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1.0 SUBJECT /fOBIET

The present technical note aims at providing a comprehensive biological analysis of the local tissue
effects and the performance of a dental implant presenting micro/nanofeatures through the Starsurf®
surface treatment. Such assessment is conducted through sheep femaoral implantation /n vivoe, and
thraugh histopathologic, histomaorphometric and micro-computed tormography analyses.
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This technical note is included into the Starsurf® validation project.
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7.0 CONCLUSION

The present study demonstrates that the Starsurf® surface treatment, generating a combination of
micro- and nanofeatures on the surface of a titanium implant, has significant beneficial effects on the
osseointegration process. Such treatment suggests an increase in the kinetics of bone regeneration
and remodeling to the extent that criginal bone architecture is recovered within 13 weeks, allowing
the long-term implant stability. Furthermore, such ossecintegration occurs without any deleterious
local effect on the surrounding tissue, showing a good compatibility of the implant within its
environment. Finally, the distinction between the coronal and apical regions of the implant allowed to
demonstrate a difference of bone behavior along the implant, that could be both attributed to the
change of implant thread geometry and increasing mechanical stresses generated at the apex.
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Synergistic effects of endosseous implants micro- and nanoto-
pography for bone original architecture recovery
An in vivo study in the sheep

Abstract

Surface chemical and topography modifications are currently of major interest to improve osseointegration and long-term
succass of dental implants. Very few studies assess the perforinance of implants presenting both micro- and nanofeatures
in vive and for animal models used in the context of preclinical studies for medical device certification. This study
intends to evaluate the local effects of such implant compared to one of identical design and material without surface
treatment. Implants surfaces are characterized in terms of tepography, surtace chemical composition, roughness and
wettability. After 4 weeks and 13 weeks of implantation in sheep, a total of forty implants performance is evaluated
through micro-computed tomography, histopathological and histomerphometric analyses. No adverse effect was observed
around implants. Histomorphometric analyses indicate that resulting bone-to-implant contact in the corenal region of the
surface treated implant is significantly higher at week 4 and week 13, reaching respectively 79.3+11.2% and 86.4£6.7%.
than the implant without surface treatment, reaching respectively 68.318.8% and 74.8+£13%. Micro-CT analyses revealed
different. healing patterns between the coronal and apical regions, with higher bone-to-implant contact for the coronal
one at week 13. Histopathological results indicate at week 13 that bone around the surface treated implant recovered its
original architecture while the implant without surface treatment still presents bone condensation and traces of the initial
drill defect. Such results suggest that the surface treated implant, in addition of not being deleterious for local tissues,
promotes faster regeneration and retnodeling of bone around the implant towards peri-implant bene original architecture
Lecovery.

Keywords : ossecintegration; dental implants; bone remodeling; nanostructures; surface treatiment; sheep model

1 Introduction nomenon triggers the adhesion and activation of red blood
cells, platelets and inAammatory cells to secrete cytokines,
Teeth replacement by a dental implant is nowadays a growth and differentiation factors, resulting in the formation
common procedure for the oral rehabilitation of partially of 5 blood clot that acts as a scaffold for the migration of
or fully edentulous patients. Such success is the resull of megenchymal stem cells and osteoblasts towards the implant.
the discovery of a phenomenon termed ossecintegration, & Thege cells, under the influence of growth and differentiation
direct hrone-to-implant contact establishment that leads to factors, deposit a new and condensed collagenous matrix
& functional connection and a load transler between the that forms woven bone, generating a continuity at the bone-
two components. This concept was introdnced for the frst implant interface. This formation occurs both from the
time in the late 1960s by Branemark et al. (1969) and by  }o51, bone cavity towards the implant surfuce and inversely
Schroeder et al. (1976) [1, 2], who used the term 1o refet 10, we respectively talk about distance osteogenesis (osteoin-
a clinical state rather than an implant property. Ever since, duction) and contact osteogenesis (osteocanduction). Then,
researchers and industrials goal focus on the constant pro-  woyen bone is progressively remodeled into lamellar bone,
vision of new ways to improve the osseointegration process ghawing higher degrees of mineralization and providing a
and to maintain dental implants well-integrated in bone in stronger fixation of the implant.
the long term. Prerequisites for implants ossecintegration 71y iq accepted by the scientific literature that implants sur-
include (1) a minimal trauma inflicted during surgery, (2) face modifications, in terms of chemical composition and
the establishment of bone anchoring {referred ss primary topology, have an impact on their rate of osseointegration.
stability and greatly influenced by implant design), (3) the Indeed, in vivo studies demonstrate that feacures introduced
avoldance of local inlections and implant icro-movements. o+ the micrometric scale on titanium surfaces, in comparison
Dental implants osseointegration is then the result of a yith smoother surfaces, enhance bone-to-implant contact

