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The purpose of this research was to characterize an Arg-Gly-Asp (RGD) peptide immobilized on TiO
2
nanotubes. In addition,

we investigated the effects of the RGD peptide-coated TiO
2
nanotubes on the cellular response, proliferation, and functionality

of osteogenic-induced human mesenchymal stem cells (hMSCs), which are osteoclasts that have been induced by bone marrow
macrophages. The RGD peptide was grafted covalently onto the surface of TiO

2
nanotubes based on the results of SEM, FT-IR,

and XPS. Furthermore, the RGD peptide promoted the initial attachment and proliferation of the hMSCs, regardless of the size of
the TiO

2
nanotubes. However, the RGD peptide did not prominently affect the osteogenic functionality of the hMSCs because the

peptide suppressed hMSCmotility associated with osteogenic differentiation.The result of an in vitro osteoclast test showed that the
RGD peptide accelerated the initial attachment of preosteoclasts and the formation of mature osteoclasts, which could resorb the
bone matrix. Therefore, we believe that an RGD coating on TiO

2
nanotubes synthesized on Ti implants might not offer significant

acceleration of bone formation in vivo because osteoblasts and osteoclasts reside in the same compartment.

1. Introduction

The clinical success and long-term stability of implants are
determined by osseointegration between implantation mate-
rials and bone tissue [1]. Several studies exploring various
surface treatments of the Ti implants have been conducted
because of the excellent amenability to surface coating, which
can promote successful bonding between bone tissue and
implants and reduce the implantation healing period [1, 2].
To overcome the limitation of current osseointegration of
implants and to enhance the tissue response in vivo, recent
developments in implant surface treatments have focused
on optimizing the interfacial reaction between the implant
and the surrounding bone tissue on the basis of the chem-
ical properties, charge, microstructure, and porosity of the
implant surfaces [1–4].

Various chemical and physical methods such as chemical
oxidation, plasma oxidation, and electrochemical anodiza-
tion techniques have been adopted to prepare a biologically
feasible oxide layer on a Ti surface [5]. Among them, anodi-
zation of the Ti surface has the potential to increase the poros-
ity of the Ti surface and improve the surface area to promote
cell attachment [6–8].

Nanostructures, including TiO
2
nanotubes, have recently

been the focus of great interest for biological and biomedical
applications owing to their high surface-to-volume ratio and
higher structural plasticity compared to that of microscale
structures. In terms of biomaterial development and implant
technology, cellular responses can be affected by topograph-
ical circumstances. It is well known that variability in cell
responses due to nanostructural topography in vitro alters
cell morphology, cytoskeletal structure, gene expression, and
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so forth [9–15]. Nanosized topographical factors have been
shown to affect cells and tissues in vivo as well [8, 16–19].
In addition, a nanotopographical factor plays a critical role
in improving the rate of cell proliferation and tissue accep-
tance, thereby ultimately determining the usefulness of the
implanted biomaterial.

Recently, many studies using biochemical materials such
as the extracellular matrix (ECM), growth factors, and bio-
active materials as surface coating have been conducted to
achieve osteoinduction and osteoconduction together. Oste-
oconduction is the growth of bones on the surface of the
implant, and it relates to the biocompatibility of the implant
materials. Osteoinduction is the phenomenon whereby oste-
ogenesis is induced, and it is supposed to be a bone-healing
process as it recruits immature cells and stimulates the cells
into becoming osteoblasts [20]. Therefore, to achieve excel-
lent osseointegration, osteoconduction and osteoinduction
can be determined from the characteristics of the biochemical
materials used, and materials that promote osteogenesis
among immature cells in the body can be selected [21].

The Arg-Gly-Asp (RGD) peptide is a prospective bioac-
tive factor and an amino acid present in integrin. The RGD
peptide also regulates the attachment of cell proteins and
the ECM. This peptide mediates the bonds between cellular,
plasma, and ECM proteins, such as fibronectin, vitronectin,
collagen type I, osteopontin, and bone sialoprotein [22–24].

