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ORIGINAL ARTICLE

Ultraviolet-C irradiation to titanium implants increases peri-implant
bone formation without impeding mineralization in a rabbit femur
model
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' Department of Removable Prosthodontics and Gerodontology, and >Oral Health Science Center, Tokyo Dental College,
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Abstract

Objectives. Volume and bone quality of peri-implant supporting bone, in particular, at implant neck region, as well as bone—
implant contact ratio, is important for long-term stability of implants. Ultraviolet-C (UVC) irradiation is known to enhance the
osseointegration capability of titanium implants. However, the histological determination was performed only on a rat model,
but not pre-clinical animal model such as a rabbit model. The purpose of this study was to determine the effects of UVC
irradiation on titanium implants on the volume and mineral density of peri-implant supporting bone formation in a rabbit
femur model. Materials and methods. Acid-etched pure titanium screw implants with or without 3 mW/cm?® UVC
irradiation for 48 h were placed in rabbit femur diaphyses. Peri-implant bone tissue formation was analyzed at 3 and 8 weeks
post-operatively by histology and micro-CT-based bone morphometry after calibration with hydroxyl apatite phantoms.
Results. UVC pre-irradiated implants accumulated a higher density of cells and thicker and longer bone tissue attachments
that continued into the inner basic lamellae of the surface of existing cortical bone at 3 and 8 weeks than the implants without
irradiation. Although the bone mineral density around both implants was equivalent to that of the existing cortical bone, bone
volume was greater with UVC pre-irradiation in two-thirds or more of the apical region throughout the observation period.
Conclusions. These results indicate that UVC treatment increased the volume of cortical-like bone tissue in the coronal

region of titanium implants without deterioration of bone mineral density.
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Introduction

Peri-implant tissue consists of an amorphous layer,
50-500 nm in width, at the bone—implant interface
and the surrounding, supporting bone tissue [1,2].
Functional loads borne by the implant are transferred
to the surrounding, supporting bone tissue through
the bone—-implant interface. Many studies using finite
element analysis have demonstrated that stress points
resulting from load on the implant thread that is
integrated with bone tissue concentrate peri-implant
tissue at the implant neck region [3,4]. The distribu-
tion of functional force is mostly concentrated at and
beneath the implant neck region in the crestal ridge
because implants lack the micro-movements that
occur with natural teeth [5]. The application of lateral
force increases the tendency for force concentrations

at the implant neck region [5]. Concentration of
over-stress causes peri-implant bone resorption and
eventually leads to implant failure. Peri-implant bone
resorption at the implant neck region risks further
increasing stress concentrations and subsequent bone
resorption in that region [6,7]. In contrast, increases
in the volume of supporting bone tissue or bone—
implant contact ratio can reduce and de-concentrate
the stress distribution in peri-implant bone tissue [8].
Therefore, enhancement of the mechanical strength
of the bone—implant interface and the peri-implant
supporting bone tissue, in particular at the implant
neck region, might alleviate stress concentrations in
the tissue, eventually improving the long-term stabil-
ity of the implant.

Recently, ultraviolet-C (UVC)-mediated functio-
nalization of titanium implant surfaces has been
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introduced in numerous articles as a photo-induced
surface modification technology that enhances the
osseointegration capability of titanium implants.
Acid-etched titanium cylinder implants with UVC
pre-irradiation at a specific intensity and duration
yielded a 98.2% bone—implant contact ratio at 4 weeks
after implantation in a rat femur model, in contrast
with an ~50% ratio in non-irradiated implants [9].
The osseointegration strength, assessed by delamina-
tion forces applied at the bone—implant interface at
4 weeks after implantation was 3.0-times greater for
UVC pre-irradiated cylinder-type titanium implants
than for non-irradiated implants in a push-in model
on the rat femur [9]. After implantation, many orig-
inal bone fragments remain covering the surface of
UVC pre-irradiated implants after being pushed-in,
whereas few fragments remain for the most part with
non-irradiated implants [10,11].

