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Abstract: Competition occurs between the osteoblasts in regional microenvironments and
pathogens introduced during surgery, on the surface of bone implants, such as joint prostheses.
The aim of this study was to modulate bacterial and osteoblast adhesion on implant surfaces by
using a nanotube array. Titanium oxide (TiO,) nanotube arrays, 30 nm or 80 nm in diameter,
were prepared by a two-step anodization on titanium substrates. Mechanically polished and acid-
etched titanium samples were also prepared to serve as control groups. The standard strains of
Staphylococcus epidermidis (S. epidermidis, American Type Culture Collection [ATCC]35984)
and mouse C3H10T1/2 cell lines with osteogenic potential were used to evaluate the different
responses to the nanotube arrays, in bacteria and eukaryotic cells. We found that the initial
adhesion and colonization of S. epidermidis on the surface of the TiO, nanotube arrays were
significantly reduced and that the adhesion of C3H10T1/2 cells on the surface of the TiO,
nanotube arrays was significantly enhanced when compared with the control samples. Based
on a surface analysis of all four groups, we observed increased surface roughness, decreased
water contact angles, and an enhanced concentration of oxygen and fluorine atoms on the TiO,
nanotube surface. We conclude that the TiO, nanotube surface can reduce bacterial colonization
and enhance C3H10T1/2 cell adhesion; multiple physical and chemical properties of the TiO,
nanotube surface may contribute to these dual effects.

Keywords: bacterial adhesion, titanium implant, surface modification

Introduction

Titanium and titanium alloys have attracted tremendous attention for use in orthopedic
and dental implants, due to their strong corrosion resistance, biocompatibility, low tox-
icity, and excellent mechanical properties.!~ However, material-related complications,
such as aseptic loosening and infection continue to make orthopedic implant surgeries
risky.’ Aseptic loosening is the most common complication after joint replacement.®’
The gap between the implant and the surrounding bone tissues, caused by an unsuitable
prosthetic surface for cell adhesion and poor osseointegration, is one of the primary
causes of aseptic loosening.®® The physical and chemical properties of the surface are
known to be crucial for the ultimate interaction between the prosthesis and the biologi-
cal system; however, the precise role of the surface chemistry and topography in the
early stages of dental implant osseointegration remain poorly understood.!® Recent
studies have indicated that a nanostructure surface can enhance the adhesion, growth,
and proliferation of osteoblasts compared with a traditional microstructure surface.'~*
In addition, when the prosthesis is implanted in a human body, a blood-free area that
is primarily composed of abraded particles and dead cell debris gradually forms at
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the prosthesis—bone tissue interface. In this blood-free area,
the innate immune system of the host is lost, and infection
occurs easily.’® Systemic antibiotics cannot reach this area,
and thus, such infections are difficult to treat.'® Hence, poor
osseointegration around the prosthesis is also a risk factor
for infection.!”!

Competition between cell adhesion and bacterial adhesion
arises on prosthetic surfaces, and cell adhesion is inhibited
when bacteria adhere more strongly than the cells, a notion
that was first put forward by Gristina." Adhered biofilm-
positive bacteria irreversibly form into a biofilm,? and as a
result of the physical protective effects of the biofilm matrix
and the change in the bacterial metabolism, the antibiotic
resistance of the biofilm bacteria will be 1,000 times stronger
than that of normal bacteria.?** Thus, inhibiting bacterial
adhesion on the prosthesis surface at the initial stage of
implantation is critical to preventing this type of infection.
It is hence, necessary to improve the biological properties
of prosthetic surfaces.

