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The work is devoted to the investigation of the long-term resorption of BHA/magnetite/chi-
tosan composites with a magnetite content of 1, 5, 25, and 50 wt.% in physiological solution for
different periods of time (2, 10, 16, and 31 days) and their adsorption activity toward methylene
blue. It was shown that the content of magnetite significantly affects the rate of resorption of
materials, in particular at the initial stages; the highest rate of resorption is observed during the
first 2 days. In the next 8-10 days, a sharp decrease in the rate of resorption of all composites is
observed, followed by stabilization on the 15th day of the in vitro experiment. At the same time,
the most significant weight loss of test samples occurs when added more than 5 wt. % of magne-
tite. The dynamics of the dissolution process is also confirmed by the presence of Ca, P and Fe
in physiological solution, a change in the pH of the saline, a decrease in the size and smoothing
of composite particles, and an increase in the specific surface area. The adsorption activity for
methylene blue increases with increasing amounts of chitosan and magnetite in the composites
up to 168 mg/g for 25% magnetite (2.5% chitosan) compared to 108 mg/g for pure BHA. The ob-
tained results confirmed the controlled resorption and high adsorption properties of BHA/mag-
netite/chitosan composites, which provides prospects for their medical application.

Keywords: hydroxyapatite, magnetite, chitosan, composite, biomaterial, resorption, adsorp-
tion activity

Komnoauru ua ocHosi 6iorenHoro rizpokcuanatury, Mmogudg)ikoBaHi MarHeTuToM Ta
XiTO3aHOM: JOCJIiK€eHHs HOBroTpuBasioi 6iope3opOiii Ta aacopOUiiiHOI AKTUBHOCTI.
A. Cunuuya, O. Cuu, O. Buxos, O. Onigpan, T. Babymina, O. Byounina, O. Xomerio

PoGora mpucssiuena mociimgskeHHI0 HOBroTpuUBasIol pesopbiii kommosutis BI'A/marmerut/
XiTo3aH 13 BMicToM maruerury 1, 5, 25 ta 50 mac.% y ¢i310JI0rIHOMY PO3YMHI IPOTATOM PI3ZHUX
npoMizkKiB dacy (2, 10, 16 ta 31 moby) Ta ix amcopOLiifHOI AKTHBHOCTI IMOAO METHJIEHOBOI'O
cunboro. [lokasamo, 10 BMicT MarHETUTY 3HAYHO BILJIMBAE HA IIBUIKICTH Pe30pOIrii maTepiais,
30KpeMa Ha IIOYATKOBUX eTalax, /e HaWBUINA IIBUIKICTD Pe30pOIlii CrrocTepiraeThCsi IPOTITOM
nepmux 2 mi6. B mactymai 8-10 mi6 crocrepiraerbess pidke 3MEHIIEHHS IITBUIKOCTI pe30pOrri
BCIX KOMIIO3UTIB 3 IIOJAJIBINOI0 crablrisarien Ha 15 moby ekcrepumenty in vitro. Ilpu mpomy,
HAUOWIBINI CyTT€BA BTpATa Bard JOCIIIHUX 3Pa3KIB B1AOYBAETHCS IIPU BBEIEHHI OLJIBIN HIK
5 mac.% wmar"erury. JluHaMika TPOTIKAHHS IIPOIlECY PO3UYMHEHHS TAKOMK ITITBEPIKYEThCS
maasuictio Ca, P ta Fe y disiosoriunomy posuwmti, amizow pH posumnHy, 3MeHIIIEHHSM po3Mipy
Ta 3JIAMKYyBAHHSIM YACTHHOK KOMIIO3UTIB Ta 301JbIIEHHSIM ITMTOMOI IOBEPXHI. AmcopOrriiiHa
AKTUBHICTB JJIsI METUJIEHOBOTO CHHBOTO 3pOCTAE 31 30LIIBIIIEHHAM K1JIBKOCTI XITO3aHY Ta MATHETUTY
B KOMIIO3uTax 10 168 mr/r mirsa 25% maruerury (2,5% xiTo3any) mopiBHAHO 3 108 MI/T 111 YHMCTOr0
BI'A. Orpumasni pes3ysibTaTu MATBEPIKYIOTH KOHTPOJIBOBAHY Pe30pOIlii0 Ta BUCOKI acopOIiiHi
BJractuBocTl KoMmnoauTis BI'A/MaraeTnT/xiTo3aH, 10 BIAKPHUBAE IIEPCIEKTUBH JJIA IX MEIUIHOI0
3aCTOCYBAHHS.
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1. Introduction

