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Advances in biomaterials science and implant surface technology have made dental implants more pre-
dictable and implant therapy more attractive to patients. Surgical interventions are becoming less invasive,
and patients heal faster and suffer less morbidity. In this preclinical in vivo study, we compared a new
ultra-fine grained titanium (ufgTi) implant material with a hydrophilic nano-patterned surface to commer-
cially pure titanium (cpTi) in a well-established animal model. CpTi grade 4 was subjected to Equal
Channel Angular Pressing (ECAP), followed by a cold drawing process that provided ultra-fine-grained
titanium (ufgTi) with a mean grain size of 300 nm. After metallographic assessment, the surface topogra-
phy was characterized by laser confocal microscopy and atomic force microscopy. UfgTi and cpTi
implants were inserted in the mandible and maxilla of miniature pigs that healed for 4 and for 8 weeks.
Osseointegration was assessed by biomechanical torque out analysis, histomorphometric evaluation, and
micro-CT analysis. The metallographic properties of UfgTi were significantly better than those of cpTi.
Their surface topographies had similar hydrophilic nano-patterned characteristics, with no significant
differences in the nanometre range. Histomorphometric and biomechanical torque out analysis revealed
no significant differences between ufgTi and cpTi in environments of either low (maxilla) or high
(mandible) bone density. We obtained high bone-to-implant contact values irrespective of the bony
microarchitecture even when the bone mineral density was low. Overall, this investigation suggests that
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ufgTi forms a hydrophilic nano-patterned surface with superior metallographic properties compared to
cpTi and high levels of osseointegration. Thus, ufgTi has therapeutic potential as a future strategy for the
development of small diameter implants to enable less invasive treatment concepts, reduce patient

rsc.li/biomaterials-science morbidity and may also lower the costs of patient care.

implants.>” Mid- to long-term studies demonstrated their sat-
isfactory outcomes.®° Today, improving the predictability and

1. Introduction

Osseointegration has developed into a key discipline in dental
medicine for rehabilitating fully and partially edentulous
patients." Two research groups pioneered this concept in
studies that prototyped commercially pure titanium (cpTi)
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the attractiveness of implant therapy for patients has become a
priority. New surface developments critically improve cell pro-
liferation and differentiation, significantly enhancing osseo-
integration and reducing the healing time.'’™* Research has
also focused on making dental implants stronger and thereby
smaller. Small-diameter implants reduce the need to regener-
ate tissues in simultaneous or staged procedures, diminish the
invasiveness and morbidity of surgical interventions and there-
fore may also lower the cost of treatment. New dental implant
biomaterials that support less invasive therapies must with-
stand strong masticatory forces and maintain osseointegration
for the increasing lifespan of patients.'® Titanium alloys offer
an advantage over cpTi because they are stronger and thus
more resistant to fatigue,'® but some alloys contain potentially
toxic alloying elements.’”'® It is possible that strengthening
titanium by refining the grains to enhance its mechanical
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properties may prove to be a valuable alternative to titanium
alloys."® Reinforcement of titanium by grain refinement could
open the door to less invasive therapies.

Titanium can be reinforced by grain refinement that uses
Equal Channel Angular Pressing (ECAP).>® Refining the grains
strengthens cpTi because it forms a submicron or nanoscale
grain structure. Grain size, a significant micro-structural
factor, influences nearly all aspects of the physical and
mechanical behaviours of polycrystalline metals and their
chemical and biochemical responses to the surrounding
tissue.>" ECAP may refine the grain size of cpTi to <1 pm.**??
When ECAP is used to reduce the average grain size from
30 pm to 150 nm for grade 4 titanium by forging and drawing,
the material’s tensile strength increases from 700 to 1420
MPa.** In vitro, such ultrafine-grained titanium (ufgTi) sur-
faces enhance stem cell adhesion and spreading in the initial
phase after seeding®*® and also limit the ability of some
strains of bacteria to adhere to ufgTi surfaces.”” Therefore,
refining the micro-structural grains of ufgTi may also target
specific eukaryotic and prokaryotic cell responses.*®*°
Obtaining enhanced metallographic properties by ECAP com-
bined with these surface characteristics targeting specific cell
responses may represent a future strategy for small-diameter
implants to facilitate less invasive treatment concepts.

