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A proper soft tissue seal between implants and gingiva is critical for success of dental implants.
Implant surface modification is an important approach for achieving ideal host-implant integration.
In this study, we used a new and simple oxidation method to generate a rough surface on implants
at the nano scale, which oxidized titanium nano-foveolae (TiNF) surface. We further analyzed the
surface topography and tested its effects on biological activities of human gingival fibroblasts. Atomic
force microscopy (AFM) and scanning electron microscopy (SEM) examination demonstrated that
TiNF disks displayed uniform rough surfaces, with average TiNF diameters of approximately 60 nm
and 100 nm respectively. However, the surfaces of smooth samples were highly irregular, and cell
adhesion and proliferation rates on TiNF surfaces were significantly higher than those of the smooth
surfaces. Extracellular matrix synthesis was also increased in the cells that interacted with oxidized
TiNF surfaces. Altogether, these results suggest that the TiNF implant surfaces perform better for
human gingival fibroblast biological activities compared to traditional smooth surfaces. Therefore,
the TiNF implant surfaces may serve as ideal interface to facilitate implant-host integration.
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1. INTRODUCTION

Dental implantation has become one of the best choices for
restoring various dentition defects, transforming the lives
of people who are edentulous. However, Peri-implantitis
due to defective soft tissue sealing remains one of the
major cause of implant failure [1,2]. A successful implant
requires not only ideal bone-implant contact and integra-
tion but also proper soft tissue seal between the implant
and gingiva [3]. A healthy trans-gingival area is therefore
very important for inhibiting bacteria from adhering and
forming biofilm [4-6]. Therefore, achieving a fast seal is
also critical in clinical settings.

It has been reported that surface topography and char-
acteristics of the implant neck affect cell adhesion for
soft tissue sealing [7]. Many studies, using a variety of
methods, have generated various micro-roughened surfaces
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and examined the effects of these surfaces on biological
characteristics of tissues [8-12]. Contrary to previous
beliefs, multiple lines of recent evidence have demon-
strated that a micro-roughened surface does not cause
increased bacterial plaque, nor does it cause crestal bone
tissue loss [13,14]. Furthermore, a roughened surface
facilitates soft tissue attachment compared to traditional
smooth surfaces [15,16]. Therefore, exploring an ideal
modified surface for neck implant has become a research
priority in the implantation field.

Currently, there are many available state-of-the-art tech-
niques for creating a variety of novel surfaces at the
nano scale, including self-assembly of molecule monolay-
ers, nanoparticle deposition and optical methods [17-20].
However, the technical procedures in these reports are
complicated and time-consuming, which significantly lim-
its their application. Anodic oxidation is a new and
simple method used for generation of a nano-dimension
surface by creating a new oxide layer on a titanium
implant [21]. Here we used this method to produce a
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titanium nano-foveolae (TiNF) structure on the implant
surface, and we tested the effects of modified surface on
human gingival fibroblast (HGF) activity. Results from the
study showed that implant modification with TiNF surfaces
profoundly influenced human fibroblast activity and was
superior to traditional surfaces for achieving cell attach-
ment and growth.

2. MATERIALS AND METHODS

2.1. Sample Preparation

0.25 nm thick titanium foil was obtained from a
commercial firm (Alfa Aesar, American). The anodic oxi-
dation process produced the test samples. Two types of
oxidized titanium surfaces were generated (test groups),
and one type was produced at a voltage of 25 V in inor-
ganic electrolytes (1 M H;PO,, 0.5 wt.% HF, in distilled
water) at room temperature (the 25 V group). The other
type was produced at a voltage of 40 V in organic elec-
trolytes (0.5 wt% NH,F, in glycol) at room temperature
(the 40 V group). Following anodization, all samples were
thoroughly rinsed in distilled water and dried with nitro-
gen stream. The traditional smooth titanium surfaces were
made by machine polishing [22] and served as a con-
trol group.

2.2. Surface Topography Characterization
Topographic measurements of titanium surfaces were
made by scanning electron microscopy (SEM, JSM-
6700F, JEOL, Japan). The 3-dimensional morphology
study was performed by atomic force microscopy (AFM,
Bioscope 11, Digital Instruments, USA). Nanometer scale
surface roughness was analyzed using NanoNavi software
(ver. 5.00, Japan).