The modern intensive development of ma-
terials science inspires researchers to continu-
ously search for new ways of using natural and
synthetic components to create effective and
environmentally friendly biomaterials. One of
such promising directions is the development
of biocomposites based on synthetic and bio-
genic hydroxyapatite (BHA). Hydroxyapatite
(Ca;o(PO,4)s(OH),) is the main mineral com-
ponent of bones and teeth, which is generally
responsible for the hardness and strength of
bone tissue. Due to its natural properties, hy-
droxyapatite is widely used in medicine in the
form of implants for full or partial bone replace-
ment, as a biocompatible and bioactive coating
of metal implants that degrade too quickly in
the body [1-4]. In addition, due to sufficiently
large adsorption properties, hydroxyapatite is
used for targeted delivery of cells or for separa-
tion of proteins, viruses, etc. [5, 6].

To improve the natural properties of hy-
droxyapatite, its modification with various or-
ganic and inorganic additives is widely used
[7, 8]. Thus, BHA-based composites modified by
magnetite and chitosan are considered promis-
ing [9, 10]. The addition of magnetite signifi-
cantly increases osseointegration, mechanical
and resorption properties, compared to pure
hydroxyapatite [11-13]. Moreover, the high
magnetic characteristics of magnetite allow the
use of BHA-based composites as magnetically
sensitive materials for magnetotherapy, hy-
perthermia, or drug delivery [14-16]. Chitosan,
as a natural collagen analog and a biopolymer
with unique physicochemical properties, im-
proves bioactivity, biocompatibility, biominer-
alization, and adsorption properties of compos-
ites and coatings based on them [17-19].

In our previous work [12], we investigated
the resorption of composites based on BHA
modified with magnetite and chitosan, kept in
a model solution for 2 days. It was established
that an increase in the magnetite content
leads to an increase in the composites resorp-
tion. Moreover, the use of magnetite obtained
by chemical precipitation in amount of 5-50%
allows achieving a resorption rate of 2.5-5.3
wt.% per day, which is 3.5-7.5 times higher
than “pure” biogenic hydroxyapatite and 1.2-2
times higher than composites with magnetite
obtained by decomposition in nitrogen media.

However, it would also be advisable to study
the resorption of composites over a long period
of time, which more realistically reproduces
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conditions in a living organism. It will also al-
low obtaining accurate information about dis-
solution dynamics, interaction with the model
solution, and evaluating the stability of the ob-
tained biomaterials. In addition, it is relevant
to study the adsorption properties of BHA/mag-
netite/chitosan composites, as this will allow
us to assess the prospects of using the created
materials as carriers loaded with drugs for the
regeneration or treatment of damaged bone
tissue.

Therefore, the purpose of this work was to
study the long-term resorption of BHA/magne-
tite/chitosan composites during 31 days, as well
as to evaluate their adsorption activity towards
methylene blue, which was chosen as a model
solution.

2. Materials and methods

Composite materials based on biogenic hy-
droxyapatite modified by magnetite (1, 5, 25
and 50 wt. %) and chitosan (10 wt.% of magne-
tite) were used as the research materials [9].
Magnetite used in composites was obtained
by the chemical precipitation of iron chlorides
(chem.) and by the thermolysis of iron oxalates
(therm.) [20].

The resorption properties of composites
were studied in vitro according to the technolo-
gy described in the previous work [12]. The rate
of resorption (solubility) of the materials was
determined as the specific mass loss during the
experimental period — after 2, 10, 16 and 31
days of exposure to physiological solution.

The content of chemical elements (Ca, P
and Fe) in physiological solution after interac-
tion with composite materials during 31 days
(after 2, 10, 16 and 31 days of the experiment)
was monitored by the photocolorimetric method
using the FEK-56M device. The pH of the phys-
iological solution was also monitored during re-
sorption of the materials using a laboratory pH
meter ADWA AD1030 (ATC, Hungary).

Phase composition, specific surface area
(SSA), and microstructure were studied for all
composites before and after 2, 10, 16, and 31
days of exposure to physiological solution. X-ray
diffraction analysis of the composite powders
was performed using a DRON-3 diffractometer.
The microstructure was studied by scanning
electron microscopy (SEM) using a Tescan Mira
3 LMU microscope (Tescan, Czech Republic).
The AMIS software (automatic microstructure
analyzer) [21] was used to evaluate the particle
shape using the Saltykov method [22].