The surface topography can promote osseointegration and
reduce the healing time. Surface technologies that use sand-
blasting and acid-etching to change the topography and chem-
istry from a rather smooth machined surface to a more micro-
rough surface also increase the speed of osseointegration, evi-
denced by more bone-to-implant contact (BIC) and higher
removal torque values (RTV).'>?%*' These micro-rough sur-
faces are now the standard of care in dental implant appli-
cations and have excellent long-term outcomes.’>** On the
micrometre scale, we can see that ufgTi has a similar hydro-
philic micro-rough surface characteristic, but we still know
little about the differences at the nanometre level and their
related effects on osseointegration. Nano-patterned surfaces
modulate cell adhesion through direct cell-to-surface inter-
actions and indirectly by promoting protein-to-surface inter-
connection mechanisms.*® These initial protein-to-surface
interactions may control osteoblast adhesion that is often
mediated through integrins.*>?® Surface energy or hydrophili-
city can further modify these interactions.>”*® It may be poss-
ible to use hydrophilic nano-patterned surfaces to change
protein interactions and control tissue formation at implant
surfaces.” Since these nanotechnological devices are rapidly
covered by selected groups of molecules that interact with the
biological system, we must critically assess their biological
impact before implementing them in a clinical setting.***'

Since pre-clinical in vivo evaluation is essential for clinical
applications, we set out to (i) characterize the metallographic
properties and the surface topography of ufgTi implants
in vitro through contact angle measurements, laser confocal
microscopy, and atomic force microscopy, (ii) assess osseointe-
gration of a hydrophilic nano-patterned implant surface in vivo
in a well-established model in miniature pigs through histo-
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morphometric and biomechanical torque out analysis, and
(iif) measure the influence of the bony microarchitecture using
micro-CT imaging.

2. Materials and methods

2.1. Preparation of titanium samples and implant design

cpTi grade 4 was subjected to equal channel angular pressing
(ECAP) by route B, (four times 90° rotation of the bar around
the longitudinal axis after each pass) followed by a cold
drawing process that produces an ultra-fine grained micro-
structure (Patent No.: US8919168)** received from Straumann
AG, Basel, Switzerland. This well-documented grain refine-
ment process ensured uniform grain fragmentation down to
the submicrometre range. Carpenter Technology Inc.
(Philadelphia, Pennsylvania, USA) supplied the material. The
mean grain size was 300 nm. A metallographic assessment
analysed ultimate tensile strength, yield strength, elongation,
reduction area, elastic modulus and Vickers hardness.

The surfaces of both implants were treated alike: first they
were sandblasted and then etched with an acid (SLActive,
Straumann AG, Basel, Switzerland). As described above, two
standardized implant designs were applied in the in vivo tests
and subjected to biomechanical and histological
evaluation:'»*>7*?

(a) Biomechanical evaluation: Removal torque out testing
implants (RT) were 4.8 mm in diameter and 6 mm long
(Straumann AG, Basel, Switzerland). An internal hexagonal
connection was used for torque out evaluation®*™*’ (Fig. 1A).

(b) Histological evaluation: Bone chamber implants (BC)
were 4.2 mm in diameter and 6 mm long (Straumann AG,
Basel, Switzerland). They revealed bone ingrowth into the
chamber (Bone Density, BD) and bone-to-implant contact
(BIC) at the implant surface.'*®> The two circumferential
chambers were 0.75 mm deep and 1.8 mm high (Fig. 1B).

2.2. Surface characterization

2.2.1. Contact angle measurements. Water-contact-angle
measurements, using a sessile-drop test with ultrapure water
(EasyDrop DSA20E, Kriiss GmbH, Hamburg, Germany),
assessed the wettability. Before being measured, the samples
were blow-dried in a stream of argon. The droplet size for the
contact-angle measurements was 0.1 pl; contact angles were
calculated by fitting a circular segment function to the contour
of the droplet placed on the surface.*®

