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Article focus
�� To investigate the effect of ultraviolet 

light-mediated photofunctionalisation on 
Ti6Al4V implants

Key messages
�� Photofunctionalisation reduces the amount 

of carbon on the Ti6Al4V surface
�� The surface of UV-treated Ti6Al4V implants 

enhances establishment of osseointegra-
tion in the early healing stage, but not in 
the late stage.

Strengths and limitations
�� This study indicated the effect of photo-

functionalisation on Ti6Al4V surface for 
the first time.

�� Implant biomechanical tests were not 
performed, and the number of specimens 
in each group was small

Introduction
Pure titanium (Ti) and titanium alloy (Ti6Al4V) 
implants are often used as prosthetic devices 
in orthopaedic and dental surgery because of 
their advantages, which include corrosion 
resistance and good biocompatibility.1 The 
stiffness of Ti6Al4V is higher than that of Ti, 
and orthopaedic implants are often composed 
of the former because of the high degree of 
weight-bearing required from orthopaedic 
implants.2 The ageing population is increasing 
in size and the numbers of compromised hosts 
due to osteoporosis, dialysis, and the use of 

Photofunctionalised Ti6Al4V implants 
enhance early phase osseointegration

Objectives
Ultraviolet (UV) light-mediated photofunctionalisation is known to improve osseoin-
tegration of pure titanium (Ti). However, histological examination of titanium alloy 
(Ti6Al4V), which is frequently applied in orthopaedic and dental surgery, has not yet 
been performed. This study examined the osseointegration of photofunctionalised 
Ti6Al4V implants.

Methods
Ti and Ti6Al4V implants were treated with UV light, and the chemical composition and con-
tact angle on the surfaces were evaluated to confirm photofunctionalisation. The implants 
were inserted into femurs in rats, and the rats were killed two or four weeks after the sur-
gery. For histomorphometric analysis, both the bone–implant contact (BIC) ratio and the 
bone volume (BV) ratio were calculated from histological analysis and microcomputed 
tomography data.

Results
The amount of carbon and the contact angle on both implants were significantly reduced after 
UV irradiation. The BIC ratios for both UV light-treated implants significantly increased at two 
weeks, but there was no significant difference at four weeks. There was no significant differ-
ence in the BV ratios between the UV light-treated and control implants at two or four weeks.

Conclusions
This study suggests that photofunctionalisation of Ti6Al4V implants, similar to that  
of Ti implants, may promotes osseointegration in early but not in the late phase of 
osseointegration.
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steroids have increased; in turn, the resulting poor integra-
tion between the bone and implant surface often causes 
severe complications. Therefore, it is important to minimise 
the time required for early and strong osseointegration.

Implant anchorage is successful when the bone is 
deposited directly onto the Ti surface without the inter-
vention of soft or connective tissue.3 Early and strong 
establishment of osseointegration is of great clinical inter-
est and benefit, but the total bone–implant contact (BIC) 
ratio remains at 50% to 65%, which is far below the ideal 
of 100%.4 A reduced BIC ratio is reportedly caused by 
biological ageing secondary to time-dependent biologi-
cal degradation of the Ti surface.5 Ti surfaces constantly 
absorb hydrocarbons from the atmosphere, and water 
and cleaning solutions after the implants are manufac-
tured.6 Some studies have reported that the initial affinity 
for osteoblasts and the amount of bone–Ti integration 
are influenced by the amount of carbon on the sur-
face.5,7,8 Additionally, the absorption of hydrocarbons 
leads to an increase in hydrophobicity on the implant sur-
face. Many studies have reported that surface wettability 
is an important property for cell behaviour and that cell 
attachment onto hydrophobic surfaces tends to be 
weaker than that onto hydrophilic surfaces.9-11

Aita et al3 reported the use of ultraviolet (UV) light-
mediated photofunctionalisation of Ti surfaces to over-
come biological ageing. This innovative technology 
enhanced osseointegration, and the BIC ratio of photo-
functionalised implants was increased to a near maxi-
mum level of 98.2% in their rat model. The effect of 
photofunctionalisation on Ti6Al4V surfaces was demon-
strated in vitro and enhanced both bioactivity and osteo-
conductivity.13 Photofunctionalised Ti implants are 
already being used in dentistry, and clinical outcome 
studies have shown that the use of photofunctionalisa-
tion results in a high success rate and decreased healing 
time.12 Currently used dental and orthopaedic Ti implants 
were developed based on the concept of bone–implant 
integration.3 However, in vivo bone histomorphometric 
parameters, such as the BIC ratio on photofunctionalised 
Ti6Al4V, remain unclear. The purpose of this study was to 
examine the effect of UV light-mediated photofunction-
alisation on Ti6Al4V implants.

