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Abstract: The development of surgery in the field of bone tissue reconstruction provides a stable
demand for new materials for implants. Of particular interest are materials based on hydroxyapatite,
which are close in chemical composition to the elemental composition and structure of bone and have
similar biologically active properties. In this work, the regularities of the formation of new composite
materials based on a zinc-modified hydroxyapatite framework coated with a copolymer of lactide
and glycolide were revealed for the first time. The aim of this work was to obtain porous composite
materials based on zinc-modified hydroxyapatite and a copolymer of lactide and glycolide with
properties suitable for use as a material for bone implants. The phase and elemental composition of
the composites was studied by infrared spectroscopy, X-ray diffraction, and X-ray spectral micro-
analysis. Regularities have been established between the surface properties and the composition
of materials, as well as their biocompatibility, determined using monocytes isolated from human
peripheral blood. The antibacterial activity of the materials against gram-positive and gram-negative
bacteria was determined.
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1. Introduction

Currently, the field of chemical materials science is actively developing, aimed at
creating new multifunctional materials designed to improve the quality and life expectancy
of the population. Such materials are widely used, mainly in various branches of medicine.
The development of new materials for bone implants requires knowledge of the chemical,
physical, and mechanical properties of natural bone tissue, the qualitative and quantitative
characteristics of which should be relied upon when creating implant materials. Recently,
scientists have been faced with the task of obtaining materials that are closest in their
structure and functional properties to the properties of natural bone tissue.

Bone tissue refers to connective tissue and has a complex structure and chemical com-
position. According to its chemical composition, bone is a composite material, consisting
mainly of mineral and polymer components: calcium phosphates (~70 wt.%), collagen
(~22 wt.%), and water (~8 wt.%) [1,2]. Bone hardness and rigidity are provided by cal-
cium phosphates in the form of crystalline hydroxyapatite (HA) whose general formula is
Ca0(PO4)s(OH), and amorphous calcium phosphate (Cax(POy)y-zH,0). Hydroxyapatite
crystals are needles up to 60 nm long, about 20 nm wide and up to 5 nm thick. In bone
tissue, hydroxyapatite contains impurities of Zn**, Mg?*, Na*, CO;32" etc. [3].

The inorganic composition of bone tissue can be approximately expressed by the
formula Cajg_xMx(POy)s—y(HPO4)y(OH), where M can be a metal cation replacing calcium
at the Cal and Ca2 positions and x characterizes the number of moles of the ion replacing
calcium and can be in the range 0 < x > 10. y characterizes the amount of moles of hydrogen
phosphate, which can be contained in amorphous HA along with phosphate ions [4]. In the
crystal structure of apatite, calcium cations partially substitute other ions, for example, by
CaZ*, Pb%+, Cd?*, Sr2+, Ni2t, Eud*, AI3*, Y3+, La%*, Ce3*, Na*, K* etc. Cationic and anionic
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substitutions have a huge impact on the biological behavior of hydroxyapatite [5]. The
crystal structure of HA allows various elements to replace others, and certain atoms are
able to 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 an apatite structure
appear [6].

Due to their high biocompatibility and osteoconductivity, HA materials easily adsorb
proteins, amino acids, and other substances, which, in turn, promote the adsorption and
colonization of bacteria [7], which leads to material contamination. The most common
organisms causing infections in implants are Staphylococcus aureus and Escherichia coli [8].
Usually, antibiotics or surgery are used to treat the infection. Removal of the implant and
reoperation can lead to complications in the human body [9]. Recently, various organic [10]
and inorganic [11] components with bactericidal properties have been added more and
more often to prevent bacterial growth on the surface of HA. One of these components is
zinc in the form of ions. Zn%* ions have bactericidal, bacteriostatic, antiviral, and antiseptic
effects 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 [5].

