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Abstract

Titanium oxide (TiO2), a light, strong, corrosion resistant, biocompatible and non-toxic metal, is widely used as dental or orthopedic implants,
but is rarely used in nasal applications. There are three potential clinical applications for titanium in nasal surgery, including nasal septal
perforation repairment, nasal reconstruction or rhinoplasty, and cerebral spinal fluid (CSF) rhinorrhea repairment. Nasal cavity is a contaminated
cavity, thus to develop a nasal implant with antibacterial activity has its importance. We have developed self-organized TiO2 nanotubes with
different diameters by utilizing an electrochemical anodization method and further decorated the TiO2 nanotubes with silver (Ag) layer by
electron-beam deposition. The human nasal epithelial cells (HNEpCs) was used for evaluating the cytocompatibility of TiO2 nanotubes with or
without Ag decoration, including cell adhesion, cell proliferation assay for analyzing cell growth condition, and scanning electronic microscopy
(SEM) for observing cell morphology. Furthermore, Pseudomonus aeruginosa was used for assessing the antibacterial activity of titanium
implants. Our results showed that 25-nm-diameter Ag-coated TiO2 nanotubes possess both good cytocompatibility with cultured HNEpCs and
antibacterial activity against P. aeruginosa, as compared to 100-nm-diameter nanotubes. In conclusion, the small-diameter Ag-decorated TiO2

nanotubes have high biocompatibility and good antibacterial activity, and there is potential of its usage for future clinical applications as novel
nasal implants.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium (Ti) possesses several characteristics including
high biocompatibility, corrosion resistance, being light weight
and has been widely used as dental implants or bony implants.
It forms a titanium oxide (TiO2) layer on its surface (approxi-
mately 10 nm thick) which acts like a ceramic with excellent
biocompatibility when it is exposed to air [1,2]. The current
application of Ti in nasal surgery is still rare. There are three
potential clinical applications for Ti and its alloys to be used in
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nasal surgery: nasal septal perforation repairment, nasal
reconstruction or rhinoplasty, and cerebral spinal fluid (CSF)
rhinorrhea repair.
Nasal septal perforation, which can be caused by tumor,

trauma, long-term topical drug use like cocaine or deconge-
stant nasal sprays, inflammatory, and infectious disease, is still
a challenging problem for otolaryngologists [3–6]. Various
surgical techniques, including advancement flaps and inferior
turbinate flap, have been developed to repair septal perforation
limited to defects of less than 3 cm in diameter [7,8]. Using Ti
mesh with open rhinoplasty approach as a novel method
to repair large septal perforation has been described with
good results [9,10]. However, there were still some patients
whose Ti meshes were not mucosalized completely during the
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follow-up period [9]. Another application for Ti in nasal
surgery is nasal reconstruction and rhinoplasty [11–14]. Henry
has used Ti as the nasal scaffolding in the total nasal
reconstruction of eight patients with post-operative nasal defect
due to nasal cavity cancer with excellent cosmetic results [11].
Rodríguez-Prieto also demonstrated good functional and
esthetic results without any rejection or other complications
in his patients who received nasal reconstruction with Ti [13].
However, just like all other types of alloplastic materials, there
were still cases in which implant extrusion or infection with Ti
nasal implants were noted [11,15]. The third clinical applica-
tion for Ti in nasal surgery is CSF rhinorrhea repair. Esposito
used Ti in his cases of CSF leak repair using the endonasal
approach with good results [16]. The nasal cavity has some
distinct tissue characteristics: thin nasal mucosa and a con-
taminated cavity. Since there are often bacteria in nasal
cavities, Ti with an antibacterial activity may prevent implant
infection related meningitis in patients with CSF rhinorrhea.

