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Abstract

Background This in vitro study investigated the osseointegration and implant integration of high performance oxide
ceramics (HPOC) compared to titanium implants in rabbits.

Methods Histomorphometry was conducted around the distal, proximal, medial, and lateral aspects of the HPOC to
quantify the amount of mature and immature ossification within the bone interface. Histomorphometry was con-
ducted by a trained musculoskeletal pathologist. The region of interest (ROI) represented the percentage of surround-
ing area of the implant. The percentage of ROl covered by osteoid implant contact (OIC) and mature bone implant
contact (BIC) were assessed. The surrounding presence of bone resorption, necrosis, and/or inflammation were
quantitatively investigated.

Results All 34 rabbits survived the 6- and 12-week experimental period. All HPOC implants remained in situ. The
mean weight difference from baseline was +647.7 mg (P<0.0001). The overall OIC of the ceramic group was greater
at 6 weeks compared to the titanium implants (P=0.003). The other endpoints of interest were similar between the
two implants at all follow-up points. No difference was found in BIC at 6- and 12-weeks follow-up. No bone necrosis,
resorption, or inflammation were observed.

Conclusion HPOC implants demonstrated a greater osteoid implant contact at 6 weeks compared to the titanium
implants, with no difference found at 12 weeks. The percentage of bone implant contact of HPOC implants was simi-
lar to that promoted by titanium implants.
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Introduction

Alloy implants are commonly used in musculoskeletal
medicine [1]. Bony osteointegration is pivotal to ensure
implant survivorship. Osseointegration is a foreign body
reaction to shield off the implant from the tissues [2].
Osteointegration is the capability of the implant to fuse
with the surrounding bone, interacting and integrating
with it [3, 4]. The rate of aseptic loosening and related
consequences (stress-shielding, persistent pain, inflam-
mation) are still a concern in musculoskeletal medicine
following implantation of foreign materials [5, 6]. Given
their optimal ossification, titanium and its alloys are
commonly used [7-9]. High performance oxide ceram-
ics (HPOC) has attracted much interest [10, 11]. HPOC
have several advantages: high hardness and wear resist-
ance, light weight, outstanding resistance to creep and
compressive stress, and avoid imaging artefacts [12—-14].
However, the biologically inactivity of ceramics, and
consequently limited potential for integration, may limit
their application. To overcome this limitation to clini-
cal application, HPOC biologically functionalised with a
silicate coating alumina AL,O; have been developed [15,
16]. HPOC implants have been recently introduced in
musculoskeletal medicine, and their application has been
successfully supported by recently published clinical tri-
als [17-24]. HPOC have been developed and investigated
at our institution during the past years. The strength of
the bonding between the functionalised ceramic and
surrounding layer was evaluated by the application of
polymethyl methacrylate (PMMA) to the surface, as per
manufacturer instructions [25]. The contact guidance,
adhesions, surrounding mesenchymal stromal cells oste-
ogenic differentiation, and their cytotoxic potential has
also been evaluated in previous studies conducted at our
institution [25, 26]. An experimental study in rabbits was
conducted to characterise osseointegration and implant
integration of HPOC. The bone implant interface is
responsible for the primary and secondary stability of
the implant, and it is suggested to be the weakest domain
in the bone implant system, where most failures occur
[27, 28]. We hypothesised that HPOC implants promote
ossification and transplant integration. To validate this
hypothesis, osteointegration of HPOC were compared to
that provided by commercial titanium implants. Histo-
morphometry was conducted around the distal, proxi-
mal, medial, and lateral aspect of the HPOC implants to
quantify the amount of mature and immature ossification
within the bone implant interface.

Materials and method

Type of implants

For the experimental group, HPOC were manufactured
and functionalized at the RWTH University Aachen,
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Germany, Department of Dental Materials Science and
Biomaterial Research in a previously published fash-
ion [25, 26, 29, 30]. Briefly, standard 5.5 x 8 mm Al,O4
ceramic based cylinders were used. To facilitate the cou-
pling of stable organosilane monolayers on the mono-
lithic Al,O4 ceramic based cylinders, plasma-enhanced
chemical vapor deposition (PE-CVD) was performed
[31]. Silicon suboxide (SiOx) was deposited on the pol-
ished and cleaned Al,O, ceramic based cylinders to acti-
vate the ceramics [32]. Functionalised ceramic cylinders
were then air-dried, cured at 80° for 45 min, and stored
in liquid nitrogen until use. For the control group, Sand-
blasted titanium Ti-6Al-4 V 5.5 x 8 mm implants (Zim-
mer Biomet GmbH, Neu-Ulm, Germany) were used.

