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Peri-implant bone tissue regeneration involves complex processes that are not yet fully understood at the cellular and molecular
levels, leaving significant gaps in our knowledge that require further investigation.

Aim. The study aimed to compare peri-implant osteogenesis on titanium femoral implants with alumina composite coatings
applied by different methods to conventional titanium implants in an animal model.

Materials and methods. Implants underwent sandblasting with silicon carbide, plasma torch treatment, and coating with titanium,
corundum, sprayed titanium wire, or hydroxyapatite, resulting in seven different surfaces. 105 female Wistar rats received
implants in their right femurs and were divided into 7 groups based on implant type and exposure duration (1, 2, or 4 weeks).
Implant fragments were analyzed using scanning electron microscopy and energy dispersive X-ray spectroscopy to quantify
chemical elements. Ratios of carbon to nitrogen and calcium to phosphorus were calculated. Data were analyzed using the
U-Mann-Whitney test, with p < 0.05 as a significant value.

Results. The energy dispersive X-spectrometry results confirmed morphological analysis findings by quantitatively and
qualitatively assessing implants surface chemical composition. The key elements were evaluated, relevant for identifying bone
tissue components like collagen (C and N) and hydroxyapatite (Ca and P), as well as implant coatings (Ti, Al, Ca, and P).
Carbon and phosphorus showed fluctuations over time, with notable differences among groups. Aluminum appeared stable
in some groups but varied in others. Calcium levels remained low initially and increased steadily in hydroxyapatite coated
implants. Titanium levels were high initially, decreasing slightly over time. Morphological analysis correlated with surface
roughness measurements. Notably, fibrin, collagen, and bone tissue presence varied among groups over time, with some
groups showing significant mineralized bone tissue accumulation. After four weeks, blood clots persisted in some groups, while
others exhibited bone tissue remodeling with the presence of osteoblasts and osteoclasts. Alumina-based coatings showed
signs of degradation, with alumina cement scales found among macrophages and fibers.

Conclusions. Our study found that stable bone implants outperform alumina-composite coatings in long-term osseointegration
due to mechanical stability. Although ceramic composites initially enhance osteoinductive properties, better attachment to
titanium substrates is needed.

NepiimnAaHTaTHUM OCTEOreHe3 Ha TUTAHOBMX iMMAQHTaTaXx i3 KOPYHAOBUM NMOKPUTTAM
Yy CTErHOBiN KicTui Wwypa: MOp¢POAOTriUHUH Ta EAeMEHTHUN aHaAi3 NOBEPXOHb iMNAQHTaTY

0. 0. boHaapeHko, A. T. Boxko, M. A. Ckopuk, H. C. BoHaapeHkKo, I. C. LLinoHbKa, 0. €. AockyToB

PereHepalis nepiiMnnaHTaTHOT KICTKOBOI TKaHWHW BKNOYAE CKNaAHI MPOLECH, L0 JOCI OCTAaTO4HO He BUBYEHI HA KIITUHHOMY
Ta MonekynsipHoMy piBHsix. Lie pobuTb AouinbHUMM HACTYMHI AOCRIMKEHHS B Uil ranyai.

Meta po60oTH - NOPIBHATM NepiiMnnaHTaTHUI OCTEOrEHE3 Ha TUTAHOBWX CTEMHOBMX iMMMaHTaTax 3 antoMOOKCUAHUMI KOMMO-
3UTHUMMN NOKPUTTAMM, LLIO HAHECEHI Pi3HUMMW METOAAMM, 3i 3BUYAWHUMM TUTAHOBUMM IMMIAHTaTaMy Ha TBAPUHHIN Moaeni.