Most existing studies have focused on either promot-
ing osteoblast activity or inhibiting bacterial adhesion, but
no reported studies have considered both aspects. Hu et al
found that immobilized vascular endothelial growth factor
(VEGF) on titanium via heparin-VEGF interactions, can
preserve the growth factor bioactivity on both osseous and
vascular components and can concomitantly reduce bacterial
infection.? Lee et al developed a novel gentamicin and bone
morphogenic protein-2 for heparinized-titanium implants
that enhanced osteoblast functions while simultaneously
decreasing bacterial infections.* Shi et al found that the
surface functionalization of titanium with carboxymethyl
chitosan and immobilized bone morphogenetic protein-2
can provide a selective biointeractive surface that simulta-
neously enhances bone cell function and decreases bacterial
adhesion.”® Annunziata et al found that a titanium nitride
coating significantly reduced bacterial adhesion and prolif-
eration, while maintaining the prosthesis biological affinity
for bone cell precursors.?® We also found that the quaternary
ammonium salt of chitosan is a potential material for coatings
exhibiting both antibacterial and bone activity.?’—*

Gong et al were the first to fabricate uniform titanium
oxide (TiO,) nanotube arrays, by in-situ anodization on the
surface of titanium foil, in 2001.*' TiO, nanotube arrays on
the titanium surface can enhance osteoblast adhesion and
proliferation,®* and they are expected to be among the
best choices for the surface modification of biomaterials
due to their biocompatibility, cell growth enhancement, and
unique nanotubular structures with tunable dimensions.?**

In recently published studies, many researchers have inves-
tigated the biomedical applications of TiO, nanotube arrays.
To summarize some highlights, Bauer et al** used a TiO,
nanotube array film as a bracket for the adhesion and prolif-
eration of bone marrow mesenchymal stem cells; Popat et al*’
proposed the use of antibiotic-loaded TiO, nanotubes to
inhibit bacterial adhesion; Roy et al** loaded drugs into TiO,
nanotube arrays to control bleeding; Oh et al** found that
stem cells can be regulated by TiO, nanotubes to generate
particular cells. TiO, nanotube arrays are also likely to affect
bacterial adhesion, with various results reported.>*** To date,
as Neoh et al*’ have indicated, the vast majority of studies
that have focused on the effects of surface topography on the
response of bacteria and osteoblasts were carried out with
either bacteria or osteoblasts, while the same substrate has
not been assessed for both types of cells.

In this work, we aimed to develop an appropriate nano-
structured surface for implants to simultaneously increase
osteoblast adhesion and reduce the growth of pathogens. In
this paper, TiO, nanotube arrays with different diameters were
prepared by a two-step anodization on the titanium surface,
and the responses of C3H10T1/2 cells and Staphylococcus
epidermidis to the TiO, nanotube arrays were investigated
and compared.

Materials and methods

Nanotube preparation

Titanium sheets (10 mm X 1 mm, 99.5% purity, annealed;
Sh-puwei, Shanghai, People’s Republic of China) were used
as starting materials. The preparation process of the TiO,
nanotube arrays was as follows: The sheets were degreased by
ultrasonication in acetone, followed by a distilled water rinse.
The samples were polished sequentially using #200, #600,
#800, #1,000, and #1,500 abrasive papers (Golden Tiger
sandpaper Co., Ltd., Hubei, People’s Republic of China). The
samples were chemically etched for 1 minute in a mixture of
nitric acid (HNO,) and hydrofluoric acid (HF) (1:1 volume/
volume) immediately before anodization, to remove the
native oxide film, followed by a distilled water rinse. Anodiza-
tion was performed using a two-electrode configuration with
a DC power supply. The electrolyte consisted of 0.6 volume%
HF (96%) in water (H,0), and a stainless steel sheet served
as the cathode electrode. In this work, the applied voltages
were 10 V and 20 V. Two-step anodization was used in this
paper. For the first anodization step, one group of samples
was anodized at 10V for 10—15 minutes, while another group
of samples was anodized at 20 V for 10—15 minutes. After
the first anodization, all samples were chemically etched, for
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1 minute, in a mixture of HNO, and HF, to remove the TiO,
nanotube arrays formed in the first anodization step and were
then washed with distilled water. Subsequently, these samples
were immediately anodized again under the same conditions
for the desired length of time: the group of samples anodized
at 10 V during the first anodization step was anodized at 10
V for 45 minutes, whereas the applied voltage for the group
of samples anodized at 20 V during the first step was fixed
at 20 V for 45 minutes as the second anodization step. After
the second anodization, all samples were thoroughly washed
with distilled water and then dried by a stream of air.