2.3. Cell Culture

Healthy gingival tissues were harvested from the removed
teeth of three orthodontic patients. Informed consent
was obtained from all patients, and the procedures were
approved by the Ethics Committee of Stomatology School
of Shandong University. Isolated gingival tissues were
cut to cubes of approximately 3 x 3 x 3 mm, placed
in 12-well plates, and immobilized with a cover slip.
Migrated human gingival fibroblast (HGF) primary cells
were harvested, and cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Hyclone, Logan, UT, USA). Cells were
passaged 3 to 5 times and used in all experiments. Sub
con?uent HGF cells were seeded onto the smooth and
TiNF titanium discs respectively by 1 x 10*/cm? in 24-well
microplates.

2.4. Cell Morphology

Discs seeded with HGFs were removed from the
medium after 4 h culture, and samples were fixed in
2.5% glutaraldehyde in PBS for 1 h at room tempera-
ture, rinsed with PBS, and immersed in 0.5 mL of 2%
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osmium tetroxide for 1 h. After a thorough wash with
PBS, the samples were dehydrated in ethanol series, and
further dried with supercritical CO,. Next, the surfaces
were sputter-coated with gold and subjected to imag-
ing on a field emission SEM (JSM-6700F, JEOL, Japan)
under vacuum.

2.5. Cell Adhesion

Cells cultured on samples at different time points (2 h, 8 h
and 24 h respectively) were stained with the LIVE/DEAD®
Cell Imaging Kit 488/570 (Thermo Fisher SCIENTIFIC,
USA). Live cells were stained green by calcein AM, and
dead cells were stained red by EthD-III. After a 30-min
incubation with the dyes in the dark, at room temperature,
samples were examined with a fluorescence microscope
(Leica CTR5000, Leica, Germany). For each sample, five
random fields of view were imaged. Software was used
to count cells in each photo (Image-Pro Plus 5.0, Media
Cybernetics, Silver Spring, MD, USA).

2.6. Cell Proliferation

Cell proliferation of cultured HGFs on different sur-
faces were analyzed by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl-tetrazolium bromide (MTT, Sigma-Aldrich, St.
Louis, MO, USA) assay. Samples from the 3 groups col-
lected after various culture times (1 d, 2 d and 4 d) were
cultured in 200 uL. DMEM with 20 uL MTT dye agent
(5 mg/mL) for 4 h. The culture solutions were then trans-
ferred into a 96-multiwell plate for spectrophotometric
(Synergy HI1, BioTek Instruments, Winooski, VT, USA)
analysis.

2.7. Immunofluorescence (IF)

After 24 h of culture, cells were subjected to immunofluo-
rescence for Vinculin (VCL). Specifically, cells were fixed
with 4% PFA for 20 min, and blocked with 3% Bovine
serum for 20 min. Mouse monoclonal anti-human Vin-
culin primary antibody (Abcam, Cambridge, MA, USA)
was used with 1:200 dilution, as recommended in the man-
ufacturer’s datasheet. Sections were inoculated at 4 °C
overnight. Red fluorescence-labeled goat anti-mouse sec-
ondary antibody (Invitrogen, Carlsbad, CA, USA) was
used at a 1:300 dilution for 2 h. After thorough washing,
sections were examined under a Leica DMS5000B micro-
scope (Leica Microsystems, Wetzlar, Germany).

Table I. Sequences of primers used for RT-qPCR.

Gene Forward primer (5'-3") Reverse primer (5'-3")

VCL GTTCACAATGCCCA TCTTTCTAACCCAG
GAACCT CGCAGT

COL1-al ACTGGTGAGACCTG GAATCCATCGGTCA
CGTGTA TGCTCT

B-actin CCTGGCACCCAG GGGCCGGACTCG
CACAAT TCATAC
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Figure 1. SEM examination of TiNF layer. (A) A sample from the ctrl group showing an irregular and grooved surface. (B) A sample from 25 V
group showing an uniformed surface with TiNF diameter of approximately 60 nm. (C) A sample from the 40 V group, showing uniform surface with

a TiNF diameter of approximately 100 nm. (Scale bar = 100 nm).

2.8. Real Time Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent (Sigma-
Aldrich Company, St. Louis, MO, USA) after 1 d, 4 d
and 7 d of culture on different surfaces, according to
the manufacturer’s protocol. Total RNA from the sam-
ples were quantified with a spectrophotometer (DU-600,
Beckman Instruments, Fullerton, CA, USA). RNA quan-
tification was adjusted to the same level for all samples.
The cDNAs were synthesized using a Real-time PCR kit
(Takara, Japan). Real-time PCR analyses were carried out
to evaluate the expression of VCL and COL-al (Table I)
using a SYBR Green kit. Gene expression was analyzed
using the 2744¢" method. The tests were carried out and
analyzed using a Real-time PCR System (Applied Biosys-
tems Viia7, Life Technologies Corporation, Carlsbad,
CA, USA).

