction maxima at 2θ ≈ 39.6° (310), 
46.6° (222), 49.4° (213) and 53.2° (004) can also be 
observed. The presence of HAp diffraction maxima when 
compared to the diffraction maxima of pure hydroxyapatite 
(Fig. 3b) indicates the successful incorporation of HAp into 
the polymeric matrix at a higher HAp weight ratio. 

 

 
Figure 2 XRD pattern of obtained hydroxyapatite (a) and ICDD data of 

hydroxyapatite (b) 
 

 
Figure 3 XRD patterns of (a) chitosan and composite scaffolds; (b) pure 

hydroxyapatite 
 

3.3 Scaffold Microstructure and Elemental Analysis 
 
 The microstructure of the obtained composite scaffolds 
exhibits a high porosity, characterized by interconnected and 
irregular pores, as depicted in Fig. 4.  
 

 
Figure 4 SEM micrographs and EDX spectra of CHT (a, b); HAp 10 (c, d); HAp 20 
(e, f); HAp 30 (g, h) scaffold. Scale bar on SEM micrographs: 200 µm and 1 mm. 

 
The crosslinking process is mostly used in order to 

enhance properties such as stiffness to ensure improved cell 
adhesion, proliferation and diffusion of nutrients [23, 52]. In 
this work, genipin was used to produce scaffolds that would 
be stable under physiological conditions. The samples were 
first subjected to the process of thermally induced phase 
separation (TIPS), where a homogeneous polymer solution 
was frozen, thus creating a multi-phase system with polymer-
rich phase and solvent [53]. Next, the system was subjected 
to the freeze-drying process where nucleated ice crystals 
from the polymer/solvent system sublimate, thus leaving 
pores. This process facilitates the formation of a favourable 
macroporous structure with interconnected porosity, and 
pore sizes of up to 200 µm, as observed in the crosslinked 
chitosan scaffold. The addition of hydroxyapatite resulted in 
the formation of irregular pores of different sizes up to 1 mm. 
The XRD analysis indicated nanocrystalline hydroxyapatite; 
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however, nanosized crystals tend to agglomerate forming 
micrometric particles. Nevertheless, good distribution of 
HAp agglomerates within the chitosan matrix is observable, 
especially for composite scaffold with 30% of HAp.  

The highly porous nature of the obtained scaffolds is 
favourable for unhindered resorption of HAp. The composite 
scaffolds serve as a support during tissue restoration, where 
porosity, along with pore size, plays a key role in neotissue 
growth. According to Yang et al., [54] the ideal pore size for 
cell proliferation and migration falls within the range of 100 
to 200 µm; thus, the obtained scaffolds exhibit a 
microstructure suitable for cell adhesion and tissue growth. 
Moreover, Oliveira et al. [14] conducted research that shows 
how the incorporation of hydroxyapatite into composite 
scaffolds can increase their intractability with bone tissue 
cells, specifically goat marrow stromal cells (GBMC), by 
creating a surface substrate through the apatite layer. This 
substrate facilitates the adhesion of bone tissue cells to the 
scaffold, thus initiating the process of proliferation and 
differentiation [55]. 

The atomic composition of the obtained composite 
scaffolds was analysed using energy-dispersive X-ray 
analysis. As seen in Fig. 4. EDX spectra of cross-linked 
chitosan scaffolds confirm the presence of carbon and 
oxygen originating from crosslinked chitosan. The EDX 
spectra of the composite scaffolds indicated the presence of 
phosphorus at 2.02 keV and calcium at 3.7 keV indicating the 
presence of CaP phase within the scaffolds, which was 
identified as hydroxyapatite by XRD analysis. 
 
3.4  Swelling Behaviour 
 
 The swelling ratio of the obtained scaffolds was assessed 
after a 24-hour incubation period in the HBSS buffer, as 
depicted in Fig. 5. All systems exhibit a high swelling 
capacity (above 2000%) which could be associated with the 
hydrophilic hydrogel nature of chitosan and the high porosity 
of the scaffolds. Although all samples show high swelling 
values, the addition of hydroxyapatite lowers the swelling 
capacity of chitosan, especially with an increase in HAp 
content.  
 

 
Figure 5 Swelling capacity of chitosan and composite scaffolds in HBSS buffer 
(pH = 7.4). The significant difference between the two groups is denoted by an 

asterisk (*) with p < 0.05. 
 

According to Ying et al. [56] the decrease can be 
attributed to a collapse of pores caused by HAp particles. 
Since such an effect on the microstructure was not observed 
on SEM micrographs, an effect described by Hu et al. [57] 
seems to be more likely. They proved that the swelling 
capacity of chitosan/HAp composites was reduced compared 
to chitosan due to the formation of a temporary HAp barrier 
that prevents water from permeating into the chitosan matrix. 
Furthermore, according to Gupta et al. [58], prolonged 
exposure of chitosan-based scaffolds to such buffers may 
result in further degradation of the scaffolds, allowing for an 
increase in pore size, larger voids between pores and swelling 
capability. Such a phenomenon may be diminished by the 
addition of HAp into the polymeric matrix, which has been 
reported by Tang et al. [59], where a decrease in degradation 
of the composite can be observed with an increase of HAp 
content.   
 The swelling behaviour of scaffolds plays a crucial role 
in tissue regeneration, allowing for the adsorption and 
retention of nutrients which in turn creates a cell-nourishing 
environment capable of sustaining and accelerating cellular 
regeneration and growth [16, 17].  
 
