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Au nanoparticles (NPs) can endow titania nanotubes (Au@TiO,-NT) with light-independent antibacte-
rial properties which bode well for in vivo application because of the dark environment inside tissues.
In this work, the long-term antibacterial bactericidal properties and cytocompatibility of Au@TiO,-NT
without photocatalytic effects are studied in details. The materials exhibit antibacterial effects against
Staphylococcus aureus according to antibacterial tests carried out for a total time of 21 days, which are
normally long enough for early stage tissue healing after surgery. In addition, adhesion and prolifera-
tion of MC3T3-E1 osteoblasts on Au@TiO,-NT reveal cytocompatibility comparable to that of TiO,-NT.
No reactive oxygen species (ROS) are detected from either the bacteria or MC3T3-E1 cells cultured on
the Au@TiO,-NT surface. The absence of ROS, long-term antibacterial properties, and cytocompatibility

make Au@TiO,-NT promising biomaterials in orthopedic devices and implants.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Titania nanotubes (TiO,-NT) have promising applications in
orthopedic devices and implants due to their nanoscale texture
similar to the natural bone matrix and potential of drug deliv-
ery [1-4]. A nanostructured surface is also believed to meet the
criteria for bionic materials because natural bones are composed
of collagen fibers and hydroxyapatite on the nanoscale [5,6]. In
spite of recent advances in TiO,-NT research, pristine TiO, does not
have the antibacterial ability unless catalyzed by ultraviolet light
(UV) [7-11]. Nevertheless, light cannot penetrate tissues to reach
implants inside the body and there have been efforts to improve the
bactericidal activity of TiO, with less dependence on UV [12-18].
In this respect, Ag-TiO, or Ag,0-TiO, materials have bactericidal
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effects in the absence of light due to the direct effect of Ag NPs
or release of Ag* [19-22]. Recently, Li et al. found that TiO,-NT
modified with Au nanoparticles (Au NPs) could inactivate bacte-
ria efficiently in the absence of light [23]. In addition, our previous
work suggested that Au@TiO,-NT inhibited Staphylococcus aureus
in the absence of light via an electron transfer based but reactive
oxygen species (ROS) free process [24].

Although light-independent antibacterial effects of Au@TiO,-
NT have been observed, some issues are still not well understood
or need improvement. For instance, the long-term antibacterial
effects are required to combat bacterial infection while tissues
heal [25-28]. Materials with good bacteria killing stability are usu-
ally considered to have long-term antibacterial properties [29]
and biomaterials are typically assessed by reusing the materials
to kill bacteria during storage for a certain period of time [20,21].
Hao et al. investigated the long-term antibacterial properties of
decorated carbon nanotubes by carrying out experiments in 21
days [30]. Similarly, Ag@Fe,03-GO nanocomposites were found
to have long-term antibacterial characteristics after storage for 7
days [31]. However, there have been few studies on the evalua-
tion of the long-term antibacterial properties of Au@TiO,-NT. In
addition, a light-independent bactericidal system causing no dele-
terious effects on cells is highly desirable and imperative to clinical
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adoption. Improved osseointegration has been observed from dif-
ferent nanostructures such as nanotubes, nanorods, nanogratings,
and nanoflowers [32-36] but to the best of our knowledge, there
have been few studies on the cytocompatibility and antibacterial
mechanism of Au@TiO,-NT as well. As molecules associated with
the foreign body response [37], reactive oxygen species (ROS) are
usually generated in tissue cells due to the presence of foreign
biomaterials [38]. Although the intracellular ROS of S. aureus can-
not be increased by Au@TiO,-NT, this may not be true for tissue
cells because mammalian cells and bacteria may respond differ-
ently in the same environment [39]. In this work, the long-term
antibacterial properties and cytocompatibility of Au@TiO,-NT are
investigated. Bacterial inactivation is investigated every 7 days for a
total 21 days by colony forming units (CFU) counting and scanning
emission microscopy (SEM), and quantitative determination of
intracellular superoxide verifies the ROS free antibacterial mecha-
nism. The Au@TiO,-NT also exhibits satisfactory cytocompatibility
comparable to that of pristine TiO,-NT without the generation of
ROS.

