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ABSTRACT

Objective. Healing of soft tissues and improvement o ics have become major research objectives in implantology and

renewed the interest for ceramics impl

92.0 + 8.6% and 86.1 + 13.8% at 13 weeks).
Significance. Within the limits of the present study, it can be concluded that newly developed zirconia-based ceramic composite
dental implants have similar biocompatibility and osseointegration to those observed in titanium implants These pre-clinical

results corroborate the potential for the use of these new zirconia-based ceramics in oral implantology.
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1. Introduction

Half a century ago, the combination of its favorable mechanical properties and osseointegration ability rapidly installed titanium
as the gold standard in oral implantology [1], although some alternative materials like ceramics were already proposed [2].
However, regarding the aesthetic appearance, the grey color of the titanium might pose a problem in the areas of the upper
anterior and premolar teeth, especially if the gingival phenotype is thin, because the implant may be visible behind these tissues.
Aesthetic improvements becoming a major research goal in dental implantology, there are has recently a renewed interest for

ceramics implants. Ceramics are also known to represent a very high resistance to corrosion. This led to the selection of 3 mol%

Yttria-doped Tetragonal Zirconia Polycrystals (3Y-TZP) because of its outstanding mechanical properties y.related to phase

transformation toughening mechanism [3].

resistant and tougher than 3Y-TZP [10]. In particula

considerable crack resistance and a significant ductili

2.

2.1. Ce-TZP-based composite characterization

The process of the implant prototypes and the main features of the developed ceramic composite were already described in
details in [11]. In brief, the composite exhibits a Ceria-doped based zirconia as the main phase (86 vol.% of the composite), and
Alumina and Strontium (Sr) aluminate as the second phases (both 8 vol.% of the composite). A mixture of the three ceramic
powders is granulated by spray drying, cold-isostatically pressed (300 MPa), sintered at 1450°C for 1 hour and then machined in

the sintered state to final shape.



Microstructural features and surface topography of ceramics were examined by SEM (Zeiss Supra 55, Oberkochen, Germany). The
average grain size of zirconia and alumina was estimated from the linear intercept method using 1.56 as correction factor. To
evaluate the size of elongated Sr-aluminate grains, the maximum length and width were measured. Density was determined by
Archimedes’ method using distilled water according to the C373-88(2006) ASTM standard. The relative density of the Ce-

TZP/Al;03/SrAl12019 materials was estimated.

Mechanical properties were characterized as recommended in 6872(2008) ISO standard, by four-point bending (4PB). The
strength (0r) and Weibull modulus (m) of Ce-TZP-based composites were measured in four-point bending using 20 rectangular
bars (4mm x 3mm x 40mm) with outer and inner spans’ lengths of 35 and 10 mm, respectively. The surfaces of the bars were

polished down to 16 pm before testing as recommended in the ISO standard. A universal hydraulic testing machine (Instron

2.2, Implants

2.2.1 Design and surface treatments

dogs: 2.8 mm diameter, total length 9.5

titanium alloy implants (Ti6Al4V-E
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Fig. 1 - (a) Titanium-based implant (left) and Ce-TZP-based ceramic i
chemically-etched. (b) Ce-TZP-based ceramic machined implant (top)

implant (bottom).

2.2.2 Topographic characterization

According to the guidelines defined by

The animal study was conducted in accordance with the Organisation for Economic Cooperation and Development (OECD) Good
Laboratory Practice regulations, ENV/MC/CHEM (98) 17 and with the United States Food and Drug Administration (FDA) Good
Laboratory Practice regulations, 21 CFR 58, in an accredited facility (NAMSA, Chasse-sur-Rhone, France) registered at the French
department of agriculture for animal housing, care, and investigations (approval number: D3808710001). The protocol of the
present study was established by NAMSA before carrying out this experiment and consistent with the requirements of the
European legislation for the protection of animals used for scientific purposes (Directive 2010/63/EU); and in accordance with
the ARRIVE guidelines [16]. The ethical approval for this project was obtained from the French Ministry of Higher Education,

Research and Innovation (project number 05285.06.A).



