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Abstract

This study compared the topography of different titanium surface structures (TiO2

nanotube and grain) with similar elemental compositions (TiO2 and fluorine [F]) on

the Ti surface. High magnification indicated that the surfaces of the control and etch-

ing groups were similar to each other in a flat, smooth form. The group anodized for

1 h was observed with TiO2 nanotubes organized very neatly and regularly. In the

group anodized for 30 min after etching, uneven wave and nanopore structures were

observed. In addition, MTT assay showed that the F of the surface did not adversely

affect cell viability, and the initial cell adhesion was increased in the 2.8% F-

incorporated TiO2 nanograin. At the edge of adherent cells, filopodia were observed

in spreading form on the surfaces of the anodizing and two-step processing groups,

and they were observed in a branch shape in the control and etching groups. More-

over, cell adhesion molecule and osteogenesis marker expression was increased at

the F-incorporated TiO2 nanostructure. In addition, it was found that the expression

of p-extracellular signal-regulated kinase (ERK) and p-cAMP response element-

binding protein (CREB) increased in the TiO2 nanograin with the nanopore surface

compared to the micro rough and nanotube surfaces relative to the osteogenic-

related gene expression patterns. As a result, this study confirmed that the topo-

graphic structure of the surface is more affected by osteogenic differentiation than

the pore size and that differentiation by specific surface composition components is

by CREB. Thus, the synergy effect of osteogenic differentiation was confirmed by

the simultaneous activation of CREB/ERK.
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1 | INTRODUCTION

Titanium (Ti) has good mechanical, anticorrosive, and biocompatibility

characteristics.1-5 Additionally, titanium dioxide (TiO2) oxide layer for-

mation on the Ti surface provides excellent anti-corrosive and
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biocompatibility properties. When Ti devices are implanted in vivo,

the surrounding tissue comes into direct contact with the Ti surface.

Because of this, the biocompatibility or failure cases of Ti devices

depend on the characteristics of this surface layer, such as structure,

chemical composition, elemental composition, and topography.6-11

Many investigators have shown that bioactive Ti surfaces can be

induced by special chemical, physical, and thermal treatments. Various

treatment techniques have been used in an effort to increase the attach-

ment and integration of bone tissues on the implant surface by creating

a rough surface, such as coating, etching, and anodizing.12-19 In one of

the known etching techniques, acid or alkaline solution and thermal

treatment creates a macroporous and rough titanate layer on the surface

of Ti, and it can induce bone-like mineral deposition in vivo fluid.12,16,18

Moreover, electrochemical techniques have been used to create TiO2

nanostructures on Ti surfaces by electrolytes (HF or NaOH).14,20 Related

research reported that the surface of porous TiO2 nanotubes has much

higher cell adhesion, proliferation, ALP activity,21 bone sialoprotein, and

osteocalcin expression than the conventional Ti surface.22

Many researchers have taken this one step further and studied

the effects of TiO2 nanostructures of various diameters by regulating

the electrolyte composition, time, and voltage.23-26 They studied the

diameter effects of TiO2 nanotubes from 15 to 100 nm on mesenchy-

mal stem cells (MSCs) and reported that a diameter of 15–20 nm

increased adhesion, spreading, proliferation, and differentiation of

cells.27 Moreover, another researcher showed that small-diameter

(30–50 nm) nanotubes increased adhesion, while larger-diameter

(70–100 nm) nanotubes induced bone-forming ability by increasing

alkaline phosphatase.24 In addition, Zhang et al. fabricated TiO2 nan-

otubes (diameter: 150–470 nm) and showed that the 470 nm TiO2

nanotube induced higher proliferation of osteoblasts and that ALP

activity peaked at the 150 nm diameter.5

However, some investigators showed that a 30–40 nm nanotube

on the implant surface influenced bone formation and

osseointegration by enhancing osteoblast activation in vivo.24 As

such, many in vitro and in vivo research studies on TiO2 nanotube

diameter for cell proliferation and differentiation have been reported,

but the responses of cell differentiation and bone formation according

to diameter size have varied.