cascade of biological events. First, proteins contained in (BIC) 8 weeks following implantation [3-6]. In vitro stud-
blood are adsorbed at the surface of the implant. This phe-
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ies are in accordance with such observations, reporting a
decrease of osteoblasts at the interface of bone with rough
surlaces, in favor of an increase of differentialion markers
gich as alkaline phosphatase and osteccalcin [5, 7-10]. Os-
teoblasts are leaving earlier their proliferation phase to enter
the differentialion one, maturing faster and quickly start-
ing to scerete extracellular matrix (ECM}. On the other
hand, surlaces presenting nanofeatures have shown in wivo
an improved BIC and a hizher implant removal torque, two
weeks after implantation [11, 12], as well as a better adhe-
sion of osteclasts én witro [13, 14]. Tt is to natice that the
combination of micro-features and nanofeatures generates
synergistic effects of both topographic levels, in addition
to a drastic increase of surface hydrophilicity [15-18]. To
our knowledge, very few in vive studies were conducted to
assess the synergistic influence of micro and nanofeatures
on dental implant ossevintegration [19-21]. As a matter of
fact, such studies have only been conducted either on small
animals [19, 21], or for very short periods [20]. Recently,
by studying screw-shaped cylinders implanted during three
months in csteoporotic sheep mandibulars, Liu et al. {2019)
demonstrated higher biomechanical parameters far surfaces
presenting wmicro/nanofeatures [22]. However, no assessment
of the neo-bone formation, of fibrosis, nor of the bone texture
was conducted in this study. Furthermore, for all mentioned
siudies no distinction was made between the coronal area
and the apical area of the implant. Consequently, no behayv-
ior difference can be observed in the osseointegration of the
two distinct area, questioning the local influence of implants
design features.

The purpose of this paper iz to provide a comprehensive bio-
logical analysis of the local tissue effects and the performance
{ossenintegration and osteogenesis) of a dental titanium im-
plant presenting micro / nanofeatures. Therefore, sheep were
implanfed with dental implants of a unique design, treated
or not, with Starsurt™, a chemical surface treatment devel-
oped and commercialized by Selenium Medical {La Roclelle,
France), that aims at inbroducing micro/nanofeatures at
the surface of the implant [23, 24]. A total of eight sheep
were bilaterally implanted in the medial femoral condyle and
terminated four weeks and thirteen weeks after implantation.
This model was used in intraosseous Implantation studies
which were published in scientific peer-reviewed journals and
is recognized by International Regulatory Organisms [25, 26].
Furthermore, sheep femoral implantation model is highly
standardized and associated with low rates of complication.
The ossecintegration properties of dental implants can be
assessed with minimal variability, ensuring liner compar-
isons than with jawbone implantation. Finally, sheep modsl
have the advantage of having a body weight as well as bone
healing and remodelling patterns more similar to humans
than small animals [27]. 1n addition to surface topography
qualitative characterization and chemical composition as-
sessment, the local tissue effects and the performance of

the endosseous implants were evaluated Lhrough histopatho-
logic, histomorphometric and micro-computed tomography
analyses at each time pericd. Quantitative information is
given both for the coronal region and the apical region of
the implant.

2 Materials and method
2.1 Ethical Statement

The implantation protocol was approved by the Namsa
Ethical Committee {Chasse-sur-Rhéne, France). Tt is part
of a project authorization thal is reviewed every five vears
by the French Ministry of Education, Higher Edueation
and Research. The different surgical procedures and hio-
logical analyses were conducted by the Medical Research
Organization Namsa (Chasse-sur-Rhone, France) [28, 20],
in compliance with the QOECD gerics on Good Laboratory
Practice and compliance monitoring and FDA 21 CFR 38
on Good Laboratory Practice (GLP) for non clinical studies.
The study design was also based on the [S0 10993-6, Biolog-
ical Evaluation of Medical Devices Part 6 {2016): Tests for
Loecal Effects after implantation. The animal study was con-
ducted in accordance with the ARRIVE guidelines [30]. The
relevancy ol the animal selection and its use were caretully
established and considered.

2.2 The device

Forty-eight corurnercially available implants and made
from commercially pure titanimm (cpTi, grade V) were im-
planted during this study (Fig. 1}, including eight reserves
implants. These last were treated similarly as the forty other
ones and only intended for replacement in case of adverse
ovent.

