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Introduction

To ensure mechanical stability and long-term osseoin-
tegration, adequate alveolar bone volume and height are
critical  prerequisites  for successful dental implant
placement, In cases of alveolar bone deficiency due to
trauma, infection, or resorption following tooth extraction,
bone augmentation procedures such as guided bone
regeneration (GBR), sinus lift, or distraction osteogenesis
are required before or during implant surgery. Titanium
plates have been widely used as space-maintaining
membranes to stabilize graft materials and prevent soft
tissue collapse, thereby enabling vertical and horizontal
bone augmentation (1-3). However, titanium plates
frequently cause complications, such as soft tissue
dehiscence, infection, and difficulty in surgical handling,
owing to their rigidity and lack of shape adaptability,
thereby limiting their clinical applicability to complex
anatomical regions (4, 5).

To overcome these limitations, shape memory alloys
(SMAs), particularly nickel-titanium (NiTi) alloys, have
emerged as promising biomaterials, NiTi exhibits unique
thermoelastic and superelastic properties, allowing
deformation at low temperatures and spontaneous
recovery of its original configuration upon heating. These
characteristics allow the fabrication of self-expanding or
self-stabilizing medical devices that can adapt to the
surrounding tissues (6-8), In maxillofacial surgery, NiTi
plates can be pre-shaped to match bone contours and
then induce gradual periosteal elevation as they recover,
creating an osteogenic environment through a ‘tenting
effect” (9). Moreover, NiTi exhibits high corrosion resistance,
fatigue strength, and biocompatibility, which have led
to its extensive use in orthodontic wires, cardiovascular
stents, and orthopedic fixation systems (10, 11).

Recent surface modification techniques have enhanced
the bioactivity of NiTi-based implants, The formation of

NiTi-O nanotubes (NTOs) via anodization increases surface

area, wettability, and protein adsorption, thereby
improving cell adhesion and osteogenic differentiation
(12, 13). The introduction of noble metals such as gold
(Au) or platinum (Pt) onto nanotube surfaces has been
reported to provide additional functionalities, including
antibacterial properties, improved hemocompatibility, and
photoactivation capability through localized surface
plasmon resonance (LSPR) (14-16). In particular, Au NPs
possess high biostability and electrical conductivity, which
may synergistically promote osteoblastic differentiation
via ROS-mediated signaling or photothermal conversion
under visible-light irradiation (17-19).

Visible light, particularly in the range of 550-650 nm,
is recognized for its mild photothermal and photobio-
modulatory effects on living tissues. Unlike ultraviolet
light, which induces oxidative stress and DNA damage,
visible light can activate cellular signaling pathways such
as mitochondrial cytochrome c¢ oxidase activity, ATP
synthesis, and osteogenic gene expression (20-22), The
photothermal activation of plasmonic nanoparticles on
implant surfaces can enhance local microcirculation,
induce mild thermal stimulation, and modulate osteoblast
differentiation without cytotoxicity (23, 24). When
integrated with NiTi shape memory alloys, this visible
light-driven response may serve as a controllable,
noninvasive stimulus to accelerate bone healing during
the early postoperative period.

Based on these scientific rationales, we hypothesized
that the incorporation of NiTi-O nanotubes and Au
nanoparticles on the surface of NiTi shape memory alloys
would enable visible light-induced plasmonic activation
and enhance osteogenic performance, The hypothesis
of this study was that localized photothermal stimulation
induced by visible light irradiation enhances osteogenic
signaling by inducing intracellular ROS and ATP
production, In the present study, we performed an in vivo
experiment to test this hypothesis. /n vivo experiments

were conducted using a rat calvarial defect model to



evaluate bone formation quantitatively using micro-
computed tomography (micro-CT) and histological analysis,
This study aimed to establish a scientific basis for visible-
light-responsive activation of NiTi-based biomaterials as
a next-generation strategy for bone regeneration and