Recently, to improve the function of Ti implants, the combination

of two or more technologies, such as etching, anodizing, coating, and

ionization, has been attempted. Li et al. showed that BMP-2-coated

TiO2 nanotubes increased osteogenesis by inducing ALP activity.28 Lai

et al. reported that an osteogenic growth peptide coating on TiO2

nanotubes increased the expression of collagen, Runx-2, OPN, and

OC and mineralization.29 Moreover, many studies have reported that

cell proliferation and differentiation are improved by the doping of

Mg, Sr, and F ions on the nano surface.29-31 Ding et al. studied the

effect of nanotube diameters (30–80 nm) on the surface with the

sandblasting with grit and acid etching (SLA) method. They reported

that SLA/nanotube was favorable for promoting the activity of osteo-

blasts compared to the only-SLA group. In addition, cell adhesion and

proliferation were increased in SLA/30 nm, but cell adhesion and

osteogenic gene expression were increased in SLA/80 nm.32

Most of the biomolecules or cytokines induce osteogenesis

through the cAMP response element-binding protein (CREB) pathway.

Investigators reported that anti-osteoporosis agents, BMP, pyrazole-

pyridine, and osthole stimulate osteoblast differentiation and increase

ALP activity, mineralization, and bone formation in vivo by activating

the cAMP/PKA/CREB signaling pathway.4 However, according to

another research group, the osteogenic differentiation or induction

mechanism of nanotube topographic structures is due to the extracel-

lular signal-regulated kinase (ERK) signaling pathway. The magnesium

ion/Zn-incorporated titania nanotube led to more accelerated expres-

sion of osteogenic-related genes and ECM-mineralized nodules than

that on the Ti surface.29 In addition, Dou reported that tantalum alloy

activates the MAPK/ERK signaling pathway to regulate the high

expression of osteogenic genes and promote the greater osteogenic

differentiation of BMSCs than that on Ti.33

However, most of the nanotopography research has been

focused on the nano size, and there have been few studies comparing

physical topography and amount of chemical components/elements

on the surface and cell behaviors.

Therefore, in this study, we compared physically different Ti sur-

faces (TiO2 nanotube and nanograin with nanopore) with similar

chemical compositions, TiO2 and fluorine (F), on the Ti surface by

examining the effect on cell adhesion, proliferation, and

differentiation.

In addition, in order to identify the bone differentiation mecha-

nism, a well-known pathway of osteogenesis was studied.

2 | MATERIALS AND METHODS

2.1 | Preparation of Ti discs

Ti discs were donated (MEGAGEN Implant Co, Korea), and substrates

were 1-mm-thick discs sliced (10-mm diameter). These discs were

used as a control group, and the sample was measured and analyzed

three times (n = 3). The experimental group was divided into the etch-

ing, anodizing, and anodizing after etching groups and compared with

the control group. Ti discs of the same size were used in both the con-

trol and experimental groups.

2.2 | Etching of TiO2 thin film

The etching was performed by modifying previous experimental

methods.34 The Ti discs were etched in Kroll's reagent (4.0% hydro-

fluoric acid, 7.2% HNO3, and 88.8% water) for 10 min with sonication

at room temperature, and the etching reaction was terminated by the

addition of 10 N NaOH to Kroll's reagent. These Ti discs were cleaned

by sonication in dichloromethane for 10 min and then washed ultra-

sonically for 10 min, once in acetone and once in triple-distilled water.

They were then placed in 40% HNO3 for 40 min to passivate the sur-

face of the Ti discs.34 The acid-etched Ti discs were then rinsed with

distilled water, followed by thermal treatment at 400�C for 1 h.
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2.3 | Anodizing for TiO2 nanotube formation

The anodizing was performed by modifying previous experimental

methods.35 The anodizing electrolyte was a mixture of 99.9% ethyl-

ene glycol, 0.5% NH4F, and 0.2% water. After cleaning in ethanol and

acetone, the electrochemical anodizing experiments were conducted

at room temperature. The Ti discs were anodized for 1 h at 30 V in

anodizing electrolyte mixture using a DC power supply at 25�C in a

60% humidified atmosphere.

2.4 | Second step of surface modification through
anodizing after etching

The second step of surface treatment was performed by modifying previ-

ous experimental methods.34,35 The Ti discs were etched by sonication in

Kroll's reagent for 10 min at room temperature, and the etching reaction

was terminated by the addition of 10 N NaOH to Kroll's reagent. These

Ti discs were cleaned by sonication in dichloromethane for 10 min,

washed ultrasonically for 10 min, and placed in 40% HNO3 for 40 min to

passivate the surface of the Ti discs. Then, the acid-etched Ti discs were

rinsed with triple-distilled water. After drying in a vacuum oven, the Ti

discs were anodized for 30 min at 30 V in an anodizing electrolyte mix-

ture (99.9% ethylene glycol, 0.5% NH4F, and 0.2% water) using a DC

power supply at 25�C in a 60% humidified atmosphere.