In this work, apart from the TiO, nanotube arrays anod-
izedat 10 V (group 1) and 20V (group 2), another two groups
of samples were prepared as control groups. For group 3,
the titanium sheets were degreased by ultrasonication in
acetone, followed by a distilled water rinse, and they were
then polished sequentially using #200, #600, #800, #1,000,
and #1,500 abrasive papers. For group 4, the titanium sheets
were chemically etched for 10 minutes in a 0.6 volume% HF
aqueous solution after degreasing and mechanical polishing.
All experiments were conducted at room temperature.

Characterization

The surface morphologies and elemental compositions of all
samples were observed by field emission scanning electron
microscopy (SEM) (SIRION 200; FEI Co, Hillsboro, OR,
USA) with an energy dispersive X-ray spectrometer (EDX)
(INCA; Oxford Instruments, Abingdon, UK).

The surface roughness of all samples was measured by
atomic force microscopy (AFM) (Nanoscope IV Multimode
AFM; Veeco Instruments Ltd, Plainview, NY, USA). The mea-
surements were conducted in ambient air under tapping mode,
with a scan area of 2 x 2 um? The AFM data were analyzed
using Nanoscope v7.20 software (Veeco Instruments Ltd).

To explore the wettability of the samples, the sessile
drop method was used to obtain contact angle measurements
from an optical contact angle measuring device (OCA20;
DataPhysics Instruments GmbH, Filderstadt, Germany) with
acamera. A 4 UL droplet of distilled water was dropped from
the tip of a microliter syringe to the surface of the samples.
After a period of 5 seconds had elapsed, the contact angle
between the drop and the substrate was measured. Meanwhile,
images were collected by the camera. At least five measure-
ments at different spots were obtained for each specimen.

Bacteria culture
The standard American Type Culture Collection
(ATCC)35984 strains (donated by Professor Qu Di, Molecular

Virology Lab, Shanghai Medical College, Fudan University,
People’s Republic of China) consist of biofilm-positive S. epi-
dermidis. The strains were stored in a medium containing
30% glycerol at —80°C. To obtain inocula for examination,
the frozen ATCC35984 strains were incubated in tryptic soy
agar (TSA) plates (Trypticase™; BD Biosciences, Franklin
Lakes, NJ, USA) at 37°C under static culture conditions for
24 hours. Monoclonal strains were selected for use. These
strains were incubated in 50 mL sterile glass tubes contain-
ing 10 mL tryptic soy broth (TSB, BD Biosciences) and
were then placed on a rotary platform (130 rpm) at 37°C for
12 hours under aerobic conditions. After being dynamically
cultured twice in fresh TSB media, the bacterial suspension
was moved to a centrifuge tube and then centrifuged (8,000 g,
10 minutes). The supernatant was decanted, and the precipi-
tate was diluted with fresh TSB media to a 1 x 107 colony
forming units (CFU)/mL bacterial suspension.

Eukaryotic cell culture

Mouse C3H10T1/2 cell lines with osteogenic differentiation
potential (provided by the Cell Bank of the Chinese Academy
of Sciences, Shanghai, People’s Republic of China) were
cultured in Dulbecco’s Modified Eagle’s medium (DMEM;
GIBCO, Grand Island, NY, USA) containing 10 volume%
fetal bovine serum (FBS; Hyclone, Tauranga, New Zealand).
The C3H10T1/2 cells were digested with 0.05% trypsin and
0.02% ethylenediaminetetraacetic acid (EDTA; GIBCO)
when the cell density approached 90% confluence and
were then subcultured at a 1:3 ratio. Once the cell density
approached 90% confluence again, the C3H10T1/2 cells
were digested with 0.05% trypsin and 0.02% EDTA, which
was stopped by DMEM containing 10% fetal bovine serum,
and the suspension was then diluted to 1 x 10* cells/mL.

