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ABSTRACT

Cellular Activity on Titania Nanotube Surfaces by

Non-thermal Atmospheric Pressure Plasma with Different Gas

Hye-Yeon Seo

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Kyoung-Nam Kim, D.D.S., Ph.D.)

The surface topography and chemistry of titanium implants are 

important factors for successful osseointegration. However, chemical 

modification of an implant surface using currently available methods 

often results in the disruption of topographical features and the loss of 

beneficial effects during the shelf life of the implant. Therefore, the aim 

of this study was to apply the recently highlighted portable non-thermal 

atmospheric pressure plasma jet (NTAPPJ), elicited from one of two 

different gas sources (nitrogen and air), to TiO2 nanotube surfaces to 

further improve their osteogenic properties while preserving the 
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topographical morphology. The surface treatment was performed before 

implantation to avoid age-related decay. The surface chemistry and 

morphology of the TiO2 nanotube surfaces before and after the NTAPPJ 

treatment were determined using a field-emission scanning electron 

microscope, a surface profiler, a contact angle goniometer, and an X-

ray photoelectron spectroscope. The MC3T3-E1 cell viability, 

attachment and morphology were confirmed using calcein AM and 

ethidium homodimer-1 staining, and analysis of gene expression using 

rat mesenchymal stem cells was performed using a real-time reverse-

transcription polymerase chain reaction. The results indicated that both 

portable nitrogen and air based NTAPPJ could be used on TiO2

nanotube surfaces easily and without topographical disruption. NTAPPJ 

resulted in a significant increase in the hydrophilicity of the surfaces as 

well as changes in the surface chemistry, which consequently increased 

the cell viability, attachment and differentiation compared with the 

control samples. The nitrogen-based NTAPPJ treatment group 

exhibited a higher osteogenic gene expression level than the air-based 

NTAPPJ treatment group due to the lower atomic percentage of carbon 

on the surface that resulted from treatment. It was concluded that 

NTAPPJ treatment of TiO2 nanotube surfaces results in an increase in 
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cellular activity. Furthermore, it was demonstrated that this treatment 

leads to improved osseointegration in vitro.

Key words: non-thermal atmospheric pressure plasma, TiO2 nanotube, 

osseointegration, nitrogen, air
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Cellular Activity on Titania Nanotube Surfaces by

Non-thermal Atmospheric Pressure Plasma with Different Gas

Hye-Yeon Seo

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Kyoung-Nam Kim, D.D.S., Ph.D.)

I. Introduction

1. Nanostructure surfaces

The implant method as a way of restoring the lost tooth is getting diversified

(Albrektsson and Wennerberg, 2005). Titanium (Ti) is commonly used for 

medical and dental implants, for which surface modifications involving the 

chemical composition, energy level, morphology, topography and roughness 

have been widely studied (Rupp et al., 2006). Among these factors, the 

surface topography and chemistry of Ti implants are known to be important 

for successful osseointegration (Klokkevold et al., 1997; Kim et al., 2006).

Though results were influenced by experimental design, including sample 

preparation method, sterilization and cell type as shown by Faghini et al. 
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(2006), Wirth et al. (2008), and Chien et al. (2008). The implant surface 

topography has been known to be the main influencing factor on osteoblastic 

cell adhesion and fibroblast responses (Anselme and Bigerelle, 2006; Le 

Guehennec et al., 2007; Meredith et al., 2007), where topographical 

modifications of the implants surfaces have been attempted to improve the 

integration of hard and soft tissues (Wennerberg and Albrektsson, 2010).     

Recently, nanostructure surfaces such as titania (TiO2) nanotubes have been 

studied because the topographical modifications that were reported to be 

superior in early biological events related to the adsorption of proteins, blood 

clot formation and cell behavior (Lavenus et al., 2010), all resulted in a higher 

degree of osseointegration (Ellingsen et al., 2004).

Well-developed filopodia directly entered nanometer-sized pores for the 

initial attachment of the osteoblastic cells. These nanometer structures may 

also give the cells positive guidance by means of the selective attachment of 

osteoblasts to the implant surface (Le Guéhennec et al., 2007). In particular, 

previous studies reported that large-diameter TiO2 nanotubes had favorable 

osteogenic properties, were non-cytotoxic, maintained a nanoporous surface 

that were highly beneficial for bio-implants (Uhm, 2013).
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Figure 1. Surface of layers of self-aligned TiO2 nanotubes with different 

diameters. Self-assembled layers of vertically oriented TiO2

nanotubes were generated by anodizing titanium sheets. SEM

images show highly ordered nanotubes of six different pore sizes

between 15 and 100 nm created by controlling potentials ranging

from 1 to 20 V (Park et al., 2007).
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Figure 2. Schematic illustration of the overall trends of nanotube effects on

hMSC fate and morphology after a 24-h culture. The change in 

hMSC cell adhesion and growth without differentiation (solid red 

line) has the same trend as protein particle density (broken red line), 

whereas that of differentiation (solid blue line) has the same trend as 

hMSC elongation (broken blue line) (Oh, 2009).
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2. Chemistry of osseointegration

Surface chemistry is another major factor to influence the response of 

osteoblst cells to the implant.