Materials and Methods
Photofunctionalisation of Ti and Ti6Al4V implants.  The 
implants used in this study were made from pure Ti and 
Ti6Al4V (diameter 2 mm, length 15 mm; the average val-
ues of surface roughness were 0.66 and 0.34, respectively), 
and provided by B. Braun Aesculap Japan Co., Ltd (Tokyo, 
Japan). Half of the implants were treated with UV irra-
diation for 15 minutes using a photo device (TheraBeam 
Affinity; Ushio Inc., Tokyo, Japan) at an intensity of 3 mW/
cm2. The light source mounted in the TheraBeam Affinity is 
a low-pressure mercury (Hg) lamp, which emits predomi-
nantly 254 nm UV light. The implants were divided into 

the following four groups of five: pure Ti implants with-
out UV irradiation (Ti(−)); pure Ti implants with UV irradia-
tion (Ti(+)); Ti6Al4V without UV irradiation (64Ti(−)); and 
Ti6Al4V with UV irradiation (64Ti(+)).
X-ray photoelectron spectroscopy.  To confirm the 
removal of carbon from the implant surfaces after UV 
irradiation, the chemical composition of the four groups 
was evaluated by electron spectroscopy for chemical 
analysis. This analysis was performed by X-ray photo-
electron spectroscopy (XPS) (PHI Quantera SXM; ULVAC-
PHI, Inc., Kanagawa, Japan). The analysis spot, analysed 
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Atomic percentage on the Ti and Ti6Al4V surfaces as evaluated by XPS. (A, B) 
On the Ti and Ti6Al4V surfaces, the amount of carbon (C) was significantly 
reduced and the amount of oxygen (O) had significantly increased after UV 
irradiation. *p < 0.05, statistically significant difference between before and 
after UV irradiation (n = 5).
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at 7.5mm, was the centre of the implants, and the spot 
size was 300 μm.
Contact angle analysis.  To examine the change in wet-
tability on the implant surfaces after UV irradiation, the 
hydrophilicity and hydrophobicity were evaluated by 
measuring the contact angle with 1 μL of water at room 
temperature immediately, and at 0 minutes, 30 minutes, 
one hour, three hours, six hours, two weeks, and four 
weeks after UV irradiation. The measurements were per-
formed on the surfaces by the sessile drop technique, 
taken from the θ/2 method.14 After a drop of water was 
placed on the implant surface, the height (a) and con-
tact diameter (b) of the drop were calculated by image 
analysis software (ImageJ v.1.48; National Institutes of 

Health, Bethesda, Maryland). Using these measurements, 
the contact angle (θ) was calculated with the following 
formula:14

θ  2tan 2a b 1= ( )– /

The surface shows hydrophilicity when the contact 
angle is low.
Surgery.  The study protocol was approved by the 
Animal Research Committee of Hirosaki University, 
and all experimentation was performed in accordance 
with the Rules for Animal Experimentation of Hirosaki 
University. Eight-week-old male Sprague–Dawley rats 
were used for the animal experiments. The rats were 
anaesthetised with 1% to 2% isoflurane. Both hind 
limbs were shaved, and the skin and fascia layers were 
opened separately. The flat aspects of the distal femurs 
were exposed and selected for implantation. The right 
and left distal femurs were drilled using a 2 mm-diame-
ter drill. The implants with UV irradiation were inserted 
into the right femur holes, and the implants without UV 
irradiation were inserted into the left femur holes. After 
implant placement, the skin and fascia were closed.
Histological analysis.  Two or four weeks after the sur-
gery, the rats were killed by intraperitoneal injection 
of pentobarbital, and the femurs were harvested. As in 
previous studies15 the specimens were embedded in 
methyl methacrylate without decalcification. Embedded 
specimens were cut perpendicular to the short axis of the 
implants using a microtome. Each section was stained 
with Villanueva–Goldner (Figs 3a to 3h and 4a to 4h) and 
observed by light microscopy (BZ-X700; Keyence Corp., 
Osaka, Japan). In each histological slice, the BIC ratio for 
each group was calculated by the digital image analysis 
software (ImageJ v.1.48). The BIC ratio was calculated as 
the length of bone in direct contact with the surface of 
the implant divided by the total length of the implant, 
multiplied by 100 (%). The bone in direct contact was 
defined as the interface at which bone tissue was located 
within 20 mm of the implant surface without interven-
tion of soft tissue.
Bone formation around implants.  The specimens were 
fixed in 10% buffered formalin and analysed using micro-
computed tomography. Three-dimensional bone mor-
phometric analysis was performed (Fig. 5b). The bone 
volume (BV) ratio was defined as the ratio of the miner-
alised bone volume within 100 μm from the implant sur-
face. The BV ratio was calculated as the bone occupancy 
in the area of interest divided by the total area of interest, 
multiplied by 100%.
Statistical analysis. A  paired t-test was performed to 
determine differences in XPS findings and in the contact 
angle between the UV(−) group and UV(+) group. One-
way analysis of variance with Tukey’s post hoc test was 
performed to determine the differences in BIC ratios and 
BV ratios. Statistical analyses were performed using SPSS 
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Hydrophilicity changed after UV irradiation as evaluated by measurement of 
the contact angle. a) Photographic images showed that a drop of water was 
deposited onto the Ti and Ti6Al4V surfaces. b) The contact angle of the Ti 
and Ti6Al4V surfaces exhibited hydrophobicity before UV irradiation and then 
exhibited hydrophilicity after UV irradiation. The contact angle of both sur-
faces showed an age-dependent reduction in hydrophilicity. *p < 0.05 (paired 
t-test), *Ti immediately vs 0 minutes, 30 minutes, 1 hour, 3 hours, 6 hours, 
and 2 weeks after UV irradiation; †Ti6Al4V or immediately vs 0 and 30 min-
utes, one, three and six hours and two weeks after UV irradiation (n = 3).
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version 12.0J (SPSS Inc., Chicago, Illinois), and p values of 
< 0.05 were considered significant.

