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Abstract
The composite materials based on hydroxyapatite (HA), sodium alginate (Alg)–magnetite (Fe3O4) were synthesized by the 
“wet chemistry method” under the influence of microwave irradiation and ultrasound. The biomagnetic samples were inves-
tigated by XRD, RFA, SEM, TEM and colorimetric assay methods. The cytotoxicity was assessed on fibroblasts cultures. 
It was found that the synthesis of Fe3O4 particles in the presence of Alg macromolecules leads to magnetite nanoparticles’ 
average size decreasing (up to 8 nm). The presence of samples with applied magnetite content (1% of HA) in a nutrient 
medium did not influence on cells viability. It was shown that the hydrogels were more conducive to cells survival and provide 
a greater degree of cell proliferation in comparison with beads. It was concluded that Fe3O4-loaded hydroxyapatite–alginate 
composites are characterized by good adhesive ability of the fibroblast cells and its bioactivity.
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1  Introduction

Bone defects and fractures as a result of industrial, sports 
and war injuries, pathologies and resorption are a major 
problem of orthopedics, maxillofacial surgery and rehabili-
tation medicine. One approach to solve this problem is bone 
tissue engineering. Therefore, extensive research work was 
devoted to the development of optimal bioactive materials, 
which should have a highly micro-porous and interconnected 
three-dimensional structure, as well as a function to simulate 
the physico-chemical properties of native bone. Materials for 
bone regeneration are designed with characteristics neces-
sary for new bone growth, i.e., osteoconductivity, osteogene-
city, and osteoinductivity [1].

Hydroxyapatite has broad area of application as a bio-
compatible material in medicine, since it is the main compo-
nent of bone tissue [2]. As an inorganic component of bone, 

HA nanoparticles have excellent biocompatibility, especially 
good osteoconductivity, which have been widely used in 
medicine and dentistry [3–5]. Composites consisting of 
polymer–ceramics best mimic the natural functions of bone. 
Natural-derived polysaccharides such as chitin, chitosan, 
alginate, carrageenan and chondroitin sulfate are widely 
used versatile biomaterials for bone tissue engineering 
applications. Among the natural polysaccharides, alginate 
is widely used as a biomaterial for bone tissue engineering. 
Alginate, an anionic polymer owing enormous biomedical 
applications, is gaining importance, particularly in bone tis-
sue engineering, due to its biocompatibility and gel form-
ing properties [6]. The alginate composites show enhanced 
biochemical significance in terms of porosity, mechanical 
strength, cell adhesion, biocompatibility, cell proliferation, 
alkaline phosphatase increase, excellent mineralization and 
osteogenic differentiation [7, 8]. Hence, alginate-based com-
posite biomaterials will be promising for bone tissue.

Magnetite (Fe3O4) is the most common iron oxide used 
in biomedicine due to its low toxicity, relative ease of func-
tionalization and high magnetization at room temperature [9, 
10]. Magnetic materials can be introduced into the scaffolds, 
to promote bone formation [11]. The biomedical applica-
tion of magnetic nanoparticles (MNPs) have increased in 
recent decades [12–14]. Iron ions in MNPs containing iron 
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and iron oxides are added to iron deposits into the body 
after metabolism, and finally included by red blood cells or 
hemoglobin [15].

There are several key areas for the use of MNPs in medi-
cine. First, MNPs are used in tissue engineering as scaffold 
for bone regeneration [16, 17]. Therefore, MNPs acted as a 
drug carrier for effective controlling the delivery and release 
of drug to a lesion site [17, 18]. The use of bioceramic scaf-
folds for a targeted drug release significantly improves the 
treatment efficiency, especially for a disease such as cancer 
[19, 20]. The third use of MNPs is a clinical medical diag-
nosis. They may likewise be used in non-invasive diagnostic 
applications such as magnetic resonance imaging, where the 
MNPs act as a contrast material due to the local modification 
of magnetic fields, electric field gradients, and radio waves 
depending on the employed imaging type [19–24]. Moreover 
MNPs has practical application in relative cancer treatment 
[25, 26]. Thus, nanostructured ferromagnetic materials and 
MNPs are quite well used in medicine. The hydroxyapa-
tite–alginate (HA–Alg) combination can be considered as a 
physical model of the second-level structure of bone tissue 
in its 8-level hierarchy [27]. The magnetic component gives 
the HA–Alg composite magnetic properties and possibility 
of use in the bone cancer treatment by hyperthermia [28]. 
We have developed several methods for producing magnetite 
granules in a polysaccharide shell [29]. Also, we have devel-
oped several methods for producing magnetite granules in a 
polysaccharide shell [29].

