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Abstract: Local drug delivery systems are an effective approach in the treatment of purulent-septic
inflammation of bone tissue. Chemically bonded multiphase ceramics based on calcium-deficient
carbonate-substituted hydroxyapatite combine resorbability, osteoconductivity, and the possibil-
ity of volumetric incorporation of antibiotics. Macroporosity is regulated by the concentration of
polyethylene glycol granules introduced into the initial powder composition, followed by their
extraction. The selected conditions for the consolidation of the ceramic matrix and the extraction of
PEG granules retain the activity of vancomycin, which is confirmed by the results of microbiological
studies. The concentration of vancomycin and the porosity affect the local concentration and release
of the antibiotic. The incorporation method provides a prolonged release of the antibiotic for up to
31 days. In vivo experiments with bone implantation have shown that chemically bound macrop-
orous ceramics with incorporated vancomyecin are a therapeutically effective carrier of the substance
during the healing of bone defects in conditions of surrounding purulent-septic inflammation, and
can be considered as a carrier for local antibacterial therapy, at the site of implantation.

Keywords: prolonged release; antibiotic; consolidation; carbonate-substituted hydroxyapatite;
macroporosity; PEG; resorbability; vancomycin; purulent-septic inflammation

1. Introduction

Osteomyelitis is a serious problem in bone surgery, whose treatment traditionally
includes rehabilitation of necrotic and infected areas of bone and soft tissues, along with
long-term systemic administration of antibiotics, filling in the formed defect [1,2].
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The most common causative agent of bone infection, which causes approximately
75% of cases of osteomyelitis, is conditionally pathogenic Gram-positive Staphylococcus
aureus [3,4]. Other pathogens include enterococci, streptococci, Pseudomonas aeruginosa, and
enterobacteria [5].

Vancomycin is the most common and effective broad-spectrum antibiotic for par-
enteral administration; it is a glycopeptide active against Gram-positive bacteria. In polymi-
crobial infections, combinations of glycopeptide and gentamicin or glycopeptide and
anti-pseudomonad are used [6].

Systemic use of antibiotics requires a large dose to obtain locally acceptable concentra-
tions, due to the limited antibiotic delivery to infected wounds. This concentration is often
insufficient to kill bacteria [7], and can cause side effects and prolonged recovery [8]. Local
infection can develop into chronic osteomyelitis and persist for months or years, which
leads to a long hospital stay for patients [9], and possible limb necrosis, dysfunction, and
sepsis [10]. For example, approximately 20% of diabetic foot ulcers—which occur in 25% of
diabetic patients—will spread to nearby bone tissues and result in osteomyelitis [11].

In addition to the accepted systemic approaches to the treatment of osteomyelitis after
surgical wound treatment, local drug delivery systems have been a more effective approach
in recent decades [8,12].

Local drug delivery systems using carriers have advantages in increasing the possi-
bility of penetration of antimicrobial agents into bone tissues, ensuring prolonged release
and localized concentrations of antimicrobial agents in the infused zone, while avoiding
systemic side effects and toxicity [13]. The use of optimal carriers, the necessary concen-
trations of antimicrobials, and control of the release rate of the drug can help in the fight
against infection and limit the frequency of relapses [12].

As antibiotic delivery systems, the most studied materials are bioresorbable materials,
including calcium sulfate, demineralized bone matrix, calcium phosphate, bioglass, colla-
gen, gelatin, chitosan, polylactide, and polyglycolide, in various forms of delivery [14-17],
some of which are commercial products [14].

Matrices based on chemically bonded calcium phosphate ceramics are a promising
type of scaffold for the treatment of osteomyelitis, due to their similarity in composition
with the mineral component of bone tissue, high specific surface area, and increased
resorption rate compared with matrices obtained via high-temperature treatment. The
frameworks are formed due to the interaction of the compressed initial components in
the aqueous medium due to setting and hardening, and are an excellent platform for the
incorporation of antibacterial agents at the mixing stage, with the possibility of changing
the release kinetics and stimulation of osteogenesis.

According to data from the literature, the activity of the antibiotic does not decrease
when it is mixed into calcium phosphate cements of various compositions, and does not
affect the phase composition and properties of the cement stone, remaining as a separate
solid phase during setting, and spreading along the pores of the cement stone [18-20]. The
release of the antibiotic during incorporation is smoother than during impregnation, and
depends on the composition and porosity of the calcium phosphate cement [21].

The interconnected open microporous system provides good impregnation of the
material with biological fluids, oxygen diffusion, and surface roughness, which plays an
important role in the adsorption and retention of osteogenic cells on the implant surface.
Macropores (over 100 microns in size) facilitate cell infiltration and migration into the
scaffold, along with angiogenesis [22-24].

The most popular method of forming macroporosity is the method of removing
introduced pore-forming additives, which include crystals, particles, or fibers of burnt
or soluble substances, e.g., paraffin, or soluble salts of alkali metals, provided in direct
form or in the form of compounds containing certain anions and cations that form alkali
metal salts—for example, potassium chloride, sodium, calcium, sodium citrate, sodium or
potassium hydroxide, sodium bicarbonate and phosphate salts [25-28].
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Removal of the threshold by burning or washing out water-soluble salts in an aqueous
medium is unacceptable for chemically bonded ceramics with incorporated antibacterial
agents, since it will lead to volatilization or removal of the antibiotic. Therefore, the only
solution to create macroporous chemically crosslinked ceramics is to wash out the porogen
with organic solvents in which the antibiotic does not dissolve.

