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Abstract—The structural and physicochemical mechanisms of interaction of bone tissue with titanium
implants under conditions of tuberculous osteitis are studied using scanning electron microscopy, X-ray dif-
fraction analysis, IR spectroscopy, and thermal analysis. Physiological regeneration of bone tissue during
treatment of tuberculous osteitis is accompanied by an increase in the organic component, embrittlement of
the mineral phase of the bone matrix, and its decomposition to fine particles. The presence of titanium
implants under physiological conditions contributes to the activation of the synthesis of the apatite phase in
the regenerating bone. The primary mechanism of implantation osteogenesis in tuberculous osteitis is the
formation of an inorganic phase of hydroxyapatite mainly in the regions of destruction of the titanium alloy.
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INTRODUCTION

The occurrence of bone defects as a result of inju-
ries or some diseases (osteoporosis, osteoarthritis, dia-
betes mellitus, tuberculous osteitis, etc.) leads to the
need for drug treatment or complete replacement of
damaged bone tissue [1, 2]. When repairing bone
defects, bioinert polymers [3] and inorganic compos-
ites [4, 5] are usually used, and with extensive injuries,
metal implants prove to be useful [6, 7]. The use of
implants based on titanium and its alloys to replace
damaged bone tissue has been known for a long time
[7—9], which is associated with the bioinertness and
strength of these materials. The osseointegration of
titanium implants is now believed to occur due to a
titanium oxide film. The film acts as a chemisorbent of
OH~ ions, which increase the hydrophilicity of its sur-
face and ensures high bone adhesion to the implant
[8]. In some cases, the body reacts to the implant,
which is due to microimpurities (iron, chlorine) in
technically pure titanium or alloying additives (vana-
dium, aluminum, zirconium, etc.) in titanium alloys

[9]. In addition, a cascade of reactions can be triggered
under pathological conditions, which affect bone
regeneration. So far, the features of osteogenesis
occurring in the area of contact between bone tissue
and titanium implants against the background of con-
comitant diseases remain poorly understood. In this
regard, the goal of this study was to analyze the struc-
ture and physicochemical properties of regenerating
bone tissue in contact with titanium implants under
conditions of tuberculous osteitis during treatment.

1. SAMPLES AND METHODS
OF RESEARCH

The experiments were performed using mature
male Chinchilla rabbits in the experimental laboratory
of the St. Petersburg Research Institute of Phthisio-
pulmonology. The animals were divided into the fol-
lowing groups (three animals in each): (1) healthy rab-
bits (control), (2) rabbits with simulated tuberculous
osteitis, (3) rabbits with implanted titanium implants,
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Fig. 1. SEM images of (a, b) healthy bone tissue and (c, d) bone tissue during treatment of tuberculosis: (a) with foci of remod-
eling of bone matrix (b) with newly formed bone plates, (c) with matrix vesicles in the cytoplasm and organomineral cytoplasmic

outgrowths, and (d) with the growth of bone trabeculae.

and (4) rabbits with simulated tuberculous osteitis and
implanted titanium implants. Tuberculous osteitis was
simulated by introducing tuberculous mycobacteria
into holes drilled in the femur. Tuberculosis therapy in
Groups 2 and 4 was carried out according to the stan-
dard procedure.

We took samples of the epiphyses of the femur
bones, cut out from the region being in contact with
the surface of the VT-6 (Ti-6Al-4V) titanium implants
for 2 months as the objects of study. Animals were
removed from the experiment using lethal doses of
Zoletil.

Scanning electron microscopy (SEM) was per-
formed using an LEO 1420 microscope (Germany)
with an energy-dispersive attachment for local ele-
mental analysis (EDAX). Cleavages of the samples for
microscopy were obtained in liquid nitrogen vapor,
followed by fixation in 2.5% glutaraldehyde, dehydra-
tion in ethanol, and gold sputtering.