Marepianu i meToau. IMnnaHTaTi NickocTpyMUHHO 06po6KIN KapBigoM KPEMHIKO, NNasMOBUM NarbHUKOM i OKPUMW TUTAHOM,
KOPYHZOM, HAaMUINEHNM TUTAHOBUM IPOTOM abo rigpokcuanaTuToM. Y pesyrbTarti OTpUMaru CiM piaHIX MOBEPXOHb. IMnnaHTaTy
BCTaHOBMNM B MpaBi CTErHoBi kicTkn 105 cammusam Wwypis ninii Bictap. TBapuH noginunu Ha 7 rpyn 3anexHo Big TUNy iMnnaHTaTy
Ta TpuBanocTi ekcnoauuii (1, 2 abo 4 TxHi). PparMeHTV iMNNaHTaTIB NpoaHani3yBanu 3a JOMOMOrOK CKaHyBamnbHOI efnex-
TPOHHOI MIKPOCKOMii Ta eHEProanCNepPCIHOI PEHTTEHIBCHKOT CNEKTPOCKONi ANs KiNbKICHOMO BU3HAYEHHS XiMIYHUX €NEMEHTIB.
O6paxyBanu CniBBigHOLIEHHS BYMeELIO A0 a30Ty Ta Kanblito 4o docdopy. [aHi npoaHanisysanu 3a 4ONOMOroK KpUTepito
U-MaHHa-BiTHi, piaHuuto npu p < 0,05 BU3HaUMnM sk CTaTUCTUYHO 3HAYYLLLY.

PesyabTatn. Pe3ynbrati eHeprogmcnepciiHoi PEHTreHIBCbKOT CNEKTPOMETPIT NATBEPAXKEHO AaHMMM MOPOMOriYHOTO aHanisy,
AKUN 3AIACHUMN LNSIXOM KifIbKiICHOMO Ta SIKICHOTO OLiHKOBaHHS XiMIYHOTO CKnaZdy NOBEpXHi iMnnaHTartiB. BuaHaumunm knoyoBi
eneMeHTu, BaXInMBi ANs igeHTUdIKaLii KOMMOHEHTIB KICTKOBOI TkaHUHW, sk-0T konareH (C i N) i rigpokcuanatut (Ca i P), a
Takox nokpuTTs imnnanTatis (Ti, Al, Cai P). Bmict Byrneuto Ta pocdopy 3amiHi0BaBCS 3 4acoM, 3 iCTOTHAMM BiAMIHHOCTAMY 3a
rpynamu. AntomiHi BUSiBUBCS CTabinbHAM B OOHUX rpynax, ane 3MiHBaBCA B iHLLKX. PiBeHb karnbLlito crnoyaTky 3anuwascs
HU3bKWM, @ B iIMNaHTaTax 3 rigpoKc1anaTUToBUM NOKPUTTSM HEYXUIbHO 3pocTaB. YacTka TUTaHy crovatky byna BUCOKOH,
ane 3 Yacom [JeLLo 3Hwxyeanacs. [aHi MopdonoriyHoro aHanisy kopentoanu 3 pesyrnbrataMmii BUMIPOBaHHS LOPCTKOCTi
noBepxHi. Tak, BMICT hibpuHy, konareHy Ta KiICTKOBOI TKaHUHM B Pi3HWX rpynax 3 4acoM 3MIHIOBaBCS, i B OKpEMUX rpynax
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OpwuriHaAbHiI AOCAIAXKEHHS

BU3HAYMNMN iICTOTHE HAKOMMYEHHS MiHEpani3oBaHOi KICTKOBOT TKaHUHU. Yepes YoTMpK TUXHI B OKPEMMX rpynax 36epiranmcst
3ryCTKMW KPOBI, @ B iHLUMX BUSIBAMY PEMOENIOBAHHS KICTKOBOT TKAHUHW 3 HAsBHICTIO ocTeobnacTis i octeoknacTis. MokpuTTs
Ha OCHOBI IMIMHO3eMY Manu 03HaKu Aerpagallii — cepen Makpodaris i BOMOKOH BUSIBIIEHO NYCOYKM LIbOTO MOKPUTTS.

BucHoBku. Pesynbratv gocnimxeHHs fanv ninctasy 3pobuTi BUCHOBOK, LLO CTabiNbHi KICTKOBI iMNiaHTaTy nepeBepLUyoTh
antoMOKOMMO3WTHI MOKPUTTS B LOBFOCTPOKOBI OCTEOoIHTerpaLlii 3aBasKM MEXaHiyHil cTabinbHOCTI. Xova kepamiyHi KomMnosnTu
CroyaTky NoKpaLLytTb OCTEOIHAYKTUBHI BNACTMBOCTI, HEOOXiaHe Kpalle NPUKPINMeHHst 40 TUTAHOBOI OCHOBMW.