2.5 | Cell adhesion assay

Human bone marrow mesenchymal stem cells (BM-MSCs) were pur-

chased from Lonza (Walkersville, MD, USA). During expansion, the

MSCs were cultured with Dulbecco's Modified Eagle Medium

(DMEM, Welgen, Korea) with 10% fetal bovine serum (FBS, Lonza

Ltd., Switzerland) and 1% penicillin at 37�C in an incubator (5% CO2

and 95% humidified atmosphere), and the medium was changed three

times a week. BM-MSCs were seeded on Ti surfaces at an initial den-

sity of 2 × 104 cells and left to adhere for at least 24 h and to culture

for 72 h with osteogenic differentiation medium.

Cell adhesion was analyzed using MTT assay.34 Cell-cultured discs

were washed with PBS, and 1 ml of a 0.5 mg/ml-MTT supplemented

cell culture medium was added at 37�C and 5% CO2 for 1 h. The MTT

solution was removed after 1 h; then, 1 ml of DMSO was added, and

it was shaken for 10 min. The intense purple-colored formazan deriva-

tive formed during active cell metabolism was eluted, and absorbance

was measured at 540 nm.

2.6 | Analysis of Ti surface

In order to examine the difference in the surface structure, surface analy-

sis was carried out by scanning electron microscopy (SEM, JSM-7001F,

JEOL Ltd, Japan), energy dispersive X-ray (EDX, JSM-7001F, JEOL Ltd,

Japan), and X-ray photoelectron spectroscopy (XPS, ESCALAB 220i-XL,

VG Scientific Instruments). In addition, the surface hydrophilicity of TiO2

was studied by measuring the static contact angle with a sessile drop of

distilled water deposited on the sample surface.35 The volume of the liq-

uid was kept constant (10 μl), and each contact angle value was the aver-

age of five measurements at room temperature.

2.7 | Reverse transcription polymerase chain
reaction

The mRNA levels of osteogenesis-related genes were assessed by

reverse transcription polymerase chain reaction (RT-PCR). The cells

were seeded at 1 × 105 cells on Ti surfaces and harvested after

being cultured for 3 days using TRIzol (Invitrogen, CA, USA) to

extract the RNA. The harvested RNA was reverse transcribed into

complementary DNA using a Prime Script RT Reagent Kit. The PCR

was conducted by subjecting the samples to 21–35 cycles of dena-

turation (94�C, 1 min), annealing (53–57�C, 1 min), and extension

(72�C, 1 min). The samples were then placed on 2% agarose gel and

visualized by SYBR Safe DNA gel staining (Invitrogen Co., USA). The

relative abundance of transcripts of GAPDH, type I collagen, BMP-2,

Runx-2, ALP, and vimentin was measured. The primers for the target

genes are listed in Table 1.

2.8 | Western blotting

The proteins were extracted from cultured cells, and the concentrations

were evaluated using the BCA method. Samples of 25 μl (20 μg total pro-

tein) were separated using 30% SDS polyacrylamide gel electrophoresis

and transferred onto PVDF. Then, membranes were incubated with block-

ing solution (48 mM Tris, 39 mM glycine, 0.05% SDS, 5% methanol) at

room temperature for 1 h. Proteins were detected with human anti-β-actin,

anti-VCAM, anti-ALCAM, anti-P-selectin anti-osteocalcin, anti-osteonectin,

anti-osteoprotegerin, anti-bone sialoprotein, anti-versican, anti-BMP-2, and

anti-ERK antibodies at 4�C overnight and with anti-human secondary anti-

bodies for 2 h at room temperature. The membranes were rinsed in 1X

TBS and labeled as ECL substrates, and then protein bands were analyzed

using the Fluor-S Gel Imaging Analysis System.

TABLE 1 Primers used for RT-PCR

Gene Primer sequence Temp.(�C) Cycle

Vimentin F: GGAACAGCATGTCCAAATCG

R: TCAGTGGACTCCTGCTTTGC

57 23

Collagen І F: GAAAACATCCCAGCCAAGAA

R: CAGGTTGCCAGTCTCCTCAT

56 32

Runx-2 F: CTCACTACCACACCTACCTG

R: TCAATATGGTCGCCAAACAG

56 35

BMP-2 F: AACCTACAACCCCACCACAA

R: GTTCCCCTGTCTCACTTTCA

57 32

GAPDH F: ACCACAGTCCATGCCATCAC

R: TTCACCACCCTGTTGCTGTA

55 25
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2.9 | Statistical analysis

Data on cell growth and cytokines were statistically evaluated using

Student's t test. The difference between means was considered signif-

icant when p < 0.05.

