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a b s t r a c t

Titanium (Ti) implants are widely used clinically but post-operation infection remains one of the most
common and serious complications. A surface boasting long-term antibacterial ability is highly desirable
in order to prevent implant associated infection. In this study, titania nanotubes (TiO2-NTs) incorporated
with silver (Ag) nanoparticles are fabricated on Ti implants to achieve this purpose. The Ag nanoparticles
adhere tightly to the wall of the TiO2-NTs prepared by immersion in a silver nitrate solution followed by
ultraviolet light radiation. The amount of Ag introduced to the NTs can be varied by changing processing
parameters such as the AgNO3 concentration and immersion time. The TiO2-NTs loaded with Ag nano-
particles (NT-Ag) can kill all the planktonic bacteria in the suspension during the first several days, and
the ability of the NT-Ag to prevent bacterial adhesion is maintained without obvious decline for 30 days,
which are normally long enough to prevent post-operation infection in the early and intermediate stages
and perhaps even late infection around the implant. Although the NT-Ag structure shows some cyto-
toxicity, it can be reduced by controlling the Ag release rate. The NT-Ag materials are also expected to
possess satisfactory osteoconductivity in addition to the good biological performance expected of TiO2-
NTs. This controllable NT-Ag structure which provides relatively long-term antibacterial ability and good
tissue integration has promising applications in orthopedics, dentistry, and other biomedical devices.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium (Ti) implants are widely used clinically, but implant
associated infection remains one of the most serious complications
and is usually difficult to treat sometimes requiring implant
removal and repeated surgeries [1,2]. Although various measures
such as thorough disinfection and stringent aseptic surgical
protocols have been proposed to mitigate bacterial contamination,
bacterial invasion usually occurs after surgery [3] and complica-
tions can also arise from infection of nearby tissues or a hematog-
enous source at a later time [4]. Different implant materials
respond differently to bacteria attack due to their structures and

properties. For instance, for percutaneous external fixation pins and
transmucosal dental implants [5], bacteria on the adjacent skin,
mucosa, and implant surface can invade through the soft tissue/
implant interface. Generally and collectively, implants are vulner-
able to bacterial invasion throughout their lifetime and so it is
important to attain long-term ability to combat bacterial coloni-
zation on the implants in order to maintain normal functions. The
main reason for the high incidence of implant associated infection
and difficult treatment is that the adhered bacteria form a biofilm
which makes the bacteria highly resistant to the host defense and
antimicrobial therapy [6,7]. Besides, the topical host defense is
compromised by surgical trauma and implant insertion further
facilitating bacteria invasion. It is generally accepted that the most
effective method to prevent biofilm buildup on implants is to
prohibit initial bacterial adhesion since biofilms are hard to remove
after formation [1,6]. Although antibacterial coatings have been
widely explored to prevent biofilm formation, attempts to fabricate
ones with long-term antibacterial capability are relatively scarce,
but there is growing interest in incorporating antibacterial agents
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into coatings on biomedical implants. By optimizing the structure
as well as antibacterial agent loading capacity and release rate,
materials that possess more long-term antibacterial ability and
promote tissue integration and repair simultaneously may be
produced.

Since bone tissues are composed of hierarchical nano-
composites, the proper nanotopography can promote osteo-
conductivity from the biomimetic viewpoint. As a result, surface
modification of biomaterials including surface nanotexturing has
been explored extensively [8e18]. In particular, highly ordered
titania nanotubes (TiO2-NTs) fabricated on Ti implants by electro-
chemical anodization have attracted increasing attention [11e18].
TiO2-NTs have a lower elastic modulus of approximately 36e43 GPa
[17] which is much closer to that of natural bones and are expected
to have better biomechanical compatibility than other artificial
biomaterials. For instance, TiO2-NTs have been found to foster the
growth of nano-structured hydroxyapatite in simulated body fluids
[13] and induce extracellular matrix secretion, mineralization, and
other functions of bone cells [12,14e16]. Moreover, our recent study
revealed that the hierarchical hybrid TiO2 micropits/nanotubes
structures induced more balanced promotion of multiple cell
functions [11]. Therefore, TiO2-NTs are promising bioactive coatings
that can induce direct bone-implant bonding with enhanced host
defense on the implant surface.