Several factors control the biocompatibility of an implant,
such as implant size, shape, material composition and surface
characteristics. Among them, the surface characteristic of an
implant is the most important factor [1,2]. In this study, we
modified the Ti implant surface by generating a nanotube
structure with silver (Ag) decoration. The human nasal
epithelial cells (HNEpCs) were used to evaluate its biocompat-
ibility and Pseudomonus aeruginosa, one of the most common
bacteria found in sinonasal biofilm formation, was tested for its
antibacterial effect. The small-diameter Ag-coated TiO2 nano-
tubes revealed good biocompatibility and antibacterial effect.
This design has the potential in future clinical applications.
It may overcome the possible complications of current Ti nasal
implants, such as implant extrusion and implant infection.

2. Material and methods

2.1. Material preparation

Generation of self-assembled TiO2 nanotubes in a highly
regular arrangement was achieved by anodizing Ti foil in the
F-containing electrolyte. Commercially pure Ti foils with
purity 99.7% (diameter of 12 mm; thickness of 0.127 mm)
were used for producing nanotube surface. Polished Ti foils
were ultrasonically cleaned in acetone, distilled water followed
by alcohol before anodization. All anodization experiments
were performed in ethylene glycol electrolytes containing
0.5 wt% NH4F with different potentials at 20 1C for 90 min.
A two-electrode electrochemical cell with Ti anode and
platinum (Pt) as counter electrode were used. Anodization
voltage was kept constant at 10 V, 20 V, and 40 V, respec-
tively. Subsequently, a 10-nm thick Ag layer was electron-
beam-evaporated on the nanotube surfaces. During the Ag
deposition, vacuum level and deposition rate were kept at
2� 107 Torr and 0.1 nm/s, respectively. Both these Ti sheets
were cleaned by deionized water and sterilized with low-
intensity ultraviolet (UV) light irradiation (o2 mW/cm2)
using fluorescent black-light bulbs for 8 h before the following
biocompatibility tests. The surface morphologies of Ag-free
and Ag-coated TiO2 nanotubes were characterized ex situ
using field-emission scanning electron microscopy (FE-SEM).

2.2. Human nasal epithelial cell culture

Human Nasal Epithelial Cell (HNEpC) (PromoCell
Bioscience Alive, Heidelberg, Germany) were plated in T25
cell culture flasks (Falcon, BD Biosciences, San Jose, CA,
USA) and cultured with Airway Epithelial Cell Growth
Medium (PromoCell Bioscience Alive, Heidelberg, Germany)
containing bovine pituitary extract (0.004 mL/mL), human
epidermoid growth factor (0.5 ng/mL), insulin (5 μg/mL),
transferrin (10 μg/mL), hydrocortisone (0.5 g/mL), epinephrine
(0.5 μg/mL), triiodo-l-thronine (6.7 ng/mL), retinoic acid
(0.1 ng/mL), and phenol red (0.62 ng/mL). Cultures were
maintained at 37 1C in a humidified atmosphere of 5% CO2.
Cells were then seeded on Ti sheets placed on the bottom of
12-well culture plate (Falcon, BD Biosciences, San Jose, CA,
USA) at a density of 1� 104/cm2 for 3 days for cell adhesion
and proliferation assays.

2.3. Cell adhesion assay

After cell plating on the Ti sheets for 3 days, the adherent
cells were fixed for 1 h in 4% paraformaldehyde (USB Corp.,
Cleveland, OH, USA) at room temperature. Cells underwent
two washes in PBS and were permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich Corporation, St. Louis, MO, USA) in
PBS for 15 min at 4 1C. Cells were then washed with PBS and
incubated with rhodamine phalloidin (Life Technologies Cor-
poration, Grand Island, NY, USA) for 15 min at room
temperature for actin filament stain and diamidino-2-
phenylindole (DAPI; Thermo Fisher Scientific Inc., Waltham,
MA, USA) for 5 min for nuclei stain. Cells were then analyzed
under a fluorescent microscope (AX80, Olympus). The speci-
mens were further characterized by using field emission
scanning electron microscopy (FE-SEM; FEI Quanta 200F,
FEI, Hillsboro, OR, USA). Briefly, after 3 days of cell
incubation, cells were fixed with 2.5% glutaraldehyde solution
(Merck & Co., Inc., Whitehouse Station, NJ, USA) for 1 h at
room temperature. Samples were rinsed in PBS solution,
dehydrated in a sequential series with mixtures of ethanol
and distilled water (40, 50, 60, 70, 80, 90, and 100%) and
critical point dried with a Critical Point Dryer (CPD 030, Leica
Microsystems, Wetzlar, Germany). A thin Pt film was coated
on the samples before SEM observation.

