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Abstract: The objective of this study was to form a rapid and

firm soft tissue sealing around dental implants that resists

bacterial invasion. We present a novel approach to modify Ti

surface by immobilizing Ag nanoparticles/FGF-2 compound

bioactive factors onto a titania nanotubular surface. The tita-

nium samples were anodized to form vertically organized

TiO2 nanotube arrays and Ag nanoparticles were electrode-

posited onto the nanotubular surface, on which FGF-2 was

immobilized with repeated lyophilization. A uniform distribu-

tion of Ag nanoparticles/FGF-2 was observed on the TiO2

nanotubular surface. The L929 cell line was used for cytotox-

icity assessment. Human gingival fibroblasts (HGFs) were cul-

tured on the modified surface for cytocompatibility

determination. The Ag/FGF-2 immobilized samples displayed

excellent cytocompatibility, negligible cytotoxicity, and

enhanced HGF functions such as cell attachment, prolifera-

tion, and ECM-related gene expression. The Ag nanoparticles

also exhibit some bioactivity. In conclusion, this modified

TiO2 nanotubular surface has a large potential for use in den-

tal implant abutment. VC 2011 Wiley Periodicals, Inc. J Biomed

Mater Res Part A: 98A: 274–286, 2011.
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INTRODUCTION

Dental implants are widely used to treat edentulous,1–3

however failure may occur due to peri-implantitis. Tight and
healthy implant-connective tissue integration, which is the
most essential part of the peri-implant soft tissue (PIST)
seal, forms a foundation to prevent epithelial downgrowth4

and protects the bone tissue beneath from bacterial and me-
chanical damage. Tissue healing around the implant can be
influenced by the shape, design, physicochemical property,
and microtopography of the implant surface5. Polished Ti
and Ti alloys are conventionally used in the trans-gingival
part of dental implant abutment, but they are unable to
form a tight PIST seal or prevent bacterial invasion. Anod-
ization can form a titania nanotubular surface6 with a rela-
tively large surface area. This properties of this surface facil-
itate immobilization of antibacterial agents7 and growth
factors8 on the surface of the implant. The cell response
depends on the nanoscale surface features of the TiO2 nano-
tube array. The microtopography of TiO2 nanotube array
can affect cell adhesion, orientation, proliferation, gene
expression, and signaling.9–11 Cell types such as osteoblasts,
fibroblasts, mesenchymal stem cells, epithelia, and so on,
adhere and proliferate best on nanotubes ranging in size
from 30 to 120 nm.8,12–17 It has been reported that HGFs
adhere, survive, and proliferate better on TiO2 nanotube
arrays with a tube diameter of �120 nm and better electro-

chemical stability in artificial saliva has also been
observed.18

Ag-deposited TiO2 nanotubular surfaces show lower tox-
icity and higher osteoblast proliferation than polished Ti.19

Silver possesses the highest antimicrobial properties among
metals20,21 and has potential bioactivity. The physicochemi-
cal properties are considered essential factors in the antimi-
crobial activity of Ag. There has been a great deal of interest
in the use of Ag nanoparticles to prevent or control peri-
implant infection because Ag nanoparticles are considered
to be less toxic than Agþ but have the same or higher anti-
microbial properties. In general, particles less than 10 nm
are more toxic to bacteria such as Escherichia coli and Pseu-
domonas aeruginosa.22,23 In addition, as a wound healing-ac-
celerator, growth factors are known to affect cell prolifera-
tion, differentiation, and other functions. The fibroblast
growth factors (FGFs) comprise a large family of polypep-
tide growth factors.24 FGFs exert their proangiogenic activity
and induce chemotaxis in endothelial cells by interacting
with various endothelial cell surface receptors25 including
tyrosine kinase receptors, heparin-sulfate proteoglycans, and
integrins.26 FGFs may also induce the production of various
ECM components27 and contribute to the maturation of new
vessels. It has been shown that fibroblast growth factor 2
(FGF-2) is a potent mitogen in a variety of cells including
fibroblasts, mesenchymal cells, and osteoblasts, and is
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effective in regulating the proliferation and ECM gene
expression of fibroblasts.28,29 Moreover, FGF-2 can be easily
immobilized on oxygen plasma treated titanium.30 Cell ad-
hesion and proliferation on various surface topographies
have been investigated.31–33 However, adhesion and prolifer-
ation of Human Gingival Fibroblasts (HGFs) around the den-
tal implant need to be studied more extensively to mimic
integration between dental implant abutment and surround-
ing soft tissues. Moreover, the cytocompatibility and interac-
tions between HGFs and Ag nanoparticles have not been
investigated systematically.