Another merit of TiO2-NTs is that they can serve as carriers for
drugs such as antibacterial agents [18,19] and it opens up the
possibility of long-term antibacterial functionality as aforemen-
tioned. Various kinds of antibiotics have been studied but in spite of
scattered success, development of new antibiotics resistant strains
after prolonged use reduces the effectiveness [20e24]. Silver (Ag) is
one of the strong bactericides and has attracted increasing atten-
tion because of other benefits such as a broad antibacterial spec-
trum including antibiotic-resistant bacteria, non-cytotoxicity at
suitable doses, satisfactory stability, and smaller possibility to
develop resistant strains [1,3,24e29]. Since the required Ag dose is
typically low, it is possible to fabricate coatings with long-term
antibacterial characteristics by introducing and controlling Ag
release. In fact, it has been reported that a certain range of Ag
concentrations can kill bacteria without impairing mammalian cell
functions [24] and Ag-containing coatings that can resist biofilm
formation and do not show cytotoxicity have been explored
[3,24,26,28].

We believe that by optimizing the structure of TiO2-NTs from
the perspective of tissue integration, introducing a sufficient
amount of Ag, and regulating the Ag release rate in a controlled
manner, a surface that boasts a relatively long-term antibacterial
ability and simultaneously enhances cell functions can be
produced. In this study, we investigate whether Ag can be incor-
porated into TiO2-NTs controllably and reliably and if the Ag loaded
TiO2-NTs (NT-Ag) indeed possess long-term antibacterial capability
and other desirable biological functionalities.

2. Materials and methods

2.1. Specimen preparation

Pure titanium foils (Aldrich, 10 � 10 � 1 mm3) underwent electrochemical
anodization to form a titania nanotubular layer. The Ti foils were polished by SiC
sandpapers and then ultrasonically cleaned with acetone, ethanol, and deionized
water sequentially. Anodizationwas carried out in a conventional two-electrode cell
equipped with a direct current (DC) power supply (IT6834, ITECH, China). The Ti foil
served as the anode electrode and a graphite foil as the counter electrode (1 cm
separation). The electrolyte was ethylene glycol containing 0.5 wt % ammonium
fluoride (NH4F) and 5 vol % distilled (DI) water. After anodization at 60 V for 1 h,
TiO2-NTs were formed on Ti foils. The samples were ultrasonically cleaned and
annealed at 450 �C in air for 3 h to convert the amorphous TiO2-NTs into the anatase
phase. The annealed samples were soaked in AgNO3 solutions with four different
concentrations (0.5, 1, 1.5 and 2 M) for 10 min. Afterward, they were rinsed with

deionized water, dried, and irradiated with UV light from a high-pressure Hg lamp
for 10 min. This process was carried out once for the 0.5 M group and twice for the 1,
1.5 and 2 M samples to obtain NT-Ag samples with different Ag contents.These
samples were denoted as NT-Ag0.5, NT-Ag1.0, NT-Ag1.5 and NT-Ag2.0, respectively.
After ultrasonic cleaning (3 times and 10 min each), both sides of the samples were
sterilized by UV irradiation for 30 min before ensuing antibacterial and cell culture
experiments.

2.2. Surface characterization

Field-emission scanning electron microscopy (FE-SEM, FEI Nova 400 Nano) and
atomic force microscopy (AFM, Auto-Probe CP, Park Scientific Instruments) were
utilized to determine the surface topography of the specimens, and transmission
electron microscopy (TEM, Philips CM20) was used to observe the microstructure of
the Ag loaded nanotubes. The crystalline structure of the samples was determined
by X-ray diffraction (XRD, Philips X0 Pert Pro), and the chemical composition of the
surface layer was determined by X-ray photoelectron spectroscopy (XPS, ESCALAB
MK-II).

2.3. Sliver release

The amounts of Ag released from the NT-Ag samples were monitored in the
phosphate buffered saline (PBS). The samples were immersed in 6 ml of PBS for 1
day in dark, taken out, and then immersed again in 6 ml of fresh PBS. This process
was repeated for a total of 14 days to generate solutions at different time points in
order to determine the Ag release time profile. The PBS solution containing released
silver was analyzed by inductively-coupled plasma atomic emission spectrometry
(ICP-AES, IRIS Advantage ER/S).