2.2.2. Electron microscopy. A field-emission-gun scanning
electron microscope (SEM) was used to qualitatively evaluate
the surface topography. High-resolution SEM images were cap-
tured with a Zeiss Supra 55 SEM (Carl Zeiss AG, Oberkochen,
Germany) equipped with a field-emission electron source and
an Everhart-Thornley secondary electron detector. The SEM
images were acquired at an acceleration voltage of 15-20 kV.
Ten ufgTi and 10 cpTi samples were analysed. Measurements
were made at the Microscopy Centre of the University of Basel,
Switzerland.
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Fig. 1 Experimental design of the in vivo testing using biomechanical (A) and histological (B) analyses. (Al and A2) Implant design: removal torque
out testing implants (RT) were 4.8 mm in diameter and 6 mm long, with an internal hexagonal connection for torque out evaluation. (A3—6) Surgical
procedure: one test (ufgTi) and one control (cpTi) were inserted on one side of the maxilla (A4) and the mandible (A5). The wound was primarily
closed. (A7 and A8) Biomechanical analysis: the specimens were embedded in dental plaster and connected to the load cell. A low-melting point
alloy was poured into the mould to create a rigid interface to the plaster. This procedure ensures axial alignment of the machine and the implant.
The removal torque was tested by rotating the implant counter clockwise at 0.5° s~* until the peak moment was clearly reached. (B1 and B2) Implant
design: bone chamber implants (BC) were 4.2 mm in diameter and 6 mm long to allow us to see bone ingrowth into the chamber (BD) and evaluate
the bone-to-implant contact at the implant surface (BIC). (B3—6) Surgical procedure: one test (ufgTi) and one control (cpTi) were inserted on one
side of the maxilla (B4) and the mandible (B5). The wound was primarily closed. (B7 and B8) Histologic analysis: the BC implant specimens were
rinsed in water, dehydrated in ascending ethanol fractions, infiltrated and embedded in methylmethacrylate. Two parameters were applied to
characterize the tissue response at the implant surfaces: (1) bone-to-implant contact (BIC) was determined for the new bone matrix, which con-
sisted of osteoid and new mineralized bone matrix deposited along the implant surface (B7). (2) The area fraction of new mineralized bone (BD, bone
density), osteoid, and soft tissue within the area of the well-defined implant chamber (B8).

2.2.3. Laser confocal microscopy (LCM). A confocal micro- (developed interfacial area ratio); and Spq pm (density of

scope was used to analyse the surface topography at the micro-
metre (overview) scale (upsurf explorer, NanoFocus AG,
Oberhausen, Germany). The confocal microscope was
equipped with a 20x lens focused on a measurement area of
798 x 798 um?, with a lateral resolution of 1.56 pm (512 x 512
image points) to capture 3D images. The 3D roughness para-
meters were calculated using the psoft Analysis XT software
(NanoFocus AG, Oberhausen, Germany) by applying a
Gaussian filter with a cut-off wavelength of 50 x 50 pm?. The
following parameters were assessed: S, pm (arithmetical mean
height); S, pm (maximum height); Sg pm (skewness); Sq, pm
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peaks).

2.2.4. Atomic force microscopy (AFM). AFM characterized
the surface topography on the nanometre level with a JPK
Nanowizard 4 (JPK Instruments AG, Berlin, Germany) that had
a direct drive cantilever holder (Cantilever: high-aspect ratio
diamond-like whisker EBD-HAR, NanoAndMore GmbH, reso-
nance frequency: 330 kHz, spring constant: 40 N m™", typ. tip
radius: 7 nm). For each measurement, an area of 1 x 1 pm?
was scanned at 1 Hz per line and recorded at 1024 x 1024
points. The parametric calculation was performed after form
and waviness errors were removed with a Gaussian filter

This journal is © The Royal Society of Chemistry 2018
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(0.25 pm) using the pSoft Analysis XT software (NanoFocus AG,
Oberhausen, Germany).

2.3. Animal preparation and surgical procedure

Twelve mature Goettinger miniature pigs (average age of
32.7 months; average weight of 50 kg) were used in the experi-
ment. The protocol, which used a well-established study
design, was approved by the Committee for Animal Research,
State of Bern, Switzerland according to the ARRIVE guidelines
(Approval no. 67/14)."** Animals were pre-medicated with
ketamine (intramuscular [i.m.] 20 mg kg '), xylazine (i.m.
2 mg kg '), atropine (intravenous [i.v.] 0.05 mg kg™ '), and mid-
azolam (i.v. 0.5 mg kg™") so that they could be intubated.
Isoflurane (1.0-1.5%) was used for inhalation anaesthesia.
Fentanyl patches (5-10 mg kg™') and more local anaesthesia
were administered (Ultracaine, articaine 4% with epinephrine
1:200 000, Sanofi-Aventis AG, Vernier, Switzerland) to ensure
intra- and postoperative analgesia. The animals received anti-
biotic prophylaxis for 3 days (Duplocillin LA, 12 000 U.L. kg™;
MSD Animal Health GmbH, Lucerne, Switzerland).