The success of surgical procedures for bone defect
replacement or joint function restoration hinges on the
proper selection of implant material. This material must
possess mechanical properties that allow the joint and
bone to perform their locomotory functions — specifically,
adequate strength and elasticity [1]. Additionally, it must
exhibit biocompatibility, characterized by low toxicity and
high osseointegrative properties; corrosion resistance is
also essential for implant materials [1,2]. Titanium (Ti) is
awidely used material in modern implantology that meets
all these criteria [3]. It is biomechanically strong, has a
high strength-to-weight ratio, and is resistant to corro-
sion. However, titanium requires enhanced mechanical
properties for use in highly loaded applications [1,3,4]. To
address this issue, various ceramic composites have been
utilized as the coatings for Ti implants: hydroxyapatite
(HAp), fluorapatite, aluminum oxide (alumina, corundum),
bioglass, and calcium phosphates [1]. Within others,
alumina ceramics demonstrated reliable osteoinductive
properties apart from their low cost, availability and
simplicity in manufacturing [5]. Ultimately, successful
implantation is measured by the period of the normal
functioning of the implant, therefore the longest duration of
normal functioning is highly desirable [1]. Obviously, such
along duration of normal functioning of the implant directly
depends on whether the implant has formed a full contact
with mature bone tissue, i. e. whether osseointegration
has occurred [1,2,3].

In general, osseointegrative properties are the prop-
erties of the implant that ensure the formation of a dense
and stable contact (interface) between its surface and the
newly formed peri-implant bone tissue, in other words,
that ensure osseointegration [6]. In fact, the process
of osseointegration is preceded by osteoinduction and
osteoconduction — processes, respectively, of migration
and proliferation of osteogenic cells in response to the
introduction of implant material into a bone defect, which,
depending on the properties of the implant, may not
necessarily end in osseointegration, but to a large extent
determine it course [6]. With that in mind, a successful
bone implant must have a combination of physicochemi-
cal properties that would stimulate the above processes,
ultimately culminating in maximally complete osseoin-
tegration [7]. This issue prompts the search for the best
options for modifications of bone implants for arthroplasty
and bone plastic.

Extraction of implants with consequent morphological
and elemental assessment of changes on its surface using
the scanning electron microscopy and energy dispersed
X-ray spectroscopy appeared as a reliable study design
for the evaluation of peri-implant biological performance,
which allows examining the relationship between inorga-
nic components of the implant surface and the attached
biological objects [8,9,10,11].
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Aim

The aim of our study was to investigate the occurrence
and extent of peri-implant osteogenesis on the surfaces
of extracted titanium femoral implants with alumina com-
posite functional protective coatings applied by different
methods comparing with the same properties of con-
ventional coatings of titanium implants in animal model.

Material and methods

The procedure for implant manufacturing and their phy-
sical and chemical characteristics are described in our
previous work [12]. After the sandblasting with silicon
carbide, the surface of each implant was treated with
a plasma torch and simultaneous coating with different
substances: A—titanium powder; B — corundum, type A25
(alumina content, Al,O, ~99 %), grain size 5; C — sprayed
titanium wire; D — HAp, grain size 5. All these treatment
methods were consequently combined with each other,
in such a way that 7 different types of implant surfaces
were modified for the experiment (Table 1).

After the corresponding treatment of the titanium
surface, the coated wire was cut into 15 mm cylindrical
pins and sterilized at 135 °C for 20 min immediately prior
to experiment.

The cylindrical pins were implanted intramedullary into
the right femurs of 105 female Wistar rats with average
age 17 weeks and weight 250 g. Animals were divided into
7 groups according to implant type (Ti, TS, TSP, TSPC,
TSPT, TSPTC and TSPH) and duration of implant expo-
sure (1, 2 and 4 weeks). 15 animals with untreated and
uncoated Ti implants served as a control group, another
15 rats from group TSPH served as a comparison group
with the conventional HAp-coated implants. All surgical
and pharmacological interventions, including anesthesia
and euthanasia, were described in our previous paper
[12]. Rats were maintained on a 12 h light and dark
cycle with ad libitum access to water and normal chow
diet composed of 10% fat. All animal experiments and
procedures mentioned above were performed in compli-
ance with ethical regulations (Law of Ukraine N 3447-IV
and European Directive 2010/63/EU) and the approval
of Biomedical Ethics Committee of Dnipro State Medical
University (meeting minutes No. 2 dated 26.10.2019).