3 | RESULTS

3.1 | Comparison of Ti surface structure

As a result of surface observation with SEM, the structure of the

etched Ti disc surface contained microporous puddle surface features

(Figure 1b). However, anodization, which was carried out for 1 h in

NH4F at 30 V, resulted in a Ti substrate showing regular scratch marks

at low magnification (Figure 1c). Moreover, after etching, the anodiza-

tion with the same concentration of NH4F at 30 V for 30 min resulted

in a Ti surface very similar to that of the etched surface at low magni-

fication (Figure 1d). At high magnification, the control and etched sur-

faces were very similar to each other, showing a very smooth and flat

form (Figure 1e,f). Moreover, the surface of the TiO2 nanopore struc-

ture appeared very clear, regular, and uniform after the anodization

that was carried out for 1 h (Figure 1g). However, the 30-min anodiz-

ing process formed an uneven and wavy nanograin with nanopore

structure (Figure 1h). In these results, the diameter of the nanotube is

approximately 30–40 nm, and uniform and parallel nanotubes can be

observed in these micrographs, but the nanograin is approximately

60–100 nm and the nanopore size is not uniform.

3.2 | Assay of contact angle and MTT

Many of the physical or chemical surface modifications can change the

hydrophilicity of materials. After chemical and physical treatment, the

water contact angles varied on the Ti surface by surface modification in

this study. The untreated and etched Ti had contact angles of 88� and

77�, respectively, while the anodized Ti and the Ti anodized after etching

had contact angles of 33� and 35�, respectively (Figure 2a). Therefore, it

was observed that hydrophilicity was increased by anodizing rather than

etching in this study.

In addition, the adhesion ratio of BM-MSCs, evaluated by MTT

assay after 24 and 72 h culture, indicated a slight increase in the adhe-

sion of cells (Figure 2b). The results after 24 h culture can be interpreted

as initial adhesion, with surface treatment groups relative to control

showing an increase in adhesion of about 25–60%. However, after 72 h

culture, the growth rates were mostly similar, and it showed that there

was an increase of about 30% compared to initial attachment.

3.3 | Comparison of cell morphology

Figure 3 presents SEM micrographs of the adhered MSCs on the vari-

ous Ti surfaces after 72 h of incubation time. All the MSCs were

polygonal and well distributed, and the attached morphologies were

not very distinct on the various modified surfaces, but there was a

noticeable difference in the number of cells attached (Figure 3a–d).

However, the high-magnification image of hMSCs on the various Ti

surfaces showed that the morphologies of hMSCs on the surfaces of

TiO2 nanostructures were somewhat different (Figure 3c,d). The

hMSCs on nano TiO2 showed more round lamellipodia and fewer

filopodia, and regular and directional extensions were apparent on the

nanotube structures even after 72 h of culture (Figure 3c). It can be

assumed that the interplay between the cell and the nanostructure

allows for enhanced differentiation and an overall increase in osteo-

genic differentiation, as indicated by the filopodia and morphology. In

addition, it is suggested that F and nanograins play an important role

in the adhesion and differentiation of cells. The above results show

that the structure and elements of the surface affect adhesion but not

F IGURE 1 Comparison of structure of surface-modified Ti by SEM images. (a,e) Untreated raw Ti surface showing nearly smooth surface, (b,f)
Etched Ti surface, (c,g) Anodized (for 1 h at 30 V) Ti surface, (d,h) Anodized (for 30 min at 30 V) Ti surface after etching (a–d: × 5,000, e–h: × 50,000)
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proliferation. Therefore, these F-incorporated TiO2 nanograins with

nanopore structures probably had increased initial cell adhesion

(Figure 3).

3.4 | Expression of cell adhesion molecules

In this study, after surface modification, we analyzed the expres-

sion of cell adhesion molecules, including VCAM, ALCAM, and

p-selectin. From the results of this analysis, the levels of VCAM,

ALCAM, and p-selectin were significantly higher in MSCs cultured

in the anodized and two-step modification groups than in those in

the other groups, but the VCAM protein phosphorylation level in

the two-step modification group was similar to that of the anodiz-

ing group. In particular, the level of ALCAM was significantly

higher in the two-step modification group compared to the other

groups. In other words, the protein levels involved in cell adhesion

were generally increased by the anodized and two-step modifica-

tion treatments. These results show that TiO2 nano and micro

topography, rather than a smooth surface, plays an important role

in improving cell adhesion (Figure 4).