The study design required three surgical interventions per
animal.">*” The first surgical procedure removed the maxillary
incisors and mandibulary premolars (P1, P2 and P3) on both
sides. The next two surgical interventions inserted a total of 48
RT and 48 BC implants in a split-mouth design, based on a
systematic random protocol. The second surgical intervention
was performed 3 months after the teeth were extracted. In this
procedure, two RT and two BC implants (ufgTi = test and
cpTi = control) were inserted into one side of the maxilla and
the mandible (Fig. 1A3-A6 and B3-B6). The primary wound
was closed to allow submerged healing. The third surgical
intervention was performed after the pigs healed for 4 weeks.
The procedure was the same as in the previous surgery, but
the implants were inserted on the opposite side of the maxilla
and mandible. The pigs were sacrificed after 4 weeks, resulting
in healing periods of 4 and 8 weeks per animal (Fig. 1).

2.4. Histologic processing and analysis

The BC implant specimens were rinsed in water, dehydrated in
ascending ethanol fractions, infiltrated, and embedded in
methylmethacrylate. The embedded blocks were serially sliced
into 500 pm-thick ground sections using a slow-speed
diamond saw with a coolant (Varicut® VC-50, Leco, Munich,
Germany). After they were mounted on acrylic glass slides, the
sections were ground to a final thickness of 80 pm and superfi-
cially stained with a toluidine blue/McNeal and basic fuchsin
combination.*®

The tissue response at the implant surfaces was character-
ized with two parameters. (1) Bone-to-implant contact (BIC)
was determined for the new bone matrix (osteoid and new
mineralized bone matrix deposited along the implant surface).
The percentage of BIC was determined using a light micro-
scope by counting intersections through an integrated eyepiece
with parallel sampling lines at a magnification of x250, using
a square grid** (Fig. 1B7). (2) The area fraction of new minera-
lized bone (BD, bone density), osteoid, and soft tissue in the
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well-defined implant chamber was determined using the same
grid and magnification (Fig. 1B8).

2.5. Biomechanical torque out analysis

Immediately after sacrifice, specimens with RT implants were
cut into individual samples (20 x 20 x 20 mm). Mucosal tissue
was removed from the samples to expose the head of the inte-
grated implants. The specimens were embedded in dental
plaster (Dental Plaster GC Fujirock® EP, GC Europe, Leuven,
Belgium) to prepare them for mechanical testing. After the
plaster cured, the implant interfaces were connected to the
actuator of a servohydraulic testing machine (MTS Mini Bionix
858, MTS Systems Corporation, Eden Prairie, USA) and lowered
into a mould connected to the load cell. A low-melting point
alloy (Ostalloy 117, Metallum AG Pratteln, Switzerland -
melting point 47 °C) was poured into the mould to create a
rigid interface with the plaster and ensure axial alignment of
the machine and the implant. The removal torque was tested
by rotating the implant counter clockwise at 0.5° s~ until the
peak moment was clearly reached. Angle and torque data were
continuously sampled at 50 Hz. The RT value was defined as
the maximum torque measured. Interface stiffness was
defined as the slope (N c¢cm per °) of the quasi-linear segment
of the torque-rotation curve; this was calculated using linear
regression analysis within the range of 15% to 75% of the peak
moment (Fig. 1A7 and 8).

2.6. Micro-CT imaging and analysis

The samples were scanned at 55 kV/600 ms per tomographic
projection with a micro-CT Skyscan 1172 (Bruker micro-CT,
Kontich, Belgium) at an isotropic voxel size of 12.5 pm. The
virtual slices (reconstructions) were obtained using the GPU
Recon software for a single PC (Bruker micro-CT, Kontich,
Belgium). An experienced evaluator chose an appropriate
threshold to identify the mineralized bone. The volume of
interest (VOI) was a cylinder (outer diameter: 7 mm; inner dia-
meter: 5 mm), as described previously.*>*® The CT software
(version 1.11, Bruker micro-CT, Kontich, Belgium) was used to
segment and morphometrically analyse the images (Fig. 6).
The following morphometric parameters were calculated over
the VOI: bone volume fraction (BV/TV, %); bone surface
density (BS/TV, mm™"); structure model index as a method
intended for determining the plate- or rod-like geometry of tra-
becular structures (SMI);>" trabecular thickness (Tb.Th, mm);
trabecular separation (Tb.Sp, mm); and trabecular number
(Tb.N, mm™").>?