2. Experimental details
2.1. Sample preparation and characterization

2.1.1. Sample preparation

Titanium foils (99.95% pure with a thickness of 0.14 mm) were
cut into circles with a diameter of 12 mm and cleaned ultrasoni-
callyin acetone, alcohol, and deionized water sequentially for 5 min
each. The specimens were taken out with a tweezer and dried in
nitrogen. Afterwards, they were anodized in 100 mL of electrolyte
(0.55 g of ammonium fluoride, 5 mL of methanol, 5 mL of deionized
water, and 90 mL of ethylene glycol) for 1h at 60V supplied by a
DCSource Meter (ITECT, America). After anodization, the specimens
were immediately washed with deionized water and ultrasonically
cleaned to remove the remaining electrolyte as well as undesired
irregular oxide layer on the surface [21]. After drying in nitrogen,
the specimens were mounted on a sample stage in a magnetron
sputtering instrument equipped with a gold target and Au NPs were
deposited on the surface for 10s, 40 s, and 70 s at a sputtering cur-
rentof 10 mA. The pressure in the vacuum chamber was 3 x 103 Pa.
The distance between the gold target and sample was 60 mm and
the sputtering rate was 20 nm/min. After deposition, the specimens
were annealed at 450 °C for 3 h. Our experiments showed that the
antibacterial rate and tissue cell proliferation on Ti and TiO,-NT
were similar to those on a petri dish (Fig. S1). Four groups of spec-
imens were prepared for this study: TiO,-NT (control), TiO,-NT
loaded by Au for 10s, 40s and 70s (named 10s Au@TiO,-NT, 40 s
Au@TiO,-NT and 70 s Au@TiO,-NT), respectively.

2.1.2. Sample characterization

The morphology of the samples with/without Au was observed
by scanning electron microscopy (SEM, JSM 7001F, JEOL, Japan).
The emission voltage and working distance were 5kV and 10 mm,
respectively. Energy-dispersive X-ray spectroscopy (EDS) was used
to semi quantitatively determine the Au content near the sur-
face and atomic force microscopy (AFM, Veeco MultimodeV) was
employed to examine the surface morphology and roughness. X~
ray diffraction (XRD, Siemens D500, Philips, Netherlands) with
Cu Ko irradiation (A =1.54184 A) was conducted to determine the
crystallinity of samples at 30kV and 10 mA. X-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, USA) with Al
Ko radiation was used to determine the chemical states of the spec-
imens with the peaks referenced to the C 1s peak at 284.6 eV. The
XRD and XPS results were analyzed by MDI Jade 6.0 and XPS peak

fitting, respectively and more details about the sample preparation
details can be found from our previous study [24].

2.2. Effects on bacteria

2.2.1. Long-term antibacterial effect

Compared with Gram-negative bacteria, the thicker membrane
of Gram-positive bacteria makes them more difficult to kill [40].
Thus, Staphylococcus aureus (S. aureus, ATCC29213) is again selected
as the model bacteria in this study. A single colony of S. aureus was
chosen and cultivated in Luria broth (LB) medium (10gL-! tryp-
tone, 5gL-1 yeast extract, 5gL~1 NaCl) [41] on a rotatory shaker
(220 rpm) overnight at 37 °C. The bacteria solution was diluted ten
times with LB medium and cultivated at 37°C for another 3h to
ODggg 0f 0.25-0.3 (2-3 x 10° CFU mL~!). The bacteria solution was
diluted to a final concentration of 2-3 x 10° CFUmL~! and 100 L of
the solution were spread on the sample surface. After 24 h, 900 pL
of the medium were added and mixed with the remaining bac-
teria solution in each well. The bacteria solution was diluted to
the proper concentration, spread on agar plates, and cultivated
overnight at 37°C. The CFUs were counted and analyzed. After-
wards, the specimens were ultrasonically cleaned, dried, sterilized,
re-incubated as described above, and soaked in the simulated body
fluid (SBF). After 6 days, the same antibacterial process was carried
out on the samples used above and the inactivation rate was mea-
sured again for a cultivating time of 24 h. This process lasted for
three weeks as described in the previous study [21].

