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Titanium as an Instant Adhesive for Biological Soft Tissue

Masahiro Okada, Emilio Satoshi Hara, Atsushi Yabe, Kei Okada, Yo Shibata,
Yasuhiro Torii, Takayoshi Nakano, and Takuya Matsumoto®

A variety of polymer- and ceramic-based soft-tissue adhesives have been
developed as alternatives to surgical sutures, yet several disadvantages
regarding the mechanical properties, biocompatibility, and handling hinder
their further application particularly when applied for immobilization of
implantable devices. Here, it is reported that a biocompatible and tough
metal, titanium (Ti), shows instant and remarkable adhesion properties after the
acid treatment, demonstrated by ex vivo shear adhesion tests with mouse
dermal tissues. Importantly, in vivo experiments demonstrate that the acid-
treated Ti can easily and stably immobilize a device implanted in the mouse
subcutaneous tissue. Collectively, the acid-treated Ti is shown as a solid-state
instant adhesive material for biological soft tissues, which can have diverse
applications including immobilization of body-implantable devices.

The number of surgical procedures continues to grow every
year,ll although current surgical closure techniques still involve
the use of invasive techniques with sutures. The suturing
technique is time-consuming and highly dependent on the
physician’s skills, and hence often result in secondary tissue
damage, microbial infection, fluid or air leakage, and poor
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cosmetic outcome.l?! Surgical sutures are
also currently used for immobilization
of body-implanted devices, such as arti-
ficial pacemakers,®l deep brain stimula-
tion (DBS), and spinal cord stimulation
(SCS)B! devices, although the common
hardware-related complications include
intrabody mobility of electrode
leadsP®! and pulse generators.[*8 Addi-
tionally, the suturing technique is some-
times inadequate due to the patients’
conditions, such as insufficient or fragile
tissues,’! and due to the type of devices
(e.g., injectable small devices cannot be
immobilized by suturing). An appealing
option to sutures is the use of tissue
adhesives.

Adhesives for soft tissues have been used since 1960.
The glue type adhesive spreads over the entire contact area,
which eliminates stress localization facilitating load transfer
between the ruptured surfaces, and hence is easy to apply,
join dissimilar materials, increase design flexibility, improve
cost effectiveness.!! Currently, three main types of tissue adhe-
sive glues have been clinically used: cyanoacrylate,'! gelatin—
resorcinol-formaldehyde,/?! and fibrin.¥] However, these cur-
rent tissue adhesives still present limitations related either to
biocompatibility (for cyanoacrylate and gelatin—resorcinol—
formaldehyde adhesives) or bonding strength (for fibrin adhe-
sives).'%¥ More recently, researchers have developed unique
biocompatible adhesives with higher adhesive strength by
using polymers!"* 1 and ceramics.”!8] However, polymers
have limitations of their mechanical strength and ceramics
show a brittle property.

Titanium (Ti), one of the metallic biomaterials, presents
excellent mechanical properties compared with polymer or
ceramic biomaterials, and higher biocompatibility compared
with other metals.') Due to these characteristics, Ti has long
been used as the substitution for hard tissue in the field of
orthopedics and dentistry, and several kinds of surface modi-
fication methods have also been developed.?%2l However,
the application of Ti as soft tissue adhesives has never been
explored. In fact, nonmodified Ti shows almost no adhesion to
biological soft tissues (Figure 1G).

Here, we hypothesized that surface modification of Ti could
provide an adhesive property for soft tissues. In this study,
a grade 1 commercially pure Ti (CPTi) film with 15 pm in
thickness was used as a substrate, and acid treatment with
HCI/H,SO, was used as the chemical modification. The acid
treatment has been already used to create roughened surfaces
of Ti implants,?? and has been demonstrated to be an effec-
tive way to promote the osseointegration (i.e., bonding to hard

[10]
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Figure 1. Surface characteristics of Ti films (thickness, 15 um) after acid treatments. A) Digital photographs and thicknesses, B) SEM images, C) surface
roughness (R,) values, D) XRD pattern, E) XRD peak intensity ratios of TiH, at 260=40.9° and Ti at 20 = 38.3°, F) water contact angles and G) apparent
shear adhesion strengths of nontreated and acid-treated Ti films. The adhesion strengths were measured by ex vivo adhesion tests with mouse dermal

tissues. The error bars indicate standard deviations (N
the groups in each graph, as determined by Tukey—Kramer test (p < 0.05).