2.7. Statistical analysis

A nonparametric ANOVA for longitudinal data was applied to
determine the impact of the test and control materials at 4
and 8 weeks, first with a global test, and then, in case of sig-
nificance, with a post-hoc test.>® The post-hoc analyses were per-
formed using Wilcoxon signed-rank tests for the paired case,
and Mann-Whitney-Wilcoxon tests for the non-paired case.
Bonferroni-Holm’s method was used to correct for multiple
testing. TOST tests were applied to determine if the two groups

Biomater. Sci., 2018, 6, 2448-2459 | 2451
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were equivalent. The magnitude of the region of similarity was
10% of the median of the values from the control group.
P values less than 0.05 were considered significant: p < 0.05(*),
P < 0.001(**). All statistical analyses were calculated using an
open source R software package (R 3.0.2, extension package
nparLD, http:/www.r-project.org).

3. Results

3.1. Improved metallographic properties of ufgTi compared
to cpTi

UfgTi’s mechanical performance was enhanced, as shown by
its significantly higher ultimate tensile strength: ufgTi reached
1294.2 MPa, while conventionally processed cpTi was only at
866.6 MPa (p < 0.001). The yield strength significantly
increased, from 686.4 MPa for cpTi to 1089.8 MPa for ufgTi
(p < 0.001). The superior mechanical properties of ufgTi were
also demonstrated by significantly reduced elongation (19.59%
for cpTi; 12.71% for ufgTi; p < 0.001) and significantly
increased reduction area (43.38% for cpTi; 52.39% for ufgTi;
P <0.001). Vickers hardness was higher for ufgTi than for cpTi
(p < 0.0001), but there was no significant difference in the
elastic modulus (p = 0.8960).

3.2. Surface characterization

LCM results revealed a surface topography at the micrometre
level of similar roughness, using equivalence testing (Fig. 2).
The only significant equivalence was for S,: ufgTi had a signifi-
cantly higher S, (1.42 pm) than cpTi (1.35 pm; p = 0.0180).
There was no significant difference in S,, Sg, Sar Or Spq
between cpTi (20.20 + 1.79 pm, 0.10 + 0.05, 14.83 + 1.05% and
1779 + 99[1 mm™?]) and ufgTi (20.68 + 1.39 pm, 0.06 + 0.07,
16.5 + 0.73% and 1553 + 114[1 mm~2]) (Fig. 2A1-2 and B1-2).

Analysis of the surface topography revealed nanostructures
on ufgTi and cpTi surfaces. The topographies of the nano-
structures of nano-patterned ufgTi and cpTi surfaces (p =
1.000) were not significantly different. There was a trend of
larger height deviation (S,, nm) and lager surface development
(Sar, %) for ufgTi surfaces (13.48 + 2.78 nm and 227 + 40%)
compared to cpTi surfaces (12.25 + 1.23 nm and 193 + 45%)
(p = 1.000) (Fig. 2A3-4 and B3-4).

Both surfaces were super-hydrophilic, presenting a
plete wetting with a contact angle of 0°.

com-

3.3. Histologic analysis

The surgical sites healed uneventfully and without compli-
cations (Fig. 3). Of the 192 chambers, 10 were excluded
because epithelial cells downgrew into the chambers. There
was new and old bone on all implant surfaces. UfgTi and cpTi
implants had no apparent dissimilarities. After 4 weeks of
healing, osteoid and osteoblasts were seen in direct contact on
both surfaces, and after 8 weeks of healing there were signs of
bone remodelling, especially in the maxillary samples.

The bone density (BD) was similar for ufgTi and cpTi
implants (p = 1.000), but there was a significant interaction
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between jaws and the healing period in the overall testing (p <
0.001). In the post-hoc test, the BD in the maxilla decreased sig-
nificantly between the 4™ and 8™ week, while in the mandible
the BD significantly increased over time (p < 0.001, Fig. 4A-C).

Total bone-to-implant contact (BIC) on ufgTi and cpTi
implants remained unchanged irrespective of the implant
material, the jaw into which the BC implants were inserted, or
the length of the healing period (p = 1.000) (Fig. 4D-F).

3.4. Biomechanical torque out analysis

Overall, torque-out values increased significantly from 4 to 8
weeks and there was no significant difference between ufgTi
and cpTi (p = 1.000). In the post-hoc test, torque-out values
increased significantly over time in the maxilla and the mand-
ible for both materials (maxilla: cpTi = 145.57 + 15.55 N cm to
232.82 + 23.76 N cm; ufgTi = 141.63 + 47.23 N cm to 227.4 +
52.4 N c¢m; p < 0.001; mandible: cpTi = 251.82 + 41.89 N cm to
303.92 + 101.65 N cm; ufgTi = 222.57 + 55.46 N cm to 326.02 +
82.7 N cm; p < 0.001) (Fig. 5A-C).

