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Article focus
 � To evaluate the bactericidal and anti

microbial effects of treating titanium (Ti) 
and Ti6al4v with uv irradiation of a 
lower and briefer dose than previously 
reported, for applications in implant 
surgery.

Key messages
 � uv irradiation of a short duration and low 

energy was found to have a bactericidal 
effect on Ti and Ti6al4v.

 � antimicrobial activity was still induced 
seven days after uv irradiation on both 

materials, and Ti and Ti6al4v had similar 
antimicrobial activity.

Strengths and limitations
 � To our knowledge, this is the first study to 

demonstrate the bactericidal and anti
microbial effects of this briefer and lower 
energy uv irradiation on Ti and Ti6al4v.

 � The principal limitations of our study are 
that the period of time in which the anti
microbial activity completely disappeared 
was not clarified, and neither was the 
relationship between the antimicrobial 
activity and roughness of Ti surface.

Bactericidal and antimicrobial effects of 
pure titanium and titanium alloy treated 
with short-term, low-energy UV irradiation

Objectives
The surface of pure titanium (Ti) shows decreased histocompatibility over time; this phe-
nomenon is known as biological ageing. UV irradiation enables the reversal of biological 
ageing through photofunctionalisation, a physicochemical alteration of the titanium sur-
face. Ti implants are sterilised by UV irradiation in dental surgery. However, orthopaedic 
biomaterials are usually composed of the alloy Ti6Al4V, for which the antibacterial effects 
of UV irradiation are unconfirmed. Here we evaluated the bactericidal and antimicrobial 
effects of treating Ti and Ti6Al4V with UV irradiation of a lower and briefer dose than 
previously reported, for applications in implant surgery.

Materials and Methods
Ti and Ti6Al4V disks were prepared. To evaluate the bactericidal effect of UV irradiation, 
Staphylococcus aureus 834 suspension was seeded onto the disks, which were then exposed to 
UV light for 15 minutes at a dose of 9 J/cm2. To evaluate the antimicrobial activity of UV irra-
diation, bacterial suspensions were seeded onto the disks 0, 0.5, one, six, 24 and 48 hours, 
and three and seven days after UV irradiation as described above. In both exper iments, the 
bacteria were then harvested, cultured, and the number of colonies were counted.

Results
no colonies were observed when UV irradiation was performed after the bacteria were added 
to the disks. When the bacteria were seeded after UV irradiation, the amount of surviving 
bacteria on the Ti and Ti6Al4V disks decreased at 0 hours and then gradually increased. 
However, the antimicrobial activity was maintained for seven days after UV irradiation.

Conclusion
Antimicrobial activity was induced for seven days after UV irradiation on both types of disk. 
Irradiated Ti6Al4V and Ti had similar antimicrobial properties.
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Introduction
Titanium (Ti) implants are often used in orthopaedic and 
dental surgery. The advantages of Ti are its good bone 
affinity and osteoconductivity.1,2 To obtain early and 
strong osseointegration, it is important to minimise the 
time required for bone cell proliferation and differentia
tion. To this end, various methods for altering the implant 
surface, such as modifying the surface of titanium 
implants by plasma spray coating and changing the 
amount of surface hydroxyls and roughness with nano
structures, have been investigated.35

a surface of pure Ti shows decreased histocompatibil
ity over time, and this phenomenon is known as  biological 
ageing.1 uv irradiation enables the reversal of biological 
ageing through photofunctionalisation, a physicochemi
cal alteration of the Ti surface1,6,7 that disinfects and 
improves its osteoblastic and bone affinities.