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)
The HGFs on each sample were collected, and the amount
of Fibronectin 1 (FN-1) release was detected and analyzed
using an ELISA kit (R&D Systems Inc., Minneapolis,
MN, USA) after culture for 1 d, 4 d and 7 d, follow-
ing the manufacturer’s protocol. The optical densities were
determined at a 595-nm reference wavelength at the end
of the ELISA protocol, and normalized to cell number,
using a spectrophotometer (Synergy H1, BioTek Instru-
ments, Winooski, VT, USA). Standards supplied in the kit
were used to make calibration curves.

2.10. Statistical Analysis

One-way ANOVA and Student-Newman-Keuls post hoc
test were used with SPSS software (SPSS 14, SPSS,
Chicago, IL, USA) to compare differences between
groups. P value <0.05 was considered statistically

significant.
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Average surface roughness(nm)
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Figure 2. AFM examination of TiNF layer. (A) A sample from the ctrl group showing an irregular surface. (B) A sample from the 25 V group
showing uniform surface. (C) A sample from the 40 V group showing a uniform but rough surface. (D) The average surface roughness for three groups,
showing significant differences between ctrl and oxidized titanium samples. The 40 V group had the highest roughness, followed by the 25 V group.
(*, P < 0.05 compared with Ctrl group; *, P < 0.05 compared with 25 V group).
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Figure 3. SEM examination of attached cells on TiNF layers after 4 h of culture. (A) Ctrl group, (B) 25 V group, and (C) 40 V group. Note, cells
on TiNF layer display more obvious cell filopodia formation than the Ctrl group. (Scale bar = 10 um).

3. RESULTS

3.1. Surface Modification and Characterization

Three different types of titanium surfaces were generated
using the above-mentioned techniques: smooth titanium
surfaces (Ctrl group) and two types of oxidized titanium
surfaces (25 V and 40 V group). We first characterized
the manufactured surfaces by SEM. Results from this
study showed that the surfaces of three types of samples
were dramatically different (Figs. 1(A—C)). The oxidized
disks displayed uniform rough surfaces, with average TiNF
diameters of approximately 60 and 100 nm respectively

24h

cell count
B
o
L

Figure 4. Viability/cytotoxicity assay. (A) HGFs cultured on 3 differ-
ent surfaces at 3 different time points. Live cells were stained green
by calcein AM. (B) The cell numbers in the 25 V and 40 V groups
were significantly higher than the Ctrl group at all time points examined
(*, P < 0.05 compared with Ctrl group; *, P < 0.05 compared with 25 V
group. Scale bar = 100 wm).
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(Figs. 1(B, C)). By contrast, the smooth samples showed
grooved surfaces (Fig. 1(A)).

AFM analysis showed that the mean nanometer scale
surface roughness for the oxidized samples was signifi-
cantly higher than that of smooth ones. (Figs. 2(A-C)),
and the 40 V group displayed highest roughness among
three types of samples, followed by the 25 V group

(Fig. 2(D)).

3.2. Cell Morphology, Adhesion, and Proliferation
The morphology of HGFs attached to smooth titanium sur-
faces and oxidized titanium surfaces were then studied by
SEM (Fig. 3). TiNF cells exhibited elegant filopodia after
4 h of culture, suggesting the biologically active status of
HGFs. In contrast, cells from the control group failed to
form obvious filopodia, and their cytoplasm appeared con-
densed.

Cell adhesion and proliferation on modified surfaces
were examined. HGFs were cultured on different surfaces
for 2 h, 8 h and 24 h, and the numbers of attached cells on
each surface were counted and compared among the three
groups. The results showed that the cell numbers on the
oxidized surfaces were significantly higher than on smooth
surfaces at all the time points examined (Fig. 4).

MTT assays for cell proliferation were performed after
1 d 2 d and 4 d of culture. Markedly greater val-
ues, representing higher numbers of adherent cells, were
detected for the TiNF surfaces than for smooth surfaces
on d 1, and these values increased in a time-dependent
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Figure 5. MTT assay of HGFs after 1 d, 2 d and 4 d of culture. Higher
values were seen in the 25 V and 40 V groups than in the smooth ones,
and these values increased with time (*, P < 0.05 compared with ctrl
group; *, P < 0.05 compared with 25 V group).
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manner (Fig. 5). Altogether, these results suggest that
HGFs attach and grow better on oxidized surfaces than on
smooth surfaces.

