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Abstract
Injuries or bone defects are phenomena that are harmful to human health. In the field of bone scaffold tissue engineering, 
hydroxyapatite nanoparticles have been considered due to their high similarity to inorganic bone composition, but despite 
the similarity of chemical composition, the mechanical properties of synthetic hydroxyapatite (HA) are weak compared 
to bone. In this study, hydroxyapatite nanoparticles were synthesized by the sol–gel method. Then eight samples of com-
posite scaffolds with chitosan (Chi) as biopolymer and different percentages of hydroxyapatite (0, 25, 50, and 75%) were 
prepared using a crosslinker of glutaraldehyde (GA) and sodium tripolyphosphate (TPP). To characterize the synthesized 
hydroxyapatite powder and scaffold samples, FTIR, FE-SEM, XRD, DTA-TG characterization tests, bioactivity analysis, 
and also strength test were performed. The results of the FESEM analysis show that hydroxyapatite particles with an aver-
age size of 48 nm have been synthesized by the sol–gel method. Also, FE-SEM images of scaffold samples show that as the 
amount of hydroxyapatite increases, the size of the pores decreases, and their distribution is uniform. FTIR spectroscopic 
analysis shows that both types of crosslinkers behave almost similarly and that the hydroxyapatite particles have established 
hydrogen bonds with the chitosan. Samples containing 75 wt.% of hydroxyapatite have the highest compressive strength and 
samples containing 50 wt.% of hydroxyapatite have the best behavior in terms of elongation. Scaffold samples were placed in 
simulated body fluid (SBF) for biological analysis for 1 week. FESEM images after removal of scaffolds from SBF solution 
show that the amount of calcium and phosphate ions adsorbed on scaffold samples containing 75 wt.% of hydroxyapatite is 
higher than other samples. One of the most important results of glutaraldehyde cross-linking with hydroxyapatite is that it 
controls the mechanical properties and adsorption rate without reducing the high biocompatibility of the composite. Also 
in this study, CHi-HA50%-TPP scaffolds exhibited the most promising physiochemical and biocompatible properties which 
can be used as an alternative regenerative material for bone tissue engineering.
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1 Introduction

Tissue engineering is an interdisciplinary science that offers 
a new approach to repairing the body's natural tissues by 
applying the laws of engineering and biological sciences 

[1–3]. In tissue engineering, the presence of a suitable bio-
mimetic scaffold is essential for cell survival [4–6]. Scaf-
folds should provide the natural microenvironment around 
the cells and support cell adhesion, anchorage, proliferation, 
and cell migration [7, 8]. The elastic modulus of metals is 
higher than 100 GPa, which is much higher than the stiff-
ness of dense bone [9]. The result of this high stiffness is 
the emergence of a stress protection phenomenon on the 
growing bone [10–14], which will lead to thinning of the 
new bone tissue and increase the likelihood of its re-failure 
[15–17]. Problems such as this have drawn the attention of 
many researchers to newer materials [18–22]. Thus, a new 
topic called bone tissue engineering was opened and new 
biomaterials were introduced to the medical community 
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for this purpose [23, 24]. In general, tissue engineering can 
be defined as the application of scientific principles to the 
design, construction, modification, growth, and survival of 
living tissues in the body, according to which the properties 
of a biomaterial are subject to changes that can form tissue 
or release mass [25, 26]. From the cells into the host body 
and eventually, lead to the formation of new tissue [27, 28]. 
Therefore, it can be said that the bone tissue engineering 
method is based on the use of degradable biomaterials and 
despite its diversity, often follows a general rule that the 
steps of building a scaffold or degradable carrier, loading 
cells, drugs, growth proteins, and in general factors includ-
ing bone growth and ultimately effective implantation of the 
set in the desired position are included [29–31]. The porous 
scaffold inside the body begins to break down, and at the 
same time, the cells cultured inside the structure continue 
to grow and proliferate until it is eventually replaced by new 
bone tissue [32]. Wang et al. [33] investigated the effect of 
citric acid addition on the formation of hydroxyapatite in 
the sol–gel process. These researchers used  P2O5 and Ca 
 (NO3)2 as raw materials in their study. The citric acid in 
sol–gel reactions accelerates the process of converting Sol 
to gel. Liu et al. [34] and Kalita [35] produced nanometer-
sized hydroxyapatite with a size of 8–10 nm by the sol–gel 
method. Varma et al. [36] synthesized hydroxyapatite nano-
particles by polymer combustion and self-combustion syn-
thesis in new body solutions. Shih et al. [37] used hydrolysis 
to produce 20 nm hydroxyapatite particles. Chitosan and its 
derivatives have been extensively tested in medical engineer-
ing, the pharmaceutical industry, and tissue engineering for 
their biocompatibility, biodegradation, and bacterial growth 
inhibition properties. Chitosan-based scaffolds are rein-
forced with nano-components of hydroxyapatite, ceramic 
glass, silica, titania and zirconia [38–41]. Hydroxyapatite/
chitosan composite is widely used in the treatment of bone 
defects due to its interconnected nature with natural bone 
composition, biocompatibility and hydroxyapatite as a bio-
material [42, 43]. Chitosan solution and hydroxyapatite are 
water-based. Therefore, the formed scaffolds do not remain 
stable in water after freezing and solvent drying and disperse 
[44]. To solve this problem, a suitable crosslinking chitosan 
solution should be added [45, 46]. hydroxyapatite cannot 
be used alone to treat all bone defects due to its fragility, 