In this work, magnetite nanoparticles were synthesized 
in the presence of natural alginate polymer and then, under 
the influence of ultrasound, are distributed in alginate mac-
romolecules- and nanostructured hydroxyapatite nanoparti-
cles-containing composite. The obtained biomagnetic com-
posites are presented in the form of a hydrogel and beads, 
and may be promising in surgery as bone defects’ filler.

2 � Materials and methods

2.1 � Materials

The composite material was synthesized from following 
chemicals (manufactured by Merck): calcium nitrate tetrahy-
drate (Ca (NO3)2·4H2O), ammonium hydrogen phosphate 
((NH4)2HPO4), sodium hydroxide (NaOH), ferrum sulfate 
(FeSO4·7H2O), ferrum chloride (FeCl3·6H2O), calcium 
chloride CaCl2; sodium alginate (Alg) (E401, M.M. 15 kDa, 
Shanghai Chemical Company Ltd, China). All reagents were 
of analytical grade.

2.2 � Composite preparation

2.2.1 � HA (hydrogel)

The HA hydrogel synthesis method is described in [30–33] 
in detail. Briefly, the HA was synthesized from 50 ml of 
Ca(NO3)2·4H2O (0.5 M) and 50 ml of (NH4)2HPO4 (0.3 M). 
Ammonium hydrophosphate and calcium tetrahydrate were 
mixed by adding first one dropwise. The ammonia solution 
was added to get pH of 10.5. The result solution was treated 
at consumer microwave (MW) oven Samsung M1712NR 
for 3 min. After MW treatment, the product was cooled and 
precipitated at room temperature.

2.2.2 � Nanostructured magnetite Fe3O4 (powder)

Magnetite powder Fe3O4 was performed by chemical pre-
cipitation method according to the following reaction:

At the first stage, 5 ml of a 2% aqueous sodium alginate 
solution was prepared; the pH value of 10 was achieved by 
adding 18% NaOH solution. 10 ml of 0.4-M FeCl3·6H2O 
was added to the alkaline alginate solution, followed by 
sonication. After the subsequent addition of 10 ml of 0.4-M 
FeSO4·7H2O, the mixture was kept at 80 °C for 10 min. The 
settling precipitate was washed with distilled water to neu-
tral pH. After drying, nanostructured magnetite powder was 
obtained with a final components ratio Fe3O4:Alg = 10:1

2.2.3 � HA–Fe3O4 (hydrogel)

0.11 g of Fe3O4 powder (2.2.2) was gradually added to 
8.00 g of HA hydrogel (p.2.2.1) and treated with ultrasound 
of low (90 W) power. Thus, the magnetite content was 1% of 
HA (calculated on the weight of dry powders). The samples 
are called as HA–Fe3O4 (hydrogel).

2.2.4 � HA–Fe3O4–Alg (beads)

HA–Fe3O4 hydrogel (p.2.2.3) was added to 2% alginate solu-
tion in a weight ratio of HA–Fe3O4:Alg = 1:1 and mixed with 
ultrasound for 12 min. The composite material in the form 
of beads (further named HA–Fe3O4–Alg) was obtained by 
dispersing HA-Fe3O4:Alg suspension in a 0.125-M calcium 
chloride solution. After 25 min of exposition, the beads were 
filtered, washed with distilled water until neutral reaction 
and dried.

2FeCl
3
⋅ 6H

2
O + FeSO

4
⋅ 7H

2
O + 8NaOH

→ Fe
3
O

4
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2.3 � Analytical methods

2.3.1 � XRD analysis

The samples X-ray diffraction (XRD) studies were per-
formed by Shimadzu XRD-6000 diffractometer with Cu-Kα 
radiation. The JCPDS (Joint Committee on Powder Diffrac-
tion Standards) card catalog was used for crystal phases 
identification.

