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Abstract: Hydroxyapatites modified with metal ions are the main inorganic components of bone
tissue that are approved for use as components for biocomposites and coatings for surgical
implants. This study examined prototypes of functional materials for bone implants based on
hydroxyapatite modified with zinc ions. Antibacterial activity and biocompatibility have been
established. The studied materials have antimicrobial activity, the samples did not cause significant
changes both in the internal organs and in the general condition of laboratory animals during the
entire experiment.
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1. Introduction

Currently, the fields of chemical materials science are actively developing, aimed at creating
new multifunctional materials designed to improve the quality and longevity of the population.
Such materials are widely used, mainly in various branches of medicine and pharmacology. The
work belongs to an urgent scientific field - the development of new chemical agents for the treatment
of socially significant diseases. Scientific novelty, originality and prospects of the research are
associated with the synthesis and study of the physicochemical and biological characteristics of
materials based on zinc-modified hydroxyapatites. Hydroxyapatite Ca1o(POs)s(OH)2 is a mineral
from the apatite group. White crystalline powder, has low water solubility.

Hydroxyapatites modified with metal ions are the main inorganic components of bone tissue,
approved for use as components for biocomposites and coatings for surgical implants. However, it
should be noted that the effect of a biocompatible material on living tissues is very complicated due
to the fact that an important factor is the metabolism of each bioresorbable component and its
degradation products. At the tissue-material interface, the body’s reactions to a foreign body occur.
In this case, for example, acute inflammation is necessary for wound healing and restoration of
homeostasis at the site of injury. However, the excessive pro-inflammatory properties of the material
can cause a variety of pathologies leading to implant rejection. Therefore, it is difficult to compare
and draw unambiguous conclusions about the biocompatibility of a particular material for
implantation, based only on the results of in vitro or in vivo analysis. These processes should be
considered exclusively in combination [1].

The composition of the bone can be approximately expressed by the formula (Ca, Na)ioxy
(HPO4)x(COs)y(PO4)6-xy(OH)2-xyz(Cl, F)z, where in a young organism x +y ~ 1.7, with age, x decreases
along with an increase in y [2]. In the crystal structure of apatite, partial replacement (substitution) of
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calcium cations with other ions is possible, for example, Zn?, Ba*, Be?, Pb?. Cationic and anionic
substitutions have a huge impact on the biological behavior of hydroxyapatite [1]. The crystal
structure of HA allows various kinds of substitution of some elements by others, and certain atoms
can occupy completely or only partially different positions in the structure of HA, as a result of
which a variety of compositions of natural phosphates with apatite structure appears [3].

Zinc ions, based on the values of their radius, are able to replace calcium ions in the crystal
lattice, which leads to a change in physicochemical and biological properties.

Zn?* ions have bactericidal, bacteriostatic, antiviral and antiseptic action against more than 500
pathogenic microorganisms and viruses. Their antimicrobial effect is stronger than that of penicillin,
biomycin, and other antibiotics due to the inhibitory effect on bacterial strains that are resistant to
antibiotics [1] (Table 1).

Table 1. Ionic radii and electrochemical potentials of cations.

Ion Ionic Radiusr, A Potential ¢-10%, C%/m
Ca> 1.06 2,426
Zn? 0.83 3,096

The aim of this work is to study the effect of zinc ions on the biocompatibility of zinc-modified
hydroxyapatite. The choice of this ion for the modification of hydroxyapatites was due to the fact
that zinc is an important trace element necessary for the normal course of many biochemical
processes [4]. Also, zinc ions in certain concentrations have antibacterial activity [5,6].

2. Materials and Research Methods

A solution of calcium nitrate (Cm = 0.5 mol/L) and ammonium hydrogen phosphate (Cm = 0.31
mol/L) was used as the initial components of the microwave synthesis of zinc-modified
hydroxyapatite (ZndHA), observing the molar ratio of elements Ca/P = 5/3 characteristic of
hydroxyapatite. By varying the content of zinc nitrate during the synthesis, we obtained a line of
samples with different amounts of mol of zinc Ca(1~) Znx(PO4)s(OH)2, where x = 0.1; 0.5; 0.9. The
ratio of the components was determined using elemental analysis on a Quantax-70 attachment for
energy dispersive microanalysis. Elemental analysis was performed before and after the in vivo
experiment. To determine the antibacterial activity, the determination of the number of cells by
sowing on solid nutrient media (Koch’s method) was used according to the standard method of the
author’s modification [7]. To determine biocompatibility in vivo, the technique provided by GOST
ISO 10993-1-2011 in the author’s modification was used [7].