This biological fixation is considered to be a prerequisite for implant-

supported prostheses and their long-term success. The rate and quality of 

osseointegration in titanium implants are related to their surface properties. 

Surface composition, hydrophilicity and roughness are parameters that may 

play a role in implant–tissue interaction and osseointegration (Le Guéhennec 

et al., 2007).

Certain cell bioactivity is more affected by the surface chemistry than by 

the surface topography (Anselme and Bigerelle, 2006), as observed in recently 

developed highly hydrophilic implant surfaces with better osseointegration 

than conventional surfaces (Swase et al., 2008). Also the effects of plasma on 

Ti surfaces have been widely studied for the modification of surface 

roughness, wettability and cell-surface interactions (Ikeda, 2002; Shibata,

2002; Kawai, 2004).

Despite many attempts to modify the chemical features of Ti surfaces, the 

time-dependent degradation of the chemical effects is substantial in that the 

strength of osseointegration is reduced with aged Ti surfaces compared with 

newly prepared Ti surfaces (Lee and Ogawa, 2012).

Additionally, chemical modifications with a high-energy vacuum 
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environment often result in the disruption of beneficial topographical features 

in biomaterials (Fridman, 2008). Osteoblast-cells cultured on these chemically 

purer and hydrophilic surfaces produced more differentiation markers 

represented by increased cell layer alkaline phosphatase specific activity and 

osteocalcin; and created an osteogenic microenvironment by increasing local 

factors (Zhao et al., 2005).
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Figure 3. Factors influencing stem cell differentiation and major material 

variables that could influence the host response (Kaivosoja E et al.,

2012). 
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Table 1. Some effects of different surface chemistries on proteins and stem 

cells.

Functional group Properties Effect on proteins and stem cells

-CH
Neutral; 

hydrophobic

Has high affinity/binding with fibrinogen; 

supports MSC maintenance

-OH
Neutral; 

hydrophilic

Has relatively low affinity for plasma

proteins, induces exposure of cell

adhesive domains on fibronectin , 

does not support long-term adipogenic

differentiation, 

promotes chondrogenic differentiation 

-NH2
Positive; 

hydrophilic

Has high affinity for fibronectin, most 

favourable for osteogenic differentiation

-COOH
Negative; 

hydrophobic

Has increased affinity for fibronectin and 

albumin, 

promoted chondrogenic differentiation

Kaivosoja E et al., 2012.
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3. Non-thermal atmospheric pressure plasma

Non-thermal atmospheric pressure plasma has been recently applied in many 

biological fields with the advantages of being low in temperature such that it 

can be used on biomaterial surfaces without resulting in changes in the 

topography (Kalghatgi, 2011). Atmospheric-pressure non-thermal plasma-jet

has been an emerging field which has been actively applied to resolve various 

medical problems such as treatment of skin diseases, dental cavities, control 

the contamination of various surfaces, promote cell proliferation, enhance cell 

transfection, wound healing, and ablate the cultured cancer cells (Kumar,

2014).

Additionally, the atmospheric pressure plasma device does not require a 

vacuum environment (Duske et al., 2012), making it portable for the treatment 

of biomaterial surfaces directly before their application. The plasma treatment 

of biomaterials is known to render surfaces hydrophilic and to modify the 

oxide layer that interacts with the proteins and cells of surrounding tissue, 

which leads to an increased adhesion of cells and tissue compared with 

plasma untreated samples (Schwarz et al., 2008; Duske et al., 2012). One of 

the most popular non-thermal atmospheric pressure plasma sources are based 

on dielectric barrier discharges type which previously have been applied to 

biomaterials in many studies (Bardos L. and Barankova H, 2010). However, 

there has not been study that applied NTAPPJ on TiO2 nanotubes.
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4. Research objectives

The purpose of this study was to apply a non-thermal atmospheric pressure 

plasma jet (NTAPPJ) with different gas sources to potentially surface treat 

nanotube dental implants directly before surgery to improve their 

hydrophilicity and osteogenic properties to avoid the withering of the benefits 

of chemical modification while preserving the topographical morphology.

The Null hypotheses of study were as follows:

Null hypothesis 1: In the treated and untreated with NTAPPJ, there would be 

no difference in physical properties.

Null hypothesis 2: In the treated and untreated with NTAPPJ, there would be 

no difference in chemical properties.

Null hypothesis 3: In the treated and untreated with NTAPPJ, there would be 

no difference in biological properties.

