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a  b  s  t r  a  c  t

The  titanium  percutaneous  implants  were  widely  used  in clinic;  however,  they  have  an  increased  risk
of  infection  since  they  breach  the skin  barrier.  Lack  of complete  skin  integration  with  the  implants  can
cause  infection  and implant  removal.  In this  work,  three  titania  nanotubes  (TNT)  with  different  diameters,
50  nm  (TNT-50),  100 nm  (TNT-100)  and  150  nm  (TNT-150)  arrays  were  prepared  on  titanium  surfaces  by
anodization,  pure  titanium  (pTi)  was  used  as  control.  Samples  were  characterized  by scanning  electron
microscopy  (SEM),  atomic  force  microscopy  (AFM),  and  contact  angle  analysis.  The  antibacterial  efficiency
of  TNT  was  evaluated  in vitro against  Staphylococcus  aureus  under  the  visible  light.  The  results  indicated
that  TNT-100  had the  highest  antibacterial  efficiency  under  the  visible  light.  Subsequently,  TNT  implants
and  pTi  implants  were  placed  subcutaneously  to the  dorsum  of  New  Zealand  White  rabbits,  108 CFU
S.  aureus  was inoculated  into  the  implant  sites  4 h  after  surgery.  The  TNF-alpha  and  IL-1alpha  were
determined  using  enzyme  linked  immunoassay  (ELISA).  TNT  implants  revealed  less  inflammatory  factor
release  than  pTi  implants  with  or  without  injected  S. aureus  liquid.  According  to  the histological  results,
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the  TNT  implants  displayed  excellent  tissue  integration.  Whereas,  pTi  implants  were  surrounded  with
fibrotic  capsule,  and  the skin  tissue  was  almost  separated  from  the  implant  surface.  Therefore,  the  TNT
significantly  inhibited  the infection  risk  and  enhanced  tissue  integration  of  the percutaneous  implants
compared  to  pTi.  The  immersion  test  in  the culture  medium  suggested  that  one  of  causes  be probably
more  proteins  adsorbed  on  TNT  than  on  pTi.

©  2015  Elsevier  B.V.  All  rights  reserved.

pm
. Introduction

Infection rates occurring in percutaneous implants increase
ear by year, including osseointegrated percutaneous prosthet-
cs, bone-anchored hearing aids, dental implants, and ventricular
ssist devices [1,2]. The severity of infection for percutaneous
mplants depends in part on the amount of infectious agent present
t the interface and time since implantation. Once infection has
ccurred, there are various pathogens colonizing at the inter-
ace which would obstruct the integration between implants and
kin. Lack of complete skin integration with the implants per-
its more pathogens to migrate into the body and colonize,

www.s
hich may  cause infection, tissue morbidity, implant removal,
nd even mortality [3,4]. The poor skin integration with the
ercutaneous implants can result from epidermal downgrowth,

∗ Corresponding author. Tel.: +86 028 87634023; fax: +86 28 87601371.
E-mail address: fengbo@swjtu.edu.cn (B. Feng).

ttp://dx.doi.org/10.1016/j.apsusc.2015.03.115
169-4332/© 2015 Elsevier B.V. All rights reserved.
which is marked by the epithelial layer migrating down along-
side the implant in an attempt to remove the implant with
the ultimate goal of restoring the skin as the defensive barrier
[5,6].

Various materials have been reported for percutaneous
implants, such as polymers [7–9], tantalum [10], titanium [11,12],
ceramics [13], and so on. Among all the materials available, tita-
nium is frequently used in percutaneous applications, because
of the good mechanical properties, high corrosion resistance and
excellent bicompatibility [14–16]. Meanwhile, there were many
strategies targeted at improving the integration between the soft
tissue and the percutaneous implants, including surface topogra-
phy alterations [17,18], protein-coatings [19,20], and antimicrobial
modification [21]. Previous work has demonstrated that altering
the surface topography by creating micromachined grooves [22],

pits [23], or porous surfaces [24,25] can decrease the occurrence of
infections and promoted skin-implant integration. However, nan-
otubular structures have rarely been created on the implant surface
for percutaneous applications.

dx.doi.org/10.1016/j.apsusc.2015.03.115
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.03.115&domain=pdf
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Table  1
The  diameter of samples and main parameters of the anodization.