In the work reported here, titanium is anodized at 20 V
to produce a vertical and highly organized TiO2 nanotube
array. Silver nanoparticles, which could indeed improve the
bioactivity and antimicrobial characteristics,19 are electrode-
posited on the nanotubular surface. FGF-2 is immobilized
on the Ag-loaded TiO2 nanotubular surface by successive ly-
ophilization. The aim of this study is to create a modified Ti
surface with lower cytotoxicity and antibacterial properties
and investigate the behavior of HGFs cultured on the nano-
tubular surface with Ag nanoparticles/FGF-2.

MATERIALS AND METHODS

Sample preparation
Preparation of PT(Polished Ti) and NT(NanoTube) sam-
ples. Pure Ti (Titanium) foils (99.9%, 1000 � 500 � 0.6
mm3) were cut into 10 � 10 � 0.6 mm3 samples, polished
with 400–1500 grits SiC sandpapers, ultrasonically cleaned
in acetone, 70% ethanol, and double distilled water (DDW)
for 10 min in sequence, and then dried in N2 at 50�C for 20
min. The PT samples were anodized in an electrolyte con-
taining 0.5% NH4F and 1 mol/L (NH4)2SO4 at 20 V for 45
min with Ti anode and Pt cathode under constant stirring.
After the reaction, anodized samples were ultrasonically
cleaned and dried to obtain the NT (nanotubular) samples.

Preparation of NT-Ag(Ag-loaded NanoTube) and NT-Ag-
F(Ag/FGF-2-immobilized NanoTube) samples. To immobi-
lize Ag onto the TiO2 nanotubular surface, a Pt anode and a
NT cathode were used for Ag electrodeposition, in a 0.003
mol/L AgNO3 electrolyte by applying 2V with a 100 mA cur-
rent for 30 seconds using constant stirring. Afterwards, Ag
particles were electrodeposited onto the TiO2 nanotubular
surface. These samples were ultrasonically cleaned, as
described above, to remove unconjugated Ag particles and
dried in N2. These samples were sterilized by ultraviolent
A/C(UVA/C) irradiation for 2 h because UV-A activated the
photocatalytic property of TiO2 to remove organic contami-
nation and inactive bacteria. The E. coli source recombinant
human FGF-2 (Peprotech, UK) was reconstituted in a Tris-
HCl buffered solution (pH ¼ 7.6) with 0.1% bovine serum
albumin (BSA). The FGF-2 solution was diluted to 500 ng/
mL. NT-Ag samples were incubated in this FGF-2 solution
for 10 min at 4�C and then lyophilized. This procedure was
repeated three times and these samples were stored under
sterile conditions.

Surface analysis
Surface characterization. Surface and material characteri-
zation studies were conducted on four types of samples
designated as PT, NT, NT-Ag, and NT-Ag-F. The surface chem-
ical analysis was performed using X-ray photoelectron spec-
troscopy (XPS, Al Ka, 1486.6 eV Axis Ultra, Kratos, UK). The
X-ray generated Auger electron spectrum, was analyzed to
identify the chemical state of Ag. Field emission scanning
electron microscopy (FE-SEM, JSM-6460, JEOL, Japan) and
atomic force microscopy (AFM, SPM400, SEIKO, Japan) were
employed to analyze the surface topography and roughness
of samples. The surface contact angles were measured by
analyzing the drop shape of DDW and diiodomethane
using a contact angle measuring system (KRUSS, Germany)
and the surface free energy was calculated by Owens
equation.34

Morphological observation of immobilized FGF-2. The
FGF-2 on NT-Ag-F samples was examined by an immunoflu-
orescence assay. After FGF-2 immobilization, the samples
were washed three times with phosphate-buffered saline
(PBS, pH ¼ 7.4) for 5 min, treated with rabbit anti-bFGF
polyclonal antibody (1:200; Sigma) as the primary antibody
at 4�C overnight, and washed three times with PBS. The
samples were then treated with FITC-label goat antirabbit
IgG (1:200; BOIS, China) for 1 h at 37�C and washed thrice
in PBS (pH ¼ 7.4). The samples were inspected by scanning
laser confocal microscopy (Olympus FV-1000, Japan). To
evaluate the remaining FGF-2 on the nanotubular surface af-
ter a longer period, a part of the NT-Ag-F sample was incu-
bated in PBS at 37�C for 9 days and the immunofluores-
cence procedures as described above were repeated.

