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A B S T R A C T   

Self-adhering implantable devices, which can be immobilized inside the bodies without suturing nor organic 
glues, made of metallic biomaterials would be optimal devices for preventing device-related complications such 
as device migration after implantation. We reported previously that acid-treated commercially-pure titanium 
(CpTi) adhered directly and immediately on hydrous non-keratinized soft tissues. Herein, we investigated the 
influence of sandblasting as pretreatment for acid-treated CpTi to increase its soft tissue adhesiveness. First, the 
effects of sandblasting conditions (i.e., pressure, distance and time) were investigated in terms of the sandblasted 
surface area and the degree of deformation (i.e., internal stress formation) of CpTi films. The effect of the 
sandblasting on the immediate soft tissue adhesion of acid-treated CpTi was investigated using an ex vivo shear 
adhesion test with mouse dermal tissues. The optimal sandblasting pretreatment remarkably improved the soft 
tissue adhesion strength of acid-treated CpTi (102 ± 19 kPa) compared with the non-sandblasted counterparts 
(41 ± 2 kPa). Finally, the CpTi adhesive was applied for immobilizing a near field communication (NFC) device 
in vivo, and was shown to have strong immediate adhesion to muscle fascia.   

1. Introduction 

In the recent advancement of the Internet of Things (IoT) society, 
implantable devices such as biochips and biosensors have been paid 
great attention [1–3]. As a biochip, injectable radio frequency identifi-
cation (RFID) tag [4] or near-field communication (NFC) chip have now 
widely helped to manage livestock, domesticated or laboratory animals 
and products in the food supply chain. Biosensors have been developed 
to be used not only as a monitoring system of the biorhythms [3], but 
also as a drug release system for the treatment of cancers or endocrine 
diseases, including diabetes [5]. In the near future, these implantable 
devices are expected to be important tools for human electronic iden-
tification, internal body monitoring and also prevention and/or treat-
ment of diseases. Nevertheless, the migration (i.e., intra-body mobility) 
of implantable devices, including the current injectable RFID tag [6,7], 
is still one of the major problems hindering their further application. 

Surgical sutures are currently used for immobilization of body- 

implanted electrical stimulation therapy devices, such as artificial 
pacemakers [8], deep brain stimulation (DBS) [9] and spinal cord 
stimulation (SCS) [10,11] devices, and the common hardware-related 
complications also include the migration of electrode leads [8–11] and 
pulse generators [12–14]. Moreover, 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 cosmetic outcome [15]. Additionally, the su-
turing technique is sometimes inadequate due to the patients’ condi-
tions, such as insufficient or fragile tissues [16], and due to the type of 
devices (e.g., small injectable devices cannot be immobilized by sutur-
ing). An appealing option to sutures is the use of tissue adhesives such as 
cyanoacrylate [17], gelatin-resorcinol-formaldehyde/glutaraldehyde 
(GRFG) [18] and fibrin [19] glues. However, cyanoacrylate and GRFG 
show relatively toxic reactions, and fibrin lacks adhesion strength [20]. 
Besides, those glues need time-consuming setting reactions. More 
recently, researchers have developed unique adhesives with higher 
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adhesive strength by using polymers (such as hydrophobically-modified 
gelatin [21], dissipative hydrogels coupled with bridging polymers [22], 
mussel-inspired adhesives containing dihydroxyphenyl groups [23] and 
gecko-inspired solid-state adhesives [24]) and ceramics (such as silica 
[25], hydroxyapatite [26] and octacalcium phosphate [27]). However, 
polymers have limitations related to their mechanical strength and ce-
ramics show a brittle property. 

We recently reported that grade 1 commercially-pure Ti (CpTi) [28] 
and grade 5 Ti-6Al-4V alloy [29] films (thickness, 15–50 µm), after acid 
treatment with a H2SO4/HCl solution and air drying, showed a 
remarkable soft tissue adhesiveness immediately (i.e., within a few 
seconds) after attachment onto soft tissues, as demonstrated by ex vivo 
shear adhesion tests with mouse dermal tissues. Of note, the acid 
treatment for implantable devices and currently-used electrical stimu-
lation therapy devices whose outer casings are usually made of Ti would 
be applicable for easy and effective immobilization of the devices in 
connective tissues. Besides, the application of acid treatment in the neck 
area of Ti dental implant abutments in contact with non-keratinized soft 
tissues might be useful for the early formation and long-standing 
maintenance of peri-implant structures with effective biological bar-
rier for protection against pathogen infiltration. For these future appli-
cations, the enhancement of immediate soft tissue adhesiveness would 
be important. 

