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Abstract. Hydroxyapatite nanoparticles were synthesized using modified sol–gel approach. Its biocompatibility was
proved by in vitro experiments with diploid fibroblasts. The experiment showed that the presence of hydroxyapatite in
the environment of cells does not reduce their viability. The observed phase transition of hydroxyapatite was explained as
order/disorder transition, saving the crystal structure symmetry. Organo–inorganic composites of chitosan and hydroxyapatite
were obtained by preparing a joint solution and pouring onto a glass substrate. According to XRD and DTA data, addition of
hydroxyapatite reduces the softening and decomposition temperature of chitosan. This information is necessary to optimize
the manufacturing processes of organo–inorganic scaffolds.
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1. Introduction
In the last two decades, preparation of hybrid material
based on polysaccharides or synthetic polymers, in particular,
polyesters, has been the subject of intense research and has
found its application in the biomedical field: wound healing,
tissue regeneration, osteosynthesis, drug delivery and developing of biosensors [1]. The use of such hybrid materials is
promising to make scaffolds for tissue engineering.
Scaffolds are three-dimensional porous or fibrous matrix,
providing a mechanical skeleton for cells. They should have
an adhesive surface that promotes cell proliferation and differentiation, biocompatibility, lack of toxicity and immunologic
rejection [2].
Bioresorbable polymers and polysaccharides, in particular chitosan [3–9], are usually used as organic compounds to
obtain synthetic scaffolds. Inorganic part of material is represented by hydroxyapatite, tricalcium phosphate, bioactive
glass of various compositions [10].
Chitosan—a representative of the class of natural
polysaccharides—are widely used as scaffolds for tissue engineering [11]. Chitosan is a biocompatible, hypo-allergenic,
possesses antimicrobial properties against certain bacteria and
fungi, and in contrast to synthetic materials, soluble at pH
<5.5. The presence of cationic side groups to attach to other
molecules can combine chitosan with various bioactive substances [2].
However, the use of chitosan in the manufacture of medical devices requires a modification, due to the fragility of
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the polymer, and the inability to provide elasticity scaffolds
that can be solved by combining chitosan with synthetic polymers [12].
Hydroxyapatite Ca5 (PO4 )3 OH is the main mineral component of bone. As a material for regeneration of bone, this
mineral shows a high degree of biocompatibility and good
osteoconductive and osteoinductive properties. Pure hydroxyapatite is almost never used for making scaffolds due to its
poor mechanical properties and lack of a porous structure,
rate of biodegradation, and low friability. Currently, hydroxyapatite is widely used in tissue engineering as an additional
material to increase osteo-conductive/inductive properties of
scaffolds [12].
On the basis of the foregoing, it seems promising to
obtain porous composite materials for biomedical applications, including implants based on chitosan modified by using
hydroxyapatite, to achieve a desired set of properties (high
strength properties of composites, and osteoconductive and
osteoinductive biocompatibilities) providing bone regeneration in the treatment of bone defects.

2. Experimental
2.1 Obtaining hydroxyapatite suspension
The properties of hydroxyapatite depend on many factors
including particle size, defectiveness, impurities, etc. [13].
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Figure 1. Spherical nanoparticles of hydroxyapatite obtained by modified sol–gel method (atomic-force microimage).
The average size is about 80 nm.

Hence, we are paying special attention not only for a synthetic
procedure, but also on in vitro cell experiments, which have
proved enhanced biocompatibility and bioactivity of obtained
hydroxyapatite.
The synthetic procedure to obtain hydroxyapatite may be
found in detail in ref. [14]. The used method is modified sol–
gel approach.
At first step, solution of calcium nitrate and 1 M solution
of phosphoric acid were mixed at 37◦ C. Then, to achieve
appropriate value of pH, 1 M solution of sodium hydroxide
was added. At pH = 4, the precipitate of some amorphous particles starts to form. Hydroxyapatite in the form
of spherical nanoparticles (figure 1) starts to form only after
pH = 5.5. The final step of the process is isothermal holding at
37◦ C.
The chemical reaction of the process may be represented
by the following equation:
5Ca(NO3 )2 · 4H2 O + 3H3 PO4 + 10NaOH
→ Ca5 (PO4 )3 OH + 10NaNO3 + 29H2 O.
Obtained suspension includes about 5–7 wt% of hydroxyapatite in double-distilled water.
2.2 Physical–chemical characterization
The phase individuality of synthesized compounds was monitored by X-ray diffraction (XRD). XRD patterns were
recorded on XRD-6000 Shimadzu diffractometer (CuKα radiation, geometry θ –2θ ) in the 2θ range from 10 to 120° with
a scan increment of 0.02◦ .
Microphotos of obtained phases were taken using workstation AURIGA CrossBeam Workstation (Carl Zeiss).
High-temperature XRD experiments in the range of 298–
1173 K were carried out on the same diffractometer with
increments of 0.02◦ ranging from 10 to 60◦ using an HA1001 Shimadzu attachment.