Determination of cytotoxicity
This assay was conducted in accordance with ISO 10993-5.35

Aluminum oxide ceramic rods/phenol were used as the neg-
ative/positive controls, respectively. Samples were incubated
in DMEM at 50�C for 72 h to form extracts. The L929 cells
(CELL BANK, Japan) were cultured in Dulbecco’s minimum
essential medium (pH ¼ 7.4, DMEM, Gibco) with 5% bovine
calf serum (BCS. Gibco) and 1% penicillin/gentamicin, and
incubated in a humidified atmosphere of 5% CO2 at 37�C.
L929 cells were seeded onto a 96-well dish (�1000 cells/
well) and maintained for 24 h to form a semi-confluent
monolayer.36 After removing the culture medium, cells were
exposed to 100 lL of extracts at 100% and 100 lL of
DMEM without any extract was added to the blank well. Af-
ter 24, 48, and 72 h, the culture medium was discarded and
50 lL of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) solution (1 mg/mL) was added to
each well and incubated for 2 h at 37�C under 5% CO2. The
MTT solution was removed and 100 lL of dimethyl sulfox-
ide (DMSO, Sigma) was added to each well. The optical den-
sity (OD) value at 570 nm (650 nm reference) was deter-
mined. A drop in the cellular vitality resulted in reduced
metabolic activity. This decrease was directly correlated to
the amount of blue-violet formazan formed, as monitored
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by the optical density at 570 nm on a spectrophotometer
(Bio-tek). To calculate the reduction in the viability com-
pared to the blank, the following equation was used:

Relative GrowthRate ðRGR;%Þ ¼ OD570e

OD570b
� 100%:

Here, OD570e is the mean value of the measured optical
density of the 100% extract from the sample and OD570b is
the mean value of the measured optical density of the blank.
The lower the RGR value, the higher the cytotoxic potential
of the sample. If the RGR value is reduced to <70% of the
blank, it is potentially cytotoxic.35

Evaluation of behavior of HGFs
Evaluation of cell attachment and proliferation. HGFs
were obtained from periodontal-healthy patients (18�32
years of age) through third molar extraction. The gingival
tissue was washed twice in PBS containing 10,0000 U peni-
cillin/gentamecin and incubated in a dispase solution
(Gibco) overnight to separate connective tissues from the
epithelium. The gingival tissues were then sheared into 1.0
� 1.0 � 1.0 mm3 blocks, which were cultured in DMEM
with 10% fetal calf serum (FCS Gibco) and 100,000 u peni-
cillin/gentamecin and incubated in a humidified atmosphere
of 5% CO2 at 37�C. Passage 4 HGFs were used for further
analysis. HGFs were then seeded on the samples (serum-
free) of each group at a concentration of 1 � 105 cells/mL
(�5 � 104 cells/cm2) and the culture was incubated for 30,
60, and 120 min to allow adhesion. At each time point, sam-
ples were washed with PBS to remove non-attached cells.
Four percent of formalin solution was used to fix the cells,
which were stained with 40,60-diamidino-2-phenylindole
(DAPI, Roche) at a concentration of 1 lg/mL. The images
were then captured from three random fields (2.60 � 1.94
mm2) by a fluorescence microscope (Leica DMI6000B, Ger-
many). The cell adhesion number was counted by the Image
J software and the results were presented as relative cell
adhesion rates (RCAR) as follows:

RCARð%Þ ¼ COUNTS

COUNTP
� 100%

Here, COUNTs represents the mean value of the count
number on the samples and COUNTp is the mean value of
the count number on the polished Ti control.

Cell proliferation was evaluated by the MTT assay.
Briefly, four types of samples (each type was conducted in
triplicate) were set in a 24-well dish and 4 � 104 HGF cells
were seeded in each well and cultured in DMEM with 10%
BCS. At days 3, 6, and 9, samples were gently washed three
times with PBS and placed into a new 24-well dish. The
MTT-PBS (Amresco) solutions (5 mg/mL) were prepared
and filter sterilized. Two hundred microliter of the MTT so-
lution and 800 lL of serum-free/phenol red-free DMEM
were added to each well and the samples were incubated
at 37�C for 4 h to form formazen. Afterwards, formazen
was dissolved in dimethyl sulfoxide (DMSO) [1 mL/well].

Two hundred microliter of this mixed solution was trans-
ferred to a new 96-well dish and the OD value of each
well was monitored at 490 nm using a spectrophotometer
(Bio-tek).

ECM-related gene expression. Expressions of the ECM
related genes were analyzed using the real-time polymerase
chain reaction (RT-PCR). The HGFs were cultured in the
same manner as the proliferation assay. The total RNA of
each sample was extracted with the TRIzol reagent (Gibco).
One microgram total RNA of each sample was reverse tran-
scribed into complementary DNA (cDNA, 50 lL system)
using the PrimeScriptTM RT reagent kit (TaKaRa, Japan).
Quantitative PCR was measured on the ABI7500 Real-Time
PCR System to determine the mRNA expression of the ECM-
related genes including Type I/III collagen, VEGF, integrinb,
Fibronectin, and ICAM-1 using SYBRVR Premix ExTM TaqII
(TaKaRa, Japan). The forward and reverse primers for the
selected genes are listed in Table I. All PCR efficiencies were
compared. The relative expression levels for each gene of in-
terest were normalized to the expression of the housekeep-
ing gene GAPDH by calculating DCt (Ctgene of interest �
CtGAPDH) and expression of the different genes is expressed
as 2�(DCt). The gene expression of PT as the control was
normalized to 1. The specificity of every pair of PCR pri-
mers was confirmed by analyzing the melting curves. The
data were analyzed using the Applied Biosystem Software
using the ExcelV

R

format.