Null hypothesis 4: The effect of physical, chemical, biological would not be 

affected by the different plasma gas sources.
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Figure 4. The schematic diagram of experimental group.
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II. Materials and Methods

1. Preparation of TiO2 nanotubes

Commercially pure Ti discs (grade IV, 10 x 10 x 0.4 mm) were polished 

with #400, #600, #800, #1200 and #2000 grit SiC sandpaper and were then 

ultrasonically cleaned with acetone, alcohol and distilled water, for 15 min 

each. The TiO2 nanotubes were formed by electrochemical anodization 

using a direct current power supply (Genesys, 600-2.6 Densei-Lambda 

Tokyo, Japan), during which a constant voltage of 20 V was applied for 1 h 

with an electrolyte solution containing 0.1 wt% hydrofluoric acid (HF). The 

samples were then dried at room temperature during 24 h and annealed at 

450 ºC. All the specimens were sterilized using ethylene oxide (EO) gas at a 

temperature of 55 ºC for 1 h before each experiment. EO gas sterilization

was chosen for sterilization of TiO2 nanotubes in the cell experiments

because previous experiments we have verified that it has no effect on cell 

activity (Lee, 2013; Uhm , 2014).
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2. Non-thermal atmospheric pressure plasma treatment

An NTAPPJ device was manufactured from the Plasma Bioscience 

Research Center (PBRC, Kwangwoon University, Korea); details 

concerning the device design can be found in a previous study (Ungvari, 

2010). Briefly, the working gas (either compressed air or nitrogen) was 

used at a gas flow of 5 L/min, and the distance between the NTAPPJ tip and 

TiO2 nanotube surface was set to 3 mm. Quartz with a depth of 3.2 mm was 

used as the dielectric and stainless steel was used as the outer electrode, 

which enclosed porous alumina of 150 to 200 µm pore size and 35% 

porosity. The total output power of the plasma was set to 2.4 W for both the 

nitrogen and air NTAPPJ. The discharges were formed at a discharge 

voltage of 2.24 kV and a discharge current of 1.08 mA. The discharge 

duration was 0.18 ms and the discharge filamentation frequency was 12 

kHz during a discharge voltage period of 16 ms, which corresponds to a 

discharge frequency of 60 Hz. The number of discharges within the 1-ms 

discharge voltage period was approximately 100.

Three different NTAPPJ treatment times (0, 2 and 10 min) were used for 

the experiments. The groups subjected to these treatment times were labeled 

as NP0, NP2 and NP10 for nitrogen gas and as AP0, AP2 and AP10 for 

compressed air. NP0 and AP0 were used as controls.
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Figure 5. The schematic diagram of non-thermal atmospheric pressure plasma 

jet designed and manufactured by PBRC (Plasma Bioscience 

Research Center, Kwangwoon University, Korea, Choi, et al., 

2013).
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3. Surface Characterization

                                  

3.1. Field-emission scanning electron microscope (FE-SEM)

The morphologies of the TiO2 nanotube surfaces before and after the 10 

min NTAPPJ treatment were examined using a field-emission scanning 

electron microscope (FE-SEM, JSM-7100F, JEOL, Japan).
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3.2. 3D surface profilometer

An optical profiler is device (Contour GT, Bruker, USA) that measures the 

surface height optically and represents the height as a color on a scale 

ranging from red to blue, on either 2D or 3D images of the surface. The 

optical profilometer was thus easily used for evaluation of the surface 

roughness difference at a particular position before and after treatment. The 

surface roughness characteristics were analyzed using the vertical scanning 

interferometry mode (VSI) using a green luminous source. Quantification of 

the roughness parameters was performed using software at a magnification 

of 10 X with a scanning area of 63 µm X 47 µm. 
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3.3. Contact angle measurements

The wettability of both the experiment and control samples was measured 

by dropping 4 µL of distilled water on the sample and then measuring the 

contact angle after 10 s using a video contact angle goniometer (Phoenix 

300, SEO, Korea). 
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3.4. X-ray photoelectron spectroscopy (XPS)

The chemical compositions of the experiment and control sample surfaces 

were determined using an X-ray photoelectron spectroscope (XPS, K-alpha, 

Thermo VG, UK). Photoelectrons were generated by a monochromatic Al 

Kα line (1486.6 eV) X-ray source, and the beam was powered at 12 kV and 3 

mA, at a beam diameter of 400 µm. The Ti2p, O1s, C1s and N1s peaks were 

analyzed for chemical property changes. The binding energy was calibrated 

using the C1s at the 284.8 eV peak. 
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4. Cellular activity

4.1. Cell Culture

A well-established cell lines of mouse fibroblast L929 (Korea Cell Line 

Bank, Seoul, Korea) was used for cell cytotoxicity test. Cells are RPMI (1640, 

Welgene, Korea) medium to 10% (W/V) fetal bovine serum (FBS, PAA 

Laboratoris.inc, A15-751) and 1% Penicillin (Lonza, walkersille MD, USA 

0719) were mixed to 5% CO2 and cultured at 37 ℃ incubator is supplied. The 

MC3T3-E1 murine pre-osteoblast cell line (CRL-2593, American Type 

Culture Collection, USA) was used for the cell attachment/viability test. The 

cells were cultured in alpha-MEM cell culture medium (LM008-01, Welgene, 

Korea) combined with 10 % fetal bovine serum (FBS, Gibco, USA), penicillin 

(100 units/ml, Gibco, USA) and streptomycin (100 mg/ml, Gibco, USA) at 

37 °C in 5 % CO2. The cell culture media were changed every 48 h. For the 

gene expression analysis test, rat mesenchymal stem cells (rMSC, Lonza, 

USA) were used. The cells were cultured in alpha-MEM supplemented with

10 % FBS and the same amount of penicillin/streptomycin as above. Cells 

from passages 3 to 5 were used in this study. 
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4.2. Cytotoxicity test

The cytotoxic evaluation of the non-thermal atmospheric pressure plasma 

treatment before / after the specimen was carried out on the basis of ISO 

10993-5 and 10993-12. By setting the temperature and time control and 

experimental groups were used as solvents not only put the specimen. The 

water soluble tetrazolium (WST, Ez-Cytox, Daeillab, Korea) were tested

using.