After euthanasia, 1.5 cm fragments of the distal
femurs with implants were collected and cut into three
fragments of equal length of 0.5 cm: proximal (diaphy-
sis), distal (epiphysis), and intermediate. An electric saw
(Dremel-2050, Germany) was used for this purpose, using
a diamond-coated disk. Proximal 0.5 cm fragments were
used for the current study where bone tissue was carefully
separated from the implant according to R. Depprich et
al. [11]. Then detached bone samples were used for
histological analysis reported in our previous report [12].
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Table 1. Implant material characteristics, and their abbreviations

Implant material, coating Abbreviation Roughness (R , um)

Untreated titanium wire
Ti + sandblasting

TS + plasma with “A”
TS + plasma with “B”
TS + plasma with “C”

TS + plasma with “C” and “B”

TS + plasma with “D”

Ti

TS
TSP
TSPC
TSPT
TSPTC
TSPH

1.89
4.87
1.91
1.8
23.7
1.5
9.4

“A”: titanium powder; “B”: corundum, type A25 (alumina content, Al,O, ~99 %), grain size 5; “C”: sprayed titanium wire; “D”: hydroxyapatite (HAp), grain size 5.

Table 2. Peri-implant C/N and Ca/P weight% ratios

Ti

TS
TSP
TSPT
TSPC
TSPTC
TSPH

6.59 3.88 2.97
7.85 4.07 4.33
9.44 2.83 5.73
3.39 3 3.63
2.21 3.61 4.44
4.02 2.86 2.92
4.86 2.78 3.23

1.07

CaP ratio

1.7 0.66
212 1.67
- 1.72
2.23 0.88
1.8 1.05
2.16 1.07
1.12 12

Empty cells appeared due to missing values of one or two ratio indicators (numerator and/or denominator).
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The 0.5 cm long implant fragments separated from
the bone were immediately placed in a 5 % glutaralde-
hyde solution at +4 °C. After fixation for at least 12 hours,
the samples were dried in a series of ethanol changes
followed by critical point CO, drying (Samdri-780A,
Tousimis, USA). The samples were fixed on a research
table with SPI 05081-AB carbon tape and covered with a
thin (20 nm) layer of conductive material (Au/Pd mixture)
using a PECS Gatan 682 (Gatan, USA) device. To study
the morphology, scanning electron microscope (SEM)
images were captured using a MIRA3 (TESCAN, Czech
Republic) microscope equipped with a field emission
cathode (high-brightness Schottky cathode) and an en-
ergy dispersive X-ray spectrometer (EDS) with an X-max
80 mm? detector (Oxford Instruments, UK), operating at
an accelerating voltage of 10 kV. SEM and EDS methods
were carried out in Electron Microscopy Laboratory of
G. V. Kurdyumov Institute for Metal Physics of the National
Academy of Sciences of Ukraine (Kyiv).

The harvested implants and attached tissues were
examined thoroughly at the magnification x500. On each
implant 5 representative areas of interest (AOIl) were
chosen for further EDS analysis under a magnification of
x500. From the perspective of relevance for the evaluation
of living tissue formation, native implant surface coverage,
and mineralized bone matrix formation, 6 chemical ele-
ments were quantified in mass percentages (weight%) for
each AOI: titanium (Ti), nitrogen (N), carbon (C), calcium
(Ca), aluminum (Al), and phosphorus (P) according to
I.A. lancu et al. [8]. Oxygen (O) was evaluated on native
implants only. To determine the content of proteins (e. g.,
collagen), the C/N ratio was calculated [13]. Similarly for
the mineral bone matrix (HAp) identifying, Ca/P ratio was
computed [14].

EDS measurements data of element weight% were
expressed as a median, first (25" percentile) and third
(75" percentile) quartile (Q,, Me, Q,). Statistical analysis
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was performed using the U-Mann-Whitney test. P-values
of <0.05 indicated an evidence, <0.01 — strong evidence,
<0.001 — very strong evidence against the null hypoth-
esis. All data analyses and drawings were performed
in GraphPad Prism version 8.0.2 (263) for Windows
(GraphPad Software, San Diego, California, USA,
www.graphpad.com).