3.5 | Analysis of elements

In the surface chemistry characterization, we analyzed the different

chemistries among the various Ti samples fabricated in this study

(Figure 5). Most significantly, unlike all other samples, the unmodified

Ti did not have any F present on the surface, since the etching or

anodization electrolyte solution contained F. Depending on the

F IGURE 2 Comparison of contact angles and MTT assay on various Ti surfaces. The contact angles of the untreated surface, etched surface,

anodized surface, and anodized surface after etching are 77.94 ± 2.3�, 77.94 ± 2.3�, 33.1 ± 0.4�, and 35.32 ± 2.6�, respectively. (*p < 0.05)

F IGURE 3 Scanning electron microscopy images of the morphologies of MSC culture on various titanium surfaces for 72 h. (a,e) Untreated
raw Ti surface showing a nearly smooth surface, (b,f) Etched Ti surface, (c,g) Anodized (for 1 h at 30 V) Ti surface, (d,h) Anodized Ti surface (for
30 min at 30 V) after etching (a-d: × 100, e-h: × 10,000)
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surface treatment process, the amount of carbon (C) and Ti was

reduced, and the amount of oxygen (O) and F was increased, indicat-

ing that a TiO2 thin film was formed by etching and a TiO2 nanotube

was formed by the anodizing process (Table 2). Additionally, the rela-

tive atom concentrations (at.%) and binding energies (BE) of C, O, F,

and nitrogen (N) were analyzed, and the results are shown in Table 3.

The C and N were analyzed as being lower for the anodized surface

compared with the untreated and etched surfaces, while the O and F

were estimated to be higher for the anodized surface compared with

the untreated and etched surfaces. This result is similar to the trends

seen in EDX analysis, whereby the surface treatment reduced the

amount of C and Ti and increased the amount of O and F.

3.6 | Evaluation of effect of surface modification
on cell differentiation

We also evaluated RT-PCR and western blot analysis to determine

how the various surface modification methods affected osteogenic

differentiation, and the analysis of the bone-related markers was per-

formed after a 3-day culture with differentiation medium.

Versican, osteonectin, BMP-2, osteoprotegerin, and bone

sialoprotein genes are important markers for different osteogenic

periods, and they were used to indicate the state of the Ti surface

modification-induced differentiation of MSCs in this work.

The results of this study showed that the mRNA expression levels

of BMP-2, Runx-2, ALP, and vimentin were significantly increased,

and the protein levels of versican, osteonectin, BMP-2,

osteoprotegerin, osteocalcin, and bone sialoprotein were significantly

increased in the F-incorporated TiO2 nanograin. The expression levels

of most mRNAs and proteins were increased in the nano surface

(anodized and two-step modification) groups (Figure 6).

Osteonectin is a glycoprotein in the bone that binds sodium, and it

initiates mineralization and promotes mineral crystal formation. Moreover,

osteocalcin, osteoprotegerin, and BMP-2, similar to other bone morpho-

genetic proteins, play an important role in the development of bone and

cartilage. Osteocalcin protein is specifically synthesized by osteoblasts,

and it is a marker of osteoblast differentiation during the later stages of

bone formation,36 and MSCs produce a soluble glycoprotein called

osteoprotegerin.37 In addition, BMP-2 induces osteoblastic differentiation

by acting directly on MSCs, and it is used clinically to induce bone forma-

tion, although high doses are required.32 Moreover, bone sialoprotein is a

highly post-translationally modified acidic phosphoprotein normally

expressed in mineralized tissues, such as bone and dentin.38

It is well known that ERK and CREB are closely related to the

osteogenic differentiation of stem or progenitor cells. In this study,

the relevance of surface structures and elements was analyzed, and it

was found that the expression of p-ERK and p-CREB increased in the

etching/anodizing groups compared to the anodizing or etching

groups relative to the osteogenic-related gene expression patterns. In

F IGURE 4 Expression cell adhesion molecule mRNA (a) and protein (b) in BM-MSCs on various Ti surfaces. The levels of all markers were
significantly increased in the anodized and anodized after etching groups
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other words, the enhancement of osteogenic differentiation by the

amount of nano surface and F was found to occur through the

ERK/CREB pathway (Figure 7).