dental implant applications,

Materials and Methods

1. Sample Preparation

Table 1 lists all experimental groups tested in this study.
Five groups were established: three control groups (NiTj,
NTO, ANT) and two light-irradiated experimental groups
(NTO/600, ANT/600; LED wavelength = 600 nm, irradiation
time = 10 min, intensity = 5.5 mW/cm®). NiTi-O nanotubes
were fabricated via anodization of NiTi sheets (5 X 5 cm’,
0.127 mm, Alfa Aesar, USA). Surfaces were sequentially
polished with 600-, 1200-, and 2000-grit SiC papers,
ultrasonically cleaned, and anodized in ethylene glycol
containing 0,2 wt% NH4F (Sigma Aldrich Co,, MO, USA)
and 1 vol% deionized water at 25 V for 1 h, After rinsing
and drying at 60 C, the samples were annealed at 400 C
for 3 h (1 K/min) to aystallize the nanotubes. Au coatings
were deposited using ion plasma sputtering (E-1030,
Hitachi Co,, Tokyo, Japan) for 3 s to obtain Au-NiTi-O
nanotubes (ANT).

Table 1, Experimental groups tested in this study

2. Animal Model and Surgical Procedure

Fifty 6-week-old male Sprague-Dawley rats (280 £ 20
g) were randomly assigned to five groups (n=10). The
animals were housed under controlled temperature and
humidity with a 12-h light/dark cycle and acclimatized
for one week. General anesthesia was induced using
Zoletil (10 mg/kg; Bayer Korea Ltd,, Seoul, Korea) and
Rompun (5 mg/kg; Bayer Korea Ltd,, Seoul, Korea),
followed by local infiltration with 2% lidocaine containing
1:100,000 epinephrine. A midline incision was made to
expose the calvarium, and an 8 mm~diameter defect was
created using a trephine bur (THB80; Osung MND Co,,
Kimpo, Korea) without damaging the dura. Each defect
was covered with a sample disc (NiTi, NTO, ANT,
NTO/600, ANT/600) and then sutured using 5-0 nylon,
The light-rradiated groups received 600 nm LED exposure
(10 min/session) twice per week (five sessions for 2 weeks,
13 sessions for 6 weeks). The LED device was attached
to the top cover of the cage (total height, 18 cm),
Considering the height of the rats (approximately 13-15
cm), the distance between the light source and calvarial
defect surface ranged from 3 to 5 cm during irradiation,
The conditions of 600 nm LED irradiation were based
on previous studies (22, 23), which reported photobios-
timulation effects at the cellular level, After 2 and 6 weeks,
the animals were sacrificed via CO, asphyxiation. The

calvaria were harvested and fixed in 4% paraformaldehyde

Surface Type Visible Light Group Name
NITi None NiTi
NiTi-O nanotube None NTO
NiTi-O nanotube 600 nm LED NTO/600
Au-coated NiTi-O nanotube None ANT
Au-coated NiT-O nanotube 600 nm LED ANT/600




for 48 h, The procedure for the in vivo experiments was
approved by the Wonkwang University TACUC (no,
WKU23-58). Figure 1 shows the creation of an 8
mm-diameter drcular calvarial defect in the rat skull (left)
and placement of the experimental specimen over the

defect site (right).

3. Micro—CT analysis

Bone regeneration was evaluated using a high-resolution
micro-CT system (SkyScan 1076; SkyScan Co,, Aartselaar,
Belgium), Specimens fixed in 10% neutral-buffered
formalin were scanned at 100 kV, 100 YA, and an 18
um voxel size with a 0,5 mm aluminum filter, Quantitative
analysis was conducted using CTAn software (v1.20.3.0),
To distinguish the mineralized bone from the background,
the lower and upper threshold values were set at 55 and
95 (grayscale values), respectively. The analysis was
performed within a drcular region of interest (ROI, 8 mm

