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This work is devoted to the investigation of interaction of BHA/magnetite/chitosan
composites with a magnetite content of 1, 5, 25, and 50 wt.% with physiological solution
and their cytotoxicity. It was established that increasing of magnetite content leads to
increasing of composites resorption. Moreover, the use of magnetite obtained by chemical
precipitation in amount of 5-50 % allows to achieve resorption rate equal to 2.5-—
5.8 wt.% /day,which in 8.5-7.5 times higher in comparison with "pure” biogenic hy-
droxyapatite and 1.2-2 times higher in comparison with composites with magnetite ob-
tained by decomposition in nitrogen media. The process of resorption is also confirmed by
change in pH,presence of Ca, P and Fe in physiological solution after experiments in vitro,
decreasing of particles size and increasing of specific surface area of the composites
powders. The results of cytotoxicity study confirmed that BHA/magnetite/chitosan com-
posites have no cytotoxic effect. That is why prepared composites could be promising for
use in medicine.

Keywords: hydroxyapatite, magnetite, chitosan, composites, resorption, physiological
solution, cytotoxicity

Biorenni kKomMmo3uTuH Ha OCHOBI rigpoxkcumanmarury, mMogudikoBaHi MArHeTHTOM Ta
xiTo3anom: 6iope3opbuiag y ¢iziomoriumomy pozumni Ta murororcuuHicts. A.CuHuys,
C.3azopodna, O.Cuy, T.Babymina, I.Kondpamenro

Pobora mpucBauena pocaigixkenH:o Biaimozili xommnosutiB BI'A/marmerut/xiTosam i3
BMicTom MmarHetury 1, 5, 25 ta 50 mac.% 3 disionoriunuM posumHOM Ta iX IIMTOTOKCHUY-
HocTi. BeranoBieHo, 1o 36iMBIIEHHA BMicTy MAarHeTHUTy IPUSBOSUTL A0 30iNbleHHA pe-
3opb11il xommosuTis. Kpim Toro, BUKopucTaHHS MarHeTUTy, OTPUMAHOIO XiMIiYHUM ocajKeH-
HAM, y KinbKocti 5—50 % mosBojsie mocsarTu IIBUIKOCTI pesop6uii 2,5—5,3 mac.% /mo6y, mio
B 3,56—7,5 pasiB Bume B nopiBuaHHi 3 "uncTum” GioremHuM rigpoxcuanarutom i 1,2—-2 pasu
BUIlle B NOPIBHAHHI 8 KOMIIO3UTAMMU 3 MATHETUTOM, OTPUMAHUMU DPOSKJIAJAHHAM B Cepelo-
BuIti asory. IIporec pesopbirii Tarosk mixzrBepmxyerbesa sminoro pH, maasmictio Ca, P i Fe y
disionoriunomy posumHi micna exclnepuMeHTIB in vitro, 3MEHIIEHHAM PO3MIPY YaCTHHOK i
301MBITeHHAM IIUTOMOI IIOBEPXHI IOPOINKIB KOMIO3UTIB. PedyabTaTi ZOCHimIKeHHS ITUTOTOKCUY-
HocTi migTBepmuiu, 1o Kommnosutu BI'A/MarHeTuT/XiTosaH He MaOTh ITuToTOKCcuuHOL mii. Tomy
OTpUMAaHI KOMIIOBUTH MOKYTHL OYTH II€PCIEKTUBHUMHN AJIS BUKOPUCTAHHSA B MEUITMHI.
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1. Introduction

Biogenic hydroxyapatite (BHA) has been
used in dentistry, orthopedics and surgery
for more than 30 years — already in the
1990s, in vivo tests of implants made of
hydroxyapatite and biocomposites of hy-
droxyapatite with organic compounds were
carried out [1-8]. Research in recent years
has focused on the creation of a number of
functional materials based on BHA, modi-
fied with various inorganic and organic ad-
ditives [4-7]. Composites that combine a
matrix with BHA, an inorganic component
and biopolymers, deserve special attention.
Thus, a composite based on BHA modified
by magnetite (Fe30,4) and chitosan is consid-
ered a promising material. Recent studies
prove that this material has biocompatibil-
ity, antibacterial properties, high hemocom-
patibility, and at the same time its mechani-
cal characteristics are close to human bones
[8-11]. Due to the combination of magnet-
ism properties with nanometer dimensions,
as well as the ability to function at the
cellular level, magnetite particles are a suf-
ficiently attractive material for biomedical
applications. Having a large specific surface
area, magnetite particles have a high ability
to load medicinal substances, and, if neces-
sary, can be used as carriers of antitumor
drugs, genes or biosensors [12—14]. In addi-
tion, the presence of magnetic nanoparticles
in the composite increases the possibilities
of biomedical applications, including medi-
cal imaging or hyperthermia-based cancer
treatment, for which pure BHA is unsuit-
able [15, 16].