i Oinns

Figure 1: (a) Fuil-Size High-Resolution SEM image of the dental
implant used for the study; {b) General dimensions of the device.
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The intra~-osseous part of the implant has a diameter of
3.5 mm, a length of 10 mm and is composed of a cylinder
part {coronal area) and a conical ane (apical area). The
main thread is composed of a double fillet with a pitch of
2 mm. Considering the conical aspect of the implant, the
thread depth is increasing from approximately 0.15 mm in
the coronal zone to 0.7 mm in the apical ane. In the coronal
zone, the main thread is subdivided into two “micro” fillets
of same pitch. Such implant geometry is common and repre-
sentative of implants that are currently on the market [31].
Two configurations are tested in this study : a standard
topography (REF, n= 10 + 2 reserves at both 4 weeks and
13 weeks time-periods) and a Starsurt®™ one (TEST, u= 10
+ 2 at both 4 weeks and 13 weeks time-periods), composed
af a micro/nancfeatures combination. The standard topog-
raphy is obtained through corundum sandblasting while the
Starsurl® one iz a succession of mechanical and chemical
treatments. First, implants are sandblasted using a mix-
ture of hydroxyapatite (HA) and [S-tricalcium phosphate
{5-TCF). Then, an acid attack is conducted with hydrochlo-
ric and sulfuric acid. Finally, a basic attack is conducted
using potassium hydroxide. Cleaning in clean rooms, sterile
packaging and final gamma irradiation was applied on both
series of implants prior implantation. Following implanta-
tion the threads are engaged in the host bone cylindrical
wall obiained after drilling, providing primary mechanical
stability of the device.

2.3 Implant surface characterization

Under a Captair Flow 468 IS0 laminar flow hood {Alr-
Lak), the overall topography of REF and TEST implants
was qualitatively examined using Phenom ProX Scanning
Electron Microscope (ThermoFisher scientific}. Micrographs
at different magnification were observed for the assessment of
Lhe topographies at different scales. Then, the surtace chem-
ical composition was assessed by Energy Dispersive X-Ray
Spectrometry (EDX). Roughness rueasurements have been
conducted on epTi discs with and without Starsurf® using
interferometry. Such technigue allows to extract the main
roughness parameters of the examined surface (Sa, 82, Sq,
Sp, 8v). Three samples for the REY and TEST surfaces have
been measured, witl a characterized area of 24mm?. Finally,
REF and TEST surfaces wettability lias heen cested through
conhtact angle measurements on the same discs. Surface free
energy is assessed using Owens-Rankine formulation, with
three liquids (water, ethylene glycol and diiodomethane),
droplets of 2ul and 8 contact angle measurements per liquid.

2.4 Study design and experimental animals

Animal model and management

Eight {(n= 4 per time-pericd) female Blanche du Massit
Central sheep {Bergerie de la Combe aux Loups, France)
were involved in the study. Sheep were aged from 2 to 4
yvears (mean= 2.7 years), skeletally mature, and weighted
from 37 to 68 kg at implantation {mean= 61.25 kg). The

sheep is an animal model identified for evaluating materials
and is recommended in the IS0 10993 standard - part 6
{2016} for intraosseous implantations. Sheep were bilaterally
implanted in the medial femoral condyle. The use of sheep
femurs allows to implant up to three screw-type implants
per leg, to increase the number of sites per implant group,
without increasing the number of animals. Sheep were ran-
domly attributed to the two periods of implantation studied
and the number of sites per implant group were chosen to
be compliant with the ISO 10993 standard - part6. One
implant group per condyle was implanted, to allow a suitable
evaluation of the local tissue effects and performance, and to
avoid tissue response between implant groups. Hushandry,
housing end environment conditions wete conformed to the
European Directive 2010/63,/EU regarding the protection of
animals used lor scientific purposes. Animals were housed
at Wamss, AAALAC international accredited facility and
registered with the French Department of Agriculture for
anirmal housing, care and investigations. Groups were or-
ganized in cages identified by a card indicating the study
number, animal numbers, sex, dates of beginning and end of
experitnental in-lile phase. Animals were kept under labora-
tory conditions. The animal housing room temperature and
relative humidity were recorded daily. The recommended
temparature range for the room was 10 - 24°C and the light
cycle was controlled using an automatic timer {12 hours of
light, 12 hours of dark}). After the post-operative period,
the sheep of the 13-week group were group housed in a farm
setting {Bergerie de la Combe aux Loups, France). Dur-
ing the farm setting, the environmental conditions were not
contralled. Standard hay was provided ad Hbitum and sup-
plemented with a commercially available pelleted sheep feed
{Special Diet Services, France). Minerals were provided ad
libitum (Sodimouton, Salins Agriculture}. Totable water was
delivered ad ibitwm through species appropriate containers
or delivered through an automatic watering system.
Pre-operative procedure

On the day of surgery, pre-medication was performed by
intravenous injection of a mixture of diazepam (Diazepam™,
TVM) and butorphanol (Torphasol®, Axience). Anesthesia
was induced by intravenous injection of propofol {Propovet®,
Zoetis). Each sheep was intubated, mechanically ventilated
and placed on iscAurane inhalant anesthetic {IsoFlo®, Zoetis)
for continued general anesthesia. An intravenous infusion
with suitable electrolyte solution {Ringer laciate, Baxter)
wasg performed during surgery. Pre-operative injection of an
anti-inflammatory drug (carprofen, Rimadyl®, Zoetis, subcu-
taneous) and a prophylactic antibiotic treatment {amoxicillin,
Duphamox LA®, Zoetis, intramuscular} were administered.
The surgical areas were clipped free of wool, scrubbed with
povidone iedine {Vetedine savon®, Vetogquinol}, wiped with
70% isoprapyl alcohol (Savetis), painted with povidone io-
dine solution {Vetedine solution®, Vetoquinol) and draped.
The sheep were placed in the supine position on a warmed
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(d)