2.3.2 � Determination of Ca/P molar ratio

The X-ray fluorescence spectrometer ElvaX Light SDD 
(RFA) was used for Ca/P ratio determination. The samples 
were powdered and put into cylindrical cuvette. The meas-
urements were carried out in a helium inert atmosphere by 
gas blown.

2.3.3 � TEM study

The thin morphology was observed by transmission electron 
microscope (TEM; PEM-125K, SELMI, Sumy, Ukraine). 
The accelerating voltage was 90 kV.

2.3.4 � SEM study

Microphotographs of the surface of the samples were made 
in the secondary electron mode with an accelerating voltage 
Uac = 20 kV and a beam current of 1–10 A on JSM-6390LV 
scanning electron microscope with EDAX microanalysis 
system.

2.3.5 � Cytotoxicity and bioactivity study

The cytotoxicity of the HA–Fe3O4 hydrogel and 
HA–Fe3O4–Alg beads was investigated using cell cultures 
of mouse fibroblasts.

2.3.6 � MTT assay

Direct cytotoxicity of materials was assessed by the effi-
ciency of cell attachment on samples. To remove unattached 
cells after 48 h of cultivation, the films were washed with 
sodium phosphate buffer. The adherent cells number was 
evaluated by MTT method.

It should be noted that MTT analysis is one of the 
dependable and sensitive indicators used for cellular 
metabolic activity. This analysis is based on the MTT 
reduction, which is a water-soluble yellow tetrazolium 
dye. The NIH-3T3 cells were maintained at a concentra-
tion equals to 5 × 104 cells per well and by addition in 
96-well plates separately (Falcon BD, USA) and Dulbec-
co’s Modified Eagle Medium (DMEM-150 µl) was also 

added to these wells for cell growth. Then, fibroblasts cells 
were washed with the medium that is serum free (100 µl) 
twice and starved for 1 h at 37 °C. When the process of 
starvation is passed, the NIH-3T3 fibroblast cells were 
treated with different concentrations of HA–Fe3O4–Alg 
composites (200 µg/ml) for the incubation period of 24 
and 48 h. The control one was maintained without add-
ing HA–Fe3O4–Alg. The medium was aspirated after each 
period of experiment finished. The serum-free medium 
containing 0.45 mg/ml of MTT (3-[4,5-dimethylthiazol-
2-yl] 2,5-diphenyl tetrazolium bromide) reagent was added 
and incubated for 4 h at 37 °C in CO2 incubator. Thus, 
these determinations were performed with the usage of 
triplicates each time.

The medium with MTT was removed and the NIH-3T3 
cells were washed with the solution of phosphate buffer 
(PBS-200 µl) for elimination non-reacted MTT reagent 
and also HA–Fe3O4–Alg. The formazan crystals that were 
formed and dissolved by addition of 99% DMSO (100 µl) 
and 0.6% of glacial acetic were mixed thoroughly via 
pipetting up and down. Purple blue formazan was meas-
ured in a microplate reader at 570 nm (Biotek PowerWave 
340, USA) by the spectrophotometrical absorbance. The 
cell viability was determined with a help of Graph pad 
prism 5 software. The observance of viable NIH-3T3 
cells was done by the usage of inverted phase contrast 
microscopy.

The percentage of cell viability was evaluated by Eq. (1):

Adhesion, spreading and subsequent cell proliferation 
were accessed after 3- and 5-day cultivation (fluorescent 
microscope Zeiss AxioVert 25, Germany). The micro-
graphs of cells were obtained after 5 days of cultivation. 
For staining the actin filaments of the MC3T3-E1 cytoskel-
eton cells (green), a phalloidin-labeled Alexa Fluor® 488 
(1:20, Invitrogen, USA) was used; the cell nuclei (blue) were 
stained with 4-6-diamidino-2-phenylindole (DAPI, Invitro-
gen, USA). Fluorophores, phalloidin-labeled Alexa Fluor® 
488 and DAPI were excited at a wavelength of 488 nm 
using a 505–530-nm bandpass filter and at a wavelength of 
543 nm using a 560-nm long-wavelength transmission filter, 
respectively.