Assay for bacterial adhesion

and proliferation

The LIVE/DEAD® BacLight™ Bacterial Viability Kit
(Molecular Probes® L7012, Life Technologies, Carlsbad, CA,
USA) contains two fluorescent dyes: SYTO® 9 nucleic acid
stain and propidium iodide (PI). The former causes live bac-
teria to emit green fluorescence, while the latter causes dead
bacteria to emit red fluorescence, which can be used to dif-
ferentiate between live and dead bacteria under a fluorescent
microscope. According to the ratio given in the instructions
(SYTO 9:PI:double distilled (dd)H,0=1.5 uL:1.5 uL:1 mL),
the three types of solution were combined in a centrifuge tube
and oscillated for thorough mixing. The operations above
were performed while avoiding natural light.
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Four groups of samples (10 mm x 1 mm) were placed in
12-well plates after autoclave sterilization. Then, 1.5 mL of a
fresh bacterial suspension (1 x 107 CFU/mL) was placed into
each individual well; the samples were then stored in an incu-
bator for static culturing at 37°C. Each sample was removed
by sterile tweezers after 1, 2, 3, 4, and 5 hours of cell culture
and was rinsed lightly three times with phosphate-buffered
saline (PBS) to remove nonadherent floating bacteria from the
surface of the samples. Next, 200 UL of the fluorescent dye
described above was dropped on each sample, and the samples
were wrapped in aluminum foil for incubation without natu-
ral light at room temperature for 15 minutes. Confocal laser
scanning microscopy (Leica TCS SP2; Leica Microsystems,
Wetzlar, Germany) was used to observe the samples, and

®

the data were statistically analyzed by WinSTAT® software

(R Fitch Software, Stauffen, Germany).

Assay for cell adhesion, proliferation,

and skeleton and adhesion proteins

4’ 6-diamidino-2-phenylindole (DAPI) is a common fluores-
cent dye that can penetrate the cell membrane and combine
with double-stranded DNA in the core, to mark the cell’s
position. The fluorescence generated by DAPI is 20 times
brighter than the dye itself. A 1 mg/mL storage solution was
prepared with ddH, O, as described in the instruction manual,
and the working fluid was diluted to 10 pg/mL using ddH,O
and stored at 4°C without natural light. Fluorescein isothio-
cyanate (FITC)-phalloidin (Sigma-Aldrich, St Louis, MO,
USA) was used to stain F-actin, to indicate the cell skeleton.
Four groups of samples were prepared as described above,
with the cell concentration in each well, being approximately
1 x 10° cells/mL. Each condition was repeated three times,
and the well plate was stored in an incubator under a 5%
carbon dioxide (CO,) environment.

The number of cells in each group of samples, after
incubating for 1, 2, 8, 12, and 24 hours, was counted using
the fluorescent dye. FITC-phalloidin was used to dye
the F-actin, to indicate the cell skeleton, and DAPI was
employed to dye the cell nucleus; further details have been
reported by Coleman et al.*'*> Adhesion plaque protein, also
called vinculin, is a highly conserved cellular protein. This
protein is related to the cell’s adhesion and can connect to
F-actin in other cells to form adhesion points between the
cells and the substrate. Immunofluorescence staining of vin-
culin was performed using a 1:800 dilution of mouse Mono-
clonal Anti-Vinculin Antibody (Sigma-Aldrich); antibody
labeling was performed via a 1:200 dilution of Alexa Fluor®
488 conjugated Goat Anti-Mouse immunoglobulin (Ig)G

(Life Technologies), in accordance with the manufacturer’s
instructions. The samples were then viewed by confocal laser
scanning microscopy (Leica TCS SP2).