Functional materials, 31, 4, 2024
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Fig. 1 — Composite resorption rate over 31 days: a) — BHA/magnetite(chem.)/chitosan composites;

b) — BHA/magnetite(therm.)/chitosan composite

The SSA was evaluated by the BET iso-
therm analysis using a Gemini 2360 instru-
ment (Micromeritics, USA) according to ISO
9277:2010. The skeleton density was measured
using a helium pycnometer (AccuPyc II 1340,
Micromeritics) according to ISO 12154:2014.
Before the measurements of density and SSA,
the materials were dried at 50 °C for 5h in
vacuum (VacPrep 061 Sample Degas System
by Micromeritics). The particle size of the com-
posites was estimated from SEM images and
by calculation based on the SSA and density
results [12].

The adsorption properties were studied on
powder samples of composites according to the
method described in [23]. Composite samples
were saturated with an aqueous solution of
methylene blue with a concentration of 1500
mg/ml for 45 minutes. The optical density was
determined by the photocolorimetric method
using the FEK-56M. The residual mass concen-
tration of methylene blue in the solution was
determined on the basis of the obtained opti-
cal density values and the compiled calibration
graph.

Adsorption activity was determined by for-
mula:

x_ (C-CEV
m

where C; is the mass concentration of the ini-
tial solution of methylene blue, mg/l; C, is the
mass concentration of methylene blue solution
after contact with samples, mg/l; K is the dilu-
tion factor of the solution taken for analysis (K
= 10); Vis the volume of the indicator solution
taken for the investigation, ml; m is the mass
of the sample, g.
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3. Results and discussion

The results of the long-term investigation
of the resorption BHA/magnetite/chitosan com-
posites are presented in Fig. 1. Comparison of
the resorption rates of composites with differ-
ent composition allows us to conclude that the
magnetite content significantly affects the re-
sorption of materials.

It has been shown that in the long-term ex-
periment, the most intense resorption process
occurs during the first 2 days. However, as we
showed earlier [12], the rate of the resorption
process is significantly affected by the type and
amount of magnetite in the composites. Thus,
the resorption rate of the composite contain-
ing 1% magnetite (chem.) is 0.8 wt.% per day
and 1s comparable to the resorption rate of pure
BHA (0.8 wt.% per day), while the introduction
of 1% magnetite (therm.) increases resorption
by 17% compared to pure BHA. Increasing
the amount of magnetite (chem.) to 5% leads
to a 3-fold increase in the rate of resorption
(2.52 wt.% per day), and the introduction of
50% — by 6 times (5.29 wt.% per day) (Fig. 1(a)).
At the same time, the resorption rate of the
composite with 50% magnetite (therm.) con-
tent is almost 2 times lower — 2.54 wt.% per
day (Fig. 1(b)). In the next 8-10 days, a sharp
decrease in the resorption rate of all composites
with subsequent stabilization was observed. It
was established that after the 15 days of the ex-
periment, the resorption rate became constant
without significant changes, regardless of the
type and amount of magnetite introduced into
the composites.

The nature of the resorption process is
also confirmed by the results of the elemental
analysis of filtrates of physiological solutions
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Fig. 2 — Changes in the content of calcium, phosphorus and iron in physiological solution after interaction

with composites

after each of the stages of in vitro experiments
(Fig. 2). The analysis of the specific content of
chemical elements in the filtrates of the solu-
tion during the long-term experiment shows a
gradual decrease in the dynamics of the release
of Ca?*, PO,% and Fe?* ions, which is directly
related to the slowdown in the process of mate-
rial resorption (Fig. 1).

Also, the release of iron ions during the long-
term experiment established that the most in-
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tense saturation of the solution with FeZ* jons
occurs during the first 2 days. However, the as-
sessment of the specific content of iron ions in-
dicates a slowdown in the process of iron release
after the 10 days of the experiment; the actual
content did not exceed 4.5-10"%% and 4.0-10% %
for the composite with the maximum magnetite
(chem.) and magnetite (therm.) content, respec-
tively. At the same time, the specific release of
iron ions into the model solution is practically

Functional materials, 31, 4, 2024
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Fig. 3 — Change in the physiological solution pH in the presence of composites for 31 days
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Fig. 4 — XRD patterns for BHA/magnetite (chem.)/chitosan composites before and after interaction with

physiological solution for different periods of time

the same for all samples (~0.1 - 0.15-104%).
The obtained data confirm the previously ob-
tained results on the absence of cytotoxicity of
the composites [12].

The interaction of saline with BHA/magne-
tite/chitosan composites is also confirmed by the
change in pH of the solution over time (Fig. 3).
As can be seen, the most intense change in pH
occurred during the first 2 days of the experi-
ment with subsequent stabilization. This is
due to the active dissolution of composites, as
well as the release of calcium, phosphorus and
iron elements into the model solution. For com-
posites with 1-5% magnetite, regardless of the
type, a rapid increase in the pH during the first
24 h of the experiment is characteristic, while
for composites with 25-50% magnetite, the pH
increases gradually, without sharp changes.
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This is in complete agreement with the results
of chemical analysis of the filtrates presented
in Fig. 2; in addition, the release of Ca%* and
PO43' ions, which are present in the BHA crys-
tal lattice, affects the resorption rate during
the first 2 days.