The purpose of this work is to create resorbable microporous chemically bonded
ceramics based on carbonate-substituted calcium-deficient hydroxyapatite containing an-
tibacterial substances for the treatment of purulent-septic inflammation of bone tissue.
As far as we know, this is the first study that describes a low-temperature technology for
producing a bioresorbable calcium phosphate matrix with macroporosity and volumetric
filling with an antibiotic. The clinical effectiveness of the developed ceramics is determined
to a greater extent by the prolonged release of the drug and the ability of the material to
be replaced by newly formed bone tissue. Gradual resorption of the material can lead to
the secondary release of the antibiotic, increasing the antimicrobial efficacy at the stage
of bone tissue restoration. An important feature of the developed material is volumetric
incorporation, which provides a prolongation of the antibiotic yield compared to surface
impregnation, in which a rapid complete initial release is observed [19]. Volumetric in-
corporation is possible only with the use of low-temperature technologies that preserve
its activity.

2. Materials and Methods

Preparation of chemically bonded ceramics.

Into a homogenized mixture of the composition 80% «-Caz(POy),, 8% CaCO3, 6%
Ca(HPO4)2-Hy0O, and 6% NapHPO4-12H,0, various amounts of polyethylene glycol gran-
ules (hereafter referred to as PEG) were added by weight, with a size of 100-600 microns
above the mass of the cement mixture. The mixture moistened with distilled water was
subjected to uniaxial pressing at a pressure of 130 MPa, dried in air for a day, and consoli-
dation was carried out in distilled water for 3-72 h at 20-60 °C, after which it was dried
in air.

Macroporosity was formed by extraction of PEG from pressed matrices using a Soxhlet
apparatus. Chloroform was used as a solvent for PEG extraction. Extraction was imple-
mented for a constant mass of samples, after which drying was implemented in vacuum
for 24 h.

The removal of organic solvents from the matrix structure was implemented in a flow
reactor in a supercritical fluid CO, environment with stirring at a temperature of 70 °C and
a pressure of 10 MPa for 6 h.

The mechanical strength of the matrices was determined on samples of 10 mm x 10 mm
x 30 mm by means of an LFM-50 universal testing machine (Walter + Bai AG), at a loading
speed of 8 mm/min, on the 7th day after molding.

Incorporation of vancomycin was carried out by adding 150-300 mg of pharmaceutical-
grade powder per 3 cm® matrix to the dry mixture before moistening and pressing it out.

The dynamics of the vancomycin yield were determined by high-performance liquid
chromatography on a Thermo Ultimate 3000RS chromatograph (Agilent Poroshell 120
EI-C18 column, 3.0 mm X 50 mm 2.7 micron). The sample was placed in a flask equipped
with a magnetic stirrer, and 100 mL of distilled water was added. After 0.25,0.5,0.75,1, 1.5,
2,3,5,7,24,51,and 75 h, a 500 uL aliquot was taken, which then was analyzed by HPLC
UV, and 500 pL of distilled water was added.

The porosity was determined by hydrostatic weighing in an inert liquid.

X-ray powder diffraction (XRD) analysis was performed using an ARL Equinox 1000
X-ray diffractometer (Thermo Fisher Scientific INEL SAS, Waltham, MA, USA). The survey
was carried out in the reflection mode using Cu Ka radiation (angle interval 20: from
5° to 50°; step 20 0.03°). The exposure time was 5 s/per step. In qualitative analysis
of the resultant X-ray diffraction patterns, we used WinXPOW software and the ICDD
PDEF-2 database.
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In quantitative analysis, we used the reference intensity ratio method (with the I/I;
intensity ratio of the strongest lines of the substance and corundum («-Al,O3) in a mixture
containing 50 wt.% of both components). The weight fraction was calculated using the
following relation:

_ Ln/(/1(A) - I
b E /(1K) - I

where [;4 is the measured intensity of the ith reflection from phase A; I" el j4 is the relative
intensity of this reflection in the database; I/I.(A) is the corundum number for the phase
A being determined; and Ik, I" el]'K, and I/I.(K) are the corresponding quantities for all
components of the mixture (including A).

Elemental analysis was carried out by means of a special detector (energy dispersion
spectrometer); processing was carried out in the INCA—Point&ID program.

FTIR spectra were captured using the PerkinElmer Spectrum One IR Fourier spectrom-
eter in the transmission mode in the range of 4000-400 cm !, with a resolution of 1 cm™!
(5 mg/50 mg of KBr powder).

The microstructure was studied using a Phenom XL G2 scanning electron microscope
(Thermo Fisher Scientific) at an accelerating voltage of 15 kV. Silver was sprayed with
a Cressington 108auto magnetron sprayer (Cressington Scientific Instruments Ltd., Wat-
ford, UK).

Micro-CT of the samples was performed on a Bruker SkyScan 1172 X-ray microtomo-
graph (Kontich, Belgium) with a rotation step of 0.4 degrees and a resolution of 9 microns,
using SkyScan software. As a result of scanning, a set of shadow projections of samples
was obtained. Based on the obtained shadow projections, reconstruction was performed in
the NRecon program using the Feldkamp algorithm. The necessary cross-sections, recon-
struction parameters, and dynamic range were selected to achieve optimal image contrast.
Images of volumetric models of samples were obtained using the CTvox program included
in the tomography software package. To construct three-dimensional models, the marching
cubes algorithm was used, which is an algorithm for constructing a surface based on the
model of explicit assignment of hexagonal voxels developed by Lorensen and Klein (1987).