X-ray diffraction analysis (XRD) of bone tissue
samples dried in air to constant weight was carried out
using an ADVANCE D8 diffractometer (Bruker, Ger-
many) using Cuk|,, radiation with a wavelength of
1.5405 A. The IR spectra of the samples were recorded
using a Tensor-27 spectrometer (Bruker, Germany) in
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the range of 400—4000 cm~!. Samples for analysis were
prepared by compressing powdered bone tissue into
tablets with potassium bromide. The relative mineral-
ization of the collagen matrix (apatite-to-collagen
ratio) was estimated by IR spectroscopy from the ratio
of the area of characteristic bands (900—1200 and
1550—1800 cm™') corresponding to vibrations of the
PO, groups in the composition of hydroxyapatite (inor-
ganic phase) and Amide I groups (organic phase) [10].
Thermogravimetry (TG), differential thermogravime-
try (DTG), and differential thermal analysis (DTA)
were carried out using a combined Netzsch STA 409
PC Luxx thermal analyzer (Germany); the heating
rate was 10.0°C/min in air; and the sample weight was
40 = 10 mg.

2. RESULTS AND DISCUSSION
2.1. Regenerating Bone Tissue (Group 1)

According to SEM, in the regenerating bone tissue,
foci of remodeling in the form of clusters of osteoblasts
with characteristic processes on the surface (Fig. 1a)
and bone plates growing in the cavity of the intercellu-
lar space of the bone matrix (Fig. 1b) are observed.
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In X-ray diffraction patterns of healthy bone tissue
samples, broadened diffraction peaks of amorphized
calcium phosphate are seen with the main reflections
in the 26 range of 30°—35° (Fig. 2a, diffractogram I).
These peaks are typical of both nonstoichiometric
hydroxyapatite (n-HA) and carbonate-substituted
hydroxyapatite (c-HA) (Table 1).

IR spectroscopy data show that in a healthy bone,
there are intense bands in the region of 3200—3600 cm™!
(Fig. 2b, curve I), caused by stretching vibrations of
the associated O—H and N—H groups in the three-
dimensional structure of collagen, as well as the presence
of adsorbed water. The bands at 2927 and 2856 cm™! cor-
respond to vibrations of the C—H groups of the poly-
peptide chain, and the bands at 1745 cm~! are for
vibrations of the C=0 and N—H groups of the glycine
amino acid residue in the primary protein structure.
The apatite phase of bone tissue appears at 455 and
565 cm™! (planar deformation vibrations of the PO,

groups) and at 930—990 and 975—1140 cm™! (stretch-
ing vibrations of the PO, groups). The free O—H group
of n-HA in the IR spectrum of the control sample is
practically invisible, which indicates a distortion of the
crystal lattice of the hydroxyapatite phase and its bind-
ing to collagen due to hydrogen bonds. In addition,
isomorphic substitutions of O—H (A-type substitu-
tion) and PO, groups (B-type substitution) to carbon-
ate groups also lead to distortions in the crystal lattice
of hydroxyapatite. In the IR spectrum, these bands are
seen at 1545 cm™! (asymmetric vibrations of C—O
bonds of A-type carbonate groups of c-HA), 1465 and
1410 cm™! (asymmetric vibrations of C—O bonds of B-
type carbonate groups of ¢c-HA), and at 873 cm™!
(vibrations of O—C—O bonds of B-type carbonate
groups of c-HA). We note that the assignment of cer-
tain absorption bands only to the hydroxyapatite com-
ponent of the bone is conditional, since the vibrations
of C—O bonds can also be caused by functional groups
of collagen amino acid residues. In this regard, the cal-
culated values of relative mineralization of the colla-
gen matrix are estimates, and the apatite-to-collagen
ratio in the control sample is 48/52 (Table 2).
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Fig. 2. (a) X-Ray diffraction patterns and (b) IR spectra of
the samples of (/, 3) healthy bone tissue and (2, 4) bone tis-
sue during treatment of tuberculosis: (/, 2) physiological
regeneration and (3, 4) regeneration with titanium implants.

The results of XRD and IR spectroscopy are con-
firmed by thermal analysis data (Fig. 3). Weight loss of
the samples is observed in temperature ranges of 50—200,
200—400, 400—550, and 550—900°C. First, structural
water is lost (9%); at the second stage, low-molecular-
weight organic substances and noncollagenous pro-
teins are removed; and above 400°C, high-molecular-
weight organic substances and collagen are decom-
posed, which is consistent with published data [11].
Considering that the organic phase begins to be
removed only in the second stage, its content when
recalculated for dehydrated samples is 49% (Table 2).

