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Abstract

Background: Titanium instrumentations are widely used in orthopedics; the metal bonds with bone in a process called
osseointegration. Over time, hydrocarbons adhere to the instrumentation, which weakens the bone-binding ability.
Ultraviolet photofunctionalization enhances the bone-binding ability of instrumentation by reducing hydrocarbons. The
process has been proven effective in dentistry, but its effects in orthopedics are unverified. We aimed to determine the
effect of ultraviolet photofunctionalization of titanium instrumentation used in lumbar fusion.

Methods: This was a non-randomized controlled trial. We prospectively enrolled 13 patients who underwent lumbar fusion
surgery. We inserted two pure titanium cages into each intervertebral space; one cage had undergone ultraviolet
photofunctionalization, while the other was untreated. The degree of osteosclerosis around both cages was then compared
by measuring the densities around the cages on imaging at 2, 3, 6, and 12 months postoperatively compared with 1 month
postoperatively. The carbon attachment of the titanium cages was measured using X-ray photoelectron spectroscopy.

Results: There was no significant difference between the degree of osteosclerosis (as assessed by the density) around the
treated versus untreated cages at any timepoint. The ratio of carbon attachment of the titanium cages was only 20%, which
was markedly less than the ratio of carbon attachment to titanium instrumentation previously reported in the dentistry field.

Conclusions: The effect of ultraviolet photofunctionalization of titanium instrumentation in spine surgery is questionable at
present. The biological aging of the titanium may be affected by differences in the manufacturing process of orthopedics
instrumentation versus dentistry instrumentation.

Trial registration: UMIN Clinical Trials Registry (Identifier: UMINO00014103; retrospectively registered on June 1, 2014).
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Background

Titanium instrumentation is widely used in the field of
orthopedics because of its high osteoconductivity. The
titanium instrumentations bond with bone in a process
called osseointegration. However, hydrocarbon attaches
to the instrumentation over time, causing the bone-
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seeking aptitude of the titanium instrumentation to de-
crease [1, 2].

Ultraviolet (UV) photofunctionalization is a technique
that has been recently developed to improve the bio-
logical aging of titanium instrumentation in the field of
dentistry [3-9]. Aita et al. used UV photofunctionaliza-
tion technology to create a super-hydrophilic state to re-
move hydrocarbon from the titanium surface, which
substantially increased the migration, adhesion, survival,
and growth of osteogenic cells, and increased the onset
of instrumentation fixation [1]. However, the utility of
UV photofunctionalization in the orthopedic field is
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Fig. 1 CT images showing the method used to measure bone sclerosis. The red lines in the left image represent the anterior, middle, and
posterior regions of the intervertebral spacer on an axial CT image. We measured the mean range of image in the 2 mm above and below each
of these three regions on coronal CT images (middle and right images). Density range: O (black)-255 (white)

unknown. The present study aimed to determine the ef-
fect of UV functionalization of titanium instrumentation
in spine surgery. - N

Methods

Our hypothesis was that UV photofunctionalization of
titanium instrumentation would decrease the amount
of carbon that built up on the instrumentation sur-
face over time, and would therefore increase the
strength of the bone—instrumentation bond.

We prospectively enrolled 13 patients who under-
went lumbar fusion from January 2014 to December
2015. The average age of the patients is 69 years old
(from 55 to 82). We used the Prospace® intervertebral
cage (B-Braun Company, Melsungen, Germany),
which has a surface made of pure titanium that
covers a Ti-6Al-4V alloy. The cages are coated with a
layer of fine titanium powder applied in a plasma-
spray process under vacuum. The pore sizes range
from 50 to 200 pm with a microporosity of 37.3%.
We inserted two cages into each intervertebral space,
one with and one without UV photofunctionalization,
and subsequently compared the degree of osteosclero-
sis around both cages. The side that received the UV
spacer was randomly decided. UV photofunctionaliza-
tion of the cages was performed for 15min using a
low-pressure mercury lamp (TheraBeam Affinity®,
USHIO INC., Himeji, Japan). Using the lamp, samples
were exposed to UV light from both sides for 15 min. Fig. 2 The effect of ultraviolet (UV) photofunctionalization. a.
The main wavelength of the light to which the speci- Photograph of an intervertebral spacer undergoing UV

d 254 d the ill . photofunctionalization. b. The intervertebral spacer became
men was exposed was nm, and the illuminance at hydrophilic after UV photofunctionalization. Blood was absorbed

2 .
the surface of the sample was 9.5 mW/cm®. Spine sur- into the cage that underwent UV photofunctionalization,
geons who were instructors accredited by the immediately after the drop was applied. c. The intervertebral
Japanese Society for Spine Surgery and Related spacer remained hydrophobic without UV photofunctionalization.