on the other hand, postoperative infection is one of 
the most serious complications when metal materials are 
used in patients. Therefore, to reduce or prevent the ini
tial bacterial adhesion, various methods for altering the 
implant surface have been studied; such alterations 
would enable the body’s own cells to attach first, making 
it difficult for bacteria to form biofilms.8 Pure photocata
lytic titanium dioxide (Tio2) substrates have been shown 
to eliminate organic compounds and to function as disin
fectants upon uv irradiation.9 It was previously reported 
that after being exposed to uv subtype uvC light, the 
surface of the Ti alloy Ti6al4v, a common biomaterial, 
has a bactericidal effect for both grampositive and gram
negative bacteria.10 To induce this effect, the Ti6al4v sur
face was exposed to a uvC source for 15 hours, at a dose 
of 227 J/cm2. In clinical applications, it is difficult to 
 prepare implants with uv irradiation preoperatively, 
because the implant size is often decided perioperatively. 
recently, uv irradiation of much lower energy and dura
tion was shown to increase the bioactivity and osteocon
ductivity of Ti6al4v.11 The purpose of this study was to 
evaluate the bactericidal and antimicrobial effects of this 
briefer and lower energy uv irradiation on Ti and Ti6al4v, 
which would be advantageous for clinical applications 
involving total implant surgery, as they could be applied 
perioperatively.

Materials and Methods
Ti and Ti6Al4V disks. Ti and Ti6al4v disks (20 mm in 
diameter, 2 mm thick) were prepared by ePSoN aTMIX 
Corp. (Nagano, Japan). The disks were produced in July 
2013, and they were used more than three months later. 
The roughness of the surface was less than 2 μm (in 
titanium implants used commonly in orthopaedics, the 
surface roughness of the plasma spray of the stem used 
in total hip arthroplasty ranges from 20 µm to 50 µm, 
and that of intramedullary nails used as reduction and 
internal fixation for fractures of extremities ranges from 

0.18 µm to 0.98 µm).12,13 Prior to their use, the disks were 
placed in a glass laboratory dish and treated with a dry 
heat steriliser.
Bacterial strains and culture conditions. Staphylococcus 
aureus strain 834, a clinical sepsis isolate,14 was grown in 
tryptic soy broth for 12 hours. The bacterial cells were har
vested by centrifugation, washed with sterile phosphate
buffered saline (PbS), and diluted with PbS to appropriate 
cell concentrations as determined by spectrophotometry 
at 550 nm (oD550). an oD550 of 3 is equivalent to 1 × 109 
colonyforming units (CFu)/ml.14

evaluation of the bactericidal effects of UV irradia-
tion. adhesion experiments were carried out in a bio
logical safety cabinet. a bacterial suspension (20 μl of 
5×107  CFu/ml) was seeded onto each Ti and Ti6al4v 
disk (n = 6, each) in glass laboratory dishes, followed by 
air drying in a safety cabinet for 30 minutes. bactericidal 
treatment and photofunctionalisation were then per
formed by treating the implants with uv light for 15 min
utes using a photo device (Therabeam affinity, ushio Inc., 
Tokyo, Japan) (Fig. 1).11 The light source mounted in the 
Therabeam affinity is a low pressure mercury lamp, which 
emits predominantly 254 nm uv light. The uv beam was 
delivered in a continuous wave form. The disks were 
positioned 1 cm from the light source and centred. under 
these conditions, each disk received about 8 mW/cm2 to 
10 mW/cm2, which corresponded to a dose of 9 J/cm2. 
The uv light application was started at room temperature 
and increased up to 72°C at the end of irradiation.

The control group was not treated with uv irradiation. 
after uv irradiation, each disk was placed in a 50 ml centri
fuge tube containing 10 ml of PbS (pH 7.2) with 0.05% 
Tween 80 (Sigma aldrich, St. louis, Missouri). The bound 
bacteria were harvested by two centrifugations, each for ten 
minutes at 1500 rpm, and ultrasonic vibration for ten min
utes, based on the results of our preliminary experiments.

Fig. 1

Device used to perform an automatic programme for 15 minutes of uv expo
sure (Therabeam affinity, ushio Inc., Tokyo, Japan).



110T. ITabashI, K. NarITa, a. ONO, K. Wada, T. TaNaKa, G. KumaGaI, r. YamauchI, a. NaKaNe, Y. IshIbashI