The completeness of PEG removal was controlled by 'H NMR, using phenanthrene as an
internal standard (\H NMR spectra were recorded on the Bruker Advance-400 spectrometer
(operating frequency 400 MHz) in CDCl3). Samples for NMR were prepared by 4-fold
extraction of the crushed matrix in 3 mL of methylene chloride in an ultrasound bath
without heating for 10 min, followed by centrifugation and evaporation of the extract in
vacuum. The residue was dissolved in 0.6 mL of CDCl3.

The determination of antibacterial activity was carried out by measuring the diameter of
the growth retardation zones of bacterial cultures—museum reference strains: St. aureus
ATCC 6538 (Gr+) and E. coli ATCC 2582 (Gr—). A sterile saline solution of sodium chloride
with a concentration of 0.9% was selected as a negative control (K;); a sterile saline solution
of sodium chloride with a concentration of 0.9% after 24 h of incubation with a test sample
without vancomycin at 37 °C was selected as a second negative control (Kj), incubated
under the same conditions as the experimental samples; and a test disk was selected as
a positive control (K+), with ceftazidime and clavulanic acid (CAC30/10—ceftazidime
30 pg/clavulanic acid 10 mcg; HIMEDIA®). Bacterial suspensions were obtained by
culturing 100 mL of broth culture in 10 mL of cardio-cerebral broth (HIMEDIA ® M210) and
seeded by the “lawn” method on Muller-Hinton agar (HIMEDIA ® M211). After sowing,
wells with a diameter of 5 mm and a volume of 15 ul were made in agar with a sterile
metal punch, after which they were filled with solutions of negative control and a solution
obtained after incubation of the matrix for 24 h at a temperature of 37 °C.

Preclinical assessment of the biocompatibility, resorption, and antibacterial effect of the
obtained calcium phosphate matrices was carried out in “in vivo” studies on Wistar rats
using a model of bone perforation of critical size (2/3 diameter) of the tibia with preformed
purulent-septic inflammation. The study was conducted on three animals.
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The evaluation of the antibacterial effect was carried out using histological examina-
tion, while the evaluation of resorption was carried out by tomographic examination, with
the determination of the implant volume by orthogonal projections of the zone of interest
using the FEI Avizo 9.0.1 program.

Tomographic examination was carried out in vivo after surgery, and posthumously after
3 months of implantation. Microcomputed tomography (Micro-CT) was performed with a
Bruker SkySkan 1178 scanner (Kontich, Belgium), at a voltage of 65 kV and a current of
615 uA, with a 0.5 mm Al filter.Spatial resolution was 84 microns/pixel. Sections were
reconstructed using NRecon v1.6.10.4 software. 3D reconstructions were made in the CT
Vol 2.2.0.0 program.

For histological examination, samples were fixed in neutral-buffered 10% formalin,
decalcified in a special acid solution (SoftyDek, Biovitrum, Stockholm, Sweden), subjected
to standard alcohol wiring, and embedded into paraffin blocks. Then, 4 um thick paraffin
sections were stained with hematoxylin and eosin and picrosirius red according to the
standard protocols. The obtained microscopic slides were examined with a universal
LEICA DM4000 B LED microscope equipped with a LEICA DFC7000 T digital video camera
(Leica Microsystems, Wetzlar, Germany) by standard light, phase-contrast, dark-field, and
polarized microscopy methods.

3. Results
3.1. Temperature and Time of Consolidation of Ceramics

Acid-base interaction and hydrolysis are the main processes in the formation of
chemically bonded ceramics during the interaction of a powder mixture with water.

The influence of technological parameters on the reaction rate, the consolidation
temperature, and the particle size of the initial components was investigated in this work.

The solubility of a-tricalcium phosphate (-TCP) limits the reaction rate, since it has
a low solubility of 0.002 g/100 mL. According to X-ray diffraction measurements, the
completeness of the reaction at the time depends on the temperature and granulometric
composition. Figure 1 shows diffractograms of ceramics consolidated in humid-air condi-
tions for 24 h at a temperature of 20-80 °C, based on o-TCP with the parameters presented
in Table 1.

x 80°C X

30 40 50 10 20 30 40 50
20 20

(@) (b)

Figure 1. Diffractograms of ceramics consolidated within 24 h based on x-TCP with an average
particle size of (a) D [3,4] 37.02 um (x-TCP1) or (b) D [3,4] 6.12 um (x-TCP2). @: x-TCP; O: 3-TCP;
©: CaCO3; X: CO3-HAP/dHAP; #: DCPD.
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Table 1. Surface area and average particle size of a-TCP under different grinding modes.

Parameter «-TCP1 «-TCP2
Surface area, m2/ g 1.1080 3.1503
Average particle size D [3,4], pm 37.02 6.12

The chemically bonded ceramic in the x-Caz(POy);/CaCO3/Ca(HyPO4)2-HO/
Nap;HPO4-12H50 system with a ratio of the initial components (wt.%) of 80/8/6/6 was a
non-stoichiometric carbonate-substituted hydroxyapatite of a composition similar to that of
the main mineral component of bone tissue—Cajg_x—y,2(HPO4)x(CO3)y(PO4)s—x—y(OH)2 .
X-rays of ceramics formed during hydrolysis and acid—base interaction of the system compo-
nents showed the presence of carbonate-substituted hydroxyapatite Ca;o(PO4)4(CO3)2(OH)4
(CO3-HAP) (01-085-7370), calcium-deficient hydroxyapatite Cag gs(PO4)6(H20)2 (AHAP)
(01-082-1943), B-tricalcium phosphate (3-TCP) (01-070-2065), dicalcium phosphate dihy-
drate CaHPO,4-2H,0 (DCPD) (01-072-0713), x-tricalcium phosphate (01-070-0364), and
calcium carbonate (01-072-1652). On the X-ray (Figure 1), calcium-deficient and carbonate-
substituted hydroxyapatites are not marked in separate phases, due to the coincidence of
the main peaks. In the course of quantitative phase analysis, the calculation was carried out
based on the characteristic peaks at the interplane distance of 2.7309 and 1.9489 for dHAP,
and of 2.8066 and 2.7782 for CO3-HAP.