However, these histological and biomechanical
analyses were performed in a rat model using cylin-
drical mini-implants, but not pre-clinical animal
models such as rabbit, dog and sheep, using an
actual-size implant. There are considerable dissimila-
rities between rat and human bone tissue in regard to
speed of bone healing or available implant size [12]. In
addition, there is little information about the effects of
UVC irradiation on peri-implant supporting bone
tissue and bone strength-related structural factors,
such as bone volume (BV) and bone mineral density
(BMD). The quantification of volume and quality of
bone tissue is one of traditional methods to evaluate
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strength of bone tissue. BV, BMD and bone quality
measures, such as trabecular number, thickness and
separation, are universally used as parameters to
evaluate bone structure [13-16]. It is well-known
that bone tissue attached on implant surface shows
cortical-like, but not trabecular-like, structure [17].
Therefore, quantification of BV and BMD are pri-
mary end-points for the evaluation of bone structure
formed on implant surfaces. The purpose of this
m vivo study was to evaluate the effects of UVC
pre-irradiation of titanium implants on bone forma-
tion in association with BV and BMD, in particular at
the implant neck region in a rabbit femur model using
micro-computed tomography (micro-CT) analysis
and histological observation.

Materials and methods
Titanium 1mplants and surface characterization

Pure titanium (Grade 2) screw-shaped implants with
a 0.6 mm thread pitch, 0.3 mm thread depth, 3.75
mm diameter and 6.5 mm length were manufactured
by turning machine for this study (Figure 1A). The
surface of the implants was prepared by acid-etching
with 67% (w/w) sulfuric acid (H,SO,) at 120°C for
75 s without pre-processing. Prepared titanium
implants were stored under dark ambient conditions
for 4 weeks. After storage, 10 titanium implants were
irradiated with UVC for 48 h under ambient condi-
tions using a 15 W bactericidal lamp (UV Bench
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Figure 1. (A) Photograph of an acid-etched titanium implant (6.5 mm length, 3.75 mm diameter) used in this experiment. (B) Top view of a
rabbit femur after preparation of the implant hole located at 30 mm from the distal edge of the femur. (C) Side view of a UVC pre-irradiated
titanium implant being placed in the implantation hole in a rabbit femur. Note blood climbing up the implant from the bone marrow due to the
superhydrophilicity of the implant surface. (D) Schematic diagram of the implant placement in a rabbit femur.
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Lamp, 15 W, XX-15S, 254 nm, 100 V, Funakoshi
Corporation, Tokyo, Japan) at an intensity of ~3 mW/
cm®. The total energy irradiated on the titanium
surfaces was ~518 J/cm?.

The effects of the UVC treatments on the proper-
ties of the titanium surfaces was characterized by
determining change of the following three distinct
parameters; (1) wettability, (2) chemical composition
and (3) surface roughness. The wettability of implant
surface with or without UVC treatment was measured
as the contact angle of a 10 uLL deionized distilled
water droplet placed on the apical flat surface of
implant using an image analyzer (Image], NIH,
Bethesda, ML). The degree of water tensile in contact
of the apical top of implant with surface of deionized
distilled water was also observed for evaluation of
wettability. The chemical composition of the implant
surfaces with or without UVC treatment was evalu-
ated by X-ray photoelectron spectroscopy (XPS;
AXIS-ULTRA DLD, Shimadzu Corporation, Kyoto,
Japan). Surface roughness was evaluated by observa-
tion of three-dimensional surface geometry and
measurement of surface roughness parameter includ-
ing arithmetic mean estimation (Ra) and the maxi-
mum peak-to-valley roughness height (Ry) using a
3D measuring laser microscope (LEXT OLS4000,
Olympus, Tokyo, Japan). Five different spots were
measured and the mean value was set as a represen-
tative value in each implant. Measurements of
wettability and surface roughness were performed
on five independent implants.

Amimal surgery

Sixteen-week-old male Japanese white rabbits weigh-
ing 3.0-3.5 kg were used in this study. Rabbits
were anesthetized by intramuscular administration
of 2.5% thiopental sodium (Ravonal, Mitsubishi
Tanabe Pharma Corporation, Osaka, Japan) before
the operation. The thighs were shaved and locally-
anesthetized with an injection of 2% lidocaine with
1:80 000 adrenaline (Xylocaine, Dentsply Sankin,
Tokyo, Japan). The femurs were exposed by careful
elevation of the periosteum after the skin incision and
muscle dissection. The flat surfaces of the distal
femurs 30 mm from the distal edge of the femur
were selected for implant placement (Figure 1B).
The 3.6 mm final diameter implantation hole was
created using an implant drill under external irriga-
tion with sterile saline. One non-irradiated implant
and one UVC pre-irradiated implant were randomly
placed into each side of the femur. All implants were
placed in such a way that the implant body, from the
shoulder down, was located beneath the surface of the
femur and a 5.25 mm portion of the implant body
from the apex to the shoulder faced the cortical bone
and bone marrow tissue (Figures 1C and D). After
implantation, the periosteum, muscle and skin were