1 x 104 cells of L929 (100 ㎕) were placed on 96well plate and incubated 

under a constant humidified condition of 5% CO2  at 37 ℃ for 24 hours.

And eluate was reacted again in incubator for 24 hours. Assay reagent 10 ㎕

by dividing the each well and incubation was 4 hours.

The absorbance was then measured at 450 nm using ELISA reader (Epoch, 

Biotek Instruments Inc., Winooski, Vermont, U.S.A.).
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4.3. Cell attachment and viability

For the cell attachment and viability experiment, 1 x 105 cells of MC3T3-E1 

were placed on each of the test and control samples; after 4 h for attachment, 

the surfaces of the samples were washed using Dulbecco’s phosphate-

buffered saline (DPBS, Gibco, USA) to remove any non-adherent cells. 

Calcein AM and ethidium homodimer-1 stains (LIVE/DEAD Viability

/Cytotoxicity KitTM, Invitrogen Co., Eugene, Oregon, USA) were then applied 

on each sample, and the levels of staining were assessed using a confocal laser 

microscope (CLSM 700, Carl Zeiss, Jena, Germany) to evaluate cell 

attachment and cell viability. 



２５

4.4.Cell proliferation

The numbers of cells (1 x 105 cells of MC3T3-E1) proliferation to the

experiment and control surfaces were also assessed by water soluble 

tetrazolium (WST, Dae-il Lab, Seoul, Korea) assay. This assay was 

performed after 4 h, 24 h, 48h, 3 d and 5 d of culture, and the results are 

expressed as the percentage to the control sample. The absorbance was then 

measured at 450 nm using ELISA reader (Epoch, Biotek Instruments Inc., 

Winooski, Vermont, U.S.A.).
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4.5. Cell differentiation: Gene expression analysis

Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) was 

used to determine the mRNA expression levels of osteogenic genes for 

rMSCs cultured on the NTAPPJ-treated and NTAPPJ-untreated specimens. 

RT-PCR was used to analyze, in particular, the expression levels of alkaline 

phosphatase activity (ALP), runt-related transcription factor 2 (Runx2), 

osteopontin (OPN), osteocalcin (OCN) and the house-keeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Following plasma 

treatment, 1 x 104 rMSCs were placed on both the control and experiment

samples and were incubated at 37 °C in 5 % CO2 for either 7 or 14 days. The 

total RNA was then isolated from the cells with Trizol reagent (Sigma-

Aldrich Company, St. Louis, MO, USA), and the RNA was converted into 

cDNA using an Omniscript® RT kit (Qiagen, Hilden, Germany), which was 

incubated at 37 °C for 90 min. Data analysis was performed using an ABI 

Prism 7500 machine (Applied Biosystems, Foster City, CA, USA). The 

conditions for PCR were as follows: a 95 ºC/10 minute activation step, 

followed by a denaturation step of 95 °C/15 seconds and a primer extension 

of 60 °C/minute for 40 cycles. The gene expression data were normalized 

with GAPDH expression, and the results are expressed as the relative fold 

increase in gene expression compared with the control, i.e. TiO2 nanotubes 

not treated with NTAPPJ.  



２７

Table 2. Primer sequences for the gene observed in this study

Gene Primer sequences

GAPDH (F) GAA OCT GOC GTG GGT AGA G

(R) AGG TOG GTG TGA AOG GAT TTG

ALP (F) AGG CAG GAT TGA CCA CGG

(R) TGT AGT TCT GCT CAT GGA

OCN (F) CAG OOC CCT ACC CAG AT

(R) TGT GOC GTC CAT ACT TTC

OPN (F) CAA GGT TGC AGA CAC TGA AAG

(R) CAT TTC TAG AAG GGT GAC AGG

Runx-2 (F) AGC AAC AGC AAC AAC AGC AG

(R) GTA ATC TGA CTC TGT CCT TG

(F); Forward sequences, (R); Reverse sequences, GAPDH; glyceraldehyde 3-

phosphate dehydrogenase, ALP; Alkaline phosphates, OCN; osteocalcin, 

OPN; osteopontin, Runx-2; runt-related transcription factor 2.
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5. Statistical analysis

All of the cellular experiments were performed 3 times using 4 samples of 

each experiment and control group. To identify any significant differences 

between the groups, the data were subjected to independent t-test, one-way 

analysis of variance (ANOVA) test and abcdenotes the same subgroup by

Tukey post-hoc analysis. Significance was determined at the 95 % confidence 

level.
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III. RESULTS

1. Surface analysis

1.1. Field-emission scanning electron microscope (FE-SEM)

Figure 6 presents FE-SEM images of the morphology of the TiO2

nanotube surface before (Figure 6A) and after (Figures 6B and C). The 

results indicate that there was no change in the topographic 

characteristics of the TiO2 nanotube surfaces in morphology.