Methods of grafting of the RGD peptide onto the surface
of implants are generally based on physical adhesion and
chemical immobilization [25]. Physical adhesion is mainly
related to the spontaneous adhesion of coating materials to
the surface of an implant material. This method is effective
for coating bioactive materials to the surface of implants but
is limited in its application to a number of materials. On the
contrary, chemical fixation has the advantage of forming firm
and stable coating layers, although these methods comprise
several complicated processes [4].

Most studies have focused on the attachment, prolifer-
ation, and osteogenic functionality of bone-forming cells.
However, a few studies have been carried out to investi-
gate the relationship between the RGD peptide and bone-
resorbing cells such as osteoclasts [26, 27].

The purpose of this work was to (1) characterize RGD
peptide immobilized on the surface of 30- and 100-nm
TiO
2
nanotubes and (2) to examine the effects of RGD

peptide-coated TiO
2
nanotubes on the cellular response and

functionality of osteogenic-induced human mesenchymal
stem cells (hMSCs), which are osteoclasts that have been
induced by bone marrow macrophages.

2. Experimental Section

2.1. TiO
2
Nanotubes Fabrication. TiO

2
nanotube surfaces

were prepared by previous reports [14], and the anodization
process was carried out as follows.The bare Ti sheet (Hyundai
Titanium Co., 0.2mm thick, 99.5%, Republic of Korea) was
cleaned with acetone and deionized water. TiO

2
nanotubes

were prepared in 0.5 w/v% hydrofluoric acid (Merck, 48
w/v%, NJ, USA) in water with acetic acid (JT Baker, 98 w/v%,

NTNT

NT

NT

OH
OH
OH

APTES O

O

O

Si

O

O

O

Si

O

O

O

Si

NH2

O O

O

SMP

O

O

O

S
RGD peptide

N

N N
H

N
H RGD

peptide

Figure 1: Reaction schematic diagram of TiO
2
nanotube surface

modification procedure: (I) silane (APTES) treatment; (II) bifunc-
tional cross-linker (SMP) connection; and (III) Arg-Gly-Asp (RGD)
peptide grafting.

NJ, USA; volumetric ratio = 7 : 1) at 5, 10, 15, and 20V for
1 h. A platinum electrode (DSM Co., 99.99%, South Korea)
served as the counterpart.The samples were then rinsed with
deionized water, dried at 60∘C, and heat-treated at 500∘C for
2 hrs to crystallize amorphous TiO

2
nanotubes into anatase

structures. The morphology of TiO
2
nanotube arrays was

observed by field emission scanning electron microscope
(FE-SEM; S4800, Hitachi/Horiba Co., Japan).

2.2. RGD Peptide-Coating Process. RGD peptide was ob-
tained from Sigma (A8052, MO, USA) in this research. The
procedure of RGDpeptide immobilization (see Figure 1) con-
tains the grafting of a 3-aminopropyltriethoxysilane (APTES)
onto the surface of TiO

2
nanotubes, and the substitution of

the terminal amine to maleimide group reacted with thiol
group of RGD peptide via a heterobifunctional cross-linker
(3-succinimidyl-3-maleimido propionate: SMP, Sigma, MO,
USA). The whole processes of silanization, substitution, and
RGD peptide immobilization were listed in previous reports
[23, 28]. Briefly, UV-sterilized TiO

2
nanotube samples (1.27 ×

1.27 cm2) were silanized by immersing experimental samples
in 10mM APTES dissolved in hexane for 2 h. The silanized
TiO
2
nanotubes were substituted for maleimide groups by

using 2mM bifunctional cross-linker SMP dissolved in DMF
for 2 h. And then, thiolized RGD peptide dissolved in anhy-
drous DMF was immobilized on TiO

2
nanotubes by stirring

for 2 h. Thiolized RGD peptides were prepared by previous
research [29]. All experimental procedures were performed
under Ar atmosphere.

2.3. Surface Analysis. To analyze the chemical composition
change of TiO

2
nanotubes before and after RGD peptide

immobilization, X-ray diffractometer (X’Pert PRO MRD,
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PANalytical B.V., the Netherlands) with Ni-filtered Cu-
K𝛼 ray, Fourier transform infrared spectroscopy (FT-IR;
Nicolet, Thermo Co., WI, USA) and X-ray photoelectron
spectroscopy (XPS, K-Alpha ESKA system; Thermo, USA)
were carried out. In terms of XRDmeasurement, the glancing
angle of the specimen was fixed at 5∘ against the incident
beam enabling the detection of XRD patterns to be at the
depth of less than 5 𝜇m from the top surface of the substrate.