2.3.7 � Statistical analysis

Each biological experiment involves 10 samples of each 
type of material and 3 control cultures. The mean values 
and 95% confidence interval were calculated for five such 
experiments. The reliability of the obtained data was evalu-
ated by the U-criterion.

(1)
Percentage of cell viability = Sample OD∕Control OD × 100%.
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3 � Results and discussion

3.1 � The morphology characterization

The morphology of HA–Alg composite is illustrated 
in Fig. 1. The HA is embedded to an alginate matrix by 
lamellae formation (Fig. 1a mentioned by red circles). The 
results of elemental analysis are shown in Fig. 2 and Table 1. 
Lamellas of HA are clearly visible in Fig. 2a. The EDAX 

spectrum is clear; the peaks of elements are identifiable. The 
distribution of elements is uniform; quantity deviation does 
not exceed 5%.

The HA–Fe3O4 hydrogel’s microstructure study is shown 
in Fig. 3. It can be seen that magnetite particles are well inte-
grated into hydrogel composition. The magnetite particles’ 
sizes do not exceed 10–15 µm, Fig. 3a, b.

Figure 4a shows an image of the HA section with Fe3O4 
particles, where the sample composition was analyzed. As 

Fig. 1   The SEM image of HA–Alg composite. a Magnification × 3000; b × 500

Fig. 2   The SEM images and results of EDS studies of HA–Alg. a HA–Alg surface with marked analysis places; b corresponding EDS spectra of 
HA–Alg composite

Table 1   EDS analysis results of 
HA–Alg composite, wt%

Spectrum O Na Mg Al Si P Cl Ca Sum Ca/P

Spectrum 1 50.68 1.20 0.25 0.17 2.02 11.40 3.99 28.05 100.00 2.46
Spectrum 2 49.48 1.14 0.35 0.29 2.28 12.93 3.67 29.86 100.00 2.30
Spectrum 3 50.30 1.04 0.42 0.31 2.19 12.63 3.64 29.48 100.00 2.33
max 50.68 1.20 0.42 0.31 2.28 12.93 3.99 29.86
min 49.48 1.04 0.25 0.17 2.02 11.40 3.64 29.05
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can be seen from the EDAX spectrum presented in Fig. 4b, 
the O, Al, P, Ca, and Fe elements are presented in the 

regions. Moreover, the concentration of Fe varies from 3.30 
to 12.82 wt%, see Table 2.

Fig. 3   The SEM image of HA–Fe3O4 composite. Magnification: a × 3000; b × 1000; c × 500; d × 100

Fig. 4   The SEM images and results of EDS studies of HA–Fe3O4. a HA–Alg surface with marked analysis places; b corresponding EDS spectra 
of HA–Alg composite
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The morphology of HA–Fe3O4–Alg composite beads is 
shown in Fig. 5. We conclude that magnetite reduces the 
homogenization of HA distribution, blocking the formation 
of lamellae.

The concentration of Fe also varies from 17.70 to 2.22 
wt% considerably, Table 3. The Ca/P weight ratio is 2.1, 
which is slightly lower than stoichiometric ratio of HA 
(2.15). The absence of hydroxyapatite lamellae formation 
process, as well as an increased content of Ca and P at the 
magnetite particle surface (Fig. 6a, spectrum 1 and 2), may 

indicate an accumulation of hydroxyapatite around magnet-
ite particles by itself.

The following figure shows elements’ distribution of 
HA–Fe3O4–Alg composite sample. In elemental contrast, 
almost all elements, except Fe and O, are evenly distributed 
(Fig. 7).