Fi vl medial lernard
condyle

Figure 2: Surgery procedure for implantation. (a} Drilling operation at 1200 rpuy; {b) dental implant insertion at 45 N.em; {¢,d)
fmplants localization on femoral condyle after completed surgery. Three sites per condyle are allocated for implants.

Surgical procedure

pad. A rectal temperature probe and a rumen tube were
placed during surgery. Electrocardiogram (ECG), peripleral
non-invasive arterial blood pressure and oxygen saturation
were monitored. The surgery was performed in a dedicated
operating surgical thieatre by a surgeon from Namsa, using
standard aseptic techniques (Fig. 2). A cutaneous incision
wag made on the medial side of each femoral condyvle. The
muscles were separated using blunt dissection to access the
fermur and the periosteum was carelully removed from the
fernoral epiphysis to expose implants sites. For each site,
tour stepe of drilling were conducted perpendicular to the
bone surface, in order to get a final hole of 3.5 mm diam-
eter with an approximate depth of 10 mm. Each drilling
step was conducted with & maximum drilling speed of 1200
rpim and followed by extensive tinsing with saline to control
temperature increase al the implantation site and to re-
move bone debris. Following the drilling steps, each implant
was inserted with a maximum torque of 45 N.¢cm. Incision
was closed by suturing separately the capsule, muscles and
the subcutaneous layer with absorbable thread (Ethicon®™
PDST™II 1 and Ethicon® Coated ViervlTM 2-0). The skin
layer was closed wsing surgical staples { ApposeTM ULC Auto
SutureTM, CovidienTM). The wounds were disinfected us-
ing an indine solution. The operated legs were not restrained
in any rmanner.
Post-operative and terminal procedures

Animals were observed daily for general health and to
detect mortality and morbidity. The implantation sites were
cxarnined daily for adverse reaciions until sutures removal.
When any animal exhibited adverse clinical signs, it was
examined and treated as need. An intramuscuiar injection
of buprenorphine {Buprecare™, Axience} was adniinistered
at the end of the surgery day, then daily for two days post-
surgery. An anti-inflammatory drug {(carprofen, Rimadyl®,
Zoetis) was subcutancously injected daily for five days post-
surgery and antibiotic (amoxicilling Dupliamox LA®, Zoetis)
was intramuscularly injected every two days for eight days
following surgery. The wounds were disinfected wilth iodine
golution (Vetedine solution®, Vetaquinol) daily until two

days after the removal of the surgical staples. The swrgical
staples were removed after complete healing (2 weeks follow-
ing surgery). On week 4 and week 13, the designated animals
were weighed and euthanized by an intravenous injeclion of a
lethal solution (Doléthal®, Vetoquinol). These time periods
were chosen to evaluate the local tigsue effects and the bone
healing performance after a short and midterm implantation
as recommended in [SO 10993 standard - part 6, for non-
degradable materials. The distal femur was harvested and
explants were fixed in 10% Neutral Buffered Formalin (NBF)
for histopathologic analysis. T not used for replacement,
reserve implants sites were harvested the same way, Hxed,
dehydrated, embedded and stored for eventual subsequent
analyscs. Tn order to mark the newly formed calcified min-
eralization ronts by Huorescence, subcutaneous injections
in the neck and the back were conducted beforehand, using
three flucrochromes : xylenol orange (X0O), calcein green
(CG), oxytetracyelin (OTC). For the 4-week group, these
Huorochromes were respectively injected at day 3, day 15
and day 25. Injection at respectively week 4, week 8 and
week 12 were made for the 13-week group.

2.5 Micro-Computed Tomography (Micre-
CT)

Micro-CT preparation

Aller fxation in 10% NBF (VWR), a total of lorty
implanted sites, one non-implanted REF article and one
non-implanted TEST article were scanned by cone beam
micro-computed tomography (uCT 40, SCANCO, Switzer-
land). The specimens were placed in cylindrical holders
to obtain Lransverse tomograms of the implanted article.
The measured data were filtered using a Gaussian filter
with finite filter support and flter width. The images were
then segmented to separate the implant and bone from the
background.
MMicro-CT evaluation

Two Volumes Of Interest {VOI) were defined (Tig. 3a).
Each VOI consisted in & conical tube with the inner edge
along the core of the article {excluding the core but including
the threads) and the ocuter edge placed at & Axed distance