TABLE I. Primers Used in Quantitative PCR

Target cDNA primer sequence
Type I collagen
Forward: 50-TCTAGACATGTTCAGCTTTGTGGAC-30

Reverse: 50-TCTGTACGCAGGTGATTGGTG-30

PCR product size: 134 bp
Type III collagen
Forward: 50-GCAAATTCACCTACACAGTTCTGGA-30

Reverse: 50-CTTGATCAGGACCACCAATGTCATA-30

PCR product size: 147 bp
VEGF
Forward: 50-GAGCCTTGCCTTGCTGCTCTAC-30

Reverse: 50-CACCAGGGTCTCGATTGGATG-30

PCR product size:148 bp
Integrin b
Forward: 50-TGTGTCAGACCTGCCTTGGTG-30

Reverse: 50-AGGAACATTCCTGTGTGCATGTG-30

PCR product size: 105 bp
Fibronectin
Forward: 50-ACCTACGGATGACTCGTGCTTTGA-30

Reverse: 50-CAAAGCCTAAGCACTGGCACAACA-30

PCR product size: 116
ICAM-1
Forward: TGAGCAATGTGCAAGAAGATAGC
Reverse: CCCGTTCTGGAGTCCAGTACA
PCR product size: 105

GAPDH(house-keeping gene)
Forward: 50-GCACCGTCAAGGCTGAGAAC-30

Reverse: 50-TGGTGAAGACGCCAGTGGA-30

PCR product size: 138 bp
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Statistical analysis
The data were analyzed using SPSS 18.0 (SPSS). The results
are expressed as means 6 SD and analyzed by one-way
ANOVA followed by a Student-Newman-Keuls post hoc test
to assess whether there was a significant difference
between the groups. When p was less than 0.01, the differ-
ence was considered significant.

RESULTS

Surface characterization
The XPS results acquired from NT/NT-Ag are displayed in
Figure 1. Figure 1(A) does not show the presence of Ag but
Ag is observed from NT-Ag as shown in Figure 1(B). In the
X-ray induced Auger electron spectrum (XAES) [Fig. 1(C)],
the Ag M4VV peak at 1126.1 eV was detected and the Dc

value was calculated for further correction as follows:

Dc ¼ C1Sstandard � C1Stest
¼ 284:8� 281:85 ¼ 2:95 eVðC1Sstandard¼ 284:8 eVÞ

The Ag M4VV kinetic energy (EAK) is also calculated and
the Ag binding energy (EPB) is corrected by the following
equations:

EA
K¼ AlKa output value� ðAgM4VVpeak valueþDcÞ
¼ 1486:6� ð1126:14þ 2:95Þ ¼ 357:5eV

EP
B¼ Agbinding energytestþDc ¼ 368:1 eV

EPB/E
A
K is used as the abscissa/ordinate to find out the

Ag valence referenced to the XPS handbook and the Ag par-
ticles are found to be metallic.37

FE-SEM images of samples in Figure 2 show different
microtopographies of NT and NT-Ag. The TiO2 nanotubes
formed a vertically organized array with a diameter of
100�120 nm. On the Ag-loaded nanotubular surface, most
nanoparticles were 10 nm and were distributed uniformly
on the TiO2 nanotube walls. XPS results revealed that these
nanoparticles were metallic Ag. The surface topographies

FIGURE 1. XPS analysis results: (A) NT showing only Ti and O, (B)

NT-Ag showing Ti, O, and Ag, (C) X-ray induced Auger electron spec-

trum (XAES) of the Ag nanoparticles showing the metallic state of Ag.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 2. FE-SEM results: (A) NT surface shows a nanotube array

structure and (B) NT-Ag surface shows adherent Ag nanoparticles uni-

formly distributed on the TiO2 nanotube walls.
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are displayed in Figure 3. PT indicated microgroove like sur-
face morphology, which was approximately two times
rougher that of NT and NT-Ag. The NT, NT-Ag, and NT-Ag-F
surfaces show a similar nanoporous structure. Interestingly,
NT-Ag as slightly rougher than NT, and NT-Ag-F was rougher
than NT-Ag (Table II). Anodization smoothed the surface of
Ti, but Ag and FGF-2 immobilization made the surface
rougher. These results also confirmed the presence of FGF-2
on NT-Ag. Figure 4 shows the contact angles and calculated
surface free energies of the samples. NT and NT-Ag exhib-
ited smaller contact angles for both DDW and diiodome-
thane compared to PT. However, NT-Ag-F showed a consid-
erable increase in the contact angles for both liquids. This
may be attributed to the roughness after immobilization of
FGF-2 on NT-Ag-F whereas the surface free energies of NT
and NT-Ag are similar but higher than those of PT and NT-
Ag-F. The FGF-2 immobilized surface (NT-Ag-F) generated
fluorescence both in the initial stage and after 9 days, but
no fluorescence was be observed from NT-Ag (Fig. 5). These

results proved that FGF-2 was indeed immobilized on
the TiO2 nanotubular surface and remains for a long time
(9 days).