The interface stiffness was similar for cpTi and ufgTi
implants, but there was a significant difference between the
jaws (p = 0.0233). In the maxilla, the stiffness values increased
significantly over time for cpTi and ufgTi (maxilla = cpTi =
43.93 + 13.35 N c¢m per ©° to 58.28 + 9.71 N cm per ©; ufgTi =
41.88 + 9.61 N cm per ©° to 57.03 + 9.04 N cm per °). In the
mandible, these values did not change significantly over time
(mandible: cpTi = 59.9 + 9.2 N cm per © to 61.7 + 13.15 N cm
per ©; ufgTi = 61.13 + 11.02 N c¢m per °© to 62.63 + 5.05 N cm
per °) (Fig. 5D and E).

3.5. Micro-CT imaging and analysis

Micro-CT analysis of the peri-implant bone volume determined
the effect of these biomaterials on the bony architecture of the
mandible and the maxilla (Table 1 and Fig. 6). The bone
mineral density (BMD, g cm™®) was significantly higher in the
mandible than in the maxilla at 4 weeks (p = 0.0011) and at 8
weeks (p = 0.0037) and did not increase over time. The bone
volume fraction (BV/TV, %) was similar in both jaws. The struc-
ture model index (SMI) revealed significantly different struc-
tures of the maxilla and the mandible (p < 0.0001) (Fig. 6).
The trabecular number was not significantly different between
the jaws (p = 0.1956), but the trabeculae were thicker in
the maxilla at both time points (4 weeks, p = 0.0071; 8 weeks,
p=0.013).

4. Discussion

The metallographic properties of ultrafine-grained titanium
(ufgTi) implants with a hydrophilic nano-patterned surface
were superior to those of cpTi implants, except for the elastic
modulus. It would thus be very interesting to try using ufgTi as
an implant material in small-diameter implants designed to
reduce the invasiveness of surgical procedures. Although ufgTi
had superior mechanical properties, its surface topography in
the nanometre range was similar to that of cpTi. Our histomor-

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Surface characterization. (A) Test: ufgTi surface analysed using field-emission-gun scanning electron microscopy (SEM), laser confocal
microscopy (LCM, surface topography at the micrometre level) and atomic force microscopy (AFM, surface topography at the nanometre level). (A1)
The 10 pm level. (A2) The 1 um level. (A3) The 100 nm level. (A4) Atomic force microscopy at the nanometre level. (B) Control: cpTi surface analysed
by field-emission-gun scanning electron microscopy (SEM), laser confocal microscopy (LCM, surface topography at the micrometre level) and
atomic force microscopy (AFM, surface topography at the nanometre level). (B1) The 10 pm level. (B2) The 1 pm level. (B3) The 100 nm level. (B4)

Atomic force microscopy at the nanometre level.

phometric and biomechanical analyses found that ufgTi did
not have a negative effect in in vivo testing in the maxilla and
the mandible of miniature pigs, and found no significant
differences between ufgTi and cpTi. The bony microarchitec-
ture of the maxilla and the mandible had a significant effect
on biomechanical torque out values and bone density during
healing. During healing, the bone density decreased in the
maxilla, but increased in the mandible (p < 0.001); so the
torque out values were significantly lower for the maxilla than
those for the mandible. Irrespective of the bony microarchitec-

This journal is © The Royal Society of Chemistry 2018

ture, ufgTi and cpTi implants with a hydrophilic nano-pat-
terned surface achieved high bone-to-implant contact (BIC)
values even when the bone mineral density was low.

The surface morphology of ufgTi appears to be more
densely spaced, with more peaks on the nanoscale. Some
speculate that these peaks may help to improve cell attach-
ment and to spread stem cells,”® but the underlying mecha-
nism is not yet understood. We found only small differences
in the surface characteristics of ufgTi with a higher S, value of
1.42 pm at the micrometre level, whereas at the nanometre

Biomater. Sci., 2018, 6, 2448-2459 | 2453
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Fig. 3 Histology. The surgical sites healed uneventfully in all animals, without complications. New and old bones were found on all implant sur-
faces. There were no apparent dissimilarities between ufgTi and cpTi implants. After 4 weeks of healing, osteoid and osteoblasts were in direct
contact with the surfaces; after 8 weeks of healing, there were signs of bone remodelling, especially in the maxillary samples.

level no significant differences were observed. The richness of
the surface morphology of ufgTi has been described as an
important factor in controlling the enhanced attachment and
spreading of stem cells and promoting cell adhesion.*®*’

