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Nanotechnology in dentistry has drawn many scientists’ and
clinicians’ attention to significant advances in the diagnosis,
treatment, and prevention of oral disease. Also, nanomate-
rials in dentistry have been studied to overcome the physical
and chemical characteristics of conventional dentalmaterials.
These interesting facts are themotivation of this special issue.
The presented issue provides a variety of topics in the field
of dentistry such as novel nanofilled composite resin, the
cytotoxicity of nanoparticles deposited onorthodontic bands,
the osseointegration of 3D nanoscaffold, and nanosurface
treated implant.

This special issue focuses on papers that lay emphasis
on nanotechnology and nanomaterials in today’s advancing
dental society and are categorized by four main topics. The
first topic is the biological feasibility of TiO

2
nanotubes. Two

papers relating to the in vivo assay of TiO
2
nanotubes, one

by Y.-A. Yi et al. titled “The Evaluation of Osseointegration of
Dental Implant Surface with Different Size of TiO

2
Nanotube

in Rats” and one by C.-G. Kang et al. titled “Osseointe-
gration of Implants Surface-Treated with Various Diameters
of TiO

2
Nanotubes in Rabbit,” proposed that the difference

in TiO
2
nanotube size may influence new bone formation

and osseointegration in rat and rabbit. In particular, C.-G.
Kang et al. reported that 70 nm TiO

2
nanotubes showed

osseointegration activity at the beginning of implantation and
30 nm TiO

2
nanotubes provided excellent bone formation

at late stage. Clearly, these two studies are of fundamental
importance in understanding the size effect of TiO

2
nan-

otubes on the osseointegration in vivo. In addition, S. W.

Yoon et al.’s paper titled “Improving the Osteoblast Cell
Adhesion on Electron Beam Controlled TiO

2
Nanotubes”

introduced the enhanced cell attachment cultured on TiO
2

nanotubes treated by electron-beam irradiation to overcome
the limitation of nanotube sizes. Therefore, TiO

2
nanotube is

expected to play an important role in controlling the osseo-
conductivity of implant with strategic fabrication. Second
topic is the combination effect of novel nanotechnology and
commercial implant. Two papers, one by J.-S. Lim et al.
titled “Plasma Treated High-Density Polyethylene (HDPE)
Medpor Implant Immobilized with rhBMP-2 for Improving
the Bone Regeneration” and one by K. Kim et al. titled
“Evaluation of Osseointegration Ability of Porous Polyethy-
lene Implant (Medpor) Treated with Chitosan,” provided
the latest technologies in the field of nanotextured surface
treatment combined with conventional commercial implant.
Third topic is nanotechnology in dentalmaterials.The studies
of nanofilled composite resin, one by T.-Y. Park et al. titled
“Evaluation of Degradation in Nanofilled Adhesive Resins
Using Quantitative Light-Induced Fluorescence” and one by
W.-C. Chen et al. titled “Surface Modified Characteristics
of the Tetracalcium Phosphate as Light-Cured Composite
Resin Fillers,” introduced the development of novel nanofilled
composite resin and its clinical implication. In particular, the
paper by T.-Y. Park et al. provided the new understanding
of the degradation of nanofilled composite resin from the
viewpoint of fluorescent qualitative analysis. The last topic is
the biocompatibility of nanosized dentalmaterials. B.-H. Kim
et al.’s paper titled “Biological Effect of Gas Plasma Treatment
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on CO
2
Gas Foaming/Salt Leaching Fabricated Porous Poly-

caprolactone Scaffolds in Bone Tissue Engineering” has
performed the biological assessment of 3D nanoscaffold
fabricated by novel method. J.-H. Lee et al.’s paper titled
“Cytotoxicity Comparison of the Nanoparticles Deposited
on Latex Rubber Bands between the Original and Stretched
State” has revealed the probable harmfulness of Ni and Zn
nanoparticles released from expanded orthodontic band.

All papers in the present issue demonstrate devoted
research efforts in the field of nanotechnology and nanomate-
rials in dentistry. We sincerely hope that the readers will find
this issue informative and useful for their research.

Seunghan Oh
Young-Bum Park

Sungtae Kim
Sungho Jin
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The aim of this study was to evaluate the osseointegration of implants which were surface-treated with various diameters of
TiO
2
nanotubes (30 nm, 70 nm, and 100 nm) in rabbit. Resorbable blast media (RBM) surfaced implants (Osstem, Busan, Korea)

3.5mm in diameter and 8.5mm in length were designated as the control group and the implants surface-treated with various
diameters of nanotubes (30 nm, 70 nm, and 100 nm) with the same shapes were designated as the experimental groups. The
implants were maintained unloaded for 4 and 12 weeks. After this period, the animals were sacrificed and micro-CT analysis,
histomorphometric analysis (bone to implant contact (BIC), bone volume (BV)), and removal torque test were performed. Micro-
CT analysis, histomorphometric analysis, and removal torque test results all showed the similar pattern, showing that 70 nm
experimental group had the highest value at 4 weeks while 30 nm experimental group had the highest value at 12 weeks. Therefore,
on the basis of the results above, it can be concluded that 30 nm and 70 nmTiO

2
nanotubesmay have positive effects on osteogenesis

and osseointegration depending on the healing time.

1. Introduction

Titanium and its alloys have long been used as implantable
biomaterials because of their high-quality mechanical prop-
erties, resistance to corrosion, and biocompatibility [1–3].
Although the resistance to corrosion and biocompatibility
come from inactivity of TiO

2
oxide layer, the osseointe-

gration of implant may also be delayed due to TiO
2
oxide

layer. Therefore, various research groups have been trying to
modify the TiO

2
surface to promote even earlier and better

osseointegration [2, 3].
Schwartz et al. [4, 5] reported that the harmony of surface

roughness, surface energy, surface composition, and surface
topography are necessary for optimal osseointegration of the
implant, and these surface conditions play the important

role in adhesion and proliferation of the cell, as well as
the adsorption of protein during the early state of healing
process. According to studies on the surface roughness of
implants, rough-surfaced implants have earlier and stronger
osseointegration clinically compared to smooth-surfaced
implants since rough-surfaced implants are easier to obtain
initial mechanical fixation, which is more advantageous for
osteoblast attachment and differentiation [6–10]. The ideal
surface roughness for optimal osseointegration with the
highest rate is known as 1-2 𝜇m [2, 11].

In recent years, nanoscale surface modification has been
attracting more attention ever since several investigators had
revealed that nanoscale topography influences cell adhesion
and osteoblast differentiation [12–14]. Above all, vertically
aligned and laterally spaced TiO

2
nanotubes created by

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 634650, 11 pages
http://dx.doi.org/10.1155/2015/634650

http://dx.doi.org/10.1155/2015/634650


2 Journal of Nanomaterials

electrochemical anodization have become increasingly popu-
lar for achieving superior osteoblast cell growth and directed
osteogenic differentiation of mesenchymal stem cells (MSCs)
[15–17]. TiO

2
nanotubes are hydrophilic, which increases

the surface area, and may provide increased channeling for
proper fluid exchange [15].

In the previous study, cell behavior on the surface of TiO
2

nanotube varied depending on the nanotube diameter. Oh
et al. reported that, on the 70 nm TiO

2
nanotube, the adhe-

sion of proteins, osteoblasts, and MSCs showed the highest
elongation and cellular activity of osteoblasts andMSCs were
obtained on large-sized (70, 100 nm) TiO

2
nanotube [16–19].

On the other hand, Park et al. [20, 21] reported that a spacing
of 15 nm provided the optimum length scale for integrin
clustering and focal contact formation, inducing osteoblasts,
MSCs, and osteoclasts proliferation and differentiation.

While there are many in vitro studies about TiO
2
nan-

otube, there are not many animal studies reporting the
effect of various nanotube diameters on osseointegration of
titanium implants. Moreover, the optimum TiO

2
nanotube

size is still controversial.Therefore, in this study wemeasured
and compared the bone area near the implants and implant
removal torques in rabbit to evaluate the osseointegration of
implants surface with various diameters of TiO

2
nanotubes

histomorphometrically and biomechanically.

2. Materials and Methods

2.1. Implants and TiO
2
Nanotube Fabrication

2.1.1. Implants. Twenty RBM surfaced implants (Osstem,
Busan, Korea) 3.5mm in diameter and 8.5mm in length were
designated as the control group and sixty machined surface
implants with the same shape were manufactured (Adtech,
Seoul, Korea) for the experimental group.

2.1.2. TiO
2
Nanotube Fabrication. TiO

2
nanotube surfaces

were processed on sixty machined surface implants. The
nanotubes were prepared in a 1 : 7 volumetric ratio of acetic
acid to hydrofluoric acid in water at 5, 15, and 20V. The
samples were then heat-treated at 500∘C for 2 h in order to
crystallize the amorphous structure into an anatase structure.
Implants treated with various diameters (30 nm, 70 nm, and
100 nm) of nanotube were designated as experimental groups
(Figure 1). Every group was divided into two categories
according to healing period (4 weeks, 12 weeks) (Table 1).

2.2. Experimental Animals and Surgical Procedure

2.2.1. Experimental Animals. Twenty rabbits (New Zealand
white), 6 weeks old, weighing approximately 3.5 kg each, were
used in this study. Animal selection, management, surgical
protocol, and procedures for this study were reviewed and
approved by the Institutional Animal Care and Use Commit-
tee, Yonsei Medical Center, Seoul, Korea.

2.2.2. Surgical Procedure. All surgical procedures were
performed under general anesthesia. The animals were

Table 1: Experimental groups classified by nanotube surface treat-
ment.

Week RBM surface 30 nm 70 nm 100 nm
4 10 10 10 10
12 10 10 10 10
RBM: resorbable blast media.

anesthetized with intravenously administered mixture of
30mg/kg of Zolazepam (Zoletil Virback Korea Co., Seoul,
Korea) and 10mg/kg of Xylazine HCI (Rumpun, Bayer
Korea, Seoul, Korea). After ten minutes, the site of surgery
was shaved and sterilized with povidone-iodine and then
further anesthetized with 2% lidocaine HCl with epinephrine
1 : 80000 by infiltration. Implants were placed in the right
femur of rabbit. The site of implantation was in the middle
of the femur where the quality of bone was poor in order
to observe the surface characteristic of the implant. After
8 weeks, implants of the same group were placed in the
left femur of rabbit (Figure 2). 4 weeks after the second
implantation animals were sacrificed by 2% paraformalde-
hyde injection to heart under a general anesthetic. Then the
block sections including implants were preserved and fixed
in 10% neutral buffered formalin for 2 weeks. Half of the
samples in each group were analyzed radiographically and
histomorphometrically while the remaining samples in each
group were analyzed biomechanically.

2.3. Evaluation Method

2.3.1. Micro-Computed Tomography (Micro-CT) Analysis.
Themean bone volumewithin 400𝜇mof implant surface was
measured by micro-CT (Skyscan 1076, Aartselaar, Belgium)
at 18 𝜇m pixel, 50 Kv, and 30 𝜇A (Figure 3).

2.3.2. Histologic and Histomorphometric Analysis. The speci-
mens were dehydrated through graded alcohols of 70%, 80%,
95%, and 100% at 2 h intervals for 1 week. The specimens
were then embedded in Technovit 7200 (Heraeus Kulzer,
Dormagen, Germany) and alcohols (1 : 3, 1 : 1, and 3 : 1 ratio)
and sectioned in the buccolingual plane using a diamond
saw (Exakt 300, Kulzer, Norderstedt, Germany). From each
implant site, the central section was reduced to a final
thickness of about 15 𝜇mbymicrogrinding and polished with
a cutting-grinding device (Exakt 400CS, Exakt Apparatebau,
Norderstedt, Germany) and finally stained with hematoxylin
and eosin.

The stained specimens were scanned and captured
using light microscope (Leica DM 2500, Leica Microsys-
tems, Wetzlar, Germany) at ×12.5, ×50 magnification.
The bone to implant contact ratio (BIC) was measured
in the microthreads and bone volume was measured at
both the microthreads (micro-BV) and three consecutive
macrothreads (macro-BV) using imaging analyses system
(Image-Pro Plus 4.5 Media Cybernetics Inc., Silver Springs,
MD, USA) (Figure 4).
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(a) (b)

(c)

200nm

(d)

Figure 1: SEM images of a resorbable blast media surface used as control group (a) and TiO
2
nanotubes with various diameters, 30 (b), 70

(c), and 100 nm (d), processed by controlling anodizing potentials ranging from 5 to 20V (scale bar, 200𝜇m). Photo courtesy of Professor
Seunghan Oh fromWonkwang University.

(a) (b)

Figure 2: Surgical procedure and site of implants in the rabbit femur.

(a) (b)

Figure 3: The defined area for measurement of new bone (diameter 4.4mm × height 2.5mm).
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(a) Microthread (b) Macrothread

×12.5

Figure 4: Histologic feature of the specimen (H&E stain; 12.5 magnifications). (A) Microthreads area. (B) Three consecutive macrothreads
area.
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Figure 5:Measurement ofmicro-CTbone volume (mm3) at 4weeks
and 12 weeks.

2.3.3. Removal Torque Value (RTV) Analysis. To biomechan-
ically evaluate the osseointegration of implants, removal
torque value analysis was performed immediately after sacri-
fice. Sampleswith implantswere connected to removal torque
test apparatus (Mark-10, MGT12, New York, USA) with the
long axis of implant parallel to the long axis of apparatus.
Screw driver was turned in counterclockwise direction until
the implant bone interface was destroyed.

2.3.4. Statistical Analysis. Statistical analysis was performed
using the SASV 9.2 (SAS Institute, Cary, NC). All results were
expressed as mean and standard deviation. Kruskal-Wallis
test was used in comparing differences among the groups at
4 and 12 weeks to test for relationships between micro-CT

BV/BIC/micro-BV/macro-BV and RTV analysis.The level of
statistical significance was set at 𝑃 < 0.05.

3. Results

3.1. Clinical Finding. Among twenty rabbits, four rabbits died
from femur fracture or postsurgery stress. In addition, we
could not use 16 samples due to femur fracture at the site of
implantation. Finally, out of the forty-eight samples acquired,
thirty samples were used for micro-CT and histomorpho-
metric analysis and eighteen samples were used for removal
torque analysis.

3.2. Micro-CT Scan. Regardless of nanotube diameter, the
micro-CT bone volume results at 12 weeks showed signifi-
cantly higher value than at 4 weeks (𝑃 < 0.05). At 4 and
12 weeks, 30 nm and 70 nm experimental groups had the
highest bone volume, but there were no statistical significant
differences between 4 weeks group and 12 weeks group (𝑃 >
0.05) (Figure 5). From the micro-CT images, implants were
found to be well positioned in themiddle of femur (Figure 6).

3.3. Histologic and Histomorphometric Analysis. The BIC
results at 12 weeks showed significantly higher value than
at 4 weeks (𝑃 < 0.05). At 4 weeks, 70 nm experimental
group had the highest BIC results and, at 12 weeks, 30 nm
experimental group had the highest BIC results. But there
were no statistical significant differences among experimental
groups (𝑃 > 0.05) (Figure 7).

The BV results at 12 weeks showed significantly higher
value than at 4 weeks (𝑃 < 0.05). At 4 weeks, 70 nm
experimental group had the highest BV value, but there was
no statistical significant differences (𝑃 > 0.05). At 12 weeks,
30 nm experimental group had significantly higher BV value
than 100 nm experimental group (𝑃 < 0.05) (Figure 8).
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Figure 6: Micro-CT images of representative sample of each group.
All the implants were placed favorably in femur.
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Figure 8:Measurement of bone volume (%) at 4 weeks and 12 weeks
in defined area which is designated in microthreads.
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Figure 9: Measurement of bone volume (%) in defined area which
is designated in three consecutive macrothreads at 4 weeks and 12
weeks.
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Figure 10: The mean of removal torque values at 4 weeks after
implantation.
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(a) (b) (c)

(d) (e) (f)

Figure 11: Histologic images of control ((a), (b), and (c)) and 30 nm ((d), (e), and (f)) groups at 4 weeks after implantation. ((a), (d)) H&E
stained images at lower magnification (×12.5), ((b), (e)) H&E stained images of microthreads in the A&D (×50), and ((c), (f)) H&E stained
images of macrothreads in the A&D (×50).

The bone volume measured at the three consecutive
macrothreads (macro-BV) at 4 weeks showed higher values
than at 12 weeks. However, there were no statistical significant
differences between 4 weeks group and 12 weeks group (𝑃 >
0.05). At 4weeks, 70 nm experimental group had significantly
highermacro-BVvalue than 100 nmexperimental group (𝑃 <
0.05). At 12 weeks, control group had the highest macro-
BV value, but there were no statistical significant differences
(𝑃 > 0.05) (Figure 9).

3.4. Removal TorqueMeasurement. At 4weeks, 70 nmexperi-
mental group had higher removal torque value than the other
groups (𝑃 < 0.05) (Figure 10).

4. Discussion

In the installation of implants, adhesion and differentiation of
cells on the implant surface are critical factors for a successful
osseointegration between the implant and the bone. There-
fore, in order to enhance cell adhesion and osteogenesis of
cells on the implant surface, there have been many studies on
modifying the TiO

2
surface by processing nanostructures on

the oxide surface [13]. Vertically aligned and laterally spaced
TiO
2
nanotubes created by electrochemical anodization are

hydrophilic, whichmeans TiO
2
nanotubes could increase the

surface area and provide increased channeling for the proper
fluid exchange. In addition, the advantage of TiO

2
nanotube

includes simple, low cost, flexible manufacturing and the
possibility of its usage as a drug or growth factor delivery
system [15]. Therefore, it is important to perform in vitro
study using small-, medium-, or large-sized animals to com-
pare the osseointegration of the surface-treated implants with
various diameters of TiO

2
nanotube.This study evaluated the

osseointegration of implants, which is surface-treated with
various diameters of TiO

2
nanotube in accordance with the

healing time in rabbit.
Previous in vivo studies to investigate the effect of TiO

2

nanotube on osseointegration weremostly done in rat model.
In the present study, in order to investigate the osseointe-
gration in larger animal, rabbits (New Zealand white) were
used. The rabbit is one of the most commonly used animals
for medical research, being used in approximately 35% of
musculoskeletal research studies, due to its compact size and
ease of handling [22]. We installed 4 implants in the rabbit
to compare the osseointegration processes betweenmodeling
stage (4 weeks) and remodeling stage (12 weeks) in the same
animal [23]. And we installed the implants in the middle of
the rabbit femur where the quality of bone was poor in order
to observe the surface characteristic of the implant. For the
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(a) (b) (c)

(d) (e) (f)

Figure 12: Histologic images of 70 ((a), (b), and (c)) and 100 ((d), (e), and (f)) nm groups at 4 weeks after implantation. ((a), (d)) H&E stained
images at lower magnification (×2.5), ((b), (e)) H&E stained images of microthreads in the A&D (×50), and ((c), (f)) H&E stained images of
macrothreads in the A&D (×50).

rabbit model, implants are not recommended to be larger
than 2mm in diameter and 6mm in length because the bone
is very brittle [24]. In this study, we used commercial size
(3.5mm ∗ 8.5mm) implant, which might have been too large
for the rabbit and therefore had resulted in femur fracture;
specially designed implant for the rabbit would be required
in the future study to reduce the fracture.

Implants treated with various diameters of nanotubes
(30 nm, 70 nm, and 100 nm) were designated as experimental
groups since those showed the best results from the previous
studies [16, 20, 25]. Half of the samples in each group
used to measure bone area near the implants in order to
evaluate the osseointegration of implants radiologically and
histomorphometrically.The remaining samples in each group
were used to measure the removal torque values and evaluate
the osseointegration of implants.

In micro-CT analysis, we measured the bone area near
the implants to evaluate the osseointegration of implants
radiologically. Micro-computed tomography is an efficient,
nondestructive, and reproducible three-dimensional imaging
technique that analyses bone architecture and density under
various conditions without sophisticated specimen prepara-
tion. Although themicro-CT evaluation has limited ability to
measure bone adjacent to the implant surface, it can possibly
be used for studies designed to compare different groups of

experiments [26]. Futami et al. [27] stated that the affected
areas in the installation of implant are within 100 𝜇m drilling
sites and Kenzora et al. [28] stated that the affected areas are
within 500 𝜇m drilling sites. In this study, we set the affected
area to be within 400𝜇m from the implant surface.

In micro-CT analysis the bone volume results at 12 weeks
were significantly higher than at 4 weeks (𝑃 < 0.05).
It can be stated that osseointegration of the implant was
enhanced by the bone remodeling and maturation over the
time.This finding meets the purpose of our study to compare
the osseointegration of implants surface-treated with TiO

2

nanotube between late modeling and late remodeling stages.
Although there were no significant differences, 30 nm and
70 nm experimental groups showed the higher bone volume
than other groups at 4 and 12 weeks (Figure 5). From
the result of the micro-CT analysis, it can be stated that
the implants surfaced-treated with 30 nm and 70 nm TiO

2

nanotubes show higher bone formation than control group.
In histomorphometric analysis, the BIC and bone volume

were measured in the microthreads (BV) and three consecu-
tivemacrothreads (macro-BV). Although histomorphometry
is a destructive method and there is uncertainty whether
the analysis of histological sections represents the entire
osseous status, the histomorphometric evaluation of the bone
implant contact (BIC) and bone area within the threads
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(a) (b) (c)

(d) (e) (f)

Figure 13: Histologic images of control ((a), (b), and (c)) and 30 nm ((d), (e), and (f)) groups at 12 weeks after implantation. ((a), (d)) H&E
stained images at lower magnification (×12.5), ((b), (e)) H&E stained images of microthreads in the A&D (×50), and ((c), (f)) H&E stained
images of macrothreads in the A&D (×50).

(BV) was established as the most common method and
was applied in the majority of subsequent studies [29–31].
In histomorphometric analyses, BIC and BV results at 12
weeks were significantly higher than at 4 weeks (𝑃 < 0.05).
Interestingly, although there was no statistical significance,
the macro-BV results at 4 weeks were higher than at 12
weeks. This may be because modelled bone resulted from
favorable surface characteristics during the healing period
which was then resorbed during remodeling period because
there were little functional stress and cellular component in
the cancellous bone. Also, it can be stated that even in the
situation where the bone is difficult to be generated there was
new bone formation near the implants which were surface-
treated with TiO

2
nanotube in modelling stage. Although

there was no significant difference in histomorphometric
analyses, 70 nm experimental group had the highest BIC and
BV result at 4 weeks and 30 nm experimental group had the
highest BIC and BV result at 12 weeks (Figures 11, 12, 13, and
14).

Removal torque test has been used for one of the ways
to evaluate new bone formation since Johansson et al.
said that a directly proportional relationship exists between
removal torque and BIC [32]. In removal torque test, 70 nm
experimental group had significantly higher value than any
other groups at 4 weeks (𝑃 < 0.05) (Figure 10). These

findings might explain the higher BIC and BV results of
the 70 nm experimental group than any other groups at 4
weeks. We could not perform the statistical analysis because
the number of specimens at 12 weeks was not sufficient for
testing. However, the mean removal torque at 12 weeks was
higher than at 4 weeks and 30 nm experimental group had
the higher result than other experimental groups.

In this study, 30 nm and 70 nm experimental groups
showed more new bone formation and bone implant fix-
ation than control group. This result is in agreement with
previously published study where pull-out testing indicated
that TiO

2
nanotubes significantly improved bone bonding

strength compared with TiO
2
grit-blasted surfaces in rabbit

tibias [33]. We hypothesize that the topography of the TiO
2

nanotubes more closely resembles the porous structure of
native bone tissue, allowing more optimal interactions for
contact osteogenesis.