diameter) corresponding to the defect,

4. Hematoxylin & Eosin (H&E) staining

H&E staining was performed as follows: Tissue samples
were fixed in 10% neutral-buffered formalin for 24-48 h,
dehydrated using graded ethanol, and embedded in
paraffin, Sections of 4-5 um thickness were prepared,

deparaffinized with xylene, rehydrated, and stained with

Figure 1, The illustration images (A) and photographic images of creating an 8 mm-diameter circular calvarial defect in a rat skull

hematoxylin for 5 min. After rinsing, differentiation and
bluing were performed, followed by counterstaining with
eosin for 1-2 min, The slides were dehydrated, cleared,
and mounted with resin, The stained sections were
observed to assess new bone formation and tissue

morphology.

5. Statistical analysis

Data are presented as mean * standard deviation (SD)
unless otherwise stated, Statistical analysis was performed
using SPSS software (version 23.0; SPSS Inc,, Chicago,
IL, USA), One-way analysis of variance (ANOVA) was used
to compare experimental groups, Post hoc comparisons
were performed using the Games-Howell test. Statistical

significance was set at p<0.05,

Results

1. Micro—CT analysis

Table 2 lists the bone volume values for all experimental
groups calculated by micro-CT analysis within the regions
of interest. The number of samples analyzed in each group
ranged from 4 to 6, as detailed in Table 2, At 2 weeks,
the ANT and ANT/600 groups showed higher new bone
volumes(3,381 + 1,220 and 2,606 = 1,721 mm®, respec-
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(B) and placing the experimental specimen over the defect site (C).



Table 2, Bone volume within the region of interest quantified by micro—computed tomography (micro-CT) at 2 and
6 weeks after surgery. Data are presented as mean * standard deviation (SD) (unit: mm?), The number of samples
analyzed in each group is indicated

Group 2 weeks Number of 6 weeks Number of
Mean (SD) samples Mean (SD) samples
NiTi 2206 (1195 5 8.058 (3.813/*F 4
NTO 2380 (2.299)° 4 0.440 (0,269 4
ANT 3381 (1,220 5 13,588 (8.628)" 4
NTO/600 1726 (0.541) 5 11,123 (2.913*8 4
ANT/600 2606 (17217 6 6,156 (29178 4

* Different lowercase letters indicate statistically significant differences among groups at 2 weeks, while different uppercase letters indicate
statistically significant differences among groups at 6 weeks (p<0,05),

(A) 2 weeks
NiTi

ANT NTO/600 ANT/600

i

y .

(B) 6 weeks
NiTi

Figure 2, Representative three-dimensional micro-computed tomography (micro-CT) reconstructions of rat calvarial defects in the NiTi,
NTO, and ANT groups with and without visible light irradiation at (A) 2 weeks and (B) 6 weeks post-operation, The images illustrate
the spatial morphology of the calvarial defects and the extent of mineralized tissue formation within the defect region over time,

tively) compared to the other groups; however, these 13,588 + 8,628 mm’ for ANT, 11,123 * 2,913 mm® for
differences were not statistically significant (»>0.05). NTO/600, and 6,156 + 2,917 mm’ for ANT/600, Significant
At 6 weeks postoperatively, the bone volumes were group- dependent differences were observed at this time

8,058 £ 3.813 mm’ for NiTi, 0,440 + 0,269 mm® for NTO, point (p<0,05). Spedifically, the ANT group demonstrated
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Figure 3. Representative hematoxylin and eosin (H&E)-stained histological sections of rat calvarial defects, The calvarial defect margins

are indicated by black arrowheads, while newly formed bone within the defect area is indicated by blue arrows. In all specimens,
new bone formation is observed adjacent to the NiTi plate (NTP), extending along the defect region over the cranial cavity (cc). (NTP:

NiTi plate; NB: newly formed bone; cc: cranial cavity.)

the highest bone volume, which was significantly greater
than that of the NTO group, The other groups (NiTi,
NTO/600, and ANT/600) showed intermediate values with
no statistically significant differences compared to either
the ANT or NTO groups, In the 6-week experimental
period, plate displacement from the sub-periosteal region
was frequently observed, particularly in the NTO group,.