The adhesion strength depends generally on the interaction between 
adhesives and adherends as well as the interfacial area between them. 
Sandblasting is the operation of forcibly propelling a stream of abrasive 
material against a surface under high pressure to roughen a smooth 
surface [30]. The sandblasting pretreatment followed by acid etching is 
now used for Ti dental implants for enhancing osseointegration (i.e., 
bonding to hard tissues through increasing the interlocking capacity of 
the surface) [31,32], which takes several months due to the complex 
processes including protein adsorption, cell adhesion and cell differen-
tiation followed by bone remodeling [30]. However, the influence of 

sandblasting on the immediate soft-tissue adhesion of Ti is still 
unknown. 

Herein, we evaluated the effects of sandblasting pretreatment con-
ditions for CpTi in terms of the sandblasted surface area and the degree 
of deformation (i.e., internal stress formation) of films. The effect of the 
sandblasting pretreatment on the immediate soft tissue adhesion of acid- 
treated CpTi was also investigated by using an ex vivo shear adhesion test 
with mouse dermal tissues. Finally, the sandblasting-optimized acid- 
treated CpTi adhesive was applied for immobilizing NFC devices in vivo. 

2. Experimental 

2.1. Materials 

Cold-rolled thin CpTi (grade 1) films of 15 µm in thickness 
(TR2700C-H; Takeuchi Kinzokuhakuhun Kogyo Co. Ltd., Tokyo, Japan) 
were used to observe the film deformation, which reflects the internal 
stress formation and fatigue resistance, by sandblasting [33]. The film 
was cut into strips (5 mm × 35 mm), washed sequentially with acetone 
and pure water, and dried in the air before use. Unless otherwise stated, 
all materials were guaranteed reagent-grade and used as received from 
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Milli-Q 
water (Millipore Corp., Bedford, MA, USA) with a specific resistance 
of 18.2 × 106 Ω⋅cm was used. 

2.2. Sandblasting and acid treatment 

The CpTi films were fixed at both ends (around 2 mm) on a slide glass 
with a tape, and sandblasted (upper side only) with 50 µm alumina 
(Al2O3) particles using a laboratory sandblaster (Hi-Blaster III, Shofu 
Inc., Kyoto, Japan) at different conditions listed in Table 1. After sand-
blasting, both edges were cut, and each film (5 mm × 30 mm) was 
separately cleaned three times with pure water in an ultrasonic cleaner 
(ASU-2D; AS ONE Corp., Osaka, Japan) set at 23 kHz for 1 min. The 
washed film was then dried in the air at room temperature. 

The dried films were immersed in an immediately-mixed solution of 
97 wt% H2SO4 and 35 wt% HCl in water (final composition: 45 wt% 
H2SO4 and 15 wt% HCl) in a glass tube, which was subsequently soaked 
in a water bath at 70 ◦C. After 15 min, the acid solution was aspirated, 
and the films were washed thoroughly with water until complete pH 
neutralization. The washed films were dried in the air at 60 ◦C for 24 h. 

2.3. Basic characterizations 

The surface morphology of the film was observed with a 5 kV 
scanning electron microscope (SEM: JSM-6701 F; JEOL Ltd., Tokyo, 
Japan) available at the Central Research Laboratory in Okayama Uni-
versity Medical School after the samples were dried onto an aluminum 
stub and coated with osmium (Neoc-Pro, Meiwafosis Co. Ltd., Tokyo, 
Japan). The sandblasted surface area (%) was calculated by using an 
image analysis program (Image J; National Institutes of Health, 
Bethesda, MD, USA) for each SEM image taken at × 250 magnification 
(N = 5). The cross-section of the film was observed with a reflection 
microscope (MM-11; Nikon Nikon Solutions Co. Ltd., Tokyo, Japan) 
after the film was embedded in epoxy resin (EpoFix Resin; Struers, 
Copenhagen, Denmark) followed by grinding and polishing with #3000 
silicon carbide abrasive papers (Buehler, a division of Illinois Tool 
Works Inc., Lake Bluff, IL, USA). 