2.2.2. Morphology of treated S. aureus

SEM was performed to examine the morphology of the bacte-
ria after the treatment. After different treatment time durations,
the samples with bacteria were rinsed with 1 mL of PBS, fixed with
2.5% glutaraldehyde overnight, and dehydrated with ethanol with
concentrations of 10%, 30%, 50%, 70%, 90%, and 100% (v/v) sequen-
tially. The samples were dried in vacuum at room temperature and
mounted on the specimen stage and a 10 nm thick Au layer was
sputter-deposited prior to observation.

2.2.3. Quantitative analysis of intracellular superoxide

The intracellular superoxide was determined quantitatively
with a Superoxide Assay Kit (S0060, Beyotime, China) according to
the manufacturer’s protocol. The bacteria cultivated on the samples
for 3h and 6 h were rinsed with PBS and collected by centrifuga-
tion (3000 x g, 5min). 200 L of the superoxide detection reagent
were added to each well on a 96-well plate in which 100 p.L of the
treated bacteria had been added. After culturing at 37 °C for 3 min,
the absorbance at 450 nm and 600 nm was recorded and analyzed.

2.3. Cytocompatibility of MC3T3-E1 osteoblasts

2.3.1. Cell culture

MC3T3-E1 osteoblasts purchased from the cell bank of Chinese
Academy of Sciences were used to study the cytocompatibility of
the Au@TiO,-NT. The cells were cultured in dulbecco’s modified
eagle medium (DMEM) containing 10% fetal bovine serum (FBS)
on 90 mm petri dishes. The dishes were put in an incubator at
37 °C with 5% CO, as the humidifying air. The culture medium was
replaced with fresh medium every other day. To evaluate cell adhe-
sion and cytotoxicity, the cells in the logarithmic growth phase
were harvested, centrifuged at 1,000 rpm for 5 min, and adjusted
to a density of 2 x 104 cellsmL~! before 1 mL of cells were seeded
on each disinfected sample on a 24-well plate.

2.3.2. Cell adhesion
To observe adhesion after 4h and 24h, the cells were rinsed
with PBS twice, fixed with 4% paraformaldehyde, permeabilized
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Fig. 1. SEM, AFM, XRD, XPS and EDS results: (a) surface morphology by SEM; (b) surface morphology by AFM; (c) surface roughness with significant difference between
groups marked with different letters (m-n, P<0.05); (d) XRD patterns with A meaning anatase TiO;; (e) high-resolution XPS spectra of Au (4f7), and 4fs, ) in Au@TiO,-NT; (f)

Au content determined by EDS.

with 0.2% Triton X-100 (sigma, USA), stained with phalloidin-
fluorescein isothiocyanate (Sigma, USA) for 30 min, and stained
with 4/, 6-diamidino-2-phenylindole (DAPI, sigma, USA) for 5 min.
The samples were observed under an inverted microscope (20AYC,
BM) at excitation/emission wavelengths of 358 nm/461 nm and
488 nm/520 nm, respectively.

2.3.3. Cell proliferation and viability

In this work, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) test was carried out to evaluate cell
proliferation and viability on the samples [21,42]. After culturing
for 24h, 72h, and 120h, the medium on the 24-well plate was
replaced with the MTT solution and cultivated for 4 h. Afterwards,
the MTT solution was replaced with dimethyl sulphoxide (DMSO)
to dissolve the formazan crystals and 100 p.L of the solution were
transferred to a 96-well plate and measured by the Multimode
Reader (BioTek, US) at the extinction wavelength of 570 nm. The
wells with DMSO served as the negative control.