The presence of phases of the initial components is explained by the incompleteness
of the reaction. Upon contact with water, dissolution reactions began to take place on the
contact surface of the initial particles, in connection with which the water began to be
saturated with OH—, HPO42~, Ca2*, and H,PO, "~ ions, and crystals of reaction products
formed on the surface of the initial particles.

The amount of the initial phase of -TCP decreased with increasing temperature.
DCPD is an additional phase in the composition of ceramics; it is a product of the interaction
of calcium carbonate and «-TCP with monocalcium phosphate monohydrate (MCPM). The
presence of an impurity phase of 3-TCP in the composition of ceramics was caused by the
formation of about 8% of the polymorphic form of 3-TCP during the solid-phase synthesis
of o-TCP.

Identification of calcium carbonate by X-ray was impossible, since there were no
characteristic peaks (i.e., not coinciding with the peaks of the present phases) in this system.
When calculating the quantitative phase composition, calcium carbonate was not taken
into account.

In accordance with the FTIR spectra, calcium carbonate was present in the composition
of the chemically bonded ceramics based on a-TCP with a particle size of 6.12 microns in
the initial consolidation periods at 60 °C (Figure 2).

The change in the peak’ intensity of the FTIR spectra of the ceramics, characteristic of
calcium carbonate, confirms the course of the chemical reactions over 72 h.

The most intense and high-frequency band at 1435 cm ! is not characteristic of the
calcium carbonate spectrum, since it merges with the duplex characteristic of CO32~
carbonate-substituted hydroxyapatite ions. The intense bands at about 1409-1423 cm ™!
and 1449-1474 cm~! in the spectrum belong to the v3 mode of antisymmetric stretching,
characteristic of CO32~—ions in the A- (substitution of OH~—ions) and B-types (substitu-
tion of PO4>~—ions) of carbonate-substituted hydroxyapatite.

The bands at 712 and 875 cm ™! correspond to the deformation vibrations of calcium
carbonate ions (CO32™), and the band at 712 cm ! can be considered characteristic, allowing
us to judge the presence or absence of calcite in the composition. The band at 874 cm ™!
coincides with the oscillations characteristic of HPO,42~ ions. With increasing exposure time
in a humid environment, the intensity of the peak at 712 cm ! decreased, and it was not
observed after 48 h. On the FTIR spectra of calcium carbonate, a peak at the band 1805 cm ™!
was observed, which was also present during the initial hydration periods, but absent on the
spectra after 24 h. Intense bands around 1409-1423 cm ! and 1449-1474 cm ™! remained in
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the absence of characteristic peaks of calcium carbonate, and the duplex was clearly visible,
making it possible to assert that one phase was carbonate-substituted hydroxyapatite.
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Figure 2. FTIR spectra of ceramics at different consolidation times, and FTIR spectra of calcium
carbonate.

Fluctuations in the HPO,?~ anion in the range of 14001750 cm ™! are characteristic,
but due to the superposition of  (POH) oscillations on the fluctuations of v3(CO,), we
consider fluctuations in the range of 16001750 cm ! to be the determining factor. Peaks
at 1642 cm ! are clearly defined on the spectrum, determining the ions of HPO,?~ in the
calcium-deficient hydroxyapatite.
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Orthophosphoric tetrahedral ions in a hydroxyapatite-type structure are characterized
by v4 bending (559-566, 571-578, 600-602 Cm’l), v1 symmetric stretching (960 Cm’l), and
v3 antisymmetric stretching (1018-1050 and 1087-1090 cm ).

The kinetics of the formation of hydroxyapatites during the consolidation of ceramics
at different temperatures and times, depending on the particle size of x-TCP, are shown in
Figure 3.

100
90
80
60
50
40
30
20
10

Degree of conversion, %

6 12 24 48 72 0 3 6 12 24 48 72

Consolidationtime, h Consolidationtime, h

40°C 60°0C em@emS(0C =2 °C 40°0C 60°C =m@umS0OC

(@) (b)

Figure 3. Kinetic curves of hydroxyapatite formation during consolidation of ceramics based on
o-TCP with the following particle sizes: (a) D [3,4] 37.02 um (x-TCP1); (b) D [3,4] 6.12 um (x-TCP2).

The rate of formation of hydroxyapatites directly depends on the temperature, and
increases with a decrease in the particle size of x-TCP.

The maximum degree of conversion of the initial components into hydroxyapatites is
89 wt.%, due to the presence of additional phases in the composition of the reaction prod-
ucts: DCPD and (3-TCP. The amount of hydroxyapatites exceeds 80 wt.% at temperatures
of 60-80 °C and a consolidation time of 24 h.

The low reaction rate in the case of using «-TCP1 (D [3,4] 37.02 um) negatively affects
the mechanical strength of the ceramics. The compressive strength of ceramics based on
o-TCP1 during consolidation for 24 h at a temperature of 60 °C was 43.8 MPa, whereas for
o-TCP2 (D [3,4] 6.12 um) it was 68.88 MPa.