and it is necessary to use polymer composite to enhance its 
mechanical and bioactive properties. For this reason, in this 
study, we tried to synthesize a nano-hydroxyapatite/chitosan 
composite for use as a bone replacement tissue in the most 
optimal state (Similar to Merck Company). Another inno-
vation of the paper was the effect of hydroxyapatite content 
on scaffolding and crosslinker of sodium triphosphate and 
glutaraldehyde on scaffolds, which was analyzed. Chitosan 
solution and hydroxyapatite are water-based. Therefore, the 
formed scaffolds do not remain stable in water after freeze-
drying. To solve this problem, a suitable crosslinking chi-
tosan solution should be added. One of the challenges of 
this research is the type and amount of crosslinkers suit-
able for improving the strength and stability of the scaffold. 
Another challenge is the optimal amount of hydroxyapa-
tite nanoparticles to obtain the desired properties, which 
was discussed in this study. In this paper, the particle size 
(48 nm), compressive strength (75 wt.% of hydroxyapatite 
have the highest compressive strength), elongation (50 wt.% 
of hydroxyapatite have the best behavior in terms of elonga-
tion), increase in porosity (96–90%) also further porosity 
facilitates the formation of bone and accelerates the healing 
of damaged bone, and very uniform distribution of nanopar-
ticles in the polymer are completely optimized compared to 
previous studies.

2  Experimental

2.1  Materials

Diammonium hydrogen phosphate, Calcium nitrate tet-
rahydrate, phosphate, ethanol, ammonia solution, chitosan 
(Chi), Acetic acid (AA), Glutaraldehyde (GA), and Sodium 
tripolyphosphate (TPP) for the synthesis of hydroxyapatite 
and bone scaffold were purchased from Sigma Aldrich and 
Merck Company. Consumables for the synthesis of HA can 
be seen in Table 1 in detail.

2.2  Method of Synthesis of HA

First, 1 g of diammonium hydrogen phosphate in deionized 
water was stirred for 3 h by a magnetic stirrer. Then 2.98 g of 

Table 1  Consumables for the synthesis of HA

Material Chemical formula CAS registry number Molar mass (g/mol) Company

Diammonium hydrogen phosphate (NH4)2(HPO4) 7783–28–0 132.06 Sigma Aldrich
Calcium nitrate tetrahydrate CaH8N2O10 13477–34–4 236.15 Sigma Aldrich
Phosphate PO4

3− 14265–44–2 94.9714 Sigma Aldrich
Ethanol C2H5OH 64–17–5 46.07 Sigma Aldrich-Merck
Ammonia solution NH3 664–41–7 17.03 Sigma Aldrich (14.5%)
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calcium nitrate tetrahydrate in ethanol and deionized water 
(1:12) was stirred with a magnetic stirrer for 3 h (The pH 
of the solution was maintained between 10 and12 by add-
ing 14.5% ammonia solution). In the next step, diammo-
nium hydrogen phosphate solution was added to the calcium 
nitrate tetrahydrate solution by burette. This step was per-
formed in a low-temperature water bath (38–42 °C) for 4 h 
on a magnetic stirrer (400 rpm). The obtained material was 
filtered through filter paper and then washed several times 
with deionized water. The filtered material was placed in a 
dryer at 40 °C for 14 h. For complete drying, the sample was 
placed in a dryer at 60 °C for 2 h and placed at 80 °C for 
18 h. The samples were then transferred to a furnace after 
drying. The sample temperature reached 700 °C at a rate 
of 10 °C/min and remained at 700 °C for 1 h until calcined 
hydroxyapatite powder was obtained.