In comparison with ions of other metals with similar properties, zinc is relatively
harmless [12]. Only exposure to high doses has a toxic effect, which makes acute zinc
intoxication a rare occurrence. According to the Toxnet database of the US National Library
of Medicine, the oral LDs (lethal dose) for zinc is close to 3 g/kg body weight, more than
10 times that of cadmium and 50 times that of mercury [12]. The human body contains up
to 3 g of zinc, almost 90% of which is found in muscles and bones [13]. Excess zinc in the
body causes hypocuremia, impaired iron mobilization, anemia, leukopenia, neutropenia,
increased cholesterol levels, and impaired cardiac function [14-16]. While some other
metals are well-known carcinogens, zinc is generally not considered as a cancer agent [17].
Adequate availability of zinc is of particular importance to the immune system. It plays
a key role in many-sided cellular and molecular mechanisms [18,19]. Zinc influences the
response of lymphocytes to mitogens and cytokines, serves as a cofactor for the thymus
hormone thymulin, and is involved in signaling leukocytes [20-22]. The exact role of zinc
in the regulation of apoptosis is controversial. Various studies show that, depending on its
concentration, zinc can be pro- or anti-apoptosis, and both deprivation and excess zinc can
induce apoptosis in the same cell line [23-25]. Further in our studies, we will show that an
increase in the amount of open surface of hydroxyapatite with zinc leads to the death of
macrophages, while in composite materials it will contribute to the viability of cell culture.

Substitution of Ca?* for Zn?* in hydroxyapatite increases the adhesion, proliferation,
and differentiation of osteoblasts, and also stimulates osteogenic activity, growth, and bone
healing. The overwhelming majority of studies of zinc-substituted HA indicate the zinc
content in the concentration range of 0.1-4 at.%, which does not have a toxic effect on the
body [26]. However, despite the fact that hydroxyapatite ceramics are biocompatible, their
main disadvantage is fragility.

The desire to improve the mechanical calcium-phosphate ceramics has led to the
creation of composite materials (CM) based on calcium phosphates and various polymers.
One of these polymers is the lactide-glycolide copolymer (PLGA), which plays the role of
a matrix and can be safely degraded in the human body and excreted naturally. In addition,
PLGA has a controlled rate of biodegradation, which in turn makes it possible to influence
the dynamics of composite resorption. HA in the PLGA matrix takes an active part in bone
regeneration, acting as a substrate for the growth of new bone tissue. The purpose of this
study was to obtain and establish the effect of the composition and structure of composite
materials based on zinc-modified hydroxyapatite and a copolymer of lactide and glycolide
on the physicochemical, surface, and biological properties.
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2. Materials and Methods

The synthesis of Zn,HA powders was carried out according to the method described
in [27], with the following scheme for obtaining samples:

(10—x)Ca(NO3)2 + 6(NH4)2HPO4 + XZI‘[(NO3)2 + 8NH4OH — Ca10,XZnX(PO4)6(OH)2 + 6H20 + 20NH4N03

In the synthesis of the copolymer, the monomers L-lactide and glycolide were used.
The lactide-glycolide copolymer was prepared by ionic ring-opening polymerization from
L-lactide and glycolide [28]. The initial ratio of lactide-glycolide monomers was 75 percent
of lactide and 25 percent of glycolide. The polymerization was carried out in a monomer
melt in the presence of tin octanoate. Monomers are introduced simultaneously, the
arrangement of monomer units in the chain is random. The final ratio of monomers in
the copolymer, obtained by NMR, was 71.4% and 29.6%, respectively. Gel permeation
chromatography was used to determine the molecular weight of PLGA on Agilent System
1100 GPC equipped with an Agilent 1100 UV-Detektor (230 nm) DAD using a series of
PSS SDV polymer columns with pore sizes from 50 to 105 A. Tetrahydrofuran was used
as an eluent. The number average molecular weight was M, = 5 X 103 (g/mol), the
weight-average molecular weight was M, = 1.9 x 10* (g/mol), and polydispersity was
D =3.75.