Selenium Medical

WHITE PAPER

Figure 3: (a) Tomogram obtained by Micro-CT tomography,
presenting the different Volume Of Intersst (VOT A and C); (b)
Representative photomicregraph used for histopathologic anal-
ysis, introducing four Regions of interest (RCT AL, A2, C1 and
C2).

of 1 mm from the inner edge. The upper VOI (VOI C})
was placed in the coronal area of the article. The lower VOI
(VOI A) was placed along the apical and conical remaining
area of the article. For each VOI, computation of Bone
Volume (BV), Bone Volume/Total Volume (BY/TV) and
Bone-to-lmplant Contact {BIC). The non-implanted scanned
implants served as a baseline to help distinguish the article
from the bone.

2.6 Histopathology

Histologic preparation

After fixation in 10% NBF {VWR), a total of forty
implanted sites, one non-implanted REF article and ane
non-implanted TEST article were dehydrated in alcohol so-
lutions of increasing concentralion, cleared in xylene and
embedded in polymethylmetacrylate (PMMA). For each
explant and non-implanted article, one central longitudi-
nal section was obtained by a microcutting and grinding
technique {Exakt™ approximately 40 um thickness). The
section was left unstained for epifluorescence analysis and
tlhien stained with modified Paragon [or qualitative and semi-
quantitative histopathologic analysis and for guantitative
historaorphometric analysis.
Histopathologic evaluation

Qualitative and semi-quantitative histopathologic evalua-
tion of the local tissue effects at the implantation sites were
conducted according to the standard (IS0 10993 - part 6).
Tissue darmage, cellular inflammatory response, repair phase
of inflammation, fatty infiltrate and other parameters such
as hemnorrhage, cell degeneration, bone ingrowth, encapsu-
lation and bone healing were evaluated semi-quantitatively
and graded as described in Appendix A.
Histomorphometric evaluation

The Listomorphomettic analysis was conducted on forty
modified Paragon sections. Sections were scanned {Zeiss
AXIOSCAN Z1, x20} and analyzed with a color image ana-

lvzing system {Tribvn, France, CALOPIX 3.2.0} to perform
a semi-automatic analysis. Four standardized Regions Of
Interest (ROI C1, €2, Al, A2) were defined for each longi-
tudinal section {Fig. 3b). Each ROI consisted in rectangle
with the inner edge along the core of the article (excluding
the core but including the threads) and the outer edge placed
at a fxed distance of 1 mun from the inner edge. The upper
ROI {ROI C) was placed in the coronal area of the article.
The lower ROL (ROI A) wae placed along the apical and
conical remaining area of tle implant. Eacli zonal ROI {sum
of the ROl C1 and C2 and sum of the ROI Al and A2) of
the TEST was compared to each corresponding ROI of the
REF.

2.7 Statistical analyses

Minitab 19 was used to conduct statistical analyses. Stu-
dent's t-tests are used for comparisons of the two implants.
Statistical significance is reached when the P-value is inferior

to 0.05 (@ = 0.05).
3 Results

3.1 Implant surface characterization

Scanning electron microscopy

SEM micrographs of the implant’s surface revealed signi-
ficative differences between the samples topographies. While
the REF surface only shows a heterogeneous microtopogra-
phy (Fig. 4a and 4b), the TEST one had its topography
entirely replaced by a homogeneous nodule-like microstruc-
ture (Fig. 4¢). Furthermore, the nanotopography is visible
as a spike-like structure (Fig. 4d).
Energy dispersive X-Ray spectrometry

The EDX spectra revealed very few ehanges in the chemi-
cal composition of the implant atter surface treatment {Table
1}. Both REF and TEST surfaces are composed of oxygen,
titaninm and carbon. A slight concentration of aluminium
is measured on the REF surface while undetected on the
TEST one.

Table 1: Semi-quantitative results of Energy Dispersive X-
ray spectroscopy

Oxygen Titanium Carbon Aluminium
Atomie Concentration (%)
REF 45.35 39.33 11.93 340
TEST  63.23 27.37 5.8 .

Roughness and contact angle measurements

The roughness surface parameters analysis revealed sig-
nificative differences between assessed topographies. The
roughness parameters indicate that the surface generated
by the Starsurf® surface treatment is rougher than the sur-
face obtained through machining. The arithmetical average
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(Sa), maximum height {3z}, root mean squared (Sq), maxi-
mum peak height (Sp) and maximum valley depth (Sv) are
sumnarized iu Table 2.

Table 2: Topographic analysis of roughness generated by
surface treatment: values obtained by interferometry,

Sa Sz . Sq Sp Bv
Mean (xm) 0.33 4.92 040 300 1.92
REF e (um) 0.18 219 021 1.87 046
Mean (pm) 3.54% 40.99*% 4.46* 20.72* 20.27*
TEST op fum) 0.0 289 08 198 144

* 01 campanad to REF sueface.