2.3  Fabricating Bone Scaffold Samples

Consumables along with specifications for fabricating bone 
scaffolding can be seen in Table 2 in detail.

To investigate the effect of the amount of hydroxyapa-
tite synthesized on the bone scaffold as well as the type 
of crosslinker, eight samples were prepared according to 
Table 3.

2.3.1  Fabricating Chi/GA Sample

To fabricate a Chi/GA bone scaffold sample, first 0.05 g of 
low molecular weight chitosan powder was dissolved in 5 ml 
of 1% by volume acetic acid (1 wt.% chitosan) and placed 
on a magnetic stirrer for 2 min to obtain a clear gel. Then 
0.5 ml of 1 wt.% glutaraldehyde was added to the formed 
gel and the obtained solution was placed on a magnetic stir-
rer for 3 h.

2.3.2  Fabricating Chi/HA25%/GA Sample

To fabricate a Chi/HA25%/GA bone scaffold sample, first 
0.15 g of low molecular weight chitosan powder was dis-
solved in 15 ml of acetic acid (1 wt.% chitosan) and stirred 
for 2 min by magnetic stirring to obtain a clear gel. Then 
0.05 g of HA synthesized by sol–gel method was dispersed 

in some deionized water and the suspension obtained by 
burette was added to chitosan gel. It was then stirred by a 
magnetic stirrer for 2 h to obtain a (3:1 chitosan/hydroxyapa-
tite solution). To the chitosan/hydroxyapatite solution, 
1.5 ml of 1 wt.% glutaraldehyde was added and the resulting 
solution was placed on a magnetic stirrer for 3 h.

2.3.3  Fabricating Chi/HA50%/GA Sample

To fabricate a Chi/HA50%/GA bone scaffold sample, first 
0.15 g of low molecular weight chitosan powder was dis-
solved in 15 ml of 1% by volume acetic acid. It was then 
stirred by a magnetic stirrer for 2 min to obtain a clear gel. 
Then 0.15 g of HA synthesized by sol–gel method was dis-
persed in some deionized water and the suspension obtained 
by burette was added to chitosan gel. It was then stirred by a 
magnetic stirrer for 2 h to obtain a (1:1 chitosan/hydroxyapa-
tite solution). To the chitosan/hydroxyapatite solution, 
1.5 ml of 1 wt.% glutaraldehyde was added, and the obtained 
solution was placed on a magnetic stirrer for 3 h.

2.3.4  Fabricating Chi/HA75%/GA Sample

To fabricate a Chi/HA75%/GA bone scaffold sample, 
the first 0.15 g of low molecular weight chitosan powder 
was dissolved in 15 ml of 1 wt.% acetic acid and stirred 
for 2 min by a magnetic stirrer to obtain a clear gel. Then 
0.45 g of hydroxyapatite synthesized by sol–gel method 
was dispersed in some deionized water and the suspension 

Table 2  Consumables for 
fabricating bone scaffolding

Material Chemical formula CAS Registry Number Molar 
mass (g/
mol)

Company

Chitosan (3000 kDa) (C6H11NO4)n 9012–76-4 – Merck
Acetic acid CH3COOH 64–19-7 60.05 Sigma Aldrich
Glutaraldehyde C5H8O2 111–30-8 100.11 Sigma Aldrich
Sodium triphosphate (15 wt.%) Na5P3O10 7758–29-4 163.94 Sigma Aldrich

Table 3  Combination of samples made in this research

Sample name Chitosan 
( wt.%)

Hydroxyapatite 
( wt.%)

Type of 
crosslinker

Chi/GA 100 0 GA
Chi/HA25%/GA 75 25 GA
Chi/HA50%/GA 50 50 GA
Chi/HA75%/GA 25 75 GA
Chi/TPP 100 0 TPP
Chi/HA25%/TPP 75 25 TPP
Chi/HA50%/TPP 50 50 TPP
Chi/HA75%/TPP 25 75 TPP
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obtained by burette was added to chitosan gel. It was then 
stirred by a magnetic stirrer for 2 h to obtain a (1:3 chitosan/ 
hydroxyapatite solution). To the chitosan/hydroxyapatite 
solution, 1.5 ml of 1% by volume glutaraldehyde was added 
and the obtained solution was placed on a magnetic stirrer 
for 3 h.