sutured with 3-0 polyglactin suture (Vicryl, Ethicon
Japan, Tokyo, Japan). Animals were kept in separate
cages. The experimental protocols were approved by
the Animal Research Committee of Tokyo Dental
College (Protocol No. 232602).

Micro-CT assessment of bone formation around implants

Micro-CT imaging. After 3 and 8 weeks of healing,
animals were sacrificed with an intravascular overdose
of 2.5% thiopental sodium (Ravonal, Mitsubishi
Tanabe Pharma Corporation, Osaka, Japan) and the
femurs were harvested. The specimens were fixed in
10% buffered formalin and underwent micro-CT and
3-dimensional (3-D) stereoscopic imaging (HMX-
225 Actis4, Tesco, Tokyo, Japan) and were analyzed
with 3-D bone structure measurement software (TRI/
3D-BON-BMD-PNTM2, RATOC System Engi-
neering, Tokyo, Japan). Approximately 650 micro-
CT slices were scanned with an isotropic resolution
of 10 um within a 6.5 mm range from the coronal top of
the implant in the apical direction at an X-ray energy
level of 140 kV with a current of 224 YA using a
calibration phantom through a 1 mm thick aluminum
filter. The calibration phantom consisted of a hydroxy-
apatite block with seven distinct density layers from
200-800 mg/cm® and 1550 mg/cm® of aluminum-
based stick. Grayscale images were processed using
thresholding algorithms based on a given mineral
density of the calibration phantom to distinguish
titanium and mineralized bone from the background.

Region of interest. The bottom of the inner basic
lamellae of the cortical bone at the coronal portion
of the implant and the implant surface were set as
baseline reference directions for the long and short
axes (Figures 2A and B). To evaluate the BV and
BMD of the coronal portion of the implants, 3-
dimensional bone morphometrical analysis was per-
formed on a region within 1 mm from the baseline of
the long axis in the apical direction and within 500 um
from the baseline of the short axis. The short axis was
further divided into two regions: from the surface to
100 um (near zone) and from 100-500 um (far zone).
To obtain control values of BMD, a region of interest
was also established encompassing 1 mm? within the
existing cortical bone at least 500 um away from the
implant surface (Figure 2A).

BV and BMD measurements. BMD and BV measure-
ments were determined by structural morphometry of
the 3-dimensional images. BV in the near and far
zones around the implants was measured as the per-
centage bone occupancy in the region of interest. In
addition, a bone formation profile was described by
plotting BV along the implant long axis within the
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Figure 2. Schematic diagram of the regions of interest. (A) A 1 mm
range from the baseline of the long axis in the apical direction and a
1 mm® region in the existing cortical bone at least 500 um away
from the implant surface. (B) A 500 um range from the baseline of
the short axis with two regions: from the surface to 100 um (near

zone) and from 100-500 pm (far zone) in longitudinal and cross-
sectional grayscale images. Bar is 1 mm.

region of interest. BMDs in the near and far zones
around the implants and existing cortical bone were
determined within the region of interest using the
given mineral densities from the calibration phan-
tom-based standard curve to convert attenuation
units to BMD values.

Histological sample preparation. After the micro-CT
scanning, specimens were dehydrated in an ascending
series of alcohol rinses and embedded in polyester
resin (Rigolac 2004; Showa Highpolymer Co. Ltd,
Tokyo, Japan) without decalcification. Embedded
specimens were cut perpendicular to the short axis
of the cylindrical implants at a centerline and ground
to a thickness of 100 um with a cutting and grinding
system (Maruto Instrument Co. Ltd, Tokyo, Japan).
Two sections per specimen were prepared. Each
section had a thickness of ~30 um and was stained
with Villanueva-Goldner stain and observed by light
microscopy.