Sample Diameter of
nanotubes (nm)

Voltage  (V) Treatment
time (H)

TNT-50 50 10 1
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TNT-100 100 20 1
TNT-150 150 20 + 25 1 + 1

Titania nanotubes (TNT) have attracted more and more atten-
ion due to their unique topography and controlled dimensions.
nd the nanotubular structures can be used as the reservoir to
tore growth factors, antibacterial agents, and so on. Nanotubular-
itanium surfaces can improve cellular adhesion and increase cell
preading compared to machine finished surfaces [26]. It has been
emonstrated the titania nanotubes have potential for improv-

ng cell adhesion and consequently skin attachment [27]. TNTs
ave potential as photocatalysts and antibacterials, since TNT can
espond to UV light and absorb poor visible light. This property
s due to the wide band gap of titania [28]. The objective of this

ork was to evaluate whether TNT was adequate as the barrier
o decrease the infection risk when the implants are invasion by
acteria.

In this work, TNT was fabricated on Ti surface by anodization,
taphylococcus aureus were chosen to investigate the antibacterial
ctivity of TNT under the visible light. A model of postoperative
nfection was applied in vivo implant test. The objective of this work
s trying to decrease the infection risk of the percutaneous implants
nd achieve the excellent skin integration.

. Materials and methods

.1.  Preparation of titania nanotubes (TNT)

Commercially pure titanium disks, 10 mm in diameter and 1 mm
hick, were polished by SiC sandpapers and then ultrasonically
leaned with acetone, ethanol, nitric acid/hydrofluoric acid liquor
nd deionized water sequentially. For use in vivo, titanium bars
ith 3 mm diameter and 10 mm length were used as implants.
nodization was carried out in a conventional two-electrode con-
guration at room temperature for 1 h. A titanium disk served as
n anode electrode and a high-purity graphite sheet as a cathode
lectrode with 4 cm separation between them. The electrolyte was

 miscible liquid of H3PO4 (2 M)  and HF (0.15 M).  The diameter
f nanotubes used for this study and the main parameters of the
nodization were shown in Table 1. Afterward, the samples were
ltrasonically cleaned with deionized water and then annealed at
50 ◦C for 3 h in air to achieve anatase-type TNT. Pure titanium (pTi)
as used as the control.

.2.  Characterization of samples

The morphology of the TNT and pTi was detected by scan-
ing electron microscopy (SEM, FEI Quanta 200) and atomic force
icroscopy (AFM, CSPM 5000). The samples were gold-sputtered

rior to SEM examination and the 3-dimensional AFM images
cquired from an area of 2500 nm × 2500 nm.  The wettability of
he samples was measured by contact angle analysis.

.3. Bacteria culture

www.sp
S.  aureus (ATCC 12228) was cultivated in Luria-Bertani (LB
edium) at 37 ◦C in an incubator. The samples were placed on

4-well culture plates and separately incubated in 1 ml  of the
acteria-containing medium (106 CFU ml−1) under the visible light
nce 344 (2015) 119–127

for  different time durations. Before bacteria incubation, the samples
were sterilized with UV light overnight.

2.3.1. Antibacterial assay
The viable count of S. aureus was  evaluated by the MTT

assay after 1, 3 and 7 days of culture. The bacteria on the
various samples were gently rinsed twice with a sterile phos-
phate buffered saline solution (PBS) and incubated with a
0.25 mg/ml  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma) solution at 37 ◦C for 2 h to allow formazan
formation. The formazan was  dissolved by dimethyl sulfoxide and
the optical density (OD) was  determined spectrophotometrically at
570 nm [29,30].