2.3.5  Fabricating Chi/TPP

To fabricate the bone scaffold sample, Chi/TPP was first dis-
solved in 0.05 g of low molecular weight chitosan powder 
in 5 ml of 1% by volume acetic acid (1 wt.% chitosan) and 
stirred magnetically for 2 min to obtain a clear gel. Then, 
0.13 ml of 15 wt.% of sodium tripolyphosphate was added 
to the formed gel and the obtained solution was placed on a 
magnetic stirrer for 3 h.

2.3.6  Fabricating Chi/HA25%/TPP

To fabricate the Chi/HA25%/TPP bone scaffold sample, the 
first 0.15 g of low molecular weight chitosan powder was 
dissolved in 15 ml of 1% by volume acetic acid and placed 
on a magnetic stirrer for 2 min to obtain a clear gel. Then 
0.05 g of hydroxyapatite synthesized by sol–gel method 
was dispersed in some deionized water and the suspension 
obtained by burette was added to chitosan gel. It was then 
stirred by a magnetic stirrer for 2 h to obtain a (3: 1 chitosan/
hydroxyapatite solution). Then, 0.39 ml of 15 wt.% sodium 
triphosphate was added to the formed gel and the resulting 
solution was placed on a magnetic stirrer for 3 h. The rest 
of the samples (50% and 75%) were made in the same way 
with different percentages of hydroxyapatite.

Finally, eight samples were poured into dialysis filters for 
24 h to remove acetic acid. The samples were then placed 
in an ultrasonic bath for 10 min to mix thoroughly and air 
bubbles were removed. In the next step, the samples were 

poured into petri dishes and placed at −20 °C for 24 h to be 
frozen. The frozen samples were placed in a freeze-drying 
apparatus for 48 h to remove the solvent and form the desired 
scaffolds as shown in Fig. 1.

2.4  Field Emission Scanning Electron Microscope 
(FESEM)

To study the structure and morphology, synthesized 
hydroxyapatite powder, chitosan, and scaffold samples were 
imaged by field emission scanning electron microscope. 
Due to the non-conductivity of the samples before analysis, 
the samples were coated with gold by spattering. In this 
research, the Tescan MIRA3 device has been used.

2.5  X‑Ray Diffraction Analysis (XRD)

X-ray diffraction analysis was used to detect fuzzy size and 
crystallinity. This analysis was performed by Cu Kα irradia-
tion with conditions 2θ = 10–70 degrees and a time interval 
of one second and a step distance of 0.02 degrees.

2.6  Fourier Transform Infrared (FTIR) Spectroscopy

To find out the chemical composition and type of bonds 
in the scaffold specimens, Fourier’s infrared spectroscopy 
was performed by a Perkin-Elmer device in the range of 
500–3000  cm−1.

2.7  Thermal Analysis (DTA‑TG)

DTA-TG thermal analysis was used to investigate the ther-
mal behavior of hydroxyapatite at 80 °C. This test was per-
formed in the temperature range of 0 to 1200 °C and heating 
rate of 10 °C/min.

Fig. 1  a Samples poured into 24 containers b Frozen samples at − 20 °C
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2.8  Investigation of Mechanical Properties

To investigate the mechanical properties of scaffold samples, 
uniaxial pressure test was selected. Cylindrical specimens 
with a diameter of 1 cm and a height of 2 cm were prepared 
in 24 molds, then tested by Hounsfield (H10KS).

2.9  Determination of Porosity Percentage

Eight samples of scaffolds were evaluated by Archimedes 
method to determine the porosity percentage. First, the dry 
weight of the scaffold was measured. The scaffolds were 
then placed in SBF for 48 h. The scaffolds were removed 
from the SBF, their saturation weight and immersion weight 
were measured. Applying density and porosity were calcu-
lated using two Eqs. 1 and 2.

where �
R
 , �

w
 , � , m1 , m3,m3 , Pt, are the apparent density 

of the scaffold, density of SBF as a penetrant, composite 
density, dry weight of scaffolding, Scaffold weight with satu-
rated liquid, Weight of scaffold immersed in liquid (weight 
of immersion), Percentage of porosity, respectively.