However, the toxicity of materials con-
taining iron nanoparticles is an important
issue due to a number of factors, including
high reactivity and nonspecific interactions
with biological objects determined by the
shape, size, and structure of the particles
[17-19]. When magnetite nanoparticles are
used in vivo, the human body is able to
convert them into iron ions and use the
released iron for biological processes, for
example, the formation of erythrocytes [20,
21]. At the same time, the particles should
not be subjected to an unexpected release of
iron, which will lead to an increase in its
amount and cause an overload of the body
with iron [22].

Magnetite particles can be surface-func-
tionalized using a variety of chemical modi-
fications, including biocompatible molecules
such as natural and synthetic polymers. In
addition, it was established that the cyto-
toxicity of Fe3z0,4 particles depends on the
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presence of a surface coating [283]. Chitosan
is produced from chitin, which is the second
most abundant biopolymer after cellulose. It
can be found in crabs, shrimps, lobsters,
corals, jellyfish, butterflies, ladybugs and
mushrooms. Chitosan demonstrates excellent
biocompatibility, is almost non-toxic to hu-
mans and animals, has high bioactivity, bio-
degradability, selective permeability,
polyelectrolyte action, antimicrobial activity,
chelating and absorption capacity [24, 25].

In our previous work [5], composites
based on biogenic hydroxyapatite, magnet-
ite, and chitosan were obtained, and their
phase composition and structure were inves-
tigated. However, it was necessary to study
in detail the issue of cytotoxicity and be-
havior of these materials in a model envi-
ronment as necessary criteria for predicting
behavior in a living organism with the pros-
pect of application in medicine.

Therefore, the purpose of this work was
to study the behavior of composites based
on biogenic hydroxyapatite, magnetite
(Fe3z0,4) and chitosan with different ratios
of components in physiological solution (ex-
periments in vitro), as well as to determine
the cytotoxicity of materials in the pre-
senceof living cells.

2. Materials and methods

Powder composites based on biogenic hy-
droxyapatite modified by magnetite (1, 5,
25 and 50 wt.%) and chitosan were ob-
tained according to the technology described
in our previous work [5]. Magnetite added
to composition of materials was obtained by
two methods: thermal decomposition of iron
oxalates in nitrogen media and chemical
precipitation from iron chlorides [14].

Experiments in vitro (resorption rate) of
composite were conducted in physiological
solution (saline) — 0.9 % NaCl aqueous so-
lution, which is an isotonic solution of body
fluids and is one of the most often used to
dissolve various drugs and injections. Pre-
viously, the samples were dried in drying
cabinet at 50—-100°C for 2—8 hours, weighed
by an analytical balance "OHAUS Pioneer
PA214C” (OHAUS Corporation, China) with
an accuracy of 0.0001 g and immersed in
saline with the ratio of solid phase:liquid
phase=1:50. The constant temperature of
36.510.5° was maintained by TS-1/80 SPU
thermostat (Smolenskoe SKTB SPU OAO,
Russian Federation). After 48 hours the
samples were thoroughly washed with dis-
tilled water, dried and weighed. The resorp-
tion rate of composite materials was deter-

507



A.Synytsia et al. / Biogenic hydroxyapatite-based ...

mined as a specific mass loss during the
experimental time. The chemical composition
of physiological solution after investigations
was analyzed by energy dispersive X-ray fluo-
rescence elemental analysis (Expert 3L Ana-
lyzer, INAM, Ukraine). The pH of solution was
also monitored using a portable pH meter
"Checker HI 98127" (Hannalnstruments, USA).