Contact angle measurements revealed a similar trend,
as the TEST surface presented significantly lower contact
angles for every liquid than for the REF one. As a result,
the TEST average surface free energy reaches 57.24 mN/m,
indicating a far more hydrophilic behavior than the RIXF
surface {See Figure 4a and 4b), with an average surface free
energy of 33.86 mN/m. Raesults of these are detailed in Table
3.

3.2 Micro-CT analysis

Comparing both REF and TEST implants by Micro-CT
analysis, no staliscal dilference appears in terms of BIC
and BV/TV (Fig. 5). At 4 weeks after implantation, the
BIC reaches 65.1+£10.9% on the REF implant at the coronal
region, while it attains 61.8+10.8% on the TEST one. At
13 weeks, BIC tends to increase to 74.4410.6% for the REF
implant and significantly increases up to 80.647.4% for the
TEST one. The BV/TV ratio does not show any evidence
of variation over time. Bone response at, the apical region
shows a significant difference hebavior compared to the coro-
nal one at the same time period. Nevertheless, no significant
difference in the results at the apical region is observable
between the implant and between time periods.

3.3 Histopathologic analysis

Because ol an off-axis section, one REF implant was
replaced by a reserve one at histology. At 4 weeks (Fig. 6),
qualitative analyses of explants did nol reveal significative
behavior differences in the local tissue impact between the
REF and the TEST implants. The defect generated through
drilling during the surgical procedure was still visible for
both lmnplants, allowing a clear distinction between the host
bone and healing chamber, particularly in the apical re-
gion of the implant. No marked inflammation was observed,
as indicated by only a slighl twober of macrophages and
osteoclasts, admixed with rare lymphocytes and polymaor-
phonuclear eells. Bone marrow formation was observed in 4
out of 10 sites for the REF implant against 7 out of 10 sites
for the TEST one. Combined with qualitative observations,
these results indicate for both implants a marked woven bone

neoformation, without tangible evidence of bone remodaling.
Bone condensation is visible around the implants, especially
al- the coronal region. Marked signs of bone apposition and
moderate to marked osteoconduction is observed, along with
& marked presence of active osteoblasts. Bone mineralization
activity already started at day 5, reaching a peak at dav
15 mostly through bone deposition, then slightly decreased
at dav 25. At 13 wecks (Fig. 7), while no significative dif-
ferences were noted in the semi-guantitative bone healing
parameters between the REF implant and the TEST one,
differences were observed in bone response in terms of ar-
chitecture. Indeed, for both implants, a decreased number
of osteoblasts is noted compared to the 4W group as well
as marked signs of bone neolormation, osseointegration and
osteoconduction. Consistent bone marrow formation was
found and bone mineralization activity was present at a
marked level, mostly through bone thickening and surface
apposition at week 4 and week 8, belore slowing down to &
more moderate level at week 12, Nevertheless, the TEST
implant showed no tnore bone condensation but remodeling
of the original bone architecture before implantation. with
thick bone trabeculae. The defect margine was undistinguish-
able between host bone and neolormed bone. Regarding the
REL" implant, the defect marging remained somewhat visi-
ble and discrect bone condensation could still be observed,
despite a moderate to marked bone remodeling and thick
bone trabeculae. Semi-quantitative histopathologic resulis
at week 4 and week 13 are compiled in Appendix A.

3.4 Histomorphometric analysis

Contrary to the Micre-CT evaluation, significant differ-
ences were raised up by histomorphometric analyses. Only
slight variation of the BIC in the apical region is visible, as
it is increasing from 63.5+9.9% to 66.2414.7% for the REF
implant and decreasing from 69.2£10.3% to 64.2+14.6% for
the TEST implant, belween week 4 and week 13 (Fig. 8).

Table 3: Hydrophilicity assessient through contact angle
measurements and surface free energy calculation.

Surface

Contact
Angle (°} Free
Energy
{mN/m)
Liquid Mean SD Mean SP
water 7703 208
REF ethylene glycol 60.78  7.44 43.86 5.45
diiocdomethane 57.1 3.62
water 6.15% 2.4
TEST ethylene glycol 3.68% 0.7 57.34% 0.3
diiodomethane 6.57% (.61

= p<001 compared to REF surface.
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Figure 4: SBEM of implants surface (a,b) REF surface at magnification {a)x2500 and (b} x10 000; (c,d) TEST surface at

magnification (c)x 2500 and (d)x10 000

In the coronal region, the BIC of the REF implant is
increasing [rom 68.3+8.8% to 74.8+13% between week 4
and wask 13. BIC results for the TEST implant are sig-
nificantly higher from the REF one at both week 4 and
week 13, as their value are reapectively equal to 79.3+11.2%
and 86.446.7%. No impact of the implant on local tissue
densities was observed (Fig. 9). A significant decrease of
the Abrous tissue density can however be seen between week
4 and week 13 for both implants, and both at their coronal
and apical region. In particular, this decrease leads to a

significant difference in fibrous tissue demnsity in favor ol the
TEST implant at week 13 compared to the REF one, in the
apical region. An increase in the implant rotughness and hy-
drophilicity through the presence of micro and nanofeatures
improve cssenintegration.