In this study, micro-CT investigation, histomorphomet-
ric analysis, and removal torque test showed similar patterns.
The 70 nm experimental group at 4 weeks and the 30 nm
experimental group at 12 weeks showed more new bone
formation and exhibited a stronger osseointegration than
other groups.

Our results showing good radiological, histological,
biomechanical results in the 70 nm experimental group at 4
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Figure 14: Histologic images of 70 ((a), (b), and (c)) and 100 ((d), (e), and (f)) nm groups at 12 weeks after implantation. ((a), (d)) H&E
stained images at lower magnification (×12.5), ((b), (e)) H&E stained images of microthreads in the A&D (×50), and ((c), (f)) H&E stained
images of macrothreads in the A&D (×50).

weeks are in accordance with Oh et al. reporting that the
optimal elongation and cellular activity of osteoblasts and
stem cells were obtained in large diameters (80, 100 nm)
[16, 19]. They are also in accordance with von Wilmowsky et
al. [25], who reported that the highest level of osteocalcin was
observed in the 70 nm nanotube implant.

Once healing is completed and remodeling has been
progressed at 12 weeks, 30 nm experimental groups showed
good radiological, histological, and biomechanical results.
These results are in accordance with Park et al. who reported
that a spacing of 15 nm provides the optimum length scale
for integrin clustering and focal contact formation, inducing
osteoblasts, MSCs, and osteoclasts proliferation, migration,
and differentiation [20, 21]. In addition, the maintenance
of an appropriate balance of bone resorption and bone
remodeling during and after wound healing is important for
stable integration of the implants. Inmost aspects, osteoblasts
and osteoclasts behave different in vitro and in vivo. Thus,
the similar response of MSCs, HSCs, and osteoclasts to the
15 nm spacing suggests that this nanoscale spacing may be
a universal scaffold at least for bone remodeling-associated
cells [20, 21].

However, the cellular and molecular mechanism respon-
sible for the favorable osteogenesis responses to TiO

2

nanotube is a complex biological process and is not fully

understood yet. And the in vitro and in vivo studies searching
for the optimal TiO

2
nanotube diameter have shown con-

flicting results depending on surface chemistry, crystalline
structure, roughness, cell type, species of animal, and other
experimental conditions. There are several material factors
that affect how the proteins adhere, unfold and how the sur-
face is perceived by the cell. These include surface chemistry,
surface energy/tension/wet ability, surface roughness, crystal
structure, surface charge, feature size, feature geometry, and
other mechanical properties such as elasticity [15].Therefore,
in order to find the optimal diameter of the TiO

2
nanotube,

the studies in various surface conditions of nanotube and
in various kinds of animal models should be comparatively
analyzed.

The limits of this study include that the number of sam-
ples of the experimental groups was too small and the femur
was used as the model instead of the jaw bone. In addition,
it was not possible to avoid the differences in the thickness
of the cortical bone or the rate of growth and rehabilitation
as well as other variations that might have happened during
surgery. However, the implants that were surface-treated with
TiO
2
nanotube showed good osseointegration compared to

the control group. From the time point of view, the 70 nm
experimental group at 4 weeks and the 30 nm experimen-
tal group at 12 weeks showed more new bone formation
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and a stronger osseointegration than other groups.Therefore,
depending on healing time, both 30 nm and 70 nm TiO

2

nanotubes could be beneficial to osseointegration of implants
compared to control and 100 nmnanotubes.However, further
investigation with the increasing number of implants would
be necessary to yield a meaningful result because statistically
significant difference was not found.

Future trends of implant will be concerned about the
modifications of surface roughness at the nanolevel and the
incorporation of biological drugs for earlier osseointegration
and loading in large defect region. Due to their simple
manufacturing and the possibility for the usage as a drug
delivery system, TiO

2
nanotubes can be a useful method

for future implant surface treatment [3]. Therefore, based on
this experiment, preclinical studies confirming the optimal
nanotube diameter for earlier osseointegration, implantation
in large defect area, and drug delivery in large-sized animal
model are necessary.

5. Conclusion

Within the limitations of this study, the results from micro-
CT and histomorphometric analysis showed that the bone
volume, BIC, and micro-BV results at 12 weeks were higher
than at 4 weeks (𝑃 < 0.05). However, BV results in three
consecutive macrothreads at 4 weeks were higher than 12
weeks (𝑃 > 0.05). Also, removal torque test showed that
70 nm experimental group had higher removal torque value
than any other groups at 4 weeks (𝑃 < 0.05). Overall,
micro-CT, histomorphometric analysis, and removal torque
test results all showed similar pattern; 70 nm experimental
group had highest value at 4 weeks and 30 nm experimental
group had highest value at 12 weeks.Therefore, on the basis of
above results, it can be concluded that both 30 nm and 70 nm
TiO
2
nanotubesmay have positive effects on osteogenesis and

osseointegration depending on the healing period.
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With the development of nanotechnology, many researches have shown that nanometer-scaled materials especially TiO
2
nanotube

have a positive effect on cellular behavior and surface characteristics of implant, which are considered to be crucial factors in
osseointegration. However, it has not yet been verified which nanotube size is effective in osseointegration in vivo. The aim of this
studywas to evaluate the effect of implant surface-treatedwith different size of TiO

2
nanotubes on osseointegration in rat femur.The

customized implants (threaded and nonthreaded type), surface-treated with different diameter of TiO
2
nanotubes (30 nm, 50 nm,

70 nm, and 100 nm nanotube), were placed on both sides of the femur of 50 male Sprague-Dawley rats (6 weeks old). Rats were
sacrificed at 2 and 6 weeks following surgery; then the specimens were collected by perfusion fixation and the osseointegration of
implants was evaluated by radiographic and histologic analyses and removal torque value test. The mean of bone area (%) and the
mean of removal torque were different in each group, indicating that the difference in TiO

2
nanotube size may influence new bone

formation and osseointegration in rats.

1. Introduction

Titanium has been used extensively in dentistry and/or
orthopedics as a material for implants since the osseointe-
gration between titanium and bone had been found by a
Swedish orthopedic surgeon, Branemark, in 1952. Following
the introduction of the smooth surface implant to dentistry,
dental implant has become the most well-recognized treat-
ment option for the restoration of maxillooral functions [1]
and a successful long-term survival rate of dental implant has
also been documented by many researches [2].

Titanium is anticorrosive and has an excellent physical
property and biocompatibility, which is partly attributed to
an oxide layer formed on the surface of titanium implant

in the process of manufacturing. There have been many
attempts to reduce healing period and to acquire more stable
osseointegration between implant and bone by altering oxide
layer on the surface of titanium implant and by improving
the characteristics of implant surface [3–5]. Buser et al.
reported that, amongmany factors affecting osseointegration
of implant, surface property of implant itself plays a key role
in the speed of osseointegration [6, 7]. In 1996, Schwartz et al.
also reported that, in order to achieve optimumosseointegra-
tion, ideal combination of surface properties of implant such
as roughness, surface energy, composition, and topography
is required, and these properties affect cell adhesion and
propagation as well as protein adsorption in early healing
period [8–10].
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According to studies on the speed of osseointegration,
implant with rough surface showed a faster and stronger
osseointegration than implant with smooth surface [7]. This
results from the idea that rough surface has better early
mechanical fixation [7, 11, 12] and has positive effect on
adhesion and differentiation of osteoblast [8, 13, 14]. Up to
date, the ideal roughness of implant surface for successful
osseointegration with increased survival rate is known to be
between 1 𝜇m and 2 𝜇m [15, 16] and the various methods
for surface treatment which gives surface roughness such
as sandblasting, acid etching, and anodizing oxidation have
been introduced.

In addition to altering the surface roughness of implant,
there have been many attempts to increase bioactivity of
implant surface by chemical treatment involving altering
composition of oxide layer. Anodic oxidation on the surface
of implant throughout chemical treatment was carried out
for faster adhesion of calcium ion in vivo [17]. Injection of
certain ions such as calcium, phosphorous, magnesium, and
fluoride which stimulate the growth of bone tissue was also
investigated [18–20].

Meanwhile, with the development of nanotechnology, it
has been reported from many studies that the cell is very
sensitive to the surrounding microenvironment. In 1997,
Chen et al. reported that life of the cell is determined by geom-
etry of surrounding microenvironment [21] and Engler et al.
reported that fate of the cell is affected by elasticity of
surrounding microenvironment [22]. In consequence, it has
been attempted to investigate the movement, morphology,
and progression of the cell by creating the same cell-sized
nano structure or even smaller nano structure on the surface
of the biomaterials [23]. It was reported that nanosized pro-
trusion structure using polymer, gold cluster, and nongrained
ceramic has shown good results [24–29]. In particular, among
many biomaterial studies, a study using TiO

2
nanotube draws

attraction and has recently been of the greatest interest.This is
because TiO

2
nanotube is fabricated on the surface of oxide

layer, becoming biocompatible. Also, it can be fabricated in
different sizes and therefore, uniformed surface treatment
with controlled diameter is possible. Moreover, it has an
advantage that positive biological reaction can be induced in
early healing period by altering the surfacemorphologywith-
out altering surface roughness, thereby increasing wettability
[30–33].

According to previous studies on the biological appli-
cation of TiO

2
nanotube, the structure of TiO

2
nanotube

aligned perpendicular to the titanium surface has induced
the formation of hydroxyapatite at nano level [34] and
influenced osteoblast adhesion, proliferation, morphological
growth, and even differentiation of mesenchymal stem cells
into osteoblast [32, 35–38]. From previous in vitro studies, it
was also reported that diameter of nanotube controlled the
cell response. InOh et al.’s study, the rate of protein absorption
and cell adhesion was the highest when the diameter of
TiO
2
nanotube was 10 nm whereas the shape of cells became

elongated and elevated alkaline phosphatase level was found
when the diameter of TiO

2
nanotube was increased to 70 nm

and 100 nm. In contrast, Park et al. reported that among

TiO
2
nanotubes with diameter between 15 nm and 100 nm,

15 nm diameter and 30 nm diameter of nanotube showed
the most active cell adhesion and differentiation. Cellular
activities, however, were reduced in TiO

2
nanotube with

diameter greater than 50 nm and cell apoptosis occurred in
100 nm TiO

2
nanotube [39, 40].

Likewise, although numerous positive results were
reported from experimental cell studies on TiO

2
nanotube,

yet only few were experimented in vivo [41, 42] and little is
known regarding how the difference in diameter of nanotube
affects the cells in theory and in vivo. Thus, in this study,
using Sprague-Dawley rat animal model, we are aiming
to investigate the effect of TiO

2
nanotube with different

diameter on new bone formation and osseointegration both
histologically and mechanically by measuring the bone
surface around the implant (%) and the removal torque
value.

2. Materials and Methods

2.1. Implant Design. Customized implants are designed and
fabricated as below. Figure 1 shows a schematic diagram of
customized implants involving nonthreaded type implant
placed in right femur of the rat (Figure 1(a)) and threaded
type implant placed in left femur of the rat (Figure 1(b)). Fifty
implants were fabricated for each type.

2.2. TiO
2

Nanotube Fabrication. Customized titanium
implants were rinsed with acetone, ethanol, and distilled
water. Then, TiO

2
nanotubes were generated on the whole

surface of implant by anodization in the mixture of 875mL
of 0.5 wt% hydrofluoric acid (Merck, NJ, USA; 48%) and
125mL of acetic acid (JT Baker, NJ, USA; 99%, volumetric
ratio = 7 : 1) at 5, 10, 15, and 20V for 1 h at room temperature
to obtain 30, 50, 70, and 100 nm TiO

2
nanotube, respectively

(Figure 2). TiO
2
nanotube fabrication was carried out at

biomaterial laboratory at Wonkwang University, College of
Dentistry, Seoul, Korea, and all fabricated TiO

2
nanotubes

were then observed by using scanning electron microscopy
(SEM). After anodization, the specimens were rinsed with
distilled water, dried in the oven for 24 h at 60∘C, and
heat-treated in the air for 2 h at 500∘C (temperature rising
and cooling speed: 1∘Cmin−1).

2.3. Experimental Animals and Classification of Experimental
Groups. Fifty male Sprague-Dawley rats (body weight 200 g,
6 weeks old) were divided into experimental groups in
which implants surface-treated with different diameter of
TiO
2
nanotubes (30 nm, 50 nm, 70 nm, and 100 nm) were

placed and control groups in which nontreated implants were
placed. Each group is divided into 5 subgroups (total 10
subgroups) according to time of sacrifice (2 weeks and 6
weeks).

Experimental rats were housed at the animal experi-
mental laboratory at Yonsei University, College of Dentistry,
Seoul, Korea. All experiments were performed in accordance
with the guidelines for animal experiments of Yonsei Univer-
sity College of Dentistry.
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Figure 1: A schematic diagram of customized implant (Add-Tech, Seoul, Korea). (a) Nonthreaded type implant for right femur and (b)
threaded type implant for left femur.
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Figure 2: SEM images of TiO
2
nanotubes with different diameters, 30 (a), 50 (b), 70 (c), and 100 nm (d), created by controlling anodizing

potentials ranging from 5 to 20V (scale bar, 200 nm).

2.4. Experimental Procedures. Surgical interventions were
conducted under general anesthesia by intramuscular
injection of an anesthetic cocktail composed of Rompun
(10mg kg−1) and Zoletil (30mg kg−1). Surgical site was then
isolated 10min after injection of anesthesia by shaving and

sterilizing with povidone-iodine solution. 2% lidocaine was
injected subcutaneously and surgical sites were drilled in left
femur and right femur with 1.5mm and 2.0mm in diameter,
respectively, and the customized implants were then inserted
into the osteotome sites until the top of the implants reached



4 Journal of Nanomaterials

Cortical bone

400𝜇m 400𝜇m

Figure 3: The new bone area was calculated in defined area which
was designated below the cortical layer, within 400 𝜇m from the
implant surface.

the peripheral bone, followed by suturing with 3.0 silk.
Nonthreaded and threaded type implants were inserted on
the right femur and left femur, respectively, and rats were
sacrificed at 2 weeks and 6 weeks after surgical intervention.
Experimental animals were perfused with 10% neutral
buffered formalin under general anesthesia and sacrificed.
Torque removal test was performed with the specimen
collected from left femur whereas histomorphological
and histomorphometric analysis were performed with the
specimen collected from right femur.

2.5. Radiographic Analysis. In order to evaluate the position
of implant in relation to surrounding bone and new bone for-
mation around implant, micro CT (Skyscan 1076, Aartselaar,
Belgium) was taken at 50 kv and 30 𝜇a with 18 𝜇m distance
interval.

2.6. Histomorphometric Analysis. After taking micro CT, the
samples were collected from right femur which were fixed
with 10% neutral buffered formalin at 4∘C for 14 days and
then decalcified with 1% EDTA for 14 days. The decalcified
samples were embedded in paraffin wax and then sectioned
into 2𝜇mthick, parallel to the axis of femur usingmicrotome.
The sectioned samples were stained with hematoxylin-eosin
(H&E) stain. The samples were then observed with a light
microscope (Leica DM 2500, Leica Microsystems, Wetzlar,
Germany). After samples were magnified by ×12.5, ×50 and
×100 and captured accordingly, bone area were marked using
image analysis software (IMT i-solution Lite version 8.1,
Vancouver, BC, Canada) and calculated using Image Pro Plus
4.5 (Media Cybermetrics, Bethesda, MD, USA). The new
bone was calculated in a defined area which was designated
below the cortical layer, within 400 𝜇m from the implant
surface (Figure 3).

Control

30nm

50nm

70nm

100nm

2 weeks 6 weeks

Figure 4: Micro CT images of representative sample of each group.
All the implants were placed favorably in femur of rats.

2.7. Removal Torque Measurements. After taking micro CT,
the samples collected from left femur in which threaded type
implant was placed were fixed at specially designed removal
torque test apparatus, connected with conventional digital
torque gauge (Mark-10, MGT12, New York, USA). Implants
were fixed to removal torque test apparatus, making sure
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Figure 5: 3D reconstructed images of implant area.

implants were aligned to the axis of apparatus. Screw driver
whichwas installed in removal torque test apparatus was then
connected to the upper notch of implant and the apparatus
was rotated in an anticlockwise direction. Peak value when
implant-bone interface is broken was recorded.

2.8. Elemental Analysis of the Bone-Implant Interface. In
order to investigate the physical strength of nanotube treated
implant, implant-side interface of one sample in each group
was observed using scanned electron microscope (S-3000N,
HITACHI, Schamburg, IL, USA) and energy-dispersive X-
ray spectroscopy (EMAX, HORIBA, UK). Elemental analysis
of the bone-implant interface was also performed to see
the involvement of bone cell formation in bone-implant
interface.

2.9. Statistical Analysis. Mean value and standard deviation
of each group were calculated to see if there is a statistically
significant difference in the removal torque value and area
of bone (%) of each group according to different diameter
of nanotube at 2 weeks and 6 weeks. The comparison of
mean value was analyzed via one-way ANOVA. All statistical
analyses were performed using SPSS 18.0 statistical software.

3. Results

Among the total of 50 rats, one rat in control group (2 weeks)
died during implant surgery due to facture of the femur. Two
rats in 100 nm nanotube experimental group (2 weeks and 6
weeks) also died during healing period after surgery. All the
rest were well healed and recovered without any significant
complications.

3.1. Micro CT Scan. Having observed micro CT images of
all the samples, it can be observed that all the implants were
placed favorably in the femur. New bone was formed around
the implant (Figure 4) and three-dimensional reconstructed
images were presented in Figure 5.

3.2. Histological and Histomorphometric Analysis. Through-
out H&E stained images, it was found that new bone was
formed, encircling around the implant. In contrast to the new
bone formed near cortical bone, which can be difficult to
differentiate, the new bone within the sponge bone is easy to
differentiate therefore and is measured. During the removal
of implants, the samples with disturbed implant new interface
or severely damaged samples were difficult to analyze and

therefore were excluded from the histomorphometric anal-
ysis. The results showed the higher mean of bone area (%) in
30 nm experimental group and in 70 nm experimental group
at 2 weeks and 6 weeks, respectively.There was no statistically
significant difference (𝑃 > 0.05) (Figures 6, 7, and 8).

3.3. Removal Torque Test. Among the experimental sam-
ples, the samples with new bone covered on the implant
were excluded from analysis. Regardless of the diameter of
TiO
2
nanotube, TiO

2
nanotube surface-treated group showed

higher value than the control group (nontreated group).
30 nm experimental group and 70 nm experimental group at
2 weeks and 6 weeks showed the highest value, respectively;
however, there was no statistically significant difference (𝑃 >
0.05) (Figure 9).

3.4. Elemental Analysis of the Bone-Implant Interface. After
removal torque test, in the SEM, EDX analysis of the bone-
implant interface in the nanotube surface-treated experimen-
tal group, TiO

2
nanotube was clearly seen on the top of

implant which did not contact the bone (Figure 10(a)). In
the thread area which contacted the newly formed bone, the
surface consists of the layer containing Ca and P elements.
(Figure 10(d)) In all the samples, nanotube was not found
near the thread area of implant (Figure 10(c)).

4. Discussions

As recent studies reported that cells display a sensitive
response to surrounding microenvironment at nano level
[21, 22, 43, 44], many efforts were made to investigate the
cell’s behavior at nano level with a size of less than 100 nm
[23, 25–28]. It has been reported that cell adhesion and differ-
entiation on and near implants surface after titanium implant
placement play critical roles in successful osseointegration
[35–38]. Therefore, many studies are under investigation to
find methods for implant surface treatment at nano level
in order to enhance cell attachment and osteogenic ability
of osteoblast. Of all, TiO

2
nanotube, a biocompatible layer

formed after titanium implant etching, has a low chance of
delamination compared to other surfaces and increases the
contact area with bones.

According to previous in vitro findings regarding TiO
2

nanotube, by treating the surfacewithTiO
2
nanotube, protein

absorption, cell adhesion rate, and cell motility can be
increased [32, 35–38]. Altering of diameter of TiO

2
nanotube

also induces differentiation of osteoblast from stem cells and
affects the cell adhesion, osteoblast formation, and osteogenic
ability [39, 40]. Thus, even a small difference in diameter of
nanotube remarkably changes cell adhesion, growth,motility,
and differentiation. Therefore, the aim of this study was to
investigate whether this difference in nanotube size would
result in change in osseointegration in vivo and to find the
optimum range of diameter of TiO

2
nanotubes.

In fact, It will be more ideal to observe implant in oral
cavity of animal model for in vivo study. Instead, we chose to
use Sprague-Dawley rat model which has advantage of low
cost that could maximize the sample size and easy manage-
ment. They also have fast turnover rate of bone, which can
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Figure 6: Measurement of bone area (%) at 2 weeks (a) and 6 weeks (b) in defined area which is designated below the cortical layer, within
400 𝜇m far from the implant surface. The results showed the higher mean of bone area (%) in 30 nm experimental group and in 70 nm
experimental group at 2 weeks and 6 weeks, respectively (𝑃 > 0.05).

shorten the experimental period. Previous studies reported
that in Sprague-Dawley rat model, new bone formation and
osseointegration occur after 5 days and 28 days, respectively
[45–47].Therefore, in the present study, we sacrificed the rats
in experimental groups at week 2 and week 6 to observe early
healing status and completion of osseointegration status,
respectively.

In order to evaluate new bone formation after implant
placement, we used micro CT and tissue specimens to
measure the amount of newly formed bone (%) and removal
torque value to analyze degree of osseointegration. All sam-
ples were examined for radiographic analysis by using micro
CT prior to the preparation of tissue specimens and removal
torque test and positional relationship between the femur and
the implant placement were evaluated. Bone volume around
the implant was also measured. However, due to potential
scattering phenomena caused by titanium, the values of
bone volume measured by micro CT were excluded from
quantitative analysis.

After micro CT imaging, H&E stained specimen was
prepared and observed under a light microscope to measure
newly formed bone around the implants. The newly formed
bone was measured within 400𝜇m from the implant surface
placed spongy bone under compact bone. This is because
newly formed bone in spongy bone is easier to distinguish
than in compact bone. Futami et al. showed that the affected
region from implant placement is within 100 𝜇m around the
drilling area [47], whereas Kenzora et al. described that it
is within 500𝜇m [48]. We chose the area within 400 𝜇m to
include the affected region and thick layer of triangle-shaped,
newly formed bone right below the compact bone. From
the histomorphometric analysis, the more bone formation
was observed in the 30 nm experimental group sacrificed
after 2 weeks and in 70 nm experimental group sacrificed
after 6 weeks. However, there was no statistically significant
difference (𝑃 > 0.05).

In addition, we measured removal torque value using
digital torque gage. In 1991, Johansson and Albrektsson
discovered that the force to remove implant was proportional
to rate of bone-implant contact [49]. In this experiment,

the highest torque values were obtained in the 30 nm experi-
mental group sacrificed after 2weeks and 70 nmexperimental
group scarified after 6 weeks. There was a similar pattern in
both histological finding of new bone formation and result of
removal torque test.