Table 1. Phase composition and crystallite size of the mineral component of bone tissue (according to XRD)

n-HA/c-HA Crystallite size, nm
Group Sample i
ratio n-HA c-HA
1 Control 55/45 13 12
2 |Bone tissue after tuberculosis treatment 77/23 10 15
3 Regenerating bone tissue with titanium implants 61/39 10 11
4 Regenerating bone tissue with titanium implants after 61/39 13 13
tuberculosis treatment
TECHNICAL PHYSICS Vol. 64 No. 12 2019
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Table 2. Calculated data on the relative mineralization of the collagen matrix of bone tissue

Apatite-to-collagen ratio
Group Sample
IR spectrometry DTA data
data
1 Control 48/52 51/49
2 Bone tissue after tuberculosis treatment 44/56 38/62
3 Regenerating bone tissue with titanium implants 51/49 56/44
4 Regenerating bone tissue with titanium implants 46/54 45/55
after tuberculosis treatment

2.2. Regenerating Bone Tissue with Tuberculosis Osteitis
Under Treatment (Group 2)

According to SEM data (Figs. 1c and 1d), morpho-
logical signs of imbalance of remodeling processes
with a shift towards excessive osteogenesis were
revealed in bone tissue samples with treated tubercu-
losis osteitis. This is manifested in the form of uncon-
trolled proliferation of bone trabeculae, obliteration of
micropores, and microfitization of the bone matrix.

Using XRD and IR spectroscopy, we found that
after treatment of tuberculous osteitis, the amount of
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Fig. 3. (a) Thermogravimetry and differential thermograv-
imetry data and (b) IR spectra of the samples of (7, 3)
healthy bone tissue and (2, 4) bone tissue during treatment
of tuberculosis: (7, 2) physiological regeneration and (3, 4)
regeneration with titanium implants.
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n-HA increases (Table 1) and the concentration of the
apatite phase decreases (Table 2). Moreover, the trend
in the ratio of inorganic and organic phases according
to two types of analysis (IR spectroscopy and DTA)
coincides.

The bands corresponding to vibrations of the func-
tional groups of c-HA of mixed AB-type are observed
in the IR spectrum (Fig. 2b, curve 2). The presence of
carbonate groups in the crystal lattice of hydroxyapa-
tite promotes a particular approximation of calcium
and oxygen atoms in the composition of hydroxyl
groups, which leads to the formation of “calcification”
centers. The appearance of such structural changes
can affect the micromechanical properties of the min-
eral phase of the bone matrix and enhance its “bind-
ing” properties.

2.3. Regenerating Bone Tissue with Implanted Titanium
Implants (Group 3)

When titanium implants are introduced into the
bone tissue of healthy animals, according to SEM data
(Fig. 4a), characteristic bone plates are revealed in the
interface region, indicating active regeneration. It is
essential that the structure of the titanium implant
remains uniform, without cracks, which indicates its
safety under physiological conditions.

The XRD data indicate that in the bone tissue sam-
ples extracted from the implant region, the intensity of
the main reflection is slightly lower compared to the
samples of Groups 1 and 2 (Fig. 2a, diffractogram 3),
and there is a tendency towards increased concentra-
tion of the n-HA phase relative to the c-HA phase
(Table 1). This indicates the tendency of the bone tis-
sue to restore the apatite phase in the matrix of regen-
erating bone.

In the IR spectrum, the intensity of the bands in the
region of stretching vibrations of the O—H and N—H
groups, responsible for the hydrogen bond, decreases
at 3600—3200 cm™~! (Fig. 2b, curve 3). The bands cor-
responding to the carbonate groups are observed only
for B-type c-HA. In comparison with the control
sample, the intensity of the bands corresponding to
vibrations in the functional groups of both the organic
component and the mineral phase of the bone tissue
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Fig. 4. (a) SEM images of the interface region of the implant with healthy bone tissue in the growth zone and (b) structure of the
deep layers of the titanium implant cut during treatment of tuberculous osteitis.

decreases. Consequently, the degree of amorphism of
the apatite component of bone tissue during implanta-
tion of titanium matrices increases. According to the
data calculated by both IR spectroscopy and DTA
(Table 2), the concentration of the inorganic phase
increases compared to samples of the previous groups
(without implants). This means that, in comparison
with physiological regeneration, titanium implants
have a stimulating effect on the processes of reparative
regeneration.