Cytotoxicity determination
There was no statistical difference in cellular response (Fig. 6)
or RGR (Table III) observed from the MTT assay of all samples
compared to the blank except the positive control at all time

FIGURE 3. AFM images of different surfaces: (A) PT, (B) NT, (C) NT-Ag, and (D) NT-Ag-F. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

TABLE II. Measurement of Surface Roughness Using AFM

Ra RMS Rz (10 points)

PT 58.17 nm 71.51 nm 128.5 nm
NT 27.76 nm 34.33 nm 260.5 nm
NT-Ag 29.10 nm 35.99 nm 128.1 nm
NT-Ag-F 34.18 nm 42.06 nm 156.2 nm

Ra is the roughness average; RMS is the root mean square rough-

ness; and Rz (10 points) is the height of irregularities of 10 points.
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points. NT-Ag showed no inhibition (RGR > 70%) of cellular
vitality compared to the blank.

Behavior of HGFs
Cell adhesion values, assayed by counting the cells stained
with DAPI, are displayed in Figure 7(A) at time intervals as
described previously. The cell adhesion number on NT-Ag-F
was larger than those on PT, NT, and NT-Ag, and this phe-
nomenon was observed at all three time intervals. The
RCARs are shown in Figure 7(B). NT and NT-Ag express low
RCAR. Moreover, NT-Ag showed the lowest RCAR whereas
NT-Ag-F showed the highest RCAR in this study. The pure

TiO2 nanotubular surface without immobilized FGF-2
seemed to inhibit cell adhesion. The cell proliferation using
the MTT assay is depicted in Figure 8. NT-Ag-F showed the
highest HGF proliferation at all time intervals. At day 3, NT
and NT-Ag showed significantly improved proliferation of
HGFs, but this phenomenon was not observed on day 6 and
9. Figure 9 exhibits the ECM-related gene expressions on
different surfaces quantified by real-time PCR. Briefly, the
HGFs cultured on NT-Ag-F showed advantageous gene
expression. The details of the ECM-related gene expressions
are summarized in Table IV.

DISCUSSION

Dental implants, unlike natural teeth, lack protective bar-
riers around the transgingival parts, and thus cannot effec-
tively resist mechanical damage and microbial invasion.
Hence, it is crucial to improve the interactions between den-
tal implants and surrounding connective tissue. To prevent
the implant from mechanical and bacterial damage, the sur-
face of the Ti implant is modified by anodization followed
by immobilizing of Ag nanoparticles and FGF-2 on the nano-
tubular surface. Although TiO2 nanotube arrays have drawn
much attention for their potential clinical use, the bioactiv-
ity is still not well understood. Different types of cells show

FIGURE 4. Surface free energy analysis: (A) Contact angles and (B)

surface free energies. **;(p < 0.01). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5. Immobilized FGF-2 compared to FGF-2-free samples at day

0 and day 9. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 6. Cytotoxicity determination by extract assay. No cytotoxicity

is observed except positive control. **;(p < 0.01). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE III. Relative Growth Rate (RGR %) According to

Cytotoxicity Determination

24 h 48 h 72 h

Blank 100.00% 100.00% 100.00%
PT 91.39% 87.24% 95.54%
NT 100.86% 110.06% 104.10%
NT-Ag 108.06% 100.77% 95.95%
NT-Ag-F 105.01% 116.33% 97.88%
Cytotoxicity negative control 103.76% 84.44% 92.65%
Cytotoxicity positive control **0.55% **0.27% **0.03%

** ;(p < 0.01).
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varying reactions on different nanotubular surfaces with
various tube sizes.8–10,12–18 The choice of the sterilization
methods can also affect the biocompatibility of TiO2 surface
and UV irradiation has been demonstrated to be one of the
sterilization methods capable of improving the bioactivity of
TiO2.

38 In this study, UVA/C irradiation is chosen as our
sterilization method. TiO2 nanotube arrays with size of 100
to 120 nm18 are applied as a drug-delivery system,7,8 in
which Ag nanoparticles/FGF-2 are used as antibacterial/
wound-healing factors.