Research performed the lumbar fusion surgeries. We Absorption of the blood drop into the cage without UV
photofunctionalization was delayed

excluded cases in which the disc wedging was more \ J
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than 5°. There was no laterality of the autograft mass
in the disc space.

The density around the titanium instrumentation
with versus without UV photofunctionalization was
assessed to evaluate the degree of osseointegration.
We detected the ossification around the cage using
Win ROOF 2013 imaging analysis software (Mitani
Co., Fukui, Japan). On computed tomography (CT)
coronal images, the mean range of image (ROI) was
measured in the 2 mm directly above and below the
anterior, intermediate, and posterior regions of each
intervertebral spacer (Fig. 1). We measured the ROI
around the cage at 1, 2, 3, 6, and 12 months postop-
eratively. The difference in ROI over time was mea-
sured compared with the value at 1month
postoperatively.

The carbon attachment of the titanium cage was mea-
sured using the X-ray photoelectron spectroscopy (XPS)
method, which analyzes the constituent element of the
sample and the electronic state [10]. By measuring the
energy distribution of photoelectrons generated after
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irradiation with X-rays on the cage surface, we were able
to analyze the constituent elements and their electronic
states.

The degree of osteosclerosis around the titanium
implants were compared using the Mann—Whitney U
test. P <0.05 was considered statistically significant.

The software used for statistical analyses was Bell-
Curve for Excel (Social Survey Research Information
Co., Ltd. Tokyo, Japan), which is add-in Excel software
for statistical evaluation.

Results

The intervertebral spacers became hydrophilic after
UV photofunctionalization (Fig. 2). The osteosclerosis
around the instrumentation (as indicated by increases
in density) was reinforced over time in all 13 patients
(Fig. 3). However, there was no significant difference
in the density around UV-treated versus non-UV-
treated instrumentation at any timepoint compared
with 1 month postoperatively (Fig. 3).

Postoper.'atlve 2 months 3 months 6 months 12 months
duration
Without UV
treatment 3.62 (5.55) 7.28 (5.78) 11.54 (7.01) 12.70 (14.54)
With UV
treatment 3.94 (6.06) 5.71(7.21) 9.68 (7.60) 12.17 (12.34)
P-value 0.84 0.52 0.81 0.94

UV: ultraviolet.
Without UV
With UV
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months: P=0.81, 12 months: P=0.94)
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Fig. 3 Changes in density over time. Postoperative duration indicates the length of time after lumbar fusion surgery performed using titanium
instrumentation either without UV treatment or with UV treatment. There were no significant differences in the density of the titanium implants
that were UV-treated versus those that were not UV-treated at any timepoint (Mann-Whitney U test). (2 months: P=0.84, 3 months: P=0.52, 6

Mean (standard deviations)

3 6 12
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The XPS analysis of the surface elements of the instru-
mentation showed that the amount of carbon attached
to the titanium spacer was decreased by UV photofunc-
tionalization (Fig. 4, Table 1). The ratio of carbon attach-
ment to the titanium cages was only 20%, even at 1 year
after production (Table 1).