tissues by means of increasing the interlocking capacity of Ti
surfacel??4) of bone-anchored implants. Of note, osseointe-
gration occurs in a long term (i.e., a few months) due to the
complex processes including protein adsorption, cell adhe-
sion and cell differentiation followed by mineral precipitation
onto the Ti implant surface. In this study, the instant adhesion
property of acid-treated Ti film on soft tissues is reported for
the first time.
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= 5). Different italic letters (a—d) on bars indicate statistically significant differences between

The acid treatments were conducted at 70 °C for different
time periods. At =9 min of the treatment, bubbles were formed
and the solution color gradually turned into purple, indicating
the dissolution of metallic Ti and the formation of H, gas!*’!
after removal of the oxidized surface layer. The acid treatment
for more than 10 min markedly changed the Ti color macro-
scopically, and for 25 min, induced macroscopic dissolution of
the film (Figure 1A).
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Morphological analysis with a scanning electron microscope
(SEM) revealed nanosized structures on the film surfaces after
15 min of treatment (Figure 1B; see also Figure S1 in the Sup-
porting Information). Accordingly, the surface roughness (R,)
of the acid-treated films increased significantly after acid treat-
ment for 15 min or longer (Figure 1C). The increase in the
surface roughness would be important for soft tissue adhesion
because of the mechanical interlocks with the tissues.

Crystallographic analysis (Figure 1D) revealed that the acid-
treated Ti films consisted of o-Ti and &TiH,, which could be
formed by the reaction between Ti and H, generated by oxida-
tion of Ti during acid treatment!®>~?l longer than 10 min, and
the peak ratio of 6TiH,/c+Ti increased linearly with the acid
treatment time (Figure 1E). The X-ray diffraction (XRD) meas-
urements showed no formation of crystalline TiO, (Figure 1D),
which is in accordance with a previous study.?>?%!

Young’'s moduli of o+Ti and &TiH, , (around 63.5 at%
hydrogen content) are reported to be around 105 and
40 GPa,l?¥ respectively, which are consistent with the flexural
elastic moduli of nontreated and 20-min-treated films (see
Figure S2 in the Supporting Information). The decrease in the
flexural modulus after the acid treatment would be preferable
to increase the film flexibility and promote a tighter contact
with soft tissues,?”) especially in uneven-surfaced tissues (see
Figure S3 in the Supporting Information).

The mechanical strength of the adhesive itself should be
substantially larger than the target tissue, because the adhe-
sive would otherwise break under a large stress.'®l The tensile
strength of nontreated Ti used in this study (see Figure S4 in the
Supporting Information) was much larger than the minimum
strength of grade 1 CPTi (240 MPa) defined by an American
Society for Testing and Materials (ASTM) Standard,® which
would be due to the cold rolling process during its fabrica-
tion. The tensile strength of acid-treated Ti tends to decrease as
increasing the acid treatment time. However, the tensile strength
of 20-min-treated film was around 140 MPa and sufficiently
larger than that of human skin tissues (28-110 MPal®!). Of note,
H, generation accompanying with acid treatments sometimes
causes hydrogen embrittlement of Ti depending on the amount
and the distribution of absorbed H,.3Z Further analyses are
necessary to clarify the distribution of hydrogen inside the acid-
treated films and the degree of hydrogen embrittlement.

The water contact angle measurements showed that the Ti
film surface turned hydrophobic (water contact angle > 90°%
Figure 1F), which is in accordance with a previous study.””! Of
note, acid-treated Ti-based dental implants nowadays are hydro-
philized after the acid treatment, and their water contact angles
are close to zero.33l However, importantly, hydrophobic sur-
faces show stronger adsorption of most proteins compared with
hydrophilic surfaces.4

Indeed, when the acid-treated Ti films were placed in contact
with soft tissue, it could adhere instantly by gentle pressure (i.e.,
within a few seconds; see Movie S1 in the Supporting Informa-
tion) without time-consuming setting reactions. For quantita-
tive analysis of the adhesiveness to soft tissue, the Ti film was
attached to mouse dermal tissue and ex vivo shear adhesion tests
were conducted (see Figure S5 in the Supporting Information).
The apparent shear adhesion strength increased linearly and was
proportional to the acid treatment time (Figure 1G), reaching the
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highest adhesion strength of 57 + 7 kPa with the 20-min-treated
film. By removing the surface layer from the acid-treated Ti,
the adhesion strength decreased significantly (see Figure S6 in
the Supporting Information), supporting the importance of the
hydrophobic and nanostructured TiH, layer formed by the acid
treatment. The ex vivo shear adhesion strength of the 20-min-
treated Ti film (57 kPa) was significantly higher than that of com-
mercially available fibrin glue (e.g., 18 kPa) measured under the
same conditions,”® and was comparable to gelatin-resorcinol-
formaldehyde/glutaraldehyde glue (e.g., 48 kPa) at wet condi-
tions. Of note, a simple autoclaving at 121 °C, which usually
causes denaturation of most organic polymer biomaterials, could
be used to sterilize the Ti films with no effect on the adhesion
properties (Figure S7 in the Supporting Information).