Statistical analysis

Each group contained five samples (z = 5). Mann-
Whitney U-tests were performed using statistical
software (SPSS, Standard Version, SPSS Japan,
Tokyo, Japan) to determine differences in BV
values in the near and far zones and the BV values
at 100 um intervals within a 1000 um range from the
coronal top of the implant in the apical direction
between the non-irradiated and UVC pre-irradiated
implant groups. One-way analysis of variance with
Bonferroni post-hoc tests was performed to determine
the differences in BMD between the existing
cortical bone, the non-irradiated and the UVC pre-
irradiated implants. Statistical significance was set at
p < 0.05.
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Results
Histological observations

Representative histological sections, vertically seg-
mented at the implant center at 3 weeks after implan-
tation, demonstrated relatively thick bone tissue
around UVC pre-irradiated implants that had elon-
gated to some extent from the bottom of the inner
basic lamellae of the original femur cortical bone
along the implant surface (Figure 3B, triangle). In
contrast, only small bulging was apparent at the
original cortical bone around non-irradiated implants
at 3 weeks after implantation (Figure 3A, arrow).
Several void spaces (Figure 3C, asterisks) were found
at the implant-bone interface on the cortical region of
non-irradiated implants, whereas cortical bone tissue
attached to the entire surface of UVC pre-irradiated
implants (Figure 3D). The mid and apical regions of
non-irradiated implants facing the bone marrow
allowed cellular attachment to some extent (Figures
3E and G, arrows), but also contained some void
spaces (Figure 3G, asterisk) on the surface. In con-
trast, relatively mature and thick bone tissue with a
lamellar structure (Figure 3F, triangles) and dense
cellular attachment (Figure 3H, arrowheads) were
observed on the mid and apical regions on UVC
pre-irradiated implants.

After 8 weeks of implantation, bone tissue continu-
ing from existing cortical bone, along the implant
surface, had clearly thickened and developed in the
apical direction since the 3-week time point. The bone
tissue elongated from the original cortical bone
around non-irradiated implants was also relatively
developed (Figure 31, arrow), but appeared to contain
less volume than that around UVC pre-irradiated
implants at 8 weeks (Figure 31, triangle). Void spaces
remained at the implant-bone interface of the cortical
region with non-irradiated implants even at 8 weeks
(Figure 3K, asterisks), whereas complete coverage of
bone tissue over the cortical region was found for
UVC pre-irradiated implant surfaces (Figure 3L).
Non-irradiated implant surfaces did show some
bone deposition and relatively dense cellular attach-
ment on the mid and apical regions at 8 weeks
(Figures 3M and O, arrowheads and triangles).
Thick, mature bone tissue with intensive cellular
accumulation spread over the mid and apical regions
of UVC pre-irradiated implant surfaces (Figures 3N
and P, triangles).

Increase of BV around titanium implants after UVC
pre-irradiation

Micro-CT-based bone morphometrical analysis
revealed that BV in the near zone around implants at
3 weeks after implantation was not significantly differ-
ent between non-irradiated and UVC pre-irradiated
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Figure 3. Representative histological images of peri-implant tissue around implants with (B, D, F, H, J, L, N and P) or without
(A, G, E, G, I, K, M and O) UVC pre-irradiation at 3 and 8 weeks after placement. Characters in lower magnification images (A, B, I
and J) indicates location of the corresponding higher magnification image. Black arrow (A and I) and triangles (B and ]); peri-implant bone
elongated from the bottom of the inner basic lamellae of the original femur cortical bone along the implant surface. Black asterisks (C, K and
QG); void spaces at the implant-bone interface of non-irradiated implants. White arrows (E, G, H and O); attached cells on implant surface at the
mid or apical regions facing the bone marrow. White triangles; bone deposition on implant surface at the mid or apical regions facing the bone
marrow. Bars are 1.0 mm in the lower magnification images (A, B, I and J) and 100 um in the higher magnification images (C-H and K-P).

implants. However, the value in the far zone was
1.6-times greater around UVC pre-irradiated implants
than non-irradiated implants (p < 0.05) (Figure 4A).
At 8 weeks after implantation, BV in both the near and
far zones were significantly different between non-
irradiated and UVC pre-irradiated implants. BV values
were 1.3-times greater in the near and 1.7-times greater
in the far zone around UVC pre-irradiated implants
compared with those around non-irradiated implants
(Figure 4B).