Before and after interaction of compos-
ites with saline, the phase composition, spe-
cific surface area, density, and microstruc-
ture were monitored. XRD patterns of com-
posites powders were collected on an DRON-3
X-ray diffractometer (Bourevestnik, Russia)
using Cu—Ko radiation with A = 1.54178 A.
The microstructure was observed by scan-
ning electron microscopy (SEM) with Tescan
Mira 8 LMU microscope (Tescan, Czech Re-
public). Specific surface area was measured
by analysis of the BET isotherm method
using a Gemini 2360 instrument by Mi-
cromeritics according to ISO 9277:2010.
The density was measured using a helium
pycnometer (AccuPyc IT 1340, Micromeritics)
at 24+2°C, according to ISO 12154:2014. Be-
fore the density and SSA measurements were
carried out, composite powders were dried at
50°C for 15 h in vacuum (VacPrep 061 Sam-
ple Degas System by Micromeritics).

Moreover, the average diameter of the
particles (dggpr) was evaluated not only by
SEM, but calculated on the basis of SSA and
density [26]; assuming that all particles
were spherical and identical (1):

6000 (1)
m?2 g 7
SSAI"1 - ol £

dpgrlnm] =

where dgpr is the average particle diameter
calculated using the SSA value, SSA is the
specific surface area calculated using the BET

isotherm, and p is the material density.
Cytotoxicity was studied as cell viability
using MTT-assay based mainly on the activ-
ity of dehydrogenases in mitochondria,
which can convert 8,(4,5-dymetyltriazol-2-
y1)-2,5-dyfeniltetrazolium bromide (MTT) to
formazan. The conversion of MTT to for-
mazan decreases with cell death and under
aninfluence of toxic substances.MTT sub-
strate ("Sigma”, USA) was dissolved in ster-
ile phosphate buffer (pH 7.2) at room tem-
perature to a concentration of 5 mg/ml.
The composites diluted in the growth media
were added (200 ul per well) to 96-well
plates with cell monolayer (MDBK —
Madin-Darby bovine kidney cells and MDCK
— Madin-Darby canine kidney cells were
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Fig. 1. Resorption rate of BHA/magnetite/chi-
tosan composites in physiological solution

used) and incubated for 48 h at 37°C and 5
of CO,. After that 20 ul of MTT solution

was added to the wells and incubated at
37°C for 2.5-4 hours. Then the growth

media was removed and 150 ul of 96 %
ethanol was added to dissolve the formazan
crystals. The optical density of solutions
was determined by a Multiscan FC spectro-
photometer (ThermoFisherScientific, USA)
at wavelength of 538 nm. Percentage of cell
viability was determined according to quan-
tity of formazan that was synthetized in the
experimental samples and compared with
the control ones (2):

Cellviability % ]:% - 100, (2)

where A is the average value of the optical
density for experimental samples, and B is
the average value of the optical density for
control samples.

3. Results and discussion

The results of resorption rate investiga-
tion of BHA/magnetite/chitosan composites
under thermostati cconditions in physi-
ologica Isolution (saline) at 86.510.5°C for
2 days are presented in Fig. 1. Comparison
of the resorption rate of BHA and compos-
ites permits one to conclude that not only
the amount of magnetite in composite com-
position, but also the type of applied mag-
netite significantly affects the resorption
rate of materials. It was shown that increas-
ing amount of magnetite leads to increasing
resorption rate of composites, and the use
of magnetite obtained by chemical deposi-
tion makes it possible to achieve resorption
rate equal to 0.8-5.83 wt.% /day, which is
1.2-2 times higher compared to composites
with magnetite prepared by thermal decom-
position in nitrogen media. At the same
time, resorption rate of these composites
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Fig. 2. Results of chemical analysis of physi-
ological solution after interaction with
BHA/magnetite/chitosan composites

slowly depends on the amount of magnetite.
For comparison, the resorption rate of BHA
is 0.8 wt.% /day. The obtained results are
well correlated and confirmed by the results
of energy dispersive X-ray fluorescence ele-
mental analysis of physiological solutions
(filtrates) after experiments in vitro (Fig. 2).
The presence of such chemical elements as
calcium, phosphorus and iron was detected
in filtrates, which is related to resorption of
hydroxyapatite and magnetite. The content of
elements in physiological solution is directly
related to the composition (BHA/magnetite
ration) ofcomposite materials.

The interaction of the physiological solu-
tion with BHA/magnetite/chitosan compos-
ites can also be demonstrated as a result of
change in pH of saline over the time (Fig. 3).
The most intense change in pH occurs dur-
ing the first day followed by stabilization.
It could be connected with the fact that
hydroxyapatite has a more significant effect
on the pH change due to its higher resorption
rate as compared to magnetite and chitosan.