Figure 6. FE-SEM micrographs of the Ti specimens of the TiO2 nanotubes. 

A: untreated TiO2 nanotubes (control), B: TiO2 nanotubes with 10-

min nitrogen-based NTAPPJ treatment, C: TiO2 nanotubes with 10-

min air-based NTAPPJ treatment. Scale Bar: 100 µm.
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1.2. 3D surface profilometer

The result of the average surface roughness (Ra) values with NTAPPJ 

treatment determined using a surface profiler (Figure 7). The results 

indicate that there was no significant of the TiO2 nanotube surfaces in 

average roughness values (P > 0.05).

Figure 7. Shows the average surface roughness (Ra) values determined using 

a surface profiler. control: untreated TiO2 nanotubes, NP10: TiO2

nanotubes with 10-min nitrogen-based NTAPPJ treatment, AP10:

TiO2 nanotubes with 10-min air-based NTAPPJ treatment.
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1.3. Contact angle measurement

The contact angle measurements are listed in terms of either Figure 8  

or Table 3. The water contact angle of the TiO2 nanotube surface was 

significantly reduced following NTAPPJ treatment (P<0.05), where 

both the NP2 and NP10 group are observed to be ultra-hydrophilic with 

contact angles of 0º. However, despite the significant decrease in 

contact angles for the AP2 and AP10 groups, their contact angles were 

reduced less compared with the control group than NP2 and NP10. 

Figure 8. Contact angle of control and experimental groups measured. 

NP0 and AP0: untreated TiO2 nanotubes with no treatment (control 

group); NP2: TiO2 nanotubes with 2-min nitrogen-based NTAPPJ; 

NP10: TiO2 nanotubes with 10-min nitrogen-based NTAPPJ; AP2: 

TiO2 nanotubes with 2-min air-based NTAPPJ; AP10: TiO2

nanotubes with 10-min air-based NTAPPJ.
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Table 3. The water contact angle (º) of the control and test TiO2 nanotube 

surfaces at room temperature.

Samples Contact angle (º) (Mean ± standard deviation)

Control group 46.4 ± 4.0a

NP2 0.0b*  

NP10 0.0b*

AP2 26.38 ± 4.43c*

AP10 33.81 ± 5.10c*

NP2: TiO2 nanotube with 2-min nitrogen-based NTAPPJ; NP10: TiO2

nanotube with 10-min nitrogen-based NTAPPJ; AP2: TiO2 nanotube with 2-

min air-based NTAPPJ; AP10: TiO2 nanotube with 10-min air-based NTAPPJ. 

The symbol ‘*’ indicates a significant difference compared with the control 

group when analyzed using one-way ANOVA and abcdenotes the same 

subgroup by Tukey post-hoc analysis (p<0.05).
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1.4.XPS

1.4.1. The XPS spectra

The XPS spectra revealed peaks of Ti2p, O1s, C1s and N1s Figures 9A 

to H, I and II. A Ti2p doublet peak is visible, containing both Ti2p 1/2 and 

Ti2p 3/2 components and appearing at 464.3 eV to 458.7 eV (difference 

of Δ5.6 eV). 

The O1s spectra, presented in Figures 9C and D, contain a peak 

corresponding to TiO2 near 530.0 eV; the presence of this peak was 

attributed to the lattice oxygen in the sample (Ungvari, 2010). And a peak 

at 532.4 eV to 530.7 eV corresponding to the hydroxyl groups (O-H)

(Moulder, 1992; Hyam, 2012). 

In addition, the peak at 532.9 eV is associated with C-O and/or C=O 

bonds (Ungvari, 2010). The Ti2p and O1s peaks were slightly shifted to 

higher binding energies in the experimental groups compared with the 

control group.

In terms of the C1s peaks (Figures 9E and F), the peak corresponding to 

hydrocarbon (284.7 eV) decreased in the experimental groups. 

Additionally, the shoulder peak between 290.5 eV and 288.0 eV (O-C=O) 

significantly shifted to a higher binding energy for all of the experimental 

groups compared with the control group (Yamamoto, 2005; Aita, 2009).

And there are peak of COOH indicating at 288.9 eV.

The peak of NH2, NH, NH3+ (Figures 9G and H) was located at 399.6 
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eV, 400.4 eV, 401.7 eV, respectively (Yamamoto, 2005; Lee 2014). The 

peak of N1s in the XPS corresponds to the NH+ groups of amino groups

(Feng et al., 2004). The experimental groups were an increase in peak 

shift high intensity compared with the control group.
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Figure 9. Chemical composition of a TiO2 nanotube surface measured with 

XPS. A, B / Ti2p spectra; C, D / O1s spectra; E, F / C1s spectra

and G, H / N1s spectra. 