2.3.4. ROS detection in MC3T3-E1 osteoblasts

To determine the intracellular ROS level in the cells after treat-
ment, the cells were cultivated on the samples on a 24-well plate.
After treatment for 4h and 24 h, the cells were rinsed with PBS
twice and treated with 2’,7'-dichlorofluorescin diacetate (DCFH-
DA) and DAPI for 30 min at 37°C [43]. The samples with adhered
cells were rinsed with PBS and examined under an inverted micro-

scope at excitation/emission wavelengths of 358 nm/461 nm and
488 nm/520 nm, respectively. The cells stained blue represented
cells adhering on the surface and green cells represent those with
positive ROS signals.

2.4. Statistical analysis

The experiments were repeated at least 3 times. The results
were presented as mean + stand deviation (SD) and analyzed by
the SNK test in ANOVA and Student’s t test. A value of P<0.05 was
considered statistically significant.

3. Results and discussion

The characterization results are presented in Fig. 1. The mor-
phology of the samples observed under SEM is depicted in Fig. 1a
and fine NTs with an average diameter of ~100 nm are formed on
the surface of the Ti plate. The size of the Au NPs increases gradu-
ally with time. After loading for 10 s, the Au NPs are about 10 nm in
size. The size of the Au NPs in 40 s Au@TiO,-NT and 70 s Au@TiO,-
NT is about 20 nm. The Au NPs are evenly distributed on the surface
of the NTs after doping for 40 s but some Au NPs aggregate when
the time is 70s and they cover some of the nanotubes. AFM also
reveals homogeneous nanotubes on the Ti surface after anodiza-
tion for 1 h and Au NPs with different sizes are evenly distributed
on the 10s,40s and 70 s Au@TiO,-NT samples. The morphology of
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Fig. 2. Antibacterial assay of Au@TiO,-NT for 21 days with significant differences
marked as * (P<0.05).

the TiO,-NT becomes rougher after introduction of Au NPs (Fig. 1b)
and the R, and Rq values are shown in Fig. 1c. The roughness of
40's Au@TiO, and 70 s Au@TiO,-NT is larger than that of the other
groups. A rougher surface with a larger surface area can enhance
the interactions between biomaterials and bacteria [44-46].

Fig. 1d displays the XRD patterns of the samples with differ-
ent Au loadings. The dominant diffraction peaks at 260 =25.3° (101),
48.0° (200), and 70.3° (220) observed from all the samples indicate
formation of anatase TiO,-NT which has better electrical activ-
ity than rutile and may also contribute to the easier electronic
interaction between anatase TiO, and Au particles here [47,48].
The Ti (101), (102) and (201) phases are attributed to the lim-
ited microscale depth of TiO,-NT. As the amount of loaded Au is
relatively small and detection depth of XRD is relatively large, pat-
terns corresponding to Au (200), (220) and (311) do not emerge
until the TiO,-NT is loaded with 70s Au NPs. Nevertheless, the
high-resolution Au (4f;, and 4fs;;) XPS spectra with nanometer
depth resolution indicate that the content of Au in the near sur-
face of 40 s Au@TiO,-NT is larger than that in 10 s Au@TiO,-NT and
smaller than that in 70 s Au@TiO,-NT (Fig. 1e). The Au concentra-
tion increases from ~15% to ~40% with loading time from 10s to
70s (Fig. 1f). These results are in accordance with the atom con-
centrations of Ti, O, and Au determined by EDS in our previous
work [24]. All in all, SEM, AFM, XRD, and XPS show evidence of the
formation of Au@TiO,-NT.

The antibacterial stability of materials, which is important in
practical application, is usually affected by the storage time [49]
which may also affect the long-term antibacterial stability of
Au@TiO,-NT [29]. Bacteria inactivation is conducted for three con-
secutive weeks to determine the long-term bactericidal effects of