Results

EDS analysis of extracted implants. The results of
energy dispersive X-spectrometry, which allowed ana-
lyzing the chemical composition of the implant surface,
served as quantitative and qualitative confirmation of the
data obtained as a result of the morphological analysis.
After scanning at least five selected areas of each im-
plant surface, seven chemical elements were evaluated,
which were:

1) most relevant for identification of such components
of the bone tissue as collagen (C and N) and HAp (Ca
and P);

2) components of implant coatings (Ti, Al, O, Ca
and P).

Besides the elemental signatures of organic and
mineral bone compounds in weight percentages, the C/N
and Cal/P ratios were calculated (Table 2).

Quantitative elemental analysis demonstrated dyna-
mics of changes of the weight and atomic percentages of
the selected elements on implant surfaces over time and
revealed several trends across the investigated groups. It
is important to note that the weight% of N on the surfaces
of all experimental groups and controls (Ti and TSPH)
tended to increase from the first to the fourth week of
implantation. However, nitrogen was absent in native
implants, and did not show any statistically significant
difference between the samples both within groups and
in the intergroup comparison.
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Carbon levels were initially present in all groups with
high variability. In general, the general trend across all
investigated groups was the continuous rise of C level
from 1 to 4 weeks of implantation period. Although in TS
group C levels occurred high at 1 week, they surprisingly
decreased at week 2, then, again, increased by week 4.
Nonetheless, only TSPC group demonstrated significant
growth of carbon mass on the implant surfaces after
4 weeks in comparison with 1 week after implantation
(p =0.0002, Fig. 1). Additionally, comparison of C levels
across the groups of the same implantation periods re-
vealed significant difference between TSPC and all other
groups without alumina-contained coatings (Ti, TS, TSP
and TSPH) at 1 week of implant exposure with 0.048,
0.005, 0.01 and 0.0006 p-values respectively.

Aluminum appeared initially and remained stable over
time in TSPT group. On the surface of TSPC samples Al
showed up at week 1 and remains variable but present
through the weeks. In the cases of TSPTC group it was
surprisingly emerged at week 4, despite its absence
through the previous extracting points. However, signifi-
cant difference was detected neither between the samples
of different implantation periods within the same group
(except native implants) nor between different groups’
samples of the same implantation periods.

Generally in all investigated groups phosphorus
showed minimal presence or absence initially but slightly
increased over time with peaks at week 2 in control, TS,
TSPT, and TSPTC samples. TSPC and TSPH demon-
strated continuous growth of P concentration on the im-
plant surface. Indeed, a statistically significant difference
was indicated between 1 and 4 weeks of implantation for
the TSPC group (p = 0.218). Notably, initially present in
HAp coating of TSPH samples phosphorus significantly
increased its concentration at 1, 2 and 4 weeks of implan-
tation compared with P weight% on the native samples
(p=0.002, p=0.006 and p = 0.005 respectively). In case
of TSP, P appeared only at week 4: 1 and 2 weeks of
implantation revealed absence of this element on the TSP
implants (Fig. 1). Nevertheless, in case of intergroup com-
parison, all the studied samples demonstrated significantly
lower indicators of the weight percentage of phosphorus
on the implant surface compared to HAp-group at almost
all implantation periods: TSPH vs. all others, 1 week,
p =0.002; TSPH vs. TSP at 2 and 4 weeks — p = 0.006
and p = 0.048 respectively.

Calcium showed minimal presence and remained
low over time in the control group samples. In case of
HAp-coated implants it demonstrated steady growth of
Ca from week 1 to week 4, though weight percentages
were less than in native implants and did not demonstrate
significant difference between each other. In all studied
groups only TSP samples revealed the peaking of Ca at
week 4 (p = 0.018), the rest demonstrated drop of Ca
concentrations at week 4, though without significance
(Fig. 1). Intergroup comparison revealed significantly
lower Ca weight percentages on the implant surfaces in
all the studied samples compared to HAp-group at 1 week
of implantation periods (p < 0.05).