NP0 and AP0: untreated TiO2 nanotubes with no treatment (control 

group); NP2: TiO2 nanotubes with 2-min nitrogen-based NTAPPJ; 

NP10: TiO2 nanotubes with 10-min nitrogen-based NTAPPJ; AP2: 

TiO2 nanotubes with 2-min air-based NTAPPJ; AP10: TiO2

nanotubes with 10-min air-based NTAPPJ.
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1.4.2. The atomic percentage of XPS

The atomic percentage of each element was analyzed from the XPS 

peaks Figure 10. The carbon contents in the experimental groups were 

lower than that of the control group (19.0 %). The nitrogen-based 

NTAPPJ treatment group (NP2 15.9 %, NP10 13.5 %) exhibited a lower 

carbon content than the air-based NTAPPJ treatment group (AP2 16.5 %, 

AP10 17.9%) for the same duration of exposure. 
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Figure 10. Atomic percentage of each element on the surface of TiO2

nanotubes before and after nitrogen- or air-based 

NTAPPJ treatment. 

NP2: TiO2 nanotubes with 2-min nitrogen-based NTAPPJ; NP10: 

TiO2 nanotubes with 10-min nitrogen-based NTAPPJ; AP2: TiO2

nanotubes with 2-min air-based NTAPPJ; AP10: TiO2 nanotubes 

with 10-min air-based NTAPPJ.
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2. Cellular activity

2.1. Cytotoxicity test

The NTAPPJ treatment were examined for effects on cytotoxicity. If there 

is more than 80% cell viability was determined that there is no cell toxicity.

As a result, no cytotoxicity was found to be in all the specimens, nitrogen

NTAPPJ examined for cell viability was higher than the air NTAPPJ 

treatments (Figure 11).

Figure 11. The viability of L929 cells tested. Control: untreated TiO2

nanotubes with no treatment; NP2: TiO2 nanotubes with 2-min 

nitrogen-based NTAPPJ; NP10: TiO2 nanotubes with 10-min 

nitrogen-based NTAPPJ; AP2: TiO2 nanotubes with 2-min air-

based NTAPPJ; AP10: TiO2 nanotubes with 10-min air-based 

NTAPPJ.
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2.2. Morphology of attached cell 

: confocal laser microscope analysis

The cells were stained with calcein AM and ethidium homodimer-1 to 

determine both the number of cells attached to a sample and the viability 

of the cells, as indicated by the green (live cells) or red (dead cells) colors 

in images (Figure 12). The smallest numbers of cells were attached to the 

substrates in the control group, and some cells appeared to be dead on 

these samples. In contrast, all of the cells on the test samples were green 

(indicating live cells), and a relatively large number of cells were 

attached. Additionally, the cells were rounder in shape for the control 

group, whereas cells had stretched shapes in the experimental group. In 

particular, the cells on NP2 and NP10 contained more stretched filopodia 

than the cells in the control groups, AP2 and AP10. 
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Figure 12. Cell attachment and viability on TiO2 nanotubes before and after 

the NTAPPJ treatment. Live cells are green, and dead cells are red. 

Control: untreated TiO2 nanotubes with no treatment; NP2: TiO2

nanotubes with 2-min nitrogen-based NTAPPJ; NP10: TiO2

nanotubes with 10-min nitrogen-based NTAPPJ; AP2: TiO2

nanotubes with 2-min air-based NTAPPJ; AP10: TiO2 nanotubes 

with 10-min air-based NTAPPJ.
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2.3. Cell proliferation

The numbers of cells attachment and proliferation to each of the control 

and test samples are presented in Figure 13 (a) and (b). From these results, 

it is apparent that there was significant increase compared with control 

group (p<0.05). In the numbers of attached cells following exposure to 

either air or nitrogen-based NTAPPJ compared to the control group, for 

any exposure time. Furthermore, in both days 3 and 5 of cell culture, 

there was a significant difference in the numbers of cells that proliferated

onto samples treated with air-based NTAPPJ and those that proliferated

onto samples treated with nitrogen-based NTAPPJ for each of duration of 

exposure. In all cases, nitrogen-based NTAPPJ-treated TiO2 nanotubes 

displayed better cell proliferation (p<0.05).
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Figure 13. Numbers of cells attachments (a) and proliferation (b) on the

surface of TiO2 nanotubes before and after the NTAPPJ treatment.

C: untreated TiO2 nanotubes with no treatment; NP2: TiO2

nanotubes with 2-min nitrogen-based NTAPPJ; NP10: TiO2

nanotubes with 10-min nitrogen-based NTAPPJ; AP2: TiO2

nanotubes with 2-min air-based NTAPPJ; AP10: TiO2 nanotubes

with 10-min air-based NTAPPJ. Significant differences in numbers 

of cell attachments between NTAPPJ with different gas sources for 

the same duration of exposure on TiO2 nanotubes are marked with 

‘*’ (p<0.05).
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2.4. Cell differentiation : gene expression analysis

The gene expression of the specimens was measured by RT-PCR at 7 

and 14 days post-irradiation. Figure 14 shows the gene expression of ALP, 

Runx2, OCN and OPN. In general, the gene expression of ALP, Runx2, 

OCN and OPN in the NP2, NP10, AP2 and AP10 groups was higher than 

that of the control group (p<0.05). When comparing the effects of 

treatment with either nitrogen- or air-based gas on gene expression at 14 

days after the same radiation dose, the nitrogen-based NTAPPJ treatment 

was observed to induce a higher level of gene expression than the air-

based NTAPPJ treatment for a 2-min exposure time, except in the case of 

OCN expression (p<0.05).
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Figure 14. Real-time PCR results for relative osteogenic gene expression of 

rMSCs cultured on TiO2 nanotubes for 7 and 14 days. Significant 

differences in relative gene expression between NTAPPJ with 

different gas sources for the same duration of exposure on TiO2

nanotubes are marked with ‘*’ (p< 0.05).