2.4. Antibacterial assay

The antibacterial ability was evaluated using Staphylococcus aureus (S. aureus,
ATCC 6538) cultivated in a beef extract-peptone (BEP) medium at 37 �C for 12 h. It
was adjusted to a concentration of 105 CFU/ml in the antibacterial assay. Each
specimenwas incubated in 1 ml of the bacteria suspension in BEP at 37 �C for 1 day.
At the end of the incubation period, the culture mediumwas sampled to determine
the viable counts of planktonic bacteria. The specimens were gently rinsed thrice
with PBS in order to eliminate non-adherent bacteria, and the adhered bacteria on
each specimen were detached into 1 ml of BEP by ultrasonic vibration (40 W) for
5 min with the resulting bacterial suspension sampled to count the viable bacteria
adhered on the specimens. Complete detachment of the adhered bacteria by
ultrasonic vibration was verified by fluorescence microscopy after fluorescence
staining. Afterward, the specimens were ultrasonically cleaned, dried, sterilized, and
re-incubated as described above. This process was repeated daily for a total incu-
bation time of 30 days. The viable bacteria in the sampled suspensions at days 1, 4, 7,
10, 15, 20, and 30 were counted by serial dilution and the spread plate method. The
antibacterial rates with regard to planktonic bacteria in the culture medium and the
antibacterial rates for adhered bacteria on the specimens were calculated based on
the following formulas: (1) Antibacterial rate for planktonic bacteria in the medium
(Rp) (%) ¼ (B e A)/B � 100% and (2) Antibacterial rate for adherent bacteria on the
specimen (Ra) (%) ¼ (D e C)/D � 100%. Here, A indicates the average number of
viable bacteria in the culturemedium inoculatedwith the specimen, B is the average
number of viable bacteria in the culture medium inoculated with no specimen
(blank control), C is the average number of viable bacteria on the NT-Ag specimens,
and D is the average number of viable bacteria on the TiO2-NTs.

In order to perform fluorescence staining to show the viability of bacteria on the
samples, bacteria were inoculated on the samples mentioned above. The bacteria
medium was refreshed every 24 h for a total of 7 days. Afterward, a new bacteria
suspension was added and cultured for another 7 h. The culture medium was then
removed and the samples were rinsed with PBS, stained using acridine orange and
ethidium bromide for 15 min in dark, and observed by fluorescence microscopy
(Olympus). Ethidium bromide did not penetrate the plasma membrane in the viable
cells and stained only the dead cells, whereas acridine orange penetrated the plasma
membrane without permeabilization and stained the viable and dead cells. When
examined by fluorescence microscopy, the living cells appeared green while the
dead cells were orange.

2.5. Protein adsorption assay

A 1 ml droplet of the Dulbecco’s minimum essential medium (DMEM, Gibco)
containing 10% bovine calf serum (BCS, Gibco) was pipetted onto each specimen.
After incubation at 37 �C for 4 h, the disks were placed in new 24 well plates (one
disk per well) andwashed with PBS thrice. 500 ml of 1% sodium dodecyl sulfate (SDS)
solution was added to these wells and shaken for 1 h to detach proteins from the
disk surfaces.The protein concentrations in the collected SDS solutions were
determined using a MicroBCA protein assay kit (Pierce).
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Fig. 1. SEM images of the samples: (A) TiO2-NTs, (B) NT-Ag0.5, (C) NT-Ag1.0, (D) NT-Ag1.5 and (E) NT-Ag2.0. The inset in (A) is the side-view SEM image revealing that the length of
the nanotubes is about 7 mm (F) TEM image of NT-Ag1.0. (G) and (H) AFM images of TiO2-NTs and NT-Ag1.0, respectively.
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2.6. Cell culture

Primary rat osteoblasts were extracted by digesting the calvarial bone of
neonatal SpragueeDawley rats [30]. The cells were cultured in DMEM containing
10% BCS and 1% penicillin/streptomycin and incubated in a humidified atmosphere
of 5% CO2 at 37 �C. Passages 2e5 were used in the experiments.

2.7. Lactate dehydrogenase activity assay

The activity of lactate dehydrogenase (LDH) in the culture media released by the
cells was used as an index of cytotoxicity. After incubation for 1 day, the culture
media were sampled and centrifuged, and the supernatant was used for the LDH
activity assay. The LDH activity was determined spectrophotometrically according to
the manufacturer’s instructions (Sigma).

2.8. Cell number

The cells were seeded on the specimens placed in 24 well plates at a density of
2� 104 cells/well. After culturing for 1 and 4 days, cell numbers were determined by
DNA assay as previously reported [31]. Briefly, cells on samples were digested in
500 ml buffer solution (0.5 mg/ml proteinase K (Beyotime), 0.2 mg/ml sodium
dodecyl sulfate (Solarbio), and 30 mM saline-sodium citrate (SSC)) at 56 �C over-
night. The resulting mixture was subjected to centrifugation and aliquots (50 ml) of
the supernatants after mixing with 150 ml Hoechst 33258 dye solution (1 mg/ml,
Sigma) and transferred to 96-well plates. The DNA content was quantified spec-
trofluorometrically using a Multi-Detection microplate reader (Bio-Rad) at a wave-
length of 465 nm (excitation wavelength of 360 nm) by correlating with a DNA
standard curve which was generated by lysing serial dilution of a known concen-
tration of osteoblasts.