4 Discussion

Wa observe in this study that implants surface modifica-
tions are beneficial to bone response in their coronal region.
Such results eonfirm what has already been concluded by the
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scientific litcrature [15-18]. Such surface feature generates
an additive, it not synergistic, effect in the adhesion, prolif-
eration and differentiation of osteogenic cell lines therefore
leading to an increase in de nove boue [ormation #n we,
While the exact mechanisms of bone response
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Figure 5: Micro-CT evaluation of BIC (%) and BV/TV (%) at
the coronal and apical regions of REF and TEST implants. *
p .05 compared to 4W group, ** p<0.05 compared to coronal
group at the same time period.

enhancernent in its entireness remain unclear, studies
sngeest that nanofeatures affect the adsorption and confor-
mation of vitronectin and fibronectin, proteing responsible for
the adhesion of osteablasts, onto the implant surface. Such
adhesion would therefore regulate the subsequent prolifera-
tion and differentiation of mesenchymal stem cells [14, 32].
The absence of tissue deleterious response for both REF
and TEST implants indicates that the implant biocompat-
ibility is preserved despite the topography modifications.
Furthermeore, it was observed in this study that mineral-
ization activity was not affected by the Starsurf® surface
treatment. In a study conducted in dog jaws, Abrahams-
son et al. (2004} suggested an increase in lamellar bone
formation around dental implants between 2 weeks and 4
weeks after implantation [33], which is stwilar to the peaks
observed for the REF and TEST implants, 15 days after im-
plantation. This sane study also emphasized the presence of
a front of bone deposition onto the implant surface. Within
tlie limits of a semi-quantitative histopathologic evaluation,
it can be deduced that the Starsnrf® surface treatment
is not deleterious to the bone mineralization activity and
moreover promotes osteoconduction. Micro-CT evaluation
demonstrated no significant difference between the REIR
and TEST implanis regarding their osseointegration in both
coronal and apical regions. This lack of difference, when
compared to histomorphometric analyses can be explained
by the high interferency generated by titanium implane [34].
These artifacts hinder measurements close to the surface of
implants, therefore decreasing the accuracy of such evalu-
alion, However, this evaluation highlights the significant,

difference in the ossecintegration of the implant apiecal re-
gion compared to the coronal one. This ohservation could be
explained by a different implant thread design at the apical
region, altering the stress distribution al the interface with
bone [35, 36] and increasing wound chambers dimensions
[37], therefore modifying the osteogenic response to the im-
plant [38]. Finally, this study highlights a major difference
in the bone architecture around the implants al week 13,
While at week 4 similar bone architecture between REF and
TEST implants are observed, with bone condensation and
presence of the initial defect margins, bone remodeled for
the TEST implant in a way that trabeculae recovered their
initial connectivity, leaving no detectable trace of the drill
made to insert the implant. In addition, srabeculae seem to
be oriented towards the threads tips of the implant, where
the mechanical stress is significant, and perpendicular to
the implant surface. Such observation is in accordance witch
Wolft’s law of bone remodeling [39), from which the concept
of 'bone functional adaptation” is originated [40], explaining
the process of long-term osseointegration. This concept indi-
cates that mechanical load applied to living bone influences
the structure of bone tissue over time. Increased local strain
results in a greater deposition of bone tissue while decreased
strain leads to resorption of bone tissue until restoring the
criginal strain levels of bone, also termed "oplimum custom-
ary strain level". This study snggests that this optimum
was reached more rapidly for the TEST implant compared
to the REF one. Osseointegration of TEST implant results
in an adequate bone remodeling, close to the original hone
architecture. Consequently, the TEST implant is not subject
to stress shielding complications, inducing excess of bone

Figure 6: Photomicrograph of & {a) REF implant and {b) TEST
implant, 4 weeks after implantation. Bone condensation is visi-
ble all around the implant, depicting the initial defect margins
created through the drilling surgical procedure.
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Figure 7: Photomicrograph of a () REF implant and {(b) TEST
implant, 13 weeks after implantation. While defect margins are
still vigible along with discreet hone condensation arpund the
REF implant, the TEST implant shows a recovery of Lhe original
bane architecture, with almaost invisible bone condensation and
defact margins.