Surgical procedure

The present investigation was conducted following the
Animal Welfare Act of the Federal Republic of Germany
in 2017, and approved by the Federal Office for Nature,
Environment and Consumer Protection (Landesamt
fur Natur, Umwelt und Verbraucherschutz, LANU) of
North Rhine-Westphalia, Federal Republic of Germany
(Approval ID: 84-02.04.2016.A434). 34 New Zealand
adult female white rabbits (weight > 3 kg) were used. Rab-
bits were allocated into four groups (Fig. 1).

0.1 ml/mg/kg bodyweight Medetomidin (Domitor)
combined with a 0.2 ml Ketamin (Narketan) in a sub-
cutaneous injection were used to induct the anaesthe-
sia. The surgical site was shaved, disinfected with iodine
and ethanol, and draped in a sterile fashion. 10 mg/kg
bodyweight Enrofloxacin subcutaneous injection were
injected before the incision. The skin incision was per-
formed over the right lateral femoral condyle. After dis-
section through fascia and muscles, the condyle was
exposed, and the lateral collateral ligament identified.
With a 5.5 mm trephine, a unicortical drill hole was per-
formed under irrigation to avoid thermal necrosis, mak-
ing sure that the lateral collateral ligament was sparred.
Once the bony cylinder was extracted, either a titanium
or HPCO cylinder was inserted in a press fit fashion,
without damaging the knee capsule. Tissues were closed
in layers in a standard fashion. Finally, the skin was sta-
pled and sprayed with chelated silver. For the first three
days after surgery, 4 mg/kg bodyweight Carprofen were
administered every 24 h. Six or 12 weeks postoperatively,
the rabbits were euthanised using 2 ml/kg bodyweight
Natriumpentobarbital (160 mg Natriumpentobarbital/
ml). The femoral condyles were harvested and examined.

Sample preparation

The femoral condyles were harvested en bloc. Fixation
was performed over 12 days with 4% paraformaldehyde
followed by an alcohol series with ethanol of 50—-100%
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Fig. 1 Group allocation

and xylol. The specimens were embedded in Technovit®
9100 (Kulzer GmbH, Hanau, Germany). Using a diamond
band saw Exakt 300CL (EXAKT Technologies Inc, Okla-
homa City, US), 60-70 pm coplanar cuts of the speci-
mens were performed. Grinding of titanium cylinders
was conducted using sandpaper, while HPCO implants
were ground with diamond paper. All specimens were
stained with haematoxylin eosin, trichrome, and tolui-
dine. Histomorphometry was conducted by a profes-
sional pathologist with OLYMPUS digital microscope
DSX-1000 and stream desktop- Software (Olympus
Hamburg, Germany).

Histomorphometry

At microscopy, specimens were divided as follows: lat-
eral (K1), distal (K2), medial (K3), and proximal (K4). The
surrounding area between the bone-implant interface
(red zones) was the region of interest (RO, Fig. 2).

The outcome of interest was to investigate the poten-
tial of osteointegration of HPCO in comparison to the
standard titanium. Hence, the percentage immature,
and unmineralized bone matrix (osteoid implant con-
tact, OIC) within the ROI was assessed. The percent-
age of mature, mineralized bone (bone implant contact,

BIC) within the ROI was also quantified. The surround-
ing presence of bone resorption, necrosis, and/or inflam-
mation were quantitatively evaluated and classified as
follows: 0 (none), 1 (minimal), 2 (low), 3 (moderate), 4
(severe).

Statistical analysis

The IBM SPSS (version 25) was used for statistical
analyses. Mean and standard deviation were used for
descriptive statistics. The mean difference effect meas-
ure was adopted for continuous variables, with standard
error (SE) and 95% confidence interval (CI). Values of
t-test <0.05 were considered statistically significant.

Results

Animal data

All 34 rabbits survived the 6- or 12-week experimental
period. Four wounds dehiscence were further stapled
without any signs of wound infection. No rabbit died
during the experimental period. At euthanasia, no clini-
cal signs of inflammation or adverse tissue reactions were
observed. All implants remained in situ. At baseline, rab-
bits had a mean weight of 3254.2+199.6 mg. At last fol-
low-up, rabbits had a mean weight of 3901.9 £+275.0 mg.
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The mean weight difference from baseline was + 647.7 mg
(P<0.0001).

Result syntheses

The overall OIC of the ceramic group was greater at
6 weeks compared to the titanium implants (P=0.0001).
The other endpoints of interest were similar between the
two implants at both follow-up times (P> 0.05). No dif-
ference was found in BIC at 6- and 12-weeks. The results
of the quantitative analyses are shown in detail in Table 1.
Figures 3 and 4 show an overview at 1 x magnification of
the implants at six and 12 weeks, respectively. Figures 5,
6, 7 and 8 show respectively an overview at 42 x, 140 x,
300 x , 400 x magnification of the implants at 12 weeks.