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

Crystallographic analysis was conducted by X-ray diffraction (XRD) 
measurements (RINT2500HF; Rigaku Corp., Tokyo, Japan) using Cu-Kα 

Table 1 
Treatment conditions.  

Sandblast 
grit 

Sandblast 
pressure 
(MPa) 

Sandblast 
distance 
(cm) 

Sandblasti 
time (sec) 

Acid 
treatment 
time (min) 

Sample 
code 

Alumina 
(50 µm) 

––– ––– ––– ––– NO 
––– ––– ––– 15 NO-A 
0.20 1 60 ––– ––– 
0.20 5 60 ––– ––– 
0.20 10 60 ––– ––– 
0.20 20 60 ––– ––– 
0.10 10 60 ––– ––– 
0.15 10 60 ––– ––– 
0.20 10 60 ––– ––– 
0.25 10 60 ––– ––– 
0.30 10 60 ––– ––– 
0.20 10 30 ––– SB30 
0.20 10 30 15 SB30-A 
0.20 10 60 ––– SB60 
0.20 10 60 15 SB60-A 
0.20 10 90 ––– SB90 
0.20 10 90 15 SB90-A 
0.20 10 120 ––– SB120 
0.20 10 120 15 SB120- 

A 

NO = No sandblast 
NO-A = No sandblast; acid treatment 
SB30 = Sandblast for 30 s 
SB30-A = Sandblast for 30 s; acid treatment 
SB60 = Sandblast for 60 s 
SB60-A = Sandblast for 60 s; acid treatment 
SB90 = Sandblast for 90 s 
SB90-A = Sandblast for 90 s; acid treatment 
SB120 = Sandblast for 120 s 
SB120-A = Sandblast for 120 s; acid treatment. 
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(1.54 Å) irradiation at 40 kV and 200 mA. The XRD measurements were 
conducted from 20◦ to 65◦ at a scan speed of 2◦/min. Each peak area of 
the XRD pattern was calculated by an XRD pattern analysis program 
(JADE 5.0; Materials Data, Inc., Livermore, CA, USA). 

Static water contact angles (WCA) in the air were measured after the 
droplets (10 µL) were placed on the film surfaces. The static contact 
angle was calculated based on a half-angle method (N = 5). 

2.4. Immediate soft-tissue adhesiveness 

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-2020530). 

First, ex vivo shear adhesion tests were conducted for quantitative 
evaluation of the immediate soft tissue adhesion property, which would 
involve mainly chemical and/or physical interactions, but not cells, and 
be critical for initial immobilization of the device in living bodies. The 
shaved skin tissues were excised from the back of 6 week-old male 
BALB/c mice (Japan SLC, Inc., Shizuoka, Japan) after being euthanized 
with CO2 gas or an overdose of isoflurane. The reticular dermal layer 
was exposed by removing the superficial fascia, trimmed into 5 mm ×
40 mm strips, immersed in a saline solution (0.9 w/v% NaCl solution), 
and used within 6 h after isolation. After the excess amount of saline 
solution on the trimmed tissues was removed with filter papers, the CpTi 

film was attached to the tissue with an overlapping area of 5 mm × 2 
mm, as reported previously [28]. Shear adhesion tests were performed 
with a mechanical tester (Ez-test; Shimadzu Corp., Kyoto, Japan) at a 
speed of 150 mm/min. The apparent shear adhesion strength was 
calculated from the maximum load (fracture force) divided by the 
overlapping area (N = 5). After the adhesion tests, the CpTi surfaces 
were observed with a reflection microscope (MM-11), and the remained 
organics stained with eosin were analyzed with an image analysis pro-
gram (Image J) for each photograph (N = 4). 

2.5. Implantation tests 

The non-treated or sandblast/acid-treated CpTi film after autoclave 
sterilization was attached to the bottom side of an NFC light emission 
device (size: 7.0 mmW, 11.0 mmH, 0.8 mmT; KP-NFLER for red light 
emission or KP-NFLEG for green light emission; KYOHRITSU Electronic 
Industry Co. Ltd., Osaka, Japan) having a pressure-sensitive adhesive 
layer on the bottom. The devices attached with either the non-treated or 
sandblast/acid-treated CpTi films were respectively placed onto the 
fascia on the right and left sides of the dorsal region of a six-week-old 
male BALB/c mouse (Japan SLC, Inc.). The non-contact power supply 
was conducted by iPhoneX (Apple Inc., Cupertino, CA, USA) controlled 
with an iOS application (NFC Tools-iOS; WAKDEV). After the non- 
contact power supply test (around 10 min), the skin was incised again, 
and the device was peeled off with tweezers. 

