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Abstract

Introduction It has been shown that titanium implants with a structured surface provide an increased rate of osseointegration what makes
their application quite promising. The purpose of this work was to conduct a comparative evaluation of the efficiency of osseointegration
of new percutaneous implants for prosthetics made of ultrafine-grained Ti Grade 4 alloy. Materials and methods The study was
carried out on 12 male rabbits of the Soviet Chinchilla breed. Six rabbits of the control group had implants made of Ti6Al4V powder
using selective laser sintering technology that were osseointegrated into the tibia, 6 rabbits of the experimental group had implants
made of Ti Grade 4 by equal channel angular pressing. The formation of the "bone-implant" block was examined 26 weeks after
the implantation. Results Histologically, after 26 weeks of the experiment, porous changes, enlargement of the Haversian canals,
and pronounced osteoclastic resorption were not detected in the animals of the experimental group throughout the stump in the
compact plate. Around the implant, a bony case repeating the bone shape was formed, represented by lamellar bone tissue. Using X-ray
electron probe microanalysis, it was found that in the substrate formed on the surface of the implant in rabbits of the experimental
group, there was significantly more calcium in all areas over the implant relative to the animals of the control group. In the control
group, relative to the experimental group, an increased level of C-reactive protein in blood serum was retained longer. Complications
and significant clinical and laboratory abnormalities were not found in both groups during the entire experiment. Discussion Our data
are consistent with the results of other experimental studies, which unambiguously noted that titanium implants with a structured
surface show increased osseointegration characteristics in comparative studies relative to implants without modification of the structure
of the material of the threaded surface. The absence of complications and undesirable reactions of the animal organism also indicates
the acceptable safety of the tested products. Conclusion Osseointegration of a percutaneous implant that has a mixed nanocrystalline
and ultrafine-grained structure was more effective than the reference implant. This makes the use of such implant promising for solving
clinical problems in prosthetics.
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INTRODUCTION

The use of titanium alloys in the nanostructured
and ultrafine-grained (UFG) states along with their
surface modification has been currently a universal
strategy for improving the mechanical properties
and biocompatibility of medical devices [1, 2].
For orthopaedic practice, studies of the osseointegration
of percutaneous implants made of titanium alloys with
different chemical composition, structure, and coating
are relevant issues [3-6]. It has been shown that
osseointegrated titanium implants made of materials
with a structured surface provide an increased rate

of osseointegration [7, 8]. To a greater extent, this issue
has been studied for products used in dentistry
and maxillofacial surgery [9-11]. Nevertheless,
the studies are a promising direction to improve
the survival characteristics of percutaneous implants that
have been currently introduced to solve the problems
of osteointegral prosthetics [12-14].

Purpose To conduct a comparative assessment
of the osteointegration efficiency of new percutaneous
implants for prosthetic application that are made from
ultrafine-grained Ti Grade 4.

MATERIALS AND METHODS

The study was carried out on 12 male rabbits
of the Soviet Chinchilla breed, age 6-10 months,
average weight 3.2+0.3kg. Premedication for

the operation was carried out by intramuscular
administration of diphenhydramine 1% 10 mg/kg,
atropine 0.01 % 0.05 mg/kg, meditin 0.1 % 1 mg/kg,
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zoletil 100 0.025 mg/kg; anesthesia was performed
intravenously with propofol 1 % 10 mg/kg. All rabbits
underwent osteotomy of the tibia at the border of the
upper and middle thirds. Next, the medullary canal
was reamed to 4.5 mm and an implant with a diameter
of 5 mm (RF patent No. 152558) was screwed into the
tibial stump. Animals of the experimental group (n = 6)
received titanium implants made of the ultrafine-grained
Ti Grade 4 alloy (Fig. 1 a), animals of the control group
(n = 6) received titanium implants made of the standard
Ti6Al4V alloy (Fig. 1b). Installation of implants
is shown in Figure 1 c. The shin stump was formed
by the myoplastic method using one dermofascial flap.