Six skeletally mature Beagle male dogs (HsdRcc:DOBE) were involved in the present study. The animals were adults (at
least 12 months old), healthy, previously unused and weighed a mean+SD 14.4+0.3 kg. Following implantation, the dogs were
individually housed in cages for approximately two weeks (until complete wound healing), then housed in groups, up to the end
of the study under laboratory conditions (humidity and temperature recorded daily). The temperature was maintained between
15 and 21°C. The artificial light cycle was controlled using an automatic timer (12h light, 12h dark). A commercially available diet
(SAFE Complete Care Competence, Augy, France) was provided twice daily. The dogs were acclimated to a soft diet before

surgery and fed only with a soft diet after surgery. Potable water was delivered ad libitum.

2.4. Surgical procedure

The study plan included: teeth scaling, dental extractions, and implantations, all under anesthesia, as well'a C at4or13

and they were administered in each animal to mini

independent even in a single animal.

Maximal insertion torques indicated by the s

s one day before teeth scaling and then daily until complete wound healing after teeth extraction. The
treatment was renewed one day before implantation and was given daily until complete healing of the wound and suture
removal. Anti-in matory drugs: carprofen (Rimadyl®; Zoetis, Madison, WI, USA) was administered subcutaneous before teeth
extraction and implantation, and carprofen (Carprodyl®; Ceva, Libourne, France) was administered daily per os for five days
following each surgery. Analgesia: buprenorphine (Buprecare®; Axience, Pantin, France) was injected at the end of the extraction
day and once the first day following surgery. This treatment was renewed at the end of the implantation day, then twice a day for

two days. After complete healing of the gingival wounds (approximately two weeks) the sutures are removed and the sites are

cleaned with chlorhexidine (Cooper).

The animals were euthanized at 4 weeks (three dogs) and 13 weeks (three dogs) after implantation, with a lethal intravenous
injection of pentobarbital (Dolethal®; Vetoquinol, Magny-Vernois, France) after intramuscular injection of tiletamine-zolazepam

(Zoletil®; Virbac, Carros, France) and subcutaneous injection of buprenorphine (Buprecare®; Axience). Radiophotographs of



each side were taken immediately after implantation and at termination. The 48 implanted sites, were macroscopically observed,

dissected, and fixed in 10% NBF (Neutral Buffered Formalin).

istal orientations, were identified on the slides. The sections were stained with modified paragon for

qualitative, semi-quantitative and quantitative analysis.

2.5.1 Local tissue effects: qualitative and semi-quantitative evaluations

The local tissue effects after implantation at 4 and 13 weeks of the Ce-TZP-based and Titanium-based control implants were
examined by microscopy and investigated by an experienced anatomo-pathologist through the evaluation and the scoring in
severity of tissue damage (using a five point system : minimal, slight, moderate, marked or severe, according to the rules of
General Pathology), cellular inflammatory parameters, repair phase of inflammation, fatty infiltrate parameters, and other
parameters according to ISO 10993-6:2016: (Biological evaluation of medical devices - Part 6: test for local effects after
implantation [17]). A mean irritation score was calculated using individual irritation scores for each implant. The reactivity
ranking was then calculated by subtracting the mean irritation score (rounded to the nearest 0.1) of the control implant from the

mean irritation score (rounded to the nearest 0.1) of the ceramic implant; this reflects the inflammatory intensity and the local



tissue effects for the test implant. A negative difference was recorded as zero; the reaction to the test implant was graded a null to
minimal reaction (0.0 to 2.9), slight reaction (3.0 to 8.9), moderate reaction (9.0 to 15.0), or severe reaction (= 15.1).
Comparisons between control (Titanium-based) and test (Ce-TZP-based) implant were performed at 4 and 13 weeks (n=12

implants per group and per time period) and allowed to judge about the biocompatibility of the test implants.

2.5.2 Histomorphometric analysis: quantitative evaluation

The quantitative performance of the test and control implants were evaluated through histomorphometric analysis. Each section

was scanned using a light/fluorescence microscope (AxioScan Z1, x20; Carl Zeiss, Jena, Germany) and analyzed with a color image

analyzing system (CaloPix v3.2.0; Tribvn Healthcare, Chatillon, France) to perform a semi-automatic analysis. Two standardized

Chicago, IL, USA). Performance of the te

percentage of newly formed bone i
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Buccal side
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Fig. 3 - Illustration of a histological section showing the two bone-implant contact regions, ROI B and ROI L, analysed in

this study.