2.9. Intracellular total protein synthesis and alkaline phosphatase activity

A 1ml cell suspensionwas seeded on each specimen at a density of 2�104 cells/
ml. After culturing for 7 days, the cells were washed with PBS and lysed in 0.1 vol%
Triton X-100 using the standard freezeethaw cycles. The alkaline phosphatase (ALP)
activity in the lysis was determined by means of a colorimetric assay using an ALP
reagent containing p-nitrophenyl phosphate (p-NPP) as the substrate. The absor-
bance of the formed p-nitrophenol was measured at 405 nm. The intracellular total
protein content was determined using the MicroBCA protein assay kit and the ALP
activity was normalized to it.

2.10. Statistical analysis

The assays were performed in triplicate and data were expressed as
means � standard deviations. Each experiment was repeated three times with data
from a typical experiment shown. A one-way ANOVA combined with a Student-
Newman-Keuls (SNK) post hoc test was utilized to determine the level of signifi-
cance. p < 0.05 was regarded to be significant and p < 0.01 was considered highly
significant.

3. Results

3.1. Surface characterization

The SEM and AFM pictures of the TiO2-NTs and the NT-Ag
samples as well as TEM images of the nanotubes taken from NT-
Ag1.0 are depicted in Fig. 1. The TiO2-NTs formed by anodization
of a Ti foil at 60 V for 1 h have a typical diameter of about 130 nm
and length of about 7 mm (Fig. 1A). Fig. 1BeE display the SEM
images of NT-Ag0.5, NT-Ag1.0, NT-Ag1.5, and NT-Ag2.0, respec-
tively. The NT-Ag samples retain the nanotubular structure with Ag

Fig. 2. XRD patterns of samples: (a) TiO2-NTs, (b) NT-Ag0.5, (c) NT-Ag1.0, (d) NT-Ag1.5
and (e) NT-Ag2.0.

Fig. 3. (A) XPS survey spectra of (a) NT-Ag0.5, (b) NT-Ag1.0, (c) NT-Ag1.5, and (d) NT-
Ag2.0, (B) XPS depth profile of sample NT-Ag1.0 using a sputtering rate of 21 nm/min
and (C) high-resolution XPS spectra of Ag3d at different depths in NT-Ag1.0.
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nanoparticles incorporated into the nanotubes. The size of the Ag
nanoparticles is related to the AgNO3 concentration. The TEM
picture acquired from the nanotubes taken fromNT-Ag1.0 shown in
Fig.1F demonstrates that the Ag nanoparticles attached to the inner
wall of the TiO2-NTs have a diameter of about 10e20 nm. The AFM
images show that the TiO2-NTs and NT-Ag surfaces have similar
roughness values of several hundred nanometers. The AFM image

acquired from NT-Ag1.0 (Fig. 1H) is shown here as an example to
compare to the TiO2-NTs (Fig. 1G).

Fig. 2 exhibits the XRD patterns of the specimens. Only peaks
corresponding to the anatase phase and Ti substrate can be
observed from the TiO2-NTs. In contrary, Ag peaks appear in the
XRD patterns obtained from the NT-Ag samples. In addition, the
intensities of the Ag peaks increase from NT-Ag0.5 to NT-Ag2.0,
suggesting that the amounts of Ag incorporated into the nano-
tubes increase with AgNO3 concentrations.

The XPS survey spectra acquired from NT-Ag0.5, NT-Ag1.0, NT-
Ag1.5, and NT-Ag2.0 after 5 nm of the surface was sputtered off
using Arþ bombardment shown in Fig. 3A reveal peaks corre-
sponding to Ti, Ag, O, Ar, and C. The C signal detected by XPS is
believed to arise from adventitious contamination. The Ag concen-
trations determined from the XPS survey spectra of NT-Ag0.5, NT-
Ag1.0, NT-Ag1.5, and NT-Ag2.0 are 0.82, 1.24, 1.45, and 1.58 at%,
respectively. TheXPSdepthprofile obtained fromNT-Ag1.0 in Fig. 3B
discloses that Ag is distributed along the entire NT length although
the absolute concentration decreases with depth from 1.24 at% near
the surface to 0.2 at% at a depth of 3 mm. The high-resolution XPS
spectra of Ag obtained from NT-Ag at different depths are shown in
Fig. 3C. The binding energies of the Ag 3d peak at 368.25 eV and
374.25 eV can be assigned to 3d5/2 and 3d3/2 of metallic Ag0 [32] and
do not shift with depths, indicating that Ag mainly exists in the Ag0

state in the TiO2-NTs. SEM, TEM, XRD, and XPS provide unequivocal
proof that metallic Ag nanoparticles have been successfully loaded
into the TiO2-NT along the entire length.