2.4. hMSCs Cell Culture. We obtained human mesenchy-
mal stem cells (hMSCs) from Lonza Corporation (Poietics
hMSCs, Switzerland). Also, we used cell growth media com-
posed of 𝛼-MEM (Invitrogen, CA, USA), 10% fetal bovine
serum (FBS) (Invitrogen), and 1% penicillin-streptomycin
(Invitrogen). The CO

2
incubator conditions of hMSCs were

37∘C and 5% CO
2
atmosphere. The experiments of hMSCs

were conducted with cultures at passage 4-5. After the
confluence of hMSCs, they were seeded onto TiO

2
nanotube

experimental substrate placed on a 12-well plate (cell density
of 25,000 cells in each well) and were stored in a CO

2
incu-

bator for a range of incubation times. Osteogenic induction
media were prepared by adding 10mM 𝛽-glycerol phosphate
(SigmaCo.,MO,USA), 150 𝜇g/mL ascorbic acid (Sigma), and
10 nM dexamethasone (Sigma) to cell growth media and was
added to promote the osteogenic differentiation of hMSCs
after 3 days of incubation. Osteogenic induction media were
changed every 2-3 days.

2.5. Cell Adhesion and Proliferation Test. To estimate the
degree of cell adhesion at the beginning of incubation time,
fluorescein diacetate (FDA; Sigma, MO, USA) techniques
was conducted to count viable hMSCs adhered to the
experimental specimen. At 2, 24, and 48 hrs after plating,
hMSCs on the substrates were rinsedwith phosphate buffered
saline solution (PBS) solution (Invitrogen, CA, USA) and
were incubated with an FDA working solution (50𝜇g FDA
dissolved in 10mLPBS solution) for 30 seconds andwere then
washed three times by PBS solution. The washed specimens
were viewed under an inverted fluorescence microscope
(CKX41, Olympus Co., Japan). We counted FDA-stained
hMSCs adhered at all four corners of a specimen and at the
center of the specimen.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazol-
ium bromide) assay was conducted to investigate the prolif-
eration of hMSCs cultured on various experimental speci-
mens. The samples were washed by PBS solution and were
transferred to a new 12-well plate after the selected incubation
periods. 1mL of MTT dye agent (Sigma) was added to
each well. After 3 hrs of incubation in 5% CO

2
incubator,

1mL of isopropanol was added to each well, and the 12-
well plate was then shaken for 30 minutes. The absorbance
of each solution was measured at 570 nm by a microplate
ELISA reader (SpectraMax 250,Thermo Electron Co., USA).
The MTT value of each experimental group was relatively
evaluated by that of uncoated 30 nm TiO

2
nanotubes.

2.6. Alkaline Phosphatase (ALP) Activity Test. To confirm
the osteogenic differentiation and functionality of hMSCs,

alkaline phosphatase (ALP) activity test was used. After 2
weeks of incubation, the experimental samples were rinsed
with PBS solution and lysed by using lysis buffer solution
(25mM Tris, pH 7.6, 150mMNaCl, and 1% NP-40) and were
stored in ice for 30 minutes. 50𝜇L of cell lysate was used
for ALP activity assay, and the rest of the cell lysate was
used to measure the total protein content (Bradford Protein
Assay Kit, Bio-Rad Laboratories, USA). 50𝜇L of cell lysate
was mixed with 200𝜇L of para-nitrophenylphosphate (p-
NPP, Sigma, MO, USA), and the mixed solution was stored
at 37∘C for 30min to activate the reaction. After 30 minutes,
50𝜇L of 3N NaOH (Sigma, MO, USA) was added to the
mixed solution to stop the reaction. The absorbance of each
solution was measured at 405 nm by a microplate ELISA
reader (Spectra Max 250, Molecular Device, CA, USA). The
level of activity was normalized with the amounts of total
protein in the cell lysates (units/mg protein).