The composites were obtained in several stages, according to [29]. The first stage was
the production of tablets from Zn,HA and a pore-forming agent by pressing. Sodium
chloride was used as a pore-forming agent, which was taken in 25 wt.%. Zinc-modified
hydroxyapatite with sodium chloride was ground until a homogeneous mixture was
formed, weighed portions of m = 0.2 g were made, and tablets were pressed (P = 200 atm).
Next, the tablets were calcined in a muffle furnace at a temperature of 700 °C for three hours.
Different contents of Zn,HA are required to obtain composites with different antibacterial
properties. The second stage was to obtain a porous framework for the composite. The
tablets were soaked in distilled water for three days with water renewal every 12 h. Then,
the porous zinc-modified hydroxyapatite was dried in air and then under vacuum. As
a result, a line of substrates with different zinc content (x = 0.1 and 0.5 mol) were obtained.
The third stage is the impregnation of the substrates with the polymer. For this, PLGA
was dissolved in chloroform (concentration 0.1 g/mL). The tablets were immersed in the
resulting solution and sonicated for 20 min. Sonication is necessary to remove air bubbles
from the substrate in order to obtain uniform coatings. For comparison, a control sample
of a composite made of pure HA without additives was also obtained.

The content of the polymer component in the composites was determined by the
gravimetric method (the weight of the impregnated tablets was compared with the weight
of the initial porous substrates of the same area). Measurements were carried out on at least
5 samples. As a result, the ratio of the components in the final products was 7 wt.% [29].

The IR spectra of the composite materials were recorded on an Agilent Cary 630 FTIR
spectrometer, IR spectra were recorded from powders using the disturbed total internal
reflection. The surface morphology of the samples was investigated on a Hitachi TM-3000
scanning electron microscope with a magnification of 1000-5000 times at an accelerating
voltage of 15 kV. Elemental analysis of the samples was carried out on a Quantax-70 attach-
ment for energy dispersive microanalysis. Sample tablet was used that did not undergo any
additional processing for SEM and EDS. The specific surface areas for composite materials
based on HA and PLGA were estimated according to the data obtained on an automated
3Flex sorption unit manufactured by Micromeritics (USA). Before the experiment, all sam-
ples were degassed in vacuum (10~2 Top) at 80 °C for 2 h. The degradation time of the
material was determined by measuring the weight loss of the material after its incubation
in sodium phosphate buffer with pH = 7.4 and drying to constant weight. The determi-
nation of the solubility of the samples was carried out by the method of complexometric
titration of Ca?* ions after holding. The volume of the pore space of the materials was
determined by the method of hydrostatic weighing. The effect of composites on the num-
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ber of gram-negative and gram-positive bacteria (Escherichia coli, strain ATCC 25922) and
(Staphylococcus aureus) during their cultivation in a liquid nutrient medium was determined
by the Koch method in the author’s modification [10]. To determine the assessment of the
effect of materials on the viability of cells of the immune system, a cytotoxicity test with an
Alamar Blue indicator was used. The signal intensity was measured using a Tecan Infinite
200 microreader at a wavelength of 540 nm.

3. Results and Discussion
3.1. Experimental Results and Discussion

XRD results indicate the presence of the HA phase (Figure 1). According to XRD
data, the samples can be considered as apatite of the hexagonal system. The shape of the
diffraction patterns of the samples under study indicates a high degree of their crystallinity.
Foreign phase peaks (CaCOj3, CaO and Ca3(POjy),) are absent, which indicates the forma-
tion of stoichiometric HA during the synthesis. The unit cell parameters of all samples,
reported in Table 1, are in satisfactory agreement with the data of the International Center
for Diffraction Standards (9-432). In the manufacture of the composite, sodium chloride
(pore-forming agent) is used, which is registered as a separate phase. With an increase in
the amount of the Zn substituent from 0.1 to 0.5 mol in the HA structure, the average crys-
tallite size decreases from 68 to 60 nm, while the average crystallite size of stoichiometric
HA was ~57 nm (Table 1).

P Ca2 Ca1 OH

Figure 1. The structure of hydroxyapatite and possible localization of the incorporation of zinc into
the crystal lattice.

Table 1. Parameters, unit cell volume, and coherent scattering region of Zn,HA samples according
to XRD data.