Statistical analysis

Differences between groups were examined for statistical sig-
nificance using an analysis of variance (ANOVA), presented
as the mean (three independent experiments with each in
duplicate, n = 3 per group) * standard deviation. P < 0.05
was considered to indicate statistical significance.

Results
Physical and chemical properties

of the different surfaces

Figure 1 shows the surface morphologies of the four groups
of samples: mechanically polished titanium sheet (group 1);
acid-etched titanium sheet (group 2); TiO, nanotube arrays
anodized at 20 V (group 3); and TiO, nanotubes anodized
at 10 V (group 4). The figure shows that regular grinding
marks, incurred by mechanical processing, were present on
the surface of the titanium sheet (group 1 in Figure 1); the
grinding marks were irregular on the acid-etched titanium
surface (group 2 in Figure 1). Highly ordered TiO, nanotube
arrays were separately prepared by anodization at 20 V and
10 V. The average diameter of the TiO, nanotubes anodized
at 20 V was approximately 80 nm (group 3 in Figure 1), and
the average diameter of the TiO, nanotubes anodized at 10 V
was approximately 30 nm (group 4 in Figure 1).

Figure 2 shows the EDX spectra of these four samples,
and Table 1 shows their elemental composition. The tita-
nium content was approximately 100% on the surface of
the mechanically polished titanium. A small number of
fluorine atoms (~0.95%) were detected on the surface of the
acid-etched titanium. The TiO, nanotube arrays anodized
at 10 V and 20 V had a similar elemental composition: the
fluorine content was approximately 8%—9%, the oxygen
content was ~50%, and the titanium content was ~40%. It is
inferred that the fluorine detected on the surface of the TiO,
nanotube arrays originated from residual electrolyte in the
TiO, nanotubes.

AFM images of the surface morphologies of the four
samples are shown in Figure 3, and the average surface rough-
ness values measured by AFM are given in Table 2. According
to the guidelines suggested for the topographic evaluation
of implant surfaces by Wennerberg et al,* three parameters,
including the mean roughness (roughness average), the root
mean square roughness, and the maximum roughness depth,
were used to evaluate the surface roughness of the samples.
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Figure | SEM images of the surface morphologies of the four groups: mechanically polished titanium sheet (group 1), acid-etched titanium sheet (group 2), TiO, nanotube
arrays anodized at 20 V (group 3), and TiO, nanotube arrays anodized at 10 V (group 4).
Abbreviations: SEM, scanning electron microscopy; TiO,, titanium oxide.

As indicated in Table 2, the surface of the TiO, nanotube  of the 80 nm TiO, nanotube arrays (479.53 + 8.356 nm) was
arrays was rougher than that of the other two control groups  slightly lower than that of the 30 nm TiO, nanotube arrays
of titanium. For the 80 nm diameter TiO, nanotube arrays,  (536.54 = 10.240 nm).

the average roughness and root mean square roughness were Figure 4 shows the water contact angle images, and
higher than for the others, but the maximum roughness depth ~ Table 1 lists the average contact angle for the four groups.
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Figure 2 EDX spectra of the four groups, including the mechanically polished titanium sheet (group 1), acid-etched titanium sheet (group 2), TiO, nanotube arrays anodized
at 20 V (group 3), and TiO, nanotube arrays anodized at 10 V (group 4).
Abbreviations: EDX, energy dispersive X-ray; TiO,, titanium oxide.
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Table | The relationship between the elemental composition, surface roughness, and water contact angle of the four groups and their
biological activities

Group | Group 2 Group 3 Group 4
O element (atomic %) 0 0 48.63 + 4.43 52.04 £5.02
F element (atomic %) 0 095+ 1.78 9.16 £ 1.46 8.32+292
Roughness (means + standard 12.996 + 1.034 26.177 £ 1.970 54.996 +0.453 42.667 +2.304
deviation)
Water contact angle (°) 733+57 55.8+43 245+52 339+£37
Cytoskeletal proteins No significant difference
Vinculin expression None Weak Strong Moderate
The living bacteria 2,12 x 108 1.34 x 108 2.15x 107 5.70 x 107
per cm? (5 hours)
Adhered osteogenic 7.02x 10* 8.15x 10* 1.20 x 10° 9.55 % 10*

cells per cm? (24 hours)

