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ABSTRACT

Background: Glow discharge plasma (GDP) technology has been used to graft various proteins to the titanium surface,
including albumin, type I collagen, but without fibronectin.

Purpose: The aim of this study was to evaluate and analyze the physical properties of fibronectin-grafted titanium surfaces
after GDP treatment.

Materials and Methods: Grade II titanium discs after cleaning and autoclaving were considered as original specimens, thus
divided into four groups. The groups were different upon two treatments (GDP only and fibronectin grafting after GDP)
and two storage temperature (4°C and 25°C). The implant surface morphology was characterized by scanning electron
microscopy (SEM), roughness measurement, and wettability evaluation. The concentration relationship of fibronectin was
by fluorescein isothiocyanate (FITC) labeling.

Results: SEM images showed that regular planar texture revealed on the surface of GDP-treated group, and irregular-folding
protein was found on the fibronectin-grafted discs. Fibronectin-grafted groups had higher hydrophilicity and greater
surface roughness than GDP-treated specimens. The storage temperature did not make obvious difference on the surface
topography, wettability, and roughness. The number of fibronectin dots on the titanium surface labeling by FITC had
positive relationship with the concentration of fibronectin solution used.

Conclusions: Biologically modified titanium surface is more hydrophilic and rougher than GDP-treated ones. GDP treat-
ment combined with fibronectin grafting increased the surface hydrophilicity and surface roughness of titanium discs,
which may attribute to the affinity of cell adhesion, migration, proliferation, and differentiation.
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INTRODUCTION

Since the 1960s, titanium dental implants have been

used for oral rehabilitation. In order to improve the

quality and quantity of the bone-implant interface

contact, a number of surface treatment methods have

been developed. These include the physical or chemical

vapor deposition coatings ret, abrasive particle blasting,1

anodic oxidation,2 laser treatment, acid etching, and

the plasma spraying.3–8 Surface chemistry modification

would influence hydrophilicity, surface property, and/or

wettability, thus becoming an important factor for new

titanium implant surface development.

Modification of the physiochemical properties of

titanium surface makes it possible to improve protein

adsorption and optimize cell attachment.9 Previous

research showed that glow discharge plasma (GDP)

has been used for creating a number of biofunctional

groups, increasing surface wettability,10,11 and applying

functional proteins to the titanium surfaces. To enhance

the biocompatibility of titanium surface, GDP tech-

nology has been used to graft various proteins to the
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titanium surface, including albumin,12–14 type I colla-

gen,15,16 and fibronectin.

It is known that the adhesion of cells to the substrate

strongly depends on fibronectin.17,18 This protein is

important in the process of cell growth, migration, and

differentiation. Thus, fibronectin has been a primary

focus in investigations of implant surface-coating

materials. For titanium modification, researchers used

low-temperature GDP to produce fibronectin-linked

titanium surface.5 Although their results demonstrated

that GDP plus fibronectin treatment produced more

cell adhesion and differentiation to the titanium surface,

the physiological effect of GDP-treated only titanium

samples and GDP plus fibronectin-grafted titanium

samples was not evaluated. Accordingly, the knowledge

for further applications of such technique is still limited.

The aim of this study was to evaluate the physical

properties of GDP and fibronectin-treated titanium.

Besides, the relationship between fibronectin solution

concentration and the fibronectin concentration on the

titanium surface were measured.

MATERIALS AND METHODS

Titanium Disc Cleaning

Grade II titanium discs (BioTech One Inc., Taipei,

Taiwan), with 10 mm diameter and 1 mm thickness,

were used in this experiment. Before being treated

with GDP, the titanium specimens were ultrasonically

cleaned in detergent solution, acetone, and pure distilled

water for 15 minutes separately, and then autoclaved in

121°C for 20 minutes. These specimens were divided

into four groups, which were pretreated as follows.

Glow Discharge Cleaning Groups

The disc surfaces were subsequently cleaned with argon-

based GDP (PJ, AST Products Inc., North Bellericca,

MA, USA) for 15 minutes, in argon gas at room tem-

perature, 85 watts (W), 13.56 MHz, and 100 millitorr.

Two groups of treated titanium discs were then stored at

4°C and 25°C separately after argon plasma treatment.

These titanium discs were defined as GDP-4°C and

GDP-25°C.

Glow Discharge Protein Grafting Groups

With glow discharge filled with allylamine (AA) gas,

amino groups (NH groups) were adhered onto the tita-

nium surfaces after argon plasma treatment. The two

remaining groups of specimens were exposed to the AA

gas in the GDP reactor at room temperature, 85 W,

13.56 MHz, and 100 millitorr for 30 minutes. These

specimens were then immersed in 3% glutaraldehyde

(GA) solution (Merck, NJ, USA) for 30 minutes as soon

as they were taken out from the plasma chamber. The

GA solution was used to couple amine groups and pro-

teins onto the surface of titanium discs.

