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The systemic biocompatibility of implant materials is crucial for ensuring their safety, since materials such as titanium (Ti),
hydroxyapatite (HAp) and, in particular, alumina (Al,O,) can affect vital organs beyond the site of implantation. While alu-
mina-based coatings are valued for their mechanical stability, experimental studies suggest that aluminium ion release can
cause toxicity to the liver and immune system.

The aim of the study is to evaluate the organ-specific toxicity of Ti bone implants, both with and without functional-protective
coatings, by conducting a histopathological analysis of the liver, kidney and spleen in an experimental model.

Materials and methods. Cylindrical Ti pins, either uncoated, alumina-coated (Al), or HAp-coated, were produced and char-
acterized previously. Ninety-five female Wistar rats were divided into four groups (Ti-, Al-, HAp-groups, and sham control).
Implants were inserted into the right femur following by postsurgical treatment and observation. Liver, kidney, and spleen
tissues were collected at 1, 2, 4, and 8 weeks and processed for blinded histopathological evaluation using a semi-quantitative
scale (based on ISO 10993-11:2017). Statistical analysis utilized Kruskal-Wallis tests, with p < 0.05 denoting significance.

Results. In the first week after implantation, all groups showed hepatocellular swelling, sinusoidal congestion and moderate
portal mononuclear infiltration in the liver. They also showed tubular epithelial swelling and focal lymphocytic infiltration in the
kidneys and follicular hyperplasia in the spleen. By the second week, these inflammatory alterations persisted but generally
decreased, showing no significant difference from the sham-operated control group. By the fourth week, hepatocyte swelling and
periportal infiltration were evident primarily in the Ti-group, while the Al,O,- and HAp-coated groups showed only mild reactions.
Renal infiltration remained more pronounced in the Ti-group. By the eighth week, liver morphology was almost normal in all
groups, with only minimal residual periportal infiltration. The kidneys showed only slight tubular swelling. While most splenic
changes had resolved, some Ti-group specimens retained follicular hyperplasia, indicating a prolonged systemic response.

Conclusions. This study confirms that all tested Ti-based biomaterials are acceptable in terms of systemic biocompatibility. No
necrosis or irreversible organ damage was observed, indicating an absence of toxicity induced by the materials. The initial,
transient histological changes were nonspecific responses to surgical stress. Systemic responses indirectly correlated with
the implant surface. HAp coatings demonstrated the most favourable systemic profile due to their robust osseointegration,
whereas uncoated Ti resulted in prolonged immune activation. This highlights the importance of coatings that promote rapid
and complete osseointegration in minimizing long-term systemic effects.

CYCTeMHUI BNAUB TUTAHOBUX IMNAQHTATIB i3 KOPYHAOBOIO KepaMiKoto:
ricTonaTonoriyHMM aHani3 y Lwypis

0. 0. boHaapeHkKo, A. I. Boxko, C. A. Kaamukosa, . 0. ManbLeB,
I. C. WnoHbKa, O. €. NockyToB

CucTemHa BiocyMiCHICTb iMnnaHTauiHUX MaTepiania Mae BUpiLLanbHe 3Ha4eHHs Ans ix 6e3ne4YHOro BUKOPUCTaHHS, OCKINbKY
TaKi matepianu, Ak Tuta (Ti), rigpokcnanatut (HAp) i, 30kpema, OKcuA aniomiHito (Al,O,), MOXyTb BNNIMBATY Ha XXUTTEBO BaX-
NVBI OpraHK no3a MicLieM iMnnaHTauii. Xoua noKpuTTS Ha OCHOBI OKCUAY aroMIHiItO LiHY0Tb 3a iXHI0 MeXaHiYHy CTabinbHicTb,
eKcnepuMeHTanbHi JOCHIIKEHHS MOKa3yoTb, L0 BMBIMbHEHHS IOHIB antoMiHil0 MOXe MaTh TOKCUYHI edpekTy Ans neviHku 1
iMyHHOI ccTemu.