The calculation of thermal expansion coefficients was
carried out using DTC program complex, and plotting
of thermal expansion diagram was done using KTPv2.0
software [15].
The behaviour of individual compounds and composites in
the wide range of temperature was investigated with thermoanalyser Shimadzu DTG-60H (heating rate of 10 K min−1 ,
nitrogen atmosphere, alundum crucible).
2.3 Experiments with fibroblasts
In practical use of hydroxyapatite as a material for bone
implants, its in vivo interaction with a number of mesenchymal cells is assumed. The simplest model for a number of
cells is diploid fibroblasts, which are the basic cells of the connective tissue. It is necessary to determine how the obtained
nanohydroxyapatite affects the characteristics of the fibroblasts: viability (cytotoxicity of the material), the ability to
reproduce (cell proliferation), cell growth characteristics in
culture, cell adhesion to the surface (one of the basic properties of fibroblasts), and the synthesis of specific compounds.
To characterize the effect of obtained nanohydroxyapatite on
the functional state of diploid fibroblasts, we stopped at one of
the products synthesized by these cells: it is fibronectin, which
is one of the main components of the extracellular matrix.
Thus, the proposed integrated methodology for measuring the
interaction of hydroxyapatite with diploid fibroblasts includes
the following:
• exposure of viable cells in the culture;
• the study of the impact on cell adhesion;
• the study of the effect on the proliferation of cells in
culture;
• the study of the impact on the synthesis of fibronectin.
The advantage of the proposed experimental model is that
almost all the studied parameters can be determined reliably in the same experiment in the required number of
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repetitions. Furthermore, to study the minimum amount of
the test substance (hydroxyapatite) and the cell mass it
consumed.
For the cell culture of human dermal fibroblasts using
the method of tissue explants [16,17], intact skin biopsies
obtained after cosmetic surgery (minimum balance of the skin
not more than 1 cm2 , is not popular in operations) were chosen
as the raw material for the work.
Further work with the source material and the cell culture was held in the culture box in a laminar flow hood. Skin
samples were washed thoroughly with medium and antibiotics (199 medium, penicillin/streptomycin for cell culture),
purified from subcutaneous fat, and undergone an enzymatic
treatment. After enzymatic treatment of the skin pieces, they
are mechanically ground to 0.1 cm2 and laid out in a checkerboard pattern in culture flasks ‘Costar’ (25 cm2 ).
Further growth of the culture was held in a CO2 -incubator
at 5% CO2 , 37◦ C temperature and absolute humidity. Culture prepared for experiment was a microscopically uniform
monolayer with typical pattern as ‘curl’. The cells forming
a monolayer, were presented by typical fibroblasts, predominantly fusiform, sometimes star-shaped, with two/three
distinct sprouts, dense cores, where 1–2 nucleoli and homogeneous cytoplasm are easily visible.
For the quantitative determination of fibronectin, enzymelinked immunosorbent assay was used. The magnitude of
optical density recorded at immunoassay analyzer ‘Sunrise’
with Magellan software. The colour intensity, which was measured at a wavelength of 450 nm and wavelength of 620 nm, is
directly proportional to the concentration of fibronectin presented in the sample.
The experiment was performed as follows: hydroxyapatite samples were laid into 6 of 24 well tissue culture plate
with area ~10% of the hole area; next 6 wells were used for
control 1 (control–cells), two holes–control 2 (medium without the cells and substances), 2 wells–control 3 (medium +
hydroxyapatite).
Cells were seeded in wells of culture plates for 20,000
per square centimetre (per well) and to 9 mattresses with
25 cm2 area. Thus, 16 wells were used as follows: 6 wells–
hydroxyapatite + cells, 6 wells–1 control, 2 wells–control 2,
2 wells–control 3.
To evaluate the impact of a remote test substance on the
cells, the culture state was recorded in the following periods
after passage: 48, 72 and 96 h. At all the stages of observation, the visual characteristics of culture were noted (the state
of the monolayer and the cells themselves, the severity of
the adhesion of cells to the culture plastic, etc.). Visual characteristics of cultures were evaluated in the native state and
after dyeing. Azure–eosin was used as the dye. Before painting, conditioned medium samples were taken from each well
for subsequent determination of fibronectin. Samples were
centrifuged to remove cell fragments; the supernatant was
collected and frozen at −80◦ C. The cells in the mattress after
48, 72, 96 h, were removed by trypsinization, and the concentration and the percentage of dead cells, which were counted
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Figure 2. DTA curve of nanohydroxyapatite (Ttr , temperature
of endothermic effect, which is corresponded to polymorphic
transition).