The largest water contact angle was ~75°, on the surface  obvious that the contact angles of the TiO, nanotube
of the titanium sheet. The contact angle on the acid-etched  arrays were much lower than those of the titanium and
titanium sheet was ~55°, and the angle reached ~34°  acid-etched titanium sheets, which implies that the TiO,
for the group 4 samples. The lowest contact angle was  nanotube arrays significantly improved the wettability of
observed for the group 3 samples, approaching 25°. Itis  the sample surface.

Group 1 Group 2

5.00 5.00
4250 2.50

" % 0 0
0 2.50 5.00 ym . 5.00 um
5.00
2.50

: 0
0 . 5.00 um 0 2.50 5.00 ym

Figure 3 AFM images of the surface roughness of the four groups: mechanically polished titanium sheet (group 1), acid-etched titanium sheet (group 2), TiO, nanotube arrays
anodized at 20 V (group 3), and TiO, nanotube arrays anodized at 10 V (group 4).
Abbreviations: AFM, atomic force microscopy; TiO,, titanium oxide.
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Table 2 The surface roughness of the four groups

Ra (nm) Rq (nm) Rmax (nm)
Group | 10.116 +2.062 12.999 + 1.034 106.53 £ 5.790
Group 2 20.744 + 3.682 26.177 £ 1.970 194.81 £ 4.872
Group 3 39.120 + 2.960 54.996 + 0.453 479.53 +£8.356
Group 4 31.052 +2.203 42.667 +2.304 536.54 + 10.240

Note: Figures are mean =+ standard deviation.
Abbreviations: Ra, average roughness; Rg, root mean square roughness;
Rmax, maximum roughness depth.

Bacterial adhesion and proliferation

on the different surfaces

Three views of each sample were randomly selected for
imaging by a confocal laser scanning microscope (Figure 5),
which were then quantified by the accessory software. Green
fluorescence indicated live bacteria, while red fluorescence
indicated dead bacteria. From Figure 5, it is clear that live
bacteria on the TiO, nanotube arrays were greatly inhibited at
each time point compared with the titanium sheets. Statistical
analysis (Figure 6) showed that both the total and live bac-
teria on the TiO, nanotube arrays were much lower than on
the mechanically polished titanium (P < 0.05) at each time
point (after 1, 2, 3, 4, and 5 hours of incubation) or on the
acid-etched titanium at 2 hours (P < 0.05). Furthermore, the
levels of total and live bacteria on the 80 nm TiO, nanotubes

Group 1

400 pm

Group 3

400 pm 400 pm

were lower than on the 30 nm TiO, nanotubes at 2 hours
(P < 0.05).

C3HI10T1/2 cell adhesion

on the different surfaces

The adhesion of C3H10T1/2 cells for these four groups is
shown in Figure 7. With increasing culture time, the cells
gradually spread and grew to confluence on the surface. Three
views of each group sample were randomly selected, and the
cell numbers, as indicated by blue dots (stained with DAPI),
were counted per square centimeter. As shown in Figure 8,
the cell density on the 30 nm and 80 nm TiO, nanotube
arrays was obviously higher than that on the mechanically
polished and acid-etched titanium sheets (P < 0.01), and
the cell density on the 80 nm TiO, nanotube arrays was
remarkably higher than that of the other groups at 2, 8, 12,
and 24 hours.

Cell spreading and vinculin expression

on the different surfaces

Figure 9 shows a single cell spreading on the surface,
with immunofluorescent blue staining of the nucleus, red
cytoskeletal F-actin fibers, and green adhered vinculin.