Although our initial criterion was to exclude such
displaced specimens to ensure data reliability, applying
this strictly to the NTO group would have resulted in
an excessive loss of data points, making statistical analysis

impossible,

Therefore, for the NTO group, all surviving specimens
were included in the volumetric analysis regardless of
minor displacements, Consequently, the exceptionally
low bone volume observed in the NTO group at 6 weeks
should be interpreted with the understanding that
mechanical instability likely compromised the osteogenic
outcome,

Figure 2 shows the three-dimensional micro-computed
tomography (mico-CT) reconstruction images of rat calvarial
defects in the NiTi, NTO, and ANT groups, with and

without visible light irradiation,



2. Hematoxylin & Eosin (H&E) staining

Figure 3 illustrates hematoxylin and eosin (H&E)-stained
histological sections of rat calvarial defects, As shown
in Figure 3, histology confirmed new bone formation in
all groups at 2 and 6 weeks but without distinct qualitative
differences in biocompatibility, In some cases, new bone
was observed directly in contact with the NiTi plates,

and no inflammatory cell infiltration was observed,

Discussion

This study evaluated bone regeneration in rat calvarial
defects using NiTi SMAs modified with nanotubes, gold
coatings, and visible light irradiation, Although the
hypothesis of light-enhanced osteogenesis was not
statistically supported, the data provide valuable in vivo
insights. The use of non-porous plates, necessitated by
fabrication challenges, likely restricts cellular and vascular
infiltration, thereby constraining osteoconduction,

Regarding the photostimulatory effect, no statistically
significant enhancement specifically attributable to LED
irradiation was detected when comparing the irradiated
groups (NTO/600 and ANT/600) with their non-irradiated
counterparts (NTO and ANT) at 6 weeks postoperatively,
The most likely explanation for this is the insufficient
and non-uniform tissue dosimetry of 600 nm light in vivo,
Although the 600 nm wavelength falls within the
therapeutic optical window, its penetration capability is
inherently limited compared to near-infrared (NIR)
wavelengths owing to absorption and scattering by tissue
chromophores, such as hemoglobin and melanin (25, 26),
Previous studies have indicated that light intensity
attenuates significantly even when light passes through
thin soft tissue layers (27, 28). In this study, the rat scalp
(approximately 1-3,6 mm thick) acting as a barrier likely

absorbed a substantial portion of the incident photon

energy, preventing the threshold localized surface
plasmon resonance (LSPR) required for enhanced
osteogenesis,

In terms of material comparison, significant differences
in bone volume were observed between the specific
groups, with the NTO group showing a significantly lower
bone volume than the ANT group. This result is likely
attributable to mechanical instability rather than material
cytotoxicity, The lack of fixation allowed minor
displacements that introduced variability and reduced the
reproducibility of the micro-CT quantification, Continuous
micro-movements of the non-fixed plates likely exerted
physical irritation on the regenerating tissue, provoking
osteoclastic activity and subsequent bone resorption (29,
30). This interpretation is supported by histological
observations, which consistently showed new bone
apposition adjacent to the NiTi surfaces across all groups,
indicating excellent biocompatibility despite quantitative
discrepancies,

Several limitations inherent to the experimental design
are noted. The 8 mm critical-size calvarial model can
introduce variability owing to methodological factors.
Additionally, the general reduction trend or fluctuation
across groups may reflect the physiological remodeling
phase, in which the initially formed immature woven bone
is resorbed and replaced by mature lamellar bone, Most
importantly, the geometric instability caused by the
absence of fixation pins is a confounding factor that likely
underestimates the osteogenic potential of the materials,