2.9.1  Investigation of Biological Behavior of Scaffolds

All samples with dimensions of 1 × 1 cm are cut, weighed 
and then immersed in a solution of distilled water and SBF 

(1)�
R
=

�
w
− m1

m2 − m3

(2)P
t
=

� − �
R

�
× 100

at 37 °C. Regularly dilute the solution until it reaches equi-
librium and weighs after cleaning the surface water. Water 
absorption percentage was defined using Eq. 3 below.

where Wb and Wa are swollen and dry specimen weights, 
respectively.

3  Results and Discussion

3.1  Synthesized Hydroxyapatite Characterization 
Tests

DTA-TG thermal analysis was performed after the prepara-
tion of dried hydroxyapatite gel. Figure 2 shows DTA-TG 
thermal analysis tests of dried hydroxyapatite gel.

After calcination of dried hydroxyapatite at 700 °C, ther-
mal analysis (STA) was performed. Figure 3 shows the ther-
mal analysis (STA) of synthesized hydroxyapatite powder.

Thermal analysis of DTA – TG, HA gel dried at 80 °C is 
shown in Fig. 2. In the TG curve, a sharp drop in tempera-
ture of about 100 °C is observed due to the physical loss 
of adsorbed water molecules. Then the weight loss in the 
temperature range of 185–210 °C is related to the withdrawal 
of crystallized water and the disappearance of the nitrate and 
ammonia groups. The weight loss of about 450 °C is related 
to the crystallization of HA powder. After 500 °C, almost 
no weight loss is observed, which indicates the thermal sta-
bility of HA powder. In the DTA curve, an endothermic 
peak around 70 °C is observed, which is due to evaporation 

(3)Swelling Ratio =

W
b
−W

a

W
a

× 100

Fig. 2  Thermal behavior of 
hydroxyapatite gel



3072 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:3067–3082

1 3

of water and absorbed moisture. In the DTA curve, a spe-
cific endothermic peak appears in the temperature range of 
200–300 °C, which corresponds to a weight loss of about 
15% wt. in the TG curve. Due to the presence of nitrate 
and ammonia groups in the dried gel, this weight loss is 
related to the removal of nitrate and ammonium groups from 
the gel. The temperature range of stability of ammonium 
nitrate is low and it is destroyed by heat treatment at higher 
temperatures. At these temperatures the formation of pure 
hydroxyapatite without additional materials can be expected. 
The DTA curve in the high temperature region up to approx-
imately 900 °C does not show any significant change, which 
indicates the thermal stability of the hydroxyapatite phase. 
A weak exothermic peak at about 900 °C can be attributed 
to the decomposition of hydroxyapatite and the formation 
of tricalcium phosphate. Finally, the dried hydroxyapatite 
gel is calcined at 700 °C and the thermal analysis (STA) is 
as shown in Fig. 3.

3.2  X‑Ray Diffraction Analysis Results (XRD)

The X-ray diffraction pattern of hydroxyapatite particles was 
analyzed by Xpert software and standard card to confirm 
the accuracy of the synthesized material. Figure 4 shows 
the XRD pattern of the synthesized material. As shown in 
Fig. 4, there is a relatively good agreement between the syn-
thesized sample and the JCPDS card peaks regarding the 
location of the peaks with the diffraction pattern and the 
diffraction intensity. The XRD pattern of the synthesized 
hydroxyapatite was indexed as a hexagonal structure, which 
is incredibly near to the values in the literature (JCPDS No. 
96–900-3549). In HA synthesis, some amounts of beta-
tricalcium phosphate and calcium phosphate phases are 
formed as impurities. They will show themselves in the dif-
fraction pattern in the form of peaks in the main field. If 
the amount of these impurities increases, the peaks become 

more significant and more evident in the diffraction pattern. 
In Fig. 4, the beta-tricalcium phosphate and calcium phos-
phate (JCPDS No. 96–900-5866) is compared with the peaks 
obtained from the synthesized hydroxyapatite, which shows 
the high purity of the synthesized hydroxyapatite.

The crystallite size of synthesized hydroxyapatite nano-
particles was estimated and reported in Table 4.

3.3  Field Emission Scanning Electron Microscopy 
Results (FESEM)

FESEM images were used to evaluate the morphology, uni-
formity, and particle size of HA. Figure 5 shows FESEM 
images of synthesized hydroxyapatite powder and Merck. 
Figure 5a, which shows the image of the synthesized pow-
der along with its approximate particle size, that shows the 
particle size well. Therefore, based on these images, it can 
be claimed that the synthesized HA is also morphologically 
validated, and the synthesis process has led to the achieve-
ment of a nanostructured powder. Figure 5b shows SEM 
image of Merck hydroxyapatite powder. As can be seen in 
this figure, the structure and morphology of hydroxyapatite 
particles synthesized by the sol–gel method are very close 
to Merck hydroxyapatite particles.