There were no significant differences in BV at
3 weeks after implantation within a 300 um distance
from baseline of the long axis (Figure 5A), where the
BV was ~90-100%, between non-irradiated and UVC
pre-irradiated implants. However, BV values around
non-irradiated implants at 3 weeks started to decrease
from the point of 300 um from the baseline, reducing
to 54, 24 and 8% at 400, 600 and 900 um from the
baseline, respectively. In contrast, the reduction of
BV values in the apical direction was gentler around
UVC pre-irradiated implants at 3 weeks. The values
around UVC pre-irradiated implants at 3 weeks were
still ~80% at 400 pm from the baseline, remaining at
46% and 15% at 600 and 900 um from the baseline.
At 3 weeks, the values from 400-900 um were greater
around UVC pre-irradiated implants than around
non-irradiated implants (p < 0.05). At 8 weeks,

despite ~90% BV until 200 um from the baseline,
non-irradiated implants had markedly reduced vol-
ume of surrounding bone tissue beyond 300 um from
the baseline. The percentage of bone tissue around
non-irradiated implants at 8 weeks was 54 at 500 um
and 20% at 700 um from the baseline. In contrast,
UVC pre-irradiated implants maintained the value of
~90-100% BV until 400 pm from the baseline. The
BV values around UVC pre-irradiated implants at
8 weeks remained 60% as far as 700 um from the
baseline. At 8 weeks, the BV from 500-1000 um was
greater around UVC pre-irradiated implants than
around non-irradiated implants (p < 0.05).

BMD around implants similar to or greater than cortical
bone regardless of UVC pre-irradiation

There were consistently no significant differences
in mean BMD in the near or far zone between
non-irradiated and UVC pre-irradiated implant at
3 or 8 weeks after implantation (Figures 6A and
B). At 3 weeks, the BMD value in the existing cortical
bone was ~1200 mg/cm?, which was lower than that in
the near zone of UVC pre-irradiated surfaces and
comparable to the BMD in the near zone of non-
irradiated implants (Figure 6A). At 8 weeks, the BMD
value of the existing cortical bone remained at
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Figure 4. Bone volume (BV) in the near and far zones around UVC
pre-irradiated or non-irradiated implants at (A) 3 and (B) 8 weeks
after implantation. Data are shown as mean + SD (n=5). *p < 0.05,
by Mann-Whitney U-test.

~1200 mg/cm?, while the BMD values in the near
zone of titanium surfaces with or without UVC pre-
irradiation and in the far zone of UVC pre-irradiated
implants (Figure 6B) were further increased. There
was no significant difference in BMD value between
the existing cortical bone and the far zone of non-
irradiated implants at 8 weeks.
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Enhancement of water wettability and reduction of
carbon atomic content on implant surface after UVC
irradiation

Non-irradiated implants obviously pressed water sur-
face in contact of the apical top (Figure 7A). In
contrast, UVC-irradiated implants markedly pulled
water. Water swiftly climbed the implant thread and
reached the implant platform. The average of static
water contact angle on the apical flat surface was 80°
on non-irradiated implants, whereas it was 0° on
UVC-irradiated implants (Figure 7A) (p < 0.05).
The carbon peak (285 eV) in the XPS spectrum
was strongly detected on non-irradiated implant sur-
faces (Figure 7B, left spectrum image). These peaks
apparently came down after UVC irradiation. The
percentage of carbon content was ~40% on the sur-
face before UVC irradiation, which was reduced by
UVC to 10% (Figure 7B, right line graph). In con-
trast, the percentages of titanium and oxygen contents
were increased after UVC irradiation. Any apparent
change in surface topography was not observed after
UVC irradiation (Figure 7C, left contour map).
There was no significant difference between non-
and UVC-irradiated implants in surface roughness
parameters, including Ra and Ry values (p < 0.05).