Group 2

400 ym

Group 4

Figure 4 Schematic of the water contact angle for the four groups: mechanically polished titanium sheet (group 1), acid-etched titanium sheet (group 2), TiO,
nanotube arrays anodized at 20 V (group 3), and TiO, nanotube arrays anodized at 10 V (group 4).

Abbreviation: TiO,, titanium oxide.
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Figure 5 Confocal laser scanning microscopy analysis of Staphylococcus epidermidis colonies on mechanically polished titanium (A), acid-etched titanium (B), 80 nm TiO,
nanotube arrays (C), and 30 nm TiO, nanotube arrays (D), after | hour (1), 2 hours (2), 3 hours (3), 4 hours (4), and 5 hours (5) of incubation (400x).

Vinculin is the principal protein in adhesion plaque, and its
expression indirectly reflects the cell’s adhesion strength on a
material’s surface. We observed brighter staining of vinculin
in the cell skeleton on the TiO, nanotube surface than on the
surface of the mechanically polished or acid-etched titanium
after a 24-hour incubation.

Discussion

The eukaryotic cells (ie, osteoblasts) and bacteria uti-
lized in this study displayed different growth patterns
on the implant surface. The eukaryotic cells grew on the
surface with contact inhibition, while the bacteria lived on

the surface as an aggregate. The adhesion mechanisms of
eukaryotic cells and bacteria on the surface also differed; the
adhesion of eukaryotic cells mainly depended on the formation
of adhesion plaque,* while the bacterial membrane played
an important role in bacterial adhesion to surfaces.* It is known
that appropriately sized nanotubes promote the formation of
osteoblast adhesion plaque proteins by increasing osteoblast
adhesion.**” Here, we further demonstrated that the surface of
TiO, nanotube arrays has the dual function of reducing bacte-
rial colonization and enhancing C3H10T1/2 cell adhesion.
Many reports have demonstrated that nanosurfaces can
promote the adhesion, proliferation and differentiation of
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Figure 6 A comparison of live Staphylococcus epidermidis on the titanium surfaces of the four groups, including pure titanium (group 1), acid-etched titanium (group 2), and
nanotube titanium (group 3 and group 4), after 1, 2, 3, 4, and 5 hours of incubation.

Notes: e+8 means x 10% *P < 0.05 compared with group I; #P < 0.05 compared with group 4; $P < 0.05 compared with group 2.

-
Figure 7 C3HI0T1/2 cell growth on mechanically polished titanium (A), acid-etched titanium (B), 80 nm TiO, nanotube arrays (C), and 30 nm TiO, nanotube arrays (D),

after | hour (1), 2 hours (2), 8 hours (3), 12 hours (4), and 24 hours (5) of incubation.
Note: The cells were fluorescently stained for cytoskeletal F-actin fibers (red) and at the nucleus (blue) (100x).
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Figure 8 C3HI0T /2 cell growth on TiO, nanotube arrays (group 3 and group 4) compared with mechanically polished titanium (group ) and acid-etched titanium (group 2)
after 2 hours, 8 hours, 12 hours, and 24 hours of cell culture.
Notes: e+8 means X 108 *P < 0.05 compared with titanium; *P < 0.05 compared with group 4.
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Figure 9 C3HI0TI/2 cells were fluorescently stained after a 24-hour culture period on mechanically polished titanium (A), acid-etched titanium (B), 80 nm TiO, nanotube
arrays (C), and 30 nm TiO, nanotube arrays (D).

Notes: The blue nucleus is indicated in (1), the red cytoskeletal F-actin fibers are indicated in (2), the green adhered protein vinculin is indicated in (3), and the merged
images are shown in (4) (400x).