Assuming that the differences of individual subject are
minimized by controlling weight, age, sex, and random-
ization, 30 nm experimental group has more new bone
formation around implant and stronger bone to implant
bonding strength than 70 nm experimental group during
early healing period. However, after 6 weeks, when healing
is completed, 70 nm experimental group revealed more new
bone formation and stronger bone to implant bonding, which
is in line with Park et al.’s study in which the highest cell
vitality and differentiation were observed in 15 nm TiO

2

nanotube group [39, 40]. von Wilmowsky et al. compared
BICmeasurement and immunohistological analysis in 30 nm
nanotube surface treated versus untreated implants in vivo
using swine skull [42]. They showed that there was no
bone to implant contact (BIC) difference in both groups but
collagen type I formationwas higher in 30 nmTiO

2
nanotube

group. Collagen type I is an essential bone matrix protein
during early bone formation and plays an essential role as
a scaffolding protein during cell adhesion. It also has an
important role in cell differentiation andmorphogenesis and,
therefore, increased collagen type I expression indicates the
active process of early stage of bone formation. Moreover,
Oh et al. compared cell behaviors using TiO

2
nanotube with

various diameters (30 nm, 50 nm, 70 nm, and 100 nm) on
titanium surface and showed that 30 nm TiO

2
nanotube

group showed the best protein absorption and cell adhesion
[32, 35]. In 70 nm TiO

2
nanotube and 100 nm nanotube

group, however, nucleus and cytoplasm of osteoblast became
elongated and alkaline phosphatase activity, a marker of bone
formation, was increased the most among the groups. This
previous report could be an explanation why 70 nm group
sacrificed at 6th week in the present study showed increased
rate of new bone formation and removal torque value. They
also suggested that the reason why TiO

2
nanotube treated

group has better cell response compared to control group
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Figure 7: Histologic images of control ((a), (b), and (c)) and 30 nm ((d), (e), and (f)) groups at 2 weeks after implantation. ((a) and (d)) H&E
stained images at lowermagnification (×12.5), ((b) and (e)) H&E stained images of red boxes in the A&D (×50), and ((c) and (f)) H&E stained
images of red boxes in the B&E (×100).
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Figure 8: Histologic images of control ((a), (b), and (c)) and 70 nm ((d), (e), and (f)) group at 6 weeks after implantation. ((a) and (d)) H&E
stained images at lowermagnification (×12.5), ((b) and (e)) H&E stained images of red boxes in the A&D (×50), and ((c) and (f)) H&E stained
images of red boxes in the B&E (×100).
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Figure 9: The removal torques mean value at 2 weeks (a) and 6 weeks (b) after implantation. TiO
2
nanotube surface-treated groups showed

higher value than the control group (nontreated group). 30 nm experimental group and 70 nm experimental group at 2 weeks and 6 weeks
showed the highest value, respectively (𝑃 > 0.05).
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Figure 10: SEM image (×20,000) (a) and comparative elemental mapping (×2,000) (b) of the top of implant of the sample in 100 nm group
after removal torque test. SEM image (×20,000) (c) and comparative elemental mapping (×2,000) (d) of the thread area of implant of the
sample in 100 nm group after removal torque test showing Ca ion besides Ti and O.

is that there exists three-dimensional space where fluid can
freely flows, enabling active ion exchange that is essential for
sufficient nutritional supply and cell signaling cascade. As the
diameter of TiO

2
nanotube becomes longer therewill bemore

interconnecting space; therefore the surface area of 100 nm is
three times larger than that of 30 nm, leading to positive cell
responses [23, 25].

This study has several limitations: small sample size
for each group, placement of implant in femur which is
long bone instead of maxillary or mandibular bone, and a
variation of bone thickness in different area of femur [50].
However, we clearly showed the mechanical and histological
difference in osseointegration depending on the diameter

of TiO
2
nanotube and healing period. Not only does TiO

2

nanotube surface direct fate of osteoblasts during osteoge-
nesis in early healing period after implant placement but
also three-dimensional spaces inside the nanotubes might be
used as a mediator, conveying specific medication or growth
factors. Therefore, further study regarding treatment of TiO

2

nanotube surface would be required.

5. Conclusion

Within the limitations of experiment, the highest mean
of new bone area (%) and the highest mean of removal
torque value were observed in 30 nm experimental group
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and in 70 nm experimental group at 2 weeks and 6 weeks,
respectively. Also, in comparative elemental analysis, bone
compositionswere foundon the implant side of bone-implant
interface, confirming that new bone formation had occurred.
Based on the results described above, it can be suggested that
difference in diameter of TiO

2
nanotube may influence new

bone formation andosseointegration in rats and therefore can
be further utilized for clinical application.
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The aim of this study was to evaluate degradation in commercial dental nanofilled adhesive resins using quantitative light-induced
fluorescence (QLF). Three adhesives were selected: D/E resin (DR), Single Bond Plus (SB), and G-Bond (GB). The adhesives were
mixed with porphyrin for the QLF analysis. Specimens were prepared by dispensing blended adhesives into a flexible mold and
polymerizing. Then, the QLF analysis of the specimens was done and the porphyrin values (Simple Plaque Score and Δ𝑅) were
measured. After thermocycling of the specimens (5000 cycles, 5 to 55∘C) for the degradation, the specimens were assayed by QLF
again.The porphyrin values were analyzed using paired t-test at a 95% confidence level. A significant reduction in SPS was observed
in all groups after thermocycling. The Δ𝑅 significantly decreased after thermocycling except area Δ𝑅30 of SB group. Overall,
porphyrin values decreased after thermocycling which indicates that the degradation of the adhesive resins may be measured by
the change of porphyrin value. The QLF method could be used to evaluate the degradation of adhesive resin.

1. Introduction

In 1982, the effectiveness of 4-methacryloxyethyltrimellitate
anhydride (4-META) on the adhesion of an acrylic rod with
etched dentine and enamel was first studied by Nakabayashi
et al. [1]. This interlock was usually referred to as hybridiza-
tion or the formation of a hybrid layer [1]. Since resin
adhesion to dentin was first introduced in 1982, new adhesive
resins have been developed to improve the bond strength.
The structure of resin/dentin bond depends on the type of
adhesive, and the various degradation of the bondmay occur
after time relapse [2]. Water sorption and solubility lead to
the rapid and catastrophic degradation of resin/dentin bonds
[2]. Therefore, a lot of methods were used for evaluating
the degradation of these bonds. The use of Hoy’s solubility
parameters is typical method [3, 4], but suchmethods are not
easy to use and they are time-consuming.

A quantitative light-induced fluorescence (QLF) device
provides a clinical tool for the quantification of mineral
loss and the detection of early dental caries from enamel in
laboratory and clinical situations [5]. When illuminated with
blue light (405 nm), mature plaque produces red autofluores-
cence [6, 7]. Such red autofluorescence has been observed
using porphyrin. Therefore, a QLF device could not only
detect porphyrin but also quantify the remaining porphyrin
value. Porphyrin is a group of naturally occurring organic
compounds. One of the best known porphyrins is heme, the
pigment in red blood cells; heme is a cofactor of the protein
hemoglobin [8]. As a photosensitizer, porphyrin has been
used for localization and photodynamic therapy of neoplastic
disease [9].

Water sorption and solubility are useful methods to
evaluate the degradation of the dental resin. The loss of the
resin by degradation was measured [3, 4]. If the dental resin
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Table 1: Composition of the adhesive systems used in the study.

Adhesive (manufacturer) Components (lot no.)
D/E resin
(BISCO, Schaumburg, IL, USA) Bis-GMA, HEMA, and urethane dimethacrylates (1400001272)

Adper Single Bond Plus
(3M/ESPE, St. Paul, MN, USA)

Bis-GMA, HEMA, dimethacrylates, polyalkenoic acid copolymer, initiators, water,
ethanol, and silica filler (N538311)

G-Bond
(GC, Tokyo, Japan)

4-MET, phosphoric ester monomer, UDMA, TEGDMA, acetone, water, stabilizer, silica
filler, water, and photoinitiator (1307091)

4-MET: 4-methacryloxyethyltrimellitate; UDMA: urethane dimethacrylate; TEGDMA: triethyleneglycol dimethacrylate; bis-GMA: bisphenol A diglycidyl
ether dimethacrylate; and HEMA: 2-hydroxyethyl methacrylate.

contains porphyrin, the loss of porphyrin by degradation
may be measured using QLF. However porphyrin has not yet
been used for the evaluation of a restoration’s durability and
degradation.

The aim of this study was to evaluate the degradation
of commercial dental nanofilled adhesive resins after ther-
mocycling using QLF. The null hypothesis was that there
would be no difference in the porphyrin values between
prethermocycling and postthermocycling of the adhesive
resin.

2. Materials and Methods

2.1. Specimen Preparation. Three adhesives were selected:
D/E resin (DR), Single Bond Plus (SB), and G-Bond (GB).
D/E resin, classified as a three-step etch and rinse adhesive,
has no nanofillers. Single Bond Plus contains nanofillers
and is classified as a two-step etch and rinse adhesive. G-
Bond is a one-step self-etch adhesive containing nanofillers.
The compositions and respective manufacturers of the three
adhesives are shown in Table 1. Porphyrin I (Sigma, St. Louis,
MO, USA) was mixed with the adhesives. GB and SB were
vibrated with 1mg of porphyrin I and DR was also vibrated
with 0.5mg of porphyrin I. Twenty resin disks (𝑛 = 20) for
each groupwere fabricated in amold (5mmdiameter, 0.8mm
thick). The liquid adhesive was directly dispensed to fully fill
the silicon mold. The surfaces of the solvated adhesives, GB
and SB, were gently blown with an oil/water-free compressed
air for 90 s to facilitate solvent evaporation. A glass cover slide
was placed on the top of the adhesives to exclude atmospheric
oxygen and displace excess solution. Each specimen was
immediately cured with a quartz tungsten halogen (QTH)
lamp (Spectrum 800, Dentsply Caulk, Milford, DE, USA) for
40 s.This lamp provided an irradiance of 400mW/cm2. After
removing each specimen from themold, photoactivation was
repeated on its opposite surface for 40 s. As control, pure resin
disks without porphyrin were fabricated.

2.2. QLF Analysis and Thermocycling. The QLF device used
wasQLF-D (QLF-DBiluminator, Inspektor Research systems
BV, Amsterdam, The Netherlands). The QLF-D Biluminator
is a new type of QLF devices (Figure 1). Fluorescence images
were captured with a digital full-sensor single-lens reflex
(SLR) camera (model 550D, Canon, Tokyo, Japan) at the

following settings: shutter speed of 1/45 s, aperture value of
3.2, and ISO speed of 1600. Proprietary software (C3 v1.18,
Inspektor Research Systems BV) was used to store all digital
images on a PC automatically. All fluorescence images were
analyzed using a computer program (QA2 v1.18, Inspektor
Research Systems BV) by measuring the plaque patch.

A region of interest was defined by manually outlining
an area on the surface using an interface within the capture
software. Since the green fluorescence of teeth is of relatively
uniform color, relatively plaque- (porphyrin-) free baseline
images were used to generate a function 𝑓 describing this
color, which expressed the value of the red channel 𝑅 as a
quadratic function of the value of the green channel 𝐺. Red
light passed through the disclosed plaque with very little
absorption, so applying this function to the measured values
of the green channel resulted in a good approximation of the
red channel on clean areas of the tooth and an underestimate
elsewhere. Pixels were classified as either containing plaque
or clean by applying a threshold value 𝑇, such that any pixel
where 𝑅 ÷ 𝑓(𝐺) − 1 ≥ 𝑇 is treated as plaque.

The final plaque (porphyrin) percentage coverage (Δ𝑅)
is the percentage of pixels within the defined area of the
tooth surface classified as plaque. Δ𝑅 is the percentage of the
increase of the ration of red and the green component with
respect to the ratio of sound tissue. Different thresholds were
applied on areas Δ𝑅30, Δ𝑅70, and Δ𝑅120. The higher the
number was, the higher the threshold value was.Thereby, the
porphyrin value was correlated with the increasing intensity
of red fluorescence.

The Simple Plaque Score (SPS) was automatically calcu-
lated from the fluorescence image. A 6-point (0–5) scoring
system was defined as a value from 0 (no mature plaque)
to 5 (high amount of mature plaque). Thermocycling was
performed for 5000 cycles in deionized water from 5 to 55∘C
with a dwelling time of 30 s in each bath and a transfer time of
3 s. After thermocycling, each specimen was assayed by QLF-
D in the same way.

2.3. Statistical Analysis. All data were analyzed by one-way
ANOVA. The differences between pre- and postthermocy-
cling were analyzed by paired t-test. All statistical procedures
were performed using the SPSS 12.0 for Windows (IBM
Corp., Armonk, NY, USA) and the level of significance was
set at 𝑃 = 0.05.
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(a) (b)

Figure 1: The QLF-D Biluminator used in this study. This device (a) is based on a full-sensor SLR camera (Canon 550D) equipped with an
illumination tube with white and blue light-emitting diodes positioned in a ring around the lens opening (b).

Table 2: Simple Plaque Score (mean ± SD).

DR SB GB
Prethermocycling 4.2 ± 0.95a 4.0 ± 0a 5.0 ± 0.22a

Postthermocycling 1.5 ± 1.43b 1.9 ± 1.62b 0.7 ± 0.86b

Different lowercase letters indicate a significant difference between pre- and
postthermocycling (𝑃 < 0.05).

0

5

10

DR SB GB

Prethermocycling
Postthermocycling

Figure 2: Graph presenting the changes in Simple Plaque Score. All
groups showed significant reduction of SPS after thermocycling (𝑃 <
0.05).

3. Results and Discussion

The QLF-D results are presented in Table 2 and Figure 3. All
groups showed significant reduction of SPS after thermocy-
cling (Table 2 and Figure 2).

The Δ𝑅 significantly decreased after thermocycling
except area Δ𝑅30 of SB (Table 3 and Figure 3).The porphyrin
of resin disks in all groups almost disappeared.

The fluorescence images of the pre- and postthermocy-
cled resin disks are given in Figure 4. All specimens had red
autofluorescence before thermocycling. However, red aut-
ofluorescence decreased after thermocycling in all specimens.
Red autofluorescence especially drastically decreased in the
GB resin disk, in which SPS was 0 (Figure 4). GB resin disk
was decolorized after thermocycling (Figure 5).

Table 3: Δ𝑅 (mean ± SD, unit: %).

Area DR SB GB
Δ𝑅30

Prethermocycling 4.3 ± 2.09a 2.2 ± 0.1a 20 ± 11.75a

Postthermocycling 2.23 ± 2.10b 1.78 ± 1.36a 1.06 ± 1.6b

Δ𝑅70
Prethermocycling 1.8 ± 1.46a 1.9 ± 0.07a 8.5 ± 8.84a

Postthermocycling 0.05 ± 0.12b 0.51 ± 0.80b 0.05 ± 0.22b

Δ𝑅120
Prethermocycling 0.9 ± 0.98a 1.8 ± 0.06a 3.2 ± 5.15a

Postthermocycling 0 ± 0b 0.40 ± 0.71b 0 ± 0b

Different lowercase letters indicate a significant difference between pre- and
postthermocycling in each area (𝑃 < 0.05).
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Figure 3: Graph presenting the changes in Δ𝑅. All groups showed
significant reduction of Δ𝑅 after thermocycling except area Δ𝑅30 of
SB (𝑃 < 0.05).

If this degradation occurs in the resin/dentin bond
interface, it could weaken tooth adhesion [10]. Therefore,
there have beenmany attempts to simulate bond degradation
in vitro [11]. Many results demonstrated that a critical factor
affecting durability in vivo and in vitro was hydrolysis of
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(a) Prethermocycling (b) Postthermocycling

(c) Prethermocycling (d) Postthermocycling

(e) Prethermocycling (f) Postthermocycling

Figure 4: QLF-D fluorescence images of (a, c, and e) pre- and (b, d, and f) postthermocycled resin disks. (a), (b) DR; (c), (d) SB; and (e), (f)
GB.

(a) Prethermocycling (b) Postthermocycling

Figure 5: Photographs of resin disks (×8). (a) Resin disks before thermocycling: left disk is sound resin and right is GB resin. (b) Resin disks
after thermocycling: left disk is sound resin and right disk is GB resin.

the resin/dentin interface such as collagen hydrolysis, resin
elusion by hydrolysis, and the increasing amount of nanoleak-
age after aging [2]. Currently, the most validated method
for the assessment of this degradation process in vitro is
the storage of microspecimens in water [12]. Previous water
storage studies measured their solubility and interfacial bond
strength [13, 14]. We attempt to suggest a valid and easier
method. Our study tried to evaluate the actual degradation of
the adhesive resin using porphyrin andQLF.The degradation
of adhesive resin means the destruction of the polymers in
cured adhesive. During this degradation process, porphyrin
may be released from weakened polymers. This means that

the degradation of the adhesive resins may be measured by
the change of porphyrin value.

SB and GB have relatively highly hydrophilicity because
of their compositions, a significant amount of solvent and
hydrophilic monomers. DR is relatively hydrophobic. A
previous study demonstrated that the most hydrophilic resin
showed high water sorption, water solubility, and water
diffusion coefficient and that the extent and rate of water
sorption increased with increasing hydrophilicity of the resin
blends [13]. However, all adhesive resins showed significant
porphyrin loss after thermocycling (Tables 2 and 3). Their
water solubilitymight contribute to the hydrolysis of adhesive
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resin after thermocycling. The hydrolysis of adhesive resins
might cause loss of porphyrin, causing degradation of the
adhesive resin. Another study demonstrated that the one-
step self-etch adhesive and self-etch primer/adhesive mix-
tures presented the highest water sorption and solubility
values [15]. Before thermocycling, the porphyrin value of the
three adhesive resins was varied. GB contains TEGDMA,
producing a highly crosslinked polymer network and water
in order to ionize acidic monomers such as 4-MET and a
phosphoric ester monomer. SB and DR contain Bis-GMA
resin as cross-linkers. Bis-GMA includes both hydrophilic
and hydrophobic components. The core diphenylisopropane
presents significant hydrophobicity on Bis-GMA, whereas
the two hydroxyl groups are the major source of hydrophilic-
ity and they can bind via hydrogen bonding, resulting in
absorbed water [16]. Because of the poor water solubility
of Bis-GMA, manufacturers usually add acetone or HEMA
to facilitate Bis-GMA solubility. Use of a HEMA-based
primer prevents collagen collapse and rewets dry dentin
[17]. Also, even in relatively low concentrations (5% or 15%),
the addition of ethanol into the experimental methacrylate-
based dental adhesives tested increased the ability of these
materials to absorb and transport water [18]. The different
compositions of three adhesive resins may be the cause of the
variations in the loss of porphyrin value.

Several studies had shown that water absorption is depen-
dent not only on the presence of the residual solvent but
also on the degree of hydrophilicity of the materials [14–
16]. Another study showed that when the concentration of
hydrophilic comonomers was high, the colligative properties
of the entire mixture were changed, lowering the vapor
pressure of the volatile components, such as nonpolymer-
izable solvents (i.e., acetone, ethanol, and water) [17]. The
dimensions of the disks were selected to provide uniform
homogenous samples to allow easy manipulation and avoid
the risk of fracture during the experiment. However, these
thick resin disks, especially those of SB andGB,might prevent
complete solvent removal.Therefore, the presence of residual
solvent in an adhesive resin during polymerization would
enhance water sorption.

Nanofillers are added to enhance physical properties of
adhesives resin. SB and GB contain nanofillers, but these
could not prevent the loss of porphyrin values of SB and GB.

Most in vitro durability studies analyze one of the in vivo
degradation factors involved in order to disclose its effect on
the general degradation process, in contrast to the clinical
situation in which all these factors operate simultaneously
[12]. In addition, our results might be exaggerated because
the resin disks were directly exposed to a hydrothermal
state. Another problemwas that thermocycling processmight
not reflect degradation within the mouth. Therefore, this
limitation should be considered in future studies.

4. Conclusions

All groups in this study showed a significant decrease of
porphyrin value. Therefore, the null hypothesis was rejected.
Within the limits of this study, the QLF method may be
used to evaluate the degradation of adhesive resin as a

new method. This method may provide more information
about the fundamental mechanisms involved in resin/dentin
interface degradation.
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Understanding the biocompatibility of nanoparticles in dental materials is essential for their safe usage in the oral cavity. In
this study, we investigated whether nanoparticles deposited on orthodontic latex rubber bands are involved in the induction of
cytotoxicity. A method of stretching to three times (“3L”) the length of the latex rubber bands was employed to detach the particles
using the original length (“L”) for comparison. The cytotoxicity tests were performed on extracts with mouse fibroblasts (L929)
and human gingival fibroblasts (HGFs). Fourier transform infrared spectroscopy, ion chromatography, elemental analysis, and
inductively coupled plasma mass spectrometry (ICP-MS) were performed to detect the harmful components in the extracts from
rubber bands. There was a significant decrease in the cell viability in the “L” samples compared with the “3L” samples (𝑃 < 0.05) in
the L929 andHGF cells.This was due to the Ni single crystal nanoparticles (∼50nm) from the inner surface of “L” samples that were
detached in the “3L” samples as well as the Zn ion (∼9 ppm) detected in the extract. This study revealed that the Ni nanoparticles,
as well as Zn ions, were involved in the induction of cytotoxicity from the latex rubber bands.

1. Introduction

Nanomaterials offer significant promise for a variety of dental
applications, including tooth scanning, the prevention of
tooth decay, and as a component of the biomaterials used to
enhance the mechanical and antiwear properties [1–3]. How-
ever, before these nanomaterials can become a clinical reality,
the toxicity and biocompatibility of the nanoparticlesmust be
carefully evaluated to reduce the adverse biological responses
[4, 5]. Therefore, understanding the biocompatibility of the
nanoparticles deposited on dental materials is essential for
safe usage in the oral cavity.

Latex rubber bands are commonly used in orthodontic
treatments to apply a certain force to the teeth, although
latex-related disease has become a concern for those using
the latex-containing products [6–8]. Sulfur and zinc oxide

particles, used as preservatives, and nickel, used as an
accelerator, have been shown to be cytotoxic [9]. However,
the nanoparticles on latex rubber bands have not been
recognized as a potential cytotoxic ingredient despite their
deposition on the surface.

Numerous studies have been performed to evaluate the in
vitro cytotoxicity of orthodontic elastic materials, including
bands, separators, and ligatures [9–13]. Those reports have
shown that latex elastomeric materials show cytotoxicity in
vitro, typically using a cell viability test. However, discerning
the biological side effects from the latex elastomeric materials
in orthodontic patients has been difficult. According to more
than 30 years of clinical experience, patients have only rarely
suffered a harmful event caused by latex rubber bands used
in a clinical application (e.g., oral lesion, gastric problem,
and other local symptoms). In summary, the previous in vitro
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cytotoxicity tests did not appear to reflect the clinical results
gathered by the careful observations of clinicians. This type
of inconsistency between the clinical and in vitro results has
been commonly observed in other studies [14]. Therefore, an
effort to reveal the reason for the rare but harmful events
from the dental materials in the human oral cavity due to the
reported cytotoxicity in in vitro studies is required to decrease
the inconsistency. In this study, the role of the nanoparticles
deposited on the latex rubber bands in terms of cytotoxicity
was elucidated to decrease the above inconsistency.

To evaluate the latex rubber bands, in vitro cytotoxicity
tests were performed according to the ISO 21606 and ISO
10993-5 and 12 standards [15–17]. According to ISO 10993-
12, the extraction conditions should attempt to simulate the
clinical use conditions to determine the potential toxicologi-
cal hazard without causing significant changes. However, to
date, the in vitro cytotoxicity tests on latex rubber bands
reported in the orthodontic literature have been performed
without a serial dilution of the extracts and without any
stretching or compressing of the materials [9, 11, 13, 18], even
though the latex rubber bands are used in contact with oral
mucosa and saliva in a stretched state of up to three times
their length (“3L”) [17]. Moreover, mouse fibroblast (L929)
cells have typically been used to evaluate the cytotoxicity of
latex elastomeric materials, which are less reflective of the
response of human oral cells against the harmful extracts
from the latex rubber bands. Therefore, studies that mimic
themanner in which the elastomericmaterials are used in the
oral cavity have been performed along with the reevaluation
of the cytotoxicity of the dental materials in situations that
mimic their clinical use [18–22].