3.2. Ag release

Fig. 4A shows the Ag release time profiles from the NT-Ag in
PBS.The amounts of released Ag at the various time points follow
the order of NT-Ag2.0 > NT-Ag1.5 > NT-Ag1.0 > NT-Ag0.5. Initially,
there are relatively large amounts of Ag released into the PBS with
NT-Ag2.0 leaching the most, and the amounts of released Ag
diminish gradually with immersion time. After two weeks, the
amount of released Ag is about one-half of that measured in the
first day.

3.3. Antibacterial ability of NT-Ag

The antibacterial effectives against planktonic bacteria in the
medium (Rp) and antibacterial rates for adherent bacteria on the
specimens (Ra) for as long as 30 days are evaluated and the results
are shown in Fig. 4B and C, respectively. The TiO2-NTs have an Rp
value of about 30% which is constant with time. Compared to TiO2-
NTs, the NT-Ag samples have higher Rp values of about 100% during
the first 4 days. The Rp values of the NT-Ag samples then decrease
gradually and that of NT-Ag0.5 diminishes more quickly. After 30
days, the Rp value of NT-Ag0.5 drops to be about 30%whereas those
of the other NT-Ag samples are about 50%. Ag incorporation is
effective in preventing bacteria colonization on the specimens
throughout the 30 days as illustrated by Fig. 4C. The samples show
Ra values of 100% which do not decrease significantly during this
time, with the exception of NT-Ag0.5 which shows a big drop after
10 days reaching a value of about 5% after 30 days. The other three
NT-Ag samples still show Ra values of about 80% up to 30 days.

The ability of the NT-Ag samples to prevent viable bacteria
colonization is also verified by fluorescence staining as shown in
Fig. 5. After 7 days of repeated bacteria invasion every 24 h, there
are large amounts of viable bacteria on the flat Ti and smaller
amounts on TiO2-NTs. In comparison, the amounts of viable
bacteria are obviously smaller on the NT-Ag samples and in
particular, nearly no viable bacteria can be seen on NT-Ag1.5 and
NT-Ag2.0.

Fig. 4. (A) Non-cumulative silver release profiles from NT-Ag into PBS, (B) Antibacterial
rates against planktonic bacteria in the medium (Rp), and (C) Antibacterial rates
against adherent bacteria on the specimen (Ra). The antibacterial assays data are
expressed as means � standard deviations (n ¼ 3). One-way ANOVA followed by SNK
post hoc test is utilized to determine the level of significance. *p < 0.05 and **p < 0.01.
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3.4. Protein adsorption

The amounts of adsorbed protein from the 10% bovine calf
serum after 4 h of incubation are displayed in Fig. 6. The amounts of
proteins on the TiO2-NTs and NT-Ag samples are more than that on
the flat Ti sample. Ag incorporation promotes slightly the protein
adsorption ability on TiO2-NTs but there is no statistical difference
among the NT-Ag samples and TiO2-NTs.

3.5. Cytotoxicity

The cytotoxicity results indicated by the LDH activity in the
supernatants after 1 and 4 days of incubation are compared in
Fig. 7A. After the first day, neither the TiO2-NTs nor NT-Ag samples
show obvious enhancement in the LDH activity. After culturing for
4 days, NT-Ag0.5, NT-Ag1.0, and NT-Ag1.5 exhibit slightly higher
LDH activity than TiO2-NTs but the difference is statistically

Fig. 5. Representative images showing viability of the bacteria on samples after 7 days of incubation displayed by acridine orange and ethidium bromide fluorescence staining. The
live bacteria appear green while dead ones are orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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insignificant. However, higher LDH activity is observed from NT-
Ag2.0. Hence, NT-Ag samples exhibit cytotoxicity that is related to
the amount of incorporated Ag.

3.6. Cell number

The cell numbers determined by DNA analysis are shown in
Fig. 7B. At day 1, there is no appreciable difference on the cell
numbers among samples. After 4 days of culturing, the cell number
on TiO2-NTs is smaller than that on flat Ti. Those on the NT-Ag
samples are even smaller and the amounts correlate with the
silver concentrations.

3.7. Intracellular total protein content and alkaline phosphatase
activity

The intracellular total protein synthesis and ALP activity after 7
days of culturing are shown in Fig. 8. The intracellular total protein
content and ALP activity on the TiO2-NTs are similar to those on the
flat Ti surface. Addition of Ag decreases the ALP activity and all four
NT-Ag samples exhibit dramatically lower ALP activity than the
sample without Ag (35e50%). The intracellular total protein
synthesis onNT-Ag0.5 andNT-Ag1.0 is similar to that of the TiO2-NTs
but is observed to decrease by 40e60% on NT-Ag1.5 and NT-Ag2.0.