the Au@TiO,-NT without light. After each antibacterial test, the
samples are autoclaved and immersed in SBF until the next antibac-
terial test to mimic the in vivo environment. The results show
that the antibacterial effect of 40 s Au@TiO,-NT has a tendency to
decrease with the antibacterial rate dropping from 99% in day 1
to 74% in day 21 (Fig. 2). The bacteria inactivation efficiency of 10's
Au@TiO,-NT and 70 s Au@TiO,-NT remains at ~90% during the first
two bactericidal periods and decreases to ~50% during the two sub-
sequent periods. The best long-term antibacterial effect is shown
by 40 s Au@TiO,-NT. As aforementioned, the rough surface on 40s
Au@TiO,-NT may play an importantrole in the interaction between
the bacteria and sample. Although the roughness of 40 s Au@TiO;-
NT and 70 s Au@TiO,-NT is similar, they have different morphology
(Fig. 1a), with the aggregating Au NPs in 70 s Au@TiO,-NT hindering
the bacteria-surface interaction. On the other hand, the antibacte-
rial effect may also be determined by the suitable amount and size
of Au NPs because size-dependent effects have been observed from
NPs in other studies [50,51]. It is believed that the right distribu-
tion of Au NPs and surface roughness in 40 s Au@TiO,-NT that result
in the optimal electrical interaction between bacteria and sample
surface leading to the best bactericidal effect. Our results disclose
an optimal loading time for prevention of early, intermediate, and
even late post-surgery infection [20].

SEM is performed to examine the morphology of S. aureus culti-
vated on different samples for 24 h. As TiO,-NT without light cannot
affect the growth of bacteria [9,52,53], TiO,-NT is the control group.
The amounts of adherent bacteria on 40 s Au@TiO,-NT and ROS pos-
itive groups (0.1 mM H,0, and TiO,-NT+ UV group) are much less
than that on TiO,-NT (Fig. 3), suggesting that neither 40 s Au@TiO;-
NT nor the ROS positive surface is favorable to bacteria growth. As
for the morphology, the bacteria in TiO,-NT group maintain a round
normal shape while the remaining bacteria on 40 s Au@TiO,_NT are
connected and the shape of some single cells is deformed but little
overflowing substances can be found (Fig. 3b). As the ROS positive
control group, S. aureus treated with 0.1 mM H,0, shows serious
cytosolic content leakage and cell lysis (red arrows in Fig. 3c). The
TiO,-NT + UV group is similar with some of the cells suffering from
severe damage (red arrows in Fig. 3d). Oxidative stress burst is sus-
pected to undermine the membrane integrity causing overflow of
intracellular substances [54]. The different bacteria responses to
40 s Au@TiO,-NT and ROS positive groups suggest a different bac-
terial killing mechanism between 40s Au@TiO,-NT and the ROS
dominated antibacterial process.

As essential signaling molecules, the ROS level reflects the living
status of bacteria. Recent studies suggest that finding the exact role
of intracellular ROS bodes well for practical approaches to enhance
our current antibiotics arsenal [55-57]. Likewise, to better under-
stand whether Au@TiO,-NT induces ROS during the bacteria killing
process can aid bone implant design and fabrication. Therefore, the

Fig. 3. Morphology of S. aureus cultured on the samples for 24 h under different conditions: (a) TiO2-NT, (b) 40 s Au@TiO,-NT, (c) Ti plate with 0.1 mM H,0;, and (d) TiO,-NT
irradiated with UV. (a)-(c) are in darkness. (For interpretation of the references to color in the text, the reader is referred to the web version of the article.)
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Fig. 4. Relative superoxide concentration in treated S. aureus with OD45¢ represent-
ing the intracellular superoxide level with * denoting P<0.05 and ** denoting P< 0.01
compared to the control group.

generation of intracellular superoxide in each group is examined
(Fig. 4). Superoxide is an important ROS that can destroy the activ-
ities of enzymes and integrity of DNA [58]. The superoxide levels
increase when the H, O, concentration increases and similarly, bac-
teria treated with TiO,-NT + UV show a similar superoxide level as
those treated with 1 mM H,0,. On the contrary, no superoxide is
detected from the 40 s Au@TiO,-NT group which shows the same
level as the control group. Superoxide is considered vital in the ROS-
dependent bacteria killing process [59]. Based on the significant
difference between the H,0, and TiO,-NT + UV groups, the negative
superoxide signal observed from the 40 s Au@TiO,-NT group sug-
gests an ROS-free interaction consistent with our previous results.