Discussion
The present study investigated the integration potential of
HPOC implants, and then compared in vivo to titanium
implants at 6 and 12 weeks. HPOC implants promote
similar osteointegration to commercial titanium implants
in rabbits. HPOC implants demonstrated greater oste-
oid implant contact at 6 weeks compared to the titanium
implants, with no difference at 12 weeks. The percentage
of bone implant contact of HPOC implants was similar to
the titanium implants. No bone necrosis, resorption, nor
inflammation was observed.

Bone is a dynamic tissue which undergoes continuous
modifications and adaptations. For end stage degenera-
tive or traumatic bony ailments, permanent or temporary
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Fig. 2 Left: Microscopy evaluation strategy of the BIC: K2 and K4 (longer sides) accounted for 60% (30% each) and the K1 and K3 (shorter sides) for

implants are commonly used to restore bony function
and quality of life. In the case of permanent implants (e.g.
arthroplasty) the integration of the implant to the sur-
rounding bone is crucial to ensure its longevity.

Recently, implants coating has attracted much inter-
est. Titanium alloys may be responsible of hypersensitiv-
ity reactions, which may compromise implant longevity
[33-38]. When low-grade infection and other mechani-
cal problems have been excluded, symptoms such as pru-
ritus, pain, effusion, erythema, hypersensitivity reactions
should be taken into consideration [39]. Ions released by
corrosion of metallic wear debris may impair ossification
and metal particles can be found in the soft tissues sur-
rounding the implant [40]. Particles and ions may become
clinically relevant for sensitive patients. According to the
2016 Australian Arthroplasty Register, approximately 2%
of revision TKAs are attributed to metal-related pathol-
ogy [41]. In selected patients with hypersensitivity, non-
metallic implant solution as possible savage revision is
limited with unpredictable results [42].

Current researches to develop alternative to the metal
alloys are ongoing. In this context, ceramics are attracting
growing interest and broad researches. Implant coating
aims to optimize the biological properties of the surface
to improve ossification. Ceramics are biologically inert,
and consequently do not promote implant ossification.
However, ceramics have high hardness and wear resist-
ance, light weight, outstanding resistance to creep and
compressive stress, avoiding imaging artefacts [12—14].
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Table 1 Comparison of HPOC versus titanium at 6- and 12-weeks follow-up (MD: mean difference)
Endpoint 6 weeks 12 weeks

Ceramic Titanium MD P Ceramic Titanium MD P
Lateral
BIC (%) 30426 31439 —0.1 0.5 28435 39437 —-10 03
OIC (%) 09+17 00+£03 09 0.07 16421 04+£0.1 1.1 0.09
Distal
BIC (%) 13.2+66 115421 1.7 0.2 139476 13677 0.2 0.5
OIC (%) 58+25 16435 4.2 0.003 56146 50+36 0.6 04
Medial
BIC (%) 56437 53431 0.2 04 82445 71435 1.1 03
OIC (%) 22+15 —03+19 25 0.003 28+23 14+14 1.3 0.1
Proximal
BIC (%) 120462 108+£87 1.2 04 126462 116439 1.0 04
OIC (%) 50400 50409 0.0 1.0 50400 43124 0.7 0.1
Overall
BIC (%) 03+0.1 03+£0.1 0.0 04 04401 03407 0.0 0.2
OIC (%) 139+£38 6317 76 0.0001 149177 11.1+6.1 3.8 0.2
BIC (%) 06+0.2 06+06 0.0 0.5 03+0.1 04+04 0.0 1.0

There is evidence of greater osteoid ossification in the ceramics group compared to the titanium cohort only at 6 weeks in the distal (P=0.003), medial (P=0.003)

sides and at the overall level analysis (P=0.0001)

No other difference between the two implants has been evidenced in the other endpoints at both 6 or 12 weeks

£

Fig. 3 Titanium (left) and ceramic (right) implants at 6 weeks (magnification:

‘.‘

1x). Toluidine blue staining
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Fig. 5 Titanium (left) and ceramic (right) implants at 12 weeks (magnification: 42x). Toluidine blue staining

The biological inactivity of ceramics also prevents to sys-
temic reactions to ceramic wear debris and aseptic oste-
olysis. Therefore, following the development of novel
coating methodologies, ceramic implants have triggered
renewed interest [15, 16, 43, 44].