3.4  Scaffolding Specification Tests

To study the morphology, structure, and uniformity of scaf-
fold samples, they were imaged by field scanning electron 
microscopy. Figure 6 shows FESEM images of a Chi/GA 
scaffold sample at different magnifications.

Figures 6a and b show that in the Chi/GA scaffold speci-
men the shape and distribution of porosity are uniforms. 
The shape of the pores is due to the release of solvent during 
freeze-drying. The thickness of the polymer layer is about 
0.37 µm. Figure 6c also shows the uniform presence of 

Fig. 3  Thermal behavior (STA) 
of calcined HA at 700 °C
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Fig. 4  XRD analysis of synthe-
sized HA powder

Table 4  The peak position, full 
width at half maximum (β ½), 
and calculated crystal size for 
nanoparticles

h k l (002) (121) (112) (030) (222) (123)

Peak position 2θ (°) 25.87 31.76 32.19 32.90 46.69 49.48
FWHM β (°) 0.25 0.37 0.38 0.25 0.37 0.37
Size (nm) 34.05 23.32 22.73 34.61 24.42 24.69
ʎ = 0.154 nm, K = 0.94

Fig. 5  a Synthesized 
hydroxyapatite powder b 
FESEM image of MERCK HA 
powder
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chitosan and glutaraldehyde in the scaffold. Figure 7 shows 
FESEM of a Chi/HA25%/GA scaffold sample at different 
magnifications.

As shown in Fig. 7, the porosity size in the Chi/HA25%/
GA sample increased compared to the Chi/GA sample. Chi-
tosan layers appear to have deteriorated in some areas. Fig-
ure 8 shows FESEM images of a Chi/HA50%/GA scaffold 
sample at different magnifications.

As can be seen in Figs. 8a, b, the size of the pores is 
smaller than the previous two samples, probably due to the 
higher amount of hydroxyapatite. Figure 9 shows FESEM 
images of a Chi/HA75%/GA scaffold sample at different 
magnifications.

Figure 9 shows the perfectly uniform distribution of 
hydroxyapatite particles in the chitosan field. As can be seen, 
the amount of hydroxyapatite is higher than the previous 
two samples. The size of the pores has decreased. Also, the 
porosities do not seem to be the way to go and their distribu-
tion is uniform.

3.5  Results of Fourier Transform Infrared 
Spectroscopy (FTIR)

Figure 10 shows Fourier transform infrared spectroscopy 
analysis of Chi/GA, Chi/HA25%/GA, Chi /HA50%/GA, 
Chi /HA75%/GA scaffold samples. Also, Fig. 11 shows the 

molecular structure of chitosan polymer with glutaraldehyde 
(GA) molecules as a cross-linker.

The adsorption peak around 3366  cm−1 is related to the 
O–H bonds of Chitosan. The presence of hydroxy functional 
groups in the structure of Chitosan causes intermolecular 
hydrogen bonding in the synthesized composite structure. 
These intermolecular hydrogen bonds strengthen the com-
posite structure. Also, hydroxyl functional groups in the 
composite structure cause hydrogen bonding between chi-
tosan and hydroxyapatite molecules (Fig. 11). The peaks 
at 2866  cm−1 correspond to the stretching vibration of the 
aliphatic C-H bonds. The signal that appeared at 1640  cm−1 
corresponds to the stretching vibration of imine bonds. 
Observations of imine bond peaks demonstrate the reac-
tion between chitosan and glutaraldehyde molecules, which 
causes a cross-linking between chitosan molecules. The peak 
at approximately 1552  cm−1 is related to the bending vibra-
tions of N–H bonds. The peak at 1407  cm−1 corresponds to 
bending vibrational  CH2 bonds of Chitosan and GA. The 
adsorption peaks observed in 1023 and 629  cm−1 belong to 
the phosphate group correspond to the stretching vibration 
of P = O and P-O bonds, respectively.

Figure 12 shows Fourier transform infrared spectroscopy 
analysis of Chi/TPP, Chi/HA25%/TPP, Chi /HA50%/TPP, 
Chi /HA75%/TPP scaffold samples. Also, Fig. 13 shows 
the molecular structure of chitosan polymer with Sodium 
triphosphate (TPP) molecules as a cross-linker.