To elucidate the adhesion mechanism, fractographic anal-
yses were conducted after the ex vivo shear adhesion tests with
mouse dermal tissues. SEM analysis revealed that fibrous tis-
sues (i.e., collagen fiber bundles and split collagen fibers)
remained on the acid-treated Ti surface (Figure 2A), but not on
the nontreated surface (see Figure S8 in the Supporting Infor-
mation). The fibrous remnants on the acid-treated films indi-
cate the cohesive failure of fibrous dermal tissues, indicating
that the adhesion strength between the film and the tissue was
relatively larger than the strength of the tissue itself. Addition-
ally, 180° peel tests revealed the stringiness, which can also be
observed with pressure-sensitive acrylic adhesives,*”! of fibrous
tissues on the acid-treated Ti (see Movie S2 in the Supporting
Information).

Based on the adhesion theory for pressure-sensitive adhe-
sives, it is expected that a higher adhesion strength would
be observed by strengthening the tissue itself (or by applying
the film onto stronger tissues) due to the reduction of cohesive
failure if the sticky component spread over the adherend. As
expected, further shear adhesion tests with rabbit sclera, which
consists of thicker collagen fiber bundles (see Figure S9 in the
Supporting Information), showed a significantly larger adhe-
sion strength of 75 £ 11 kPa (see Figure S7 and Movie S3 in the
Supporting Information), yet with a similar cohesive failure of
the biological tissues.

Fourier transform infrared (FT-IR) analysis (Figure 2B)
of the remnants after the ex vivo test indicated that the rem-
nants consisted of peptides/proteins, most of which were
assumed to be collagen molecules based on the SEM findings
(Figure 2A). The peak intensities of ester groups and hydro-
phobic —CH3/—CH,— groups increased in the remnants com-
pared with the intact dermal tissue, suggesting the interaction
of the acid-treated Ti surface with hydrophobic components.
Meanwhile, FT-IR analysis of water in the tissues showed that
the O—H band of water in the intact dermal tissue was broad
(at 3000-3600 cm™%; see Figure 2B), whereas that in the rem-
nants adhered onto the film became markedly narrow (at
around 3250 cm™; see also the difference spectrum drawn in
Figure S10 in the Supporting Information). The narrow O—H
band at around 3250 cm™! would be associated with “ice-like”
water, which was adsorbed on hydrophobic surfaces and ori-
ented similar to that at the water/air interface,[’”) and suggests
the stress-triggered exposure of hydrophobic components in
the tissue.l¥ Together, one of the mechanisms for the strong
adhesion strength of the acid-treated TiH,-covered Ti film is the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Comparisons between nontreated and acid-treated Ti films (treatment time, 20 min). A) SEM photographs of the acid-treated Ti film surface
after the ex vivo adhesion test with different magnifications. B) ATR FT-IR spectra of intact mouse dermal tissue, and the 20-min-treated Ti film before
and after the adhesion tests. Note the presence of amide, methylene and carboxyl groups on the Ti film after adhesion test, indicating the remnants of
soft tissue attached to the film. C) FT-IR spectra of O—H stretching vibration of water spread on nontreated and acid-treated Ti films. D) Adsorption
behaviors of oleic acid on nontreated and acid-treated Ti powders at different initial concentrations of oleic acid solution. E) Detachment force—dis-
tance curves after attaching the diamond spherical-tipped nanoindenters on nontreated or acid-treated Ti film at dry or wet state. The inlet shows the

curves at the low force region.

hydrophobic interaction between TiH, on the film surface and
hydrophobic components in the tissues.