vol. 6, No. 2, February 2017 

Suspensions of the recovered bacteria were diluted 
with PbS as a tenfold dilution series (×10, ×100), and 
100 μl of each sample was cultured in tryptic soy agar for 
24 hours at 37°C. The number of colonies on the medium 
was then counted. Therefore, “no colony” is classed as 
less than 100 CFu on a disk.
evaluation of the antimicrobial activity of UV irradia-
tion. Ti and Ti6al4v disks were treated with a dry heat 
steriliser, subjected to photofunctionalisation with uv 
light for 15 minutes as described above for the bacteri
cide experiment, and then stored in a darkroom. a bacte
rial suspension (20 μl of 5×107 CFu/ml) was seeded onto 
each Ti and Ti6al4v disk in a glass laboratory dish at 0, 
0.5, one, six, 24, and 48 hours (n = 6, each), and three 
and seven days (n = 3, each), after uv irradiation, and 
then they were air dried in a safety cabinet for 30 min
utes. each disk was then placed in a 50 ml centrifuge tube 
containing 10 ml of PbS with 0.05% Tween 80. The bac
teria were then harvested, diluted, cultured, and counted 
as described above for the bactericidal experiment. The 
control group was not treated with uv irradiation.
Statistical analysis. Differences in bactericidal effects 
and antimicrobial activity between Ti and Ti6al4v were 
examined using the MannWhitney u test. Differences 
in antimicrobial activity between untreated and photo
functionalised disks were examined by analysis of vari
ance. Significance was set at a pvalue < 0.05. Data are 
reported as mean and standard deviation (sd).

Results
Bactericidal effects of UV irradiation. No colonies were 
observed when uv irradiation was applied after the bac
terial suspension was added to either the Ti or Ti6al4v 
disks (Fig. 2). Without uv irradiation, the average number 
of surviving bacteria was 52.7 (sd 26.8) × 104 CFu on Ti 
disks, and 49.1 (sd 18.5) × 104 CFu on Ti6al4v (Fig. 3). 
There was no significant difference between Ti and 
Ti6al4v. These results confirmed the bactericidal effect of 
uv irradiation.
Antimicrobial activity of UV irradiation. The number of 
surviving bacteria on Ti disks when the bacteria were 
seeded 0, 0.5, 1, 6, 24, and 48 hours, and three and 
seven days after uv irradiation are shown in Figure 4. 
The number of surviving bacteria on the Ti6al4v disks are 
also shown in Figure 4. on both materials, the number of 
colonies increased in a timedependent manner after uv 
irradiation. There were no significant differences in the 
number of colonies between the Ti and Ti6al4v disks at 
any time point. The average number of surviving bacteria 
was 45.3 sd 25.7 × 104 CFu on Ti disks and 42.5 sd 19.3 
× 104 CFu on Ti6al4v disks without uv irradiation. The 
number of surviving bacteria on the Ti and Ti6al4v disks 
at all time points after uv irradiation was significantly 
lower than that on untreated disks. These results con
firmed the antimicrobial activity of uv irradiation.
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Fig. 2

Number of colonies when bacterial seeding was followed by uv irradiation. 
No colonies were observed on the nutrient medium for either substrate (tita
nium (Ti), n = 6; Ti6al4v, n = 6) (*not significant).

Ti Ti6Al4V
0

100000

200000

300000

400000

500000

600000

700000

800000

900000

∗

C
o

lo
n

y-
fo

rm
in

g
 u

n
it

s

Fig. 3

Number of colonies without uv irradiation. The mean was 52.7 (standard 
deviation (sd) 26.8) × 104 colony forming units (CFu) on titanium (Ti) disks 
and 49.1 (sd 18.5) × 104 CFu from Ti6al4v in the absence of uv irradiation. 
error bars represent sd of the mean (*not significant, MannWhitney u test).
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Discussion
The time from Ti implant production to use can be 
months or years due to shortcomings in the distribution 
system. biological ageing of the Ti implant surface is 
known to occur, during which Ti surfaces constantly 
absorb hydrocarbons from the atmosphere, water, and 
cleaning solutions after the implants are manufactured,15 
and become hydrophobic. Therefore, the potential for 
early and strong osseointegration, as well as bactericidal 
and antimicrobial activity, decreases over time. recently, 
the uv photofunctionalisation of Ti has enabled the 
recovery of osteoconductivity and bioactivity by disin
fecting the Ti surface.1,6,7,10 uv treatment removes carbon 
deposition and converts the surfaces of bulk titanium, 
which consists of a layer of titanium dioxide, from hydro
phobic to superhydrophilic.1618 The amount of surface 
hydroxyls is a key factor determining the biocompatibility 
at the tissuematerial interface, although the degree of 
hydrophilicity does not correlate with the level of bioac
tivity of titanium surfaces.6,7 Treatment of titanium 
 surfaces with uv light has demonstrated increased bio
compatibility and osteoconductivity, and such treat
ments are now required for the biomaterials used in 
orthopaedics.