Results
X-ray photoelectron spectroscopy.  In the XPS analysis, 
the surface of Ti had mean atomic percentage values of 
46.4% for carbon and 33.4% for oxygen before UV irra-
diation, and 12.0% for carbon and 52.6% for oxygen 
after UV irradiation. The surface of Ti6Al4V had mean val-
ues of 46.8% for carbon and 33.4% for oxygen before 
UV irradiation, and 9.2% for carbon and 52.6% for oxy-
gen after UV irradiation. The amount of carbon on the Ti 
and Ti6Al4V surfaces was significantly reduced after UV 

irradiation, whereas the amount of oxygen significantly 
increased after UV irradiation (Fig. 1).
Contact angle analysis.  The contact angle indicated that 
both Ti and Ti6Al4V had a hydrophobic surface before UV 
irradiation, with a mean contact angle of 64.3° and 72.3°, 
respectively. After UV irradiation, both surfaces became 
hydrophilic, with a contact angle of 11.1° and 6.0° 
degrees, respectively. The contact angle of both surfaces 
increased and the hydrophilicity decreased with time. 
There were significant differences between the UV(−) and 
UV(+) groups immediately, and at 0 and 30 minutes, one, 
three and six hours, and two weeks. However, there was 
no significant difference between the UV(−) and UV(+) 
groups at four weeks (Fig. 2).
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Light microscope images (magnification ×4 and ×10, higher magnification 
images of the boxed areas) two and four weeks after implantation. The micro-
graphs show the bone response for (A, C, E, G) 64Ti(−) and (B, D, F, H) 64Ti(+) 
implants. Scale bar: 200 μm. (I) BIC ratios for 64Ti(−) and 64Ti(+) were calcu-
lated. Results are shown as mean percentage ± standard deviation. p < 0.05, 
*64Ti(−) vs 64Ti(+), †64Ti(−) 2 w vs 64Ti(+) 4 w (n = 5).
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Light microscope images (magnification ×4 and ×10, higher magnification 
images of the boxed areas) two and four weeks after the implantation. The 
micrographs show the bone response for the (A, C, E, G) Ti(−) and (B, D, F, H) 
Ti(+) implants. Scale bar: 200 μm. (I) BIC ratios for Ti(−) and Ti(+) were calcu-
lated. Results are shown as mean percentage ± standard deviation. p < 0.05, 
*Ti(−) vs Ti(+), **2 vs 4 w, †Ti(−) 2 w vs Ti(+) 4 w (n = 5).



335Photofunctionalised Ti6Al4V implants enhance early phase osseointegration

vol. 6, No. 5, may 2017

Histological analysis.  In the Ti groups, the mean BIC ratio 
was 39.8% for Ti(−) and 56.8% for Ti(+) at two weeks, and 
61.6% for 64Ti(−) and 80.7% for 64Ti(+) at four weeks. 
There was a significant difference in the BIC ratio between 
Ti(−) and Ti(+) at two weeks, but no significant difference 
at four weeks (Fig. 3). In the Ti6Al4V groups, the mean 
BIC ratio was 44.4% for 64Ti(−) and 65.0% for 64Ti(+) at 
two weeks, and 58.6% for 64Ti(−) and 76.3% for 64Ti(+) 
at four weeks. Similarly, there was a significant difference 