In conclusion, cell activity increased by 30–40% when the contact

angle of the Ti surface increased, and attachment molecules at the

gene and protein levels were also observed to be more than twice as

F IGURE 5 EDX analysis of various Ti surfaces (a) Untreated raw Ti surface showing nearly smooth surface, (b) Etched Ti surface, (c) Anodized
(for 1 h at 30 V) Ti surface, (d) Anodized (for 30 min at 30 V) Ti surface after etching

TABLE 2 Energy dispersive X-ray
spectroscopy (EDX) analysis of top
surface

wt%

Element Untreated Ti Etched Ti Anodized Ti Anodized after etch Ti

C 4.04 3.16 2.32 2.55

O 0.86 5.08 30.68 27.48

F 0 0.37 1.93 2.46

Ti 95.1 91.39 65.07 67.51

Total 100 100 100 100

TABLE 3 Binding energies and at.%
of elements in XPS analysis

C O F N

Surface at.% BE at.% BE at.% BE at.% BE

Untreated Ti 25.4 284.8 53.9 529.9 — — 2.3 399.8

Etched Ti 26.6 284.9 50.9 530.0 — 1.1 399.9

Anodized Ti 16.7 285.1 58.7 530.0 1.9 684.1 — —

Anodized after etch Ti 20.7 285.1 58.0 530.0 2.8 684.4 0.3 399.4

Abbreviations: at.%, atom concentration rate; BE, binding energy; XPS, X-ray photoelectron

spectroscopy.
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strong. In this study, only qualitative analysis was performed on the Ti

surface structure. However, it was confirmed that cell growth and

ALCAM adhesion molecules also increased as the components of F

and O on the surface increased from the anodizing group at 1.9(wt%)

and the etching/anodizing group at 2.46(wt%) compared with the

control. Moreover, CREB expression increased with the increase in F

components on the Ti surface. Thus, nanostructure topography can

positively affect cell adhesion and differentiation, and the composition

of the elements plays an important role in osteogenesis.

4 | DISCUSSION

Cell adhesion, growth, and differentiation are important parameters

by which implant surfaces can be evaluated for their biocompatibility.

In addition, a stable connection between the implant surface and the

surrounding tissue is one of the most important prerequisites for the

long-term success of medical devices.

Thus, implant surface modification techniques have been

studied by many researchers. In particular, with the development

of nanotechnology, the study of nano surface formation has come

into the spotlight. It is well known that nanopore diameters

depend on the electrolyte ingredients, anodizing time, and

potential.39,40

Kim et al. demonstrated the excellence of SLA/anodizing surfaces

through cell culture under various experimental conditions in which Ti

was treated with SLA, anodizing, and anodizing over SLA. Another

researcher compared the SLA surface with the SLA/anodizing surface

(diameter: 30–80 nm) and reported improvement of cell adhesion and

osteogenesis in the SLA/anodizing group.32 The increased cell activity

in vitro and osseointegration in the animal transplantation of

SLA/anodizing nano surfaces rather than SLA can be interpreted as a

synergistic effect of geometry. However, it is insufficient to explain

that even on surfaces with microtubules on SLA surfaces, in vitro cell

activity and in vivo osseointegration increase. In other words, when a

structure forms a microtubule (0.5–3 μm) over a micro rough surface

(2–4 μm), this is a topographic synergistic effect.

Therefore, our study examined the topographic differences of

the surface and focused on the components of the surface for the

adhesion and differentiation of cells. First, a microstructure was

formed through the etching method, and the anodizing method was

used to form a nanotube surface. On the other hand, the etching

and anodizing methods were carried out sequentially to form

nanostructures above the microstructure. However, the resulting

F IGURE 6 Expression of osteogenic-related transcriptional factors (a) and protein in BM-MSCs on various Ti surfaces (b) for 72 h
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surface nanostructure was formed by grain-type 100-nm-wide

porous structures rather than nanotubes (Figure 1g,h). In this work,

the width of the nanotube was approximately 50–60 nm, while the

inner diameter was approximately 30–40 nm, which matched the

top surface morphology of the surface well at anodizing running

times of 60 min, but the other surface formation was not observed

at 30 min running times.

Surface treatment through etching and anodizing, respectively,

formed structures similar to those found in relevant studies.34,35 How-

ever, as a result of the short (30 min) anodizing process, nanotubes

were not formed, and nanopores were formed irregularly. This is

thought to have formed an early form of structure in which nanotubes

are formed due to the short anodizing time.