3.2 � Structure characterization

The XRD investigations were carried out for HA–Fe3O4 
hydrogel and HA–Fe3O4–Alg beads. Since, the same 

Table 2   EDS analysis results of 
HA–Fe3O4 hydrogel, wt%

Spectrum O Al P Ca Fe Sum Ca/P

Spectrum 1 50.01 1.91 11.83 23.42 12.82 100.00 1.97
Spectrum 2 48.78 2.10 12.17 24.80 12.15 100.00 2.03
Spectrum 3 50.23 1.45 14.39 30.51 3.42 100.00 2.12
Spectrum 4 50.88 1.49 14.58 29.75 3.30 100.00 2.04
Average 49.97 1.74 13.24 27.12 7.92 100.00 2.04
Stand. deviation 0.88 0.32 1.44 3.54 5.28
Max 50.88 2.10 14.58 30.51 12.82
Min 48.78 1.45 11.83 23.42 3.30

Fig. 5   SEM cross-sectional image of HA–Fe3O4–Alg bead. Magnification: a × 3000; b × 1000; c × 100; d × 40
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pre-synthesized HA was applied for the formation of both 
composite materials, XRD spectra for HA–Fe3O4 hydrogel 
and HA–Fe3O4–Alg beads are close (Fig. 8). According to 
XRD, there are presence of single calcium-deficient HA 
(JCPDS 45-0905) phase with good crystallinity.

As mentioned above, HA was synthesized under the 
influence of microwave irradiation. The use of MW (600-
W) radiation significantly reduces the time (up to 20 min) of 
obtaining calcium-deficient hydroxyapatite (cdHA, type B) 
in the form of a nanopowder, the structure and composition 
of which are close to biological hydroxyapatite. Importantly, 
the formation of cdNA nanocrystals under the influence of 
MW radiation occurs during one stage compared to standard 
synthesis, which begins with the formation of amorphous 
calcium phosphate phase (ACP). The main reason for this 
phenomenon is rapid absorption of radiation energy, which 
contributes to dehydration of reaction ions Ca2+, OH– and 
PO4

3– [30].
Figure 9 presents TEM image of magnetite, obtained 

according to the method mentioned above (p.2.2.2). The 
particles’ linear dimensions and the results’ statistical pro-
cessing are presented in the form of a histogram.

Studies have shown that the presence of sodium alginate 
during synthesis leads to a decrease of magnetite nano-
particles size. According to the histogram, about 40% of 
particles have a size of 8 nm; while, the largest propor-
tion of nanoparticles have a size of 12 nm in polymer-free 
solution. Small magnetite particles have significant surface 
energy and there are most effective in terms of antibacte-
rial action [34]. But we must also remember that the reduc-
tion in size leads to increased aggregation due to their high 
specific surface area. Thus, the degree of aggregation of 
Fe3O4 nanoparticles can significantly affect the activity 
and properties of biocomposites with their content.

In the case of Fe3O4 nanoparticles synthesis in the 
presence of alginate, its hydroxyl groups can generate an 
interfacial bonding with magnetite nanoparticles and, thus, 
prevent its growth and agglomeration. The alginate acts 
as a dispersant and provides the uniform distribution of 
magnetite nanoparticles within Alg matrix under sonifi-
cation, during beads forming. Also, Fe3O4 nanoparticles 
in combination with cross-linked Ca2+ ions and Alg mac-
romolecules, contribute to enhancement stability of the 
beads’ shape.

Table 3   EDS analysis results of 
HA–Fe3O4–Alg beads, wt%

Spectrum O Na Mg Al Si P Cl Ca Fe Sum Ca/P

Spectrum 1 46.02 0.92 0.00 0.31 3.47 9.09 3.14 19.34 17.70 100.0 2.13
Spectrum 2 46.21 0.86 0.15 0.23 2.40 9.41 3.29 20.40 17.05 100.0 2.17
Spectrum 3 48.42 0.73 0.26 0.31 2.50 13.06 3.89 28.62 2.22 100.0 2.19
Average 46.88 0.84 0.14 0.28 2.79 10.52 3.44 22.79 12.32 100.0 2.17
Stand. deviation 1.33 0.10 0.13 0.05 0.59 2.21 0.40 5.08 8.76
Max 48.42 0.92 0.26 0.31 3.47 13.06 3.89 28.62 17.70
Min 46.02 0.73 0.00 0.23 2.40 9.09 3.14 19.34 2.22

Fig. 6   The SEM images and results of EDS studies of HA–Fe3O4–Alg. a HA–Fe3O4–Alg surface with marked analysis places; b corresponding 
EDS spectra of HA–Fe3O4–Alg composite
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It is well known that HA has properties of osteoconduc-
tivity and osteoinductivity. Sodium alginate, as it is known, 
is a nutrient medium for cell proliferation. Particles of mag-
netite are known to have antimicrobial action and, therefore, 
may have a negative effect on the proliferation of other cells.