Crystal Lattice Parameters

Sample

a, A b, A c, A v, A3 CSR, nm
HA 9.435 9.435 6.887 530 57
ZnyHA (x =0.1) 9.435 9.438 6.856 529 68
ZnyHA (x =0.5) 9.425 9.435 6.851 527 60

On the powder-XRD patterns of HA samples, there is a slight shift in the diffraction
maxima and a decrease in their intensity with an increase in the amount of zinc (Figure 2).
This is probably due to the incorporation of a “foreign” substituent ion into the HA crystal
lattice with dimensions different from the ionic radius of calcium.

Table 1 shows the lattice parameters on the amount of introduced substituent for
ZnyHA samples. It can be seen that the incorporation of zinc into the structure of HA and
an increase in its amount to 0.5 mol leads to a slight decrease in the unit cell parameters:
from 9.435 to 9.425 A, parameter a, and from 6.887 to 6.851 A, parameter c. This may be
due to the smaller radii of the substituent ion Zn?* compared to the radius Ca?*. Likely the
crystal lattice parameters decrease because there is a replacement of the calcium ion with
aradius of r; = 0.99 A for zinc with an ionic radius of r; = 0.74 A (on the Polling scale [30]).



Crystals 2021, 11, 1519

50f 10

The experimentally observed change in the parameters can be associated with the size of
the modifying zinc ion and with the nature of the incorporation of ions into the lattice with
the formation of solid solutions, which is confirmed by the shift of the reflections on the
X-ray diffraction pattern to the region of smaller angles. In this case, the hexagonal system
of the crystal lattice of the samples under study is retained. A decrease in the parameters
of the crystal lattice in all directions leads to a natural decrease in the volume of the unit
cell. Some studies [31] also note that the nature of the incorporation of zinc into the crystal
lattice of hydroxyapatite is associated with a smaller radius of the zinc ion in comparison
with calcium.

\[ZnxHA (x= 0.5) AW,
1ZnxHA (x= 0.1)
WI

Intensity

(hfkjr
(

1 1

2 35

20, °
’
Figure 2. The diffractograms stoichiometric HA, Zn,HA (x = 0.1; 0.5) at intervals 26: 25-35°.

Analysis of the obtained composites by IR spectroscopy showed that the spectra
(Figure 3b,c) exhibit bands characteristic of both HA and PLGA. The IR spectra of the
composites contain bands corresponding to stretching vibrations of bonds in the PLGA
structure, as well as bending vibrations of bonds of phosphate groups of PO,%~ included
in the structure of HA. In the infrared spectra of the obtained samples of HA modified
with zinc, all bands that are characteristic of HA are present (Figure 3a). The doublet in the
range of 560-600 cm ~! corresponds to the deformation vibrations of the phosphate group,
and the triplet 970-1060 cm~! corresponds to the stretching vibrations of the phosphate
groups [32]. Due to the fact that the mass fraction of the copolymer is small, the intensity
of the vcy, vens and ve = o (1750 em ™) bands is extremely low.

3.2. Investigation of Physical and Chemical Properties

The results of studying the surface morphology by the SEM method (Figure 4a,b)
showed that the composites are agglomerates of elongated particles characteristic of HA.
The average particle size for Zny,HA-PLGA (x = 0.1) was 1.2 + 0.1 pm, and for Zn,HA-
PLGA (x = 0.5) it was 0.9 £ 0.1 um. The reduction in particle size may be related to the
amount of zinc ion concentration introduced. The open porosity for the composites and
the original non-impregnated ceramics was calculated, which was 16.6% Zn,HA-PLGA
(x=0.1), 14.3% Zn,HA-PLGA (x = 0.5), and 26.2% for the ceramic framework, respectively.
After impregnation, there is a decrease in open porosity in the material due to the filling of
a part of the PLGA pores.