Several coating process to functionalise the sur-
face of ceramics have been developed with promising
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pre-clinical and clinical results [45-50]. Previous
studies conducted in rabbit models used heterogene-
ous coating methodologies, follow-up, analyses, and
implantation sites (Table 2). The current evidence on
the clinical applications of ceramics is still limited, and
translational studies are required to clarify the best
coating process.
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The current evidence on the clinical application of
HPOC is limited. Alumina ceramic for talar replace-
ment has been developed over the past 20 years as an
alternative to ankle arthrodesis [59]. In 2015, Tani-
ghuki et al. [17] published their results on 55 total talar
replacements using customised HPOC, with improve-
ment in range of motion and patient reported outcome

4

o Zoiae . o

Fig. 7 Titanium (left) and ceramic (right) implants at 12 weeks (magnification: 300x). Toluidine blue staining

measures [17]. Moreover, all patients returned to their
activities of daily living with no complication [17]. Sev-
eral studies investigated HPOC implants for total knee
arthroplasty. Most studies used an alumina [18-21] or
a mixed alumina/zirconia [22-24] femoral component
and metal tibial component.
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Fig. 8 Titanium (left) and ceramic (right) implants at 12 weeks (magnification: 400x). Toluidine blue staining

Few studies investigated the clinical outcomes of a fully
alumina [60] or mixed alumina/zirconia [24] total knee
implant. Clinical trials indicated that HPOC implants for
total knee arthroplasty performed as well as conventional
metallic components in improving patient reported out-
come measures (PROMs) or inducing complications. In
a recent systematic review investigating the efficacy and
safety of HPOC implants for total knee arthroplasty in 14
clinical studies, wear and breakage of the prosthesis only
occurred in three knees after following up for 18.1 years and
in 3 patients after a minimum follow-up of 5 years, respec-
tively [61]. The overall estimate of the rate of revision was
0.03% [61]. Despite the limited use of ceramic knee implants
worldwide, and considering the advanced tribological fea-
tures of the ceramic components, these components dem-
onstrated a promising role in knee implant surgery.

This study has several limitations. The assessors (patholo-
gist and surgeon) were not blinded to the nature of the
implant, potentially increasing the risk of detection and
performance biases and overestimating the results. A for-
mal mechanical test to prove implant stability (e.g. pull-out
torque test) was not conducted. However, previous reports
demonstrated a definite association between pull-out torque
test and histomorphometry [62—65]. The absence of physi-
ological load on the prostheses also impairs the validity of
the present conclusion, and clinical studies should be per-
formed. Rabbits, being reproducible, low cost, and easy
to handle, are commonly used as animal model. However,
between species differences exist, and must be considered in
clinical translation. Current evidence could benefit of longer

follow-up investigation. The results of the present study
should encourage further translational studies to verify the
ossification potential of ceramics in a clinical setting. Bio-
material research underlined that is possible to design and
develop new bone implants with geometry, and chemical
characteristics able to improve bone in growth and prevent
infection. Two time points (6 and 12 weeks) were used to
evaluate osteointegration. In the current literature, heteroge-
neous time points for analysis of implant osteointegration are
reported. Though bone can be already observed at one week
after implantation, proper bone remodelling starts between
6 and 12 weeks with primary and secondary osteons forming
compact bone [66, 67]. Though implant roughness is a key
parameter for the in vivo performance of a bone integrat-
ing insert, this parameter was not analysed in the present
investigation, and further studies are required to overcome
this limitation. Future studies should improve antibiofilm
and antibacterial strategies to the novel materials with com-
plementarity between knowledge and expertise in biology,
chemistry, engineering and physics, associating biological
models with material sciences and other technologies.

Conclusions

HPOC implants demonstrated a greater osteoid implant
contact at 6 weeks compared to the titanium implants, and
no difference at 12 weeks. The percentage of osteoid pro-
duction and bone implant contact of HPOC implants was
similar to that observed in titanium implants. No bone
necrosis, resorption, or inflammation were observed.
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RA-CPSC  Risedronate calcium phosphate silicate cements
SBA15 Mesoporous silica

MCP Monocalcium phosphate

PCR Polymerase chain reaction

PTHrP Parathyroid hormone-related protein

APN Adiponectin

HA Hydroxyapatite

PBS Phosphate-buffered saline

TNT TiO, nanotube

TNT-HA  Hydroxyapatite-TiO, nanotube

CPC Calcium phosphate ceramic

PCL Poly(e-caprolactone)

TCP Tricalcium phosphate 70%

SE Standard error

cl 95% Confidence interval

PE-CVD Plasma-enhanced chemical vapor deposition
SiO, Silicon suboxide

HPOC High performance oxide ceramics

PMMA Polymethyl methacrylate
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