3.5 Rheological Properties 
 

Polymer hydrogels consist of a polymer network, which 
can absorb and retain water to form a gel-like structure [60]. 
The formation is achieved through the process of cross-
linking, which results in the formation of a three-dimensional 
network capable of absorbing and retaining a substantial 
amount of water or biological fluids (higher than 20%) 
without disintegration [22, 61].  
 The existence of cross-links between polymer chains can 
affect the physical properties of the polymer, depending on 
the degree of cross-linking and crystallinity. Polymer 
hydrogels can be divided into two categories, based on the 
type of crosslinking. "Weak gels" are formed through 
physical crosslinking, i.e. a crosslinking network obtained 
through non-covalent interactions, including hydrogen 
bonding, electrostatic interactions, or van der Waals forces 
[62–64]. In contrast, chemical crosslinking generates "strong 
gels" involving the formation of a covalent bond between 
polymer chains [24, 65]. While physically cross-linked 
hydrogels are relatively weak and have a reversible swelling 
capacity, chemical crosslinking results in hydrogels that are 
stronger and more stable, but typically have less swelling 
capacity [61]. When it comes to rheological properties (shear 
modulus), physical and chemical cross-linked hydrogels also 
display different behaviours. Shear modulus is a measure of 
the hydrogel's ability to resist deformation under shear stress. 
Physical hydrogels, with a reversible cross-linking network 
compared to chemical cross-linking [66], typically exhibit a 
lower storage modulus (G′, representing the hydrogel's 
resistance to elastic deformation) and a lower loss modulus 
(G″, representing the hydrogel's resistance to viscous flow). 
In contrast, chemical hydrogels, with a more rigid and 
irreversible cross-linking network, exhibit a higher G′ and a 
higher G″, indicating a more solid-like behaviour [24, 61, 67, 
68].  
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 To determine the rheological properties of the obtained 
composite scaffolds, first, an amplitude sweep test was used 
to determine the linear viscoelastic region where shear 
moduli were independent of oscillatory strain (Fig. 6). As 
observed, all scaffolds exhibit substantial linear viscoelastic 
regions (above 20 %) which according to Ross-Murphy et al. 
[24] is indication of "strong gels" formed by covalent 
crosslinking agent (genipin) [69]. Furthermore, at strains 
above 20 % storage modulus starts to decrease ending with 
an intersection of G′ and G″ lines, indicating a possible 
collapse of the hydrogel structure. Following the 
determination of the linear viscoelastic region, the hydrogel 
storage and loss moduli were evaluated as a function of 
angular frequency, where the samples were subject to an 
increasing shear frequency. In comparison to cross-linked 
chitosan scaffolds, the composite scaffolds (with an 
exception for HAp 20) show an increase in both storage and 
loss moduli (Fig. 7) indicating a possible reinforcement of 
chitosan matrix by HAp particles. 

 

 
Figure 6 Strain sweep test of composite scaffolds after 24 h of immersion in PBS 

at a frequency of 0.2 Hz. The G′ and G″ curves represent the average values of five 
measurements.  

 
Similar findings have been reported by Demirtas et al. 

[70] and Ramay et al. [71] on bioprintable chitosan/ 
hydroxyapatite bio-ink and load-bearing scaffolds for bone 
regeneration, where a small increase in storage and loss 
moduli with an increase of hydroxyapatite weight fraction 
was observed. A significant difference between G′ and G″ 
was observed with a ratio G″/G′ < 1, additionally confirming 
the "strong gel" nature of the obtained composite scaffolds 
[24, 25, 69]. No significant change has been noted in the loss 
factor value (Tab. 2), indicating no change in the elastic 
behaviour with HAp addition. Besides composition, swelling 
capacity and microstructure also affect hydrogels’ 
mechanical properties. As shown, the addition of 
hydroxyapatite has decreased swelling capacity and caused 
alteration in pore size and shape which could have an 

additional effect on improved mechanical properties of 
composites. 

 
Table 2 Storage modulus (G′), loss modulus (G″) and loss (damping) factor (tanδ) 

values for composite scaffolds obtained by frequency sweep. 
Sample Storage modulus Pa Loss modulus Pa tan δ 
CHT 412.83 ± 31.77 18.56 ± 2.34 0.04 ± 0.003 

HAp 10 658.72 ± 182.82 37.18 ± 8.89 0.05 ± 0.005 
HAp 20 495.35 ± 103.88 27.62 ± 6.16 0.05 ± 0.010 
HAp 30 672.48 ± 195.42 31.07 ± 5.20 0.05 ± 0.007 

 

 
Figure 7 Frequency sweep test of composite scaffolds after 24 h of immersion in 

PBS at a constant strain of 1%. The G′ and G″ curves represent the average values 
of five measurements. 

 
4 CONCLUSION 
 

This work focuses on the synthesis of porous 3D 
composite scaffolds with improved bioactivity and 
mechanical properties through modification with bioactive 
ceramics, hydroxyapatite. The successful synthesis of 
hydroxyapatite via the precipitation method and HAp 
incorporation into the chitosan matrix was indicated by XRD, 
FTIR and EDX analysis. SEM imaging of scaffold 
morphology indicated the presence of a favourable porous 
structure with interconnected porosity which combined with 
the presence of HAp, could act as a good support for cell 
proliferation and differentiation. The addition of HAp also 
influenced the swelling properties of the obtained 
composites, where a decrease in swelling capacity can be 
observed with an increase in HAp content. Furthermore, 
rheological characterization indicated a formation of "strong 
gel" with a slight increase in storage and loss moduli of the 
composite scaffolds. No significant change in relation to loss 
factor value indicated no change in viscoelastic behaviour 
with HAp presence. Such results may indicate a possible 
slight improvement in the mechanical properties of the 
composites compared to chitosan scaffolds. Further studies 
on cytotoxicity will be performed to validate the potential of 
obtained scaffolds for application in bone tissue regeneration. 
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