Finally, the antibacterial activity was  appraised by the following
equation:

X (%) =
(

A − B

A

)
× 100 (1)

X  indicates the antibacterial ratio, A is the average number of OD
value from control sample (the bacterial suspension without any
sample in it) and B is the average number of OD value after treat-
ment on given sample.

2.3.2.  SEM observation
After  bacteria incubation for 7 days, the samples were rinsed

three times with PBS, fixed with 2.5% glutaraldehyde at 4 ◦C for
2 h, and dehydrated sequentially in a series of ethanol solutions for
10 min  each. Prior to SEM observation, the samples were dried and
gold-sputtered.

2.4. Immersion test in the culture medium

When the implants insert into the body, the surface com-
positions will rapidly change due to proteins absorbing. So an
immersion test was  carried out in the culture medium (Dulbecco’s
modified Eagle medium (DMEM, HyClone) containing 10% fetal
bovine serum (HyClone)). After being immersed in the medium
for 1 day at 37 ◦C, the samples were removed, rinsed twice with
deionised water and dried. X-ray photoelectron spectroscopy (XPS,
Kratos XSAM-800, Al K� radiation) was used for detecting surface
chemistry of the samples before and after immersion. The binding
energies were calibrated based on the C1s peak at 248.8 eV corre-
sponding to C-H. The following four samples were investigated in
XPS analysis: (1) pTi, (2) TNT, (3) pTi immersed in culture medium
(pTi + DMEM), (4) TNT immersed in culture medium (TNT + DMEM).

2.5. Percutaneous implant

Titania  nanotubes (TNT) with 100 nm in diameter were prepared
on surfaces of titanium bars, and pure titanium (pTi) was used as
the control. Nine New Zealand White Rabbits (aged 5–30 months,
weight 6–9 kg) were randomly assigned to three groups. Sam-
ples were surgically implanted to the animal dorsum. Each animal
received the four implants as shown in Fig. 1. After being monitored
for 1 week to ensure their health, the rabbits were anesthetized by
an intravenous injection of 3% pentobarbital sodium with a dose of
1 ml/kg body weight, and their backs were close-shaved. Thereafter,
two subcutaneous pockets were created on each side of the spine.
One implant was placed in each pocket leaving approximately
3–5 mm of implant exposed. After 4 h following surgery, these ani-
mals received bacterial inoculations (S. aureus liquid, 108 CFU ml−1)
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directly to the skin/implant interface in the pockets.
The rabbits were sacrificed with overdose of pentobarbital

sodium at 2, 4 and 8 weeks after surgery. Each implant with
attached soft tissue was  carefully harvested from the animal. The
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Fig. 1. Overview of the experimental design.

amples were fixed in 10% formalin, dehydrated in serial con-
entrations of ethanol (70, 80, 90, and 100%), and embedded in
ethyl methacrylate. Once polymerized, both the transverse sec-

ion and longitudinal section encompassing the entire implant with
urrounding soft tissue was cut with a diamond band saw (Leica
600, Germany). These sections were then ground using grind-

ng wheel to ∼10 �m thick sections and polished. The sections
ere stained with Van Gieson (VG). Meanwhile, the soft tissues

round the implant were formalin-fixed and paraffin-embedded.
he sections with a thickness of 5 �m were stained with routine
ematoxylin and eosin (H&E). All the sections were observed with

 light microscope.

The  inflammatory factors (TNF-alpha and IL-1alpha) were deter-

ined using an enzyme linked immunoassay (ELISA). The tissues
round implants were rinsed with PBS firstly to remove excess
lood. And then the tissues were weighed and homogenized in

Fig. 2. SEM images of (a) pTi, (b) TNT-5
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PBS  with a glass homogenizer on ice. To further break the cells,
the homogenates were splitting with 1% Triton X-100 for 6 h, then
centrifuged for 5 min  at 5000 × g to get the supernate. The TNF-
alpha and IL-1alpha concentration of the collected solution was
determined using a rabbit TNF-alpha and IL-1alpha ELISA Kit (R&D)
respectively. The assay ranges for TNF-alpha and IL-1alpha were
15–1000 pg/ml and 1–250 pg/ml, respectively.