Discussion

The implant site on the femur was standardized as
30 mm in distance from the distal end of the femur of
rabbit, which was nearly the diaphyseal region, and
consisted of cortical bone and bone marrow tissue
without cancellous bone structure. In this model,
supporting bone formation around the implant in
the cortical region and under the inner basic lamellae
can be attributed to bone elongation from the existing
cortical bone wall or inner basic lamellae (distant
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Figure 5. Bone formation profile drawn by plotting BV along the implant long axis within the entire region of interest at (A) 3 and (B) 8 weeks
after implantation. Data are shown as mean + SD (z = 5). *p < 0.05, Mann-Whitney U-test.
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osteogenesis) and/or direct bone deposition on the
implant surface (contact osteogenesis), where osteo-
blasts in cortical bone and endosteum and osteopro-
genitors or mesenchymal stem cells in bone marrow
are involved in bone formation. In contrast, bone
contact on the implant regions facing only the bone
marrow space (the mid and apical regions) can be
attributed to purely contact osteogenesis by osteopro-
genitor or mesenchymal stem cells in bone marrow.
This animal model was able to properly evaluate the
supporting bone structure around implants that
occurred as a result of the osseointegration capability
of the implant surfaces without the confounding
effects of original bone structure, except for the
cortical bone for initial implant fixation. In addition,
the BMD of rabbit femur cortical bone around the

implantation site was ~1200 mg/cm®. This value rivals
or surpasses that of human cadaveric mandibular
bone (900-1000 mg/cm?) reported previously using
the same system [18] despite small differences in the
tomographic condition. In addition, the diaphyseal
region of rabbit femur has a flat surface geometry,
making it easy to control and standardize the depth of
implant placement, and enough cortical thickness to
allow initial implant fixation. Therefore, the rabbit
femur model used in this study could be considered
one of several appropriate experimental models for
evaluation of osseointegration capability of screw
implants.

The histological observations in this study revealed
that UVC pre-irradiated implants allowed cortical
bone attachment over the entire surface of the cortical
region. Progressive bone formation and cellular accu-
mulation at the mid and apical regions were seen with
pre-irradiation, but void spaces at the cortical region
and sparse bone deposition on the mid and apical
regions were seen on non-irradiated implant surfaces
at both 3 and 8 weeks. UVC pre-irradiated implants
increased BV along the apical direction of the implant
long axis under the inner basic lamellae. Previous
in vitro studies have demonstrated that UVC pre-
irradiation of titanium enhances extracellular adhe-
sive protein deposition, osteoblastic migration and
osteoblastic attachment and adhesion, regardless of
the type of surface topography [19-23]. Moreover,
UVC pre-irradiated titanium surfaces also enhance
the function of periosteal cells and activated their
interactions with bone marrow-derived osteoblastic
cells, which was shown as an increase of individual
cellular attachment and proliferation and enhance-
ment of alkaline phosphatase activity and extracellular
matrix mineralization under the presence of cellular
signals from bone marrow-derived osteoblastic cells
[11]. In light of these cellular biological phenomena
on UVC pre-irradiated surfaces, UVC pre-treatment
may promote contact osteogenesis by enhancing
recruitment and attachment of osteogenic cells
from cortical bone, endosteum and bone marrow,
as well as by activation of interaction between those
cells.

In this study, UVC pre-irradiated implants consis-
tently increased the volume of supporting bone within
1 mm from the inner basic lamellae of cortical bone in
both the near and far zones as compared with that on
non-irradiated implants over 8 weeks of observation,
except for the near zone at 3 weeks post-operatively.
The bone formation profile from BV data was greater
around UVC-irradiated implants than non-irradiated
implants in three-fifths of the apical region at
both 3 and 8 weeks post-operatively. Histological
findings supported the increased BV around UVC
pre-irradiated implants determined by bone morpho-
metrical analysis. In addition, there was no significant
difference in BMD between both implants over the
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Figure 7. Results of (A) surface wettability, (B) chemical composition and (C) surface roughness of UVC pre-irradiated or non-irradiated
implants. Note that UVC-irradiated implants demonstrated a zero-degree water contact angle (arrowhead). Data in repeated measurements are
shown as mean + SD (n = 5). Asterisk inside bar indicates a significant difference compared with the value. p < 0.05, Mann-Whitney U-test.

observation period of 8 weeks, the magnitude of
which rivaled or surpassed that of the existing cortical
bone. These results indicate that UVC pre-irradiation
increased not only bone—implant contact, but also the
formation of cortical-like supporting bone volume
without deterioration of bone mineralization.