4. Discussion

Infection prevention is a continuous challenge for artificial
implants [1] and considering the susceptibility of implant surfaces
to biofilm formation and the compromised host defense originating
from insufficient osteoconductivity, surface modified Ti with the
proper antibacterial ability as well as bio-integration is being
actively pursued [33e35]. Long-term antibacterial ability is espe-
cially meaningful for implants because of the constant risk of
bacterial infection. In this study, NT-Ag coatings are produced on Ti
by a simple and economical method that can be readily adopted
industrially. In this process, Ag nanoparticles attach to the inner
wall along the entire length of the NT. The amount of Ag and size of
Ag nanoparticles can be regulated by varying the AgNO3 concen-
tration in the solution and immersion time. In this work, we apply
the NT-Ag produced by this method [36] to long-term antibacterial
coatings. The NT-Ag surfaces with the proper amount of Ag show

relatively long-lasting antibacterial characteristics. This method
provides a promising strategy with respect to the fabrication of
long-term antibacterial surface while the issue of cytotoxicity can
be tackled by controlling the Ag release rate. The long-term
bacterial resistance demonstrated here is especially effective in
preventing implant associated infection both in the early and
medium stage.

Although antibacterial coatings have been researched exten-
sively, it is still a challenge to produce one with relatively long-
lasting antibacterial effects. Theoretically, non-leaching and anti-
adherent coatings with the proper surface structure may possess
persistent antibacterial ability to prevent biofilm formation.
Unfortunately, the efficacy of anti-adherent coatings in reducing
bacterial adhesion is typically limited and varies greatly depending
on the bacteria species. Moreover, these coatings are prone to
degradation in the physiological environment. In contrast, more
sturdy coatings loaded with an antibacterial agent can provide
more preannounced antibacterial effects [1]. However, the limited
capacity of most coatings cannot yield long-term antibacterial
effects via the normal mechanism of antibiotics loading and
releasing, and so there have been attempts to covalently bond
antibiotics to the materials [37]. However, as a protein layer will
quickly deposit on the implant under physiological conditions, it is
highly questionable if the covalently bonded antibiotics can

Fig. 6. Amounts of adsorbed protein on different specimens after 4 h of incubation in
DMEM containing 10% BCS. The data are expressed as means � standard deviations
(n ¼ 3). One-way ANOVA followed by SNK post hoc test is utilized to determine the
level of significance. **p < 0.01.

Fig. 7. (A) LDH activity in the culture media and (B) cell numbers determined by DNA
assay after osteoblast culturing for 1 and 4 days on the specimens. The data are
expressed as means � standard deviations (n ¼ 3). One-way ANOVA followed by SNK
post hoc test is utilized to determine the level of significance. *p < 0.05 and **p < 0.01.
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penetrate this protein layer. Besides, the development of new
antibiotics resistance deters potential clinical applications of anti-
biotics loaded coatings. Immobilization of antimicrobial peptides
which are safer than antibiotics has drawn interest [38,39].
However, this concept suffers from the same drawback as cova-
lently bonded antibiotics with regard to penetration through this
protein layer. In addition, although the immobilized peptides may
withstand some harsh procedures [38], they decompose gradually
in vivo thereby seriously affecting the long-term effects. In
comparison, a coating doped with a proper amount of Ag can
potentially yield long-lasting antibacterial effects and one example
is the NT-Ag structure reported here for the following reasons. First
of all, the biocompatibility of the NT-Ag can be tailored based on
many previous studies on the biological properties of TiO2-NTs and
Ag [1,3,24,25]. Secondly, the difficulty for bacteria to develop
resistance against this element bodes well for in vivo applications
[40]. Thirdly, the high efficacy of Ag at very low concentrations and
relatively large reservoir provided by the nanotubes can give rise to
long-term antibacterial effects. Fourthly, the stability of the NT-Ag
in the physiological environment is excellent due to its inorganic
nature, and last but not least, the fabricating process for NT-Ag is
easy, economical, and suitable for industrial production.