2.6.  Statistical analysis

Statistical  analysis was performed using one-way analysis of
variables (ANOVA) followed by an F-test to evaluate differences
between groups. p < 0.05 was  considered statistically significant.

3. Results

3.1. Surface characterization

Fig.  2 shows the surface morphologies of pTi (a), TNT-50 (b),
TNT-100 (c) and TNT-150 (d). The sample surface roughness (Ra)
obtained by AFM is shown in Fig. 3. Ra depends on the size of
the nanotubes and follows the order: TNT-150 > TNT-100 > TNT-
50 > pTi. The TNTs surfaces were superhydrophilic since they had
contact angles of 0◦ for water, while pTi surface had 42.9◦.

3.2.  Antibacterial activitym.cn

Fig.  4 shows the antibacterial activity of the samples against S.

aureus under the visible light. pTi remained a low antibacterial ratio,
about 15% during test period, TNTs had an increasing antibacterial

0, (c) TNT-100 and (d) TNT-150.
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ig. 3. AFM scans in 3D view over a 2500 nm × 2500 nm region: (a) pTi, (b) TNT-50
y AFM.

ctivity with time lengthening. After culturing for 3 days, the TNT
amples showed much higher antibacterial ratio than pTi though
fter 1 day the ratio of the formers was slightly higher than that of
he latter. And TNT-100 sample exhibited the highest antibacterial
ctivity after 7 days, the antibacterial efficiencies was about 70%.

The SEM morphologies of the adherent S. aureus after 7 day were
hown in Fig. 5. Fewer bacteria were distributed on TNT-100 surface
Fig. 5c) than on the other three samples. The amount of bacte-
ia attached on the flat surface was higher those on nanotubular
tructured surfaces.

.3.  Protein adsorption in the culture medium

ww
Fig. 6 shows the XPS overview spectra of sample surfaces
mmersed in DMEM.  The N1s peaks revealed the presence of pro-
eins from the culture medium, and the signal intensity was  weaker
or the pTi + DMEM than for the TNT + DMEM.  The Ti2p regions were
NT-100 and (d) TNT-150. (e) Surface roughness of the various samples determined

detected on pTi and TNTs, but not on pTi + DMEM and TNT + DMEM.
It indicated that the proteins in the medium have been adsorbed
on Ti + DMEM and TNT + DMEM.

The high-resolution spectra of C1s, O1s and N1s were displayed
in Fig. 7. After immersion, the peak amine (C-NH2) (285.5 eV) and
peptide bond (O C N, 287.5 eV) of C1s can be associated to the
typical functional groups borne in the protein on pTi–DMEM and
TNT–DMEM. The O1s peak around 532.1 eV can be attributed to
the amide functions (O C N) of protein, and the peak located at
533 eV was associated to the presence of carbonyl groups (C O) in
several amino acids. The N1s signals were deconvoluted into two
peaks at 399.6 eV (O C N) and 400.5 eV (C-NH2). The atomic per-
centage of the N component was  4.69% and 13.62% for pTi–DMEM

and TNT–DMEM respectively. These results further demonstrated
that TNT was  more available for proteins absorption than pTi. For
O1s spectra of pTi and TNT, the major contribution in the XPS
curve of pTi came from TiO2 at a binding energy of 529.9 eV (Ti O).
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ig. 4. The antibacterial efficiency of TNT compared with pTi under the visible light
gainst S. aureus after 1, 3, 7 days. The data are expressed as means ± standard
eviations  (n = 4).

t was observed that acidic hydroxyl groups OH(a) (530.8 eV) and
asic hydroxyl groups OH(b) (532.1 eV) in TNT. The disappearance
f Ti O and OH signals in the pTi–DMEM and TNT–DMEM samples
onfirmed that proteins have already absorbed onto the samples.
.4. In vivo evaluation

During  the two-week post-operative period, no clinical signs
f inflammation were observed at implant sites with injected S.