In all studied groups detected titanium levels were
high initially and remain significant over time, with a slight
decrease by week 4. Noteworthy, significant increase of
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titanium concentration was observed on the surface of the
implants with corundum ceramics (TSPC and TSPTC) of
one-week implantation period in comparison with native
surfaces (p = 0.003 and 0.004 respectively). At the same
time, a decrease in the level of aluminum in the elemental
composition of the TSPC and TSPTC surfaces was also
noted (p < 0.05). Subsequently, in these groups, as well
as in the others, the proportion of titanium on the surface
gradually decreased from 1 to 4 weeks of implantation
(Fig. 1). Intergroup evaluation demonstrated significant
decrease in titanium leaching on the implant surface com-
pared to the control group after 4 weeks of implantation
(p=0.014). On the other hand, in TSPTC group the levels
of titanium on the surface after 1 week were significantly
higher than in TSPH (p = 0.006).

SEM analysis. The morphological analysis of the
surfaces of the native implants completely corresponded
to the data of roughness measurements (Table 1): the
smoothest surface was demonstrated by implants from the
Ti and TSP groups, the roughest were the implants with
TSPT, TSPC and TSPTC coating, respectively. However,
it should be noted that on the surface of TSPTC coated
implants we observed the presence of cracks up to 1 ym
width. Normally, we identified individual biological objects
with the assistance of the EDS, since the elemental
content and ratios allowed us to identify collagen fibers,
fibrin, mineralised bone, etc.

Control group (Ti) and TISH demonstrated after 1
week of implantation was characterized by such general
changes as the presence of fibrin fibers, erythrocytes,
and adhesion of leukocytes. Besides that, TISH group
revealed an early appearance of collagen fibers and fibro-
blasts adhesion, which were sparsely distributed over the
implant surface. Two-week implantation period revealed
gradual decrease of the blood clotting together with the
much wider distribution of the collagen fibers on the sur-
face. Moreover, TISH implants accumulated a significant
amount of mineralized woven osseous tissue on about a
half of the entire implant surfaces. In contrast, miniscule
quantity of immature bone tissue was attached to the
surface of the implants of the control group. Later, after 4
weeks of implant exposure to intramedullary tissues, the
woven bone became more widespread on the surface of
the control group implants, although we still found only
diffusely scattered islands of immature mineralized bone,
the vast majority of the surface area being covered with
fibrous tissue and fibrin. In sharp contrast, the comparison
group (TSPH) demonstrated a significantly higher amount
of mineralized bone tissue attached almost along the
entire implant surface (Fig. 2).

The surface of the implants after 1 week of implanta-
tion was characterized by the same events as in the con-
trol group. Nevertheless, the extent of those events varied
between different groups. For example, the largest area
of the implant surface covered by fibrin clots was demon-
strated in the TS group (more than two-third), while the
groups with complex surface modification (TSPC, TSPT
and TSPTC) showed a smaller surface area covered by
fibrin: approximately one-third of the implant surface,
mainly on raised areas. However, the appearance of
collagen fibers and fibroblasts was observed mainly in re-
cessed areas of the surface relief (Fig. 3, TSPC, 1 week).
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Fig. 1. The dynamics of the weight percentage (weight%) of the most relevant chemical elements that made up the surfaces of the studied implants.
*1p<0.05; **: p<0.01; ***:p <0.001.
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2 weeks 4 weeks

Fig. 2. Morphological characteristics of implant surfaces in control (untreated Ti) group and group of comparison with conventional hydroxyapatite coating (TSPH). *: asterisk indicates

areas with adhered fibrin mesh; red arrowheads point on fibroblast clusters with collagen aggregates; black arrows — mineralized bone adjacent to implant surface.

Two-week changes on the modified surfaces were
characterized by a decrease in the amount of fibrin, con-
tinuous accumulation of collagen, and the appearance of
woven osseous tissue with the presence of osteoblasts.
Inflammatory cells were preserved: macrophages and
lymphocytes, but without a significant difference between
the groups. The most formed woven bone tissue was
observed around the implants with the TSPTC surface,
not much less of it was found in the TSPC and TSPT
groups. Almost similar amount of bone tissue on the
surface was demonstrated by implants with sandblasting
(TS). In general, these findings were similar to the events
described on the surface of TSPH implants. However, a
very small amount of provisional bone tissue was found
on the surface of TSP implants, even less than in the
control group (Fig. 3).