Meta po6oTu - OUHUTM OpraHoCNeLMIUHY TOKCUYHICTb KICTKOBMX IMMMAHTATIB i3 TUTaHy (3 (YHKLOHANbHO-3aXUCHUMM
NOKPUTTAIMU Ta 6€3 HUX) LLNSXOM FICTONATOMNOrMYHOTO aHanidy NeviHky, HUPOK i CeNnesiHKN B eKCepUMEHTAasbHIN Mogeni.

Marepianv i MmeToan. LiuniHapuyHi TMTaHoBi Wtndpv 6e3 nokpuTTA, 3 nokputTam 3 Al,O, abo 3 NoKpUTTAM 3 HAp BUrOTOBIEHO
11 CXapakTepu3oBaHo paHilue. ExcnepumenT aaincHunm Ha 95 camkax wwypis ninii Wistar, skux noginunu Ha yotvpu rpynu: Ti,
Al, HAp i koHTponbHY — 6e3 iMnnaHTaTiB. IMnnaHTaTi BBEAEHO B MPaBy CTETHOBY KiCTKY, Haaani 34ilicHunu noctonepavinHe
BE[EHHS TBAPWH i COCTepexeHHs. TKaHWHW NeYiHKKM, HUPOK i CenesiHkn B3sSTO Yepes 1, 2, 4 i 8 TuxHiB, 06pobrneHo ans
CNoro ricTonaTomnoriyHoro OLiHIOBaHHS, WO nepeabadano BUKOPUCTAHHSA HaniBKiNbKiCHOI Wkanu (Ha ocHoBi ISO 10993-
11:2017). CtatncTUYHUIA aHani3 3gicHunK 3a gonomoroto TecTy Kpackena—Bonnica; npu p < 0,05 BigmiHHOCTI BU3Ha4eHO
AK CTAaTUCTUYHO JOCTOBIPHI.

© The Author(s) 2025. This is an open access article under the Creative Commons CC BY 4.0 license

https://pat.zsmu.edu.ua Pathologia. Volume 22. No. 3, September - December 2025


https://pat.zsmu.edu.ua/
https://orcid.org/0000-0002-9739-9219
https://orcid.org/0000-0002-1054-7574
https://orcid.org/0009-0000-4681-5246
https://orcid.org/0000-0002-3503-0790
https://orcid.org/0000-0002-7561-6489
https://orcid.org/0000-0003-0579-5642
https://doi.org/10.14739/2310-1237.2025.3.340825
https://creativecommons.org/licenses/by/4.0/

OpwuriHaAbHiI AOCAIAXKEHHS

Pesyabtati. Y nepwmin TuxaeHb Nicns iMnnaHTauii B yCix rpynax BU3HAYEHO rigponivyHy AereHepaLito renatouuTis, Be-
HO3HMIA 3aCTilt | NOMiIpHY NepunopTanbHy MOHOHYKINeapHy iHginbTpaLiio B nediHui. BusiBneHo Takox Habpsik TyBynsipHoro
eniTenito Ta pokanbHy iHTEPCTULIAHY NiMdoLmMTapHy iHDINbTpaLito B HUpKax i honikynapHy rinepnnasito B cenesiHui. o
ZPYroro TUXHs Ui 3ananbHi 3MiHu 36epiranucs, ane 3aranom 3MeHLUMNCS; BiAMIHHOCTI NOPIBHSHO 3 KOHTPONBHOK FPYNo
HeBiporigHi. Ha yetBepTui TvkaeHb HAabpsK renaToumTiB i NnepunopTanbHa iHgINbTpaLUis BUpaxeHi nepeayciM y rpyni
Ti, a B rpynax i3 nokputtam Al,O, i HAp B13Ha4eHO n1Le NOMIpHI peakLii. 3anarbHa iHginbTpauia HUPOK sanuwanacs
GinbL BupaxeHoto B rpyni Ti. Ha BocbMuin TwxaeHb MOpAHOnorisi MeYiHKM NpakTUYHO BignoBigana HopMi B ycix rpynax, 3
MiHIManbHOK0 3anMLLKOBOK NEPUNOPTaribHOK 3ananbHO iHMINLTPaLIelo. Y HUPKax BUABIIEHO HE3HAYHI riApOoniyHi 3MiHKW
KaHanbLiB. Xoya BinbLuicTb 3MiH y cenesiHui 3HUKnK, aesiki 3paskv y rpyni Ti 36epiranu donikynapHy rinepnnasito, Wo
BKa3ye Ha TpuBasy CUCTEMHY 3anaribHy peakLito.