Control: untreated TiO2 nanotubes; NP2: TiO2 nanotubes with 2-

min nitrogen-based NTAPPJ; NP10: TiO2 nanotubes with 10-min 

nitrogen-based NTAPPJ; AP2: TiO2 nanotubes with 2-min air-

based NTAPPJ; AP10: TiO2 nanotubes with 10-min air-based 

NTAPPJ.
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IV. Discussion

The osseointegration of an implant is determined by the features of the 

implant surface, where the preservation of them through avoiding the material 

aging effects is important. The aim of this study was to apply the recently 

highlighted portable NTAPPJ on TiO2 nanotubes to improve their 

hydrophilicity and osteogenic properties while preserving the morphology of 

the nanotubular structure from the anodization procedure and avoiding the 

aging effects through portability. 

The results of the morphological and topographical analysis before and after 

NTAPPJ treatment revealed that NTAPPJ treatment has no effect on the TiO2

nanotubular morphology (Figure 6), or average roughness value (Figure 7), 

which is consistent with previous studies that applied NTAPPJ on the surfaces 

of other biomaterials (Kalghatgi, 2011; Choi, 2013). 

Despite the preservation of the morphology and topography, the 

hydrophilicity was significantly different between the untreated TiO2

nanotube surface and that treated with NTAPPJ. The distilled water contact 

angle of the TiO2 nanotube surface with the nitrogen- and air-based NTAPPJ 

treatment was significantly lower than that of the control group (Figure 8 and 

Table 3, P<0.05). This improvement of hydrophilicity is expected to 

contribute to the osteogenicity of TiO2 nanotubes (He, 2008). Notably, the 

NP2 and NP10 groups resulted in contact angles of zero degrees, whereas the 
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contact angles of the AP2 and AP10 groups were less changed from the 

control. 

These changes were accompanied by the carbon composition of the samples 

before and after the NTAPPJ treatment as determined by XPS analysis 

(Figure 10), which affected cell morphology (Figure 12), attachment (Figure 

13 (a)), proliferation (Figure 13 (b)) and cell gene expression (Figure 14).

The removal of carbohydrates in the link to the C-H peak is known to induce 

an increased surface energy of the biomaterial surface, resulting in an 

increased hydrophilic state (Choi, 2013). Additionally, it is well known that

carbon induces the worst effects on cell viability (Malkoc, 2012), and the 

reduction of carbon percentage on the surface of biomaterials is known to 

result in increased cellular attachment and the promotion of osteoblastic 

differentiation during implantation (Aita, 2009; Walter, 2013). In this study, 

the atomic percentage of each element analyzed from the XPS peaks (Figure

10) indicated that the carbon content in the experimental group was reduced 

after the NTAPPJ treatment. The XPS results showed increased O-H, COOH, 

NH, NH2, on the surfaces of the NTAPPJ-treated TiO2 nanotubes compared 

with the controls. Additionally, the C-H and C–C peaks decreased after the 

nitrogen- and air-based NTAPPJ treatments, whereas the O1s and TiO2 peaks 

increased (Figure 9). Previous study, increase in the O-H group triggers better 

osteoblast and increased mRNA levels of osteocalcin on titanium surfaces 

(Walter, 2013), and up-regulated osteoblast gene expression, ALP activity and 



５５

matrix mineralization (Keselowsky, 2005). The NH+ groups of amino groups 

and attributable to adsorbed extracelluar matrix (ECM) proteins (Feng et al., 

2004; Yamamoto 2005), NH2 up-regulated osteoblast gene expression, ALP 

activity and matrix mineralization (Keselowsky, 2005) such as O-H. When the 

plasma treatment, chemical functional groups such as COOH, OH, NH2 was

promoting cell differentiation and osteoblast (Lee, 2014). 

This result indicates that the constituents of plasma are energetic enough to 

break the C-C and C-H bonds at the surface layer to form radicals that yield 

various oxygen functionalities on the surface via subsequent oxidation 

chemistry. The resultant reduction in the carbon content of the TiO2 nanotube 

surface resulted in higher levels of hydrophilicity (Figure 9), cell attachment 

and viability of cells (Figure 12) on the NTAPPJ-treated specimens compared 

with the controls. 