There was no significant difference in BMD
between the implants over the observation period of
8 weeks in this study. BMD values of both UVC pre-
irradiated and non-irradiated implants at 8 weeks
after implant placement were in the range of
~1300-1400 mg/cm’ both in the near and far zones,
which was similar or greater than the BMD in existing
cortical bone at the diaphyseal region of the femur. In
addition, mineralized structures around both
implants in micro-CT images looked similar to the
structure of existing cortical bone. These data indicate
that UVC pre-irradiation to titanium implants not
only increased the volume of supporting bone formed,
but also yielded substantial bone mineral density,
similar to that of existing cortical bone. Increases in
BV and degree of mineralization are correlated with

activation of osteoblastic proliferation and differenti-
ation, respectively [24]. Activation of cellular prolif-
eration often results in delay of cellular differentiation
because of the inverse relationship between prolifer-
ative activity and progress of cellular differentiation
that is typically seen in biology [25,26]. A previous
article demonstrated that osteoblastic differentiation
was not reduced on UVC pre-irradiated titanium
surfaces despite activation of cellular proliferation
[9]. Therefore, increases in BV without deterioration
of BMD around UVC pre-irradiated implants might
result from simultaneous promotion of osteoblastic
proliferation and differentiation on the surface.
Many culture studies had demonstrated the under-
lying biological mechanism on enhancement of
osseointegration capability by UVC irradiation as
upgraded protein adsorption, osteoblastic adhesion
and cellular proliferation without deterioration of
osteoblastic cellular differentiation on the surface
[9-11,19,20,22,27-29]. As seen in Figure 7, UVC
irradiation changed physicochemical properties, but
not surface topography on acid-etched implants; this
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was characterized by acquirement of superhydrophi-
licity and reduction of carbon atom on the surface
without any change of surface topography. Previous
reports also observed these phenomena after UVC
irradiation on titanium surface and demonstrated an
association with the biological mechanism underlying
the upgraded osseointegration capability [9-11,19—
21,23,27,29]. Acquirement of superhydrophilicity is
recently considered as a factor to enhance osseointe-
gration on implant surface. However, the actual con-
tribution to osseointegration remained to be clarified
and is still a subject of controversy [30,31]. Recent
culture study indicated that enhancement of wetta-
bility alone did not affect osetoblastic attachment on
titanium surface [29]. It was known that reduction of
hydrocarbon on titanium surface affects wettability on
titanium surface. Hydrocarbon is a famous hydropho-
bic molecule [32]. Ti and O atomic portions on the
superficial titanium oxide layer are exposed after
removing hydrocarbon, where electrostatic polarity
occurred [33]. Therefore, exposed titanium oxide
surface inherently reacts with water molecule, a polar
molecule, in the aqueous solution or the atmosphere
and forms terminal and bridge hydroxyl groups (OH)
[34]. Hydroxyl groups contribute to the promotion of
hydrogen bond or increase of Van der Waals force
and, accordingly, enhancement of surface wettability.
Electric charge on the surface of substrate affects
osteoblastic cellular attachment [35] and, therefore,
osseointegration capability. A previous experiment
about UVC-irradiated titanium suggested the possi-
ble association between enhanced osteoblastic cellular
attachment and change in electrical charge on tita-
nium surface after UVC-irradiation [22]. Change of
physical property along with reduction of hydrocar-
bon might contribute to enhancement of osseointe-
gration capability by UVC irradiation.

Previous clinical studies about implant stability
quotient (ISQ) using resonance frequency analysis
demonstrated that speed reaching to clinical implant
stability during the osseointegration phase was
substantially increased on UVC-mediated (photofunc-
tionalized) implants in compromised cases with simul-
taneous alveolar bone augmentation [36] to or low
quality bone tissue with immediate loading [37]. This
in vivo study supported these clinical outcomes about
UVC-mediated activation of the titanium implant
surface. Moreover, overload onto implant integrated
with bone tissue generally concentrates stress on peri-
implant tissue at the implant neck region [3,4], with an
increase of risk to cause peri-implant bone resorption
and, eventually, implant failure. It is known that
peri-implant bone resorption at implant neck region
has arisk to cause further increase of stress distribution
and subsequent bone resorption at the region [6,7].
Increases of volume of supporting bone tissue around
implant beneath inner basic lamellae observed in this
study might lead to reduction and deconcentration of

stress distribution in peri-implant bone tissue. UVC
pre-irradiation might not only enhance establishment
of osseointegration but also upgrade the longevity of
titanium implant. Further investigation about struc-
tural dynamic analysis on supporting bone tissue
around the implant should be needed to demonstrate
the perspective.
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