in the BIC ratio between 64Ti(−) and 64Ti(+) at two weeks, 
but no significant difference at four weeks (Fig. 4).
Bone formation around samples.  In the control groups, 
the mean BV ratio was 61.6% for Ti(−) and 55.9% for 
64Ti(−) at two weeks, and 74.5% for Ti(−) and 80.8% for 
64Ti(−) at four weeks. In the UV-treated groups, the mean 
BV ratio was 58.0% for Ti(+) and 55.0% for 64Ti(+) at two 
weeks, and 86.4% for Ti(+) and 76.0% for 64Ti(+) at four 
weeks. There were no significant differences between 
Ti(−) and Ti(+) or between 64Ti(−) and 64Ti(+) at two or 
four weeks (Fig. 5).

Discussion
This study demonstrated that photofunctionalisation 
reduced the amount of carbon on Ti and Ti6Al4V surfaces, 
and changed the surfaces from hydrophobic to hydro-
philic. The BIC ratios of both surfaces at two weeks were 
significantly higher in the UV-treated than the control 
groups, however, there was no significant difference 
between the UV-treated and control groups at four weeks.

Some studies have demonstrated that removal of car-
bon deposition from a Ti surface enhances the bioactivity 
and osseointegration of Ti.16 Hydroxyl groups increase 
the wettability and hydrophilicity on the Ti surface, which 
enhances the initial attachment, proliferation, and differ-
entiation of osteoblasts.17-19 The results of Ti6Al4V in this 
study are similar to those in previous reports.3,5,13 The 
previous studies indicated that there were no differences 
in surface morphology before and after UV irradiation.3,20 
This study suggests that the carbon deposition on the Ti 
and Ti6Al4V surfaces was removed after UV irradiation, 
increasing the hydroxyl groups and hydrophilicity on 
both surfaces.

In one study, photofunctionalisation of Ti implants 
increased the BIC ratio for UV-treated implants 2.5-fold at 
two weeks and 1.9-fold at four weeks compared with con-
trol implants.3 However, no reports have described the BIC 
ratio for UV-treated Ti6Al4V. In this study, the BIC ratio for 
UV-treated Ti6Al4V implants at two weeks was signifi-
cantly higher than that of control implants, but the BIC 
ratio for UV-treated implants at four weeks was not signifi-
cantly different. Previous studies reported that photofunc-
tionalisation of Ti and Ti6Al4V surfaces enhanced 
attachment, spread, proliferation, and differentiation of 
osteoblasts in vitro.3,13 The present study suggests that 
photofunctionalisation enhances the bioactivity and 
osteoconductivity of both surfaces. Notably, the BIC ratios 
were similar between the UV-treated groups at two weeks 
and control groups at four weeks, clearly demonstrating 
an acceleration of osseointegration. Thus, photofunction-
alisation of Ti and Ti6Al4V implants enhances osseointe-
gration in the early phase. A previous study reported that 
after a healing period of 12 weeks, there was no difference 
in the BIC ratio for Ti implants between the UV-treated and 
control groups.21 However, when using implants for frac-
ture operations, earlier osseointegration is important.
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The present study indicated no significant differences in 
the BV ratio between UV-treated and control implants at 
two and four weeks. In one study, the BV for UV-treated 
implants at two weeks was almost equal to that of control 
implants, although UV-treated implants were stronger and 
more resistant to the forces of mechanical stress than con-
trol implants.22 Photofunctionalisation enhances osteo-
genesis around the implant, increases interfacial bone 
deposition on Ti, and improves the marginal bone seal and 
support.23 It has been suggested that photofunctionalisa-
tion induces denser cortical bone formation and a stiffer 
bone connection compared with control implants.22

The study had some limitations. First, implant biome-
chanical tests to assess the biomechanical strength of 
bone–implant integration were not performed. Previous 
studies showed that the push-in values for photofunction-
alised Ti and Ti6Al4V implants were significantly higher 
than those for control implants.3,13 Second, only five speci-
mens were included in each group, making it difficult to 
come to a statistical conclusion. Third, to analyse peri-
implant bone regeneration, fluorochrome staining was not 
performed. This method can be used as a dynamic evalua-
tion of bone regeneration. Further studies are needed to 
confirm the biomechanical strength and the fluorochrome 
staining evaluation of the implants used in this study.

In conclusion, the present study revealed the effect of 
photofunctionalisation on Ti6Al4V in vivo. As was seen by 
Yamamura et al18 the surface of UV-treated implants 
demonstrated significant differences in chemical proper-
ties and wettability. Additionally, photofunctionalisation 
induced an accelerated increase in the BIC ratios in the 
early healing stage. This technology may enable early 
load bearing and decrease morbidity by application to 
orthopaedic implants.
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