3102 submit your manuscript International Journal of Nanomedicine 2013:8
Dove:


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Dual effects and mechanism of TiO, nanotube arrays

osteogenic progenitors,*->! but there have been varied results
regarding bacterial adhesion. Colon et al** compared the
behavior of S. epidermidis and osteoblasts on nanostructured
and microstructured zinc oxide (ZnO) and TiO,. They
found that S. epidermidis adhesion on nanostructured ZnO
and TiO, was weaker than that observed with microphage
formulations. Puckett et al found that compared with
smooth titanium nanosurfaces, rough titanium nanosurfaces
decreased the bacterial adherence, while nanotubular and
nanotextured titanium increased the bacterial attachment.
They also reported that anodized surfaces (nanotubular and
nanotextured titanium) decreased the percentage of living
cells compared with nonfluorinated surfaces (nanorough
and conventional titanium).” Popat et al observed that TiO,
nanotubes loaded with the antibiotic gentamicin significantly
reduced bacterial adhesion.’” We argue that these varied
results may be related to the complex physical and chemical
changes that occur on different nanosurfaces.

Pathogens that cause infections in orthopedic implants
include the Staphylococcus genus, the Enterobacteriaceae
family, the Pseudomonas genus, the Enterococcus genus,
etc. In this paper, we chose S. epidermidis to investigate
bacteria growth on a nanotube surface. According to reports
from Arciola et al and Campoccia et al,*>> Staphylococ-
cus has been implicated in 66%—75.5% of severe ortho-
pedic implant-related infections. While these researchers
confirmed the importance of Staphylococcus as the most
prevalent cause of infection, their data indicated an unexpect-
edly high prevalence, of 42% and 44%, of S. epidermidis
in infected hip and knee arthroprostheses, respectively.
Considering the common adhesion mechanism of the dif-
ferent types of bacteria on the implant surface, the results
observed for S. epidermis may translate to other species of
bacteria as well.

In this study, we also explored how the TiO, nanotube sur-
face could be altered to modulate the response of osteogenic
progenitors or bacteria. As indicated in Table 1, the physical
characteristics and chemical compositions differed among the
four groups. The nanotube surface (80 nm or 30 nm in diam-
eter) had an increased roughness and decreased water contact
angles, as well as a high concentration of oxygen and fluorine
atoms, which may have been induced by the preparation
process. The presence of oxygen has been reported to be
advantageous for biological activity.>* Although some reports
have found that fluorine can enhance bacterial adhesion on the
surface of biomaterials,*>¢ others have reported that fluorine
shows antibacterial ability.’”-

Our data indicate that the roughness of both TiO, nanotube
surfaces was higher than that of the two control samples. We
also found that the water contact angles on both TiO, nanotube
surfaces, especially on the surface of the 80 nm TiO, nano-
tubes, were much lower than those of the two control groups,
indicating that the TiO, nanotube surfaces had improved
hydrophilic performance. It is inferred that suspensions of
C3H10T1/2 cells or bacteria on a TiO, nanotube surface
will spread and disperse over a larger area than on a non-
nanosurface. It is known that cell spreading can promote the
proliferation and differentiation of C3H10T1/2 cells, while
the separation of bacteria may prevent bacteria communica-
tion and colonization. Vinculin is a key focal adhesion protein
that can stabilize the talin—integrin complex and increase cell
adhesion. Cells can stably adhere to the surface, activating
the expression of vinculin.*=*' Hence, vinculin expression on
the prosthesis can reflect, to some extent, the cell adhesion
strength. In this study, we noted stronger vinculin immuno-
staining for the TiO, nanotube surfaces than for the two control
groups, which may be attributed to the increased adherence
of C3H10T1/2 cells.

Conclusion

In summary, the initial adhesion and growth of S. epidermidis
on the surface of TiO, nanotube arrays were inhibited, espe-
cially on the 80 nm TiO, nanotube arrays. Meanwhile, the
adhesion of C3H10T1/2 cells on the surface of the TiO, nano-
tube arrays was enhanced. The observed dual effects of the
nanotube surface likely result from multiple factors, includ-
ing both physical characteristics (higher surface roughness
and lower water contact angle) and chemical composition
(higher concentration of oxygen and fluorine).
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