Immobilization of Ag particles depends on four factors:
anodizing voltage, anodizing current, anodizing time, and
Agþ concentration. According to our previous work, the use

of improper conditions can result in the Ag depositing on
titania surface with a block form (unpublished data). These
four factors must thus be optimized in order to produce a
uniform distribution of Ag nanoparticles on the titania sur-
face. Several mechanisms have been postulated to explain
the antimicrobial property of Ag nanoparticles. For example,
Ag nanoparticles alter the membrane properties of bacteria
and degrade lipopolysaccharide molecules causing Ag nano-
particles to accumulate inside the cell membrane, leading to
increased membrane permeability.39 Others suggest that Ag
nanoparticles penetrate the bacterial cell, causing DNA dam-
age.40 It has also been suggested that Ag nanoparticles
release a small amount of antimicrobial Ag ions.41

FIGURE 7. HGFs adhesion: (A) HGFs attached to substrates with DAPI stained at 120 min and (B) Relative cell adhesion rate (RCAR) of attached

HGFs. Nanotubular surface without FGF-2 inhibits cell adhesion. ## :(p < 0.01), ** ;(p < 0.01), difference also exists between **1 and **2 (p <

0.01). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Regardless of the mechanism, the antimicrobial properties
of Ag nanoparticles have been documented and bacterial
drug resistance is very uncommon. It has been reported
that Agþ ions possess higher cytotoxicity than Ag nanopar-
ticles. Agþ ions interact with thiol groups in proteins and in-
hibit respiratory enzymes, resulting in the production of re-
active oxygen species (ROS),42 which are more toxic to
anaerobes than aerobes, preventing DNA replication, and
causing DNA damage.43 It should be noted that the cytotox-
icity is dose dependent, and low concentrations of Agþ

released from the Ag nanoparticles are not cytotoxic.44

Moreover, noble metals such as silver and gold enable the
photocatalytic antimicrobial properties of TiO2 when excited
by visible light,45–48 and improved antimicrobial activity has
been observed without light.49 In contrast, photocatalytic
disinfection by pure TiO2 can only be activated by UVA (k ¼
380 nm) irradiation. This non-UVA-dependent antimicrobial
property is more useful to the control of peri-implant infec-
tion because the oral cavity is not exposed to UVA. FGF-2 is
an important regulator of periodontal wound healing and
also promotes neovascularization50 by improving the prolif-
eration potential and ECM secretion of fibroblasts.29,51

Application of growth factors such as FGF-2 to regenerate
periodontal tissues has been described in earlier stud-
ies.52,53 FGF-2 can be immobilized on the O2 plasma pre-
treated Ti surface30 and on hydroxyapatite�Chitosan scaf-
folds.54 In this study, a 500 ng/mL FGF-2 solution was used
for successive lyophilization without any other specific
physical or chemical treatment and the porous TiO2 nano-
tubular microstructure might have adhered/absorbed the
FGF-2. It is unlikely that FGF-2 reacted with the inert TiO2
nanotubular surface and we infer that the binding form
between FGF-2 and NT-Ag surface was one of physical
absorption or adhesion rather than other forms of chemical
binding. Immunofluorescence evidence demonstrates that

FGF-2 is indeed immobilized on the NT-Ag sample surfaces.
Even after incubation in PBS for 9 days, FGF-2 was
observed on the NT-Ag-F samples. However, it should be
noted that the amount of immobilized FGF-2 and the release
of immobilized FGF-2 could not be quantified nor controlled
accurately.

According to XPS, silver on the TiO2 nanotubular surface
has a zero valence and the FE-SEM images reveal that the
Ag nanoparticles with a diameter of about 10 nm are uni-
formly distributed on the surface, however this phenom-
enon was not observed in the NT sample. The AFM results
indicate that the surface roughness had the following order:
PT > NT-Ag-F > NT-Ag > NT. It seems that immobilization
of Ag particles/FGF-2 affects the microtopography slightly
but increases the roughness of the TiO2 nanotubular surfa-
ces. Furthermore, immobilization of FGF-2 can also reduce
the surface free energy of samples, which may be due to
the polarity difference between FGF-2 and TiO2 nanotubular
surface.

Cytotoxicity determination revealed no significant cyto-
toxicity. The reason may be that the Ag nanoparticle solu-
tion only releases negligible amounts of Agþ ions55 and a
small concentration of released Agþ in the extracts does not
cause cytotoxicity.44 NT and NT-Ag show inhibited cell adhe-
sion but improved cell adhesion is observed from NT-Ag-F,
probably due to the surface physicochemical properties and
microtopography. The anodized Ti surface possesses a
higher surface free energy than polished Ti surface and its
porous surface microstructure increases the number of
attached osteoblasts.38 According to AFM, NT, and NT-Ag are
not as rough as PT, and HGFs adhere less onto the TiO2