The results of scanning electron microscopy confirmed the formation of hydroxyapatite
crystals on the surface of the initial particles, consolidating the matrix (Figure 4). At
temperatures of 20 and 40 °C, after 72 h of ceramic consolidation, individual particles of the
initial components were distinguishable, on which hydroxyapatite crystals were formed.
Unreacted «-TCP was present in the microphotographs in the form of dense particles with
hydroxyapatite crystals on the surface. At temperatures of 60 and 80 °C, the structure of
the material was consolidated by the formed interaction products.
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(b)

Figure 4. Micrographs of ceramics after 72 h of consolidation at temperatures of (a) 20 °C, (b) 40 °C,
(c) 60 °C, and (d) 80 °C. Magnification x6000.

3.2. Properties of Ceramics

The macroporosity of ceramics is formed by extraction with organic solvents of
polyethylene glycol (PEG) granules with a size of 100-600 microns, premixed with the ini-
tial dry mixture before forming via pre-pressing and consolidation. Chloroform was used
as an extractant—not an aqueous medium—in order to avoid the extraction of vancomycin
from the ceramics. It was found that the mass fraction of the residual polyethylene glycol
was on average 0.9 wt.% of the total mass of samples, using the 'H NMR method. After
additional purification in the supercritical CO, medium, trace amounts of PEG were not
detected, as confirmed by the results of the 'H NMR study. The phase composition of
porous ceramics was identical to that of dense ceramics, as confirmed by the X-ray data.

The porosity values exceeded the values of the introduced PEG due to the microp-
orosity formed by the dissolution of Na,HPO,4-12H,O salt particles, the air involved in
the matrix during its pressing, and the formation of CO, during the acid-base interac-
tion of CaCO3 with Ca(H,POy4),-H,O. When PEG was introduced into the initial mixture,

the porosity consisted of micro- and macroporosity formed due to the extraction of PEG
granules from the matrix (Figure 5).

70 59.8 60.5
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- 71 512 - 70
& 20 40.1 57
Z 35.9 73
= = 76
o
o
0 - JoaN -
45 5 49.9 :
20 e 39.8 :
10 26.6
0
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Concentration of PEG granules, wt.%
Open m Closed
Figure 5. Porosity of ceramics.

According to micro-CT data, the distribution of PEG granules in the matrix was
uniform, and the shape of the macropores differed from spherical, constituting an ellipsoid
of rotation, due to the applied uniaxial load during matrix molding (Figure 6). The ratio of
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the large axis of the ellipsoid to the small one was 1.5. We obtained the expected results
on the distribution of macropores by size, based on the conservation of the volume of
the PEC particles and the change from a spherical shape to an ellipsoid of rotation. In
all samples, this was approximately equal to the distribution of PEG particles in size:
500-600 microns—19%, 400-500 microns—23%, 350-400—=8%, 250-350—28%, 100-250—
22%. The deviation from these values was insignificant; it decreased with increasing
porosity, and was associated with the presence of compressed air.

Figure 6. Micro-CT of ceramics after extraction of PEG granules in the following amounts: (a) 0%;
(b) 10%; (c) 20%; (d) 30%; (e) 40%; (£) 50%.

The mechanical strength of chemically bonded ceramics is inversely proportional
to the concentration of PEG granules (wt.%) (Figure 7). The change in the mechanical
strength of ceramics is associated with a decrease in the number of contacts of the mineral
component of the consolidated matrix.
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Figure 7. Mechanical strength of ceramics.



Ceramics 2022, 5 340

3.3. Incorporation of Vancomycin into Chemically Bonded Ceramics

We used vancomycin hydrochloride (hereafter referred to as vancomycin) in a freeze-
dried form as an antibacterial substance. Vancomycin (gross formula C¢sHy75C1;NgO»4) is a
glycopeptide containing a significant amount of halogenated and hydroxylated aromatic
amino acids. Incorporation of antibacterial substances ensures prolongation of their yield
at the implantation site compared to the rate of yield during product impregnation.

Vancomycin lyophilizate was injected at 150-300 mg/3 cm® of ceramic matrix. In the
process of hydration, a partial dissolution of vancomycin occurred, the solution of which
impregnated the matrix. Simultaneously with vancomycin, NayHPO,4-12H,O particles were
dissolved, and phosphate ions were released into the solution, which caused the nucleation
of hydroxyapatite in accordance with the concept of the “common ion effect” [29], and
indirectly affected the solubility of «-TCP since, when saturated with Ca?* and PO~ —
ions, -TCP does not dissolve until hydroxyapatite is precipitated from it. As soon as
hydroxyapatite was formed, calcium and phosphate ions saturated the solution again, and
more x-TCP could dissolve, accelerating the consolidation.

The Nap,HPO4-12H,0 solution interacts with vancomycin, embedding phosphate ions
into its structure. Absorption bands characteristic of Na,HPO4-12H,O appeared on the IR
spectrum of vancomycin after treatment with Na, HPOy4-12H,0 solution, at 2466, 517, 511,
860, 957, and 991 cm ~! (Figure 8).
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Figure 8. FTIR spectra of vancomyecin: original, and after interaction with NayHPO,4-12H,0.

On the surface of the vancomycin particles, when exposed to sodium hydrophosphate
salt, surges formed (Figure 9).

Vancomycin inside the matrix was located in the interstitial space in the form of flat
crystal accretions, and was absorbed into the calcium phosphate matrix of the ceramics,
as confirmed by the data of scanning electron microscopy and energy dispersion analysis
(Figure 10).

According to the results of high-performance liquid chromatography obtained by
measuring the concentration of the antibiotic in chloroform after using it to extract PEG
granules from ceramics, the loss of vancomycin was less than 0.01%.