BucHoBku. BcTaHOBNEHO, LU0 BCi NpoTecToBaHi biomatepianu Ha 0cHOBI Ti NPUIAHATHI B acnekTi cMcTeMHOI biocymicHocTi. He
BUSIBNIEHO HEKPOTUYHIX 3MiH aB0 HE3BOPOTHOTO NOLLKOZKEHHS OPraHiB, LLIO CBIAUUTL NPO BiACYTHICTb TOKCUYHOCTI, CNIPUYUHEHOT
martepianamu. [NoyaTkoBi, TUMYACOB FCTOMOMYHI 3MiHW — HeceLmdidHI peakwii Ha XipypriyHe BTpyyaHHs. CucTemHi peakuii
onocepeakoBaHo KopentoBany 3 TUMoM NoBepxHi imnnaxTary. MokputTa 3 HAp Manu HancnpusTiMBILLWA CUCTEMHUI BNIVB
3aBAsKN MiLHIA OCTeoiHTerpaLii, a iMnnaHTaTi 6e3 NoKpPUTTIB acoLitoBanmncs 3 TPUBaNo akTUBaLliet iIMyHHOI cuctemu. Lie
NiATBEPAXKYE BAXNMBICTb MOKPUTTIB, LLIO CNPUSIOTL LUBUAKIN | NOBHIN OCTEOIHTerpaLli, Ans MiHimMisaLii BinganeHnx CUCTEMHUX

edekTiB.

The biocompatibility of implant materials is critical to their
long-term success in biomedical applications. Aluminium
oxide (Al,0,), titanium (Ti) and hydroxyapatite (HAp) are
widely used due to their favourable mechanical properties
and inherent bioactivity in specific contexts [1,2]. While
these materials are often considered to be either bioinert
or bioactive at the implant site, their potential systemic
effects on distant organs remain an important area of in-
vestigation. Itis crucial to understand the systemic impact
of implant materials on major organs such as the kidneys
and liver, as well as on peripheral immune organs such
as the spleen, in order to ensure the overall safety and
efficacy of implant-based therapies [3].

The liver and kidneys play pivotal roles in maintaining
systemic homeostasis, including the metabolism and
excretion of various substances, including potentially
released ions or nanoparticles from implant materi-
als [3,4,5]. The liver, as the primary site of detoxification,
is susceptible to alterations in its cellular structure and
function in response to systemic exposure to foreign
materials [4]. Similarly, the kidneys, responsible for filter-
ing waste products from the blood, may be affected by
circulating substances, leading to functional impairment
and histological changes [5].

The biocompatibility of implant materials is a critical
parameter for ensuring their safety and long-term per-
formance in clinical settings. Ti and HAp are among the
most widely utilized materials in orthopedic and dental
implants due to their mechanical strength, corrosion re-
sistance, and favorable interactions with bone tissue [2].
While these materials are generally considered bioinert
at the site of implantation, the impact of ALO, on vital
organs such as the liver, kidneys, and spleen remains
controversial [6,7,8].