Fig. 6  FESEM images of the CHI/GA scaffold sample (a) 200 magnification (b) 10 magnification and (c) MAPPING
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The peak intensity in the 1410  cm−1 area decreases as 
the weight percentage of hydroxyapatite increases. This 
peak is related to the bending vibrational bonds of  CH2 in 
the structure of Chitosan. In TPP cross-linking samples, 
the displacement of peaks belonging to OH and NH groups 
at 3,500 is more severe than in GA cross-linking samples.

3.6  Results of Energy‑Dispersive X‑Ray 
Spectroscopy (EDS)

Figure 14 shows EDS analysis of Chi/GA, Chi/HA25%/
GA, Chi/HA50%/GA, Chi/HA75%/GA, Chi/TPP, Chi/
HA25%/TPP, Chi/HA50%/TPP,Chi/HA75%/TPP scaffold 

Fig. 7  FESEM images of the CHI /HA25%/ GA scaffold sample (a) 200 magnification (b) 10 magnification and (c) MAPPING

Fig. 8  FESEM images of the CHI/HA50%/GA scaffold sample (a) 200 µm magnification (b) Hydroxyapatite particles in the chitosan field (c) 
10 µm magnification
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samples. The stoichiometric HA has a Ca: P weight ratio 
of 2.151. This ratio is 2.11, 2.37, 1.90 and 2.33 for Chi/
HA25%/GA, Chi/HA75%/GA, Chi/HA50%/TPP and Chi/
HA75%/TPP, respectively. This ratio is 2.82 and 1.28 for 
Chi/HA50%/GA and Chi/HA25%/TPP, respectively. These 

values indicate the presence of impurities in the structure. 
This is an advantage due to the lack of calcium in HA in 
normal bone tissue in the samples Chi/HA25%/GA, Chi/
HA25%/TPP and Chi/HA50%/TPP. In addition, the car-
bon seen in this diagram can be attributed to chitosan, 

Fig. 9  FESEM images of the CHI /HA75%/ GA scaffold sample (a) 200 magnification (b) 10 magnification and (c) MAPPING

Fig. 10  FT-IR of Chi/GA, Chi/
HA25%/GA, Chi /HA50%/
GA, Chi /HA75%/GA scaffold 
samples
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Fig. 11  Molecular structure of 
Chi /HA/GA composite
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samples

Fig. 13  Molecular structure of 
Chi /HA/TPP composite
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Fig. 14  EDS analysis of (a) Chi/GA, (b) Chi/HA25%/GA, (c) Chi/HA50%/GA, (d) Chi/HA75%/GA, (e) Chi/TPP, (f) Chi/HA25%/TPP, (g) Chi/
HA50%/TPP, (h) Chi/HA75%/TPP
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glutaraldehyde or the presence of carbonate in the struc-
ture of hydroxyapatite. Sodium in Chi/HA25%/TPP, Chi/
HA50%/TPP and Chi/HA75%/TPP is also due to the pres-
ence of sodium triphosphate crosslinker.

3.7  Investigation of Mechanical Properties

From each of the polymer and composite samples with 25, 
50 and 75 wt.% of HA, three samples were evaluated by uni-
axial pressure test. By adding 75 wt.% of HA to the polymer 
matrix, we saw a 28.3% decrease in compressive strength at 
0.8 strain as shown in Table 5.

In terms of strength, a sample containing 75 wt.% of 
hydroxyapatite has the lowest strength loss. If we compare 
the samples in terms of length change, the samples Chi/
HA50%/GA and Chi/HA50%/TPP showed the best behavior. 
Therefore depending on the application, we can use the Chi/
HA75%/GA sample which has high strength, or the Chi/
HA50%/GA and Chi/HA50%/TPP samples which have bet-
ter elongation. Figure 15 shows the stress curves in terms 
of engineering strain for the samples Chi/GA, Chi/HA25%/
GA, Chi/HA50%/GA, Chi/HA75%/GA.

Figure 16 shows the stress curves in terms of engineering 
strain for the samples Chi/HA25%/TPP, Chi/HA50%/TPP, 
Chi/HA75%/TPP.