Therefore, we compared the surface characteristics of the
nontreated (i.e., nonadhering) and acid-treated Ti films in terms
of hydrophobic interactions. There are currently three main
theoretical approaches to modeling the hydrophobic interac-
tion: vapor bridges models; electrostatic models; and water
structure models.® Among them, the water structure model
should be the most important in this study, because the hydro-
phobic interaction and biomolecule adsorption on materials are
associated with the hydration state changes of the biomolecules
and material surfaces.?*~# Interestingly, the hydration layer of
acid-treated Ti film was significantly different from that of non-
treated Ti (Figure 2C). The hydration state of polymer biomate-
rials has been classified into three distinct types:(***] free water
with almost no interaction with material surfaces; freezing-
bound water (i.e., intermediate water) interacting weakly with
material surfaces; and nonfreezing bound water interacting
strongly with material surfaces. Particularly, intermediate water
has been demonstrated to have fundamental biological impor-
tance in suppressing organic adsorption on the polymer’s
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surface.®* In the FT-IR spectra of hydrated polymers, O—H
stretching vibration of water at around 3400 cm™ is assigned
to intermediate water.s] The same band was observed in the
FT-IR spectrum of the nontreated Ti surface, which would
be covered by hydrocarbons during storage in the air,*40]
whereas the band was negligible in the case of acid-treated
Ti (Figure 2C). The peak at around 3600 cm™, which would
be assigned to bound water, was observed in each Ti surface.
Although the origin of the difference in the hydration structure
between the nontreated and acid-treated Ti is not clear in this
study, its role in organic adsorption seems to be identical with
polymer materials (i.e., the solid surface with high intermediate
water content would not be preferable for organic adsorption).
In fact, the adsorption capacity of hydrophobic fatty acids is sig-
nificantly high in acid-treated Ti compared with nontreated Ti
(Figure 2D).

Next, in order to evaluate the vapor bridge model, we con-
ducted direct measurements of detachment forces of an instru-
mented nanoindenter on each Ti film surface at dry or wet
conditions (Figure 2E). The force required for indenter with-
drawal was almost negligible in the cases of nontreated films

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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both at dry and wet conditions. However, in the case of acid-
treated films at wet condition, the force was significantly larger
(=33 UN at a lift height of 17 nm) at a wet condition, but almost
negligible at a dry condition. These results support the vapor
bridges models, in which hydrophobic surfaces are prone to
picking up nanoscopic air bubbles that bridge two approaching
surfaces to give rise to a strong and long-range attractive capil-
lary force.?¥ Of note, the rough surface of the acid-treated film
seems to be favorable to form air bubbles between the dimples.

In this study, it is not clear whether the origin of the
hydrophobicity on the acid-treated Ti is due to the nature of
H-terminated Ti as with hydrophobic H-terminated Si,*! the
supressed oxidation (i.e., formation of hydrophilic oxidized Ti)
by absorbing reductive hydrogen, or adsorption of hydrophobic
hydrocarbons*#% during air drying and storage after the acid
treatment. Besides, it is also not clear what molecules directly
adsorbed onto the acid-treated Ti after contacting with soft tis-
sues, and the adsorbed molecules would depend on the type of
soft tissue. Therefore, future study is needed to further under-
stand the adhesion mechanism of the acid-treated Ti.

Finally, in order to demonstrate a novel function of acid-
treated Ti for immobilization of medical devices, a sensor
(8.0 mmW x 4.0 mmH x 2.0 mmT) attached with the acid-
treated Ti was placed on the muscle fascia in vivo. The device
attached with the acid-treated Ti was stably immobilized for
6 h (Figure 3B) and for at least 10 days (see Figures S11 in the
Supporting Information), whereas the device attached with
the nontreated Ti easily moved shortly within 6 h after the
implantation (Figure 3A). Note that the direct and strong adhe-
sion of the Ti film to the fascia tissue could be observed upon
compulsory removal (Figure 3B, rightmost panels; see also
Figure S1lg in the Supporting Information). When the acid
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treatment was applied to the pulse generator of an artificial
pacemaker, whose outer casing is usually made of Ti and size
is around 5 cmg, the generator is expected to be immobilized
without suturing in a subcutaneous tissue under a shear force
lower than 22 kgf, calculated with the ex vivo shear adhesion
strength (57 kPa).

In the recent advancement of Internet of Things (IoT) society,
implantable devices such as microchips and biosensors have
been paid great attention.’* As a microchip, injectable radio
frequency identification (RFID) tag®” has now widely helped to
manage livestock, domesticated or laboratory animals and prod-
ucts in the food supply chain. Implantable biosensors have been
developing to be used not only as a monitoring system of the
biorhythms,*! but also as a drug release system for the treat-
ment of cancers or endocrine diseases including diabetes.l’!
In the near future, these implantable devices are expected to
be important tools for human electronic identification, internal
body monitoring and also prevention or treatment of diseases.
Nevertheless, after decades of market experience with animals,
the intrabody mobility (i.e., migration) of the current injectable
RFID tag is still a problem.’?%% The intrabody mobility of other
implantable devices would also be one of the major problems
hindering its further application. The acid-treated Ti adhesive
reported here could also be useful for immobilization of the
above biochips and biosensors to obtain more precise and accu-
rate real-time information from the inner tissues or organs.