3. Results



3.1. Ce-TZP-based composite characterization

The microstructure obtained in Ce-TZP/Al203/SrAl12019 composites is shown in Fig. 4. It consists of zirconia grains (Ce-TZP) of
0.41 + 0.06 um (light grey grains), alumina grains (Al203) of 0.34 + 0.03 pm (dark grey, isotropic grains) and strontium aluminate

platelets (SrAli2019) with a mean length of 1.81 + 0.22 pm and an aspect ratio (length/width) of about 6 + 2 pm (elongated

grains). Composites reached 96.3% of the theoretical density.

-point bending distribution is given in Fig.5. After
a polishing down to 16 microns, the strength and Weibull m 0:=730 +45 MPa and m=19. After blasting
er than 700 MPa (0,=753 59 MPa, m=15).
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Fig. 5 - Weibull plot showing the probability of failure versus 4-point bending strength of Ce-TZP based composite

materials. m: Weibull modulus, CL: confidence limit, Go: characteristic strength, Om: mean strength.



3.2. Topographic characterization

Ce-TZP-based machined surfaces after blasting and chemical etching treatments are shown in Fig. 6. Blasting lead to a roughness
value (Ra) of 1.3 um that decreased to 1.0 pum after the chemical treatment. Topographic features are homogenous over all

modified zones.

The titanium-based implants used in the present study (control group) were rougher (Ra 1.5-2.0 pm). This difference in
roughness (see Table 1) is clearly visible in representative interferometric images (Fig. 7) where titanium presents larger and

deeper surface features on average.

Fig. 6 - SEM characterizati d composite implant surfaces after blasting (B) and blasting + chemical

etching (B+CE).

Table 1 - Me ifferent roughness parameters* (+SD) measured on both implant surfaces.

Sa, um (SD) Sdr, % (SD) Sds, 1/pm? (SD) Ra, pm (SD)

1
Ce-TZP composite

1.21(0.12) 19(5.2) 0.012(0.004) 15-2
0.68(0.21) 11.7(6.6) 0.024(0.009) ~1

* Sa, arithmetic mean deviation of the surface; Sdr, developed surface area ratio; Sds, density of summits; Ra, arithmetic

mean deviation.
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Fig. 7 - Representative interferometric images of control titaniu and test Ce-TZP. composite ceramic (b) implants

surfaces.

3.3. Surgical procedure

r the control group and 14.9+4.1 N.cm™! for the test group. No major

s made. Otherwise, no difference in radiopacity was observed at 4 and 13 weeks compared to

implantation.

3.4. Histopathologic evaluation

Forty-eight sites (n=12 implants per group and per time period) were submitted to histopathological analysis but only forty

(n=10 implants per group and per time period) were able to be analyzed due to handling errors.

3.4.1 Local tissue effects : qualitative and semi-quantitative evaluations

After 4 weeks of implantation, the test group induced a null to minimal reaction when compared to the control group (Table 2).
Early evidence of secondary osseointegration was observed in both groups. Buccal bone loss was higher in the test group (one to

three threads not covered by bone; Fig. 8b) compared to the control group (zero to two threads not covered by bone; Fig. 8a).



After 13 weeks of implantation, the reaction of the test implant was graded slight (Table 2). Increased signs of osseointegration
were observed in both groups but were scored very slightly lower in the test group. Buccal bone loss was higher in the test group
(one to three threads not covered by bone; Fig. 8d) compared to the control group (zero to two threads not covered by bone; Fig.

8¢c).

Table 2 - Histologic mean irritation scores and reactivity rankings.

Time Period Group (n=10) Irritation score Reactivity ranking Reaction
Titanium 11.5
4 weeks . .
Ce-TZP composite 10.4 -1.1 Null to minimal
13 weeks Titanium 5.9
Ce-TZP composite 9.7 3.8 q Sli.ght
TN S & S AL TN

Fig. 8 - Hi i tions: eeks control titanium implant (a), 4 weeks test Ce-TZP composite ceramic implant (b), 13

weeKs control titanium implant (c), 13 weeks test Ce-TZP composite ceramic implant (d).