The interaction of BHA/magnetite/chi-
tosan composite materials with physiologi-
cal solution for 2 days also leads to change
in morphology of particles. Fig. 4 demon-
strates the initia lmicrostructure of powder
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Fig. 3. Change in pH of physiological solu-
tion in the presence of BHA/magnetite/chi-
tosan composites

composites [5] as well as microstructure
after exteriments in vitro depending on
components ratio and method of magnetite
synthesis. According to the analysis of pho-
tographs obtained by the SEM method, the
comparative table of the minimal particle
sizes of composites before and after interac-
tion with physiological solution was formed
(Table 1). It was established that particle
size after interaction with saline is 10—
40 % lower than the initial, which can be
associated with material resorption. Analo-
gous to the change in pH, the main contri-
bution to resorption is made by hydroxyapa-
tite, although increasing magnetite content
leads to increasing resorption of composite
materials. It should be noted that the value
of particle size obtained based on SSA and
density differs from the value obtained
based on SEM; this could beassociated with
agglomeration of composite particles.

The results for the SSA of initial
BHA /magnetite/chitosan composites and
after interaction with physiological solution
for 2 days are also presented in Table 1. As
it was shown earlier, magnetite obtained by
chemical precipitation from iron chlorides
for 5 minutes has an order of magnitude
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Table 1. Specific surface area, density and particle size of BHA/magnetite/chitosan composites
before and after interaction with physiological solution

BHA/ Particle size, nm SSA, m2/g Skeleton density, g/cm?
magnetite | gpnr (niny BET
ration in
composites |starting| after |starting| after starting after starting after saline
saline saline saline
magnetite-chemical precipitation (5 min
99/1 50 30 376 273 5.2 7.3 3.07+0.02 3.0140.01
95/5 40 30 194 167 10.0 11.6 3.10+0.03 3.09+0.01
75/25 37 26 58 44 33.8 42.7 3.08+0.06 3.17+0.01
50/50 35 24 42 27 46.6 65.3 3.08+0.05 3.8840.01
magnetite-thermal decomposition (N,)
99/1 100 70 411 381 4.8 5.2 3.04+0.02 |3.03+0.0195/5
95/5 90 55 304 264 6.3 7.3 3.13+0.02 3.114+0.01
75/25 50 40 150 110 13.1 17.2 3.05+0.03 3.1840.01
50/50 45 40 106 86 17.0 20.3 3.33+0.03 3.4340.01

Table 2. Crystal structure parameters of BHA/magnetite/chitosancomposites before and after

interaction with physiological solution

BHA /magnetite ra- Size of the crystallites, A Crystal cell volume V, A3
tion in composites Da Do
starting after saline starting after saline starting after saline
Standart HA 09-432 9.418 - 6.884 - 528.80 -
BHA [28] 9.411 - 6.878 - 527.54 -
magnetite-chemical precipitation (5 min)
99/1 9.451 9.453 6.895 6.885 533.34 532.80
95/5 9.407 9.436 6.909 6.886 529.46 530.96
75/25 9.406 9.450 6.857 6.892 525.42 533.00
50/50 9.405 9.461 6.874 6.893 526.48 534.32
magnetite-thermal decomposition (N,)
99/1 9.454 9.427 6.889 6.885 533.22 529.87
95/5 9.393 9.450 6.860 6.892 524.21 533.00
75/25 9.394 9.470 6.851 6.884 523.55 534.64
50/50 9.410 9.457 6.866 6.886 526.54 533.32

higher specific surface area (141 m2/g) , in
comparison with magnetite obtained by the
method of thermal decomposition from iron
oxalates (25 m2/g) [28]. Therefore, increas-
ing SSA with increasing content of magnet-
ite in composition of BHA/magnetite/chi-
tosan composites is regular. Moreover, in-
creasing SSA after interaction with saline is
associated with the resorption process and
influencing hydroxyapatite on it. For com-
parison, the specific surface area of BHA
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and chitosan used to obtain composites is
4.5 and 0.8 m2/g, respectively [27].
Unfortunately, no unambiguous correla-
tion beetween density and composite compo-
sition before and after interaction with sa-
line has been established. Thus, for compos-
ites with 1-5 wt. % of magnetite the values
of the density were within standart devia-
tion. At the same time, it is possible to note
increasing of density of composites after in-
teraction with physiological solution com-
pared to the initial when the amount of

Functional materials, 29, 4, 2022
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Fig. 4. Microstructure of BHA/magnetite/chitosan composites before and after interaction with

physiological solution

magnetite was more than 25 %. For com-
parison, the density of BHA and chitosan is
3.09+0.01 and 1.49+0.01 g/cm?® [27], and
magnetite obtained by the method of pre-
cipitation and thermolysis is 4.2240.02 and
4.7440.18 g/cm?, respectively.