Figure 3. Thermal dependence of unit-cell volume for nanohydroxyapatite (the dashed line shows the temperature of polymorphic
transition) and its thermal expansion diagram before (black line) and
after (red line) polymorphic transition (comments are given in the
text).

using haemocytometer. Cell viability was determined using
an in vivo dye trypan blue.
2.4 Modification of chitosan using hydroxyapatite
Hydroxyapatite suspension was added to a solution of chitosan (3 wt% in 1.2% CH3 COOH) with vigorous stirring. The
content of Ca5 (PO4 )3 OH was varied from 5 to 40%. Films
were prepared by casting of a suitable polymer solution on a
glass substrate.
2.5 Porous materials based on chitosan and hydroxyapatite
To obtain porous materials, ammonium carbonate (0.5 wt% in
relation to the chitosan) was added to the mixture, which has
a composition similar to that described in section 2.2. Films
were prepared by casting of a suitable polymer solution on a
Teflon substrate and incubated for 2 h at T = 70◦ C.

91

Page 4 of 6

Bull. Mater. Sci.

(2020) 43:91

Control

Hydroxyapate+cells

Number of cells

1200000

900000

600000

300000
40

60

80

100

40

60

80

100

Time (hours)
2

1

3

2

1

4

3

4

Figure 4. Changing of cells concentration in growth process (standard uncertainty, u = 1 cell).
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Figure 6. Human fibroblasts in the presence of hydroxyapatite
obtained by modified sol–gel method and in the control experiment
(hundred-fold increase).
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Figure 5. Fibronectin content (μg ml−1 ) in experiments (standard
uncertainty, u = 0.01 μg ml−1 ).

3. Results and discussion
The combination of high-temperature XRD method with differential scanning calorimetry (DSC) shows that there is a
phase transition in hydroxyapatite obtained at about 719◦ C.
It can be seen as endothermic effect on differential thermal
analysis (DTA) curve (figure 2).
To determine the nature of such transition, hightemperature XRD in situ experiments were done. In figure 3,
the thermal dependency of unit-cell volume is shown (it gives
clearer picture of the processes in crystal structure than linear
unit-cell parameters, because volume is an integral characteristic of unit-cell). As it is shown in the figure, dependency
undergoes a break at the temperature, which was recorded
using DSC method. Usually, such effect is caused by changes
in the unit-cell symmetry of apatites as it was shown in our
previous works [18,19].

The next step was to determine the thermal expansion
coefficients. To calculate thermal expansion coefficients, thermal dependencies of unit-cell parameters were approximated
by the polynomials of the following type l(T ) = p0 + p1 T +
p2 T 2 . Then, using pi coefficients and DTC software [15], we
got thermal expansion coefficients values. Thermal expansion
diagram for nanohydroxyapatite is shown in figure 3. Thermal expansion diagram is the way of representing the thermal
expansion coefficients of the structure in different crystallographic directions. The value of the radius vector plotted from
the zero-point to the boundary of the figure equals to the value
of the thermal expansion coefficient in proper crystallographic
direction [15].
It should be noted that there are many examples in reducing
the unit-cell symmetry of apatites with temperature [18,19].
Crystal symmetry of such compounds may change from
hexagonal to monoclinic or hexagonal with another space
group (e.g. P63 /m to P63 ). Moreover, it is well known that
different structure changes in hydroxyapatite connected with
ordering/disordering of OH groups. As it can be seen the
changes from the obtained data and ref. [20], in spite of these
changes unit cell holds hexagonal symmetry.
The four series of experiments were done. The results of
one of them are shown in figures 4–6.
The results of changes in the concentration, the severity
of cell adhesion to the culture plastic and changes of the
fibronectin content in the medium during culture growth in the
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Figure 7. (Left) XRD patterns and (right) DTA curves of chitosan/hydroxyapatite composites
(hydroxyapatite content (1) 0, (2) 5, (3) 10, (4) 15, (5) 20, (6) 30 and (7) 40%). Selected area corresponds
to the softening/degradation of chitosan and its composites.
Table 1. Tensile strength and deformation of the films based on chitosan modified by
hydroxyapatite P ≤ 0.05.
Number of experiment
1
2
3
4
5
6
7
8
9