Given the limitations of this study, future investigations
should focus on two main strategies, To overcome optical
limitations, near-infrared (NIR) sources should be consi-
dered to achieve deeper and more homogeneous energy
delivery (31, 32). In addition, a new NiTi specimen design
should be adopted to enhance mechanical stability after
implantation, Pore-textured NiTi specimens are also
expected to facilitate improved cell infiltration and

vascularization, This technology holds potential for



applications in clinical bone regeneration fields, such as
alveolar bone augmentation and implant site recon-

struction,

Conclusion

In summary, this study demonstrated the osteogenic
potential of surface-modified NiTi alloys, particularly the
Au-coated NiTi-O nanotube (ANT) surface, which
exhibited the highest bone volume at six weeks, The
NTO group showed significantly less bone formation,
which was attributed to mechanical instability and plate
displacement rather than material cytotoxicity, as
evidenced by the consistent histological observation of
new bone apposition adjacent to the NiTi surfaces across
the groups. Although visible light irradiation did not yield
a statistically significant enhancement in bone volume
under the current conditions compared with non-
irradiated controls, the overall findings validate the
fundamental biocompatibility of the material. The limited
photostimulatory effect was likely attributable to geometric
and optical constraints, such as the nonporous plate design
and light attenuation by the soft tissue., Therefore, future
studies should focus on developing mechanically stable
porous NiTi mesh structures and optimizing the optical
parameters to fully leverage the synergistic potential of
photothermal activation on this highly biocompatible

platform,
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The Visible Light—Enhanced Osteogenic Functionality of NiTi—O Nanotube and
Au—coated NiTi Shape Memory Metal Alloy

Do-Geon Gif, Kyoung-Suk Moor?, Seung-Han OW, Eun Joo Chor"”

'Department of Oral and Maxillofacial Surgery and Wonkwang Dental Research Institute,
College of Dentistry, Wonkwang University, Iksan, Republic of Korea
“Department of Dental Biomaterials and the institute of Biomaterials and Implants,
Wonkwang University College of Dentistry, Iksan, Republic of Korea

In this study, we investigated the bone regeneration potential of nickel-titanium (NiTi) shape memory alloy (SMA) plates
modified with anodized nickel-titanium oxide nanotubes (NiTi-O nanotubes, NTO), gold (Au) coating, and visible-light (600
nm) irradiation, Five groups were established: NiTi, NTO, and Au-NiTi-O (ANT) as controls, and light-irradiated NTO/600
and ANT/600 groups (600 nm, 10 min, 5.5 mW/cm?). Circular calvarial defects (8 mm) were created in 6-week-old rats, and
bone regeneration was assessed at 2 and 6 weeks using micro<omputed tomography and histological analyses. At 2 weeks,
the ANT and ANT/600 groups exhibited higher new bone volumes (3,381 + 1,220 and 2.606 = 1,721 mm?®, respectively),
although the differences were not statistically significant (p>0.05). At 6 weeks, significant differences were observed between
the groups; the ANT group demonstrated the highest bone volume, whereas the NTO group showed significantly lower bone
formation, However, no statistically significant enhancement specifically attributable to visible-light irradiation was detected
when comparing the irradiated groups with their non-irradiated counterparts, Histological findings revealed consistent new
bone formation adjacent to the NiTi plates in all groups, suggesting that the low bone volume in the NTO group was likely
due to mechanical instability and plate displacement rather than material cytotoxicity, The limited photostimulatory effect was
attributed to the non-porous plate geometry and attenuation of 600 nm light through the soft tissue, Consequently, while
the modified NiTi surfaces demonstrated favorable biocompatibility, future studies should focus on developing mechanically

stable porous NiTi plates and optimizing the optical parameters to achieve effective photoactivation,

Keywords : NiTi shape memory alloy, Gold coating, Plasmonic photocatalysis, Visible light irradiation; bone

regeneration,
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