Discussion

To our knowledge, our study is the first to report the
effects of UV photofunctionalization technology in or-
thopedics. UV photofunctionalization technology has
been used to create a super-hydrophilic state to re-
move hydrocarbon from the titanium surface of den-
tal instrumentation, which markedly increases the
migration, adhesion, survival, and growth of osseous
system cells, and increases the onset of implant fix-
ation [1]. A previous animal experiment in the field
of dentistry showed that UV photofunctionalization
increased the bone—implant contact rate to approxi-
mately 100%, and increased the bond strength of
bone—implant fixation by 2.5 times to more than
three times that of the bond acquired using an

Page 4 of 6

implant that had not undergone UV treatment [1].
Furthermore, the percentage of carbon on the titan-
ium surface of dentistry instrumentation just after
production was approximately 10%, but this reached
approximately 60% at the surface after 4 weeks [2].
We confirmed that UV photofunctionalization was ef-
fective in creating a hydrophilic state in the titanium
instrumentation used in orthopedic surgery. However,
in the present study, the osteosclerosis region around
the instrumentation did not differ between cages that
underwent UV photofunctionalization versus un-
treated cages. The carbon ratio of the instrumentation
surface was decreased by UV photofunctionalization,
but the carbon ratio of the normal instrumentation
surface was about 20-30% at 1year after implant-
ation, which is lower than that reported in dentistry.
The production of instrumentation is not the same in
the field of orthopedics as in dentistry. The surfaces
of instrumentation used in dentistry are treated with
sulfuric acid, as treatment of the instrumentation sur-
faces with strong acid reportedly strengthens the
binding between instrumentation and bone [11].
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Fig. 4 Composition of the surface elemental analysis by X-ray photoelectron spectroscopy. By measuring the energy distribution of
photoelectrons generated after irradiation with X-rays on the sample surface, we were able to analyze the constituent elements and electronic
states of our instrumentation samples. The actual titanium instrumentation used in lumbar fusion surgery 1 year after production is shown. We
used PROSPACE® intervertebral cages (B-Braun Company, Melsungen, Germany) in all patients in this study. The surface of the PROSPACE® is pure
titanium, which covers a Ti-6Al-4 V alloy. Actual titanium instrumentation that underwent ultraviolet photofunctionalization had a decreased
amount of carbon attached to it. Vertical axis: photoelectron speed (C/S: counts / sec). Horizontal axis: binding energy (eV: electronvolt)
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Table 1 X-ray photoelectron spectroscopy results

Sample Element Pre-Uv Post-UV Change ratio (%)
a) Test piece of pure titanium evaluated 3 months after production
1 O1s 48 58 +20.8
Cils 22 7 -68.2
Ti2p 5 6 +20.0
N1s 1" " 0
Si2p 13 15 +154
P2p 0 0 0
Ca2p 0 0 0
2 Ols 47 56 +19.1
Cls 25 9 -64.0
Ti2p 4 5 +25.0
N1s 9 12 +333
Si2p 13 15 +154
P2p 0 0 0
Cazp 0 0 0
b) Test piece of the Ti-6Al-4V alloy evaluated 3 months after production
1 O1s 49 62 +26.5
Cils 23 5 -78.3
Ti2p 3 4 +333
NTs 7 8 +14.3
Si2p 16 19 +188
P2p 0 0 0
Cazp 0 0 0
2 O1s 47 59 +25.5
Cls 25 7 -72.0
Ti2p 2 3 +50.0
N1s 10 10 0
Si2p 14 18 +286
P2p 0 0 0
Cazp 0 0 0
) Actual implants (PROSPACE®) used in lumbar fusion surgery, produced 1 year prior to surgery
1 Ofls 40.8 504 +235
Cls 24.8 9.2 -62.9
Ti2p 193 225 +16.6
N1s 10.1 1.5 +139
Si2p 32 4.1 +28.1
P2p 06 08 +333
Ca2p 1.1 14 +27.3

Cls Energy peak position of carbon

UV Ultraviolet photofunctionalization

Carbon concentration = (The number of counts of carbon detected by X-ray photoelectron spectroscopy)/(The number of all elements detected by X-ray
photoelectron spectroscopy)* 100

Boldface: The change ratio of carbon

Moreover, fluorine coating of the surfaces reportedly field of orthopedic surgery versus dentistry is one potential
strengthens bone conduction and calcification [12]. These  reason why UV photofunctionalization was not effective
differences in the production of instrumentation in the at increasing bone—implant fixation in the present study.
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We suggest that the manufacturing process of instrumen-
tation in orthopedics makes it difficult to process the bio-
logical aging.