Next, a compression device (RF patent 2631631)
with a PTFE prosthesis was attached to the bone
(Fig. 2). The bone was subjected to compression load
of 3.5N for 5 weeks after implantation. The choice
of the compression value was substantiated by us
in a previous study [15].

Implants of the control group were made from
Ti6Al4V powder (Advanced Powders & Coatings Inc.,
Canada) with an average particle size 0f23.5 pm and were
produced by selective laser sintering (SLS) on an EOS
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EOSINT M 280 3D printer (Germany) at the Ural Federal
University [16]. Implants for the experimental group
were made from a bar of ultrafine-grained Ti Grade 4
with a diameter of 10 mm by equal-channel angular
pressing at the Nanotech LLC enterprise (Ufa), and were
produced on a MANURHIN K'MX 432 longitudinal
lathe machine. Mechanical properties of the materials
and the arithmetic mean deviation of the threaded
surface microprofile of the implants are presented
in Table 1. These data on the properties of the material
of SLS-implants are consistent with the results of studies
presented in the work of Kaplan et al. [17].
Additionally, to assess the structural changes that
occur during the turning on lathe of an experimental
implant, we studied the microstructure of the implant
material after machining using a Zeiss CrossBeam
AURIGA scanning electron microscope in the electron
backscattered diffraction (EBSD) analysis mode.

Figure 3 shows the microsections of the threaded
part of the implant, the results of the EBSD analysis
of scanning electron microscopy, and the histogram
of the grain size distribution of the microstructure, built
using the SIAMS 700 software package.

Fig. 1 Implants made of ultrafine-grained Ti Grade 4 alloy after mechanical processing (a) and Ti6Al4V alloy after selective laser sintering (b);
installation of the implant in the rabbit tibia stump (c)
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Fig. 2 X-ray of the rabbit tibia stump after surgery (a) and photo of the rabbit with the implant fixed in the external fixator featuring compression

ability (b)
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Table 1
Mechanical properties and mean arithmetic deviation of the threaded surface microprofile of the implants
Implant type c,,, MPa oB, MIla 5, % Ra, mkm
SLS Ti6Al4V (control) 1045 1200 8 5.59
Mechamcal treatment of UFG Ti Grade 4 alloy 1071 1240 1 095
(experiment)
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Fig. 3 Photo of microsections of the threaded part of the implant (a); phase-contrast EBSD image of the a-phase of the surface layer of the
thread (b); grain size distribution histograms of the implant material after turning (c)

The result of the EBSD analysis showed that
the microstructure under the study was a mixed
ultrafine-grained and nanocrystalline with separate
larger grains up to 2 pm in size. Grains sized from
100 to 300 nm prevailed; their number was about 28 %.
There was also a large number of nanocrystallites
of the sizes less than 100 nm, the content of which
reached 32 %. The presence of such nanocrystallites
in the material of the threaded surface of the implant
suggests a significant increase in the efficiency
of osseointegration.

Animal care In the course of the experiment,
the animals were kept in cages, one animal in each,
with containers for food and water. Wet cleaning of cells
was carried out daily. Food was distributed to the animals
once a day, clean drinking water was given without
restrictions. Before entering the experiment, the animals
were quarantined for 21 days. During the experiment,
the animals were observed daily for general condition,
respiration, function of the involved limb, as well as
the condition of postoperative wounds. The duration
of observation of all animals was 26 weeks after
implantation. Euthanasia of animals was carried out
by introducing lethal doses of barbiturates.

Radiographic study The radiographic complex
Compact (Milan, Italy) was used for radiography.
The current was 60 mA, the voltage was 57-69 kV,
the exposure time was 0.4-0.6 sec. The specific
parameters of the operation of the complex depended
on the constitution of the animal. Radiography
of the rabbit limb was performed in frontal and lateral
views. Radiography was performed before and after
surgery, on days 21, 42, 84, 105,180 after surgery.