Hence, we investigated whether the nanoparticles depo-
sited on orthodontic latex rubber bands are involved in
inducing cytotoxicity. To compare the cytotoxicity induced
by the nanoparticles, the latex rubber bands were stretched
to three times (“3L”) their original length, and the original
length (“L”) was used as the control group. The cytotoxicity
tests were performed with mouse fibroblasts (L929) and
human gingival fibroblasts (HGFs).

2. Materials and Methods

2.1. Materials. Latex rubber bands from three different man-
ufacturers were selected (Table 1).The “L” sample as is and the
“3L” sample after being stretched using a rectangular titanium
(Ti, Buehler, Lake Bluff, IL, USA) piece were prepared for
immersion in extractingmedia and visualization by scanning
electron microscopy (SEM). The Ti was cut to the original
length or three times the length of the rubber band.When the
“L” sample was incubated in the extracting media, an equal
amount of titanium to that used in the “3L” sample was also
immersed. All the materials were treated with ethylene oxide
for sterilization and were exposed to air for 48 h to eliminate
the remaining gas.

2.2. Tests on the Extracts and Cell Viability. The tests on the
extracts were performed according to ISO 10993-12 [16]. The
extracts were prepared from the “3L” or “L” latex rubber bands
in each well of standard 6-well plates (SPL, Pocheon, Korea)

Table 1: Summary of the materials used.

Name Code Main composition Manufacturer

Giant Panda GP Natural latex American Orthodontics,
USA

Unitek UN Natural latex 3M, USA
Extream EX Natural latex ODP, USA

containing 3.5mLofRPMI-1640 (Welgene,Daegu,Korea) for
the L929 cells or DMEM (Welgene, Daegu, Korea) for the
HGFs. The L929 cells (mouse fibroblast, NCTC clone 929,
Korean Cell Line Bank, Korea) or HGFs [23] (HGF-1, CRL-
2014, ATCC, USA) were plated at a concentration of 1 × 104
cells per well in standard 96-well plates (SPL, Korea) in 100𝜇L
of culture medium and incubated at 37∘C. Following 24 h of
cell culture, themonolayerwas exposed to 100𝜇L of extract or
fresh medium (the control) for 24 h. The 100% extracts were
serially diluted to 50%, 25%, 12.5%, and 6.25%. Each diluted
extract was added to one well and incubated at 37∘C under
relatively humidified conditions. The WST solution (10 𝜇L)
was added to each well, and the cells were incubated for
3 h to allow the formation of formazan crystals, which were
measured at 450 nm with a microplate spectrophotometer
(BioTek, Winooski, Vermont, USA). Six wells were used to
test each condition, and the experiments were performed in
triplicate.

2.3. Agar Diffusion Test. The agar diffusion test was con-
ducted based on the procedures described by ISO 10993-
5 [15]. The L929 monolayer was overlaid with agar stained
with a vital dye (neutral red), which allows diffusion of the
leachable chemicals from the specimen. The “3L” and “L”
samples and the positive (natural latex) and negative (high
density polyethylene sheet) controls were positioned on the
solidified agar layer. Prestretched rubber bands from the “3L”
group and unstretched rubber bands from the “L” group were
used for the direct agar diffusion test. After a 24 h incubation
under the appropriate cell culture conditions, the biological
reactivity (i.e., cellular degeneration and malformation) was
rated on a scale of grade 0 (no reactivity) to grade 4
(severe reactivity) according to the zone extending from the
specimen. The test was performed in triplicate.

2.4. Surface and Extract Characterization. To visualize the
surface texture of the elemental composition from the inner
and outer morphology of the “L” and “3L” samples, SEM
(FE SEM S-800, Hitachi, Japan) with energy dispersive
spectroscopy (EDS, Oxford Instruments, UK) was used. The
detailed structural properties of the detached nanoparti-
cles were investigated by a high resolution transmission
electron microscopy (HR-TEM, JEM 3010) with EDS at an
accelerating voltage of 300 kV and selected area electron
diffraction (SAED). Fourier transform infrared spectrometry
(FT-IR, Vertex70, Bruker, Germany) with an attenuated total
reflectance (ATR) was used to detect the harmful functional
groups in the extracts from the “L” and “3L” samples. Each
extracted solution was placed on the crystal surface of the
ATR device and examined.



Journal of Nanomaterials 3

2.5. Ion Chromatography, Elemental Analysis, and Inductively
Coupled Plasma Mass Spectrometry. To measure the possible
harmful ions of the extracts, the major anions (F, Cl, Br, NO

2
,

NO
3
, PO
4
, and SO

4
) were analyzed by ion chromatography

(Dionex Model ICS-2000, USA). To evaluate the quantity of
the elemental contents from the extract, the C, H, N, and
S contents were measured with a 2400 Series II CHNS/O
element analyzer (Perkin Elmer, USA). Inductively coupled
plasma mass spectrometry (ICP-MS) was used to measure
the harmful elements, such as Zn, Ni, Fe, Mg, and Cu, in
the extracts of the “L” and “3L” samples. The evaluation was
performed at least three times.

2.6. Statistics. The statistical analyses comparing the “L” and
“3L” samples were performed by the independent 𝑡-test using
the SPSS PASW 18.0 program (SPSS Inc., Chicago, IL, USA).
The significance was set at 𝑃 < 0.05, 0.01, or 0.001, depending
on the circumstance. Representative results or images are
shown after the experiments were performed in at least
triplicate.

3. Results

The results of the cell viability test following the exposure
to the extracts of the “L” and “3L” latex rubber bands are
shown in Figures 1 and 2. In terms of cytotoxicity for the L929
cells, the Extream- (EX-) “3L” sample showed significantly
lower cell viability compared with the EX-“L” sample when
the L929 cells were exposed to the 50% extracts (Figure 1(b),
𝑃 < 0.01), and the cell viability of the 12.5% extracts of the
Giant Panda- (GP-) “L” and Unitek- (UN-) “L” samples was
significantly lower (𝑃 < 0.05) comparedwith that of the 12.5%
extracts of the “3L” sample for each test group (Figure 1(c)).
When the “L” sample was used for the cytotoxicity test, the
acceptable cell viability (more than 70%) of the extract was
determined to be at a 6.25% dilution for all brands (Figure
1(d)). However, when the “3L” sample was used, the 12.5%
dilution achieved the acceptable viability level (Figure 1(c)).
When the HGFs were used for the cytotoxicity test, the three
brands showed significant differences between the “L” and
“3L” samples (Figure 2(b)) for the 25% extracts.

The agar diffusion test was performed to confirm the
difference in the cytotoxicity. Overall, the GP, UN, and EX
rubber bands had moderate cytotoxicity (score 3), displaying
a zone extending up to 1.0 cm around the specimen boundary
(Figure 3). However, the EX group had a relatively smaller cell
lysis zone compared with the GP and UN groups.

The FT-IR results indicated increased IR-transmittance
at 1020 (C–O stretch), 2850, and 2917 cm−1 (C–H stretch)
compared with the DMEM culture media control group
(Figure 4). According to the SEM images in Figures 5 and 6,
when the latex rubber bands are stretched to the “3L” position,
the numbers of micro- and nanoparticles deposited on the
inner surface compared were reduced with the “L” samples.
However, on the outer surface, there were no particles,
and the crevice was only detected in the “3L” configuration
(Figure 5). C, O, S, and other elements were detected in the
micro- (right headed white arrow) and nano- (left headed
white arrow with a rectangle) particles in Figure 6. The

Table 2: ICP-MS results of the latex rubber bands extract.

Sample Zn (ppm) Ni (ppm)
GP-L 8.45 ± 0.13a,b ND
GP-3L 7.95 ± 0.08a ND
UN-L 7.88 ± 0.21a ND
UN-3L 7.66 ± 0.14a ND
EX-L 7.53 ± 0.13a,b ND
EX-3L 5.78 ± 0.05a ND
Control 0.24 ± 0.01 ND
Concentration of the “L” and “3L” samples from the GP, UN, and EX extracts.
a,b
𝑃 < 0.05; acompared with the control and bcompared with the 3L sample

in each product. ND: not detected.

clearing of Ni was shown for the nanoparticles in the “3L”
configuration but not in the “L” configuration; in contrast,
no significant change in the other elements was observed
(Figure 6(a) versus Figure 6(b)). The SEM images under low
magnification showed that the adherent particles and the
powder in the “L” groupwere significantly attached compared
with those in the “3L” group (Figure 7(a) versus 7(d), 7(b)
versus 7(e) and 7(c) versus 7(f)). The EDS mapping analysis
showed that the inner surface of all the “L” samples contained
Ni nanoparticles but that none of the “3L” samples contained
Ni (Figures 7(g), 7(h), and 7(i); the Ni element in “3L” was
not shown due to its absence).The detached Ni nanoparticles
from the GP group, with sizes of ∼50 nm, are representatively
shown in the TEM images in Figure 8(a), and the presence of
Ni is confirmedbyEDS in Figure 8(b).TheSAEDdot patterns
imply the single crystalline nature of the Ni single crystal,
fromwhich the (111) plane can be indexed in Figures 8(c) and
8(d) (d-spacing: 0.20 nm) [24, 25].However, theNi ions in the
extracts were undetected in the “L” and “3L” groups of all of
the products, indicating that the detached Ni nanoparticles
were not ionized in the media and, consequently, could not
be detected by ICP-MS (Table 2). The ICP-MS results only
indicated that the “3L” and “L” extracts showed an increased
concentration of Zn ions compared with the control media
and that the “3L” extract showed a smaller concentration
of Zn ions, a component of latex rubber preservatives,
compared with the “L” extract (Table 2). The results of the
ion chromatography and elemental analyses did not show a
significant difference among the experimental groups, except
for the sulfate and fluoride contents between the U-L and U-
3L groups (Tables 3 and 4, 𝑃 > 0.05).

4. Discussion

Increased concern about the toxicity of nanoparticles has
occurred in dentistry due to their dental application, which
encompasses the powders for scanning the oral anatomy,
including tooth and gingiva, the ingredients of the preventive
restorative materials used against tooth decay, and the sup-
plemental nanoparticles (e.g., amorphous silicon dioxide and
ground glass particle) in the fillingmaterials [26]. In addition
to the above intended purposes, nanoparticles were uninten-
tionally found in other dental materials or during the grind-
ing and polishing processes for the filling materials [27, 28].
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Figure 1: L929 cell viability following exposure to the extracts from the “3L” and “L” latex rubber bands of the Giant Panda (GP), Unitek
(UN), and Extream (EX) extracts. The following dilutions were used: (a) 50%, (b) 25%, (c) 12.5%, and (d) 6.25%. The difference in the cell
viability was statistically determined under a few experimental conditions (𝑛 = 6, ##𝑃 < 0.01, ###𝑃 < 0.001; between the “3L” and “L” extracts
of each evaluated product). L: original length, 3L: stretched to three times its length. Representative results are shown after the experiments
were performed in triplicate.

The presence of nanoparticles in these dental materials has
raised concern regardingwhether these dentalmaterial nano-
particles could be released and cause adverse health risks
to humans. In this study, a conventionally used elastomeric
orthodontic material, latex rubber bands, was used to evalu-
ate the cytotoxicity induced by the deposited nanoparticles.

Latex rubber bands are widely used in orthodontic treat-
ments and are consideredmedical devices in themouth; thus,
they require a series of safety evaluations for use in patients.
Using in vitro tests, the cytotoxicity of latex rubber bands has
been revealed in many studies [9, 10]. However, latex rubber
bands have been safely used in patients without an allergy
to latex, which was explained due to the dilution effect from
the saliva in the oral cavity during their use. In this study,
nanoparticles were found on the inner surface of the latex
rubber bands, and those nanoparticles were considered to be
a potential inducer of cytotoxicity. Therefore, the purpose of

this experiment was not to rank or reevaluate the cytotoxicity
of latex rubber bands but to identify the nanoparticle-
induced cytotoxicity by comparison of the cytotoxicity results
associated with stretched latex rubber bands, which cause
detachment of the deposited nanoparticles from the latex
rubber bands.

Previously, the cytotoxicity tests for orthodontic elastic
materials have used different diluted extracts of nonstretched
materials, which does not appear to consider the presence of
nanoparticles on the orthodontic latex rubber band [9–12].
In this study, latex rubber bands that were stretched to three
times their length (“3L”) were used to detach the deposited
particles and showed a significantly decreased cytotoxicity
compared with the nonstretched materials (“L”) under the
specific diluted conditions in L929 cells and inHGFs (Figures
1 and 2). However, in the direct agar diffusion test, the “L” and
“3L” groups showed moderate cytotoxicity (Figure 3), with
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Figure 2: Human gingival fibroblast (HGF) viability following exposure to the extracts from the “3L” and “L” latex rubber bands of GP, UN,
and EX.The following dilutions were used: (a) 50%; (b) 25%; (c) 12.5%; (d) 6.25%.The difference in the cell viability was statically determined
under a few experimental conditions (𝑛 = 6, ##𝑃 < 0.01, ###𝑃 < 0.001; between the “3L” and “L” extracts of each evaluated product). 3L:
stretched to three times its length, L: original length. Representative results are shown after the experiments were performed in triplicate.

Table 3: The concentration of the elements in the samples (%).

Sample Carbon Hydrogen Nitrogen Sulfur
GP-L 10.81 ± 0.27 2.31 ± 0.04 1.60 ± 0.14 0.39 ± 0.04
GP-3L 10.49 ± 1.18 2.23 ± 0.19 1.54 ± 0.04 0.38 ± 0.05
UN-L 9.78 ± 1.19 2.16 ± 0.29 1.19 ± 0.19 0.15 ± 0.08
UN-3L 9.76 ± 0.35 2.06 ± 0.09 1.15 ± 0.06 0.12 ± 0.02
EX-L 10.11 ± 0.55 2.47 ± 0.32 1.20 ± 0.13 0.49 ± 0.11
EX-3L 10.09 ± 1.20 2.16 ± 0.26 1.21 ± 0.16 0.24 ±0.13
Control 9.78 ± 0.67 2.21 ± 0.16 1.21 ± 0.17 0.98 ± 0.19
Concentration of the “L” and “3L” samples from the GP, UN, and EX extracts.

a cell lysis zone extending from the specimen up to 1 cm.
According to ISO 10993-12, natural rubber latex was used for
the positive control [16]. Therefore, the “3L” and “L” groups
had moderate cytotoxicity due to their strong cytotoxicity.
The E group had a reduced cell lysis zone compared with the

GP and UN groups, which showed similar results from the
cytotoxicity test to those of the L929 cells and HGFs.

To explain the difference in the viability between the
“L” and “3L” groups, the following assumption was made.
Cytotoxic particles may rapidly detach from the latex rubber
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Figure 3: Agar diffusion test. The latex sheet from the latex glove (positive control), the high density polyethylene sheet (negative control),
and “L” and “3L” of (a) GP, (b) UN, and (c) EX were located in predetermined positions. A zone extending up to 1.0 cm around the specimen
boundary was detected in all rubber band groups. Representative images are shown after the experiments were performed in triplicate.

Table 4: The concentration of the elements in the latex rubber bands (ppm).

Sample Fluoride Chloride Nitrate Phosphate Sulfate
GP-L 17.64 ± 0.07 3992.08 ± 3.24 41.42 ± 0.16 444.57 ± 3.12 30.35 ± 0.27
GP-3L 17.83 ± 0.17 3986.18 ± 1.50 42.15 ± 0.13∗ 450.52 ± 2.39 30.89 ± 0.19
UN-L 18.16 ± 0.07∗ 4003.26 ± 7.87 42.87 ± 0.60 459.9 ± 7.69 31.57 ± 0.48∗

UN-3L 17.81 ± 0.05 3990.32 ± 7.05 41.45 ± 0.84 441.48 ± 8.24 30.34 ± 0.57
EX-L 17.29 ± 0.11 3984.58 ± 21.52 40.13 ± 0.99 429.54 ± 4.96 29.32 ± 0.71
EX-3L 17.35 ± 0.21 3990.82 ± 5.66 40.33 ± 0.81 432.47 ± 7.59 29.49 ± 0.60
Control 17.75 ± 0.34 3973.25 ± 15.07 41.73 ± 0.90 455.83 ± 9.61 30.36 ± 0.64
Concentration of the “L” and “3L” samples from the GP, UN, and EX extracts.
∗
𝑃 < 0.05 compared with the control and 3L sample in each product.

band surface to the air when the bands are stretched up
to three times because the length increased outside of the
extracting media, whereas the attached cytotoxic particles
of the “L” group, which may have an increased amount of
attached harmful materials, may be released more from the
latex rubber bands when incubated as “L” without stretch-
ing.

To reveal the potentially harmful components and show
the cytotoxicity difference between the “L” and “3L” extracts,
FT-IR measurements were initially used to characterize the
extracts. Previous studies have suggested that the cytotoxicity
of elastic bands may be due to preservatives, such as zinc
oxide and sulfur (S), and due to the presence of an activator,
including nickel compounds and hydroquinone, which are
known cytotoxic substances [29]. In this study, the FT-
IR transmittance measurements with the ATR device were
performed to detect the presence of harmful components
from the extracts of the “3L” and “L” groups.The FT-IR results
indicated that opaque minerals (native metal, nickel, zinc, or
ametallic oxidemineral)might be present (see Figure 4, 1020,
2850, and 2917 cm−1) [30] without any significant difference
between the “L” and “3L” groups, which was considered due
to the limitation of the reflectance mode of FT-IR when ATR
and the media extract were used for the evaluation [31].

To determine the presence of a cytotoxic inducer, the
inner and outer surfaces of the latex rubber bands were
investigated using SEM images with EDS elemental analysis
of the “L” and “3L” groups. On the outer surface, Zn was
detected as the major cytotoxic inducer in the latex rubber
bands in all the products (data not shown). The Zn ion
could be extracted from ZnO, a preservative used in latex
rubber bands, and has been considered as a key factor in the
induction of cytotoxicity [9, 11]. In accordance with previous
studies, the results of the ICP-MS showed that the Zn ion
increased in all the extract groups compared with the control
culture media, which indicated that the latex bands stored
under wet conditionsmay elute the cytotoxic cation, as found
in other studies that evaluated in vitro cytotoxicity [32]. The
concentration of the Zn ion (∼9 ppm) from the extracts
was higher than the initiating cytotoxicity level (5 ppm),
indicating that the Zn ion was one of the key inducers of
cytotoxicity [33]. However, other possible inducers were not
excluded due to the severe cytotoxicity of the latex rubber
bands. The Zn ion was detected at a lower concentration
in the “3L” extracts than in the “L” extracts of the P and E
groups, which suggested a detachment of the other deposited
components. Therefore, other components from the latex
rubber bands could be considered as cytotoxic inducers.
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Figure 4: FT-IR spectra of the latex rubber band extracts. The
DMEM (control) and the extracts of the P, U, and E groups for the
“L” and stretched “3L” samples. The results of the FT-IR indicated
an increased IR-transmittance at 1020 (C–O stretch), 2850, and
2917 cm−1 (C–H stretch) compared with the DMEM culture media
(control group), which indicated the presence of opaque minerals
in the extracts, such as native metal, zinc, or a metallic oxide
mineral. Representative images were shown after the experiments
were performed in triplicate.

On the inner surface, many detachable particles were
observed, and the “L” group hadmore attached particles than
the “3L” group for all the products (Figures 5 and 6). The
clearing of Ni nanoparticles was only detected in the “3L”
group but not in the “L” group for all the products accord-
ing to the EDS results, whereas sulfur (S), one of the possible
cytotoxic ingredients, was detected at the same level (Figure
6). Ion chromatography and elemental analysis were used to
additionally detect any differences in the sulfate and sulfide
contents among the “L” group, “3L” group, and culture media
because researchers havementioned that sulfur-relatedmate-
rials may be potentially cytotoxic [6, 29]. Unfortunately, no
difference was detected (Tables 3 and 4). The clearing of
the Ni single crystal nanoparticles from the inner surface of
the latex rubber bands was supported by the EDS mapping
results in Figure 7 and the TEM images with the SEAM
pattern in Figure 8. However, the Ni ion was not detected
by ICP-MS in the control and experimental groups due
to its low ionization in extracting media. The cytotoxicity
of the Ni nanoparticles was more severe than that of the
Ni oxide nanoparticles, which induced cytotoxicity from
400 ppm [34] comparedwith the low concentration (∼2 ppm)
of the Ni nanoparticles [35, 36]. There has been concern that
the unique characteristics of the nanomaterials themselves
induce undesirable effects despite the absence of heavymetals
in the nanomaterials. However, the concentration above the
cytotoxicity-inducing level was determined to be more than
a few hundred ppm, which is significantly higher than the
concentration of the extract from the latex rubber bands [37].
Thus, the “3L” extracts would show a lower cytotoxicity due
to the clearing of the highly toxic Ni nanoparticles along with
the decrease in the extracted toxic Zn ions [38].

Ni nanoparticles are included in the vulcanizing pro-
cessing of latex rubber bands. Uncured natural latex rubber
deforms easily under warm conditions and is brittle when
cold, which makes it a poor material when a high level
of elasticity is required. Vulcanization of the latex rubber,
the chemical process to convert the natural rubber into a
more durable material via the addition of sulfur, results in
crosslinking via the disulfide bonds among the natural rub-
bers, which prevents the long polymer chains in the rubber
from moving independently and consequently increases the
elasticity [39]. During vulcanization, activators are essential
ingredients, which reduce the curing time by increasing
the rate of vulcanization. The common activators used are
nickel compounds, zinc oxide, hydroquinone, phenol, alpha-
naphthylamine, and P-phenylenediamine, which have been
considered to be cytotoxic inducers [40]. In addition to the
cytotoxicity of the activator, these compounds have been
widely used in other latex materials [41, 42]. Therefore, the
deposited Ni nanoparticles are an inevitable phenomenon in
the process of vulcanization of latex rubber.

Latex rubber bands are widely used in clinical applica-
tions, although they showed cytotoxicity in in vitro tests.
The in vitro cytotoxicity may be attenuated when the latex
rubber bands are used in vivo due to the dynamic saliva
circulation compared with the static test conditions of the
in vitro tests. Furthermore, according to the results of this
study, the stretchingmotion of the latex rubber bands outside
or within the mouth aids in the rapid detachment of the
cytotoxic materials, decreasing the release of the cytotoxic
element to the oral mucosa.The results of the cytotoxicity test
dependon the cell type used in the experiment [43]. Although
human oral epithelial cells, components of the outer layer in
the oral mucosa, might have been a better choice to mimic
the harmful effect on the oral mucosa, the cytotoxicity results
of the mouse L929 cells and HGFs, inner components of the
oral mucosa, provided insight into the cytotoxic effect of the
latex rubber bands due to their vulnerability to the cytotoxic
inducer [44].

Stretching of the latex rubber bands caused a decrease
in the cytotoxicity, which appears to be more relevant to
the clinical outcome in which it is relatively a less harmful
event to the patients due to the detachment of ZnO and
the Ni nanoparticles when using the latex rubber bands in
an orthodontic treatment. Previously, the cytotoxic effect
of the deposited particles covering latex elastics has been
questioned [18]. According to this study, the ZnO and Ni
nanoparticles covering the latex rubber bands could be cyto-
toxic inducers in the latex rubber bands.Thepresented results
supported the assumption that cytotoxic Ni nanoparticles on
the latex rubber bands may rapidly detach from the inner
surface to the air when the bands are stretched up to three
times their length, contributing to the safe usage of the latex
rubber bands in orthodontic treatments, regardless of the in
vitro cytotoxicity.