Laboratory rodent studies demonstrate that the liver
and the immune system are the primary targets for toxicity
of alumina-based biomaterials [6,7,8,9]. Liver damage is
characterized by the hepatocellular degeneration and
necrosis, liver sinusoid congestion, inflammation, and
fibrosis. Systemic inflammation and impaired phagocy-
tosis are the hallmarks of alumina-based toxicity, which
was widely documented [7,8]. Particularly, it was reported
that toxic effects have been attributed to A** release lead-
ing to a number of adverse outcomes: oxidative stress,
inflammation, mitochondrial dysfunction, genotoxicity,
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cell cycle dysregulation, and programmed cell death [7].
However, it is also evident that the spatial appearance of
Al-based composites significantly affects their cytotoxic-
ity [9,10,11]. Therefore, the studying specific models of
alumina implant coating is required for clarification of its
toxic effects mechanisms, as well as its potential adverse
effects on human health.

Aim
To evaluate the organ-specific toxicity of Ti bone implants,
both with and without functional-protective coatings, by

conducting a histopathological analysis of the liver, kidney
and spleen in an experimental model.

Materials and methods

The manufacturing process of the implants, along with
their physical and chemical properties, has been detailed
in previous publications [12,13] and depicted briefly
in Fig. 1.

The prepared cylindrical pins were intramedullary
implanted into the right femurs of 95 female Wistar rats,
with an average age of 17 weeks and a mean body
weight of 250 g. Primarily, all animals were divided into
seven groups based on implant type that is thoroughly
described in our previous publications [12,13]. However,
exclusively for the purpose of this study, we regrouped
the animals according to the unique chemical compounds
of the implants (Fig. 1):

1) titanium-only implanted animals (Ti-group): in-
cludes the use of implants that contained the untreated
titanium wire (Ti, n = 5), sandblasted titanium wire (TS,
n = 5), sandblasted titanium wire sprayed with titanium
powder (TSP, n = 5) or titanium wire (TSPT, n = 5) using
the plasma torch;

2) animals implanted with alumina-coated implants
(Al-group): sandblasted titanium wire sprayed with ALO,
(TSPC, n = 10) or combined spraying with titanium wire
and AL,O, (TSPTC, n =10);

3) implanted with HAp-coated implants (HAp-group,
n = 20);

4) 15 more rats were used as a sham operated
control group.
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Titanium pin: =15 mm, d = 1.5 mm

Ti TS TSP TSPT TSPC TSPTC HAp
Ti-group Al-group HAp-group
native plasma spraying hydroxyapatite

with Ti-powder

sandblasting plasma spraying

with Ti-wire

All surgical procedures, anesthesia protocols, and
pharmacological treatments, including euthanasia, were
performed as previously described in our prior publica-
tions [12,13]. The rats maintained under standard labo-
ratory conditions with a 12-hour light / dark cycle and had
free access to water and a standard chow diet containing
10 % fat. All experimental procedures adhered to ethical
standards as per the Law of Ukraine No. 3447-|V and the
European Directive 2010/63/EU, with approval from the
Biomedical Ethics Committee of Dnipro State Medical
University (meeting minutes of the Biomedical Ethics
Committee of Dnipro State Medical University No. 31,
dated 15.10.2025).

After euthanasia, tissue samples from kidneys, liv-
ers, and spleens were harvested at 1, 2, 4 and 8 weeks
post-implantation. To standardize the sampling process,
only the left kidney from each rat was collected. The
samples were fixed in formalin, then dehydrated through
a graded isopropanol series (70 %, 80 %, 95 %, and three
changes of 100 %, each for 90 minutes), cleared in xylene,
and embedded in paraffin via two changes of molten par-
affin, each lasting 120 minutes. The paraffin-embedded
specimens were then mounted into blocks using a Histo-
Star embedding system (Thermo Fisher Scientific, USA).

Serial sections no thicker than 4 ym were cut using a
Thermo HM 3558 microtome (Thermo Fisher Scientific,
Germany). Each tissue section was stained with hema-
toxylin and eosin for routine histological analysis.