The dynamics of the output of vancomycin are shown in Figure 11. For 75 h, the proportion
of the released antibiotic was from 23 wt.% to 57 wt.%, and depended on the amount of
antibiotic and the porosity. The initial release in 5 h was from 10 wt.% to 39 wt.% of the total
amount of the incorporated antibiotic, which occurred mainly due to diffusion. The exit speed
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slowed down over time, but did not reach a plateau within 75 h. Vancomycin, dissolving inside
the matrix in liquid, exited through interconnected pores. The greater the surface area (i.e., the
greater the open porosity), the higher the rate of antibiotic release (Figure 12).

Ele- Atomic Weight Ele- Atomic Weight
mental Conc. Conc. mental Conc. Conc.
Symbol Symbol

C 55.22 46.73 C 15.60 9.00

N 21.89 21.61 (o) 57.89 44.50
(0} 18.72 21.11 Na 0.45 0.50

P 0.69 1.51 P 9.40 14.00
Cl 2.41 6.03 Cl 0.29 0.50
Ca 1.07 3.02 Ca 16.36 31.49

Figure 10. Microstructure of ceramics containing vancomycin, and results of EDX of the area bounded
by a blue border.

Volumetric incorporation of vancomycin into the o-Caz(POy), /CaCO3/Ca(HyPOy),-H,O/
NayHPO,-12H;,0 system retained its activity, as determined by measurements of the
growth delay (inhibition) zones of bacterial cultures of Staphylococcus aureus (Gram-positive)
(Table 2) and Escherichia coli (Gram-negative) (Table 3) after incubation for 31 days.

Ceramics containing 30% PEG granules in the initial mixture inhibited the growth of
S. aureus bacteria for about 15 days at a vancomycin concentration of 150-200 mg in 3 cm?,
and for 17 days at a concentration of 250-300 mg, while inhibiting E. coli for 16 days at a
vancomycin concentration of 150-200 mg, and 22 days at a concentration of 250-300 mg,
after which the effectiveness decreased. An increase in porosity due to an increase in the
number of PEG granules increased the rate of antibiotic release. Similar to the positive
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control, effective suppression of S. aureus for vancomycin concentrations of 250-300 mg
was limited to 9 days, while suppression of E. coli was limited to 4 days.
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Figure 11. Dynamics of the release of vancomycin from the matrix at initial contents of (a) 150 mg,
(b) 200 mg, (c) 250 mg, and (d) 300 mg.
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Table 2. Diameters of growth retardation zones of bacterial cultures of Staphylococcus aureus with chemically bonded ceramics containing vancomycin, in comparison

with negative and positive controls.

Amount of Time, h
Vancomycin, mg 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672 696 720 744
Amount of PEG Granules in the Initial Mixture—30%
K+ 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K> 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 18 17 15 14 13 14 14 14 13 12 12 12 11 11 11 10 9 9 9 8 7 7 6 0 0 0 0 0 0 0 0
200 22 18 17 16 16 17 16 16 15 14 13 13 13 12 11 10 10 9 9 8 8 7 7 6 0 0 0 0 0 0 0
250 21 19 17 16 16 16 16 16 16 15 14 14 14 14 12 11 11 10 10 10 9 9 8 7 7 6 0 0 0 0 0
300 20 18 19 16 18 18 18 17 16 15 15 14 14 14 14 12 12 11 11 10 10 10 9 9 8 7 6 0 0 0 0
Amount of PEG granules in the initial mixture—40%
K+ 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 20 17 16 15 14 15 15 14 14 13 13 11 10 10 10 10 8 7 7 7 0 0 0 0 0 0 0 0 0 0 0
200 20 18 16 16 15 16 15 14 14 13 12 11 10 10 10 8 7 7 6 6 0 0 0 0 0 0 0 0 0 0 0
250 21 19 18 16 16 17 17 16 16 15 14 14 14 14 13 11 11 11 10 10 9 8 8 7 6 0 0 0 0 0 0
300 22 20 19 18 18 18 17 17 16 15 14 14 13 13 13 11 11 10 9 9 8 8 7 6 6 0 0 0 0 0 0
Amount of PEG granules in the initial mixture—50%
K+ 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 21 18 17 16 13 16 16 14 14 12 11 11 10 9 9 8 7 6 0 0 0 0 0 0 0 0 0 0 0 0 0
200 21 19 18 16 14 15 14 14 14 13 13 12 10 9 9 7 7 6 6 0 0 0 0 0 0 0 0 0 0 0 0
250 21 20 18 17 15 15 15 15 15 14 13 12 11 11 8 8 8 7 7 6 6 0 0 0 0 0 0 0 0 0 0
300 22 21 19 18 16 16 16 16 16 15 14 13 13 13 12 9 9 8 8 7 6 6 0 0 0 0 0 0 0 0 0
«Kp» —negative control (0.9% saline sodium chloride solution);
«Kp» —sterile saline 0.9% sodium chloride solution after incubation with a test sample without vancomycin at 37 °C;
«K4» —disc CAC—CAC30/10—ceftazidime 30 ng/ clavulanic acid 10 pg;

—no growth delay zone or visible secondary growth
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Table 3. Diameters of growth retardation zones of bacterial cultures of Escherichia coli with chemically bonded ceramics containing vancomycin, in comparison with
negative and positive controls.