The results of the contact angle analysis after various surface

treatments showed that hydrophilicity was increased by anodizing

(nano surface) rather than etching (micro surface) in this study, and

similar contact angle results were observed for nanotubes and

nanopore with grain surfaces. Anodizing with a nano surface was

observed to increase hydrophilicity rather than etching with a micro

surface. We also observed contact angles similar to those of the anod-

izing group on surfaces that included both nanotube and nanograin

forms. Reducing the contact angle on anodizing surfaces has already

been reported to increase hydrophilicity due to increased surface

roughness compared to SLA surface treatment.

Our study evaluated a combination approach using MTT assays

that provide the cell activity and potential cytotoxic effects by surface

structures. The results showed that the various structures of the sur-

face did not induce cell toxicity and that these nanotube structures

increased initial cell adhesion at 24 h.

In our results, the increase of initial adhesion in the nanostructure

over the microstructure can be interpreted as an effect of increased

hydrophilicity. However, it cannot be interpreted that the topological

structure that formed the grain-type nanopore with the surface of the

nanotube showed similar contact angle results, causing the adhesion

of cells to improve by hydrophilicity alone. Other researchers reported

a slight increase in cell adhesion in a 30-nm nanotube over SLA, but

50–80-nm nanotubes showed a similar rate of adhesion to SLA. This

can be interpreted as an effect of the size of the nanotube.32 How-

ever, our nanotubes were 30–40 nm in inner diameter and the

nanopores were irregular but more than 50 nm in size. Therefore, our

results regarding the effect of diameter are difficult to interpret.

In addition, in our study, the MTT analysis results at 72 h were

measured for cell proliferation at about 25% relative to the initial

adhesion rate under various surface conditions. This is interpreted not

as a structural effect of cell proliferation on various surfaces but as an

effect of proteins such as serums adsorbed to the Ti surface.

It is well known that the initial adhesion of cells is related to adhe-

sion molecules. In this study, an analysis of the attached cells con-

firmed the expression of the adhesion molecules VCAM, ALCAM, and

p-selectin, which was shown to have increased in the order of etch-

ing/anodizing > anodizing > etching, relative to the initial attachment

rate (Figure 4).

The level of VCAM, which is constitutively expressed on BM-

MSCs, follicular dendritic cells, activated endothelial cells, and skeletal

muscle cells, was significantly higher in the anodizing and anodizing

after etching groups than the other groups.41 Moreover, the level of

ALCAM was higher in the anodizing after etching group than in the

other groups according to the western blotting results, and it has been

known to play a role in the process of osteogenic differentiation.42,43

In addition, the level of p-selectin was increased in the etching and

anodizing after etching groups. The function of p-selectin as a media-

tor of platelet adhesion to circulate MSCs is well known,44 and more

recently, the role of p-selectin in the adhesion of MSCs to an acti-

vated endothelium has also been reported.45

As a result of the above, an EDX and XPS surface analysis was

conducted to find other reasons besides structural differences

between nanotubes and nanopores. The analysis showed that a large

amount of O was measured in the anodizing group, especially with an

F IGURE 7 Expression of ERK and CREB genes in BM-MSCs on various Ti surfaces for 72 h
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increased amount of F (Tables 2 and 3). It is well known that TiO2

improves biocompatibility more than Ti. Some investigators have

reported that F promotes the attachment, proliferation, and differenti-

ation of cells.31,37 Chen et al. performed F nano coating through

PECVD processing with CF4 gas to fabricate a nano-F structure on

the Ti surface. Moreover, they showed that the F-deposited Ti surface

increased ALP activity and osteocalcin more than the Ti surface.1

They doped 1, 6, and 9% F on the nano surface, respectively, and

reported an increase in Runx2, ALP, BSP, OPN, and OCN from 6% as

a result.31 The results also showed that excessive F content reduces

cell differentiation. In our study, we used approximately 2% F content,

but the results can be interpreted as confirming that the effects of

adhesion by F and cell behavior were greater than that of the surface

diameter. Thus, in this study, the results for the initial attachment of

cells suggest the effect of the F component present on the surface,

since more F was observed in the grain-type nanopore than in the

nanotube.

As a result of a comprehensive interpretation of our research and

related papers and reports, we learned that a lower Ti amount and a

greater amount of O and F correspond to a higher cell adhesion ratio.

Moreover, it was affected more by the elements (F) of the surface

than by the surface structures and topography (nanotube and pore

with grain).