Ahighly variable pattern of findings was demonstrated
after 4 weeks of implant exposure. For example, blood
clots continued to be observed in the control group, TS
and TSPT groups, while fibrin was absent in the rest of
the groups. The bone tissue was remodeled: the appea-
rance of lamellar and trabecular bone with the presence
of osteoblasts (lining cells, Fig. 3, TSPC, 4 weeks) and
single osteoclasts was observed, although the general
trend indicated a decrease in the thickness of the bone
tissue around the implant. The exception included some
zones on TS implants where the accumulation and ad-
hesion of macrophages to surfaces without bone tissue
was observed. Interestingly, the TSP group revealed no
difference in formation of adherent bone tissue compared
with other investigated groups despite it being hindered
at 2 weeks of observation. Notably, TSPC and TSPTC
demonstrated the presence of destruction of the coating
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with the finding of scales of alumina cement among
macrophages and fibers (Fig. 3).

Discussion

The reported results of the element composition on im-
plant surfaces over time, assessed using energy-disper-
sive X-ray spectroscopy (EDS), provide comprehensive
insights into the bioactivity and surface modification effi-
cacy of different implant groups with functional protective
coatings including alumina-based ceramics. It indicates
how different surface coatings influence the bioactivity
and osseointegration potential.

Carbon levels were high initially in most groups, with
variations over time. High initial levels of carbon indicate
the presence of residues from the manufacturing process:
calcium carbide particles remained after sandblasting.
Fluctuations over time suggest ongoing changes on the
implant surface, possibly due to interactions with the
surrounding biological environment. Carbon presence
could also be influenced by the adsorption of organic
molecules from the biological fluids [15]. For example,
carbon decrease in TS group at week 2 followed by a
significant increase at week 4, which might suggest initial
biofilm formation followed by organic material accumula-
tion. In contrast TSPC group revealed significantincrease
at week 2, continuing to rise by week 4, and indicating
continuous organic deposition. Aluminum was eventually
observed in composite-coated groups. Stable presence in
TSPTC and TSPC groups indicates successful incorpo-
ration and retention of aluminum-based materials on the
implant surfaces. Presence at week 4 in TSPTC suggests
some degree of coating destabilization or/and surface
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modification that exposes areas without bone but coated
with aluminum oxide. This might enhance the surface
properties, potentially improving the overall bioactivity and
biocompatibility of the implants. Phosphorus presence
indicates bioactivity and potential bone integration [8,16].

Appearance of P over time in most groups highlights
the bioactive nature of the surfaces, promoting bone cell
attachment and growth [16]. Peaks in groups like TS and
TSPT at week 2 followed by a reduction could suggest
initial rapid bioactivity and subsequent stabilization as
the bone integration process progresses. Calcium levels
were consistently present across all groups. For instance,
presence from week 1 in several groups (like TS and TSP)
suggests early-stage mineralization, crucial for bone inte-
gration. Increased Ca-levels over time indicate ongoing
bone formation and mineralization on the implant surfac-
es, reflecting successful osseointegration [17]. Titanium
levels remained significant across all groups, confirming
it as the base material. Consistent presence across all
groups validates the durability and stability of titanium as
a core implant material. Minor fluctuations in percentages
could reflect surface modifications or the integration of
other materials, such as aluminum or phosphorus, which
may alter the exposed surface composition [4].

The dynamics of these elements suggest that the
different implant groups exhibit varying degrees of bioac-
tivity and surface modification efficacy. All in all, the pres-
ence and variations of phosphorus and calcium across
different groups highlight the bioactivity and potential for
osseointegration of the implants [8,9,10,11]. Groups with
consistent phosphorus and calcium levels, like TSPT and
TSPH, suggest good bone formation and integration. The
detection of aluminum in specific groups confirms the
successful incorporation of composite materials designed
to enhance the mechanical properties of the implants.
Carbon dynamics indicate significant interactions with
organic tissues, which can be both beneficial (e. g., pro-
moting bone growth) and challenging (e. g., potential for
biofilm formation).