Morphological study The tibia with the implant
integrated into it was placed in a 10 % solution of neutral
formalin. After 7 days of fixation, the bone was sawn
in the longitudinal direction, leaving the implant in one
of the halves of the cut, exposing only the surface
of the implant; and fixation in formalin continued
for another 3-5 days. Next, the half of the tibial stump
with the implant in was dehydrated in ethyl alcohol
(2 shifts of 70, 80, 96 and 100 degrees of strength),
poured into 2.2-dimethyl-3-methylenebicyclo[2,2,1]
heptane and dried in an open container until it had
completely evaporated. The dried cuts were sprayed
with a conductive layer of Pt and Pd and were examined
by scanning microscopy using a Zeiss EVO MA18
electron microscope (Carl Zeiss Group, Germany). The
distribution of Ca and P in tissues adhered to the surface
of integrated implants was performed using a BRUKER
QUANTAX 200 — XFlash 6/10 energy dispersive
spectrometer (Bruker Nano GmbH, Germany). The work
was carried out in the mode of constructing element
maps, spectra and obtaining digital data on the content
of each osteotropic element.

Fragments of the tibial stump without an implant
were decalcified in a mixture of hydrochloric and formic
acids, dehydrated, and embedded in paraffin-containing
mixtures capable of hardening. Paraffin sections,
6 pm thick, were produced on a Reichard sledge-type
microtome (Germany), and after deparaffinization, were
stained with hematoxylin and eosin. Next, they were
examined using an AxioScope Al stereomicroscope
(Carl Zeiss Microlmaging GmbH, Germany).

Laboratory tests In the dynamics of the experiment,
blood samples were harvested before surgery, 3,
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5, 12 and 26 weeks after implantation. A complex
of biochemical and hematological studies was
performed, including total protein, C-reactive protein
(CRP), creatinine, urea, total calcium, inorganic
phosphate, assessment of the activity of phosphatases
(alkaline phosphatase — ALP; bone isoenzyme of acid
phosphatase — TrAP) and transaminases ( ALT, AST),
determination of the content of leukocytes, erythrocytes
and platelets.

Hematological studies were performed on a ProCyte
Dx automatic analyzer (IDEXX Lab., Netherlands),
biochemical studies were performed on a Hitachi/BM
902 automatic analyzer (F. Hoffmann-La Roche Ltd.,
Italy) using Vector-Best reagent kits (Russia).

Regulation standards The study was carried out
in accordance with GOST ISO 10993-1-2021. Medical
products. Evaluation of the biological effect of medical
devices. Part 1. Evaluation and research in the risk
management process; GOST ISO 10993-6-2021.
Medical products. Evaluation of the biological effect
of medical devices. Part 6. Studies of local response
after implantation.

Ethical principles Prior to the start of the study,
the approval of the local ethics committee was
obtained, protocol No. 1(71) dated 28.04.2022.
The study was conducted in compliance with the
principles of humane treatment of laboratory animals
in accordance with the requirements of the European
Convention for the Protection of Vertebrate Animals
used for experiments and other scientific purposes,
and Directive 2010/63/EU of the European Parliament
and the Council of the European Union of September
22,2010 on the protection of animals used for scientific
purposes.

Statistical methods The results in Tables 2 and Table 3
are presented as median, 1-3 quartiles (Me; Q1-Q3).
The normality of the samples was determined using
the Shapiro-Wilk test. The procedure for statistical
assessment of the significance of differences between
the parameters at the time of the experiment with
preoperative values was performed using the Wilcoxon
W-test. The significance of differences between groups
was assessed using the Mann-Whitney T-test. The
minimum significance level (p) was taken equal to 0.05.