3.3. Expression of ECM Synthesis Markers
Finally, the expression of VCL and COL-al in HGFs
was examined by IF and RT-qPCR, and FN expression
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was examined by ELISA. Taken together, these genes and
proteins are markers for ECM synthesis of fibroblasts.
The results showed that expression levels of VCL and
COL-al of HGFs were significantly elevated on roughened
surfaces compared to smooth surfaces after 4 d of cul-
ture (Figs. 6(A, B)). Additionally, we observed that, VCL
expression levels in the TiNF group were significantly

VCL mRNA expression (a.u.)

Merged

Figure 6. RT-qPCR, ELISA and IF assay for HGFs on different surfaces. (A) COL-al mRNA expression levels were significantly elevated after 7 d
of culture. (B) Expression levels of VCL mRNA were also significantly elevated in the 25 V and 40 V groups, compared to the ctrl group after 4 d in
culture. (C) ELISA assays for HGFs after 1 d, 4 d and 7 d of culture. Levels of FN were increased in the 25 V and 40 V groups compared to the ctrl
group after 4 d and 7 d of culture. The FN level in the 40 V group was also higher than the 25 V group after 7 d. (D) IF staining of VCL at 24 h
(*, P < 0.05 compared with ctrl group; #, P < 0.05 compared with 25 V group. Scale bar = 100 um).
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increased at 24 h, and located at focal adhesion sites
(Fig. 6(D)). Similarly, the expression levels of FN were
also increased on TiNF surfaces compared to smooth sur-
faces after 4 d and 7 d of culture (Fig. 6(C)). Altogether,
these results indicate that the titanium surface variation
affects gene expression in HGFs.

4. DISCUSSION

Many dental implant surface modification methods are
now available to change the surface roughness at the
nanometer scale, thus enhancing the surface affinity for
host tissues. In addition to bone-implant integration, proper
soft tissue attachment to the implant is also critical for suc-
cessful implantation [23]. Nano structuring technology is a
very effective method to enhance the performance of tita-
nium implants [24,25]. Nanostructured materials possess
enlarged surface area; therefore, these materials present an
ideal surface-tissue interface for the implants [26,27]. It
was reported that nano crystallization of Ti materials can
create a biomimetic relationship with host tissues through
simulation of natural cellular environments at nanometer-
scale hierarchy [28]. In this study, we showed a new
approach to enhance the integration between gingival tis-
sue and dental implant neck by fabricating a nanoscale
TiNF surface on the implant through anodic oxidation.
We characterized the TiNF of oxidized titanium implant
surfaces by SEM and AFM, and further investigated the
effects of such surface on HGF adhesion, proliferation and
ECM synthesis.

Our surface topography data demonstrated that the
nano-roughness of the surfaces increased with presence
of nanostructures. Under SEM, uniform TiNF surfaces of
oxidized disks were clearly observed, whereas the smooth
samples exhibited irregular surface grooves. The diameters
of TiNF, generated under different voltages were also dif-
ferent, and the diameter increased as the voltage increased.
The mean nanometer scale surface roughness was sig-
nificantly higher for oxidized surfaces than smooth ones.
These results are consistent with a previous report [29].

Our further surface-tissue interaction analysis used
HGFs as major resident cells to investigate peri-implant
connective attachment. This analysis demonstrated that the
rough surface indeed performed better in supporting cell
adhesion and growth. Compared with surfaces, more HGFs
adhered to the oxidized TiNF surfaces, as evidenced by
Live/Dead cell detection. The results suggest that the nano-
rough surface facilitates initial cell adhesion, which is the
key step to establishing the tissue-implant connection.

Altogether, these data show that the rough surfaces of
TiNF promoted cell growth and differentiation compared
to smooth surfaces. The TiNF surfaces therefore serve
as a better interface for cell activity in the peri-implant
area, and may potentially facilitate establishment of tissue-
implant connection. Further in vivo testing will be per-
formed in future studies.
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5. CONCLUSIONS

In conclusion, we provided a new approach for surface
modification of transmucosal area of dental implants. We
demonstrated that the anodic oxidized TiNF implant sur-
face significantly promotes biological activities of HGFs
in comparison to traditional smooth surfaces. These results
also indicate that this type new surface may facilitate
soft tissue adhesion at the implant-host interface, which is
worth pursuing in further research.
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