2454 | Biomater. Sci, 2018, 6, 2448-2459

Studies have shown the cell compatibility of ufgTi,>*>*>® but
few have analysed the in vivo performance. Estrin et al. found
no difference in BIC values when they inserted cpTi and ufgTi
with a rather smooth surface into the rabbit tibia.>® A recent in

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Histomorphometric analysis. (A—C) Bone density (BD): BD revealed no significant differences between ufgTi and cpTi implants (p = 1.000), but
there was significant interaction between jaws and the healing period, overall (p < 0.001). In the post-hoc test, BD in the maxilla decreased significantly
from 4 to 8 weeks, whereas in the mandible the BD significantly increased over time (p < 0.001). (D—F) Bone to implant contact (BIC): BIC remained
unchanged irrespective of the implant material, the jaw in which the BC implants were inserted, or the length of the healing period (p = 1.000).

vivo experiment investigated surface characteristics of sand-
blasted and acid-etched ufgTi after implanting it into the
lateral condyle of the femur of New Zealand rabbits,>” and
reported surface characteristics slightly different from those
we identified. This study used test and control implants with
higher S,-values than we did and the surface wettability values
in their study were 65 for ufgTi and 106 for cpTi; so ufgTi was
more hydrophilic in their study. After 3 months of healing,
ufgTi had significantly higher pullout forces (506 N) than cpTi
(417 N), which may be influenced by the increased hydrophili-
city of ufgTi. Although the ufgTi bulk material is of higher
strength and toughness, the surface properties are very similar
to cpTi and showed no negative effect on osseointegration.

The bone microarchitecture of the maxilla and the mand-
ible had significant implications on the biomechanical torque
out values and bone density during healing. The significant
influence of the jaw’s bone microarchitecture on the removal
torque is poorly understood and we found no literature reports
to show that it had been investigated. Since maxillary implants
have higher failure rates, especially in short implant designs,
our findings have clinical implications.”® This increased
failure rate in maxillary implants is related to the maxillary

This journal is © The Royal Society of Chemistry 2018

microarchitecture and to the healing capacity, possibly caused
by biomechanical limitations. Interestingly, the microarchitec-
ture of the jaws did not influence the BIC values. We saw high
BIC values in environments where the bone mineral density
was lower (BMDg cm™>); so the amount of new bone apposi-
tion does not correlate with the bone density in the chamber.
But the microarchitecture of the jaw and the amount of newly
formed bone in the chambers may help reduce resistance to
the removal torque. Studies have shown that the insertion
torque significantly depends on the bone microarchitecture,
particularly for SMI, BV/TV and BMD.”° A recent study showed
that BV/TV and trabecular orientation essentially control the
mechanical properties of trabecular bone.>® Therefore, the
bone microarchitecture significantly influences osseointegra-
tion and needs to be considered when assessing experimental
in vivo studies.

Our results highlight the effectiveness of hydrophilic nano-
patterned surfaces in osseointegration. Even in a low-bone-
density environment of the maxilla, where the peri-implant
bone structure did not consolidate after 8 weeks, the torque
out parameters increased significantly, and therefore osseoin-
tegration remained high. Our histomorphometric findings are

Biomater. Sci., 2018, 6, 2448-2459 | 2455
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Fig. 5 Biomechanical analysis and interface stiffness. (A—C) Torque-out analysis: overall, torque-out values increased significantly from 4 to
8 weeks and there was no significant difference between ufgTi and cpTi (p = 1.000). In the post-hoc test, torque-out values increased significantly
over time in the maxilla and the mandible for both materials (maxilla: cpTi = 145.57 + 15.55 N cm to 232.82 + 23.76 N cm; ufgTi = 141.63 + 47.23 N cm
to 227.4 + 52.4 N cm; p < 0.001; mandible: cpTi = 251.82 + 41.89 N cm to 303.92 + 101.65 N cm; ufgTi = 222.57 + 55.46 N cm to 326.02 + 82.7 N cm;
p < 0.001). (D-F) Interface stiffness: interface stiffness was similar for cpTi and ufgTi implants, but there was a significant difference between the jaws
(p = 0.0233). In the maxilla, the stiffness values increased significantly over time for cpTi and ufgTi (maxilla = cpTi = 43.93 + 13.35 N cm per ° to
58.28 + 9.71 N cm per °; ufgTi = 41.88 + 9.61 N cm per ° to 57.03 + 9.04 N cm per °). In the mandible, these values did not change significantly over
time (mandible: cpTi = 59.9 + 9.2 N cm per ° to 61.7 + 13.15 N cm per °; ufgTi = 61.13 + 11.02 N cm per ° to 62.63 + 5.05 N cm per °).