RESULTS

In the post-implantation period, the general condition
of the rabbits of both groups was satisfactory. The
weight-bearing function of the limb was restored on the
4th to 5th day after the operation and was subsequently
maintained in the animals of the experimental and
control groups throughout the observation period. In
all animals, inflammation and purulent processes of the
skin at the site of the implant exit were not detected.
Implant prolapse by the time of euthanasia (26 weeks)
in animals of both groups was not observed. No serious
adverse events were found during the follow-up;
suppuration in the stump area and in the peri-implant
space was not detected. The pathomorphological study
of animals after euthanasia did not find any pathological
changes in the internal organs.

In all animals of the experimental group, at 26 weeks
after implantation, a complete organotypic restructuring
of the bone was radiologically observed (Fig. 4 a).
In the rabbits of the control group, there was no implant
instability in all the cases; however, in two cases, slight
resorption was detected at the “implant-bone” interface
(Fig. 4 b).

Histologically, after 26 weeks of the experiment,
no porous changes, enlargement of the Haversian canals,
or pronounced osteoclastic resorption were detected
in the animals of the experimental group throughout
the entire length of the tibial stump in the compact
plate (Fig. 5). In the proximal part of the stump,

the metaphyseal bone was practically unchanged
and was presented by large- and medium-cell spongy
bone with adipose marrow in the intertrabecular spaces
(Fig. 5 b, e). Around the implant, a bone envelope
repeating its shape was formed by lamellar bone tissue
(Fig. 5c). The bone tissue closely adjoined the implant
structures, without gaps and without a connective tissue
layer (Fig. 5 a). In the proximal part of the bone-implant
block, a few resorption cavities were found in the newly
formed bone on the surface of the implant (Fig. 5 d).
The bone tissue growing into the inter-thread spaces
of the implant was highly mineralized and vascularized

(Fig. 5 ).

Fig. 4 X-rays of the tibiaec 26 weeks after implantation: a
experimental group; b control group
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Fig. 5 Proximal area of the tibial stump of the animals of the experimental group: a fragment of the tibia of a rabbit with an implant installed,
b histotopogram of the saw cut of the rabbit tibia after the removal of the implant. Mag. 1.5%; ¢ formation of a bony envelope on the surface
of the integrated implant. Mag. 50%; d resorption cavities on the surface of the bony sheath. Mag. 200%; e metaphyseal bone. Mag. 200x;
fbone tissue in the inter-thread spaces. Mag. 200x%. Staining: b Van Gieson; c-e hematoxylin and eosin; f'according to Masson

Histologically, in the control group after 26 weeks
of the experiment, close contact was observed between
the surface of the SLS-implant and the bone tissue,
which ensured a strong retention of the implant
in the bone bed. By that period, a single bone-implant
block had been formed. A continuous compact plate
was preserved throughout the bone stump. Pronounced
periosteal stratification was not found. In the distal
and middle parts of the tibial stump, bone tissue
ingrowth into the threaded spaces of the implant was
noted (Fig. 6 a, b).

Studies with scanning electron microscopy showed
complete integration of bone tissue into the structural
surfaces of the implant (inter-thread spaces, holes in the
implant structures) throughout the bone-implant contact
in the animals of the experimental group (Fig. 7).

In the control group, tight contact of bone tissue and
its integration into the surface structures of the implant
was also confirmed by the data of energy dispersive
analysis in the electronic maps of the distribution of
osteotropic elements in the cut structures of the bone-
implant block (Fig. 8).

Fig. 6 Formation of the “bone-
implant” block in the animals
of the control group after
26 weeks of the experiment:
a cut of the tibia of a rabbit
with an implant installed;
b histotopogram of the saw
cut of the rabbit tibia after
the removal of the implant.
Van Gieson staining; mag.
1.5x
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Fig. 7 Distribution maps of osteotropic elements in different parts of the bone-implant block after 26 weeks of the experiment, experimental
group: a proximal area, b middle area, ¢ distal area. X-ray electron probe microanalysis. Mag. 68%
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Fig. 8 Distribution maps of osteotropic elements in different parts of the bone-implant block after 26 weeks of the experiment, control group:
a proximal area, b middle area, ¢ distal area. X-ray electron probe microanalysis. Mag. 68%

X-ray electron probe microanalysis found that
in the substrate formed on the surface of the implant
in the rabbits of the experimental group, there was
significantly more calcium in all areas of the implant
relative to the animals of the control group (Table 2).
The content of phosphorus on the surface of the implant
in the animals of the experimental group was
also significantly higher compared to the control
in the proximal and middle regions of the implant.