nanotubular surface. The results are somewhat different
from previous data56 showing that HGF adheres well onto a
smooth Ti surface. This difference may be explained by the
fact that the TiO2 nanotubular surface has a small initial
cell-substrate contact area with multirings form, which may
impair focal adhesion assembly. The impaired focal adhesion
assembly results because multirings form cannot support a
tight cell-substance integration, and higher surface free
energy may also inhibit cell adhesion. The fact that adher-
ence ratio of HGFs to NT-Ag-F is higher than those on the
other samples may be caused by immobilization of FGF-2,
which may increase cell-substrate contact area and offers
various regions to accelerate cell attachment. This positive
effect is apparently large enough to reverse the cell adhe-
sion inhibition on the TiO2 nanotube array. The anodized Ti
surface shows improved cell proliferation. The porous-like
structure may absorb or store nutrients and nourish cells
from beneath. These data indicate that the TiO2 nanotubular
surface shows improved HGF proliferation in early stages,
but poor long-term effects. Furthermore, the FGF-2 immobi-
lized titania nanotubular surface (NT-Ag-F) has excellent
cytocompatibility as inferred by the highest HGF prolifera-
tion at all time points. Our results are in agreement with
the behavior of fibroblasts cultured in the FGF-2 added me-
dium.28 However, not all the immobilized FGF-2 accumu-
lated on the Ti surface can proliferate and lesser prolifera-
tion is observed compared to the added medium.30 This

FIGURE 8. Cell proliferation measured by MTT assay. NT-Ag-F had

the highest cell proliferation, while NT and NT-Ag show improved cell

proliferation in the early stage (Day 3). ## : (p < 0.01) and significant

difference also exists between ##1 and ##2 (p < 0.01). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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may be due to the non-availability of some functional
groups on the FGF-2 immobilized on the TiO2�steric
hindrance.

Type I/III collagen, the main component in gingival tis-
sues, are associated with wound healing. Bundles of well-

developed collagen fibers and elongated fibroblasts are
observed surrounding the cell layer and they are parallel to
the long axis of the implant. These fibers are believed to
provide effective sealing of the peri-implant tissues from the
oral environment.57 It has been reported that at days 14

FIGURE 9. ECM-related gene expressions by HGFs cultured on four different Ti surfaces at days 3, 6, and 9: (A) Type I collagen, (B) Type III colla-

gen, (C) VEGF, (D) Fibronectin, (E) Integrin b, and (F) ICAM-1. ## :(p < 0.01), ** ;(p < 0.01). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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and 28, collagen I and collagen III mRNA expressions are
enhanced significantly after addition of 3 ng/mL FGF-2.58

Although the appropriate collagen synthesis has a positive
effect on tissue healing of the peri-implant soft tissues,
over-synthesis of type III collagen may induce oral sub-mu-
cous fibrosis.59 In this work, the type I collagen expressions
of NT, NT-Ag, and NT-Ag-F are elevated at all time periods
studied, corresponding to that of a low-dose FGF-2 reported
previously.58 Both FGF-2 and TiO2 nanotubular surfaces can
enhance type I collagen expression of HGFs and Ag nano-
particles do not impede this function. There are some differ-
ences in the type III collagen expression on days 3 and 6,
and the type III collagen expressions on NT, NT-Ag, and NT-
Ag-F are up-regulated compared to NT-Ag-F. However, at
day 9, only type III collagen expression on NT is up-regu-
lated, whereas suppressive effects are observed from NT-Ag
and NT-Ag-F. The TiO2 nanotubular surface can enhance
type III collagen expression in the long run, but Ag nanopar-
ticles may prevent over-expression of type III collagen,
thereby hampering peri-implant tissue fibrosis. VEGF, which
is a macromolecule that can enhance blood vessel growth
and permeability,60 is a powerful mitogen for endothelial
cells fulfilling an important role in angiogenesis.61 VEGF
mRNAs are up-regulated when bone marrow stromal cells
(MSCs) are cultured with FGF-2 at concentrations of 1 to 25
ng/mL.62 Cross-communication between FGFs, VEGF, and
inflammatory cytokines/chemokines may play a role in the
modulation of blood vessel growth.26 Hence, immobilization
of FGF-2 on the titania surface may promote vascularization
and eventual regeneration of gingival tissues around the
dental implants. In this study, VEGF expression was elevated
in NT, NT-Ag, and NT-Ag-F. NT-Ag and NT-Ag-F had higher
gene expression than NT, indicating that Ag nanoparticles
can also up-regulate the VEGF expression. There was no sig-
nificant difference between NT-Ag and NT-Ag-F on days 3
and 6, but on day 9, NT-Ag-F shows obviously higher gene
expression of VEGF than NT-Ag. The results suggest vascula-
rization promoted by FGF-2 is not activated in the early
stage in contrast to Ag nanoparticles. In the early stage,
excess vascularization may lead to tissue inflammation or
edema delaying tissue healing and this delayed angiogenesis
function is consistent with the normal wound healing proc-
esses. Fibronectin, a major component of serum and the