3.4.2 Histomorphometric analysis: quantitative evaluation

Bone to implant contact

. Influence of the material: inter-group comparison

After 4 weeks, there was no significant difference between the two groups in terms of the mean BIC values at the lingual or buccal

sides, or when combining buccal+lingual BIC values; after 13 weeks the same behavior was observed (Table 3).



Table 3 - Histomorphometric results: mean values (+SD)

. . Fibrous
Time _ o Bone Density, % AP Bone Marrow
period Group (n=10) BIC, % (SD) (SD) Delz;llgr, % Density, % (SD)
Lingual n=10 64.6 (16.8)c 72.6 (10.8)™ 9.7 (4.9)" 17.7 (10.1)¢
Titanium Buccal n=10 73.6 (9.4)° 63.3 (9.1)° 8.8 (4.0) 28.0 (7.4)¢
4 weeks Buccal+Lingual n=10 68.4 (14.7)¢ 67.5 (11.4)¢ 9.0 (4.7) 23.5 (11.0)¢
Co-TZP Lingual n=10 79.3 (12.7)b 85.7 (6.9)™ 4.0 (1.5) 10.3 (5.9)¢
composite Buccal n=10 70.7 (12.1) 61.0 (13.5) 4.9 (1.9)2 34.1 (12.7)¢
P Buccal+Lingual n=10 75.0 (13.5)b 73.3 (16.8)2 4.5 (1.8)™ 22.2 (15.9)¢
Lingual n=10 96.0 (2.0)c 94.8 (3.3)¢ 2.2 (1.2) 3.0 (2.6)c
Titanium Buccal n=10 87.9 (10.1)> 78.3 (12.7)> 14.1 (11.7) 7.6 (8.3)c
13 Buccal+Lingual n=10 92.0 (8.6)¢ 86.6 (12.8)¢ 8.1 (10.5)2 5.3 (6.8)¢
weeks Lingual n=10 94.4 (4.4)° 95.2 (3.0)® 2.3 (1.1)
Ce—TZl? Buccal n=10 77.8 (14.2) 70.3 (16.8 9.9 (6.2)¢
composite
Buccal+Lingual n=10 86.1 (13.8)" 6.1 (6.0)°

p<0.001(***). Comparison 4 weeks vs 13 weeks in each group: statistically si

and p<0.001 (c).

test group (Fig. 9b) and when combining buccal+lin,

Change over time: intra-group comparison

both groups (Fig. 9¢c, Table 3).
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Fig. 9 - Mean (* SD) bone to implant contact on lingual (a), buccal (b) and buccal and lingual (c) sides at 4 and 13 weeks.

Comparison 4 weeks vs 13 weeks in each group, statistically significant difference: a (p<0.05), b (p<0.01), and c

(p<0.001).
Compared healing: density parameters at lingual and buccal sides in each material group
. Lingual side

Between 4 and 13 weeks, the mean values of bone marrow and fibrous densities decreased and the mean value of bone density

increased in both groups (Fig. 10a, Table 3).

. Buccal side

Between 4 and 13 weeks, the mean values of bone marrow density decreased and the mea

increased in both groups (Fig. 10b, Table 3).

100 L 30 L P 23
22 24
9438 L 2
c
. Y]
177 -
% 85.7
9.7
&3
2 e
o
E c b
I
e
bl
Q
Z 40 *
G
c
@
=)
20
0
4weeks 13 weeks 4weeks 13 weeks
Control Test

mbonedensity Ofibrous density Obone marrow density

\ c n
g 2 703
e [ a9
]
] 61.0
E
e
®
a
>
£
2
<
3
o
4 weeks 13 weeks 4 weeks 13 weeks
Control Test
b mbone density  Ofibrous density  OJbone marrow density

Fig. 10 - Mean values of density parameters on lingual (a) and buccal (b) sides at 4 and 13 weeks. Comparison 4 weeks
vs 13 weeks in each group, statistically significant difference: a (p<0.05), b (p<0.01) and c (p<0.001). Comparison Ce-TZP

composite ceramic vs titanium, statistically significant difference: * (p<0.05), ** (p<0.01) and *** (p<0.001).