Table 1 Microarchitecture of the peri-implant bone

Maxilla Mandible

4 weeks 8 weeks 4 weeks 8 weeks
Bone mineral density (BMD) (g cm™?) 0.64 £ 0.04 0.71 £ 0.05 1.00 £ 0.02 0.97 £0.11
Bone volume fraction BV/TV (%) 31.41 +3.79 41.48 +13.78 44.06 + 3.63 49.11 +1.56
Structure model index (SMI) —2.57 £1.09 —-3.85+£2.61 —8.97 £ 2.05 —-12.28 + 0.81
Bone surface density BS/TV (1 mm™") 4.69 +0.26 5.81+2.15 10.08 + 4.27 8.31+1.94
Trabecular thickness Tb.Th (um) 206.5 + 15.87 211.30 £22.36 109.66 + 28.18 129.41 + 34.61
Trabecular number Tb.N (1 mm™") 1.51+0.13 2.02 +0.85 4.29 +1.61 3.55+1.77

consistent with those of recent publications examining micro-
rough hydrophilic surfaces on different titanium alloys. These
studies, in a similar experimental setting, found BD values
between 29% and 62% and BIC values between 70% and 84%
for new bone apposition onto cpTi and TiZr alloy after 4 and 8
weeks of healing, and found that the Ti6Al4V alloy had signifi-
cantly inferior BIC values (27%-29%).***> Gottlow et al. exam-

2456 | Biomater. Sci., 2018, 6, 2448-2459

ined the removal torque values and interfacial stiffness of
hydrophilic TiZr alloy implants with an SLA surface at mandib-
ular sites with a healing period of 4 weeks.*> They found a
similar range of torque out values (cpTi: 204.7 N cm, TiZr
alloy: 230.9 N cm), but substantially lower interfacial stiffness
(cpTi: 41.7 N cm per ©, TiZr alloy: 48.5 N cm per °). In our
study, osseointegration had progressed significantly in maxil-

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Micro-CT analysis. To better understand the effect of the bio-
materials on the bone architecture, we conducted a micro-CT analysis
of the peri-implant bone volume in the mandible (B) and the maxilla (A).
Bone mineral density (BMD, g cm™) was significantly higher in the
mandible than in the maxilla at both 4 weeks (p = 0.0011) and 8 weeks
(p = 0.0037); it did not increase over time. The bone volume fraction
(BV/TV, %) was similar for both jaws. The structure model index (SMI)
showed significantly different structures in the maxilla and mandible
(p < 0.0001). The trabecular number was similar for both jaws
(p = 0.1956), but the trabecular thickness revealed thicker trabeculae for
the maxilla at both 4 weeks (p = 0.0071) and 8 weeks (p = 0.013).

lary and mandibular sites: the RT values at 8 weeks were sig-
nificantly higher than those at 4 weeks. This progression of
osseointegration could be related to the consolidation of new
bone formation.®”®! This hypothesis was valid for the mand-
ible, but not for the maxilla. In the maxilla the RT values
increased over time and high BIC values were obtained,
although the bone became less dense as it healed. In the
present investigation osseointegration at hydrophilic nano-pat-
terned surfaces remained high irrespective of the bone micro-
architecture and even when the bone mineral density was low.

Our study has several limitations. Our results cannot be
clinically applied because miniature pigs regenerate bone
faster than human beings. We also examined dental implants
under non-loaded conditions; under functional loading, the
results may differ. We used special bone chamber (BC)
implants designed for animal experiments; so our findings
cannot be extrapolated to clinical use. The implants were
stabilized by press-fit into the osteotomy site to create a
secluded and well-defined space that allowed us to carefully
standardize the delineation process in the early phases of
bone formation.'>***>%? In these custom-made implants, the
distance between the biomaterial surface and the pristine
bone is greater than it would be for conventional screw-type
dental implants typically used in clinical situations.

5. Conclusions

Ultrafine-grained titanium (ufgTi) reinforced by grain refine-
ment showed superior metallographic properties compared to

This journal is © The Royal Society of Chemistry 2018
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cpTi. It formed a hydrophilic nano-patterned surface with high
levels of osseointegration even when the bone mineral density
was low. These observations suggest that the use of ufgTi has
great potential as a future strategy for the development of
small diameter implants to enable less invasive treatment con-
cepts, reduce patient morbidity, and may also lower the costs
of patient care.
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