The NT-Ag surfaces show excellent antibacterial ability
throughout the 30 day period. All the planktonic bacteria in the
medium are killed during the first several days, but it should be
noted that the efficacy diminishes gradually with time as a result of
the Ag release profile with time. Initially, a large amount of Ag is
released but it diminishes gradually with immersion time. The
large initial Ag release may stem from the Ag nanoparticles on the
surface of the nanotubes which oxidize when reacting with water.
Nonetheless, with the exception of NT-Ag0.5 which has the lowest
silver concentration, the ability of the other samples to prevent
bacterial adhesion on the Ti implant lasts for the whole month
without too much reduction. These antibacterial properties are
very meaningful to clinical applications. The initial phase after
implantation is the most dangerous and prone to infection, and so
the strong ability of NT-Ag to kill surrounding planktonic bacteria
helps prevent post-operation infection and guarantee normal
wound healing in the early stage. After this period, since the
surgery site has achieved primary healing and osseointegrationwill
be completed gradually with time, inhibition of bacterial adhesion
and biofilm formation through a low level Ag release mechanism is
sufficient to prevent later-stage infection conjugated with the host
defense. Hence the Ag release profile and rate meets clinical
requirements.

Although longer term studies up to 6 months to perhaps 2 years
should be conducted in the next stage of clinical trials to demon-
strate the viability, the effective period in which NT-Ag can resist
bacteria adhesion is expected to be longer than the 30 days
experimentally demonstrated here. It is worth mentioning that in
our antibacterial assay, the samples are subject to intense bacteria
attack by immersing in 1 ml of the bacteria suspension containing
105 CFU/ml and changing the bacteria suspension daily. These
conditions are much harsher than the normal situation in vivo.
Consequently, the samples that show excellent antibacterial ability
during the first 30 days are expected to be good for a much longer
period of time under normal conditions. Even though Humblot
et al. [39] reported that their antibacterial peptide Magainin I
covalently bound coatings exhibited activity up to six months, their
coatings were actually only subjected to a total of four bacteria
attacks (initial assay and assays after one week, one month, and six
months) and were incubated for only 3 h each time. Hence, the
severity of their bacterial challenge is far less than that in the
present study. Besides, the Magainin I covalently bound coatings
have an inhibition rate of 60e70% and show obvious decline in the
fourth assay. Therefore, our NT-Ag samples produce stronger and
more long-lasting antibacterial effects than the Magainin I immo-
bilized coatings. Release of biologically active Ag from the NT-Ag is
related to the aqueous reaction in which the Ag nanoparticles form
Agþ [41]. As water infiltrates the nanotubes, the surface of the
nanoparticles is oxidized to release Agþ (Fig. 9A). As the NT-Ag is
loaded with Ag along the entire depth of NTs and infiltration of
body fluids into the nanotubes is slow, slow Agþ release and
consequently long-term bacteria resistance are expected.

Ag is generally regarded to be cytocompatible at low concen-
trations, but high doses of Ag can induce cytotoxicity leading to
safety concerns [28,29]. In this study, the NT-Ag samples are
ultrasonically cleaned to remove loosely adhered Ag nanoparticles
and adsorbed Agþ to avoid excessive Agþ release in the early stage.
Nonetheless, the NT-Ag surfaces still show some cytotoxicity as
demonstrated by the higher level of LDH in the culture medium
compared to the control after 4 days of culture, especially NT-Ag2.0
which has the largest concentration of Ag. The cytotoxicity of the
NT-Ag surfaces is also verified by the DNA content assay, intracel-
lular total protein content, and early differentiation marker ALP
activity, which are also depressed by Ag incorporation with the
extent depending on the Ag concentration. The cytotoxicity of the

Fig. 8. (A) Intracellular total protein synthesis and (B) ALP activity of osteoblasts on the
specimens after incubation for 7 days. The data are expressed as means � standard
deviations (n ¼ 3). One-way ANOVA followed by SNK post hoc test is utilized to
determine the level of significance. *p < 0.05 and **p < 0.01.

L. Zhao et al. / Biomaterials 32 (2011) 5706e5716 5713



NT-Ag surfaces can be attributed to rapid leaching of Agþ and
accumulation in the culture medium. It can be observed that at day
1, the NT-Ag surfaces show no obvious cytotoxicity. As the culture
medium is not changed until the third day, the cumulative
concentration of leached Agþ leads to obvious cytotoxicity at day 4.
Experimental evidence shows that biomaterials containing
a proper amount of Ag are compatible to mammalian cells
including osteoblasts [3,24,26,28,29] and it has been suggested that
some Ag-containing coatings even enhance osteoblast proliferation
[25,42] and fibroblast attachment and endothelial cell response
[43]. Therefore, we believe that by properly controlling the silver
release rate, NT-Ag with good cytocompatiblity can be produced.