Titania is a suitable implant candidate material because of the
inexpensiveness, good mechanical properties, and strong corro-
sion resistance [60]. Studies including ours (Fig. S1a) confirm that
titania without light illumination is nontoxic to bacteria and is
even better than pure titanium in supporting bacterial survival
[9,24,52,53]. On the other hand, biomedical applications of Au NPs
on genomics, biosensorics, immune assays and clinical chemistry
have been widely investigated [61]. However, Au NPs have little
antibacterial effects without modification or assistance from light
[62,63]. Besides, the bacteria in the Au@Ti group grow similarly
like those on Ti suggesting that Au NPs alone cannot kill bacte-
ria either (Fig. S2). The previous data and results from this study
verify the antibacterial effects of Au@TiO,-NT that neither Au NPs
nor TiO,-NT alone can kill bacteria. Based on the bacteria-current
between bacteria and Au@TiO,-NT, electron light regions, slight
bacteria membrane potential drop, as well as negative intracellular
ROS signal detected from our previous study [24], it can be deduced
that S. aureus die from electrons loss in an ROS-free process, which
is again verified by the SEM bacteria morphology and the negative
superoxide signal in this study.

In the assessment of cytocompatibility, the initial cell adhesion
process is observed by fluorescent microscopy (Fig. 5). After cultur-
ing for 4 h, the cells in all the three Au@TiO,-NT groups adhere to
the samples similar to the TiO,-NT control. Expression of filamen-
tous F-actin in 40 s Au@TiO,-NT is slightly less than that in other
groups, but the intensity of the cells in the Au@TiO,-NT groups
increases in the following 20 h. After 24 h, the cells in the TiO,-NT
and Au@TiO,-NT groups spread well showing similar filamentous
F-actin amounts and distribution. Formation of F-actin observed
from the Au@TiO,-NT groups suggests that the Au@TiO,-NT sus-
tains suitable growth conditions for initial growth of tissue cells
because F-actin is a cytoskeleton protein that plays important role
in maintaining the cellular and tissue structure [64].

Fig. 5. Fluorescent images of MC3T3-E1 osteoblasts cultivated on different samples
for 4h and 24 h with actin stained as green and nuclei stained as blue. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

Fig 6. Time-dependent viabilities of MC3T3-E1 osteoblasts after culturing for 24,
72, and 120 h on the TiO2-NT and Au@TiO,-NT samples.

To quantitatively evaluate the long-term cytocompatibility, cell
proliferation is monitored for 120 h. Similar to cell adhesion (Fig. 6),
cell proliferation on the Au@TiO,-NT groups show little difference
from that in the TiO,-NT group (P> 0.05). ODs7q is about 0.3 after
cultivating for 24 h, increases to about 0.5 in the following 48 h,
and is about 1.1 after 120 h. The cell adhesion and viability data
corroborate the slight negative impact on cytocompatibility by the
Au@TiO,-NT.



G. Wang et al. / Applied Surface Science 414 (2017) 230-237 235

Fig. 7. Fluorescent images of MC3T3-E1 osteoblasts cultivated on different specimens for 4 h and 24 h stained with DCFH-DA (ROS) and DAPI (nuclei).

The intracellular ROS levels of the MC3T3-E1 cells are moni-
tored by DCFH-DA staining assisted by simultaneous DAPI staining
to show the cell numbers (Fig. 7). The amounts of nuclei on the TiO5-
NT and 40 s Au@TiO,-NT groups are similar, but no ROS is observed
from both groups. As the ROS positive groups, the nucleus densi-
tiesin 0.1 mM H,0, and 1 mM H;0, are less than those in the other
groups and most of the cells in the H,O, groups are stained green
by the ROS detector. The results demonstrate that the Au@TiO,-NT
does not alter the ROS levels of the MC3T3-E1 osteoblasts furnish-
ing proof that no significant ROS-related oxidative stress is caused
by the Au@TiO,-NT to both bacteria and tissue cells in contrary to
the photocatalytic mechanism of TiO, [65]. Besides, as the concen-
tration of Au is even less than one third of the detection limit, little
Au is leached into the solution (Fig. S3). Thus, the side effect by Au
leaching can be excluded, highlighting the advantage of Au@TiO,-
NT over Ag-incorporated materials, in which Ag-leaching can cause
tissue damage [7].