Ablinded method was used for the histopathological
examination, which was verified by two independent
experts using an optical light Axio Imager 2 microscope
(Zeiss, Germany) at magnifications of x100, x200, and
x400. The systemic (liver and kidney) biocompatibility
of the coatings was assessed, taking into account the
presence of the following histopathological phenomena:
inflammatory infiltrate (polymorphonuclear and mononu-
clear cells), fibrosis and vascular congestion (fibroblasts
and blood vessels). In addition to these tissue changes,
cellular swelling, micro- and macrovesicular steatosis, ne-
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alumina
(ALO,)

Fig. 1. Diagram of the implant surface modifications: schematic view of the implant cut surface with different coating applications, explained in the legend at the bottom, and the
corresponding experimental group arrangement according to the chemical compounds of the most superficial layer.

crosis and apoptosis were also considered when assess-
ing the inflammatory response in the liver and kidneys.

According to the ISO 10993-11:2017 specification
[14] and based on tissue responses stimulated by dif-
ferent coatings and the sham group, tissue inflammation
was classified using well documented semiquantitative
scoring system [15,16] as follows: GO — absent; G1 mild
— up to 25 inflammatory cells per field of view (FOV); G2
moderate — 26-125 inflammatory cells / FOV; and G3
severe — more than 125 inflammatory cells / FOV. Eval-
uations were performed at 4 and 8 weeks of observation
to exclude the non-specific tissue responses related to
the post-surgical stress.

A statistical analysis of the semiquantitative histo-
pathological evaluation was conducted using GraphPad
Prism version 8.0.2 (263) for Windows (GraphPad Soft-
ware, San Diego, California, USA; www.graphpad.com).
The non-parametric Kruskal-Wallis and post hoc Dunn’s
tests were used to compare evaluated histopathological
data. A significance level of p < 0.05 was used as a
reference point.

Results

In the first week following the implantation, swelling of
hepatocytes in the periportal zones and moderate, diffuse
mononuclear infiltration of the portal tracts were observed
in the livers of animals in all study groups. Congestion of
the central veins with sinusoidal dilatation and focal, mi-
crovesicular steatosis of hepatocytes were also observed
in the periportal zones. Among all the groups investigated,
only the kidneys showed significant changes in the form
of swelling of the convoluted tubule epithelium with foci
of stromal lymphocytic infiltration during the first week. By
the end of the first week, hyperplasia of lymphoid follicles
with the formation of germinal centers was evident in the
spleen tissue.

At the end of the second week after the surgery, the
aforementioned changes were evident in all experimental

Pathologia. Volume 22. No. 3, September - December 2025
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Fig. 2. Histopathological changes in liver (A-C, J-L), kidneys (D-F, M-0), and spleen (G-I, P-R) following the implantation of the investigated materials after 4 and 8 weeks of the
experiment. Notable cellular swelling in the liver, which is still present in some samples from Ti-group (A). Chronic interstitial inflammation (arrows) occurs in all specimens from

different groups with variable severity. Follicular hyperplasia with formation of germinative centers (asterisk) is visible in all specimens following 4 weeks of the implantation (G-1);
in Ti-group they are still present after 8 weeks (P). Hematoxylin and eosin staining; magnification: x100 (B, C, F-I, K, L, N-R), x200 (A, D, E, J, M).
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Table 1. Assessment of the inflammatory response in the liver specimens.

Implant material Inflammation grade p (4-8 weeks)

4 weeks 8 weeks

R [
10 4 1 12 3

Sham 0 0 0 1.000
Ti-group 1 7 12 0 9 1 0 0 0.0005*
Al-group 0 14 5 1 10 10 0 0 0.0056*
HAp-group 1 16 3 0 12 8 0 0 0.021*
p (groups) <0.0001* 0.1849 -

*: statistically significant difference.

Table 2. Assessment of the inflammatory response in the kidneys.