In our previous work [5], the initial
phase composition of BHA/magnetite/chi-
tosan composite materials containing 5, 25,
and 50 wt. % of magnetite was described in
detail. Control of the phase composition be-
fore and after interaction with physiological
solution showed that, regardless of the type
of magnetite used to obtain the composite
systems, their phase composition before and
after saline were the same. At XRD pat-
terns overlap of the main peaks charac-
teristic of their original components (Fig. 5
and Fig. 6) takes place, namely: chitosan
(PDF file No. 39-1894), HA Cas(PO,)3(0OH)
(PDF file No. 09-0432), magnetite FezOy4
(PDF file No. 821533) and a small admix-
ture of iron (PDF file No. 01-1262) in the
case of using the decomposition method. In
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addition, the higher the content of magnet-
ite in the composites, the more intense its
peaks appear on X-ray patterns.

Based onthe XRD results, the parameters
of the BHA crystal lattice in the BHA /mag-
netite/chitosan system were calculated and
listed in Table 2. For comparison, the stand-
ard parameters of crystal lattice of hy-
droxyapatite according to PDF file No. 09-
432 and initial BHA were demonstrated. It
was found that parameters of crystal struc-
ture depend not only on the ratio of compo-
nents in composite composition, but also on
the type of magnetite (method of synthesis).
After interaction of powder composites with
physiological solution, increasing volume of
crystal lattice is observed.

The results of determining the cytotoxic
effect of BHA/magnetite/chitosan compo-
siteson MDBK and MDCK cells obtained by
MTT-assay are presented in Fig. 6 and Fig. 7,
respectively. As can be seen, in the concen-
tration range of 1 mg/ml-1 ug/ml, these
substances do not have a cytotoxic effect,
since the percentage of cell viability is more
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Fig. 5. XRD patterns of BHA/magnetite/chi-
tosan composites (magnetite obtained by
chemical precipitation method) before and
after interaction with physiological solution

than 80 %. Decreasing optical density at
concentration of 1 mg/ml for MDBK cells
(Fig. 8), i.e. changing of percentage of cell
viability from 68 % for a composite with
1 % magnetite obtained by precipitation
method to 79 % for a composite with 5 %
magnetite obtained by thermal decomposi-
tion, is not related with the effect of com-
posites composition, since a monolayer of
cells was visible under the microscope.

4. Conclusions

In summary, the study of interaction of
BHA /magnetite/chitosan composites (1, 5,
25 and 50 wt. % of magtetite) with isotonic
physiological solution in thermostatic condi-
tions at 86.5+0.5°C has been carried out. It
was established that resorption of powder
composites occurs, confirmed by change in
pH, mass loss, decreasing particle size and
increase in their specific surface area. In-
creasing amount of magnetite in composites
leads to increasing resorption rate of mate-
rials, i.e. the use of 5-50 wt. % of magnet-
ite obtained by chemical precipitation allows
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to achieve resorption rate of 2.5-
5.8 wt.% /day, which is 8.5-7.5 times
higher compared to “pure” biogenic hy-
droxyapatite and 1.2-2 times higher com-
pared to composites with magnetite pre-
pared by thermal decomposition in nitrogen
media. Presence in the composite of magnet-
ite obtained by the chemical precipitation in
amount of 1 wt. % does not change the
resorption rate of biogenic hydroxyapatite.
In addition, after interaction with physi-
ological solution, no change was found in
the phase composition of composites, which
is represented by the phases of chitosan,
hydroxyapatite, and magnetite, regardless
of the ratio of components, and in the case
of using magnetite obtained by thermolysis,
with a small admixture of iron. Moreover, no
cytotoxic effect was detected for all composite
materials, regardless of the ratio of compo-
nents and the method of magnetite synthesis.

Thus, the properties of composites make
them promising for medical applications.
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