The rate of Agþ leaching from the NT-Ag samples may be
controlled by several strategies in order to reduce the cytotoxicity
and simultaneously prolong the antibacterial time. The diameter of

the TiO2-NTs in this study is 130 nmwhich facilitates infiltration of
water leading to fast leaching of Agþ and subsequent cytotoxicity.
There is evidence that drug elution from TiO2-NTs can be controlled
by the tube dimension [44]. Since the size of the TiO2-NTs can be
varied from tens to hundreds of nanometers by adjusting the
anodization parameters, the most direct method to accomplish
controlled release of Agþ is to select TiO2-NTs with a size smaller
than 130 nm which should reduce water infiltration and Agþ

release (Fig. 9B). Furthermore, the release of biologically active Ag
from the Ag nanoparticles can be controlled by changing the
oxidation reactions in water. It has been reported that a variety of
competing chemical approaches can accomplish this purpose [45]
and they may be applied to control Agþ release from the Ag
nanoparticles in NT-Ag. The openings of the nanotubes can also be
shrunk by another coating after Ag incorporation in order to control

Fig. 9. (A) Schematic diagram shows the mechanism of antibacterial ability of NT-Ag under aqueous conditions. As water gradually infiltrates the nanotubes, the surface of the
nanoparticles is oxidized to release Agþ. (B) Use of nanotubes with a smaller size may lead to slower water infiltration and Agþ release. (C) The openings of the nanotubes can be
shrunk by depositing another coating such as hydroxyapatite or polymer to control water infiltration and Agþ release. (D) Stimulation responsive membranes may be utilized to
produce smart antibacterial coatings that deliver bactericides on demand.
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the Agþ leaching rate (Fig. 9C). A simple and direct method is
deposition of hydroxyapatite in simulated body fluids. The nano-
tubular structure can induce hydroxyapatite deposition [13] and by
choosing the suitable simulated body fluid and controlling the
immersion time, the tube openings can be moderately narrowed
[46]. The openings of the nanotubes can be reduced significantly or
even completely closed by a thin and chemically reactive polymer
produced by plasma polymerization. This provides the basis for
further surface functionalization by attaching desirable molecules
[47]. Smart coatings which deliver bactericidal agents only when
bacteria invasion occurs are ideal, because a longer antibacterial
period can be achieved and side effects caused by long-term
bactericidal agent delivery can be circumvented simultaneously.
There are many stimulation responsive biomaterials such as pH-
sensitive, temperature-sensitive and electric-signal-sensitive
hydrogels [48] which may be applied to the openings of the
nanotubes loaded with Ag as an “on-off” switch to control Agþ

release on demand, but it is a big challenge to do so properly and
reliably (Fig. 9D). Drug release triggered by bacterial toxin from
gold nanoparticle-stabilized liposomes has recently been reported
[49] demonstrating hopeful realization of long-term smart anti-
bacterial coatings encompassing the NT-Ag structure.

Besides controlling Ag leaching, the technique described in this
paper can be improved to incorporate a larger amount of Ag into
the TiO2-NTs. Parameters such as the AgNO3 concentration, addi-
tives, and immersion time can be further optimized and ultrasonic
treatment may be utilized to facilitate AgNO3 infiltration and
increase the amount of incorporated Ag. Besides, nanotubes with
a bigger size can be used and it may be of interest to try other Ag
loading methods. Macak et al. have reported that TiO2-NTs can be
filled with copper by a self-doping and electro-deposition tech-
nique [50] which may be extended to load TiO2-NTs with Ag. We
are performing some of these experiments in our laboratory and
additional findings will be reported in due course.

5. Conclusion

In summary, Ag nanoparticles are incorporated into TiO2-NTs on
Ti implants using a simple procedure involving AgNO3 immersion
and UV irradiation. The Ag nanoparticles adhere strongly to the
inner walls of the nanotubes along the entire length, and the size
and amount of Ag nanoparticles can be regulated by adjusting the
AgNO3 concentration and immersion time. The NT-Ag possesses
the ability to kill all the planktonic bacteria in the culture medium
during the first several days and the capability to prevent bacterial
adhesion is maintained for 30 days, with the exception of NT-Ag0.5
which has the smallest Ag concentration. Since the conditions used
in our experiments are more severe than those encountered nor-
mally in vivo, the materials are expected to be effective for a much
longer time in the normal situation. This relatively long-term effect
bodes well for prevention of initial and intermediate-stage infec-
tion after operation and perhaps even late infection. Although the
NT-Ag samples show some cytotoxicity, it can be reduced by
controlling the Ag release rate and the properties can be further
tailored to accomplish both long-term antibacterial ability and bio-
integration. The materials are thus very attractive for biomedical
implants due to prevention of implant associated infection and
promotion of osseointegration.
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