After rinsing with 0.1 M phosphate buffered saline

(PBS), the titanium specimens were subsequently

immersed in 5 μg/ml fibronectin solution (Sigma-

Aldrich Co., St. Louis, MO, USA) at 4°C and 25°C for

24 hours to coat fibronectin onto the surface of titanium

discs (Figure 1). After the above procedures, the tita-

nium discs were immersed in Tris-phosphate buffer

(pH 7.4) for 30 minutes to interrupt the chain reaction

between AA and fibronectin. These titanium discs were

defined as fibronectin-4°C and fibronectin-25°C.

Surface Analysis

The fibronectin-linked titanium discs were washed with

PBS. A thin layer of palladium gold was coated onto the

samples using a sputtering apparatus (IB-2, Hitachi, Ltd,

Tokyo, Japan). The surface characteristics of the four

group samples were observed using scanning electron

microscopy (SEM) (Model 2400; Hitachi, Ltd).

Surface wettability was measured by an optical

measurement of the advancing contact angle of water

between the four groups. For this purpose, a linear

goniometer (Digidrop Goniometer, GBX, Romans,

Figure 1 Cartoon of the surface of titanium discs after glow
discharge plasma (GDP) and fibronectin modification: A stands
for allylamine (AA), G stands for glutaraldehyde (GA), F stands
for fibronectin.
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France) was constructed that consisted of a base plat-

form, 35 mm camera, sample holder, and an external

lighting system to illuminate the sample. For each

measurement, a 4 μl droplet of water (Millipore-Q,

Millipore, Bedford, MA, USA; filtered, 20°C) was

applied to the test surface, and a picture was taken

meanwhile. Developed slides were then projected on a

standardized tracing table, the image was traced, and the

contact angle was measured. Advancing contact angles

for each water droplet were then calculated.

Surface analyzer (TR200, An-Bomb Instrument Co.,

Ltd, Tainan, Taiwan) was used to test surface roughness

of titanium surface. The measured length (LTH) on

sample, was determined in 0.8 × 5 mm. The amplitude

(RAN, the evaluation range) was set in 140 μm. Ra, the

arithmetical mean deviation of the assessed profile, was

used to express the collected data points. All data were

followed in the International Organization for Stand-

ardization (ISO)-4287 standard.

Concentration Analysis

Fluorescein isothiocyanate (FITC) labeling was used for

the observation of adsorbed fibronectin on each speci-

men. According to the guide of manufacturer (Sigma-

Aldrich Co.), the ideal concentration of fibronectin

solution is 0.5∼50 μg/ml. In this study, different con-

centrations of fibronectin solution (0.5, 1, 2, 3, 4, and

5 μg/ml) were prepared and grafted onto the titanium

discs. The relationship between different concentrations

of fibronectin solution and the total concentration

of fibronectin on the titanium surface was evaluated.

The total concentration of fibronectin on the titanium

surface was measured by fibronectin dot number by

FITC labeling.

Statistical Analysis

All data measured are presented as mean 1 standard

deviation. For all assays, differences between tested

groups were tested by Student’s t-test. A p value lower

than .05 was considered statistically significant for all

tests.

RESULTS

SEM image of GDP-treated and GDP plus fibronectin-

grafted titanium discs reveals different surface topogra-

phies (Figure 2). There was a regular planar texture on

the surface of GDP-treated titanium discs (Figure 2A).

However, irregular-folding protein was found on the

surfaces of fibronectin-grafted discs (Figure 2, B and C).

Figure 2 Scanning electron microscopy images of the glow discharge plasma (GDP) (A), fibronectin 4°C (B), and fibronectin 25°C
(C) titanium discs. The fibronectin-grafted titanium surfaces appear irregular folding of the protein on the titanium surface
(black arrows).
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The storage temperature did not make obvious differ-

ence on the surface topography.

Analysis of surface wettability showed that

fibronectin grafting treatment significantly improved

the surface hydrophilicity of the titanium discs

(Figure 3, A and B). Surface wettability is evaluated by

measuring the contact angle of each water droplet. If

the contact angle becomes smaller, the water droplet

becomes flatter; it means the tested surface is more

hydrophilic. The mean contact angle of the GDP-4°C

and GDP-25°C were 51.1 1 4.5° and 36.8 1 8.5°

separately (Figure 3C). The mean contact angle of the

fibronectin-4°C and fibronectin-25°C discs were signifi-

cantly reduced to 4.6 1 1.1° and 5.4 1 0.8° (p < .01).

Fibronectin-grafted titanium specimens had

greater surface roughness than GDP-treated speci-

mens (Figure 4). The Ra value of GDP-4°C and

GDP-25°C titanium discs were 0.176 1 0.062 μm and

0.170 1 0.069 μm, while the roughness value increased

to 0.400 μm after fibronectin grafting. Results show

that there is significant difference between GDP-treated

only group and fibronectin-grafted titanium discs

(p < .01). However, there is no significant difference

between samples storage at different temperature with

same treatment.