Implant material

Inflammation grade

p (4-8 weeks)

Sham 4 9 2 0 6 9 0 0 1.000
Ti-group 1 6 1 2 8 11 1 0 <0.0001*
Al-group 0 1 8 1 10 9 1 0 0.0001*
HAp-group 1 12 7 0 5 14 1 0 0.0901

p (groups) 0.0051* 0.4946 -

*: statistically significant difference.

groups and the sham-operated group. However, there was
atendency towards decreased inflammatory infiltration in
the liver and kidney stroma, as well as reduced splenic
lymphoid follicle hyperplasia. However, no significant
histological differences were found between the investi-
gated groups and the specimens from the sham-operated
animals.

By the fourth week, swelling of hepatocytes was only
still observed in the Ti-group (Fig. 2A), and moderate lym-
phoplasmacytic infiltration was detected in the periportal
tracts (Table 1). Meanwhile, the “coated” groups (Al and
HAp) and the sham group exhibited mild lymphohistiocytic
infiltration of the periportal tracts, with minimal pathological
changes observed in the hepatocytes. Interstitial lymphoid
infiltration was also present in the renal stroma, though
it was more pronounced in some samples from the Ti
group (Fig. 2D, Table 2). Lymphoid follicular hyperplasia
was observed in spleen specimens from all experimental
groups (Fig. 2G-1), but not in the sham-operated group.

After eight weeks, there were no significant pathohis-
tological changes in liver tissue in any of the groups with
implants or the sham-operated group, except for minor
lymphoplasmacytic infiltration of the periportal tracts
(Fig. 2J-L). In the kidneys, there was slight swelling
of the convoluted tubule epithelium and scarce diffuse
lymphocytic infiltration of the stroma (Fig. 2M-0). Splenic
tissue showed germinal centre involution, except in a few
specimens from the Ti-group where hyperplastic follicles
were still present (Fig. 2P).

Discussion

The present study aimed to evaluate the systemic ef-
fects of intraosseous titanium implants with functional
protective coatings containing alumina ceramics. The
objective of this assessment was to determine the safety
and biocompatibility of these materials in comparison with
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conventional HAp-based coatings. A histological exam-
ination of the liver, kidneys, and spleen were conducted
to identify possible systemic responses beyond the local
bone-implant interface.

During the first and second weeks following im-
plantation, the observed morphological alterations in
the examined organs exhibited uniformity across all the
experimental groups, including those that underwent a
sham operation. These early changes, characterized by
hepatocellular and tubular epithelial swelling, moderate
interstitial inflammation and lymphoid follicular hyper-
plasia, are likely to reflect non-specific postoperative
responses to surgical trauma, anesthesia and antibiotic
treatment[17,18]. The uniformity of these findings across
groups indicates that they were not directly related to the
implant materials.

However, at four weeks following the surgical proce-
dure revealed that hepatocellular swelling was observed
in the Ti group exclusively. This pattern may indicate a
systemic stress response associated with immune acti-
vation, rather than a direct hepatotoxic effect of titanium.
Furthermore, persistent lymphoid follicular hyperplasia
was observed in the Ti group up to eight weeks, suggest-
ing prolonged activation of the adaptive immune systemin
response to ongoing interaction with the implant surface.
This finding is consistent with the data obtained from the
peri-implant tissues of the same animals, as described in
a previous publication [12]. The study demonstrated the
lower stability of titanium implants lacking functional pro-
tective coatings, the increased formation of wear particles
and the more pronounced peri-implant fibrogenesis ob-
served in this group (Ti, TS and TSP) [12]. Notwithstanding
these observations, titanium remains a well-established
biocompatible material [2].

The absence of sinus histiocytosis or particle-laden
macrophages in lymphoid tissues in this study supports
the stability of the implant surface and low degradation

Pathologia. Volume 22. No. 3, September - December 2025
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rates. Nonetheless, the continued presence of mild folli-
cular hyperplasia in the Ti group following a period of four
weeks may be indicative of delayed osseointegration and
incomplete implant stabilization. This, in turn, could lead
to mechanical irritation of the peri-implant tissues during
movement, a phenomenon that is in accordance with prior
reports documenting this occurrence [19].