3. Results

The elemental composition of the synthesized ZnGA powders according to the results of X-ray
diffraction analysis shows that the molar ratio of elements (Ca + Zn)/P is 1.4-1.9, which corresponds
to the ratio of Ca/P elements for bone tissue (1.4-2.0) [2]. Elemental analysis, carried out after
removing the samples from the body of experimental animals, showed that the concentration of zinc
ions on the surface of the implants decreases by about 20-40% (Table 2). In this case, the higher the
initial concentration of zinc in the samples, the higher its yield from them.
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Table 2. Results of elemental analysis of samples of the ZnI'A group.

Sample Content of Elements, %
X on2+, mol) is o Ca p 7n Ca+7Zn
introduced P

Before in vivo

0.1 67.47 18.76 13.69 0.18 1.38

0.5 67.84 18.57 12.99 0.72 1.64

0.9 70.94 18.08 9.93 1.06 1.93
After in vivo

0.1 64.90 22.59 12.15 0.12 1.86

0.5 64.58 22.87 12.17 0.36 1.90

0.9 65.04 21.70 12.41 0.83 1.81

The investigated samples showed antibacterial activity of varying intensity. At the same time,
the ZnoiHA sample (Table 3) did not have an overwhelming effect on the number of E. coli. The
number of bacteria in a liquid medium with this sample is slightly less than in the control sample,
but the statistical significance of the differences has not been established (p > 0.05).

Samples ZnosHA and ZnosHA showed antibacterial activity, decreasing the number of bacteria
in comparison with the control sample. The ZnosHA sample showed the highest antibacterial
activity among all the studied samples, reducing the number of bacteria by almost an order of
magnitude (p < 0.001). Unmodified hydroxyapatite (HA) also had antimicrobial activity (p <0.05). Its
antimicrobial activity and cytotoxicity in in vivo studies is approximately equal to the ZnoiHA
sample. Consequently, the Zno1HA sample is approximately equal to HA in its biological effect
(Table 4).

Table 3. Results of studying the antimicrobial activity of samples of the ZnHA group.

Ne Sample CFU/mL

1 Control (3.96 £ 0.62) x 107
2 ZnoiHA (3.40 £ 0.30) x 107
3 Znos HA (2.15 £ 0.28) x 107
4 ZnosHA (8.31 £0.91) x 106

Table 4. Results of studying the antimicrobial activity of HA.

Ne Sample CFU/ml
1 Control (1.98 £ 0.91) x 1010
2 HA (1.01 £ 0.49) x 1010

As a result of an in vivo experiment, it was found that all studied materials caused a local
rejection reaction of varying intensity. The reaction of local tissues to all samples of the ZnI'A group
was inflammatory, but not necrotic. This is confirmed by the presence of an intensive vascularization
process and the formation of pronounced fibrous capsules. The local response to the HA group
implants was similar to that of the Zn0.1GA group, therefore, the levels of their cytotoxicity are
similar. The average weight of implants before the start of the experiment was 170-200 mg, and after
the end of the experiment—175-210 mg (p > 0.05). Changes in the mass of implants are associated
with the ingrowth of fibrous tissue into their surface. Resorption of implants while in the body of
experimental animals was not found. A small change in mass may be due to a small release of ions
from the implants. Low hemodiffusion at the insertion site can also be the reason for the lack of
resorption of implants. A relationship was found between the concentration of zinc in the sample
and its toxic effects. Samples with high levels of zinc ions caused more severe toxic effects than
samples with low levels of zinc.
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4. Conclusions

Hydroxyapatites modified with zinc ions exhibit significant antimicrobial activity. Despite
some cytotoxicity, these samples did not cause significant changes both in the internal organs and in
the general condition of laboratory animals during the entire experiment.
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