The EO gas sterilization was used as the method of sterilization for all of 

samples in this study as it is commonly used for the medical and dental 

devices. However, previous studies indicated that the cell attachment levels 

were lower with the EO gas treated samples though there was no correlation 

with numbers of sterilization cycles (Vezeau, 1996; Thierry, 2000). Hence, 

the results of reduced cell attachment for untreated TiO2 nanotube surface in 

our study may have been affected by EO gas sterilization. Having said that,

our previous studies with same method of sterilization, EO gas (Lee, 2013; 

Uhm, 2014), have shown that there was no indication of compromised cellular 
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attachment on the sterilized samples and therefore, the effects seen here is not 

solely by the method of sterilization. Additionally, in terms of the gas supply 

of NTAPPJ, the nitrogen-based NTAPPJ treatment group exhibited lower 

carbon content than the air-based NTAPPJ treatment group for the same 

duration of exposure (Figure 10). This finding is correlated with the results of 

RT-PCR at 14 days of rMSC culture, which indicated that the nitrogen-based 

NTAPPJ treatment induced higher osteogenic gene expression than the air-

based NTAPPJ treatment (Kwon, 2006; Walter, 2013).

In general, an enhancing osseointegration capacity was demonstrated for 

both the nitrogen- and air-based NTAPPJ treatment, and the application of 

this technology is expected to be extendable to other surface types that 

comprise most of the currently available Ti implants (Aita, 2009).
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V. Conclusion

In conclusion, nitrogen- and air-based NTAPPJ treatment on TiO2 nanotube 

surfaces is effective in increasing the hydrophilicity and osseointegration of 

dental implants compared to the control group. However, the nitrogen-based 

NTAPPJ treatment group resulted in a higher osteogenic gene expression 

level accompanied by the atomic percentage of carbon decreasing more than 

that of the air-based NTAPPJ treatment group. Hence, nitrogen gas is 

recommended if one gas needs to be selected; however, the clinical gas of 

compressed air will be easier to obtain (with a built-in compressor available in 

most clinics). 

The results of this study are limited to in vitro applications, and in vivo

studies or studies of other implant surfaces may be needed to confirm the 

validity of these results. Despite these limitations, it is concluded that 

NTAPPJ treatment on TiO2 nanotubes improved cellular attachment and 

differentiation without resulting in topographical changes.
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ABSTRACT (IN KOREAN)

질소 공 상 압 플라즈마가

나노튜 면 포 에 미 는 향

< 지도 경남 >

연 학 학과

연

임플란트 주재료인 티타늄 면 태 작용하는 학 는 공 인 골

착에 요한 요소이다. 포부착 시 임플란트 면 태보다 학 가

큰 향 미 다. 학 변 를 도하는 한 가지 법인 플라즈마

조사는 임플란트 면 개질하여 주변 조직 포 단 질

착에 도움 다.

그러나 임플란트 면개질 도하 한 학 변 는 시간이 지남

에 라 학 손실(aging) 일 키 쉽다. 이에 임플란트 개 즉시

면개질 도할 있는 상 압 플라즈마(Non-thermal Atmospheric

Pressure Plasma Jet; NTAPPJ)를 이용하여 학처리가 손실 는 것
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소 하고자 한다.

한편 다양한 면 태 가운데 나노구조는 포 증식과 분 를 진하여

골 착에 탁월한 효과가 있다. 라 본 연구는 나노튜 면 태

조도 변 없이 면개질하여 골 착 도하는 것이 종목

이다.

시편 에 NTAPPJ를 처리한 /후 면 리 , 학 , 생 학

특 변 는 계 출 주사 자 미경, 학 면조도 , 각

X 자분 장 를 사용하여 하 다. Mouse fibroblast L929

포생존, 조골모 포주(MC3T3-E1)를 양하여 포부착 증식, 

포분 는 Rat Mesenchymal Stem Cells 사용하여 real-time PCR

평가 하 다. 

질소 공 NTAPPJ조사 시 실험군 모 나노튜 태

조도 변 는 없었다(P>0.05). 각 결과는 실험군 모 조군

에 하여 각이 낮았 며, 질소 그룹이 공 그룹에 하여 값이

낮아 면이 개질 었다(P<0.05).

NTAPPJ조사 후 면 에 남아있는 원소를 XPS 분 한 결과 O-H

그룹 결합에 지가 다소 증가하 며, COOH, NH그룹 결합에 지는

격하게 증가하 다. 

포부착과 증식 NTAPPJ조사 후 실험군이 조군에 하여 증가

하 며, 3일차부 질소 그룹이 공 그룹에 하여 증식 이 높았다

(P<0.05). 모든 골아 포 분 지인자에 NTAPPJ 시 자

이 증가하 며, 양한지 7일에 14일 지 증가하는 양상이
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나타났다. 14일차에 질소그룹이 공 그룹에 하여 이 하게 높

았다(P<0.05).

시편 에 NTAPPJ 조사 시 실험군 모 포 부착, 증식 분 가

진 었 며, 질소 그룹이 공 그룹 보다 골 자 이 높았다. 

그 이 는 질소-NTAPPJ를 조사하 , 면 탄소 원자 이

낮아지면 면에 지가 증가하 이다. 

본 연구는 나노튜 면에 NTAPPJ를 조사한 결과 이 증가하

며, 공 인 골 착 도하 다.

핵심 는 말 : 상 압 플라즈마, 나노튜 , 골 착, 질소, 공