3.3 � The study of composite materials 
on cytotoxicity and biocompatibility

The main premise of tissue engineering is the development 
of coatings and implants for restore the functions of dam-
aged human tissues. One of the main functions of such scaf-
fold materials is to ensure cells attachment for further cell 
proliferation and differentiation [35].

Furthermore, they must also ensure the preservation of 
cells phenotype and viability.

Biocompatibility of composite material in vitro condi-
tions was assessed on viability level, adhesive properties, 
morphology, proliferation and differentiation of cells.

Cytological examination of the state of cultured fibro-
blasts (Fig. 10a, b) on the 3rd day in cultures with experi-
mental samples and in the control culture did not reveal any 

differences. The structural organization of cells testified to 
their belonging to young fibroblasts. On the 5th day of the 
cultivation, a significant increase in the cell density was 
observed.

Cells, which were predominantly mature fibroblasts, 
retained their phenotype in cultures. The investigation of 
cytotoxicity was carried out for the samples presented in 
two aggregate forms—hydrogels and beads. The study of the 
dead cells number and the total number of cells in cultures 
was carried out on 3 and 5 days after samples exposure to 
the culture medium.

The distribution of total number of cells and the number 
of dead cells did not have a significant difference compared 
to control culture (Table 4, Fig. 11).

The number of dead cells of control culture after 5 days 
of exposure was 6.1%; while for the experimental cultures 
with HA–Fe3O4 hydrogel and HA–Fe3O4–Alg beads, these 
values were 5.4% and 12.9%, respectively. It does not 
exceed the permissible limits for primary crops. Atten-
tion is drawn to the fact that the highest number of dead 
cells (12.9%) was recorded for the sample with magnetite 
HA–Fe3O4–Alg beads. Cell growth over the period from 

Fig. 7   The SEM images and results of EDS studies of HA–Fe3O4–Alg, element maps
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3 to 5 days for this sample is also the smallest (57.3%) as 
compared to control and hydrogel samples. Experimental 
data show that the behavior of osteoblasts and fibroblasts 
depends on the sample structure and changes during the 
transition from hydrogel to beads. Thus, in the case of 

HA–Fe3O4 hydrogel, a smaller number of dead cells is 
characteristic. Moreover, that samples have higher degree 
of cells proliferation in the period from 3 to 5 days com-
pared to HA–Fe3O4–Alg beads. This fact can be explained 
as follows: hydrogel has more developed surface, which 

Fig. 8   Diffraction patterns of HA–Fe3O4 hydrogel and HA–Fe3O4–Alg beads samples

Fig. 9   TEM image of magnetite nanoparticles, obtained in the presence of alginate (a) and histogram of their size distribution (b)
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implies a higher degree of contact between hydroxyapa-
tite particles and cells. Therefore, HA contributes to cell 
survival and their proliferation. On the other hand, macro-
molecules of sodium alginate, as it is known, are a nutri-
ent medium for cell proliferation. In the case of beads, 

the contact of cells with HA occurs only on the surface 
of the beads, which reduces the survival rate. It is obvi-
ous that the Fe3O4 particles also influence the behavior of 
fibroblasts.

Fig. 10   Morphology of fibroblast cells a for 3 days; b for 5th day of cultivation with materials HA–Fe3O4 hydrogel and HA–Fe3O4–Alg beads 
(× 50)

Table 4   Dynamics of cells survival and cells proliferation in contact with experimental samples (p ≤ 0.05)