In summary, Ti showed an instant and remarkable adhe-
sion to biological soft tissues after the acid treatment. This
strategy may provide an effective method for the development
of soft tissue adhesives that can potentially provide a novel plat-
form for many practical and useful additions to the surgical
apparatus.

6'h later

Figure 3. The sensor device attached with A) nontreated or B) acid-treated Ti film was placed on a mouse fascia. The fascia tissue around the device
was stained with hematoxylin to indicate the implantation site, and then covered with the skin tissue. After 6 h, the device attached with the nontreated
Ti film moved in the subcutaneous tissue, whereas the one attached with the acid-treated Ti film could be kept immobilized at the implanted site. The
upper right picture shows digital photographs of the sensor device attached with the acid-treated Ti film (treatment time, 20 min). The lower right
picture shows the direct and strong adhesion of the acid-treated Ti film to the fascia upon compulsory removal.
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Experimental Section

Materials: Unless otherwise stated, all materials were guaranteed
reagent-grade and used as received from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Milli-Q water (Millipore Corp., Bedford, MA, USA)
with a specific resistance of 18.2 x 106 Q cm was used.

Acid Treatments: A grade 1 CPTi films of 15 um in thickness
(TR2700C-H; Takeuchi Kinzokuhakuhun Kogyo Co. Ltd., Tokyo, Japan)
was cut into strips (5 mm x 30 mm), washed sequentially with acetone
and pure water, and dried in the air. For acid treatment, five Ti strips
were immersed in an immediately mixed solution of 35 wt% HCl and
97 wt% H,SO, in pure water (total amount: 10 g; final composition:
15 wt% HCl and 45 wt% H,SO,) in a glass tube, which was subsequently
soaked in a water bath at 70 °C. After 5, 10, 15, 20, 25, or 30 min, the acid
solution was aspirated, and the Ti films were washed thoroughly with
pure water until complete pH neutralization. The acid-treated Ti films
were then dried in the air at 60 °C for 24 h.

Basic Characterizations: The Ti surface morphology was observed by
SEM (JSM-6701F, JEOL Ltd., Tokyo, Japan) operated at 5 kV after the
samples were dried onto an aluminum stub and coated with osmium
(Neoc-Pro, Meiwafosis Co. Ltd., Tokyo, Japan).

Product identification was conducted by thin-film XRD measurements
(RINT2500HF; Rigaku Corp., Tokyo, Japan) at the incident angle of
1° using Cu-Ker (1.54 A) irradiation at 40 kV and 200 mA. The XRD
measurements were conducted from 5° to 60° at a scan speed of
1° min™. The peak intensity ratio of TiH, at 26 = 40.9° and Ti at
20 = 38.3° was calculated for each sample (N = 5) after substituting the
baseline of each XRD pattern.

Tensile strengths of the Ti films were measured on a universal testing
machine (Ez-test; Shimadzu Corp., Kyoto, Japan) equipped with a load
cell of 500 N at a tensile rate of 0.01 mm s™. Flexural elastic moduli of
the Ti films were measured by a three-point bending test at a span of
2.0 mm at a loading rate of 0.1 mm s™'. The thickness of each Ti film was
measured with a micrometer (MDC-25 MJ; Mitutoyo Corp., Kanagawa,
Japan). Five measurements were conducted for each sample, and the
average value was calculated.

The calculated average surface roughness (R,) of each sample was
determined using a profilometer (HandySurf E-35B; Mitutoyo Corp.,
Kanagawa, Japan) with an active tip radius of 2 pum, reading length
of 1.0 mm, and reading speed of 0.6 mm s™'. Five measurements at
different locations, in which the distance between each parallel track set
at least 0.5 mm, were recorded for each sample.

Static contact angles of water droplet in the air were measured
after the droplets (10 pL) were placed on the samples surfaces. The
static contact angle was calculated based on a half-angle method. Five
measurements were conducted for each sample.