Amount of Time, h
Vancomycin, mg 24 48 72 9% 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552 576 600 624 648 672
Amount of PEG granules in the initial mixture—30%
K+ 18 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 20 16 15 14 13 14 12 12 11 10 10 9 8 7 7 7 0 0 0 0 0 0 0 0 0 0 0 0
200 21 18 17 17 16 15 14 13 13 12 11 10 9 8 8 7 0 0 0 0 0 0 0 0 0 0 0 0
250 20 19 17 17 16 16 15 15 15 14 14 13 12 11 10 9 9 8 8 7 6 6 0 0 0 0 0 0
300 21 20 18 18 16 16 16 16 15 14 14 14 13 13 12 10 10 9 9 8 8 7 6 0 0 0 0 0
Amount of PEG Granules in the Initial Mixture—40%
K+ 17 16 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 20 17 16 15 14 15 13 13 12 12 11 10 7 7 7 7 0 0 0 0 0 0 0 0 0 0 0 0
200 20 18 16 16 15 14 12 11 10 10 8 8 6 6 6 0 0 0 0 0 0 0 0 0 0 0 0 0
250 21 19 18 16 16 16 15 15 14 14 14 13 12 12 10 9 9 8 7 0 0 0 0 0 0 0 0 0
300 22 20 19 18 16 16 16 14 14 13 12 11 11 10 9 8 7 6 0 0 0 0 0 0 0 0 0 0
Amount of PEG Granules in the Initial Mixture—50%
K+ 17 16 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ky 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 21 18 17 16 13 16 13 11 9 9 9 6 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
200 21 19 18 16 14 13 14 11 10 7 9 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
250 21 20 18 17 15 15 15 13 11 10 8 8 7 6 6 0 0 0 0 0 0 0 0 0 0 0 0 0
300 22 21 19 18 16 16 16 14 13 13 12 11 10 9 9 7 6 0 0 0 0 0 0 0 0 0 0 0
«Kq» —negative control (0.9% saline sodium chloride solution);
«Ko» —sterile saline 0.9% sodium chloride solution after incubation with a test sample without vancomycin at 37 °C;
«K4» —disc CAC—CAC30/10—ceftazidime 30 pg/ clavulanic acid 10 pg;

—no growth delay zone or visible secondary growth
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3.4. In Vivo Experiments

The antimicrobial activity of chemically bound ceramics was investigated via in vivo
experiments on Wistar rats in a model of tibial bone perforation with pre-created purulent—
septic inflammation, confirmed by morphological examination of biopsies taken before the
implantation of matrices. To determine the antibacterial activity, the developed matrices were
installed in bone perforations of critical size; a matrix without vancomycin (control) and a matrix
with vancomycin (experiment) were installed in different limbs in one animal for comparison.

Three months after implantation, according to X-ray tomography, partial resorption of
the matrix and the formation of new bone tissue occurred (Table 4).

Table 4. The volume of the implant and the 3D model of the tibia of a laboratory animal, created
from CT results.

Control Experience
Implantation Period, Days. 0 90 0 90
39.72 39.10 32.35 23.56
Matrix volume, mm3 21.14 17.00 35.55 23.40
31.12 28.98 31.01 13.27

3D models with matrix
visualization

7
(
A

The average matrix resorption in three animals was 11% in the control group and 37%
in the experimental group after three months of implantation.

According to the morphological study, 3 months after the implantation of chemically
bonded ceramics, many large necrotized bone fragments without cellular elements and
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with loosened and structurally damaged bone matrices were detected in all of the control
samples (Table 5). Large areas of fibrous connective tissue with pronounced inflamma-
tory infiltration (lymphocytes, macrophages, neutrophils) and in places with increased
vascularization were observed in the affected area. Unlike normal bone, necrotized bone
was unevenly stained with hematoxylin—eosin; with phase-contrast microscopy its thin,
fibrous structure was not visible, and with picrosirius staining and polarization microscopy
it showed no anisotropy. Necrotic areas of bone are often surrounded by inflammatory
infiltrate and fibrous connective tissue, with pronounced lymph-macrophage infiltration.

Table 5. Necrotized bone fragments: (a) Standard light microscopy; staining with hematoxylin—-eosin.
(b) Phase-contrast microscopy; staining with hematoxylin—eosin. (c¢) Dark-field microscopy; staining
with hematoxylin—eosin. (d) Polarization microscopy; coloring with picrosirius red.
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Treatment of developed osteomyelitis with chemically bound ceramics containing
vancomycin gave positive results; most of the bone tissue had a normal structure with areas
of osteogenesis, and only small areas of bone underwent necrosis, although pronounced
inflammatory infiltration persisted in the samples.

4. Discussion

The technology of chemically bonded ceramics combines the advantages of cement
and ceramic technologies, and can be used to produce osteoplastic materials. Consolidation
of matrices without heat treatment of the formed product enables the incorporation of
functional substances such as antimicrobials, and high macroporosity in combination
with strength characteristics comparable to those of calcium phosphate cements makes
chemically bonded ceramics good osteoconductors. This not only allows the inflammatory
process to be stopped at the same time, but also enables the closing of the bone defect.

The main component of chemically bonded ceramics is «-TCP, which is hydrolyzed to
dHAP in aqueous media. Calcium carbonate was used to produce carbonate hydroxyapatite
as the target phase. When mixed with o-TCP, it participates in the hydrolysis process, con-
tributing to the incorporation of CO32~ ions into the crystal lattice [30]. Ca(H,PO4),-H,O
and NapHPO4-12H,0 reduce the Ca/P ratio. When replacing PO43~ with CO32~ or
HPO,2~, a deficit of negative charge is formed, which is compensated for by a deficiency
in calcium and the replacement of Ca?*—ions with Na*.