The phase composition was controlled be-
fore and after interaction with the model solu-
tion (Figs. 4 and 5). XRD analysis showed that,
as in the case of samples after 2-day exposure
in physiological solution [12], the phase com-
position of BHA/magnetite/chitosan composites
does not change after a 31-day in vitro experi-
ment. The presence and superimposition of
the characteristic reflection peaks of the start-
ing materials is observed: hydroxyapatite (at
20 angles of 32-34°, 40°, 46°, 50°), magnetite
(at 20 angles of 35°, 57° and 63°), as well as

Functional materials, 31, 4, 2024
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Table 2 — Skeleton density of BHA, magnetite, chitosan and composites

Skeleton density, = 0.02 g/cm?
BHA/magnetite ratio in composites starting after saline
(12] 2 days [12] 10 days 16 days 31 days
BHA [23] 3.09
Chitosan [24] 1.49
Magnetite (precipitation) [20] 4.22 - -
Magnetite (decomposition) [20] 4.74 - -
magnetite - chemical precipitation (5 min)
99/1 3.07 3.01 2.90 2.91 2.92
95/5 3.10 3.09 3.05 3.04 3.06
75/25 3.08 3.17 3.16 3.15 3.16
50/50 3.08 3.38 3.18 3.14 3.17
magnetite — thermal decomposition
99/1 3.04 3.03 2.99 3.00 3.02
95/5 3.13 3.11 3.11 3.12 3.08
75/25 3.05 3.18 3.13 3.11 3.14
50/50 3.33 3.43 3.45 3.46 3.47

impurities of iron (at 20 angles ~44-46°, Fig. 5),
which is typical for a composite modified with
magnetite (therm.). In addition, the depen-
dence remains the same: the higher the mag-
netite content, the more intense its reflection
peaks on the diffraction patterns. The resorp-
tion of the composites is confirmed not only by
the change in the intensity of the characteristic
peaks in XRD patterns, but also by the lattice
parameters (Table 1). The higher the magne-

Functional materials, 31, 4, 2024

tite content, the higher the change of crystal
lattice parameters after contact of composites
with physiological solution.

Moreover, the effect of saline on lattice pa-
rameters of BHA/magnetite composites was
also confirmed based on the skeleton density
(Table 2). Increasing the magnetite content up
to 25-50% leads to an increase in density after
contact with a saline solution, whereas with a
magnetite content of 1-5% a decrease in density
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Fig. 6 — Microstructure of composites before and after 2 and 31 days of interaction with physiological solu-
tion: a) - BHA/magnetite(chem.)/chitosan composites b) — BHA/magnetite(therm.)/chitosan composites

Table 3 — Particle size of BHA/magnetite/chitosan composites calculated based on SSA data

Particle size, nm
BHA/magnetite ratio .
in composites . after saline
starting [12]
2 days [12] 10 days 16 days 31 days
magnetite — chemical precipitation (5 min)
99/1 376 273 234 206 187
95/5 194 167 127 109 92
75125 58 44 45 46 46
50/50 42 27 33 34 33
magnetite — thermal decomposition
99/1 411 381 244 214 142
95/5 304 364 272 262 211
75125 150 110 119 122 117
50/50 106 86 102 104 94

is observed. Changes after interaction with the
model solution can also be evaluated by chang-
es in the morphology and size of the particles
studied using SEM (Fig. 6). Changes in the
morphology of particles after 2 days of exposure
to physiological solution were described in de-
tail in our previous work [12]. Analysis of the
results after a long-term experiment confirmed
a decrease in the minimum particle size of the
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composites, as well as a smoothing of the mate-
rial particles, compared to the original powder
composites; this was also confirmed by calcu-
lating the particle sizes of BHA/magnetite/chi-
tosan composites based on SSA data (Table 3).
At the same time, elongated hexagonal struc-
tures of hydroxyapatite and small rounded par-
ticles of magnetite can be distinguished even
after 31 days of exposure to physiological so-

Functional materials, 31, 4, 2024
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lution that was also confirmed by evaluation
of the shape factor (Fig. 7). It was found that
92-96 % of composites particles after interaction
with saline have the shape factor greater than
0.8, which indicates the formation of regular-
shaped powders. The increase in the number of
spherical particles compared to the «starting»
composites (89-95 % of which had a shape fac-
tor greater than 0.8) confirms the change in the
morphology of materials after interaction with
saline.