Nanoindentation:  The  nanoindentation  experiments  were
performed using a quantitative nanomechanical testing instrument
(TI 950 Tribolndenter; Hysitron, Inc., USA) interfaced with an atomic
force microscope (AFM).Y Diamond spherical-tipped indenter with
a nominal indenter radius of 1 um was chosen for this study. Force—
displacement curve on the sample surfaces were recorded during the
indenter tip was withdrawn from the surface to a set distance (the lift
height of 50 nm) after the tip was contact on the sample surface at a
preload of 2 uN. The dried films or those just after immersing in Milli-Q
water were used for the nanoindentation tests. The measurements
were performed five times, and a representative curve was shown.

FT-IR Measurements: FT-IR spectra were obtained using an
IRAffinity-1S system (Shimadzu Corp., Kyoto, Japan) equipped with
a diffuse reflectance unit (DRS-8000A; Shimadzu Corp.). First, a
background spectrum was measured on the Ti sample after washing
with water and drying under N,. After the background measurement,
a drop of pure water was placed onto the sample surface, and the
FT-IR spectrum was recorded at a resolution of 4 cm™ until the water
was evaporated. The resulting diffuse reflection spectrum just before
water evaporation was shown after Kubelka-Munk conversion® with
a spectrum analysis software (LabSolutions IR version 2.13; Shimadzu
Corp.). For the qualitative analysis for biological tissues on the Ti
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samples after the adhesion tests, the attenuated total reflectance (ATR)
FT-IR spectra were recorded after pressing the samples on a ZnSe
prism equipped on IRAffinity-1S (Shimadzu Corp.) with a resolution of
4 cm™ at 32 scans. All the FT-IR measurements were conducted at room
temperature.

Tissue Adhesion Tests: All the animal procedures undertaken in
this study were strictly in accordance with the Guidelines for Animal
Experiments at Okayama University after approval of the experimental
protocol by Okayama University (OKU-2018797). The skin tissues were
excised from the shaved back of 6 week-old female ICR mice (Japan
SLC, Inc., Shizuoka, Japan) after being euthanized with CO, gas or
an overdose of isoflurane. The dermal layer was exposed by removing
fascia, trimmed into 5 mm X 40 mm strips, immersed in phosphate-
buffered saline (PBS), and used within 6 h after isolation. Rabbit
sclera tissues were isolated from eyeballs of a JW/CSK rabbit (male;
weight, 2.6-3.0 kg) purchased from Shimizu Laboratory Supplies Co.
Ltd. (Kyoto, Japan), exposed by removing conjunctiva, trimmed into
5 mm x 40 mm strips, immersed in PBS, and used within 24 h after
isolation.

After the excess amount of PBS on the trimmed tissues
(5 mmW x 40 mmH) was removed with filter papers, the Ti film
was attached on the mouse dermal tissue (or rabbit sclera) with an
overlapping area of 2 mm x 5 mm. The samples were then immediately
fixed into screw-type tensile jigs (346-57262-03; Shimadzu Corp., Kyoto,
Japan), whose surfaces facing the samples were covered with adhesive-
backed #400 silicon carbide sandpapers (Buehler, a division of lllinois
Tool Works Inc., IL, USA), on a universal testing machine (Ez-test;
Shimadzu Corp.) at a speed of 150 mm min. The apparent shear
adhesion strength was calculated from the force—displacement curves by
dividing the maximum load (fracture force) by the overlapping area. Five
samples were examined for each test.

Implantation Tests: The nontreated or acid-treated Ti films were
autoclaved, left to dry on air and attached onto the bottom side of a
gyrosensor (size: 8.0 mmW, 4.0 mmH, 2.0 mmT; ENC-03RC/D, Murata
Manufacturing Co. Ltd., Kyoto, Japan) with an instant glue (Aron Alpha
Extra; Toagosei Co. Ltd., Tokyo, Japan). The sensors attached with the
Ti films were then placed onto the fascia at the back of a 6-week-old
female ICR mouse (Japan SLC, Inc.), and outlined with Mayer's
hematoxylin solution (Wako Pure Chemical Industries, Ltd.) to indicate
the implantation site. The skin tissue was returned to its original
position and sutured. After 6 h or 10 days, the skin was reincised, and
the position of the sensor was evaluated.

Statistical Analysis: One-way analysis of variance was carried out
after the normality and homogeneity of variance were tested using the
Shapiro-Wilk and Bartlett tests, respectively. The Tukey—Kramer test
was used for intergroup comparative analysis. All statistical tests were
performed using R (version 3.3.2)5%¢] at preset alpha levels of 0.05.
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