In contrast, titanium implants coated with Al,O,
induced only mild and transient hepatic alterations that
had largely resolved by eight weeks, suggesting a weaker
and short-lived systemic response. This finding provides
further support for the hypothesis that mechanical sta-
bility and satisfactory osseointegration are characteristic
features of alumina-coated implants. In the present study,
the most favourable systemic profile was demonstrated
by HAp-coated implants, which showed minimal organ
responses at later stages. This finding is consistent with
the well-recognized bioactive and osteoconductive nature
of HAp coatings.

Of particular significance was the absence of any
necrotic or irreversible changes observed in any organ,
thereby confirming the absence of specific toxic effects of
the materials that had been tested. The histological alter-
ations detected appear to represent a transient systemic
immune response to the presence of a foreign body in
bone tissue, rather than toxicity induced by the materials.
Furthermore, coatings that promoted faster osseointe-
gration were associated with milder systemic responses,
which further highlights their biological compatibility.

Overall, the mild lymphoid hyperplasia in the spleen
and the limited inflammatory changes in the liver and
kidneys reflect a transient, regulated immune activation
involving both innate and adaptive mechanisms. The
liver and kidneys are particularly susceptible to circulating
inflammatory mediators due to their central roles in metab-
olism and detoxification. Notwithstanding the non-existence
of toxic degradation products, surgical implantation in itself
has been demonstrated to elicit systemic cytokine and
stress responses, resulting in temporary histological alter-
ations. In order to ensure the validity of the interpretation of
biocompatibility studies, it is essential to distinguish these
non-specific changes from material-specific effects. This is
corroborated by the observation of comparable outcomes
between experimental and sham-operated animals at early
time points, with significant differences emerging only after
a four-week implantation period (p < 0.0001 for the liver
and p = 0.0051 for the kidneys; refer to Table 1, 2). These
findings underscore the necessity for the implementation
of proper control groups, rigorous timing methodologies,
and standardised conditions in the realm of biocompatibility
research. Furthermore, the value of systemic histological
evaluation is highlighted, not only to confirm the absence of
toxicity, but also to elucidate the broader biological respons-
es to implant materials. This information can inform future
improvements in implant surface design and clinical safety.

Conclusions

The present study highlights the systemic histological
responses of major organs, including the liver, kidneys and
spleen, to the implantation of titanium-based biomaterials
with varying surface modifications.
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1. The systemic biocompatibility of the implant mate-
rials tested (uncoated titanium, alumina-coated titanium,
and hydroxyapatite-coated titanium) was found to be
satisfactory. Observations conducted over a period of
up to eight weeks revealed no evidence of necrosis or
irreversible organ damage in any of the groups. This
finding serves to confirm the absence of material-induced
toxicity. The initial histological changes observed were
non-specific, transient responses to surgical stress, which
resolved or diminished uniformly across all groups at
early time points.

2. The effectiveness of the implant surface was direct-
ly correlated with the systemic responses. Hydroxyapa-
tite-coated implants exhibited the most favourable
systemic profile, inducing the mildest and most transient
responses due to their pronounced osteoconductive
properties. Conversely, the uncoated Ti-group demon-
strated protracted systemic immune activation, which is
presumably indicative of delayed osseointegration and
consequent chronic mechanical irritation. This finding
indicates that the utilisation of coatings that facilitate rapid
and complete osseointegration is imperative in order to
minimise long-term systemic repercussions.

Perspectives of subsequent scientific research. In
the subsequent publication, we will present the results
of an immunomorphological study of diverse biomark-
er expression, as well as ELISA analysis of collected
serum samples. It is anticipated that these findings
will reveal the molecular mechanisms of peri-implant
bone healing.
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