The relationship between different concentrations

of fibronectin solution and the total concentration of

fibronectin on the titanium surface was shown in

Figure 5. Results of analysis showed that the number of

fibronectin dots on the titanium surface labeling by

FITC increased with the concentration of fibronectin

solution used. Significant differences can be found

among each concentration of fibronectin solution used

(p < .01).

DISCUSSION

GDP treatment is used for cleaning and surface acti-

vating by providing a stable, low energy source of ions.

It is also effective in the dental implant surface

treatment.19–21 Argon plasma, used in this study, has

many benefits. It cleans specimen surface by ion bom-

bardment and physical ablation of contaminants off the

surface. Meanwhile, GDP does not react with the sur-

face or alter surface chemistry. In this study, improved

surface wettability and greater surface roughness are

showed by fibronectin grafting following GDP treat-

ment on titanium surface. The increases of surface

wettability and roughness may contribute to the adhe-

sion of cells.

Figure 3 Typical contact angle images of glow discharge plasma (GDP)-treated (A) and fibronectin-grafted (B) samples. Surface
wettability is evaluated by measuring the contact angle of each water droplet. The parameter, θ, is defined as the angle formed by a
liquid at the sample surface. Quantitative analysis showed surface wettability of the fibronectin-grafted titanium discs was greatly
improved when compared to the GDP samples (**p < .01).

472 Clinical Implant Dentistry and Related Research, Volume 17, Number 3, 2015



Fibronectin is a high-molecular weight (∼440 kDa)

extracellular matrix glycoprotein that binds to

membrane-spanning receptor proteins called integrin. It

has been found that fibronectin plays a major role in the

adhesion process of mammalian cells through integrin.

This binding activates a signaling cascade that generates

cell migration, proliferation, and differentiation.22 Initial

adhesion of cells to implant surfaces and subsequent

cell behavior are important factors for biocompatibi-

lity. Fibronectin acts as integrin to adhere anchorage-

dependent cells (such as fibroblasts or MG-63 cells) onto

specific surface. Therefore, fibronectin also plays a role

in wound healing.23 In light of these beneficial effects of

fibronectin, it has inevitably become a primary focus in

the investigation of implant materials.

AA has been used to modify material surfaces to

allow biofunctional protein bonding.24 GA was used

as a cross-linking agent during the surface modifica-

tion process. It is due to the amine groups exhibiting

positive charge, which may attract negatively charged

biomolecules, thus providing an ideal connections

between biomaterials and cells.25

In general, hydrophilic surfaces displayed better

affinity for cells. Hydrophilic surface modification of

titanium was reported to have a significant influence on

differentiation and growth factor production of osteo-

genic cells.26 In this study, it was also found that the

contact angle of fibronectin-grafted titanium surfaces

dramatically decreased, which may increase the adhe-

sion affinity of cells and proteins onto the titanium sur-

faces. Besides, the storage temperature did not affect

the surface wettability, which may benefit the future

commercial products fabrication and preservation.

However, the irrelevance between temperature and

surface wettability may attribute to the short storage

period between modification treatment and evaluated

tests. Extending storage period of biologically modified

titanium to enhance the commercial potential still needs

further research.

In vivo after implantation or in vitro in cell culture,

tissues, and cells might react differently as they encoun-

ter rough or smooth surfaces maintained in biological

fluids able to coat them with specifically active proteins.

It was reported that cell adhesion and migration might

increase with surface roughness.27 In this study, it

was also found that the fibronectin-grafted titanium

discs had much rougher surface compared with GDP-

treated samples (Figure 4). The difference of surface

roughness may affect the wound healing process after

implantation.

Analysis of different fibronectin solution concentra-

tion revealed that number of fibronectin dots labeling by

FITC on the titanium surface increased with the concen-

tration of fibronectin solution. Because fibronectin is an

important determinant for cell adhesion and migration,

the higher concentration of fibronectin may also con-

tribute to a sooner osseointegration process of dental

implant in the early wound healing stage following

implantation.

In conclusion, these results indicated that GDP treat-

ment combined with fibronectin grafting increased the

surface hydrophilicity and surface roughness of titanium

Figure 4 Surface roughness of GDP-treated and fibronectin-grafted titanium discs. Ra, the arithmetic average of absolute values,
was used to express the collected data points. Results show that there is a significant difference between GDP-treated only and
fibronectin-grafted titanium discs (**p < .01). However, there is no significant difference between different temperature-treated ones.
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discs, which may attribute to the affinity of cell adhe-

sion, migration, proliferation, and differentiation. These

results can be a useful reference for further in vitro cell

culture study and future endosseous implant design.
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