It is well known that carbon/nitrogen ratio (C/N ratio)
has specific value in each protein. For instance, in colla-
gen it comprises 3.243 [13]. Ratios significantly higher or
lower than this may indicate changes in the organic matrix
composition near the implant. In the control group, TS,
TSPC, and TSPTC C/N ratio fluctuates over time at 1 and
2 weeks of implantation with subsequent stabilization of
the matrix close to the collagen standard. TSPT shows
the most stable and close-to-normal C/N ratios over time,
indicating a stable organic matrix composition. However,
TSP shows significant variability, indicating inconsistent
organic matrix composition.

Similarly bone mineral matrix density was evaluated
with Ca/P ratio, normally it varies in female Wistar rats
between 1.42-1.63 [14]. According to obtained results,
the TS group was characterized by normalization of Ca/P
ratios over time, indicating balanced mineralization. In
contrast, surprisingly, TSPH showed consistently low
ratios, indicating persistent poor bone quality.

Implants showing consistent or increasing levels of
elements such as phosphorus and calcium over time sug-
gest enhanced bioactivity and potential for bone integra-
tion. Among the groups studied, TSPT, TSPC, and TSPTC

Maronoris. Tom 21, Ne 2(61), TpaBeHb — cepneHb 2024 p.

OpwuriHaAbHiI AOCAIAXKEHHS

exhibit sustained or increasing levels of phosphorus and
calcium at 2 weeks, indicating promising osteoinductive
properties which is consistent with our previous findings
[2,15]. However, at 4 week all these groups revealed
loss of peri-implant mineralized bone, coinciding with
the appearance of a large number of macrophages, as
a reaction to the detachment of the functional protective
coating (the appearance of aluminum oxide scales among
biological tissues, Fig. 3, TSPTC, 4 weeks) under the
influence of mechanical stress. Indeed, for a period of 4
weeks after adequate wound healing, antibiotic therapy,
anti-inflammatory therapy and pain relief, rats began
active locomotion, which could cause such changes.
Therefore, while surface modifications are important, the
stability of the base material, typically titanium, is crucial
for long-term implant success [1,2,3,6,15,16,17]. Groups
with stable titanium levels, such as Ti, TS, and TSP, sug-
gest minimal degradation or leaching of the base material,
which is favorable for implant longevity. Implants showing
dynamic changes in elemental composition may indicate
ongoing surface interactions, which could be either ben-
eficial (e. g., enhanced bioactivity) or detrimental (e. g.,
corrosion) [18,19]. Careful analysis of these dynamics is
required to assess their impact on implant performance.
Considering these factors, the TSPT and TSPTC groups
appear promising in terms of bioactivity and potential
for bone integration though required more stable base
material characteristics. However, additional studies
incorporating biological assays, mechanical testing, and
long-term in vivo evaluations are necessary to compre-
hensively evaluate implant effectiveness.

Conclusions

1. Obtained results provide comprehensive insights
into the performance of various implant materials and their
interactions with biological tissues.

2. Bone implants with a mechanically stable surface,
appropriate roughness and porosity (TS, TSP) have an
advantage in the long-term development of osseointe-
gration over investigated alumina-composite coatings
(TSPT, TSPC and TSPTC) despite their pronounced
osteoinductive and osteoconductive properties, due to
mechanical instability.

3. Although the presence of aluminum oxide in
ceramic composites confirms improved osteoinductive
properties at 2 week of experimental implantation in rat
femur (TSPT, TSPC and TSPTC, p < 0.05), the models
of corundum coatings tested in our study should be im-
proved, primarily through more reliable attachment to the
titanium substrate.

4. Carbon fluctuations indicate dynamic organic
interactions, crucial for understanding long-term biocom-
patibility and functionality of the implants. The dynamic
behavior of C/N ratio revealed that TSPT coating is the
most appropriate for close-to-normal matrix protein for-
mation.

5. The observed bioactivity and mineralization
processes are promising for improving osseointegration
and the overall success of implants via development of
more effective and biocompatible materials for orthopedic
applications.
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Perspectives of subsequent scientific research. In
the next publication we are going to report the findings
obtained after 8 weeks. It will include evaluation of
bone-implant interface using grinding techniques on res-
in-embedded non-demineralized bone samples. Future
studies should focus on optimizing these surface mo-
difications to enhance long-term stability and bioactivity.
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