2.4. Cell proliferation assay

Cell viability was determined using the WST-1 cell pro-
liferation reagent kit (Roche, Penzberg, Germany), according
to the manufacturer's instructions. On the 3rd day after seeding
the cells at a density of 1� 104 cells/cm2 on the Ti sheets, cells
were washed with PBS twice, and incubated with medium
containing 10% WST-1 cell proliferation reagent in a humidi-
fied atmosphere of 5% CO2 at 37 1C for 2 h. The solution was
then retrieved from each well to a 96-well plate and optical
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density (OD) was measured using a spectrophotometer (Tecan
Group Ltd., Männedorf, Switzerland) at 450 nm.
2.5. Antibacterial test

The antimicrobial activity of the Ti/Ag surface was tested
against P. aeruginosa (ATCC15442, Bioresource Collection
and Research Center, Hsinchu, Taiwan). Tryptic soy broth and
tryptic soy agar were used to grow the bacteria. Titanium
sheets (both control and silver-coated ones) were exposed to
150 μL bacterial solution containing P. aeruginosa with a
concentration of 1.6� 1010 colony forming units (CFU)/mL
for 4 h at 37 1C to allow bacteria to adhere to the TiO2 surface.
After dipping sheets into sterile PBS to remove the detached
Fig. 1. SEM images of self-organized TiO2 nanotubes with different diameters. Th
and 100 nm, respectively.

Fig. 2. Fluorescent images of the HNEpCs attachment on the as-grown (a–c) and
indicates cytoskeletal actin, and the blue fluorescence indicates cell nuclei. For b
cytoskeleton, and higher density of HNEpCs were noted on the smaller diameter na
reader is referred to the web version of this article.)
bacteria, the plates were subsequently fixed with 2.5%
glutaraldehyde solution (Merck & Co., Inc., Whitehouse
Station, NJ, USA) for 1 h at room temperature. Samples were
rinsed in PBS solution, dehydrated in a sequential series with
mixtures of ethanol and distilled water (40, 50, 60, 70, 80, 90,
and 100%) and critical point dried with a Critical Point Dryer
(CPD 030, Leica Microsystems, Wetzlar, Germany). A thin Pt
film was coated on the samples and evaluated by SEM.
2.6. Statistical analysis

All experiments were carried out in triplicate and at least
three independent experiments were performed. The test values
were expressed as mean7standard error (SE). Statistical
e as-grown (a–c) and Ag-coated (d–f) nanotubes have the diameters of 25, 50,

Ag-coated (d–f) TiO2 nanotubes of different diameters. The red fluorescence
oth as-grown and Ag-decorated TiO2 nanotubes, longer, better-defined actin
notubes. (For interpretation of the references to color in this figure legend, the
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comparisons of multigroup data were analyzed by ANOVA
followed by the Sheffe posttest using SPSS 12.0 software
(SPSS Inc.,Chicago, IL). A p value of o0.05 was considered
statistically significant.

3. Results

Fig. 1 shows the FE-SEM image of anodic TiO2 nanotubes
of different diameter size before (a–c) and after Ag deposition
(d–f). The XRD results obtained from our previous study
confirmed these TiO2 nanotubes to be amorphous phase,
mainly TiO2 � xH2O [17]. The size of the Ag particles
decorated by e-gun vacuum evaporation system is between
10 nm and 15 nm, approximately. It can be seen that the Ag
nanoparticles were homogeneous distributed on the top of the
nanotube walls, except the 25-nm-diameter nanotubes, in
which some local agglomeration on the surface was observed
due to the limitation of the nanotube size.