Thus, we hypothesize that modifying the surface of TiO2 can

increase the hydrophilicity of the Ti surface and enhance differentia-

tion by increasing adhesion on surface-modified Ti discs. In this

study, we observed that the mRNA expression of differentiation

markers ALP, Runx-2, and vimentin and the protein expression of

OC, ON, OSP, BSP, and BMP-2 was shown to have increased in the

order of etching/anodizing > anodizing > etching, relative to the F

content and adhesion ratio (Figure 6). Cooper et al. reported that

fluoride modification on the TiO2 surface enhanced cell proliferation

and osteogenic differentiation through increased bone sialoprotein

and BMP-2 expression.46 Moreover, Lozano et al. reported that an

F-incorporated TiO2 nanotube of 20-nm diameter increased the pro-

liferation, mineralization, and osteogenic gene expression of osteo-

blastic cells more than an F-incorporated TiO2 nanotube of 100-nm

diameter.47 These reports show that large nanotubes are more

effective at enhancing osteogenesis than small nanotubes and sug-

gest that under the same surface topography, fluoride affects cell

proliferation and differentiation.

The effects of nanostructure on osteogenic differentiation were

also conformed in different morphologies. On the control and etch-

ing (microstructure) surfaces, the cells had many irregular filopodia

from their leading edges (Figure 3e,f). In contrast, the MSCs on the

nano surface showed a few filopodia extending from the edges of

lamellipodia (Figure 3g,h). The relationship between the morphologi-

cal changes and differentiation of these cells has been shown in rel-

evant studies.48,49 They revealed that cells were widespread and

there were many filopodial interactions with the surface in the initial

period but that the cell spreading area declined, the number of lam-

ellipodia reduced, and the cell height increased when osteogenesis

was induced.48 In addition, another researcher reported that

undifferentiated MSCs showed a cell surface covered by many

filopodia and their morphology was changed into a bipolar

fibroblastic-like shape during differentiation.49

In the analysis to observe the intracellular mechanism of these

results, we revealed the expression of p-ERK and p-CREB, which was

shown to have increased in the order of etching/anodizing > anodiz-

ing > etching, relative to the F content. This F-incorporated nano sur-

face enhanced the responses of BM-MSCs by increasing initial

adhesion and cell differentiation. Most biomolecules or cytokines

induce osteogenesis through the CREB pathway. Kim et al. reported

that a derivative of pyrazole-pyridine stimulates the osteoblast differ-

entiation of human MSCs and increases bone formation in ovariecto-

mized mice by activating the cAMP/PKA/CREB signaling pathway,50

and Zhang et al. showed that BMP-9 promotes PKA activity and

enhances CREB phosphorylation in MSCs.4 In addition, it is known

that osthole promotes osteogenesis in osteoblasts by enhancing ALP

activity and mineralization through the elevation of phosphorylation

of the CREB protein.51 Chae et al. reported that fluoride stimulates

rat fetal calvarial osteoblastic cell differentiation, ALP activity, and

dose-dependent nodule formation through cAMP and p-CREB.52

On the other hand, many researchers have shown that the osteo-

genic differentiation or induction mechanism of nanotube structures

is the ERK signaling pathway. The magnesium ion-incorporated titania

nanotube accelerated the expression of osteogenic-related genes

(ALP, Col-І, OCN, and RUNX2) more than that on the Ti surface,29

and the Zn-incorporated titania nanotube increased ALP production

and ECM-mineralized nodules more than that on the Ti surface

through the ERK1/2 signaling pathway.3

Therefore, we know that the osteogenic differentiation of MSCs

on F-incorporated TiO2 nanotopography is facilitated through the

ERK/CREB pathway. When looking at the above research trends, the

osteogenic differentiation effect of nanopores and nanograins was

enhanced through the ERK pathway, but as the western blotting

results show, no difference in expression between the anodizing and

etching surfaces was observed. However, the anodizing after etching

treatment was able to increase ERK phosphorylation.

In addition, the effect on the osteogenesis of F was enhanced

through the CREB pathway, and it was confirmed that CREB phos-

phorylation increased in proportion to the increase in F content

(Figure 7). Moreover, the anodizing after etching treatment increased

CREB phosphorylation the most.

As a result, the quality of the connection between cells and bio-

materials must be considered together with the surface chemical com-

position and the structure of topography.

This study analyzed the effect of the topographic structure and

surface composition of the Ti surface on cell adhesion and differentia-

tion in vitro. Furthermore, in vivo experiments should be conducted

to overcome the limitations of in vitro experiments and evaluate bio-

compatible substances accurately.
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