2.7. Motility Test of hMSCs. The motility of hMSCs cultured
on 30 and 100 nmTiO

2
nanotubes was examined bymodified

FDA staining technique. Half of TiO
2
nanotubes samples was

covered by cellophane tape. And then, hMSCs were seeded
onto TiO

2
nanotube experimental substrate placed on a 12-

well plate (cell density of 25,000 cells in each well) and were
stored in a CO

2
incubator for 24 hrs. After 24 h of incu-

bation, cellophane tape was removed, and hMSCs cultured
on experimental samples were cultured for additional 24 h.
After 48 hrs of incubations, live hMSCs were stained by FDA
solution, and the motility images of live hMSCs cultured
on TiO

2
nanotubes were obtained by inverted fluorescence

microscope.

2.8. Mice and Reagents for Osteoclast Experiment. C57BL/6
mice were purchased from Orient Bio Inc. (SungNam,
Republic of Korea), and were used to produce bone marrow-
derived-macrophages (BMMs).Allmice used in these experi-
mentswere 6–8weeks old, and all experimentswere approved
by the Animal Studies Committee of Wonkwang University.
All cell culture media and supplements were obtained from
Thermo Scientific Corporation (IL, USA). Soluble recom-
binant mouse RANKL was purified from insect cells as
described previously [30], and recombinant human M-CSF
was a gift from Daved H. Fremont (Washington University,
St. Louis, MO, USA).

2.9. Osteoclast Formation and Staining on Peptide-Coated
TiO
2
Nanotube. Murine osteoclastswere prepared frombone

marrow cells using the standard methods as previously
described with minor modification [30]. In brief, bone
marrow (BM) cells were obtained by flushing femur and
tibia fromC57BL/6mice. For stromal cell-free bonemarrow-
derived macrophage (BMM) culture, bone marrow cells
were cultured with M-CSF (50 ng/mL) for 3 day in 𝛼-
MEM containing 10% FBS, and attached cells were used as
osteoclast precursors, BMMs. BMMs (6 × 104 cell/wells in
24-well plates) were loaded onto control or peptide-coated
TiO
2
nanotube pieces (1.27 cm × 1.27 cm), having 30 nm and

100 nm diameters, and were subsequently differentiated into
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Figure 2: SEMmicrographs of self-aligned 30 (A30), 100 (A100) nm TiO
2
nanotubes and RGD peptide-coated 30 (P30), 100 (P100) nm TiO

2

nanotubes. (The scale bar of all figures is 100 nm).
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Figure 3: (a) XRD patterns and (b) FT-IR spectra of (A) uncoated, (B) silanized, and (C) RGD peptide-coated 100 nm TiO
2
nanotubes.

osteoclasts withM-CSF (50 ng/mL) andRANKL (100 ng/mL)
for 4 day. Fresh media containing M-CSF and RANKL were
resupplied at day 3. For coculture, bone marrow cells (6 ×
105 cells/well) were cultured with calvaria-derived osteoblast
(6 × 104 cells/well) on TiO

2
nanotubes. BM cells were

differentiated into osteoclasts in 𝛼-MEM containing 10% FBS
and were supplemented with 1𝛼,25(OH)

2
D
3
(2 × 10−8M)

for 7 day. Cells were then stained with fluorescein diacetate
(FDA; Sigma, MO, USA) as reported previously [31] and
were pictured by an inverted fluorescence microscope (DM

IL LED, Leica Microsystems GmbH, Wetzlar, Germany).
We tested osteoclast formation on TiO

2
nanotubes by three

times and counted the number of mature osteoclast having
characteristic actin ring.The representative data were shown.

2.10. Data Analysis. All data were expressed as mean ±
standard deviation andwere statistically analyzed by one-way
ANOVA (SPSS 12.0, SPSSGmbH,Germany) and the Student-
Newman-Keuls method as a post hoc test. Significant differ-
ences were determined at 𝑃 values at least less than 0.05.
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linked (maleimide), and (c) RGD peptide-coated 100 nm TiO
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nanotubes.