To test the biocompatibility, cell adhesion test and cell
viability test were performed. In cell adhesion assay, HNEpCs
were used to culture on the surface of TiO2 nanotubes with and
without Ag decoration. Cytoskeleton actin which expressed
red fluorescence was stained with rhodamine phalloidin, while
cell nuclei expressed blue fluorescence was stained with DAPI.
For both TiO2 nanotubes with and without Ag deposition,
better-defined actin cytoskeleton and higher density of
HNEpCs were noted on the smaller-diameter TiO2 nanotubes
compared to those on the larger-diameter ones (Fig. 2). This
may be due to the smaller-diameter TiO2 nanotubes provide
more focal points for cells to adhere then spread for further cell
proliferation.

For detailed observation of cell adhesion, FE-SEM was
further used to analyze the HNEpCs on different Ti sheets after
a 3-days culturing. As shown in Fig. 3, the HNEpCs cultured
on the 25-nm-diameter TiO2 nanotubes reveal good cell
adhesion with bigger cell morphology and better cytoskeleton
Fig. 3. SEM images showing the cell adhesion and proliferation of HNEpCs on the
HNEpCs cultured on the 25-nm-diameter nanotubes reveal good cell adhesion with
larger-diameter nanotubes show rounded cell morphology with lack of cell spreadin
observed on HNEpCs cultured on 25-nm- diameter Ag-coated TiO2 nanotubes (th
development, while those on the 50-nm- and larger-diameter
TiO2 nanotubes show rounded and smaller cell morphology
with lack of cell spreading. Lamellipodia and filopodia can
even be observed on HNEpCs cultured on 25-nm-diameter Ag-
coated TiO2 nanotubes (see the insert of Fig. 3d).
WST-1 assay was further performed to quantitatively

evaluate the condition of cell proliferation on the Ti sheets.
Fig. 4 shows that both as-grown and Ag-coated 25-nm-
diameter TiO2 nanotubes have higher OD values than corre-
sponding 50- and 100-nm-diameter ones in the cell prolifera-
tion test. In addition, the OD was lower on the Ag-coated
TiO2 nanotubes group compared to the same diameter as-
grown group, although there was no statistically significant
difference.
Fig. 5 demonstrated the results of the antibacterial test. The

25-nm-diameter as-grown TiO2 nanotubes showed numerous
P. aeruginosa adhered on it, while few P. aeruginosa were
noted on same diameter Ag-coated ones (Fig. 5a and b). The
result suggests that the Ag-coated TiO2 nanotubes can
efficiently inhibit the growth of the bacteria. Furthermore,
some of the bacteria on the Ag-coated TiO2 nanotubes
presented with deformity as indicated by the arrows in
Fig. 5d, which is not found in those on as-grown samples
(Fig. 5c).