The adsorption activity of materials is one of
the important parameters that determine their
effectiveness in medical use. One of the main
factors influencing the adsorption activity of
composites is the SSA. The greater the specific
surface of the material, the more active centers
it has for interaction with biological agents or
drugs. In addition, it was shown that the in-
teraction of the experimental composites with
physiological solution leads to an increase in
the SSA, as well as a decrease in the skeleton
density, which also confirms the resorption pro-
cess (Table 4). Thus, after 2 days of exposure
to the model solution, the specific surface area
of composites containing magnetite (chem.) in-
creases by an average of 17%, and after 31 days
— by 34%. For composites containing magnetite
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Fig. 8 — Adsorption activity of starting BHA, chi-
tosan and BHA/magnetite/chitosan composites

(therm.), these values are slightly lower — 10%
and 14%, respectively. These data are fully con-
sistent with the previously described rate of re-
sorption of materials (Fig. 1).

As can be seen from the presented results
(Fig. 8), the adsorption activity of the compos-
ites is significantly higher than for pure BHA.
It is also shown that despite the small specific
surface area, chitosan has more than 1.5 times
higher adsorption activity compared to BHA.
This is due to its chemical structure, since free
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Table 4 — Specific surface area of BHA, magnetite, chitosan and composites

SSA, + 2 m?/g
BHA/magnetite ratio in composites starting after saline
2 days [12] 10 days 16 days 31 days
BHA [23] 10.8
Chitosan [24] 0.8
Magnetite (precipitation) [20] 141
Magnetite (decomposition) [20] 25
magnetite — chemical precipitation (5 min)
99/1 5 7 9 10 11
95/5 10 12 16 18 21
75/25 34 41 42 41 41
50/50 47 52 58 56 57
magnetite — thermal decomposition
99/1 5 5 8 9 14
95/5 6 7 7 7 9
75125 11 15 16 16 16
50/50 13 17 17 17 18

amino groups are able to actively interact with
molecules of biological substances. Therefore, it
is natural that the adsorption activity of com-
posites increases with respect to methylene blue
with an increase in the amount of, first of all,
chitosan and magnetite. At the same time, the
highest index of adsorption activity is observed
for the composite with 25% magnetite content
(168 mg/g), regardless of the synthesis method.
This is probably due to the optimal interaction
between the components of the composites and
the creation of a large number of active adsorp-
tion centers on the surface of the material.

4. Conclusions

Based on the investigation of resorption and
interaction of BHA/magnetite/chitosan compos-
ites with physiological solution in thermostatic
conditions, it was established that despite the
amount of magnetite, all materials are resorbed
in vitro. It is shown that the content of mag-
netite in BHA/magnetite/chitosan composites
significantly affects the rate of material resorp-
tion. Composites with 50% magnetite demon-
strated the highest resorption rate (5.29 wt.%
per day for magnetite (chem.) and 2.54 wt.%
per day for magnetite (therm.) during the first
2 days. However, despite the difference in the
rate of resorption during the first 12 days, the
obtained data indicate that the amount of mag-
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netite in the composite does not affect the long-
term (more than 31 days) dissolution of the
materials, which slows down significantly after
15 days. This is confirmed by the results of the
elemental analysis of the filtrates: a gradual de-
crease in the yield of Ca, P and Fe is observed,
as well as a change in the pH of the physiologi-
cal solution when interacting with the compos-
ites. The course of the resorption process is also
confirmed by the change in size and smooth-
ing of the surface of the particles, as well as
an increase in the specific surface area of the
composites after exposure to physiological so-
lution. The investigation of adsorption towards
to methylene blue showed a significant effect
of chitosan on the adsorption properties of the
composites. At the same time, the highest ad-
sorption activity —168 mg/g was determined for
composites with 25% magnetite, regardless of
the synthesis method, compared to pure BHA
(108 mg/g).

Thus, it can be concluded that the use of
BHA/magnetite/chitosan biocomposites is high-
ly promising. The amount of magnetite and
chitosan in the composite will allow regulation
of the resorption rate and adsorption activity,
which is an important factor for various medi-
cal applications. For example, composites with
a high content of magnetite (25-50%) provide
rapid resorption in the initial stages, which
can be useful for rapid filling of bone defects or

Functional materials, 31, 4, 2024



A. Synytsia et al. / Biogenic hydroxyapatite-based composites modified by ...

drug delivery, due to a high index of adsorption
activity. At the same time, the stabilization of
the resorption rate after 15 days indicates the
possibility of long-term use of such materials
without the risk of rapid destruction.
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