Sample 3 days 5 days The increase in the total 
number of cells for 2 days, 
in %Total number of cells Number of dead 

cells, incl. in %
Total number of cells Number of dead 

cells, incl. in %

Culture (control) 1.98 × 104 6.93 × 102

3.5%
3.21 × 104 1.96 × 103

6.1%
62.1

HA–Alg beads 1.81 × 104 1.41 × 103

7.8%
2.96 × 104 1.09 × 103

10.9%
63.5

HA–Fe3O4 hydrogel 1.83 × 104 7.69 × 102

4.2%
2.95 × 104 1.59 × 103

5.4%
61.2

HA–Fe3O4–Alg beads 1.92 × 104 1.94 × 103

10.1%
3.02 × 104 3.90 × 103

12.9%
57.3

Fig. 11   Comparative charac-
teristics of the influence of 
experimental samples on the 
cells behavior in the nutrient 
medium
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Magnetite-containing samples demonstrate a lower 
degree of proliferation compared to magnetite-free HA–Alg 
beads. For this sample, that was also used in experiment, the 
number of dead cells after 5 days of exposure was 10.9%. It 
should be noted that these data are not above the limit, used 
for primary crops. Furthermore, the growth of cells between 
the period from 3 to 5 days was 63.5% which is the highest 
as compared to the results of other samples.

Only cdHA and Alg have a positive (or neutral) effect 
on cell proliferation. Magnetite performs a therapeutic 
function (for example, in the method of hyperthermia in 
the treatment of bone tumours) and has a certain degree 
of toxicity, slightly reducing the degree of proliferation. 
That is why we conducted a thorough study of the cyto-
toxicity of the created three-component biomaterial.

Thereby, the applied content of magnetite particles (1% 
to HA dry powder) does not show a negative effect on 
the cells.

Adhesive and proliferative properties of the cells were 
assessed by fluorescence microscopy (Fig. 12). To visu-
alize cells, they were pre-stained with fluorogenic dye 
DHR-123 (provides green fluorescence in metabolically 
active cells).

Fibroblasts growing in a control medium after 48 h had 
a typical spindle-shape morphology, formed a number of 
pseudopodia and covered the bottom of the plate wells. 
However, fibroblasts grown on cellulose membranes had 
round morphology after 2 days of cultivation (Fig. 12a–c). 
The reason for the dissimilarities in the cell phenotype on 
the bottom of plastic plates and HA–Fe3O4 hydrogel and 
HA–Alg–Fe3O4 surface is related to the difference in sub-
strate stiffness. It was shown that cells generate a greater 
traction force and develop a broader and flatter morphol-
ogy on stiff substrates than they do on soft but equally 
adhesive substrates. However, when fibroblast cells 
become confluent and make contact using their internal 
signals leading to cell spreading and proliferation, the 

stiffness of the substrate no longer affects their morphol-
ogy [19, 36, 37].

It should be highlighted that the fibroblasts that were 
growing in a medium containing HA–Alg after 48  h 
showed the results as having spindle-shape structure 
with the good bottom coverage also, as in the control 
one. Cells were characterized by normal morphology and 
showed good adhesive ability. The green fluorescence of 
cultivated cells evidenced its metabolic activity.

4 � Conclusions

In this work, Fe3O4-loaded hydroxyapatite-based composite 
biomaterials were synthesized in the form of hydrogel and 
beads. The polymer presence during the synthesis reduces 
an average size of magnetite nanoparticles. About 40% of 
particles have a size of 8 nm according to the TEM data and 
histogram of size distribution. SEM pictures demonstrate the 
porous structure of the beads, representing calcium alginate 
matrix with immobilized particles of HA and magnetite. 
Cytological characteristics of fibroblasts in cultures were 
studied. The increase in the total number of cells in cultures, 
the way of their arrangements, the number of destructively 
modified and dead cells confirm the steady growth of fibro-
blasts on the 5th day of experiment in both the control and 
experimental series of samples. The presence of magnetite 
applied samples in the nutrient medium did not effect on 
cells viability. This is the evidence that tested composites are 
biocompatible. Although in vitro results cannot be extrapo-
lated in vivo, they may provide very valuable information 
for tissue engineering.

Funding  Funding was provided by Ministry of Education and Science 
of the Republic of Kazakhstan (Grant no 0117PK00047).

Fig. 12   Fluorescent images of NIH-3T3 cells cultured with experimental samples: a control; b HA–Fe3O4 hydrogel; c HA–Alg–Fe3O4
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