4. Discussion

Ti has several advantages when used in nasal implants for
nasal reconstruction. It can resist the forces of contraction
better than bone or cartilage, especially in patients who had
undergone postoperative radiotherapy. It can provide adequate
support to avoid the flutter phenomenon produced during
inhalation; avoid harvesting natural cartilage or bone to reduce
the risk of graft necrosis and prevent morbidity in the donor
area; overcome possible problem of autologous materials
insufficiency in cases of large nasal defects [13]. In addition,
as-grown (a–c) and Ag-coated (d–f) TiO2 nanotubes of different diameters. The
an elongated cytoskeleton development, while those on the 50-nm-diameter or
g in both as-grown and Ag-coated samples. Lamellipodia and filopodia can be
e insert of (d)).
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Ti can be molded into a desired shape, acting like a thin but
strong supporting bridge which can be placed into the nose just
through tiny incision in the nostril. In cases of CSF rhinorrhea
repair, Ti also possesses several advantages: it provides
relatively rigid support to hold the repair in position and
prevent graft migration into either the sphenoid sinus or the
intradural space by holding the graft against the edges of the
bony and dural defect; it is malleable and easily configured to
the bony defect; and it is easily visualized on CT and MRI
scans, allowing its location to be easily confirmed [16].
Although there are many advantages with regards to Ti being
used as nasal implants in nasal reconstruction and CSF
rhinorrhea repair, implant extrusion is still a possible problem.
Fig. 4. Optical densities (OD) measured after the culture of HNEpCs on the as-
grown and Ag-coated TiO2 nanotubes of different diameters. Cell proliferation
is lowest for the largest diameter of 100 nm in both as-grown and Ag-coated
TiO2 nanotubes. Meanwhile, the 25-nm-diameter as-grown sample shows the
highest OD value of all nanotube samples. Data were means 7SE of three
independent experiments (*po0.05).

Fig. 5. SEM images of Pseudomonus aeruginosa grown on as-grown or Ag-coated
as-grown 25-nm-diameter nanotubes (a), while only a few bacteria can be seen o
nanotubes presented with deformity as indicated by the arrows in (d), which is no
In order to reduce the implant extrusion rate, developing a
more biocompatible Ti implant has its importance. In this
study, we controlled the diameter of TiO2 nanotubes by
changing the anodization voltage. Three different tube sizes
(25 nm, 50 nm, and 100 nm) were fabricated by 10 V, 20 V,
and 40 V, respectively. One group of samples was further
coated with Ag by electron-beam evaporation method. From
the results, we can see that the smaller-diameter TiO2

nanotubes with or without Ag decoration possess the best
biocompatibility compared to larger-diameter ones. The
HNEpCs on the 25-nm-diameter TiO2 nanotubes reveal good
cell adhesion with wide and flatten morphology, while those
on the 50-nm- or larger-diameter nanotubes show more
rounded morphology and lack of cell spreading. Besides, the
smaller-diameter TiO2 nanotubes showed the best cell prolif-
eration. This may be due to that the predicted size of surface
occupancy by the focal contact of a cell is about 10 nm in
diameter, and a 15–25 nm spacing allows clustering of
integrins with following optimal integrins activation, which
finally results in better cell adhesion and then proliferation
[18]. On the contrary, when the diameter of nanotubes is larger
than 50 nm, the integrins clustering might be restricted which
causes reduced cell proliferation.
Another possible facing problem of current nasal implant is

implant infection. The implant related infection is one of the
main causes of implant failures, which often require implant
removal [19,20]. It is known that as long as the implant
damages or invades epithelial or mucosa barriers, or serves as
reservoirs for microorganisms, they are predisposed to infec-
tion. However, implant related infections are often difficult to
treat. The main reason is the biofilm formation, an aggregate of
microorganism adhering on a surface with resistance to host
TiO2 nanotubes with the diameter of 25 nm. Numerous bacteria colonize on the
n the Ag-coated nanotubes (b). Some of the bacteria on the Ag-coated TiO2

t found in those on as-grown samples (c).
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defense system and antibiotic treatment. Several factors are
related to biofilm formation on the implant surface: chemical
composition of the material, surface roughness, surface con-
figuration, and surface hydrophobicity [20]. Surface character-
istics, such as irregular and porous surface, and hydrophobic
materials, predispose implants to bacteria colonization [20].
Since biofilm formation is dependent upon a surface, surface
modification to make implant hostile to microorganisms, is a
potential strategy to be considered. Ag, one of the oldest
known antimicrobials, is now used widely to combat micro-
organisms in wounds and burns. They show a broad anti-
bacterial effect against all bacteria and without problems of
developing resistance [21,22]. The positively charged ionic
form is highly toxic for microorganisms but has relatively low
toxicity for human tissue cells. Therefore, Ag coated implant
provides an antibacterial strategy for biomaterials.