5. Conclusions

The “3L” group showed a different cytotoxicity in the L929
and HGF cells compared with the “L” group due to the
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Figure 5: SEM images of the “L” and “3L” rubber band inner and outer surfaces. The deposited particles of the “L” group were reduced in the
“3L” group on the inner surface. However, on the outer surface, there were few attached particles in both the “L” and “3L” groups compared
with the inner surface, and a crevice was detected in the “3L” group. Representative images were shown after the experiments were performed
in triplicate.
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Figure 6: SEM images and elemental analysis using EDS from the (a) “L” and (b) “3L” rubber band inner surface.The left headed white arrow
and the right headed arrow with a rectangle indicate the microsized particles and the nanosized particles, respectively. A decrease in the
microsized particles (∼30 𝜇m) and a disappearance of the nickel nanosize particles (∼50 nm) were observed in the Inner-3L. Representative
images were shown after the experiments were performed in triplicate.
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Figure 7: SEM images of the “L” ((a), (b), and (c)) and “3L” ((d), (e), and (f)) rubber band inner surfaces. A decrease in the attached particles
was observed in the “3L” group. The colored dots on the “Inner-L-Ni” ((g), (h), and (i)) show the presence of nickel nanoparticles on the
“L”. However, nickel nanoparticles on the “3L” were not detected (images cannot be obtained). Representative images were shown after the
experiments were performed in triplicate.

detachment of the ZnO preservative and the Ni nanoparti-
cles, which are inevitably used in the vulcanization process
of the latex rubber. These results appear to be relevant to
the safe usage of the latex rubber bands in orthodontic
treatments due to the detachment of the harmful particles.
The stretching procedure prior to the use of latex rubber
bands in orthodontic treatments could be the process during
which the potential nanoparticles detach from the surface.
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L: Original length
3L: Stretched to three times
HGF: Human gingival fibroblast
FT-IR: Fourier transform infrared spectrometry
ATR: Attenuated total reflectance
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Purpose.We suggest a successful and simpleMedpor treated waywith chitosan and evaluatemore improved osseointegration ability
of it than the orignal.Materials and Methods. Medpor was punched into circular shape and dipped into the chitosan gel solution.
The Medpor plates soaked with chitosan were identified by the SEM images. We evaluated the growth rate of MC3T3-E1 cell using
Von Kossa staining and MTT assay as in vitro experiment. And we implanted both Medpor plates into skull of domestic rabbits
for in vivo experiment. We evaluated the osseointegration result with an optical microscope in postoperative 3 weeks and 6 weeks
histologically. Results. The in vitro MC3T3-E1 cell growth rate on Medpor soaking with chitosan was faster than the original one
in both Von Kossa staining and MTT assay. In animal test, Medpor soaking with chitosan shows more pronounced new bone than
original Medpor too. Conclusion. Medpor soaking with chitosan was a successful modification. It is believed that the upgraded
osseointegration ability of Medpor soaking with chitosan gives many benefits to clinicians using a Medpor implant for oral and
maxillofacial reconstruction surgery.

1. Introduction

Many bone graft materials and bone substitution materials
have been developed and used in reconstruction surgeries
of a collapsed oral and maxillofacial anatomical structure
as discussed by Neovius and Engstrand [1]. Autogenous,
allogeneic, xenogeneic, and alloplastic materials are typical.
Allogeneic bone, xenogeneic bone, and alloplastic material
were getting better for recent several decades, but it might
be so difficult that they catch up the regeneration and
osseointegration ability of autogenous bone yet. But despite
of the powerful ability, the autogenous bone has a certain
clinical problem that the volume of donor site and the
number of donating times are certainly limited and a lot of

physiological strains on the host body are put by an additional
operation. Many researches are doing research to find a new
kind of graftmaterial without thesesort of problems. Many of
them are trying to develop a more powerful “modification”
for xenogeneic and alloplastic materials than previous one or
find new mimic material. In this study we chose porous high
density polyethylene implant (Medpor) as a good alloplastic
material of bone substitutive candidate.

A graft material acts a role of scaffold on a recipient site
in tissue regeneration engineering field. A scaffold is not only
a dimensional framework on which desired tissues locate
and a passage and depository of communication signals and
nutrients but also a driving factor which induce a tissue cell
differentiated appropriately with signals, nutrients. A good
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Figure 1: Chemical structure (a) of chitin poly(N-acetyl-b-D-glucosamine), (b) of chitosan (poly(D-glucosamine)) repeat units, and (c)
structure of partially acetylated chitosan.

scaffold material has to satisfy following requirements: (1)
biocompatibility with the host cells, (2) biodegradability at
the ideal rate synchronizing with new differentiating tissue
cells, (3) nontoxicity and nonimmunogenicity, (4) proper
mechanical property, and (5) suitable porosity size and mor-
phology for transporting of moving cells, gases, metabolites,
nutrients, and signal molecules as discussed by Kim et al. [2].

Medpor is famous as one of good alloplastic materials
for a bone reconstruction surgery as discussed by Berghaus
[3]. It is known that Medpor has high biocompatibility with
human host tissues, as many clinical application cases have
been reported in medical literature. And as many critical
postoperative complications caused by Medpor have not
been reported to medical literature. That means Medpor has
no toxicity. Because Medpor is enough inert and tolerative
against a host defense system, especially enzyme and immune
system of host, so Medpor would not be degraded easily
in a physiologic environment. The multiporous structure of
Medpor provides a settling space to new bone tissue cells
as a good regenerating environment tube integrated with
host bone tissue. The porous structure allows prominent
vascularization and connective tissue ingrowth among the
space too. And Medpor has ambivalent physical properties,
not only flexibility to absorb the external shock and being
easy to shape with routine surgical blade or scissors but
also being enough rigid to maintain the contour firmly
as discussed by Couldwell et al. [4]. So Medpor has been
used for many clinical surgeries to reconstruct a collapsed
anatomical structure caused by trauma or surgical resection.
Medpor is a good alloplast for the chin, malar area, nasal
reconstruction, ear reconstruction, orbital reconstruction,
and the correction of mandibular contour deformities and so
forth, all craniomaxillary reconstruction as discussed by else-
where [5, 6]. But despite the fact that Medpor satisfies many
requirements as a substitute for collapsed bone, unfortunately

it has no osteoinduction ability to regenerate new bone,
because Medpor has no biodegradability and no activity to
osteoinduce. Medpor does just role as substitution to fill
defected bone space of host. The adhesive strength with the
host bone is weak to fix firmly with host it is necessary to fix
with a screw system that require an operating surgeon more
endeavour. To improve osseointegration ability of Medpor
with host bone, in this study we devised an advancedMedpor
which is soaking with chitosan.

Chitosan is well known as a good scaffold material
which induce a bone tissue regeneration as discussed by
Madihally and Matthew [7]. Chitosan is the second most
abundant linear polysaccharide in nature which is composed
of glucosamine and N-acetyl glucosamine linked in a 𝛽 (1–
4) manner (Figure 1(b)) as discussed by Rinaudo [8]. The
easiest way to obtain a chitosan is from nature chitin. Chitin
(Figure 1(a)) is easily obtained from exoskeleton of crab or
shrimp shells, lobsters, krill, insects, crustacea, and so forth.
So the commercial price of chitosan is very cheap as discussed
by Ravi Kumar [9]. Chitosan is obtained by deacetylation
of chitin in the high pH condition. The hydrolysis of the
acetyl moiety of chitin polymer using a mixture of anhydrous
hydrazine and aqueous sodium hydroxide or potassium
hydroxide solution changed chitin into chitosan (Figure 1(c))
as discussed by Dash et al. [10]. Of course Chitosan is a
nontoxic, biologically compatible polymer approved by the
FDA for use in wound healing as discussed by Thanou et al.
[11]. But some moiety change on chitosan could make it
more or less toxic. In this study, we note the osteoinduction
ability of chitosan to promote cell growth and to provide
mineral rich matrix deposition as discussed by Kean and
Thanou [12]. Enzymatically, chitosan can be degraded by
enzymes like human chitinases which can hydrolyze between
glucosamine linkages and depolymerize through oxidation-
reduction reaction. And free radical degradation of chitosan
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(a) (b)

Figure 2: Gross findings of the porous polyethylene (Medpor) plates shaped by puncture into circular form. (a) Original nonsoakingMedpor
plates. (b) Medpor soaking with chitosan plates. The color of Medpor plates changed into yellowish after coating process.

plays a main role in the in vivo degradation. The degraded
mineral rich matrixes not only induce host cell growth
hormone but also provide mineral resource to regenerating
osteoblasts. So chitosan has been used for a scaffold material
to reconstruct a collapsed anatomical structure of patients
too.

As the Medpor porous structure provides a strong
spacious framework and chitosan could induce the bone
generation effect, the Medpor soaking with chitosan will
be good bone substitution alloplastic material. In particular
the boundary site of Medpor soaking with chitosan will
be integrated with host bone tissue firmly, and maybe no
more screw fixation will be required to fix it with host
bone. In this study we designed simple chitosan treated
process on Medpor and evaluated its osseointegration ability
histologically through in vitro and in vivo test compared with
original one.

2. Materials and Methods

2.1. Medpor Plate Soaking with Chitosan and Surface Charac-
terization. Manufactured porous polyethylene implant plate
(Medpor Surgical Implant 38 × 50 × 1.0mm3) was punched
into circular shape plate with each 8mm (for in vivo rabbit
implant experiment) diameters puncher (BIOPSY PUNCH
8mm/USA). Chitosan (sigma, USA) 2.0 g and 99.5% acetic
acid 1mL mixed into distilled water 30mL. The half of
prepared circularMedpor plates was dipped into the chitosan
gel solution in 42∘C water bath. It took about 3 days until all
chitosan dissolved into the solution completely. After 3 days,
we picked up all Medpor plates and dried them clearly. The
weight of the original Medpor plates (A) was 0.93 g. After the
coating process, the mean weight of the Medpor plates (B)
changed into 2.29 g. We could guess that 1.36 g of chitosan
was soaking on theMedpor plates (B −A= 1.36 g).The visible
change by coating process was about the color of Medpor
plates. The white color of the Medpor plates changed into
yellowish one (Figure 2(b)). To investigate whether chitosan
could be well soaking on the Medpor plates, we took its

SEM image. The surface morphology of pristine Medpor
plates and chitosan soaked Medpor plates were observed
by scanning electron microscopy (JSM-7500F+EDS, Japan).
The substrates were coated with gold using a sputter-coater
(OPC80T, Japan). The SEM was operated at 15 kV of acceler-
ation voltage.

2.2. In Vitro Cell Differentiation on Medpor
Soaking with Chitosan

2.2.1. MC3T3-E1 Cell Culture. Alpha-Minimum Essential
Medium (𝛼-MEM, gibco/USA) 500mL, 10% Fetal Bovine
Serum (FBS, gibco/USA) 50mL, and 1% penicillin 5mL were
mixed in 500 : 50 : 5 ratio. The MC3T3-E1 cell frozen in the
liquid nitrogen tank was quickly thawed in a 37∘Cwater bath.
In the clean bench we gently mixed the cell and the MEM
9mL into 15mL conical tube using amicropipette. Cell pellets
were acquired using a centrifugation (1200 rpm, 3min) and
a floating MEM was removed from conical tube except the
cell pellets. Cell pellets were dissolved carefully into a new
MEM 5mL in the conical tube with a micropipette. The
MC3T3-E1 cells were seeded at a MEM 5mL in a 100 𝜙 dish
and diffused homogeneously by slow rotating motion. We
confirmed the cells diffusing condition with a microscope.
After the preparation, the cells were incubated for 2 days
at 37∘C in a CO

2
shaking incubator. Cell cultures were

performed in passage 4.
We removed the medium completely from the culture

100 𝜙 dish and washed it with PBS 2mL and remove PBS
completely too. After washing it, we added a trypsin-EDTA
(USA/gibco) 2mL to the cell dish. The cells were incubated
for 3 minutes at 37∘C again in a CO

2
incubator.The detached

cell condition was checked through a microscope. To deac-
tivate trypsin-EDTA we added MEM 3mL into the cell
dish. Cell pellets were acquired again using a centrifugation
(1200 rpm, 3min) and a floating medium was removed from
the conical tube. A newMEM500𝜇Lwas added into the tube
to dissolve the cell pellets. To count cells we used trypan blue
assay. The cell suspension 20 𝜇L and trypan blue 20 𝜇L were
mixed in the same volume andwashedwith 70% ethyl alcohol
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and cell counted using a microscope.The numbers of the cell
were 142.5 × 104.

2.2.2. MTT Assay for MC3T3-E1 Cell Proliferation. To
observe the cell proliferation we seeded each of 1 × 104
MC3T3-E1 cells into the normal Medpor plates, Medpor
plates soaking with chitosan, and control sample on the 24-
well plate. After the seeding finished, the 24-well plate was
incubated for 4 hours in a CO

2
incubator at 37∘C. After

incubation, DMSO 150𝜇L was injected into each Medpor
well and the plate was agitated for 30min. After removal of
MTT solution, absorbencies of all samples were measured
at 570 nm using a microplate reader. The MTT assay is
described elsewhere [13].

2.2.3. Von Kossa Staining. Consider

(i) 5% silver nitrate solution (silver nitrate (99.0%,
sigma/USA) 5.0 g + D-D.W 100mL)

(ii) 5% sodium thiosulfate (sodium thiosulfate (99.0%,
sigma/USA) 5.0 g + D-D.W 100mL)

(iii) nuclear Fast Red solution (Aluminum sulfate (99.0%,
sigma/USA) 25.0 g + D-D.W 500mL + nuclear fast
rad 0.5 g).

We seeded each of 1 × 104 MC3T3-E1 cells into the
originalMedpor plates, Medpor plates soaking with chitosan,
and control sample on the 96-well plate. We seeded control
group on the next site together. After the seeding finished,
the 96-well plate was incubated for 10 days doing exchange
the medium every 2 days. And after the incubation each well
was washed three times with PBS. To fix the cell we dipped
the well plate into 70% ethanol solution for 10 minutes and
washed it with D-D.W. Using nuclear fast red solution every
samplewas stained for 5minutes andwashed three timeswith
D-D.W and observed the color changes of the samples.

2.2.4. StatisticalMethods. Weused a SPSS 21.0 program (IBM
Co., Armonk, USA) for statistical analysis. Normality Test
of the measurement values of each group was performed.
Data are presented as mean ± standard deviation for growth
cell rate results of the MC3T3-E1 cells relative to the control
sample as 100%. Statistical significance was determined by
independence 𝑡-test. The differences were considered to be
statistically significant at 𝑃 < 0.05 (𝑛 = 9).

2.3. Animal Experimental Study of Osseointegration Ability

2.3.1. Medpor Sample Implant Surgery on the Skull of a Domes-
tic Rabbit. This study was performed in accordance with the
Institutional Guidelines for Experimental Animal Care and
Use of ChonnamNational University (CNU IACUC-H-2014-
6).

Six domestic rabbits under general anesthesia were
prepared using Xylazine (Rompun, Bayer Korea, Korea)
10mg/kg and Zoletil (Zoletil50, Virbac Co, France) 50mg/kg.
After fur removal to expose the skull sterilized with
Povidone-iodine (Potadine, Korea), we injected 2% lidocaine
with 1 : 100,000 epinephrine locally around the surgical site

(a) (b)

Figure 3: In vivoMedpor implant surgery on the skull of a rabbit. (a)
original Medpor plate on right side (control) and (b) Medpor plate
soaking with chitosan on left side (experimental).

of rabbits. Using a surgical blade the skulls of rabbits were
exposed enough and the skull of each of the rabbits was
punched twice with 8mm trephine bur. And a Medpor plate
soaking with chitosan was located on the right punched side
of each rabbit and the other normal Medpor was located
on the other left side and sutured the surgical site firmly
(Figure 3). The surgical site was washed with saline and
sterilized with potadine. Amoxicillin and anti-inflammatory
drug were treated in intramuscular injection.

2.3.2. Histological Evaluation of Samples. At 3 weeks and 6
weeks after surgery, all rabbits were sacrificed by an excess
injection of pentothal sodium and exposed the surgical site.
All Medpor implants including the surrounding bone were
resected and trimmedinto a proper shape. And we fixed the
fresh bone with Schaffer’s solution (2/3 of 96% ethanol +
1/3 of 37% formaldehyde). After serial dehydration without
any decalcification, the bone samples were embedded into
methylmethacrylate solution. All Medpor implants were cut
into 300 𝜇m thickness by a diamond saw along themajor axis
of the thickest area of each implant. And those samples were
ground with a grinder-polisher (Metaserv, Buehler, USA)
into 50 𝜇m thickness.Those samples were stained using H&E
and observed through the microscope (Nikon Inc., Melville,
NY, USA) histologically. Using Aperio Image Scope v9.1
(ImageScope, Aperio Technologies Inc., Vist, CA, USA) we
obtained the histological digital images of the stained slice
samples. We focused osseointegration level and treatment
level around the periphery of each implant.

3. Results

3.1. Medpor Plate Coating with Chitosan. To investigate
whether chitosan could bewell soaking on theMedpor plates,
we took a SEM image (Figure 4). As compared to the ×50
images, the Medpor plate samples treated with chitosan has
shown that fines with a smooth surface covered the surface
between polyethylene frameworks. The space of scaffolds of
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(a)

b

(b)

Figure 4: Scanning electron micrographs of the Medpor implant: (a) and (b) ×50 images; (b) image in the (b) image is ×500 image of (b).
(a) Image includes the section of original Medpor and (b); (b) images include the section of Medpor plates treated with chitosan. The (b)
image shows a smooth surface made of chitosan and the (b) image shows the root part of a columnar structure made of chitosan.

Medpor plates became narrower than the original Medpor
plate samples. Some columnar chitosan crystal was observed
in a porous framework (Figure 4(b)).

3.2. In Vitro Cell Differentiation on Medpor Soaking with Chi-
tosan. To investigate MC3T3-E1 cell differentiation capacity
on Medpor we performed several analyses including Von
Kossa staining andMTT assay.The Von Kossa staining result
was observed by naked eye. The left side line of the Figure 5
is the wells of the original Medpor samples and the right
side line is chitosan coating Medpor. The red color dye
stained the well-differentiated MC3T3-E1 cells for the new
bone generation. As you see, the right side of the wells shows
more reddish color than the left side. It means that Medpor
soaking with chitosan has better osteoinduction ability than
the original one in the differentiation of bone regeneration
cell.

In MTT assay the growth rate of the MC3T3-E1 was con-
verted with absorbance in 570 nm relative to the absorbance
of control group. The result is the diagram of Figure 6. As
you see it, the Medpor soaking chitosan showed about 23%
(deviation of mean is 2.52%) higher growth rate than the
control and original Medpor showed about 13% higher than
the control. And the mean growth rate of the MC3T3-E1 is
statistically significantly different between two groups (𝑃 =
0.008, Figure 6).

3.3. Evaluation of Osseointegration Ability in Animal Study.
Theregeneration state of each rabbit’s samplewas evaluated in
histologicalmethod.H&Edye is adequate dye to stain an alive
bone tissue specifically. But Medpor is not stain with H&E
dye, so we can identify ivory color Medpor. The pink color
between porous structures of Medpor, which can provide
strong osseointegration with host bone tissue, is stained new
bone matrix.

In Figure 7 corresponding to 3 weeks of postsurgery the
stained new bone matrix of right column, Medpor soaking
with chitosan, is more pinkish than the one of left column.

(a) (b)

Figure 5: Gross finding of Von Kossa staining result. (a) Original
Medpor and (b)Medpor soaking with chitosan. (b) Samples showed
the color change in red.

Particularly focusing the periphery of implant Medpor soak-
ingwith chitosan showsmore pronounced color than original
Medpor. In some area the dark red of (a) looks like redder
than (a), but it is just coagulation product of blood and not
new bone matrix. In Figure 8 corresponding to 6 weeks of
postsurgery the stained new bone matrix of right column,
Medpor soaking with chitosan, is more pinkish than the one
of left column too. Around the periphery of implant, the color
difference is more pronounced too.The clear boundary of the
new bone tissue proves a strong osseointegration with host
bone tissue.

4. Discussion

Recently, Medpor has been excellent alternative to autoge-
nous bone grafts for facial skeletal augmentation clinically.
Medpor is useful in treatment for a variety of facial skeletal
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Figure 6:The converted absorbance bar diagram for growth cell rate
results of the MC3T3-E1 cells relative to the control sample TCP as
100%; the left bar (group 0) is for the original Medpor and the right
bar (group 1) is for theMedpor soaking chitosan. Data are presented
as mean ± standard deviation with 𝑛 = 9 (𝑃 < 0.05).

deformities despite of some disadvantages including its ri-
gidity and palpability extraorally as discussed by Rai et al.
[14]. They have fundamentally high biocompatibility, low
toxicity, low immune reaction, and proper porous structure
which provide a passage and a space to undifferentiated
mesenchymal cell, gases, metabolites, nutrients, and several
signal molecules and their characteristics were reported
many times through biological and medical literature.

While Medpor has a relatively rigid and stable structure
it has poor osseointegration ability with host bone. Medpor
implants in vivo in animal experiments showed both soft
tissue and bony ingrowth into its pores and these results
give a belief that Medpor has osteoconduction activity,
but unfortunately Medpor has no osteogenic effect through
osteoconductive activity even in young children as discussed
by Tark et al. [15]. So to implantMedpor, we have to fix it with
a screw as discussed by Couldwell et al. [4].

To improve the osteoconductive activity of Medpor,
variety of modifications were perfumed. Cowieson et al. tried
plasma polymerization for molecularly imprinted polymer to
porous polyethylene filtration membranes [16]. Since there
was no significant change in the porosity of the modified
membranes, it was assumed that only a thin layer of the
polymer was introduced on the surface of the herbicide
atrazine as a template. The plasma polymerization can give
the free formation ability and rigid adhesive effect, but it
seems too difficult to control the plasma quite freely.

Ehrmantraut et al. perfumed tomake aMedpor plate with
chondrocytes to promote early implant vascularization and
incorporation into host tissues [17]. Adequate vascularization

provides a successful incorporation of the alloplastic bioma-
terial. If vitalization with human chondrocytes can accel-
erate the early vascularization of porous polyethylene the
osseointegration ability will be better. Polyethylen samples
were coated with platelet-rich plasma (PRP) and it improved
vascularization compared with controls. And they prevented
the accumulation of macrophages and foreign body giant
cells on the polyethylene surface. But PRP is too expensive
to manufacture. The coating process is so difficult because it
requires a careful biological process to protect the protein in
PRP.

Kalwerisky et al. examined silicon-capped porous
polyethylene spherical implants and evaluated the rate
of vascularization that is important to osseointegration
[18]. In this animal experiment, no fibrovascular ingrowth
occurred at the interface between the silicone cap and
the porous polyethylene implant and no significant host
inflammatory response and no implant exposure which is
main complication of using porous polyethylene spherical
implants as discussed by Sevin et al. [19]. Silicon capped
implant that resists exposure without the need for a wrapping
material and achieves successful biointegration soon after
implantation. But Silicon capping process is not so easy to
manufacture.

If chitosan can be used like an adhesive scaffold for
osseointegration with host bone, the fixation process in an
implant surgery using Medpor will be not required anymore.
So the surgery process usingMedpor can bemore biocompat-
ible. Some modification method was shown using chitosan,
for example, a hydrogel form by ethylene glycol chitosan
introduced by Chen et al. [20]. Chemical or physical cross-
linker which could combine the advantages of the two kinds
of hydrogels gives the formation result of a covalent bonewith
a host tissue and it is a promising tissue engineering scaffold.

Because chitosan is so naturally more abundant and
economically cheaper than other additive candidates to
modify Medpor, the reasonable price of the production
will be expected. The low cost of chitosan coating implant
production may reduce the financial burden not only of
implant commercial providers but also of recipient patients.
The simple coating process will promise the easier commer-
cialization than another substitution coating materials too.