Fig. 5. SEM microphotographs of S. aureus after culturing on (a

www.sp
m

Fig. 6. XPS overview spectra of samples. (a) pTi, (b) TNT, (c) pTi + DMEM,  (d)
TNT  + DMEM.

aureus lipid, however, the fester appeared around the wound of
pTi implant, as showed in Fig. 8. Percutaneous implants may  elicit
inflammatory responses in adjacent tissues, so the cytokines TNF-
alpha and IL-1alpha were detected in exudates from tissues. The
values of cytokine for each sample at 2 weeks are provided in
Fig. 9. The pTi implant injected S. aureus liquid (pTi-Sa) released

m.cn

the highest amount of TNF-alpha and IL-1alpha, whereas TNT had
the lowest value. pTi with or without injected S. aureus liquid
revealed almost the same release of TNF-alpha. The release of IL-
1alpha followed the order: pTi-Sa > TNT-Sa > pTi > TNT. The release

) pTi, (b) TNT-50, (c) TNT-100 and (d) TNT-150 for 7 day.
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Fig. 7. High-resolution XPS spectra of C1s, O1s and N1s. (a) pTi, (b) TNT, (c) pTi + DMEM, (d) TNT + DMEM.

Fig. 8. Implants embedded in back of rabbit after 2 weeks.

Fig. 9. TNF-alpha and IL1-alpha concentration in pg/mL after 2 weeks of TNT and pTi implant in vivo.
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ig. 10. Light micrographs of Van Gieson staining of the transverse section of the i
ith surrounding tissues (c and d) after 4 weeks. a and c – TNT-Sa; b and d – pTi-Sa

f cytokine revealed that TNT had less inflammatory factor produc-
ion than pTi with or without injected S. aureus liquid

Fig.  10a and b shows the transverse sections of the implants
ith surrounding tissues by Van Gieson staining, which are iden-

.sp
ical with that of longitudinal section (Fig. 10c and d). The skin
ightly adhered to the TNT (Fig. 10a and c), but skin integration
ith the pTi was poor (Fig. 10b and d). This is strong evidence

Fig. 11. Light micrographs of hematoxylin and eosin stained the soft tissues arou

www
ts with surrounding tissues (a and b) and the longitudinal section of the implants
.

that  the nanostructured surface can improve the cellular and tis-
sue adhesion than pTi. Meanwhile, implants injected bacteria lipid
elicited inflammatory responses in adjacent tissues leading to the
formation of fibrotic capsules. The fibrotic capsule (Fig. 11, �)

elicited by TNT was significantly thinner than that induced by
pTi. The reactive capsules contained some anti-inflammatory cells
such as macrophages, and the TNT implants revealed abundant

nd the implants after 4 weeks (100×,: �fibrotic capsules, ↙: blood vessel).
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nti-inflammatory cells (Fig. 11 staining purple) and blood vessel
↙). In contrast, there are rare anti-inflammatory cells and blood
essels recruited by pTi. As shown by staining results, TNT was
uch more acceptable than pTi as percutaneous implants, and TNT

evealed admirable anti-infection property in the model of postop-
rative infection.

.  Discussion

Although titanium is non-antibacterial inherently, nanostruc-
ured titanium surfaces possess good anti-bacterial property under
he UV light and also exhibit weak anti-bacterial ability under the
isible light. The photocatalytic antibacterial activity of hierarchi-
al TiO2 nanorod spheres under the visible light depended on the
alcinations temperature [28]. The diameter of nanotubes on tita-
ium surfaces had a direct influence on the utilization efficiency
f light which can be attributed to the effect of their specific sur-
ace area [31]. In this work, the sample of TNT-100 showed the best
ntibacterial property under the visible light.