The thickness and detachment resistance of the bio
films that form on metal materials vary with the material. 
Ti has advantages with regards to infectious incidence.19 
The biofilm formed on Ti, compared with that on stain
less steel, is more easily removed with antibiotics because 
photofunctionalisation of the anatase form of Tio2 has 
bactericidal effects and antimicrobial activity.19 The pho
ton energy from uv light excites valence electrons and 
generates electronhole pairs that diffuse and become 
trapped on the Tio2 surface. These excited electrons and 

holes have strong reducing and oxidising properties, and 
react with H2o or hydroxide ions to generate hydroxyl 
radicals (oH) and superoxide ions (o2).20,21 electron 
holes, oH and o2 are extremely reactive upon contact 
with organic matter, which they can completely oxidise 
to carbon dioxide.22,23 reactive oxygen species are 
reported to attack polyunsaturated phospholipids in bac
teria and to catalyse sitespecific DNa damage.9,2224 In 
addition, it has been proposed that the bactericidal effect 
of direct uv irradiation is due to the formation of chemi
cal bonds between adjacent thymine bases in bacteria, 
which obstruct DNa replication.

In the present study, we evaluated the bactericidal 
effects and antimicrobial activity of uv irradiation using a 
uvC source for 15 minutes, with a dose of 9 J/cm2. This 
uv irradiation duration and dose were much lower than 
those used in previous studies.10 In our analysis of the 
bactericidal effect of direct uv irradiation after the appli
cation of bacteria, the number of surviving bacteria 
decreased to 0 CFu on both types of disk; thus, a clear 
bactericidal effect was observed even though the dura
tion and energy of the uv irradiation were low. regarding 
the antimicrobial activity, our findings showed that it was 
still present seven days after uv irradiation on both types 
of disks. our results also indicated that Ti6al4v and Ti 
have similar antimicrobial properties. However, the 
mechanisms by which the antimicrobial activity is main
tained on the irradiated surface after turning off the uv 
lamp are not completely understood. In ordinary semi
conductors, after activation, the electronhole pairs are 
recombined very quickly. In contrast, this process in Tio2 
is relatively slow. For this reason, the Tio2 surface contin
ues to be stable after photoactivation, which is why Tio2 
is widely used as a photocatalytic support.10,25 In addi
tion, Hogt et al26 reported that the adhesion of staphylo-
cocci to more hydrophilic cellulose acetate is low. It is 
possible that the antimicrobial activity is maintained on Ti 
because the surface charge and hydrophilicity simultane
ously persist on the Tio2 surface of Ti and Ti6al4v after 
turning off the uv lamp.

on the other hand, the surface oxide on Ti is extremely 
thin (2 nm to 5 nm), and is often in an amorphous state 
and unable to crystallise. In addition, under normal oxi
dation processes, a rutiletype Tio2 structure is more eas
ily generated, and there is relatively little anataseform 
Tio2mediated photocatalyst activity, and thus little steri
lisation effect of oH radicals.21 GallardoMoreno et  al10 
reported that Ti6al4v does not undergo oxidation after 
uv irradiation. Sakata3 reported that anataseform Tio2 
has enhanced osteoblastic biocompatibility due to pho
tofunctionalisation effects. Thus, future studies will aim 
to increase the photocatalyst activity by altering the Ti 
surface.

In conclusion, shortduration and lowenergy uv radi
ation was found to have a bactericidal effect on pure Ti 
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Fig. 4

Time course of antimicrobial activity (n = 6 each at 0, 0.5, one, six, 24, and 
48 hours after uv irradiation, and n = 3 each at three and seven days after uv 
irradiation) (logarithmic scale). The number of colonies increased in a time
dependent manner. error bars represent standard deviations of the mean,  
p < 0.05 (*statistically significant; **not significant, analysis of variance).
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and Ti alloy. antimicrobial activity was still induced seven 
days after uv irradiation on both materials, and Ti6al4v 
and Ti had similar antimicrobial activity.
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