Fig. 1. (A) Digital photograph and (B) SEM images of CpTi films after sandblasting (10 cm; 60 s) at different pressure conditions. The sandblasted surfaces were 
set upward. 
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2.6. Statistical analysis 

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) [34] at preset alpha levels of 0.05. 

3. Results and discussion 

3.1. Sandblasting conditions 

In order to explore the optimal sandblasting pretreatment condi-
tions, the sandblasting pressure, distance and time were evaluated at 
varied conditions (Table 1). Alumina particles with irregular shapes 
were used as a sandblasting grit due to their excellent material proper-
ties, and the irregular shape can effectively prepare the primary 
roughness with micro-scale pits [35]. 

3.1.1. Sandblasting pressure 
First, the effect of sandblasting pressure was evaluated at a constant 

time (60 s) and distance (10 cm). After sandblasting, the macroscopic 
deformation and the sandblasted surface area (%), determined from 
SEM image analysis, of CpTi films were evaluated. In the case of the 
lowest sandblasting pressure at 0.10 MPa, the films were rolled largely 
after sandblasting (Fig. 1A), indicating the release of the internal stress 
formed during cold rolling process of the film and/or the surface 

expansion on the sandblasted side [33]. The degree of curling in the 
films was the lowest after sandblasting at 0.15 MPa; however, the intact 
surface was observed (sandblasted surface area, 29 ± 3%) even after the 
long-term sandblasting (60 s) from SEM observation (Fig. 1B). The 
entire surface was sandblasted at conditions above 0.20 MPa (sand-
blasted surface area, 100%); however, the films were further curled (at 
0.25 MPa) or wrinkled (at 0.30 MPa) at higher pressure (Fig. 1A). From 
these results, the optimal sandblasting pressure was set to 0.20 MPa in 
this study. 

3.1.2. Sandblasting distance 
The effect of sandblasting distance was evaluated at a constant time 

(60 s) and pressure (0.2 MPa). The CpTi film sandblasted at 1 cm was 
wrinkled, which would be due to locally generated large stress at the 
short sandblasting distance. However, sandblasting at 5 cm or more did 
not induce film wrinkling. (Fig. 2A). The degree of curling tended to 
decrease by increasing the sandblasting distance, and the sandblasted 
surface area was 100% in all conditions, except in the case of the 
sandblasting at 20 cm (sandblasted surface area, 93 ± 2%), as shown by 
the SEM images (Fig. 2B). From these results, the optimal sandblasting 
distance was set to 10 cm in this study. 

3.1.3. Sandblasting time 
The effect of sandblasting time was evaluated at constant pressure 

(0.2 MPa) and distance (10 cm). The degree of film curling tended to 
increase by increasing the sandblasting time, and the film was wrinkled 

Fig. 2. (A) Digital photograph and (B) SEM images of CpTi films after sandblasting (0.2 MPa; 60 s) at different distances. The sandblasted surfaces were set upward.  
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after sandblasting for 120 s (Fig. 3A). The intact surface was observed 
only in the case of sandblasting for 30 s (sandblasted surface area, 
89 ± 4%), as from the SEM observations (Fig. 3B). The film thickness 
tended to decrease slightly by increasing the sandblasting time (Fig. 4A). 
There was no significant difference in the surface roughness (Ra) of CpTi 
films after sandblasting at different time periods (Fig. 4B). In this study, 
the CpTi films sandblasted at different time periods (0–90 s) were acid 
treated and their soft-tissue adhesion strengths were compared in order 
to eliminate the influence of large rolling or wrinkling of CpTi films. 

3.2. Acid treatment after sandblasting 

The acid treatments were conducted with a mixed acid solution 
(45 wt% H2SO4 and 15 wt% HCl) in a glass tube at 70 ◦C. In the case of 
the samples without sandblasting, bubbles were formed after approxi-
mately 9-min acid treatment and the solution color gradually turned into 
purple, indicating the dissolution of metallic Ti and the formation of H2 

gas [36] after removal of the oxidized surface layer. On the other hand, 
in the case of the samples after sandblasting, the bubbles were formed 
earlier (at approximately 5 min). Besides, the films without sandblasting 
were dissolved macroscopically at around 25 min, whereas the sand-
blasted counterparts were dissolved at around 20 min (data omitted). 
These results suggest that the thick oxidized layer, which must be 
formed during cold roll processing of thin film, was removed by sand-
blasting [37]. Of note, the increased surface area and surface activity of 
sandblasted Ti surfaces would be another factor reducing the acceler-
ated etching reaction [38,39]. Therefore, the acid treatment time was set 
to 15 min in this study. 