3.8  Determination of Porosity Percentage

The results obtained in Fig. 17 show that scaffolds with a 
porosity of about 90% have been prepared. Further porosity 
facilitates the bone formation and accelerates the healing of 
damaged bone. Due to the high porosity percentage, we are 
expected to see suitable biological properties.

3.9  Results of Biological Analysis

After immersing the scaffolds in SBF solution for 1 week as 
shown in Fig. 18, three analyzes were performed by SEM 
and EDS to evaluate their biological behavior, especially 
their bioactivity.

The results of swelling ratio of specimens that immersed 
in a solution of distilled water and SBF at 37 °C are shown 
in Fig. 19.

The results of this category of evaluations can be seen 
in the images in Fig. 20. In SEM images, germination and 

Table 5  Compressive strength of scaffold specimens

Specimen Compressive 
strength (MPa)

Chi/GA 0.061568
Chi/HA25%/GA 0.01675
Chi/HA50%/GA 0.07215
Chi/HA75%/GA 0.044139
Chi/HA25%/TPP 0.025465
Chi/HA50%/TPP 0.07243
Chi/HA75%/TPP 0.028436

Fig. 15  Stress–strain curves for samples Chi/GA, Chi/HA25%/GA, 
Chi/HA50%/GA, Chi/HA75%/GA

Fig. 16  Stress–strain curves for samples Chi/HA25%/TPP, Chi/
HA50%/TPP, Chi/HA75%/TPP

Fig. 17  porosity of prepared scaffolding
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growth of a homogeneous phase can be seen on the scaffold. 
After 1 week of immersion, a layer of calcium phosphate is 
formed on the scaffold, which is micron thick.

In the first stage, by adsorption of  H3O3+,  OH− groups 
are formed on the surface of the scaffold. For this purpose, 
a number of positive ions on the surface of the scaffold 
must be removed. As a result, the surface of the scaffold has 
a negative charge.  Ca2+ ions from SBF then settle on the 
scaffold, resulting in the formation of calcium hydroxide. 

Therefore, the surface charge potential is positive and the 
conditions for  H3PO3− ion deposition are provided so that 
the surface charge becomes negative and amorphous calcium 
phosphate is formed. By continuing these steps, amorphous 
calcium phosphate is formed on the surfaces in contact with 
SBF liquid. Therefore, more apatite is deposited on com-
posites containing 75% hydroxyapatite, and the particle 
formed on this composite scaffold is smaller than the par-
ticles formed on the chitosan scaffold, which is due to the 

Fig. 18  All samples in SBF solution (a) Chi/GA, (b) Chi/HA25%/GA, (c) Chi/HA50%/(d) GA, Chi/HA75%/GA, (e) Chi/GA, (f) Chi/HA25%/
TPP, (g) Chi/HA50%/TPP, (h) Chi/HA75%/TPP

Fig. 19  Swelling ratio of: (a) Chi/GA, Chi/HA25%/GA, Chi/HA50%/GA, and Chi/HA75%/GA in distilled water and SBF, Swelling ratio of: (b) 
Chi/TPP, Chi/HA25%/TPP, Chi/HA50%/TPP, and Chi/HA75%/TPP in distilled water and SBF
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limited inorganic ions that make the mineral have limited 
places for germination.

4  Conclusion

In this study, hydroxyapatite was synthesized by sol–gel 
method and eight samples of composite scaffolds with dif-
ferent weight percentages of hydroxyapatite and different 
crosslinkers were made, the important results of which are 
as follows:

• Hydroxyapatite synthesized by sol–gel method has a 
nanometer structure close to the powder purchased from 
Merck.

• Eight scaffolding specimens have a porosity of more than 
90% and as the amount of hydroxyapatite increases, the 
size of the pores decreases and the scaffolding becomes 
denser.

• Further porosity facilitates the bone formation and accel-
erates the healing of damaged bone. Due to the high 
porosity percentage, we are expected to see suitable bio-
logical properties.

• According to the FTIR results, the cross-linkers of 
TPP and GA performed well and, in addition to work-

ing well on chitosan, formed hydrogen bonds between 
hydroxyapatite and chitosan.

• According to SEM images, biocompatibility of samples 
increases with increasing hydroxyapatite content.

• The samples Chi/HA50%/GA and Chi/HA50%/TPP 
showed the best behavior at mechanical properties. 
Therefore depending on the application, we can use 
the Chi/HA75%/GA sample which has high strength,

• The samples of Chi/HA50%/GA and Chi/HA50%/TPP 
had better elongation.
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