According to DTA data (Fig. 3), dehydration
occurs up to 200°C with almost the same rates for all
bone tissue samples. It is noteworthy that, starting from
350°C, the decay rate of collagen proteins for different
groups varies. In particular, during the regeneration of
bone tissue in the cases of tuberculosis, more intense
decomposition of the organic phase is recorded in the
samples compared to the control group. Significant dif-
ferences are observed for samples in the range of 600—
900°C; namely, during implantation osteogenesis, in
comparison with the control sample, a more signifi-
cant amount of the inorganic phase remains in the dry
residue. This means that under indicated conditions,
the formation of the inorganic phase occurs faster than
in the control sample.

2.4. Regenerating Bone Tissue with Implanted Titanium
Implants in the Treatment of Tuberculous Osteitis
(Group 4)

SEM data indicate that the main features in this
group of samples are multiple erosion and lytic chan-
nels with scalloped edges of defects in the deep layers
of titanium implants (Fig. 4b). It is crucial that the
newly formed bone tissue grows deep into the cor-
roded implant. In this case, migration of small osteo-
genic precursor cells into the gap with a size of up to
5—10 um is observed. In sections of larger volume,
cells differentiate into mature osteoblasts with embry-
onic bone plates. In general, the structure of the con-

tact area with an implant is nonuniform, which creates
the conditions for a significant variation in the acid—
base equilibrium of tissue fluid. In particular, regions
with an alkaline environment contribute to titanium
corrosion, as evidenced by the predominant deposi-
tion of hydroxyapatite in corrosion zones.

According to XRD data, in the regenerating bone
tissue with implanted titanium implants in the case of
tuberculous osteitis, compared with physiological
regeneration (Group 3), there is a slight increase in the
crystallinity of the inorganic phase and an increase in
the crystallite size of both n-HA and c-HA (Fig. 2a,
diffractogram 4; Table 1). In the IR spectrum, a shift
of the strong Amide I band, corresponding to carbonyl
absorption at 1745 ¢cm™!, and the stretching vibration
band of C—O at 1165 cm™! are observed (Fig. 3, curve 4)
in comparison with similar samples of healthy bone
tissue. The absence of a peak at 1540 cm~!, according
to [10], indicates the predominance of B-type c-HA in
these samples. An increase in the concentration of the
inorganic phase (Table 2) in the samples of regenerat-
ing bone tissue with implanted titanium implants after
treatment of tuberculous osteitis indicates a less inten-
sive growth of connective collagen tissue compared
with bone tissue without an implant under these con-
ditions. In addition, samples of bone tissue of Group 4
are characterized by higher heat resistance associated
with dense packing of collagen fibers, which makes it
difficult to remove volatile decomposition products of
organic compounds from samples [12]. This is mani-
fested in the DTA curves as the shift of thermal effects
to the region of high temperatures at the 3rd and 4th
stages. It is noteworthy that with regenerative tubercu-
losis osteitis, a more substantial decrease in the inor-
ganic phase is observed than with implant osteogene-
sis under tuberculosis osteitis; that is, titanium in
tuberculosis conditions make a higher contribution to
the formation of the hydroxyapatite phase than the
physiological norm.
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CONCLUSIONS

Bone tissue regeneration under physiological condi-
tions and with tuberculous osteitis is implemented
under various structural-phase transformations of the
inorganic and organic phases. Regeneration of bone tis-
sue during treatment of tuberculous osteitis is charac-
terized by a decrease in the concentration of the apatite
phase with a predominance of n-HA (up to 77%), tend-
ing to a stable stoichiometric form. In this case, the
bone matrix is destroyed by a fragile mechanism with
disintegration into fine particles.

Under physiological conditions, implantation osteo-
genesis is accompanied by the intensive formation of an
inorganic phase with a-HA/c-HA ratio tending to nor-
mal.

In tuberculosis osteitis, titanium implants undergo
alkaline corrosion with local deposition of hydroxyap-
atite, which is a crucial factor that triggers reparative
osteogenesis.
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