For this study a relatively simple method for coating a
chitosan toMedpor was suggested. Changing the solubility of
the chitosan, by increasing the pH of the solvent and dipping
Medpor into the concentrated chitosan solution for a long
time through a process, chitosan can successfully be soaking
onto Medpor. Successful coating result was confirmed by
STM images analysis.

The bone regeneration ability andmarginal osseointegra-
tion with host bone of Medpor soaking with chitosan were
proven through in vitro M3TC3 cell differentiation experi-
ments and in vivo bone formation experiments. Neither in
vitro experiment of cell differentiation nor in vivo experi-
ments of bone regeneration could evaluate a numerical result
of osseointegration by physical test. To acquire confirmation
about the osseointegration, a succeeding research may be
needed. But through these experimental result, we cannot
ignore that the osseointegration capability in the junction
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(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

Figure 7:Thewhole and local tomography of histologic images of theMedpor plates implanted into skulls of 3 rabbits at 3 weeks after surgery.
All bone tissue sample was stained with H&E dye.The images of original Medpor are on left column (a, b, c, and d) and the images of Medpor
soaking with chitosan are on right column (a, b, c, and d). Same alphabet means same rabbit (ex. a = a). Image of (d) is zooming in local
part of (c), and (d) is zooming in local part of (c).The pink color means alive new bone tissue which provides strong osseointegration ability
with host bone tissue.

between host bone and newly formed bone Medpor was
relatively considerable than in the case of original Medpor,
although the coating method was simple and cheap.

For better osseointegration ability of Medpor soaking
chitosan, it is necessary to devise a modified soaking process
which can facilitate penetration of the core. We could suggest
and try a new modification method to obtain the efficiently
absorbed Medpor using a weak negative pressure of vacuum

utility as discussed by James et al. [21]. We guess that the
simple method would make a dramatic improvement of
efficiency. Or a high concentration chitosan solution can
be injected from the inside of Medpor or the artificial flow
of chitosan solutioncan be considerable. The temperature
condition and the adjustment of the concentration of the
chitosan can be used. It seems that there is room tomake sev-
eral upgrade coating methods. Not just only methodological
research but also the retrospective researches to identify the
osseointegration of new Medpor are expected now.
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(a)

(b)

(c)

(a)

(b)

(c)

Figure 8:Thewhole and local tomography of histologic images of theMedpor plates implanted into skulls of 2 rabbits at 6 weeks after surgery.
All bone tissue sample was stained with H&E dye. The images of original Medpor are on left column (a, b, and c) and the images of Medpor
soaking with chitosan are on right column (a, b, and c). Same alphabet means same rabbit (ex. a = a). Image of (c) is zooming in local part
of (b), and (c) is zooming in local part of (b). The pink color means alive new bone tissue which provides strong osseointegration ability
with host bone tissue.

5. Conclusion

Following this research of our group, we could conclude that
Medpor soaking with chitosan was a successful modification
in not only in vitro test but also in vivo test. It is especially
confirmed by the animal histological evaluation that the
osseointegration around the boundary between the Medpor
soaking with chitosan implant and the host bone tissue is
more pronounced than the original Medpor. It is believed
that the upgraded osseointegration ability ofMedpor soaking
with chitosan gives many benefits to clinicians using a
Medpor implant for oral and maxillofacial reconstruction
surgery.
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Porous polycaprolactone (PCL) scaffolds were fabricated by using the CO
2
gas foaming/salt leaching process and then PCL scaffolds

surface was treated by oxygen or nitrogen gas plasma in order to enhance the cell adhesion, spreading, and proliferation. The
PCL and NaCl were mixed in the ratios of 3 : 1. The supercritical CO

2
gas foaming process was carried out by solubilizing CO

2

within samples at 50∘C and 8MPa for 6 hr and depressurization rate was 0.4MPa/s. The oxygen or nitrogen plasma treated
porous PCL scaffolds were prepared at discharge power 100W and 10mTorr for 60 s. The mean pore size of porous PCL scaffolds
showed 427.89 𝜇m.The gas plasma treated porous PCL scaffolds surface showed hydrophilic property and the enhanced adhesion
and proliferation of MC3T3-E1 cells comparing to untreated porous PCL scaffolds. The PCL scaffolds produced from the gas
foaming/salt leaching and plasma surface treatment are suitable for potential applications in bone tissue engineering.

1. Introduction

In bone tissue engineering, scaffold plays a key role in
providing the appropriate matrices to regeneration of tissue
and has to fulfill a few basic requirements such as high
porosity, proper pore size, and surface properties permitting
cell adhesion, differentiation, and proliferation [1]. Generally,
the ideal scaffold should possess the properties of good bio-
compatibility, biodegradability with controllable degradation
rate, easy fabrication, and sufficient mechanical properties
[2]. Also, scaffolds must possess an open pore and a fully
interconnected geometry in a highly porous structure with
large surface area that will allow cell in-growth and an
accurate cell distribution throughout the porous structure
and will facilitate the neovascularization of the construct
from the surrounding tissue [3].

Supercritical carbon dioxide (scCO
2
) is widely used

as a porogen to produce porous polymeric scaffolds. In
addition, scCO

2
foaming technique is a very clean method

for scaffolds production because it does not require the
use of organic solvents to achieve porous scaffolds fabrica-
tion. A number of polymeric materials have been foamed
by scCO

2
for tissue engineering purposes. For example,

poly(D,L)lactide [4], poly(D,L)lactide-co-glycolide copoly-
mers [4, 5], poly-𝜀-caprolactone [6–8], and polymethyl-
methacrylate [9]. Recently, a highly porous polymeric scaf-
folds with a well interconnected and homogeneous porous
structure were prepared by the gas foaming/salt leaching
method [10, 11].The evolution of ammonia or carbon dioxide
gases, as well as the leaching out of salt particulates from the
solidifying polymer matrix, was found to produce macrop-
orous scaffolds with pores ranging from 200 to 100𝜇m with
no visible surface skin layer, which permits sufficient cell
seeding within the scaffolds [10, 11].

Poly-𝜀-caprolactone (PCL) is an aliphatic biodegradable
polymer with numerous potential applications in the tissue
engineering application for bone and cartilage regeneration
[12, 13]. The PCL is an excellent scaffold candidate due to its
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mechanical and structural properties and its ability to form a
desired shape. The major limitation of PCL, however, is that
it does not provide a desired environment for cell adhesion
due to the lack of biological recognition sites and its intrinsic
hydrophobicity [14].

Plasma surface modification techniques are used in
biomedical engineering to modify the polymer surface to
improve the adhesion, spreading, and proliferation of cells
[15]. Also, surface modification with biomolecules is a typical
strategy for improving the cellular response to conventional
biomaterials. Biomaterial surfaces strongly affect the immune
response, provide sites for cell adhesion, direct cell migration,
and can trigger cell differentiation [16].

In this paper, we prepared porous PCL scaffolds via
CO
2
gas foaming and salt leaching process to apply to the

bone tissue engineering. To improve the hydrophilicity and
biocompatibility of porous PCL scaffolds, we performed
oxygen or nitrogen plasma surface treatment.

2. Materials and Methods

2.1. Materials. PCL (Mw = 30 kDa∼50 kDa, Tm = 60∘C, and
T
𝑔
= −60∘C) and NaCl were purchased from Sigma-Aldrich

and Bio-Shop, respectively. The NaCl particles were ground
and sieved to generate particles in the range of 150∼212 𝜇m.

2.2. Fabrication of Porous PCL Scaffolds. The porous PCL
scaffolds were prepared by CO

2
gas foaming and salt leaching

methods. PCL pellets were melted and mixed with PCL and
NaCl in the ratios of 3 : 1 at 55∘C. Subsequently, the samples
were poured to Teflon mould with 2 cm diameter and 1 cm
height. Gas foaming process was carried out by solubilizing
CO
2
within samples at 50∘C and 8MPa for 6 hrs.The pressure

was quenched to the ambient very fast to allow for the
formation of a bimodal pore structure. The release rate of
scCO
2
was 0.4MPa/s. Figure 1 presents the schematic of CO

2

gas foaming device. After CO
2
gas foaming, the samples

were immersed into distilled water (DW) for 1 day. DW was
changed every 12 hrs.

2.3. Plasma Surface Treatment. The equipment for plasma
surface modification is reported elsewhere [9]. The surface
modification of PCL scaffoldwas carried out using a radio fre-
quency (RF, 13.56MHz) capacitively coupled plasma system
(MINI PLASMA STATION, Korea). An oxygen and nitrogen
plasma treatments were conducted to hydrophilic property
and activate the PCL scaffolds surface. The oxygen plasma
conditions were carried out at RF discharge power of 100W,
oxygen flow rate of 3 sccm, working pressure of 3.99 Pa, and
treatment time of 60 s. For the nitrogen plasma, nitrogen flow
rate was adjusted to 4 sccm.

2.4. Surface Characterization of PCL Scaffolds. The cross-
sectional morphology of porous PCL scaffolds was observed
by scanning electron microscopy (SEM; SEC, SNE-3200,
Korea). After gas plasma treatment, the hydrophilicity of the
PCL scaffolds surface was determined by contact angles using
dynamic contact angle measurements (Contact-Angle, GS,

Needle valve

Check valve

PCL/NaCl sample

bomb
Vent

Pressure gauge

200 bar

100

50 150

Gas foaming
reactor

CO2

Figure 1: The schematic of CO
2
gas foaming device.

Surface Tech. Co. Ltd., Korea) and surface chemical compo-
sitions of the samples were analyzed in X-ray photoelectron
spectroscopy (XPS, Multilab 2000 system, SSK, USA).

2.5. Cell Culture. MC3T3-E1(ATCCCRL-2953) cells, a clonal
preosteoblast cell line derived from newborn mouse calvaria,
were cultured in 𝛼-modified Eagle medium (Gibco), supple-
mented with 10% fetal bovine serum and 1% penicillin strep-
tomycin and kept at 37∘C in a saturated humid atmosphere
containing 95% air and 5% CO

2
. Cells were detached with

a trypsin/EDTA solution (Sigma-Aldrich) and suspended in
the correct medium. Before cell seeding, the samples were
placed in 12 well culture plates and sterilized by soaking
samples in 70% ethanol for 15min.Then 1 × 105 preosteoblast
cells were seeded on sterilized samples.

2.6. Cell Proliferation. The proliferation of the cells was
determined with MTT colorimetric assay. This test can
detect the conversion of 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (Sigma-Aldrich) to formazan.
The cell growth was stopped at 1, 3, and 6 days. After
each time point, the cells were incubated in the medium
supplemented with 10% bromide to allow the formation of
water insoluble formazan crystals in 5% CO

2
at 37∘C for 4

hours. Then this product was dissolved in dimethyl sulfoxide
(DMSO, Junsei) solution. 200𝜇L aliquot of the solutions was
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Figure 2: SEM cross-section images of (a) pristine, (b) O
2
plasma treated, and (c) N

2
plasma treated porous PCL scaffolds surface.
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aspirated and poured into a 96 well culture plate to measure
optical densities (OD) with an ELISA reader (Thermal Fisher
SCIENTIFIC), at a wavelength of 540 nm. Data (𝑛 = 3) were
presented as means of OD values.
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Figure 4: XPS spectra of (a) pristine, (b) O
2
plasma treated, and (c)

N
2
plasma treated porous PCL films surface.

2.7. Cell Morphology Observation. After culturing for 24 h,
cells were washed with phosphate-buffered saline (PBS)
and then prefixed with a mixed solution containing 2.5%
glutaraldehyde and 2.5% paraformaldehyde for 3 h, washed
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three times for 10min each in the phosphate buffer, and post-
fixed in 1% osmium tetroxide for 30min. The samples were
dehydrated in a graded series of aqueous ethanol solutions
(70%, 90%, 95%, and 100%) for 5min each.The samples were
then placed in hexa-methyl-di-silazane (Fluka) to remove any
alcohol. After 10min, the samples were removed and allowed
to air dry overnight at room temperature. The sample was
coatedwith a thin layer of gold using an automated sputter for
1min.TheMC3T3-E1 cellsmorphologies of each sample were
observed by SEM (SNE-3200M, SEC, Korea). The images
were taken under an acceleration voltage of 30 kV.

2.8. Statistical Analysis. All the samples were cultured and
assayed in triplicate at each time point specified. All the
statistics are presented here as mean ± standard deviation.
The results of theMTT assay were analyzed statistically using
Student’s 𝑡-test. The statistical significance was considered at
𝑃 < 0.05.

3. Results and Discussion

3.1. Surface Analysis of Porous PCL Scaffolds after Gas Plasma
Treatment. Figure 2 shows the porous structure of various
PCL scaffolds after gas foaming/salt leaching. After the gas
plasma treatment, we observed the presence of open pore
morphologies and high degrees of pore interconnectivity.The
mean pore size of porous PCL scaffolds showed 427.89𝜇m.
Indeed, the debonding between the soft (PCL) and hard
(NaCl) domains may preferentially initiate the pore opening
during gas bubble growth, allowing for the formation of pore
interconnections, and hence the exposure of themicropartic-
ulate porogen to the water [17].

As expected, the water drop remained on the top surface
of the untreated PCL scaffold, while being absorbed into
pores of plasma treated PCL scaffolds immediately. For the
pristine PCL scaffolds, the value of contact angle showed
76.3 ± 3.5∘ (𝑛 = 5). However we could not measure the water
contact angle on the gas plasma treated PCL scaffolds surface
(data not shown). From these results, we could achieve a
homogeneous functionalization of the interior surfaces of
porous scaffolds and solved a problem of hydrophobic over
the PCL scaffolds surface. To investigate the effect on gas
plasma treatment on the hydrophilicity of PCL scaffolds
surface, we prepared the PCL films using a solvent casting,
and then we have measured contact angles again. Figure 3
shows the different contact angles on the pristine, O

2
plasma

treated, and N
2
plasma treated PCL films. For the pristine

PCL film, the value of contact angle showed 79.2 ± 4.5∘
(𝑛 = 5). Untreated PCL scaffolds and PCL films surface show
hydrophobic properties, whereas O

2
or N
2
plasma treated

PCL film surfaces show the hydrophilicity. The action of
the plasma promotes the formation of free radicals that can
act as interlock points for active species (polar groups) [18].
Furthermore, depending on the gas and general conditions
of the plasma treatment, it is possible to promote some
surface etching/abrasionwhich can induce changes in surface
topography, thus having a positive effect on the wettability
improvement [19, 20].
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Figure 5: Cell proliferation of MC3T3-E1 cultured on pristine, O
2

plasma treated, and N
2
plasma treated porous PCL scaffolds surface

for 1, 3, and 6 days ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

To investigate the atomic element on PCL film surface
after plasma treatment, XPS analysis is performed on differ-
ent PCL films. Figure 4 shows the XPS survey spectra (low
resolution) for PCL films with different exposure to nitrogen
and oxygen plasma. In these spectra, carbon (C 1s at a BE of
285 eV), nitrogen (N 1s at a BE of 399 eV), and oxygen (O 1s
at 533 a BE of eV) contributions can be clearly distinguished
[21].We can observe that new atomic elemental N 1s appeared
after nitrogen plasma treatment. It was previously suggested
that, under the O

2
plasma treatment, the scaffolds became

more etched, and an increase in the concentration of polar
components, for example, –C–O–, >C=O, and –COOH, on
the surfaces resulted [22]. The different species present in a
nitrogen plasma, such as N

2

+, N
2
(excited), N, N+, electrons,

and UV radiation, interact with the surface of the polymer
film and promote the formation of a large amount of free
radicals, which play a relevant role in the functionalization
process since they act as insertion points of active species [23].

3.2. Biological Evaluation for Gas Plasma Treated Porous PCL
Scaffolds. Figure 5 shows the cell proliferation measured by
a MTT assay after 1, 3, and 6 days of culture on O

2
plasma

and N
2
plasma treated porous scaffolds in comparison with

the pristine PCL porous scaffolds (control). As illustrated
in Figure 5, viability of MC3T3-E1 cells on plasma treated
PCL scaffolds increased during all culture times, compared
to control group. Furthermore, it was observed that nitrogen
plasma treatment is superior to oxygen plasma treatment.
Gas plasma treatment offers an efficient method to chemi-
cally modify surfaces. These reactive species ionized by an
electric discharge interact with material surfaces and lead
to the incorporation of functional groups [24]. Gas plasma
treatments applied to polymeric biomaterialsmodify not only
their surface chemical composition but also roughness and
wettability, which, as expected, can affect cell behavior as well
[25–28].

Figure 6 shows the morphology of MC3T3-E1 cells cul-
tured for 24 hours on pristine PCL scaffolds and plasma
treated PCL scaffolds. Cell morphology on pristine and
plasma treated PCL scaffoldswas quite different.TheMC3T3-
E1 cells cultured on pristine PCL scaffolds appeared to be
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Figure 6: Cell morphology of the MC3T3-E1 cells grown on the PCL scaffolds for 24 h of culturing: (a) PCL, (b) PCL/O
2
, and (c) PCL/N

2
.

small, spindle, irregular in shape, and separated from each
other (Figure 6(a)). In contrast, MC3T3-E1 cells cultured on
plasma treated PCL scaffolds presented higher density of
adhered cells in close contact with each other, spread on
the scaffolds surface (Figures 6(b) and 6(c)). In addition,
the cells showed polygon and elongated morphology. It
may be explained that cell adhesion and morphology were
positively affected by O

2
and N

2
plasma treatment. As can

be seen from the contact angle results (Figure 3), hydrophilic
surface leads to good cell adhesion and morphology. Cells
recognized not only topographical cues on the surfaces but
also the surface chemistries, which can significantly influence
their attachment and proliferation behavior [29]. Among the
hydrophilic surfaces, differences in wettability significantly
influence cell attachment but not spreading or cytoskeleton
organization [29].

4. Conclusion

The porous PCL scaffolds with well-developed pores and
interconnectivity were fabricated by CO

2
gas foaming and

salt leaching process. The mean pore size showed 427.89𝜇m.
It was found that the O

2
and N

2
plasma treatment provided

O-containing and N-containing functional groups on the
porous PCL scaffolds and consequently changed the PCL
films surface extremely hydrophilic with contact angles
of 5.40 and 8.6∘, respectively. Cell viability results using
MC3T3-E1 cells evaluated by MTT assay showed that the

plasma treated PCL surfaces provide better cellular adhe-
sion, enabling cell spreading and proliferation, indicating
improved biological performance of the PCL scaffolds. This
work may contribute to the improvement of the biological
performance of polymeric biomaterials and increased feasi-
bility of cell/polymer interaction.
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We investigate the bone generation capacity of recombinant human bone morphogenetic protein-2 (rhBMP-2) immobilized
Medpor surface through acrylic acid plasma-polymerization. Plasma-polymerization was carried out at a 20W at an acrylic
acid flow rate of 7 sccm for 5min. The plasma-polymerized Medpor surface showed hydrophilic properties and possessed a
high density of carboxyl groups. The rhBMP-2 was immobilized with covalently attached carboxyl groups using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide. Carboxyl groups and rhBMP-2 immobilization on the Medpor
surface were identified by Fourier transform infrared spectroscopy. The activity of Medpor with rhBMP-2 immobilized was
examined using an alkaline phosphatase assay onMC3T3-E1 culturedMedpor.These results showed that the rhBMP-2 immobilized
Medpor increased the level of MC3T3-E1 cell differentiation. These results demonstrated that plasma surface modification has the
potential to immobilize rhBMP-2 on polymer implant such as Medpor and can be used for the binding of bioactive nanomolecules
in bone tissue engineering.

1. Introduction

Polymers are widely used in medical applications, for exam-
ple, as vascular grafts [1], orthopedic bearings [2], screws [3],
suture anchors [4], bone cement [5], soft-tissue reconstruc-
tion [6], or drug delivery systems [7]. Among the polymers,
high-density polyethylene (HDPE) is used for containers,
water pipelines, and industrial applications, but also as inva-
sive medical device material because of its inert properties.
Thus,MedporHDPE facial implants arewidely used in orbital
reconstruction and augmentation of other defects of the facial
skeleton [8–11]. In addition, porous structure of Medpor is
rapidly infiltrated by host tissue. However, HDPE surface
shows hydrophobic property due to the absence of polar
functional groups in PE molecular chains, which limit their
potential application in biomedical field [12, 13].

Recombinant human bone formation protein-2 (rhBMP-
2) is a class of locally signaling molecules that promote bone

formation by both osteoconduction and osteoinduction [14].
Recently, this promising protein has been immobilized onto
various functionalized substrates, such as titanium and its
alloys, polymers, and bioceramics [15–18]. The rhBMP-2, as
a growth factor bound to biodegradable polycaprolactone
3D scaffolds, stimulates the differentiation of Mg-63 cells in
vitro [19]. Most surfaces of the synthetic polymers underwent
surface modification to induce a biological function at the
interface owing to the poor hydrophobicity and lack of
functional groups on its surface [20].

Plasma surface modification is a simple process with
shorter treatment time than other surfacemodificationmeth-
ods including particularly wet surface modificationmethods,
such as chemical polymerization with atom transfer radical
polymerization and reversible addition-fragmentation chain
transfer [21]. In addition, plasma-polymerization maintains
more permanent hydrophilicity and functionality than a gas
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and organic plasma treatment. Some studies have applied
plasma-polymerization to bind the BMPs [22]. Plasma-
polymerization has the potential to introduce a specific
functionality to the surfaces of various substrates [23–25].

The objective of the present work was to deposit the
polymer thin films on Medpor surface using an acrylic acid
plasma-polymerization and investigate the bone regeneration
of rhBMP-2 immobilizedMedpor implant that was chosen as
a bone substitute material for potential facial surgery use.

2. Materials and Method

2.1. Materials. The Medpor implants (Stryker Inc., USA)
used as samples were cut into 5mm × 5mm. The rhBMP-2
was supplied by Cowellmedi (Korea). Acrylic acid (AA), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and
N-hydroxysuccinimide (NHS) were obtained from Sigma-
Aldrich.

2.2. Acrylic Acid Plasma-Polymerization on Medpor Surface.
The equipment for plasma surface modification is reported
elsewhere [16]. Plasma treatment of the Medpor was carried
out using a radio frequency (RF, 13.56MHz) capacitively
coupled plasma system. The samples were placed on a stage
3 cm away from the top electrode in the vacuum chamber.
The vapor of the acrylic acid monomer evaporated at room
temperature (32∘C in a water bath) from a container (10mL
in volume) was introduced to the vacuum chamber. The
deposition conditions are as follows: RF discharge power
= 20W, monomer flow rate = 3 sccm, working pressure =
10mTorr, and deposition time = 5min.

2.3. rhBMP-2 Immobilization on Plasma-PolymerizedMedpor
Surface. The rhBMP-2 powder was dissolved in sterilized
water and adjusted to rhBMP-2 final concentrations of
1 𝜇g/mL using PBS solution. The rhBMP-2 was immobilized
onto the carboxylated Medpor surface by EDC-mediated
reaction between the carboxyl groups of the Medpor surface
and the primary amine groups of rhBMP-2. In brief, car-
boxylated Medpor was immersed in 10mg EDC/6mg NHS
in 50mMMES buffer (pH5.6) for 24 h at room temperature.
After the reaction, the Medpor was thoroughly washed with
distilled water and dried at room temperature. The Medpor
was then immersed in 1mL of rhBMP-2 solution for 24 h at
room temperature. After immobilization, the samples were
rinsed with MES buffer.