periodontal tissues critical to wound healing,63 plays an im-
portant role in the early wound healing events such as cell
migration and adhesion.64 Fibronectin can also increase the
vasopermeability65 and enhances polymorphonuclear neu-
trophil (PMN) migration. The response is mediated by the
alpha5beta1 FN receptor.66 Our results suggest that the
TiO2 nanotubular surface may suppress fibronectin expres-
sion but Ag nanoparticles can offset this negative function.
Furthermore, FGF-2 can up-regulate Fibronectin expression
yielding the same result as reported previously.58 This pro-
moting effect can improve cell migration and adhesion,
which contribute to gingival tissue healing around the
implants, increase the recruit of PMN, and control infection
around the implants. But the immunologically mediated
damage can not be ignored. Integrins are specialized adhe-
sive molecules in cell-to-cell and cell-to-substrate adhe-
sion.67 Integrin b is important in cellular binding on coated
or textured titanium implants.68 It has been found from
the periodontium of rats and humans and is known to play
an important role in the attachment of cells in these
tissues.69–71 eTotal beta1-integrin expression levels are
dose-dependent and increased by FGF-2.72 In this study, NT,
NT-Ag, and NT-Ag-F up-regulate the Integrin b expression at
all time and NT-Ag-F shows the highest gene expression
among them. At days 3 and 6, NT exhibits higher Integrin b
expression than NT-Ag. This trend vanishes at day 9 when
no significant difference was observed among NT, NT-Ag,
and NT-Ag-F. The results reveal that Ag nanoparticles/FGF-2
may suppress/up-regulate gene expression of Integrin b in
the early stage, and the gene inhibition by the Ag nanopar-
ticles may cause gene-toxicity. Over the longer term (� 9
days), the TiO2 nanotubular surface is probably the main
factor regulating the gene expression of Integrin b. ICAM-1
is a widely expressed adhesion molecule and belongs to the
Ig super family. It may play an important physiological role
in efficiently routing PMNs to the gingival sulcus. This pro-
cess contributes to the maintenance of local host-parasite
equilibrium and limitation of PMN-associated tissue dam-
age.73 ICAM-1 is also associated with endothelial cells both
in healthy and inflamed tissues and may be critical in proc-
esses directing leukocyte migration towards the gingival sul-
cus. Besides its immunological functions, ICAM-1 mediates
cell-cell adhesion.74–76 The expression of the endothelial cell

TABLE IV. Summary of ECM-Related Gene Expressions

NT NT-Ag NT-Ag-F

D3 D6 D9 D3 D6 D9 D3 D6 D9

Type I collagen þ þ þ þ2 þ2 þ þ2 þ3 þ2
Type III collagen þ þ þ þ þ2 – þ2 þ3 –
VEGF þ þ þ þ2 þ þ þ2 þ2 þ3
Fibronectin – – – þ / / þ2 þ þ
Integrin b þ2 þ2 þ þ þ þ þ2 þ3 þ
ICAM-1 / / / / / þ þ þ þ
Laminin þ þ þ þ2 þ2 þ2 þ2 þ3 þ3

Details of gene expressions at days 3, 6, and 9. ‘‘þ’’ ¼ up-regulate; ‘‘–’’ ¼ down-regulate; ‘‘/’’ ¼ no significant difference compared to PT; þ3 >

þ2 > þ; difference exists between þ3, þ2, þ, /, and –.
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adhesion molecules (CAMs) for leukocytes, P-selectin, E-
selectin, and ICAM-1, is significantly up-regulated on the
inflamed tissues by FGF-2.77 Here, our results reveal that
the TiO2 nanotubular surface does not regulate the ICAM-1
expression but NT-Ag-F significantly up-regulates the ICAM-
1 expression of HGFs at all three time intervals studied. The
Ag nanoparticles may also contribute to the up-regulation of
ICAM-1 expression but there is no obvious difference
between NT-Ag and NT-Ag-F at day 9. This up-regulation
not only may increase intercellular adhesion, but also
recruit PMN to exert anti-infective functions in gingival sul-
cus. Ag/FGF-2 immobilization has a potential to routinely
control the subgingival plaque after and may possibly
improve the microecological environment around the dental
implant.

CONCLUSION

Ag nanoparticles attached to the modified Ti surface show
extremely low cytotoxicity and the immobilized FGF-2 is
potent enough to enhance HGF cell attachment, prolifera-
tion, and ECM-related gene expression. Unexpected bioactiv-
ity is observed from the Ag nanoparticles pertaining to
ECM-related gene expression, but more work is needed in
order to fully understand this mechanism. The TiO2 nano-
tubular surface with immobilized compound Ag/FGF-2 has
excellent cytocompatibility compared to pure Ti and this
modified Ti surface may have potential use in dental
implant abutment.
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