In clinical practice, titanium instrumentation treated
by UV photofunctionalization reportedly prevented the
growth of oral bacteria and biofilms [13, 14]. Infection is
also an important issue affecting the clinical success of
artificial joint instrumentation [15]; therefore, UV photo-
functionalization may confer a great advantage in in-
creasing resistance to infection following artificial joint
replacement.

This study had several limitations. First, we used only
one type of instrumentation, and did not investigate all
instrumentation types used in orthopedics. Second, there
were only a few cases evaluated. Finally, the test pieces
and products were not used just after production.

Conclusion

In conclusion, the effect of UV photofunctionalization of
titanium instrumentation used in spine surgery is ques-
tionable at present; this may be due to the differences in
the manufacturing process of orthopedics instrumenta-
tion versus dentistry instrumentation.

Abbreviations
CT: Computed tomography; ROI: Range of image; UV: Ultraviolet; XPS: The X-
ray photoelectron spectroscopy

Acknowledgments

The authors thank Dr. Eiji Taketomi, Yoshihisa Kawauchi, Fumito Tanabe, and
Dr. Ichiro Kawamura for their contributions to the operations. We thank Kelly
Zammit, BVSc, and Jane Charbonneau, DVM, from Edanz Group (www.
edanzediting.com/ac), for editing a draft of this manuscript.

Authors’ contributions

HT, KM and YM participated in the recruitment, data collection, and analysis.
HT wrote the manuscript. HT, TY performed the surgery as main operators. YI
and SK contributed to the study design and conception. All authors read
and approved the final manuscript.

Funding
No funding.

Availability of data and materials
The data set supporting the conclusion of this article is available on request
to the corresponding author.

Ethics approval and consent to participate

The Institutional Review Board of Kagoshima University reviewed and
approved this study. (26-1) Each author certifies that all investigations were
conducted in conformity with ethical principles. Informed consent was
obtained from all individual participants included in the study. We recruited
patients who agreed to participate in this study from a group of patients
who underwent modified posterior vertebral interbody fusion.

The average age of the patients is 69 years old (from 55 to 82).

Consent for publication
The authors have received written consent from participants to publish
individual patient data.

Competing interests
Yukihiro Morimoto is a member of Ushio Inc. (Hyogo, japan) The authors
declare that they have no competing interests.

Page 6 of 6

Author details

'Department of Orthopaedic Surgery, Graduate School of Medical and
Dental Sciences, Kagoshima University, 8-35-1 Sakuragaoka, Kagoshima
890-8520, Japan. °Medical Joint Materials, Graduate School of Medical and
Dental Sciences, Kagoshima University, 8-35-1 Sakuragaoka, Kagoshima
890-8520, Japan. 2USHIO INC, 1194, Sazuchi, Bessho-cho, Himeji, Hyogo
671-0224, Japan.

Received: 29 April 2018 Accepted: 10 June 2019
Published online: 18 June 2019

References

1. Att W, Hori N, Takeuchi M, Ouyang J, Yang Y, Anpo M, Ogawa T. Time-
dependent degradation of titanium osteoconductivity: an implication of
biological aging of implant materials. Biomaterials. 2009;30:5352-63. https://
doi.org/10.1016/j.biomaterials.2009.06.040.

2. Hori N, Att W, Ueno T, Sato N, Yamada M, Saruwatari L, Suzuki T, Ogawa T.
Age-dependent degradation of the protein adsorption capacity of titanium.
J Dent Res. 2009;88:663-7. https://doi.org/10.1177/0022034509339567.

3. Att W, Hori N, Iwasa F, Yamada M, Ueno T, Ogawa T. The effect of UV-
photofunctionalization on the time-related bioactivity of titanium and
chromium-cobalt alloys. Biomaterials. 2009;30:4268-76. https://doi.org/10.
1016/j.biomaterials.2009.04.048.

4. Aita H, Hori N, Takeuchi M, Suzuki T, Yamada M, Anpo M, Ogawa T.
The effect of ultraviolet functionalization of titanium on integration
with bone. Biomaterials. 2009;30:1015-25. https://doi.org/10.1016/].
biomaterials.2008.11.004.

5. Hori N, Ueno T, Suzuki T, Yamada M, Att W, Okada S, Ohno A, Aita H,
Kimoto K, Ogawa T. Ultraviolet light treatment for the restoration of age-
related degradation of titanium bioactivity. Int J Oral Maxillofac Implants.
2010;25:49-62.