3. Results and Discussion

3.1. Analysis of RGD Peptide Grafted onto TiO
2
Nanotubes.

Figure 2 shows SEM micrographs of uncoated and RGD
peptide-coated 30 and 100 nm TiO

2
nanotubes. As shown in

the P30 and P100 images of Figure 2, 10–20 nm nanoparticles
were deposited on the top surfaces of the TiO

2
nanotubes.

We also tried to coat the RGD peptide onto TiO
2
nanotubes

using 20mMAPTES and found that APTES coated the TiO
2

nanotubes completely, thereby blocking the pores (data not
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Figure 5: XPS N1s spectra of silanized (APTES), bifunctional
cross-linked (maleimide), and (c) RGDpeptide-coated 100 nmTiO
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nanotubes.

shown). Therefore, we expect that 10mM APTES is suitable
for coating the RGD peptide onto the top surfaces of TiO

2

nanotubes effectively.
Figure 3 indicates the XRD patterns of FT-IR spectra of

uncoated, silanized, and RGD peptide-coated 100-nm TiO
2

nanotubes, respectively. As shown by the XRD patterns,
the crystal structures of the TiO

2
nanotubes prepared in

this study were anatase. In the FT-IR spectra, some new
peaks corresponding to the covalent grafting of APTES
were detected at 935 (Si–OH), 1034 (Si–O–Si), 1543, 2846,
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Figure 6: (a) Fluorescein diacetate (FDA) images and (b) the number of live hMSCs cultured on uncoated and RGD peptide-coated 30 and
100 nm TiO

2
nanotubes.

and 2919 cm−1 for the FT-IR spectra of the silanized and
RGD peptide-coated TiO

2
nanotubes [32, 33]. As previously

reported, these peaks originated from the formation of SiO
3/2

(silsesquioxane) nanoparticles [34]. From the results of FT-
IR analysis of the RGD peptide, it was difficult to identify the
existence of RGD peptides immobilized on TiO

2
nanotubes

because of the overlap of the FT-IR spectral peaks between
APTES and the RGD peptide. Therefore, XPS analysis was
used to confirm the covalent grafting of theRGDpeptide onto
the TiO

2
nanotube surface.

Figures 4 and 5 show the XPS spectra of C1s and N1s for
silanized (APTES), bifunctional cross-linked (maleimide),
and the RGD peptide-coated TiO

2
nanotube substrates,

respectively. Four kinds of C1s peaks were detected on the
surfaces of the APTES, maleimide, and RGD peptide-coated

TiO
2
nanotubes as shown in Figure 4. From the 4 kinds of

C1s peaks, lines 1 and 2 (binding energies of 289 and 288.3)
indicate the portions of O=C–O and C=O derived from
maleimide and RGD peptide, respectively. Line 3 (binding
energy of 285.9–286.4 eV) indicates the existence of the RGD
peptide. Line 4 (binding energy of 284.8 eV) represents the
silanization by APTES [35]. As seen in Figure 5, the 3 kinds of
N1s peaks were detected on the surface of APTES,maleimide,
and the RGD peptide-coated TiO

2
nanotubes. Line 1 and

2 show the overlap of maleimide and the RGD peptide.
However, line 3 indicates the portions of C–NH

3
and C–O

bonds that originated from the RGD peptide [36, 37].
From the SEM observations and the results of FT-IR

analysis, it was confirmed that 10–20 nm SiO
3/2

nanoparticles
were deposited on the surfaces of the TiO

2
nanotubes. In
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Figure 8: Alkaline phosphatase (ALP) activity of hMSCs cultured
on uncoated and RGD peptide-coated 30 and 100 nm TiO

2
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otubes after 2 weeks of incubation. ∗ denotes significance between
uncoated 30 nm TiO
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nanotubes versus RGD peptide-coated 30 nm
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addition, the XPS analysis indicated that the RGD peptide
was coated onto the surface of TiO

2
nanotubes through

silanization and bifunctional cross-linking.