The total Ca/P ratio of the initial components was 1.51, and the Ca/(P/C) was 1.33.
This is significantly less than the Ca/P of stoichiometric hydroxyapatite (1.67). A decrease
in the ratios leads to a deficiency in calcium, and the presence of carbonate ions leads to
their incorporation into the crystal lattice of the resulting hydroxyapatite. As expected,
the multiphase ceramics obtained in the process of low-temperature synthesis contained
calcium-deficient and carbonate-substituted hydroxyapatite as the main phase, bringing
the composition of the ceramic material as close as possible to the composition of bone
tissue. The presence of non-target phases in the final composition—each of which has a
higher solubility than the apatite phases—increases the resorption rate of the ceramics [31].
Macroporosity also contributes to this, increasing the area on top. The macroporosity
obtained by extraction of PEG granules has a predetermined pore size distribution, and
can be regulated by the size distribution of PEG particles, promote vascularization, and
enable blood access to the contact surfaces of the matrix through the emerging network of
blood capillaries, angiogenesis, and osseointegration.

Due to the introduction of antibiotic lyophilizate into the powder mixture before
forming, the consolidation process cannot be carried out in an aqueous medium, or else
the concentration of the antibiotic cannot be stored. Vancomycin has a high solubility in
water, and diffuses through the pores during the formation of crystallohydrates in water.
We used wet-air conditions when consolidating ceramics to solve this problem. This can
negatively affect the completeness of the reaction and the properties of the ceramics.

The solution to the problem of the completeness of the reaction with the formation of
final products and the consolidation of ceramics is possible by increasing the temperature
of consolidation and shifting the granulometric composition towards smaller values. Faster
dissolution of small particles promotes supersaturation and formation of crystalline nuclei.

In general, the results obtained showed that the particle size is a key factor that signifi-
cantly changes the final properties of chemically bonded ceramics, and that particularly
affects the reaction kinetics and physical and mechanical characteristics. Pre-pressing brings
particles closer together, contributing to consolidation during chemical reactions, the speed
of which depends—among other things—on temperature. An increase in temperature
increases the solubility of the initial components and the rate of structure formation.

When choosing the consolidation temperature, it is necessary, on the one hand, to
maintain the activity of the incorporated substances, and on the other hand, to maximize
the completeness of the reactions. According to our results, a consolidation temperature
of 60 °C leads to the production of ceramics based on the target hydroxyapatite phases,
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while maintaining the activity of the vancomycin glycopeptide. Our microbiological study
confirmed the preservation of the activity of the antibiotic when incorporated into the
calcium phosphate matrix. This is due to the use of low-temperature technology, along
with the absence of interaction with the initial components of the ceramics, except for the
incorporation of phosphate ions into the structure of vancomycin, which does not affect
the activity.

Calcium phosphate cements have been repeatedly investigated and used in a variety
of drug delivery systems. Stallmann et al. [17] found that the rate of gentamicin release
from calcium phosphate cements was more prolonged than that from impregnated calcium
phosphate granules, due to the technology incorporated, i.e., the mixing procedure gave a
more uniform distribution of the drug than the adsorption of the drug on an uneven porous
surface. The dynamics of antibiotic yield depend on the composition and porosity of the
calcium phosphate cement which, according to data from the literature, is 17-78% after
7 days [17,21], with a prolongation of more than 8 weeks in according to [32] when main-
taining the level of vancomycin above the minimum suppressive concentration >4 g/mL,
and 17 days according to [17].

Chemically bonded ceramics, such as cements, gradually release vancomycin, pro-
longing its yield by up to 31 days. The profile of the release of vancomycin shows a curve
with a large initial release followed by a slow release, fully confirming the authors’ re-
search [18,33,34]. The burst of release in the initial time period reflects the easy diffusion of
the antibiotic from the surface layer. After this period of time, the diffusion of vancomycin
from the inner surface of the matrix is somewhat difficult, which slows down its release
and, thus, prolongs the output.

An increase in the surface area of the matrices (e.g., an increase in porosity) leads
to an increase in the rate of release of vancomycin. The proportion of the antibiotic
released into the solution from the initial amount is the same after 24 h for matrices
whose porosity is formed by extraction of 30 and 40 wt.% PEG granules. The proportion
of vancomycin derived from matrices formed by extraction of 50 wt.% PEG granules is
inversely proportional to the initial concentration of vancomycin. This is due to a higher
rate of vancomycin release in the initial period, along with the loss of antibacterial activity
of matrices with high porosity in a shorter period.

It is difficult to extrapolate the results of our in vitro study to clinical concentrations in
bones and surrounding tissues. The experiment did not take into account physiological
parameters (e.g., the presence of blood flow, the pH of the medium, and other parameters
that are difficult to transfer to in vitro); however, the same conditions were strictly observed
for all samples for the purpose of comparative analysis among themselves and with positive
controls during microbiological examination.

Uchida K. et al. [34] found that the amount of vancomycin released in vivo was about
half of what was released in vitro, which may have been due to the smaller volume of fluid
around the material in vivo compared to in vitro. The release of vancomycin in vivo can
continue after day 56 at a concentration exceeding the MIC of 1.56 micrograms per day.
Based on the research of Uchida K. et al., it can be assumed that the developed chemically
bonded ceramics can significantly prolong the local yield of antibiotics.

Primary animal studies have confirmed the effectiveness of the incorporation of the
antibiotic into chemically bonded calcium phosphate ceramics, since the treatment of the
developed purulent inflammatory process caused by S. aureus reduced the amount of
affected bone in the implantation zone. These studies are not statistically confirmed, but
they give an idea of the potential therapeutic possibilities of chemically bonded ceramics
containing antibacterial substances.

5. Conclusions

Chemically bonded microporous ceramics with the incorporated glycopeptide van-
comycin have an effective profile of prolonged release, and can allow antibacterial therapy
to be carried out locally, at the site of implantation.
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