The relative content of calcium in relation to phosphorus is usually taken as a regulator
to maintain mineral homeostasis and bone metabolism [33]. It has been suggested that
variations in Ca/P ratio are more important in assessing bone health than variations in
Ca or P concentration. The elemental composition of the synthesized Zn,HA powders
according to the results of X-ray diffraction analysis (Table 2) shows that the atomic ratio of
elements (Ca+Zn)/P is 1.7-1.8, which corresponds to the ratio of Ca/P elements for bone
tissue (1.4-2.0) [34].
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Figure 3. IR spectra of (a) ZnyHA (x = 0.1), (b) ZnyHA-PLGA (x = 0.1), (¢) ZnyHA-PLGA
(x = 0.5) samples.
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Figure 4. SEM images of composites: (a) Zn,HA-PLGA (x = 0.1), (b) Zn,HA-PLGA (x = 0.5) and the
quantitative distribution of particles over the surface: (¢) ZnyHA-PLGA (x = 0.1), (d) ZnyHA-PLGA
(x=0.5).

Table 2. Elemental composition of Zn,HA powders.

Element Content (at.%) %
Sample
(0] Ca P Zn C
ZnyHA-PLGA (x =0.1) 57.5 12.8 7.3 0.2 22.2 1.7
ZnyHA-PLGA (x =0.5) 56.3 15.9 9.6 1.3 16.8 1.8

3.3. Investigation of the Solubility of Composites

The solubility of HA in the composition of composites significantly decreases relative
to a pure framework, probably due to the fact that the diffusion of calcium ions through
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S-10°, mol/L

the polymer layer is hindered; the solubility (S) of pure frameworks is much higher in this
case (Figure 5a).

1.0 90
a 2 b anHA-PLGAKLO.S)
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Figure 5. (a) Solubility (S) of HA in the composition of ZnyHA-PLGA composites; (b) weight loss (Am) of materials reduced
to unit-specific surface area (Ssp) when kept in phosphate buffer pH = 7.4.

Evaluation of the rate of weight loss of materials reduced to specific surface area shows
that the addition of zinc significantly affects the solubility of materials in comparison with
a material based on pure hydroxyapatite (Figure 5b). It can be concluded that the addition
of zinc significantly affects the solubility of materials [31]. This is probably due to the fact
that zinc, being embedded in the crystal lattice, creates a large number of defects, which
subsequently leads to the acceleration of its destruction. It can accelerate the resorption of
the hydroxyapatite framework and maintain a high concentration of zinc at the implant site,
which will provide antibacterial properties throughout the restoration of the damaged area.

3.4. Assessment of the Effect of Materials on the Viability of Cells of the Immune System

The viability test showed (Figure 6) that human macrophages incubated on composite
samples are generally comparable to the control sample (cells incubated without a sample).
Cell viability on the Zny,HA-PLGA (x = 0.5) composite is slightly higher than that of Zn,HA-
PLGA (x =0.1). It can also be observed that some donors have an individual reaction to
the material—donor 1 showed a lower viability relative to all samples. When comparing
the behavior of materials in the presence of macrophages with materials of another type
where dispersed HA is enclosed in a polymer matrix [35], we can observe that the viability
of macrophages decreases with an increase in the concentration of hydroxyapatite. Despite
the fact that in our materials HA has a much higher concentration, doping with zinc can
significantly improve the viability of macrophages when they are incubated together with
the materials.

3.5. Evaluation of the Antibacterial Activity of Samples

Samples of the composition Zn,HA (x = 0.1) had a weak suppressive effect on the
number of Staphylococcus aureus (Table 3). The number of bacteria in the liquid medium with
this sample is slightly less than in the control sample. The Zn,HA (x = 0.5) sample showed
antibacterial activity, significantly reducing the number of Staphylococcus aureus compared
with the control sample. This was statistically confirmed (p < 0.001). Samples Zn,HA-
PLGA (x=0.1) and ZnyHA-PLGA (x = 0.5) showed slightly less antibacterial activity than
samples Zn,HA. This may be due to the lower yield of zinc ions from these samples due
to the enveloping of the hydroxyapatite particles by the copolymer. Comparison samples
(HA and PLGA) did not show antibacterial activity (p > 0.05). No extraneous microflora
was found on the nutrient medium: all colonies were assigned to the studied text-object
by morphological characteristics. Prosolov et al. [36] found that with an increase in the
solubility of the material based on zinc-doped Ca/P, as in our case, came the suppression
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of Staphylococcus aureus, although in our case the polymer film somewhat hindered the
complete release of zinc ions.
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Figure 6. Viability of human macrophages in the presence of Zn,HA-PLGA composites.