3.2. Initial Attachment and Proliferation of hMSCs. Figure 6
shows images of FDA stained, live hMSCs cultured on
uncoated and RGD peptide-coated 30 and 100 nm TiO

2

nanotubes after 2 and 24 hours of incubation. As shown

in Figure 6(b), after 2 and 24 hours of incubation, the
number of hMSCs that were cultured on the RGD peptide-
coated TiO

2
nanotubes was significantly higher than that on

uncoated TiO
2
nanotubes, regardlss of the diameter of the

TiO
2
nanotubes (𝑃 < 0.05). Thus, it was confirmed that

the RGD peptide-coating enhanced the initial attachment
of hMSCs to the surface of TiO

2
nanotubes within 24 h of

incubation.
Figure 7 shows the MTT assay results for uncoated and

RGD peptide-coated 30 and 100 nm TiO
2
nanotubes after

24 and 48 h of incubation. The values for the RGD peptide-
coated TiO

2
nanotubes were significantly higher than those

for the uncoated TiO
2
nanotubes (𝑃 < 0.05). However, no

significant difference was observed between the uncoated
and RGD peptide-coated 30 nm TiO

2
nanotubes after 48 h

of incubation (𝑃 > 0.05). Previous reports have shown
that the initial attachment and proliferation of cells cultured
on 30 nm TiO

2
nanotubes are higher than those on 100 nm

TiO
2
nanotubes at the beginning of incubation time [15, 38].

Therefore, 48 h of incubation may have been long enough
to overcome RGD peptide feature promoting the initial cell
attachment when it was coated onto the surface of 30 nm
TiO
2
nanotubes.Thus, theMTTassay results for the uncoated

and RGD peptide-coated 30 nm TiO
2
nanotubes after 48 h of

incubation can be considered similar.
From the results of FDA staining and the MTT assay, we

confirmed that the RGD peptide promoted the attachment
and proliferation of hMSCs cultured on TiO

2
nanotubes at

the beginning of incubation.

3.3. ALP Activity of hMSCs. Figure 8 shows the results of the
ALP activity assay of hMSCs cultured on uncoated and RGD
peptide-coated 30 and 100 nm TiO

2
nanotubes after 2 weeks

of incubation. The ALP activity of the hMSCs cultured on
RGDpeptide-coated 30 nmTiO

2
nanotubes was significantly

lower than that of hMSCs cultured on uncoated 30 nm TiO
2

nanotubes (𝑃 < 0.05). In addition, no significant difference
was observed in the ALP activity between uncoated and the
RGD peptide-coated 100 nm TiO

2
nanotubes (𝑃 > 0.05).

Although the results of FDA staining and the MTT
assay were similar to those obtained in previous studies
[39], the results of the ALP activity assay were not as
consistent. The bond status of the RGD peptide, nature of
the biomaterials, and cell culture periods play important
roles during initial attachment, in osteogenic differentiation
and in the functionality of mesenchymal stem cells [40–43].
In this study, we prepared thiolized RGD peptide instead
of purchasing cysteine-conjugated RGD peptide, which was
used in previous studies [23, 28, 39]. Therefore, the bond
status of the functional groups between the thiolized RGD
peptide and the cysteine-conjugated RGD peptide can be
safely assumed to be different, which makes the results, in
terms of cellular response, obtained using these 2 peptides
different. Furthermore, many published studies on the effects
of the RGD peptide on cellular responses have focused on
ceramic surfaces instead of metal surfaces, which would
result in discrepancies in the results in terms of cellular
proliferation and differentiation [44–47].



8 Journal of Nanomaterials

Pure Ti

Migration

30 P30

100 P100

500𝜇m
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nanotube after 48 hours of incubation. (Motility test of hMSCs). # Upper half area is covered by cellophane tape when hMSCs are seeded onto
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In addition, the motility and mechanical strain of hMSCs
cultured on biomaterials promote the osteogenic differenti-
ation of hMSCs [48, 49]. To prove the correlation between
cell motility and osteogenic differentiation, themotility of the
hMSCs during 24 hours of incubation was examined using
through FDA staining. As shown in Figure 9, the motility
of the hMSCs cultured on uncoated TiO

2
nanotubes seemed

to be higher than that of hMSCs cultured on RGD peptide-
coated TiO

2
nanotubes. Therefore, we believe that the RGD

peptide that coated the surfaces of the TiO
2
nanotubes

suppressed hMSC motility. We also think that the results
of the ALP activity assay were affected by the properties
of the RGD peptide, nature of the biomaterial surface, and
motility of cells that are cultured on variously sized TiO

2

nanotubes. Further investigation is performed to resolve the
inconsistency between MTT and ALP activity results more
clearly.