Composition

σ (MPa)

ε (%)

Chitosan
Chitosan + 1 wt% hydroxyapatite
Chitosan + 3 wt% hydroxyapatite
Chitosan + 5 wt% hydroxyapatite
Chitosan + 7 wt% hydroxyapatite
Chitosan + 10 wt% hydroxyapatite
Chitosan + 15 wt% hydroxyapatite
Chitosan + 20 wt% hydroxyapatite
Chitosan + 40 wt% hydroxyapatite

24.0 ± 0.2
35.7 ± 0.3
36.6 ± 0.3
38.5 ± 0.3
29.8 ± 0.2
19.5 ± 0.2
17.2 ± 0.2
15.4 ± 0.1
12.1 ± 0.1

1.9
2.1
2.2
2.0
2.1
2.0
1.8
1.8
1.6

presence of hydroxyapatite and control series are presented
in the tables.
Thus, the experimental results demonstrate the absence of
toxic effects of hydroxyapatite samples submitted for culture of human dermal fibroblasts. By visual observation at all
the stages of the study, cell damage is not detected. Moreover, increase in the number of cells around small particles
of hydroxyapatite was detected. The cell concentration in the
test series with samples of hydroxyapatite grows similarly
to changes in the concentration of control series. Changing
the content of fibronectin in a series of samples with hydroxyapatite is similar to that in the control group: the level of
fibronectin begins to increase from the third day and gradually increases till the end of the experiment.
As a result, we may conclude that a new procedure for the
preparation of nanosized hydroxyapatite allows to obtain a
substance that has no toxic impact on fibroblasts in in vitro
experiments.
The evidence of neutrality of hydroxyapatite samples is
that no damage to the cells in culture during all the periods of observation was detected. We also observed a good

adhesion of the cells to the plastic surface in this series, a
distinct proliferation of cells in culture in the presence of
hydroxyapatite, doubling the cell concentration to the fourth
day, accumulation of fibronectin in a series with hydroxyapatite. Moreover, almost in all the investigated series with
the hydroxyapatite, we observed a concentration of cells
around small particles of hydroxyapatite, indicating the possibility of the increasing adhesion of the cells to the studied
substance.
Two main results in obtaining the described composition material were obtained. First, hydroxyapatite addition
reduces chitosan crystallinity and leads to its amorphization,
as it follows from the increasing intensity of its diffraction
peaks (figure 7, left side). Second, addition of hydroxyapatite
reduces the softening and decomposition temperature of chitosan (figure 7, right side). Moreover, we did not observe any
chemical interaction between organic and inorganic parts of
the composite.
As for mechanical properties of obtained films, we observed
that the addition of 1–5 wt% of hydroxyapatite to chitosan
solution could slightly increase the stress at break of the
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film to 38.5 MPa, strain magnitude is practically unchanged
compared to the starting polysaccharide. With further increase
in the content of the hydroxyapatite in the mixture, the level
of physical and mechanical characteristics of the films greatly
reduced (table 1).
It should be noted that obtained results show that synthesized materials are much stronger than chitosan/hydroxyapatite materials modified by poly-3-hydroxybutyrate-co-3hydroxyvalerate [21]. It can be explained by forming the
hydrogen bond with OH groups of chitosan with surface
hydroxyl groups of hydroxyapatite nanoparticles. On the
other hand, in ref. [22], it was shown that equimass mixture of chitosan and hydroxyapatite has tensile strength about
27.7 MPa, but it is possibly connected with difference in the
sizes: in the mentioned work, the average size of hydroxyapatite particles is about 3–5 μm.

4. Conclusion
The new approach to obtain nanoparticles of hydroxyapatite allows to get a substance, which is not toxic for human
cells as it was shown using in vitro experiments with human
fibroblasts. The use of such nanohydroxyapatite for creating
composite materials with chitosan is possible, since in this
case, the polymorphic hydroxyapatite’s transformations even
with its high content in the composite do not significantly
affect the properties of the composites in a relatively wide
temperature range. Generally, high modification apatite has a
larger amount of thermal expansion coefficients, which can
lead to the destruction of the bioimplant at changing temperature.
When added in a composition of a calculated amount
of hydroxyapatite, the level of physical and mechanical
characteristics of the films is reduced slightly, however,
composites can be used to develop scaffolds for tissue engineering due to the content synthetic polymer blocks in the
composition.
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