6. Suzuki T, Hori N, Att W, Kubo K, Iwasa F, Ueno T, Maeda H, Ogawa T.
Ultraviolet treatment overcomes time-related degrading bioactivity of
titanium. Tissue Eng Part A. 2009;15:3679-88. https://doi.org/10.1089/ten.
TEA.2008.0568.

7. Flanagan D. Photofunctionalization of dental implants. J Oral Implantol.
2016;42:445-50. https://doi.org/10.1563/aaid-joi-D-15-00145.

8. Hirota M, Ozawa T, Iwai T, Ogawa T, Tohnai |. Implant stability development
of Photofunctionalized implants placed in regular and complex cases: a
case-control study. Int J Oral Maxillofac Implants. 2016;31:676-86. https.//
doi.org/10.11607/jomi4115.

9. Funato A, Yamada M, Ogawa T. Success rate, healing time, and implant
stability of photofunctionalized dental implants. Int J Oral Maxillofac
Implants. 2013;28:1261-71. https://doi.org/10.11607/jomi.3263.

10.  Winograd N, Baitinger WE, Amy JW, Munarin JA. X-ray photoelectron
spectroscopic studies of interactions in multicomponent metal and metal
oxide thin films. Science. 1974;184:565-7. https://doi.org/10.1126/science.
184.4136.565.

11, Iwaya Y, Machigashira M, Kanbara K, Miyamoto M, Noguchi K, lzumi Y, Ban
S. Surface properties and biocompatibility of acid-etched titanium. Dent
Mater J. 2008;27:415-21.

12. Berglundh T, Abrahamsson |, Albouy JP, Lindhe J. Bone healing at implants
with a fluoride-modified surface: an experimental study in dogs. Clin Oral
Implants Res. 2007;18:147-52. https://doi.org/10.1111/j.1600-0501.2006.
01309x.

13. de Avila ED, Lima BP, Sekiya T, Torii Y, Ogawa T, Shi W, Lux R. Effect of UV-
photofunctionalization on oral bacterial attachment and biofilm formation
to titanium implant material. Biomaterials. 2015,67:84-92. https://doi.org/10.
1016/j.biomaterials.2015.07.030.

14. Yamada Y, Yamada M, Ueda T, Sakurai K. Reduction of biofilm formation on
titanium surface with ultraviolet-C pre-irradiation. J Biomater Appl. 2014;29:
161-71. https.//doi.org/10.1177/0885328213518085.

15. Sadoghi P, Liebensteiner M, Agreiter M, Leithner A, Bohler N, Labek G.
Revision surgery after total joint arthroplasty: a complication-based analysis
using worldwide arthroplasty registers. J Arthroplast. 2013;28:1329-32.
https://doi.org/10.1016/j.arth.2013.01.012.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://www.edanzediting.com/ac
http://www.edanzediting.com/ac
https://doi.org/10.1016/j.biomaterials.2009.06.040
https://doi.org/10.1016/j.biomaterials.2009.06.040
https://doi.org/10.1177/0022034509339567
https://doi.org/10.1016/j.biomaterials.2009.04.048
https://doi.org/10.1016/j.biomaterials.2009.04.048
https://doi.org/10.1016/j.biomaterials.2008.11.004
https://doi.org/10.1016/j.biomaterials.2008.11.004
https://doi.org/10.1089/ten.TEA.2008.0568
https://doi.org/10.1089/ten.TEA.2008.0568
https://doi.org/10.1563/aaid-joi-D-15-00145
https://doi.org/10.11607/jomi.4115
https://doi.org/10.11607/jomi.4115
https://doi.org/10.11607/jomi.3263
https://doi.org/10.1126/science.184.4136.565
https://doi.org/10.1126/science.184.4136.565
https://doi.org/10.1111/j.1600-0501.2006.01309.x
https://doi.org/10.1111/j.1600-0501.2006.01309.x
https://doi.org/10.1016/j.biomaterials.2015.07.030
https://doi.org/10.1016/j.biomaterials.2015.07.030
https://doi.org/10.1177/0885328213518085
https://doi.org/10.1016/j.arth.2013.01.012

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