2.4. Surface Characterization. The hydrophilicity of the sam-
ples was examined by contact angle measurements (Surface
Tech, Contact-Angle GS). Measurement temperature was set
at 22∘C, usually described as ambient temperature. Contact
angle measurements were taken for each drop after 5 s
deposition and the volume of the water droplet was 7 𝜇L.
Contact angle values presented in this study are always the
mean of at least 5 individual measurements on each sample.
The surface morphology was observed by scanning electron
microscopy (SEM; SEC, SNE 3200M). The substrates were
coatedwith gold using a sputter-coater (MCM-100).The SEM

was operated at 10 kV of acceleration voltage and SE detector
mode. The chemical structure of the plasma-polymerized
and rhBMP-2 immobilized Medpor surface was examined
by attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR; PerkinElmer Spectrum 400).

2.5. Cell Culture ofMC3T3-E1 Cells and Cell Seeding intoMed-
por Specimens. MC3T3-E1 (preosteoblastic cell line, ATCC
CRL2593) cells were used to characterize the biocompati-
bility of the Medpor by analyzing cell proliferation, alkaline
phosphatase activity, and live/dead assay. The cells were
maintained in a humidified incubator at 37∘C and 5% CO

2

atmosphere (Sanyo Electric). The cells were cultured in 𝛼-
modified Eagle’s medium (𝛼-MEM; GIBCO) supplemented
with 10% fetal bovine serum (PAA, Laboratories) and 1%
solution of 100U/mL penicillin and 100 𝜇g/mL streptomycin
(Lonza). Medium was changed every 2 days, and the cells
were detached with 0.25% trypsin/EDTA (GIBCO) and
passaged at 90% confluence. This study was used to passages
3 in MC3T3-E1 cells.

Before cell seeding, nonsterile Medpor specimens were
sterilized by immersing for 30min in 70% ethanol and rinsed
twice with Dulbecco’s Phosphate Buffered Saline (DPBS;
Welgene). Sterilized specimenswere placed in 48-well culture
plate (SPL Inc.) and cell suspension was added to the top
center of theMedpor specimens, avoiding tip/surface contact
to reducing seeding efficiency. After 3 h, the specimens were
transferred to another 48-well culture plate and each of the
wells was filled with fresh media of 500 𝜇g.

2.6. Proliferation of MC3T3-E1 Cells. The proliferation rate of
MC3T3-E1 cells cultured on Medpor specimens was deter-
mined by MTT (3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide to a purple formazan product Sigma-
Aldrich Co.) assay. In brief, 1 × 105 cells/mL were seeded on
Medpor specimens and the cells were incubated for 1, 3, and
5 days. The MTT assay is described elsewhere [26].

2.7. Differentiation of MC3T3-E1 Cells. The cells were cul-
tured at a density of 1 × 105 cells/mL and the medium was
replaced with 𝛼-MEM containing 10mM 𝛽-glycerophos-
phate (Sigma) and 50 𝜇g/mL ascorbic acid (JUNSEI). After
7 and 14 days, alkaline phosphatase (ALP) was assayed
by measuring the release of p-nitrophenol (p-NP) from
p-nitrophenyl phosphate (p-NPP). The Medpor specimens
seeded with MC3T3-E1 cells were gently rinsed twice with
DPBS (Welgene), lysed in 0.9% NaCl solution containing
0.2% Triton X-100 (Sigma) for 10min, and sonicated using
a Vibra cell instrument (SONICS) for 1min at 65W on ice.
The lysate was centrifuged at 2,500×g for 10min at 4∘C and
the clear supernatantwas incubatedwith p-nitrophenyl phos-
phate solution for 30min at 37∘C. The reaction was stopped
by adding 600𝜇L of 1.2NNaOH. The ALP activity was
determined by measuring the absorbance at 405 nm using
ELISA reader (Thermal Fisher SCIENTIFIC) and normalized
to the protein concentration. The protein concentration was
determined by Bradford protein assay (Bio-Rad). The data
was expressed as 𝜇mole p-NP/min/𝜇g protein.
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Figure 1: Surface morphology of (a) untreated, (b) acrylic acid plasma treated, and (c) rhBMP-2 immobilized Medpor.

2.8. Live and Dead Cell Assay. Cell viability/cytotoxicity was
assessed by using molecular probes live/dead cell staining kit
(Biovision). MC3T3-E1 cells were seeded at a density of 3 ×
105 cells/mL on Medpor specimens in 48-well plates. After
3-day incubation, the culture media were removed from the
wells and cells/specimens were rinsed three times withDPBS.
Then staining solution (1mM Live-Dye and 2.5mg/mL of
Propidium Iodide) of 0.25mL per well was added and culture
plates were returned to incubator for 20min. Live cells
(green) and dead cells (red)were imaged under a fluorescence
microscopy (NIKON).

2.9. Statistical Analysis. The data were expressed as means
standard deviations (SD) (𝑛 = 3). Statistical comparisons
were performed by using Student’s 𝑡-test. The statistical
significance was considered at ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

3. Results and Discussion

3.1. Medpor Surface Analysis after Plasma Treatment and
rhBMP-2 Immobilization. Plasma-polymerization depends
upon the power of the glow discharge, monomer pressure,
and deposition time. In this work we have set up plasma
process conditions such as RF discharge power andmonomer
pressure to optimize the rhBMP-2 immobilization process on
Medpor surface.

Figure 1 shows the SEM image of pristine Medpor, Med-
por treated AA plasma-polymerization, and rhBMP-2 immo-
bilized Medpor surface. Regardless of plasma treatment,
porous structure of Medpor surface was observed on all
samples, and pore size was approximately 200–300 𝜇m. We
also observed formation of polymeric thin films of Medpor
surface after the AA plasma-polymerization (Figure 1(b)).
Some authors report that porous Si sample gives the evidence
of the presence of a polymer layer onto the pSi surface, due to
the PPAA coating. In addition, owing to polymer growth, free
pores mouth results more narrowed as for longer deposition
time [27].

AfterAAplasma-polymerization on theMedpor samples,
the wettability of polymer thin films was characterized by
contact angle analysis. Figure 2 shows the contact angles
of the AA thin film on pristine and plasma treated sam-
ples. The high water contact angle on the pristine Medpor
was attributed to the hydrophobic property of the Medpor
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Figure 2: Contact angles of untreated and AA plasma treated
Medpor surface.

surface. After AA plasma-polymerization the contact angles
of Medpor surface decrease to values about 37.1∘. These
hydrophilic surfaces could be obtained as a consequence of
the polar groups of AA thin films. The hydrophilic surface
plays an important role in the cell-biomaterial interface [28].
However, moderate hydrophobic surfaces have good cell
attachment [29]. It is well known that hydrophobic surfaces
favor the adsorption of proteins from aqueous solution
thermodynamically but may induce strongly irreversible
adsorption and denature the protein’s native conformation
and bioactivity. On the other hand, a highly hydrophilic
surface may expel any protein molecules and inhibit protein
adsorption [30].

HDPE is made of the elements carbon (C) and hydro-
gen (H), which forms chains of repeating –CH

2
-units [31].

Figure 3 shows the ATR-FTIR spectra of the HDPE (Med-
por), HDPE modified by AA plasma, and rhBMP-2 immo-
bilized HDPE. Stretching vibrations of C–H bonds of HDPE
were observed through the presence of the two significant
bands at 2847 and 2919 cm−1 and bending vibrations as two
bands at 1470 and 1472 cm−1 (Figure 3, HDPE). After AA
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Figure 3: ATR-FTIR spectra of untreated, plasma treated, and
rhBMP-2 immobilized Medpor surface.

plasma treatment new peak appeared at 1718 cm−1 which was
assigned to the carboxyl group in the AA thin film.The most
sensitive spectral region to the protein secondary structural
components is the amide Ib and (1700–1600 cm−1), which
is due almost entirely to the C=O stretch vibrations of the
peptide linkages [32]. The peak at approximately 1640 cm−1
can be assigned to the bending modes of N–H bonds [33]. It
was assumed that the HDPE surface was almost completely
immobilized with rhBMP-2 molecules via covalent bonding
between –NH

2
and –COOH.

3.2. Effect of the Surface Functionalization for MC3T3-E1
Cells Biological Response. The proliferation of MC3T3-E1
cells was examined byMTT assay. Figure 4 shows the percent
of cell proliferation after a culture period of 1, 3, and 5
days on the different samples. The pristine Medpor was
used as control group in this study. The plasma treatment
and rhBMP-2 had little effect on cell proliferation at initial
stage (1 day). However, as the cell culture time increased,
cell proliferation exhibited significant differences between
experimental and control groups. It means that the chemical
functional groups such as –COOH and –NH

2
groups on the

functionalized Medpor surface could control cell behavior
including adhesion and proliferation. Haddow et al. [34]
and Daw et al. [35] found that substrates with –COOH
groups on the surface encouraged the attachment and growth
of human keratinocyte cells and ROS17/2.8 osteoblast-like
cells.

The cell viability of pristine Medpor, plasma treated
Medpor, and the rhBMP-2 immobilized Medpor was also
examined by fluorescence staining with a live/dead assay.
As shown in Figure 5, almost MC3T3-E1 cells were alive
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Figure 4: Cell proliferation of MC3T3-El on the different Medpor
surface for 1, 3, and 5 days ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

(green) after 3 days of culture on all the samples. The plasma
treated and rhBMP-2 immobilized Medpor surface shows
higher cell density than pristine Medpor. Dead cells were
present in low numbers as detected by the low bright red
fluorescence.

The biological activity of rhBMP-2 bound to Medpor
surface was evaluated by measuring ALP activity of MC3T3-
E1 cells cultured on the Medpor surface. The ALP activity of
MC3T3-E1 cells cultured on various Medpor surfaces for 7
and 14 days was shown in Figure 6. The ALP activity tended
to increase with increasing culture period. During the exper-
iment period, the ALP activity of the rhBMP-2 immobilized
Medpor was higher than that of the untreated Medpor. In
addition, AA plasma treated Medpor showed better ALP
activity than pristine Medpor. Bone morphogenetic protein
(BMP) is well known as a growth factor that plays a crucial
role in bone formation and repair [36]. BMP regulate cell
growth and differentiation of a variety of cell types including
osteoblasts and chondrocytes [36, 37]. Recently, to improve
polylactone-type biodegradable polymer scaffolds, a number
of strategies including physisorption, ionic interaction, and
blending have been designed to immobilize BMP-2 on the
polylactone-type scaffolds [38, 39]. In this respect, the surface
chemistry and topography are the two major elements found
to affect protein adsorption to the biomaterial surface [40].
Based on these results, we proved that the rhBMP-2 of
Medpor implant using plasma-polymerization has a positive
effect on the adhesion, proliferation, and differentiation of
MC3T3-E1 cells.

4. Conclusion

Acrylic acid plasma treatment can offer suitable hydrophilic-
ity and functional groups on the surface of Medpor implants.
Due to the functionalized surface rhBMP-2 was success-
fully immobilized to the surface of Medpor implants.
Furthermore, results of ATR-FTIR analysis confirmed the
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Figure 5: Live/dead fluorescent stain images of MC3T3-El cells on (a) untreated, (b) AA plasma treated, and (c) rhBMP-2 immobilized
Medpor surface for 3 days. Viable cells were stained green and dead cells stained red.
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Figure 6: ALP activity of MC3T3-El cells on the different Medpor
surface for 7 and 14 days ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

immobilization of rhBMP-2 via polymer polymerization.
The effect of immobilized rhBMP-2 on proliferation of the
MC3T3-E1 cells was gradually increased in a time-dependent
manner. In addition, the immobilized rhBMP-2 and plasma
treatment stimulated the differentiation of MC3T3-E1 cells
and accelerated the process of bone regeneration of MC3T3-
E1 cells. In conclusion, the rhBMP-2 immobilized Medpor
implants by the AA plasma treatment could be utilized as a
promising bone substitute for clinical facial surgery. Finally,
plasma surface modification techniques presented in this
study can be used as a potential tool for functionalizing a
biomaterial surface.
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The objectives of this study are to characterize the properties of light-cured composite resins that are reinforced with whisker
surface-modified particles of tetracalcium phosphate (TTCP) and to investigate the influence of thermal cycling on the reinforced
composites properties. The characteristics of ultimate diametral tensile strength (DTS), moduli, pH values, and fracture surfaces
of the samples with different amounts of surface-modified TTCP (30%–60%) were determined before and after thermal cycling
between 5∘C and 55∘C in deionized water for 600 cycles. The trends of all groups were ductile prior to thermal cycling and the
moduli of all groups increased after thermal cycling. The ductile property of the control group without filler was not significantly
affected. Larger amounts of fillers caused the particles to aggregate, subsequently decreasing the resin’s ability to disperse external
forces and leading to brittleness after thermal cycling. Therefore, the trend of composite resins with larger amounts of filler would
become more brittle and exhibited higher moduli after thermal cycling. This developed composite resin with surface modified-
TTCP fillers has the potential to be successful dental restorative materials.

1. Introduction

Secondary caries and restoration fractures represent the two
major shortcomings of dental restorative composite resins
[1]. Composite resins consist of a polymerizable resin base
and ceramic fillers to form a dental resin; they are generally
composed of two ormore distinct phases. Asmicro- and nan-
otechnologies continue to develop intelligent and responsive
biomaterial medical restoration methods, dental composite
resins are likewise progressing to prevent secondary caries
and furthermore regenerate tooth structure [2]. In recent
years, calcium phosphate-containing compounds have been
studied as caries-inhibiting composite resin fillers due to
their ability to release calcium (Ca2+) and phosphate (PO

4

3−)
ions. Hydroxyapatite [Ca

10
(PO
4
)
6
(OH)
2
, HA], the structural

prototype of the main mineral component of teeth and
bones, is proposed to be the relative stable product in

the precipitation of Ca2+ and PO
4

3− ions. Besides, the apatite
precipitate demonstrates a range of pH values from neutral
to basic (pH 7 to 9 at 37∘C) [3]. Tetracalcium phosphate
[Ca
4
(PO
4
)
2
O, TTCP] is a compoundwith a highCa/P atomic

ratio of 2.0. TTCP exhibits higher chemical activity when
reacted with an acidic solution (e.g., in an inorganic acid,
with a saturated or unsaturated homopolymer, or with a
copolymer of an unsaturated organic acid and physiological
saline). The obtained restorative substance after reaction
in situ has an affinity in living cells and is useful as an
osteosynthetic material, a dental material, and so on. By
adding calcium phosphate fillers to composite resins, the
resins may have the potential to remineralize carious enamel
and dentin lesions in vitro [4–6].

Studies have shown, however, that the mechanical
strengths of dental composite resins with calcium phosphate
fillers are weak; they are only useful for sealants [7]. One
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study used apatite particles combined with nanometer-scale
silica whiskers as mixed filler in an attempt to overcome
this loss of strength [8]. These authors found that the
whiskered composite had substantially improvedmechanical
properties when compared to the reinforced fillers in the
composite resinswithoutwhiskers [8, 9]. Subsequently, group
studies have investigated the mechanical properties and
ion-releasing abilities of composite resins with TTCP and
anhydrous dicalcium phosphate (CaHPO

4
, DCPA) sepa-

rately mixed with a silica whisker filler. Composite resins
with different calcium phosphate particle sizes, filler matrix
mass ratios, andwhisker-to-calciumphosphate particle ratios
were tested under different pH values [10–12]. These studies
found that a major advantage of using the new nanoparti-
cles/nanowhiskers is that high levels of Ca2+, PO

4

3−, and F−
are released at low filler levels (<30%) in the resin due to the
high surface area of the nanoparticles. This high surface area
leaves room in the resin for substantial reinforcement fillers.
The combination of nanofillers with ion releasing ability may
yield a nanocomposite with both stress-bearing and caries-
inhibiting capabilities; however, a combination is not yet
available in current materials [13–15].

While adding nanoparticles/nanowhiskers into compos-
ite resins can achieve low filler levels with strong reinforcing
properties, problems may arise when these materials are
used long-term in a dynamic oral environment. Typical
problems are the small amount of exposed fillers becoming
exhausted quickly, inhibitingmineralization, and the random
clustering calcium phosphate nanoparticle defects lowering
the strength of the composite resin. Studies regarding the
characterization of calcium phosphates as reinforcements in
composite resins through thermal cycling processes are quite
sparse. One study showed that the micrometer-scale TTCP
particle modification method of growing nanowhiskers on
surfaces can reinforce calcium phosphate bone cement and
produce improved strength when compared to nonsurface-
treated TTCP bone cement [16]. At daily conditions, teeth
were thermally cycled four times at 5∘C/55∘C and compared
with the general oral condition [17–19]. The elapsed time of
restorativematerials after 600 cycles was estimated at approx-
imately six months and then the restoration after testing
is adequately quantified. The objectives of this study are to
characterize the physical/chemical properties of composite
resins with varying amounts of TTCP surface whisker pre-
treatments as reinforcing filler (30%–60%) and to investigate
the influence of 600 thermal cycles at 5∘C/55∘on the resin-
composite properties.

2. Materials and Methods

2.1. Fillers Were Used to Form a Composite Resin. The
nanowhisker treatment of TTCP powder surfaces was per-
formed as previously employed [20]. Briefly, the TTCP
powder filler was fabricated through the reaction of dical-
cium pyrophosphate (Ca

2
P
2
O
7
; Sigma Chem. Co., MO,

USA) and calcium carbonate (CaCO
3
; Katayama Chem. Co.,

Tokyo, Japan) at a weight ratio of 1.3 : 1.0. The powders
were uniformly mixed and heated to 1400∘C. Subsequently,

sintering bulk was air quenched to form the TTCP phase
[21]. Whiskers were formed via mixing 1 g TTCP powder
into 13mL of a 3M (NH

4
)
2
HPO
4
solution at a pH of 8.6

for 5min at room temperature. The surface nanowhisker-
derived powder was vacuum-filtered, immediately washed
with deionized water twice, and dried in an oven. The
mean particle size decreased to ∼10 𝜇m. The specimen was
coated with a thin carbon film for transmission electron
microscopy (TEM) examination. A JEOL JEM-3010 scanning
TEM operated at 200 kV was used for the study.The patterns
were indexed and identifiedusing detailedmeasurements and
were compared with the 𝑑 value found in the Joint Com-
mittee on Powder Diffraction Standards (JCPDS). Known
calcium phosphate phases and generated electron diffraction
patterns were directly compared to the observed diffraction
patterns.

2.2. Resin Compositions. The resin matrix was largely for-
mulated with bisphenol A-diglycidyl dimethacrylate (Bis-
GMA) and triethylene glycol dimethacrylate (TEGDMA).
Other additives included light initiator camphorquinone
(CQ) with dimethylaminoethyl methacrylate (DMAEMA)
as the accelerator and butylated hydroxytoluene (BHT) as
the photostabilizer. All chemicals were obtained from Sigma
Aldrich. The composition ratio of the matrix was 48.975%
Bis-GMA, 48.975% TEGDMA, 1.0% DMAEMA, 1.0% CQ,
and 0.05% BHT [19]. The polymer-matrix composites with
TTCP whisker-treated fillers were used to form composite
resins with ratios of 30, 40, 50, and 60wt%. Each resin com-
posite was uniformly mixed, loaded into a 10mL syringe, and
covered in aluminum foil to prevent any possible reactions
caused by the ambient light. The resin composites were used
within 24 h after preparation.

2.3. Mechanical Testing. The effect of the surface whisker
treatment on the strength of the resins was evaluated after
preparing a sample mold with a 6mm diameter opening
and 3mm depth [22], and a light curing process was used
to generate half-filled and totally filled samples (Demetron
Optilux 401, Kerr, USA) for 40 s each. To ensure the resin
was completely cured and at the correct degree of conversion,
the left and right sides of the samples were cured again after
de-molding. Because diametral tensile strength (DTS) mea-
surements have been widely used to measure the mechanical
strength of bis-GMA-based composite resins in the literature
[22–24], DTS values were used to express the strength of
the dental resin specimens in this study. The test samples
were sent for DTS testing immediately after curing (𝑛 =
15). The specimens were compressed diametrically until the
maximum stress was recorded or specimens were fractured,
introducing tensile stress on the force application plane. The
ultimate tensile strength was determined from the stress-
strain curves using the formula DTS = 2𝑃/𝜋𝐷𝑇, where 𝑃 is
the load applied, 𝐷 represents the diameter of the cylinder,
and 𝑇 is the thickness of the cylinder [23, 24]. The elasticity
modulus was calculated from an inclination of an elastic
part on proportionality of stress to strain curves by ∼2.0%
offset.
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Figure 1: (a) Bright field, (b) dark field, and (c) diffraction pattern images of whiskers formed on the TTCP particle surfaces. All indexed
rings indicate the proximity of monolithic TTCP whiskers.

2.4. Thermal Cycling. The samples were immersed at a ratio
of 1 g sample per 10mL deionized water for 24 h at 37∘C
to become saturated with liquid. The samples with and
without filler reinforcements were then thermal cycled (600
cycles, 5∘C/55∘C, 2min/cycle; Long Wha Enterprise Co.,
Kaohsiung, Taiwan) using an immersion ratio of 1 g sample
per 10mL deionized water. The pH values of the immersed
solutions after testing were measured immediately. The wet
DTS values (𝑛 = 15) of the specimens with varying lengths of
immersion time were measured using a desktop mechanical
tester (LLOYD Instruments, Tokyo, Japan) at a crosshead
speed of 2.0mm/min.

2.5. Fracture Surface Observation. The fracture surfaces
obtained from selected testing specimens were examined
using a field emission scanning electron microscope (SEM;
Hitachi S-3000N, Hitachi, Tokyo, Japan) to observe the
dispersive and bonding conditions between the resin phase
of the reinforcement and the matrix before and after thermal
cycling.

2.6. Statistical Analysis. Statistical analyses of the results were
primarily carried out with 1-wayANOVA.TheTukey-Kramer

pairwise comparison was used to evaluate the statistical
significance of the deviations in properties of the DTS values
and modulus of elasticities between the control and all the
test groups using JMP 8.0 software (SAS Institute, Inc., Cary,
NC,USA). In all cases, the resultswere considered statistically
different at 𝑃 < 0.05.

3. Results

3.1. Filler Characterization. When the powder was whisker-
treated for 5min in a (NH

4
)
2
HPO
4
solution, the TTCP phase

remained almost unchanged. As shown with TEM, bright
field (BF) and dark field (DF) (Figure 1), the surfaces of
the TTCP particles were full of nanometer-sized whiskers;
typical whiskers had length-to-width ratios of >10. Although
TTCP and apatite have many crystallographic planes with
similar 𝑑 values, the presence of diffraction patterns in the
apatite phase indicates that it had a smaller chance of whisker
formation than the TTCP phase.The selected area diffraction
(SAD) pattern with an aperture size of 40 nm reveals that the
radically grown whiskers have a crystal structure similar to
that of TTCP (Figure 1(c)), which is typically approximately
10 nm to 200 nm long and 1 nm to 20 nm wide.
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Figure 2: (a) Resin ultimate strengths (left) and elasticitymoduli within 2.0% offset (right) with various filler amounts before (A) (𝑃 < 0.0001)
and after thermal cycling (B) (# not significantly different, 𝑃 > 0.05; 𝑛 = 15 for all data). The strengths were calculated on a maximum stress
on deformation curve and moduli were calculated from an inclination of an elastic part on the deformation curves by 2% offset. (b) Typical
curves were shown in relative strengths and deformed ratio to sample diameter (designate as extension %) with various filler ratios before
(A) and after thermal cycling (B).