After acid treatment, the deformation of the film by sandblasting was 
recovered (Fig. 3A), indicating the removal of the expanded surface 
layer by dissolution. SEM observation revealed nano-sized structures on 
the film surfaces after acid treatment (Fig. 3B). From the cross-sectional 
observation (Fig. 4A), the sandblasted film became thinner after the acid 
treatment compared with the non-sandblasted counterparts, which 

Fig. 3. (A) Digital photograph and (B) SEM images of CpTi films after sandblasting (0.2 MPa; 10 cm) at different times followed by acid treatment. The sandblasted 
surfaces were set upward. The sample codes are shown in Table 1. 
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would be due to the removal of the oxidized surface layers by acid 
etching and the increased surface area after sandblasting. Of note, 
thinning of the material causes a reduction of mechanical properties, 
and hence the initial thickness of CpTi should be optimized when 
considering its final application. The Ra values of the acid-treated films 
increased linearly by increasing sandblasting times (Fig. 4B). 

Crystallographic analysis (Fig. 5A) revealed that the surfaces of the 
CpTi films consisted of α-Ti and δ-TiHx, which could be formed by the 
reaction between Ti and H2 generated by the oxidation reaction of Ti 
during acid treatment [36,40,41] without the formation of any crys-
talline TiO2 after acid treatment. Of note, there is no clear difference in 
the XRD patterns of the sandblasted and non-sandblasted films after acid 
treatment. The acid-treated CpTi films showed a hydrophobic surface 
(WCA, around 90◦), as reported in a previous study [41], and the WCAs 
were increased to around 110◦ by sandblast pretreatment (Fig. 5B). The 
increased WCA would be due to the increased Ra value (Fig. 4B); 
however, there was no significant difference in WCAs among the sand-
blasted samples. 

3.3. Immediate soft-tissue adhesion strength 

The acid-treated CpTi adhered immediately (i.e., within a few sec-
onds) to a hydrous soft tissue by gentle pressure. For quantitative 
analysis of soft tissue adhesiveness, the CpTi films were attached to 
mouse reticular dermal tissue (contact area, 5 ×2 mm2) and ex vivo 
shear adhesion tests were conducted. The reticular dermal tissue is the 
central and largest layer of the dermis, consisting of thick and highly 
organized collagen fiber bundles with low cellular density [42], and 
hence the ex vivo test in this study would reflect the immediate adhesion 
of CpTi to soft tissues, which is mainly based on chemical and/or 

physical interactions, but not cells, and strongly supports the initial 
immobilization of implant devices. 

While the sandblasted CpTi films without acid treatment showed 
almost no adhesion to the mouse dermal tissue (data omitted), the acid- 
treated CpTi films showed substantial soft tissue adhesion (Fig. 6A). In 
the previous study [28], it was estimated that the immediate adhesion of 
acid-treated CpTi was caused by hydrophobic interactions with hydro-
phobic components of extracellular matrix (ECM), as demonstrated by 
the characteristics of the acid-treated CpTi surface and the ECM com-
ponents remained attaching on the CpTi surfaces after the adhesion test. 
Of note, hydrophobic surfaces generally show larger protein adsorption 
amount and faster protein adsorption rate compared with hydrophilic 
surfaces [43]. Besides, hydrophobic surfaces show stronger adhesion 
force with several kinds of proteins compared with hydrophilic surfaces 
[44]. 

The ex vivo immediate soft tissue adhesion strength of acid-treated 
CpTi increased significantly by sandblast pretreatments (Fig. 6A), 
reaching the highest value after sandblasting for 60 s. The highest 
adhesion strength (102 ± 19 kPa) of the sandblast/acid-treated CpTi 
was significantly higher than that of a commercially available fibrin glue 
(e.g., 18 kPa [26]) or GRFG glue (e.g., 48 kPa at wet conditions [23]). 
After the adhesion tests, fibrous tissues (i.e., collagen fiber bundles and 
split collagen fibers) remained attaching on the sandblast/acid-treated 
CpTi films (Fig. 6B and C), indicating the cohesive failure of fibrous 
dermal tissues. Of note, there was no significant difference in the 
adhesion strengths between the films sandblasted for 60 and 90 s, which 
might suggest that the soft tissues could not infiltrate into deep pores on 
the CpTi surface under the contact conditions used in this study. 