In our study, we decorated TiO2 nanotubes with the silver
particles on its surface by the e-gun vacuum evaporation
system. The results show that the Ag-coated TiO2 nanotubes
revealed antibacterial effect against P. aeruginosa. The anti-
bacterial effect of Ag may be explained by several mechan-
isms. It can react with negatively charged side groups of the
proteins on the bacterial membrane, resulting in membrane
destruction [23–25]; it can combine with DNA to inactivate its
synthesis and translation [26]; it can also interrupt protein
folding and function, electron transport, and even cell wall
synthesis [21,22]. Moreover, it can produce reactive oxygen
species (ROS) which causes significant cell damage [27]. This
is why Ag possesses the advantages of broad spectrum
antibacterial activity and extremely rare bacterial resistance.
It is known that metallic Ag has no antimicrobial effect unless
it undergoes oxidation to release ionic form. The limitation of
ionic Ag is that they are only active for a short period of time
(a few days). On the contrary, metallic Ag nanoparticles persist
in delivering antimicrobial Ag for as long as 100-200 days.
Furthermore, Ag nanoparticles possess a greater ratio of
surface area to volume compare to same weight of a solid
Ag sphere, thus provide a greater area available for oxidation
necessary for continuously releasing Ag ions [21]. The three-
dimensional exposure of Ag nanoparticles on the Ti sheet
additionally provides a large surface area for contacting with
bacteria, which enhances its antibacterial effect. Therefore, our
designed Ag-coated TiO2 nanotubes could provide a sustained
Ag release, which may kill surrounding bacteria after implan-
tation to prevent possible post-operation infection during initial
stage of wound healing.

Although there are similarly designed Ag-coated TiO2

implants in other research groups [19,28–30], differences still
exist. In Flores's study, they developed a simple method to
modify Ti/TiO2 with Ag nanoparticles which exhibits a good
resistance to colonization by P. aeruginosa [19]. Chang et al.
found the amount of Ag in the TiO2/Ag compound coating on
Ti-based plates has an effect on the inhibition of bacterial
growth and there is no difference of cell proliferation between
TiO2/Ag-coated samples and uncoated Ti [28]. In Liao's study,
they demonstrated that Ti plates deposited by nanosilver
showed both good antibacterial properties and uncompromised
cytocompatibility [29,30]. Above studies, they coated Ag
simply on Ti sheets without nanostructures, while we coated
Ag on different sizes of TiO2 nanotubes. Our Ag-coated TiO2

nanotubes provide good biocompatibility, and also serve as a
large reservoir for Ag which can result in long-term anti-
bacterial effect. Uhm et al. applied silver nanoparticles to TiO2

nanotube with e-beam evaporation which showed antibacterial
activity, but small diameter ones showed mild cytotoxicity
while large-diameter TiO2 nanotubes had favorable osteogenic
properties [31]. The result of Uhm's study was not the same
as ours. Another two studies developed around 100 nm
Ag-coated TiO2 nanotubes, and both products provided anti-
bacterial properties without compromising cytocompatibility
[32,33]. Our study developed 3 different diameter sizes of Ag-
coated TiO2 nanotubes and found the smallest one, 25 nm,
possesses both good cytocompatibility and effective antibac-
terial activity.
In summary, our results showed that 25-nm-diameter Ag-

coated TiO2 nanotubes possess both good cytocompatibility on
cultured HNEpCs and antibacterial activity against P. aerugi-
nosa. Further animal models merit investigation to see if
applying this method clinically is suitable.
5. Conclusion

The study revealed that 25-nm-diameter Ag-coated TiO2

nanotubes are biocompatible with HNEpCs and are antibacter-
ial against P. aeruginosa, compared to 50- and 100-nm-
diameter nanotubes. Therefore, such small-nanometer Ag-
coated TiO2 nanotubes might be a potential novel nasal
implant in the future.
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