Table 3. Influence of different accessions on the abundance of E. Coli and S. aureus.

Samples Number E. coli, CFU/mL Number S. aureus, CFU/mL
Control (1.19 + 0.0407) x 108 (1.74 £ 0.092) x 108
HA (0.847 4 0.118) x 108 (1.73 £ 0.060) x 108
PLGA (1.14 £+ 0.118) x 108 (1.75 £ 0.114) x 108
Zn,HA (x =0.1) (0.340 & 0.030) x 108 (1.32 £ 0.053) x 108
ZnyHA (x = 0.5) (0.215 + 0.028) x 108 (0.247 + 0.040) x 108
Zn,HA-PLGA (x = 0.1) (1.26 & 0.100) x 108 (1.07 £ 0.077) x 108
Zn,HA-PLGA (x = 0.5) (1.06 & 0.0655) x 108 (0.367 + 0.042) x 108

The study of the antibacterial activity of samples ZnyHA (x = 0.1) and Zn,HA-PLGA
(x = 0.5) showed antibacterial activity, significantly reducing the number of E. coli in
comparison with the control sample (p < 0.001) (Table 3). At the same time, samples on
E. coli showed that the composites are less active against gram-negative microflora than
against gram-positive. ZnyHA-PLGA (x = 0.1) and Zn,HA-PLGA (x = 0.5) did not show
antibacterial activity (p > 0.05). It can be assumed that this is due to the specific features
of the Zn,HA-PLGA samples. Presumably, particles of Zn,HA-PLGA composites form
large aggregates with lower bioavailability than Zn,HA particles without copolymer. The
lower activity of the composites against E. coli may be associated with the greater overall
resistance of gram-negative bacteria.

4. Conclusions

Based on the results of experimental and calculated data obtained by physicochemical
and biological methods, the following conclusions were drawn. Samples of zinc-modified
hydroxyapatite ZnyHA with different zinc content (x = 0.1 and 0.5 mol) were synthesized
by the liquid-phase method. It was found that the obtained samples are represented by the
phase of hydroxyapatite Ca;9(PO4)¢(OH); pey, with zinc included in the structure of hydrox-
yapatite. Composite materials based on zinc-modified hydroxyapatite (Zn = 0.1; 0.5 mol)
and a copolymer of lactide and glycolide with a ratio of HA/PLGA = 93/7 wt.% with
a volume porosity of 16 vol.% were obtained. The uniform distribution of zinc and carbon
over the surface of composite samples Zn,HA-PLGA (x = 0.1) and Zn,HA-PLGA (x = 0.5)
was established. It was shown that the size of acicular particles of hydroxyapatite of the
obtained material for ZnyHA (x =0.1) is 1.2 4+ 0.1 um, and for ZngsHA itis 0.9 + 0.1 um.
The elemental composition of the synthesized Zn,HA powders according to the results
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of XRD analysis show that the atomic ratio of elements (Ca + Zn)/P is 1.7 for Zn,HA
(x=10.1) and 1.8 for Zn,HA (x = 0.5), which corresponds to the ratio of Ca/P elements for
bone tissue (1.4-2.0). The process of dissolution of hydroxyapatite in physiological saline
was investigated. It was found that an increase in the content of zinc in hydroxyapatite
leads to a decrease in solubility in physiological solution compared to unmodified HA.
The solubility of composites decreases which is associated with the difficulty of diffusion
of calcium ions through the polymer layer. The cytotoxicity of the obtained composite
materials was studied. It was found that the viability of macrophages incubated on the
Zn,HA-PLGA (x = 0.5) composite is higher than on Zn,HA-PLGA (x = 0.1). It was shown
that the samples obtained in this work based on Zn,HA and PLGA possess antibacterial
properties against gram-positive microflora.
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