Fig. 4. (A) Optical micrographs of ground cross sections and (B) surface 
roughness (Ra) of CpTi films after sandblasting (0.2 MPa; 10 cm) at different 
times followed by acid treatment. The sample codes are shown in Table 1. 

Fig. 5. (A) XRD patterns and (B) water contact angles of CpTi films after 
sandblasting (0.2 MPa; 10 cm) at different times followed by acid treatment. 
The sample codes are shown in Table 1. 
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3.4. In vivo immobilization of an implantable device by Ti adhesive 

A significant application of self-adhering Ti films (or direct acid 
treatment of Ti device surfaces) is for an easy and effective 

immobilization of body-implanted biochips and biosensors to obtain 
more precise and accurate real-time information from the inner tissues 
or organs. In order to demonstrate the application of sandblast/acid- 
treated CpTi adhesives for immobilization of devices without suturing 

Fig. 6. (A) Apparent adhesion strength of CpTi films to mouse dermal tissues (N = 5). The different italic letters (a and b) on bars indicate statistically significant 
differences between the groups in each graph, as determined by Tukey–Kramer test (p < 0.05). (B) SEM images of SB60-A surface after the adhesion test. (C) 
Adherend failure rates determined after the adhesion test. 

Fig. 7. Self-adhering implantable devices. (A) LED NFC emission devices: (a) without CpTi; (b) with two CpTi films attached separated by a 1 mm gap (arrow); (c) 
with one CpTi film covering the entire bottom surface of the device. (B) The wireless power transfer to the NFC devices implanted subcutaneously in a back of a 
mouse. (C) The NFC devices were peeled after the implantation. In the photographs (B) and (C), the device with the (i) non-treated and (ii) acid-treated CpTi films 
with a 1 mm gap were implanted on the left and right sides, respectively. The NFC device with non-treated CpTi film could be easily detached from the fascia, while 
that with acid-treated CpTi film was strongly adhered to the fascia (see also Supplemental Movie S2). 
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nor organic glues in vivo, an NFC light emission device (7.0 mmW × 11.0 
mmH × 0.8 mmT) attached with the CpTi adhesive films was placed on 
the muscle fascia in the dorsal region of a mouse. Of note, the non- 
contact power supply was blocked when the entire NFC antenna was 
covered with CpTi film; however, the light emission was observed by 
placing two CpTi films separately with a gap (Fig. 7A). At the gap dis-
tance of 1 mm, the light emission intensity was around 50% compared to 
that of the device without CpTi. The NFC devices also worked after 
implantation in vivo (Fig. 7B; see also Supplemental Movie S1), although 
the device attached with the non-treated CpTi easily moved (Fig. 7C; see 
also Supplemental Movie S2A). The direct and strong adhesion of the 
acid-treated CpTi to the fascia tissue could be demonstrated by 
compulsory removal (Fig. 7C; see also Supplemental Movie S2B). 

After initial immobilization, it is also expected that the implanted 
devices would be encapsulated with and immobilized more strongly to 
connective tissues during physiological healing process, because acid- 
treated rough CpTi (grade 2) dental implants in subcutaneous tissues 
were encapsulated more stably as compared with polished Ti [45]. 
However, the interface formed between Ti and non-keratinized soft 
tissues has been much less studied [46] and material surface charac-
teristics including submicron- and nano-scale roughness are recognized 
as important factors in implant-related infections [47]. Therefore, 
further biological evaluations (e.g., mechanical, chemical and biological 
safety including bacterial infections and degree of device migration) for 
application as a new self-adhering implant device in soft tissues should 
be necessary in the future. 

4. Conclusions 

The optimum sandblasting pretreatment enhanced the soft tissue 
adhesiveness of acid-treated CpTi remarkably. This strategy would be an 
effective method for the development of self-adhering implantable de-
vices, which can be immobilized inside the bodies without suturing nor 
organic glues. 
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