There were many factors related to the interaction between
iomaterials and the tissue, such as the surface morphology, wett-
bility and compositions. The surface roughness of TNT was  higher
han pTi (Fig. 3), the optimal roughness was in favor of cell adhesion.
urthermore, the contact angle test indicated that the wettability
f TNT was higher than that of pure Ti disk; this is beneficial to suffi-
ient contact of cells with samples. Thus the nanotubular structure
ay provide a favorable surface for the growth and maintenance of

kin tissue. This will likely translate into an implant interface that
llows increased cellular adhesion and enhanced matrix deposition
y fibroblasts [32].

Gristina  used “race for the surface” to describe the competition
etween bacterial adhesion and tissue integration [33]. When an

mplant is inserted into the body, water molecules bind to the sur-
ace firstly. Then, a monolayer of protein is rapidly adsorbed which

ediate the subsequent cellular adhesion [34]. The XPS analysis
uggests that proteins rapidly absorb onto the implant surfaces as
mmersed in the culture medium (Fig. 6). Judging from O1s spec-
ra of pTi and TNT (Fig. 7 O1s a and b), the nanotubular structure
an attract more proteins in biological environment because of the
resence of abundant OH(a) and OH(b) groups on TNT surfaces. That

s, titania nanotube layers have more OH groups and higher specific
urface area, so that can absorb more proteins. Protein absorption
n surfaces will affect the integration between implants and tis-
ues. Naturally, when the tissues preferentially adhered to surfaces,
acteria will difficultly attach to the surfaces. Inhibition of bacte-
ial adhesion is often regarded as the most critical step to prevent
mplant-associated infection.

The skin integration with implants in turn affects the infection
ate. With regard to percutaneous implants, tightly and healthy
ntegration with these soft tissues is desirable since the transcu-
aneous parts face both epithelial and fibrous tissues.

In  this work, we design a postoperative infection model to ver-
fy that TNT implants can reduce the incidence of infection. During
urgery, bacteria adhered to implants will stimulate macrophage
o release cytokines. The proinflammatory cytokines, such as TNF-
lpha and IL-1alpha, induce the inflammatory cells to migrate
o the site of implantation and cause inflammatory responses.

eanwhile, the body initiates a series of wound healing mech-
nism including inflammatory responses to eradicate pathogen
nd recover the surrounding tissue. According to the Elisa assay,
NT implants revealed less inflammatory factor release than pTi

www.sp
mplants with or without injected S. aureus liquid. The intensity
f inflammatory responses influences the wound healing, as the
igration and aggregation of inflammatory cells may  damage cuta-

eous tissue and cause implantation failure. The absence of soft

[
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tissue  attachment to the pTi implants was seen during the histolog-
ical processing as the tissue separated from the implant; whereas,
TNT implants tightly attached to the skin tissue (Fig. 10). These
results highlight that nanotubular surfaces of titanium achieved
greater tissue attachment and less fibrous capsule formation com-
pared to the flat surfaces. Moreover complete soft tissue integration
with the implants can form a barrier to invading microorganisms.
As a whole, titanium with nanotubular structure can be considered
a promising percutaneous implant for orthopedic surgery applica-
tions.

5. Conclusions

Titania nanotubes on titanium surfaces exhibited antibacterial
activity and anti-infection ability both in vitro and in vivo. Titania
nanotubes had better antibacterial activities compared with pure
titanium under the visible light, especially the TNT-100 showed 70%
antibacterial efficiencies. In vivo, the surfaces with the nanotubes
were more favorable for skin integration due to the more pro-
teins adsorption. Nanotubular implants showed less inflammatory
cytokines release and excellent tissue attachment compared with
pure titanium in the postoperative infection model. The complete
integration made a barrier for preventing the microorganism intru-
sion and decreased the infection risk of the percutaneous implants.
Though the titania nanotubes on titanium surfaces were effective
in reducing the risk of infection, but the efficient can be further
improved.
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