3.2. Strength Characterization. The mean strength values,
DTS standard deviations, and elasticity moduli for the
various filler amounts before and after thermal cycling are
shown in Figure 2(a). The deformations of specimen with
different filler amounts were revealed in Figure 2(b), and
as specimens through thermal cycling, the moduli became
higher at the same extension values. Statistical analyses

revealed that the DTS and elasticity modulus values were
significant for all test groups between 30% and 60% filler
when compared to the no filler resin control (𝑃 < 0.0001,
Table 1). Because a significant fracture did not occur during
the testing process in the control group, the highest mean
DTS value was observed and thus a control group undergoing
large plastic deformationwithout fracturewas a nearly ductile
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Table 1: One-way ANOVA of different TTCP to whisker-treated filler amounts before and after thermal cycling per sample compared with
physical properties (𝑛 = 15).

Groups 𝑃-value∗
Tukey’s pairwise comparison

Variations and group comparisons of control (no
filler)/30/40/50/60wt% fillers

Ultimate DTS during testing
Before thermal cycling <0.0001∗ Control > 30 > 40 > 50 = 60wt% groups
After thermal cycling <0.0001∗ Control > 30 = 40 = 50 = 60wt% groups

Modulus of elasticity (2% offset)
Before thermal cycling <0.0001∗ 60 > 50 > 40 = 30 > control groups
After thermal cycling <0.0001∗ 60 > 50 > 40 > 30 > control groups

pH values of immersed solution after
thermal cycling <0.0001∗ 60 > 50 > 40 > 30 > control groups

Testing group comparisons of DTS before
and after thermal cycling <0.0001∗ a30 = a40 = b30 > a50 = a60 > b40 > b50 > b60#

Testing group comparisons of modulus
before and after thermal cycling procedures <0.0001∗ a60 > a50 > a40 = b60 > a30 > b50 > b40 > b30#

#a: after thermal cycling; b: before thermal cycling. ∗Groups are significantly different at 𝑃 < 0.05.

material. A larger amount of filler in the resin became more
brittle and significantly decreased the DTS before thermal
cycling; the DTS decreased linearly with increasing filler
from 30 to 60wt% (𝑃 < 0.0001) (Figure 2(a)). Therefore,
the lowest DTS value was recorded for the 60wt% filler
group led to a highest modulus due to a brittle fracture; this
group exhibited the least deformation in all testing processes
(Table 1 and Figure 2). The elasticity moduli are reflected on
the stress-stain curves. The moduli are obtained from the
slope of the line where the stress is linearly proportional to
strain. The tendency of DTS in given composite resins with
filler increasing (0–60%) was inversely proportionate to the
measured values of modulus.

Statistical analyses postthermal cycling showed signif-
icant differences between the control group without filler
(0%) and each of the testing groups (30–60wt% fillers,
𝑃 < 0.0001). However, no significant impact on the wet
DTS value was observed for groups with 30 to 60wt%
reinforced fillers (𝑃 > 0.05); the mean ultimate DTS value
declined to approximately 30MPa in the reinforced groups. A
significant difference in modulus was observed for all groups
(𝑃 < 0.0001) with and without thermal cycling; the moduli
increased with increasing filler. Overall, the postthermal
cycling composite resins became progressively stiffer as the
amount of filler increased.

3.3. pH Values after Thermal Cycling. Figure 3 shows the
pH values of the composite resins immersed in deionized
water after thermal cycling. The pH of the immersed control
solution was 6.5, and the pH slowly increased with increasing
filler amount for the 30, 40, and 50wt% groups. The pH
largely increased for the 60wt% reinforced group. After
the whisker-treated TTCP particle fillers were added to
the resin matrix, the pH fell between 7.2 (30wt%) and 7.8
(60wt%). Larger amounts of TTCP filler in composite resins
exhibited higher pH values, implying that increasing the

605040300
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pH
-v
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ue
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7.5

7.0
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6.0

Figure 3:The changes in pHwith various filler amounts in the resins
after thermal cycling (𝑛 = 6).

whisker-treated TTCP increased the ion-releasing abilities of
the composite resins.

3.4. Microscopic Observation. Under SEM observation and
Ca element mapping, a clear interface was observed between
the filler and the resin matrix of the reinforcing whisker-
treated TTCP filler samples’ fractured surfaces, as indi-
cated by the black arrow in Figure 4. This finding suggests
poor linkage or incorporation of the additive to the resin
matrix before thermal cycling. Once the cracks grew or
extended across the resin matrix, they resulted in sample
fracturing. The fractured surfaces of the filler-reinforced
samples postthermal cycling are also shown in Figure 4. The
fractured surface (white arrow, Figure 4) clearly reveals that
the anchoring of the filler was not isolated but interlocked
closely with the resin matrix. No space between the filler
and the matrix was observed, even under higher resolution
imaging. The construct was denser, and the combination of
the reinforcing whisker-modified TTCP particles and the
resin matrix was improved after thermal cycling, reflecting
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Figure 4: Fractured surfaces of resins with varying ratios of TTCP to whisker-treated filler amounts before and after thermal cycling. The
white and black arrows indicate the adhesive and detaching situations of the resin matrix and the TTCP filler reinforcement, respectively.
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the improved strength and elasticity modulus. Contrastingly,
a microlinkage was observed between the isolated powder
and the resin after DTS testing before thermal cycling.
Notably, the control group without filler had significant duc-
tile fracturing patterns, and the same results were observed
in the group with 30% filler. The thermal cycling process was
themain factor affecting themechanical characteristics of the
composite resins, converting the ductility of the 40 to 60wt%
fillers to brittleness and low DTS.

4. Discussion

In this study, the tested specimens exhibited DTS values
ranging from 31.9MPa of 30wt%fillers to 23.5MPa of 60wt%
fillers before thermal cycling. The results are consistent
with those of a previous study [25], where the fillers were
on the nanometer scale and the dry specimen strengths
of amorphous calcium phosphate (ACP) filler composites
had DTS values of approximately 20MPa. However, another
study measured DTS values between 28 and 33MPa [23].
Further studies investigated fillers at the micrometer scale
and recorded DTS values of <15MPa. The dimensions and
grain size distributions obviously influence the mechani-
cal strength of composite resins [26, 27]. The ability of
the anisotropically reinforced composites to disperse forces
depends on the contact area of the reinforcements. However,
for the comparison of DTS values exhibited no significant
scientific effects among various ductile (0% of control group)
and brittle substances (60wt% of fillers), it would be a
generalized vale of fracture strength under varied amount
fillers. The contact area between the fillers within the resin
matrix can be increased by two ways. One method is to
increase the filler amount, and the other is to reduce the
particle size [28]. In the current study, our strategy was
to increase the surface area by growing a thin solid film
of nanowhiskers on the particle surfaces. The DTS values
declined with increasing filler amount prethermal cycling,
possibly suggesting a poor bond between the dispersed phase
(filler) and the continuous phase (resin). This poor bond
resulted in a lack of reinforcement and subsequent weaken-
ing of the composite resins (Figure 4). Particle detachment
within the matrix was more evident in the brittle groups than
in the ductile group.This weakening effect is consistent with a
previous study, which concluded that all the testedACP fillers
yielded polymerizedmaterials that were weaker than unfilled
polymers [29].

Adding calcium phosphates to composite resins increases
the release of ions available to mineralize between natural
teeth and resins, leading to a higher filler mass ratio. Once
such resins are exposed to oral fluids, the calcium phosphates
make them less sensitive to early water contamination [30].
A study showed that when calcium phosphates are added
as fillers in composite resins, the sample hardness, abra-
sion resistance, and fracture resistance all increase, whereas
the polymerization shrinkage and shrinkage stress decrease
[31]. In addition, the filler mass ratio of such ion-releasing
composites with nanowhiskers improved the bond between
the filler and resin matrix. The present study examined the
mechanical properties of composite resins in relation to filler

hardness and filler concentration in the resin matrix because
higher filler hardness and larger filler concentrations tend
to result in higher composite resin strengths and brittle-
ness [32, 33]. TTCP is the only phase with a Ca/P molar
ratio greater than apatite and exhibits the highest hardness
among calcium phosphate substances. TTCP is metastable
because it is formed at temperatures higher than 1300∘C,
and its synthetic procedures require rapid quenching [34].
The dissolution rate of TTCP is higher than other calcium
phosphate substances with Ca/P molar ratios of ≥1.5 [35].
Furthermore, when TTCP is used in acidic environments,
the nanometer scale of the brushite phase is formed. Due to
the dissolution of TTCP, brushite can be instantly converted
into apatite nanoparticles/nanowhiskers if the reaction is
transferred into a basic solution [20, 36].The aforementioned
properties of TTCP suggest that it is a potentially efficient
remineralizing agent in composite resins. After immersion,
whiskers combined with TTCP as a filler in resin have
demonstrated strengths two-to three-fold higher than other
Ca-PO

4
composites [12, 37]. The increased strengths are due

to the increased surface areas produced by the whiskers,
which increase the filler friction against the matrix during
pullout, consuming the applied energy [38, 39]. Surface
modification of nanowhiskers on the surfaces of TTCP fillers
derived from the dissolution/hydrolysis and neutralization
reactions yields results different than those of nonmodified
TTCP fillers [37, 38]. Accordingly, large filler amounts and
higher specific surface areas of fillers in composite resins
increase the load dispersion abilities, leading to higher strain
resistances under applied loads. This phenomenon is also
reflected with the elasticity modulus value increases in the
present study.

5. Conclusions

The use of calcium phosphate fillers in dental resins as pros-
thetic substitutionmaterials has been proven to be potentially
effective for various clinical applications. Based on the evalu-
ation of mechanical characteristics, such as the ion-releasing
ability, strength, and elasticity modulus before and after
thermal cycling, composite dental resins with nanowhisker
capped TTCP fillers may be promising candidates for novel
types of resins with enhanced physical properties. Further
studies should focus on the remineralizing effects of whisker-
treatedTTCP composite resins and the color effects that these
materials may have in clinical restorative applications.
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Here we investigate the osteogenesis and synostosis processes on the surface-modified TiO
2
nanotubes via electron beam

irradiation. The TiO
2
nanotubes studied were synthesized by anodization process under different anodizing voltage. For the

anodization voltage of 15, 20, and 25V, TiO
2
nanotubes with diameters of 59, 82, and 105 nm and length of 115, 276, and 310 nm

were obtained, respectively. MC3T3-E1 osteoblast cell line was incubated on the TiO
2
nanotubes to monitor the change in the

cell adhesion before and after the electron beam irradiation. We observe that the electron beam irradiation affects the number
of surviving osteoblast cells as well as the cultivation time. In particular, the high adhesion rate of 155% was obtained when the
osteoblast cells were cultivated for 2 hours on the TiO

2
nanotube, anodized under 20V, and irradiated with 5,000 kGy of electron

beam.

1. Introduction

Due to its unique physical and chemical characteristics as
well as its biocompatibility, titanium dioxide (TiO

2
) has been

actively researched in various fields such as photocatalysis,
sensor, solar cell, and biomaterial [1–4]. The advantage
of TiO

2
is that it can be easily manufactured in various

shapes such as bulk, powder, tube, or grid. In particular, the
nanostructured TiO

2
, offering the extremely high surface-

area-to-volume ratio, can promote cell propagation and
reduce rejection symptoms, which is greatly desirable in
biomaterial- and implant-related technologies [5]. Among
many forms of nanostructuredTiO

2
, TiO
2
nanotube has been

reported to strongly affect the propagation of osteoblast cell
line, the related ossification process, the mobility of blood
cells in blood vessels, and spontaneous differentiation of
mesenchymal stem cells [6].

There are a number of TiO
2
nanotube synthesis methods

such as sol-gel [7] andhydrothermal synthetic process [8], but
the quality of the fabricated TiO

2
layer such as ruggedness

must be considered. In this respect, it has been shown that
nanotubes prepared by anodization method [9] have far
better features when compared to those from the other two

processes above. Also, electron beam irradiation technique
can offer a way of improving and/or controlling material
characteristics, which can lead to new functionalities and
applicability in many technological fields. For example, Jeun
et al. [10] have employed the electron beam irradiation to
increase the photocatalytic activity in sol-gel based TiO

2
and

Jun et al. [11] have observed the increase in the conversion rate
of CH

4
and CO

2
by 5∼10% after electron beam treatment of

various catalysts at an absorbed dose of 2 MGy.
In this study, we have investigated the effect of the

electron beam irradiation on the osteogenesis and synostosis
processes on the TiO

2
nanotube layer prepared by the

anodization process. In particular, we studied the interre-
lation between the change of Ti oxidation state and the
adhesion characteristics of osteoblast cells.

Thework presented here suggests the possible application
of surface-modified TiO

2
nanotube via electron beam treat-

ment as a bio-osteology restoration material.

2. Experiments

TheTiO
2
nanotubes studied here were fabricated by anodiza-

tion process. Before anodization, Ti foil (Nilaco, 99.50 purity,
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0.1 × 50 × 50mm, USA) and platinum (Pt) foil (Daehan,
99.90% purity, 0.25 × 50 × 50mm) were cleaned by ultrason-
ication in ethanol (Alrdich, 99% purity, USA) for 3 minutes
and dried with nitrogen (N

2
, Daehan Scien. Co, 99.9% purity,

KOR.) gas. The 1,000mL of 0.5mol% hydrofluoric acid (HF,
Duksan, 48% purity, KOR.) solution, prepared by mixing
10.4mL of HF solution and 989.6mL of distilled (DI) water,
was used for the anodization electrolyte.The anodization was
performed with Pt foil as a cathode and Ti foil as an anode in
0.5% HF aqueous solution for 30 minutes with anodization
voltage of 15, 20, and 25V between them. After anodization,
the Ti foil was cleaned with distilled water and dried with N

2

gas. Later, the Ti foil was further dried in an electric oven for
more than 3 hours at 80∘C. Finally, the dried Ti foil was heat-
treated in air at 500∘C for 1 hour.

For the electron beam treatment, the electron beam
accelerator (EB-Tech, Model ELV-8, EB tech. KOR.) was used
with the beam energy of 1.0MeV, acceleration current of
4mA, beam dimension of 75mm (length) × 980mm (width),
and dose rate of velocity 20m/s, resulting in the absorption
dose of 0, 50, 500, and 5000 kGy.

Tomonitor the change in the crystal structure of the TiO
2

nanotube, X-ray diffractometer (Philips, X’Pert PW1830) was
used and field emission scanning electron microscope (FE-
SEM; JEOL, JSM7401F, Japan)was used to observe the change
in the surface morphology before and after electron beam
irradiation. The surface oxidation of the nanotube before
and after the electron beam treatment was measured by X-
ray photoelectron spectrometer (XPS; VG microtech, ESCA
2000, England) and analyzedwith the binding energy ofO 1 s.

To understand the cell adhesion on the TiO
2
nanotube,

MC3T3-E1 mouse osteoblast (CRL-2593, subclone 4, ATCC,
Sigma, USA) cell line was incubated. Cultivation was
performed by using DMEM culture medium, added with
10% fetal bovine serum inMC3T3-E1, at 37∘C for 2, 12, and 24
hours with TiO

2
nanotube. With XTT (2,3-bis-(2-methoxy-

4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide,
USA) solution added to the incubated medium, ELISA
reader was used to verify the change in the reactant. Also, an
image analysis program (Image pro plus, Media Cybernetics)
was used to count the number of cells incubated on TiO

2

nanotube. MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide) assay was used to determine the
number of surviving osteoblast cells and toxicity during the
adhesion of the osteoblast cells on the TiO

2
nanotube surface

with MTT 5mg/mL phosphate buffer solution (PBS, Sigma,
USA) as reagents. More specifically, MC3T3-E1 cells were
dispensed on TiO

2
nanotube surface by 5 × 104 cell/well.

Then, cultivation was conducted for 2 and 24 hours for
media suction and cleaned with 1 × PBS. Here, 100 𝜇g/mL of
MTT solution was added to the media and maintained for
4 hours at 37∘C in the CO

2
incubator. Later, the media were

removed and TiO
2
nanotube was placed to a new 12-well

plate. Dimethyl sulfoxide (DMSO, Sigma Aldrich, USA)
was added and well mixed with a pipette to be incubated
for 5 minutes. Finally, 200𝜇L of the sample was dispensed
into the 96-well and ELISA reader was used to measure
the absorbance at 540 nm. The graphs show the average ±

Table 1: Dimensions of TiO2 nanotubes fabricated under different
anodization voltage.

Anodizing
voltage
(V)

Inner
diameter
(nm)

Out
diameter
(nm)

Wall
thickness
(nm)

Length
(nm)

15 59 102 42 115
20 82 124 41 276
25 105 162 57 310
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Figure 1: XRD patterns of the TiO
2
nanotubes with or without the

electron beam treatment.

standard error bars associated with the sample size (or 𝑁
values) shown in a box in the upper portion of each graph.

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the TiO
2

nanotubes with or without the electron beam treatment.
It could be seen that all the samples have typical anatase
structures and the anatase structure has been reported to play
more important role in cell propagation and formation when
compared to other structures [12–14]. The X-ray diffraction
patterns observed before and after electron beam irradiation
confirm that the amount of the electron beam dose does not
affect the crystal structure of TiO

2
nanotubes.

Figure 2 shows the FE-SEM images of TiO
2
nanotubes

fabricated under different anodization voltage between 15
and 25V, and the resulting dimensions of the nanotubes are
listed in Table 1. The scanning electron micrograph shows
that the nanotubes are well-arrayed in vertical direction, but
the tube diameter varies between 59 and 105 nm depending
on the anodization voltage. Also, one can note that both the
diameter and length of the nanotube are proportional to the
applied voltage during the anodization process. Comparing
between the SEM images before and after the electron beam
irradiation, we cannot find any morphological difference.
From these results, we found that the osteoblast cell adhesion
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(a) (b)

(c) (d)

(e) (f)

Figure 2: FE-SEM images of synthesized TiO
2
nanotube under different anodization voltage. (a), (c), and (e) show surfaces of the nanotubes,

and (b), (d), and (f) display the cross-sectional view of nanotubes fabricated at 15V, 20V, and 25V, respectively.

characteristic has not affected the microstructure change
by electron beam irradiation. Oh and Jin [15] studied the
comparative SEM micrographs of MC3T3-E1 cells cultured
on pure Ti versus vertically aligned anatase TiO

2
nanotube.

The adhesion/growth of osteoblast cells is also significantly
accelerated by the topography of the TiO

2
nanotubes with

the filopodia of the growing cells actually going into the
nanotube pores, producing a locked-in cell structure. Figure 3
shows the detailed FE-SEM micrographs of the osteoblast
cells cultivated on vertically grown TiO

2
nanotubes after

electron beam irradiation. Adhesion of osteoblast cells could

be observed in all surfaces of the cultivated osteoblast cells on
TiO
2
nanotubes that had been electron beam irradiated.

The scanning electron micrograph was taken after the
cultivation of MC3T3-E1 osteoblast cell line and based on
this, the number of cells adhesion on a fixed area of TiO

2

nanotube was analyzed (Figure 4). When cultivated on TiO
2

nanotubes, high adhesion rate of osteoblast cells was obtained
with low applied voltage, since the diameter of the TiO

2

nanotube was small with low anodization voltage. Thus,
average surface roughness decreases as the nanotube shrinks,
which in turn increases the adhesion rate of osteoblast cells.
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(a) (b)

Figure 3: (a) Scanning electron micrograph of the osteoblast cell adhered on TiO
2
nanotube after electron beam irradiation. (b) The

micrograph taken at high magnification.
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Figure 4: Number of cells adhesion on the fixed area of TiO
2
nanotube based on the scanning electron micrograph after cultivation of

MC3T3-E1 osteoblast cell line for (a) 2 hr, (b) 12 hr, and (c) 24 hr.

With increasing both electron beam dose and cell cultivation
time, one can observe that the cell adhesion rate increases.
We have obtained the highest adhesion rate of 155%, when
the osteoblast cells were cultivated for 2 hours on top of TiO

2

nanotube, anodized with 20V, and irradiated with 5000 kGy
of electron beam.

Figure 5 shows the experimentally measured optical den-
sity (OD) of osteoblast cells and MTT solution with dif-
ferent cultivation time as well as various electron beam

irradiation of 0, 50, 500, and 5000 kGy on TiO
2
nanotube

surface. Regardless of the electron beam irradiation dose,
it could be seen that the number of surviving osteoblast
cells increases with increasing cultivation time. Also, we
have observed that there is no significant change due to
the anodization voltage and the detailed structure of TiO

2

nanotube.
To understand the observed increase in the adhesion

rate, XPS analysis was performed and the condition of
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Figure 5: Optical density (OD) of osteoblast cells measured with MTT assay for different electron beam irradiation of (a) 0, (b) 50, (c) 500,
and (d) 5000 kGy on TiO

2
nanotube surface.

the chemical species on TiO
2
nanotubewasmonitored before

and after the electron beam irradiation. Figure 6 shows the
XPS analysis of both untreated TiO

2
nanotube and TiO

2

nanotube irradiated with 5,000 kGy of electron beam. Based
on the narrow scan analysis of O 1 s peak, we observed the
presence of various forms of the oxidized Ti compound such
as TiO+, TiO

2

+, Ti
2
O+, and Ti

2
O
2

+. The O 1 s binding energy
from the XPS database is 532 eV. Therefore, it is impossible
to separate the O 1 s peak, existing on the TiO

2
nanotube

surface, only based on the value of the binding energy. Thus,
the peak near 533 eV is caused by different chemical specie,
which is most likely to be OH hydrates in the atmosphere.
Therefore, the contribution of O, having the binding energy

of 533.3 eV, could be considered before and after electron
beam irradiation. Here, the area ratio of O/O–H binding was
17085/2580 and there was no significant change before and
after electron beam treatment. This suggests that the oxygen
existing on TiO

2
nanotube surface is not a decisive factor in

determining the adhesion rate of osteoblast cells.
To further determine the Ti surface oxidation condition

before and after electron beam irradiation, the experimental
Ti 2p narrow scan spectra of TiO

2
nanotube surfaces were

fitted. Before the electron beam treatment, the peak in the
spectrum can be separated into Ti 2P

3/2
(Ti4+) with bind-

ing energy of 460.60 eV and Ti 2P
3/2

(Ti3+) with 461.50 eV.
However, after the electron beam treatment with 5,000 kGy,
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Figure 6: XPS analysis of both untreated TiO
2
nanotube and TiO

2
nanotube irradiated with 5,000 kGy of electron beam. (a) O 1 s without

irradiation, (b) O 1 s after irradiating with 5,000 kGy, (c) Ti 2p without irradiation, and (d) Ti 2p after irradiating with 5,000 kGy.

the peak corresponds to Ti 2P
3/2

(Ti4+) with 460.90 eV and
Ti 2P
3/2

(Ti3+) with zero binding energy, suggesting the dis-
appearance of Ti 2P

3/2
(Ti3+) after irradiation. These suggest

that the electron beam irradiation affects the oxidation of
TiO
2
nanotube surface and in return, this modification of the

Ti oxidation condition leads to the change in the adhesion
characteristics of osteoblast cells on TiO

2
nanotube surface.

4. Conclusion

TiO
2
nanotubes were synthesized via anodization method

and the size of nanotube was controlled by the anodization
voltage. Also, these nanotubes were electron beam irradiated
with dose of 0, 50, 500, and 5000 kGy and the resulting

absorption characteristics of osteoblast cells on TiO
2
nan-

otube were investigated by cultivating MC3T3-E1 osteoblast
cells. We have obtained the high adhesion rate of 155% after
cultivating osteoblast cells for 2 hours on the TiO

2
nanotube,

anodized under 20V and irradiated with 5,000 kGy of elec-
tron beam. Our experimental XPS measurements suggest
that the electron beam irradiation affects the oxidation of
TiO
2
nanotube surface and in return, this modification of the

Ti oxidation condition leads to the change in the adhesion
characteristics of osteoblast cells on TiO

2
nanotube surface.
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