The similar nanoscale texture TiO,-NT bodes well for its promis-
ing applications in orthopedic devices and implants. Although
the photocatalytic antibacterial properties of TiO,-NT have been
studied, clinical application of TiO,-NT as implants requires a
light-independent antibacterial ability. We have observed light-
independent antibacterial properties of Au@TiO,-NT induced by
extracellular electron transfer (EET) from the bacteria to the sub-

strate [24]. That study focuses on the comparison between our
bacteria-current and localized surface plasmon resonance (LSPR) as
well as microbial fuel cells (MFC). In this work, we focus on whether
the Au@TiO,-NT substrate can maintain long-lasting antibacte-
rial properties, has satisfactory cytocompatibility, and can induce
ROS production in tissues. These issues must be understood before
practical application. This work verifies the long-lasting antibac-
terial effects of Au@TiO,-NT as well the antibacterial effect and
the ROS-free antibacterial mechanism thereby supplying essential
information enabling more expeditious clinical adoption.
Biomaterials with intrinsic compatibility and antibacterial char-
acteristics are highly desirable in clinical applications. Although
antibacterial surfaces have been widely studied, simultaneous
antibacterial properties and biocompatibility are still challenging.
In this work, Au@TiO,-NT interacts with bacteria, causes steady
electrons loss, and finally leads to bacteria death during the 24 h
antibacterial process, which can be recycled four times in 21 days.
Previous studies focusing on the drug-delivery property of TiO,-
NT have also shown long-term antibacterial effects by antibiotics
or antimicrobial peptides immobilization on the TiO,-NT [66,67]. In
the future, the inorganic antibacterial system described here can be
combined with antibiotics or antibacterial peptides to achieve even
better antibacterial effects. The combination of Au@TiO,-NT with
antibiotics may reduce the amount of antibiotics required, facilitate
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attachment of antibiotics, and help to disinfect the drug-resistant
bacteria.

The Au@TiO,-NT does not induce intracellular ROS in the bac-
teria or osteoblasts and this process is different from the common
ROS-related antibacterial process [68,69], which is prone to caus-
ing cell damage or even cancer [70]. Favorable cytocompatibility
is observed from the Au@TiO,-NT as reflected by good adhesion
and growth of osteoblasts. Since the nanotubes mimic the surface
nanotopography of bones and the Au NPs do not introduce deleteri-
ous effects to osteoblasts, good cytocompatibility is accomplished
[71]. The different responses between bacteria and osteoblasts may
be ascribed to the different size and structure [72] and the overall
results in this study suggest the large potential of Au@TiO,-NT in
orthopedic applications.

4. Conclusion

Au@TiO,-NT with the desirable nanotopography shows long-
term antibacterial characteristics against S. aureus without
photocatalytic effects. The negative intracellular superoxide sig-
nal in S. aureus treated with the Au@TiO,-NT confirms an ROS-free
antibacterial mechanism. The good cytocompatibility results sug-
gest that the Au@TiO,-NT sustains a favorable environment for
osteoblasts without intracellular ROS and this study provides evi-
dence about the feasibility of Au@TiO,-NT as light-independent
bactericidal materials for clinical applications.
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Fig. S1. Effects of Ti and TiO>-NT on bacteria and tissue cells: (a) Antibacterial rates of Ti and
TiO2-NT in darkness for 24 h in comparison with a petri dish; (b)MTT test of MC3T3-E1

osteoblasts proliferation on a petri dish, Ti, and TiO2-NT.



Fig. S2. 24 h - antibacterial rates of 40s Au@Ti and 40s Au@TiO2-NT compared to the Ti group.

Fig. S3. Au leaching test: The samples are immersed in the simulated body fluid (SBF) for 48 h.
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