3.4. Attachment and Proliferation of BMM and Maturation
of Osteoclasts. In vivo, osteoblasts, which are bone-forming
cells, reside with osteoclasts, which are bone-resorbing cells,
within the same compartment. Therefore, examining the
effect of RGD peptide-coated TiO

2
nanotubes on osteo-

clast formation, together with their effect on osteoblasts, is
important. We cultured osteoclasts on RGD peptide-coated
TiO
2
nanotubes and assessed the effect of the RGD peptide-

coating on the formation of mature osteoclast. Previously,
we reported that the adhesion ability of osteoclast precursors
attached to TiO

2
nanotubes of various pore diameters (30–

100 nm) was not different. However, osteoclast formation
decreased with increasing nanotube diameter [50]. Con-
sistent with our previous data, Figure 10 shows that the
formation of mature osteoclasts on uncoated 100 nm TiO

2

nanotubes was significantly less than that on uncoated
30 nm TiO

2
nanotubes in both culture systems (BMM cul-

ture and coculture). Although mature osteoclast formation
on the RGD peptide-coated 30-nm TiO

2
nanotubes was

diminished slightly than uncoated 30 nm TiO
2
nanotubes,

however, mature osteoclast formation was highly maintained
on RGD peptide-coated 30 nm TiO

2
in the BMM culture

(Figure 10(a)). Moreover, mature osteoclast formation was
dramatically increased on the RGD peptide-coated 100 nm
TiO
2
nanotubes compared to that of uncoated 100 nm TiO

2

nanotubes which inhibitedmature osteoclast formation (Fig-
ure 10(a)). In addition, mature osteoclast formation on the
RGD peptide-coated 100 nm TiO

2
nanotubes also increased

significantly to the same level as that of the RGD peptide-
coated or uncoated 30 nm TiO

2
nanotubes in the coculture

system (Figure 10(b)). These data suggest that the RGD
peptide-coated onto the TiO

2
nanotubes promoted the initial

attachment of osteoclasts [51, 52] and that it helped overcome
the inhibitory effect of nanotubes with large pores on osteo-
clast formation. As mentioned above, cell attachment and
functionality depend onmany factors such as cell phenotype,
shape, culture media, and the surface used for cell culture.
However, in this study, the RGD peptide seemed to enhance
the initial attachment and proliferation of hMSCs andBMMs,
and the maturation of preosteoclasts into bone-resorbing
mature osteoclasts.

4. Conclusions

In this study, the RGD peptide was grafted covalently onto
the surface of TiO

2
nanotubes based on the results of SEM

analysis, FT-IR, and XPS. Furthermore, the RGD peptide
promoted the initial attachment and proliferation of hMSCs,
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Figure 10: Bone marrow derived-macrophages under M-CSF and RANKL treatment were cultured, (a) and bone marrow cells under
1𝛼,25(OH)

2
D
3
treatment were cocultured with osteoblast (b) on uncoated (30 and 100) and RGD peptide- (P30 and P100) coated TiO

2

nanotubes. Cells were then stained with fluorescein diacetate (FDA). Cells having actin ring were counted asmature osteoclast. Bar = 500𝜇m.

regardless of the size of the TiO
2
nanotube. However, the

RGD peptide did not prominently affect the osteogenic
functionality of the hMSCs because the peptide suppressed
the motility of the hMSCs during osteogenic differentiation.
The result of the osteoclast in vitro test showed that the RGD
peptide accelerated the initial attachment of preosteoclasts
and the formation of mature osteoclasts, which can resorb
the bone matrix. Therefore, we believe that applying an RGD
coating onto TiO

2
nanotubes synthesized on Ti implants that

are used in medicine might not accelerate bone formation in
vivo significantly because osteoblasts and osteoclasts reside in
the same compartment.
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