Differences in the activity of phosphatases
in the blood serum of the animals were noted

in the dynamics of the experiment (Table 3).
Thus, in the experimental group, there was
an increase in the activity of alkaline phosphatase
12 weeks after implantation relative to preoperative
values. In the control group, the activity of ALP,
on the contrary, decreased at the 3™ week, and
at the 3™ and 5" weeks the activity of the bone
isoenzyme of acid phosphatase increased. Also,
an increased level of CRP in blood serum was retained
longer in the animals of the control group relative
to the experimental group.

Table 2

Ca and P content (weight %) on the implant surface in the different areas of the tibial stump of the rabbits at 26 weeks
of the experiment, Me (Q1-Q3)

Calcium, weight % Phosphorus, weight %
Area : :
Experimental group Control group Experimental group Control group
Proximal 13.6 (13.0-14.1)* 7.3 (6.9-7.6) 4.1 (3.9-4.3)* 3.6 (3.5-3.6)
Middle 15.8 (15.2-16.3)* 9.1 (8.9-9.4) 5.5(5.1-5.8)* 4.6 (4.4-4.7)
Distal 12.2 (11.7-12.6)* 10.3 (10.0-10.5) 3.9(3.7-4.2) 4.5 (4.2-4.8)
Notes: * — significant differences relative to the control group at p < 0.05
Table 3

Changes in some biochemical parameters of rabbits blood serum in experimental groups on observation time-points
(weeks), Me (Q1-Q3)

Parameter Group 0 3 5 12 26
ALP. E 51 (50-59) 45 (38-49) 59 (54-61) | 67#(62-73) | 60 (52-62)
: C 53 (48-63) | 42#(38-46) | 51 (49-56) 58 (45-66) 61 (56-66)
TeAD. ul E 28 (24-30) 30 (28-36) 33 (28-40) 25 (21-29) 19 (18-29)
: C 26(2226) | 41#(35-42) | 34#(29-38) | 20 (16-28) 20 (16-29)
E 0(0-1) 14#(4-30) 12 (2-20) 5(0-7) 2(0-2)
CRP, mg/ml C 0 (0-1) 13#(6-22) 10#(4-17) 2(0-3) 44(2-21)

Note: # — significant differences with preoperative values at p < 0.05. E — experimental group; C — control group
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Other laboratory parameters (total protein, creatinine,
urea, transaminases, total calcium, inorganic phosphate,
leukocytes, erythrocytes, platelets) did not change
significantly relative to preoperative values in both

groups in the course of observation (data not presented).
No significant deviations of laboratory parameters
were noted in the analysis of individual dynamics
for each animal.

DISCUSSION

Our data suggest that the process of osseointegration
of a percutaneous implant that has a mixed ultrafine-
grained and nanocrystalline structure was better relative
to the reference product. This is confirmed by the data
of quantitative indicators of X-ray electron probe
microanalysis which showed higher calcium content
in the newly formed bone tissue on the implant surface
throughout the bone-implant block in the animals
of the experimental group. The dynamics of alkaline
phosphatase activity in rabbits of the experimental
group also indicates the activation of osteogenesis
in the implantation zone. Changes in laboratory
parameters also suggest that the biocompatibility
of an implant made of a material with an ultrafine-
grained and nanocrystalline structure was higher relative
to the SLS implant. First, in the animals of the control
group, an osteolytic reaction was noted, as evidenced
by an increase in the activity of TrCP and its radiological
signs recorded in two animals. Second, the acute phase
reaction to implantation in the animals of the control
group, based on the dynamics of CRP, was longer than in
animals of the experimental group. It should be noted that
the absence of pronounced complications and significant
clinical and laboratory abnormalities in animals of both
groups during the entire experiment also indicates
the acceptable safety of the tested products.