[ormation in locally overloaded regions and bone vescrp-
tion in underloaded regions. responsible for implant loos-
ening [41-43]. Furthermore, the TEST implant leads to a
geometrically valid architecture. Interestingly, similar pat-
terns were observed in other én wiws studies. Perrin et al.
{2002) through the insertion of titanium dental implants of
various topographies into Land Race pigs mandible observed
after 10 weeks a preferential orientation and distribution of
bone trabeculae. These trabeculac were oricnted perpen-
dicular to the implanl surface and located at the thread
level of the implant [44]. This behavior was justified with
an assertion made by Gross et al. (1990), who through the
insertion of titanium cylinders presenting different surface
roughness intc distal epiphysis of rabbit femurs noticed the
formation of a cortical shell around implants with smooth
surfaces, opposed to oriented trabeculae with increasing
surface roughness [45]. [t was suggested that surface rough-
ness promotes bone trabecnlarization around the implant,
leading to a better immeobilization of this last. In an an-
imal experiment employing porous coated and proximally
partially porous coated fernoral canine implants, Bobyn et
al. (1987) noted a similar shell around the smooth surface,
interposed with a space filled with flibrous tissue [46]. Based
on these observations, Luo et al. {1999) affirm through com-
putational methods that such shell is supposed to resorb
over time, leading to a trabeculization of the bone-implant
interface [47]. These studies tend to correlate the assertion
made in the present one. TEST implants topography plays
a role in local stress distribution, therefore resulting in a
faster recovery of bone original architecture and a better
immobilization of the implant.

5 Conclusion

The present study demonstrates that the Starsurf™ sur-
face treatment, generating a combination of micro- and
nanofeatures on the surface of a titanium implant, has sig-
nificant beneficial effects on the ossecintegration process.
Such treatment sugpests an increase in the kinetics of bone
regeneration and remodeling to the extent that original bone
architecture is recovered within 13 weeks, allowing the long-
term implant stability. Furthermore, such osseointegration
occurs without any deleterious local effect on the sutrounding
tissue, showing a good compatibility of the implant within
its environment. Finally, the distinction between the coronal
and apical regions of the implant allowed to demonstrate a
difference of bone behavior along the implant, thar could be
both attributed to the change of implant thread geometry
and increasing mechanical stresses generated at the apex.
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Appendix A. Results of semi-quantitative histopathologic analysis

Time period 4W 13W
REF TEST REF TEST

Implant Mean SO Mean S0 Mean S50 Mean SD
Polymorphonuclear cells 0.1 fi.3 0.0 @.0 0.0 6.0 0.0 fi.c
Lymphocytes 0.4 a.5 0.4 a.9 0.3 s 0.3 8.5
Plasma cells 0.0 o0 0.0 2.0 0.0 6.0 0.0 2.0
Macrophapges 1.0 0.0 1.1 &8 1.0 6.0 1.2 2.4
Giant cells/osteoclastic cells 1.0 g 1.2 0.6 1.1 8.3 1.0 0.0
Necrosis 0.0 &40 0.0 3.0 0.0 2.4 0.0 .0
Osteolysis 0.0 0.0 0.2 0.6 0.0 a1} 0.0 0.0
Neovascularization 2.3 fL.4 2.3 L5 2.0 (iXY 2.1 .8
Fatty infllirate/bone marrow 1.1 0.8 1.6 0.7 2.7 (1 2.6 Q2.7
Fibrin 0.4 0.7 0.1 0.3 0.0 0.g 0.0 .
Hemorrhage 0.2 0.6 0.0 o.0 0.0 i 0.0 0.0
Cell or tissue degeneration 0.0 o0 0.0 0.0 0.0 1.0 0.0 o0
Fibroplasia 1.4 2.8 0.6 3.5 0.6 4 0.3 (8]
Encapsulation 0.0 0 0.0 6.0 0.0 0.6 0.0 0.0
Fibrosis 0.1 7.5 0.0 .0 a2.3 2.5 0.0 .0
QOsteoblastic cells 2.8 0.4 2.9 .37 1.8 0.4 1.8 {14
Bone neoformation 2.8 0.4 2.8 f1.4 3.2 [ 3.3 f.5
Osteoconduction 2.8 .5 2.7 f.5 3.1 0.8 3.2 .4
Osteointegration 2.8 .4 2.9 fi.3 3.0 0.0 3.1 .3
Bone remodeling 0.0 0.0 0.0 0.0 2.7 0.5 3.0 0.0
Matertal degradation 0.0 2.0 0.0 LX) 0.0 .11 0.0 o0

X0 14 085 18 85 3.4 0.5 33 05

Bone mineralization OG® 35 45 85 47 3.1 0.3 3.2 0.4
oTc™ 28 0.4 2.7 0.5 2.6 0.5 20 00

Seoring sealn 0 0= Moty 1 = Slight; 2 = Maderase;, 3 = Marked: 4 = Severe
. gy graup = 0 days; TAW group = 4 wouks

21 AW group = 15 days; 15W group = § weoks

B AW group = 25 days; 13W group = 12 wenks
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