4. Discussion

In the present study, both test and control implants were visible through the gingiva of three dogs after 13 weeks of healing. This
behavior, linked to the thinness of the gingival tissues and slightly protruding coronal design, corroborates the aesthetic value of
Ce-TZP-based ceramic implants whose color is very close to that of dental roots [18]. The implant design was also characterized
by a very narrow diameter (2.8 mm), guided by the animal model selected and the need to ensure sufficient bone volume around
the implants. The breakage of the extra-osseous coronal part of six ceramic implants during the implantation procedure can be
attributed to this thin design, in conjunction with the use of a surgical handpiece for implant installation that allowed the

application of significant bending forces not reflected in the modest recorded insertion torques. Similar in ere reported

ths of healing. This range of mean BIC values obtained in ceramic implants may therefore be attributed

to differences in: tested ceramic material (Y-TZP [19,20,25], ZrO2 [26], Ce-TZP/Al:03 [19,20]), animal models implemented

(minipigs [25], p 26], dogs [19,20] ) and the site of implantation (tibia [25], maxilla [26], mandible [19,20]).

It is well known that the surface chemistry, treatment and the roughness may affect the osseointegration of the implants.
Albrektsson and Wennerberg defined implant roughness [27] and reported that moderately roughened titanium surfaces showed
stronger bone response than a smoother surface [27]. The surface morphology seems to be nowadays more important for
osseointegration than the surface composition itself [28]. The titanium control implants used in the present study can be
classified as moderately rough (Sa= 1.21 um), and the ceramic test implants as minimally rough (Sa~0.68 um). As the
conventional fabrication of zirconia-based devices through machining usually results in relatively smooth surfaces, studies have
investigated the effect of different chemical and physical surface modifications of zirconia implants. In 2005, Sennerby et al., using

a rabbit model and implants of the same design, prepared two different surface roughness (mean+SD: Sa=1.24+0.19 pm and



0.93%0.32 um) on Y-TZP implants using pore-formers and, although there was no significant difference observed in bone-implant
contact, the modified zirconia implants had a resistance to torque forces similar to that of oxidized titanium control implants
(Sa=1.30+0.26 um) and a four-to-fivefold increase compared with machined zirconia control implants (Sa=0.75+0.42 pm) [29]. In
2007, Gahlert et al. using a minipig model compared two different surface treatments of zirconia implants: machined (Sa=0.13
um) or sandblasted (Sa=0.56 pm; with 250 pum corundum particles at 5 bars), to titanium implants of the same design and,
sandblasted and acid-etched (Sa=1.15 pm; with 250 um corundum particles at 5 bars). The results for the removal torque test
(RTQs) of the ZrO2 sandblasted implants were significantly better than those for ZrO, machined implants, but at all time periods,
SLA implants demonstrated higher mean RTQs than ZrO; implants [30]. In 2008, Depprich et al. used acid-etched Y-TZP
(Ra=0.598 um) and acid-etched titanium implants of same design (Ra=1.77 pm) without further details as to the surface

treatment, and there was no significant difference between the titanium and zirconia implants (p<0.05) with regards to mean BIC

these Ce-TZP-based triphasic composites show a negligible t-m
transformation degree elerated tests (autoclaving at 134°C-2 bars) (not shown here, but available in
[34]). The newl amic shows promising characteristics for a future use as more aesthetic and reliable

ceramic dental im

5.

Within the limits of this animal investigation, it can be concluded that the new triphasic ceramic composite implants based on Ce-
TZP have a tissue response close to that observed in titanium-based implants and can therefore be considered as biocompatible.
Their performances in terms of osseointegration were also comparable. Moreover, the Ce-TZP triphasic composite showed
relatively high strength, toughness, Weibull modulus and no aging in aqueous environments. These properties make this ceramic
composite quite resistant to processing variations and to surface treatments, like blasting, etching or machining, which are
commonly applied in the dental implants manufacturing process and give to it an unneglectable advantage when compared to Y-
TZP dental ceramics. However, further investigations and clinical studies are necessary to evaluate the performances of this new

ceramic material in oral implantology.
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