Our data are consistent with numerous results of other
experimental studies, in which it is unequivocally noted
that titanium implants with a structured surface show
increased osseointegration characteristics in comparative
studies relative to the implants without modification
of the structure of the material of the threaded
surface [18-24]. However, the experimental models
used in those works differ significantly from our model.
Thus, in a number of works [18, 21, 22], a dental implant
was installed in the bone of the segments of the hind
limbs of experimental animals. In other works, dental
implants with a structured surface were implanted
at the site of application, in the jaw [19, 23, 24]. Nan-Jue
Cao etal. [19], using SMAT technology, were able
to impart a gradient nanostructured surface (GNS Ti)
to a titanium implant. It was established that, compared
with coarse-grained titanium CG, the surface of GNS Ti
stimulates cell adhesion, proliferation and differentiation
and improves osteogenesis and osseointegration.

One of the works [20] reports the advantages
of  osseointegration of a titanium implant,
the surface of which was modified by coating

with  osteogenic nanofibers, which composition
included polycaprolactone, gelatin, hydroxyapatite,
dexamethasone, beta-glycerophosphate, and ascorbic
acid. In an experiment on rabbits, titanium implants with
an osteogenic nanofiber coating showed better results than
uncoated controls. Moreover, there were no pathological
changes in the regenerated tissue around the implant.

It is worth highlighting the work of Jones et al., who
showed the effectiveness of osseointegration of implants
with a nanostructured surface both in cancellous bone
and cortical bone [27].

We encountered a few works that focus
on the advantages in terms of integration of percutaneous
implants with a modified surface, and the authors
of the works point to an improvement in the integration
of these implants with soft tissues [25, 26].

In general, experimental research on the study
of osseointegration of modified implants is ongoing.
It has been shown, for example, that genetic mechanisms
can be involved in the efficiency of biointegration
of such implants [28]. It is noted that the introduction
of surface modifications of biocompatible metals is
the best solution for improving the corrosion resistance
characteristics of such products [29]. A promising
direction is the incorporation of individual metal ions
into the modified surface [30, 31].

Despite numerous experimental studies, clinical
experience with the use of titanium implants with spatial
or surface ultrafine-grained nanostructures is scarce.
The reason for this may be that some aspects of the use
of these products in experimental studies are still
poorly studied. In this regard, it is worth highlighting
the work [32], which notes that the available studies
do not cover the effect of modification of the structure
of titanium implants, topographic and chemical changes
in surfaces after osseointegration, complications of their
use, and the survival of products in the long term,
especially taking into account the conditions of constant
load on the bone. Jayasree et al. point to the fact that
the positive effects of osseointegration revealed
in most experimental studies may be due to the fact
that the implant in animals, as a rule, does not bear
mechanical loads, therefore, in vivo studies on large
animal models with mechanical loading are needed
to overcome this gap in the long term [33].

Based on the current state of the topic in general,
it can be noted that the advantage of our experiment is
that titanium implants with a mixed ultrafine-grained
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and nanocrystalline structure were studied on a model  implants promising for solving clinical problems
that is closer to the model of clinical use, with a fairly  of prosthetics. Obviously, the limitations of this study
long observation period. This makes the use of such relate to the sample sizes of the experimental animals.

CONCLUSION

Thus, the results of the study on a rabbit model under compression loading of 3.5 N for 5 weeks
have shown that the use of percutaneous implants made  improves the characteristics of osseointegration
of a TiGrade 4 alloy with a mixed nanocrystalline in comparison with SLS implants made of titanium
and ultrafine-grained structure by mechanical processing  alloy Ti6Al4V.
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