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The purpose of this research was to prepare gold nanorod- (GNR-) grafted TiO, nanotubes by thiolactic acid treatment and evaluate
remote-controlled drug elution and antibacterial activity by infrared (IR) light irradiation. Tetracycline used as an antibiotic was
loaded into GNR-grafted TiO, nanotubes by using 2 w/v% polylactic acid solutions. A near-IR laser (830 nm) was used for remote-
controlled IR light irradiation. Results of SEM, TEM, XRD, and EDX revealed that GNR chemically bonded to the whole surface of
the TiO, nanotubes. An antibiotic release test revealed that on-off drug elution was triggered effectively by the photothermal effect
of GNR grafted on TiO, nanotubes. Furthermore, an antibacterial agar zone test indicated that the annihilated zone of Streptococcus
mutans in the experimental group with IR light irradiation was significantly larger than that of the corresponding group without
IR light irradiation (P < 0.05). Therefore, GNR-grafted TiO, nanotubes would be expected to extend the limited usage of TiO,,
which show photocatalytic activity only within the ultraviolet (UV) to IR region, thereby allowing the development of novel fusion

technologies in the field of implant materials.

1. Introduction

The long-term clinical success of implants is decided by
osseointegration at the interface of an implant and bone tissue
at the early stage of implantation [1]. Many studies have been
conducted on accelerating osseointegration by modifying the
surface roughness of implants and coating them with growth
factors or hormones, which enhances the initial attachment
of bone marrow cells, on the basis of the chemical prop-
erties, charge, microstructure, and porosity of the implant
surface [1-4]. However, most recent techniques for enhancing
osseointegration are also vulnerable to bacterial infection.
Bacteria are as likely to attach to a surface coated by growth
factor or proteins, as bone marrow cells are. Once bacteria
permeate into the coated surface, it is impossible to eradicate
them by using common sterilization techniques.

The resolution of bacterial infection generally requires
antibiotic therapy approximately 2 months after implant

surgery. There are many ways to deliver antibiotics to a
target in a patient’s body, including systemic, intravenous,
intramuscular, and topical methods. Systemic delivery is
typically associated with some side effects as well as inevitable
cytotoxicity. Much research has been undertaken to develop
various drug delivery systems to achieve efficacy at a localized
target area [5, 6].

Most of the recently developed drug delivery systems
have excellent targeting capability and proper drug delivery
and afford an immediate reduction of bacterial infection [7-
11]. However, most of these systems do not afford control
of the time and period of drug elution. In particular, drug
elution is not required immediately after implant surgery, but
2 montbhs after the surgery. Therefore, a new delivery system
that affords control of the time of drug elution and accurate
dosing of antibiotics to the target area is required.

TiO, nanotubes have been studied predominantly in the
field of photocatalysis [12-14], solar cells [15], and biomedical



engineering [16-18], because of their excellent photocatalytic
activity and biocompatibility. In addition, the high surface
area and unique shape of TiO, nanotubes make them a
promising option for application in drug delivery systems.

TiO, photocatalysts have been mostly used for the purifi-
cation of air and water [19, 20] by UV light irradiation.
However, the limited photocatalytic activity of TiO, within
the UV range presents difficulties in biomedical and tissue
engineering applications owing to the potential harmful
effects of UV light. Our previous study was focused on exten-
sion of the photocatalytic activity of TiO, to the visible light
region by doping nitrogen into the TiO, crystal structure,
which would allow remote control of antibiotic elution by
visible light irradiation [21]. On the basis of the results of our
previous study, we expected IR light to be more effective than
visible light, owing to its superior skin penetration.

Gold nanorods (GNR) are known to have much potential
for mediating photodynamic and photothermal effects at
near IR light [22-27]. As such, GNR have found promising
application in the field of cancer treatment as a photosensi-
tizer. In other medical applications, IR light has been widely
used for the therapy of back pain and chronic nonhealing
wounds [28]. IR light can also overcome the limitation of
visible light, which cannot penetrate deep into the skin.
We anticipate that the photothermal activity of GNR would
allow for remote control of on-off drug elution by IR laser
irradiation.

In this study, we immobilized GNR at the surface of
TiO, nanotubes via a grafting technique and investigated
on-off drug release triggered by near-IR laser irradiation.
In addition, antimicrobial activity was monitored to assess
the effectiveness of GNR-grafted TiO, nanotubes in allowing
remotely controlled drug release by IR laser irradiation.

2. Materials and Methods

2.1. Fabrication of TiO, Nanotubes. As reported previously
[29], a machined Ti sheet (0.2 mm thick, 99.5%; Hyundai
Titanium Co., South Korea) was polished by an electropolish-
ing process and cleaned with ethyl alcohol (99.5%, Dae-Jung
Chemical, South Korea) and double-distilled water. TiO,
nanotubes (diameter; 100 nm) were prepared in 0.5w/v%
hydrofluoric acid (48 w/v%, Merck, NJ, USA) in water with
acetic acid (98 w/v%, JT Baker, NJ, USA; volumetric ratio =
7:1) at 20V for 1h. A platinum electrode (99.99%, DSM Co.,
South Korea) served as the counterpart. The samples were
then rinsed with double-distilled water, dried at 60°C, and
heat-treated at 400°C for 3h to crystallize amorphous TiO,
nanotubes into anatase structures.

2.2. Gold Nanorod (GNR) Synthesis. GNR were synthesized
by modifying the three-step protocol described previously
[30]. First, a solution was prepared to facilitate the seeding
of GNR. 5mL of 0.0005M HAuCl, (Sigma, MO, USA) and
60 uL of 0.01 M NaBH, (Sigma, MO, USA) were mixed vig-
orously in 5mL of 0.2 M cetyltrimethylammonium bromide
(CTAB; Sigma, MO, USA) for 2 min. The mixed seed solution
was stored at 25°C and used within 3h. Secondly, another
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solution was prepared to grow crystals from the GNR seeds.
200 uL of 0.004 M AgNO; (Sigma, MO, USA) and 500 L of
0.01 M HAuCl, were added to 5mL of 0.2 M CTAB solution
and mixed until the solution turned yellow. Further addition
of 70 uL of 0.0788 M L-ascorbic acid (Sigma, MO, USA)
discharged the color, leading to a clear solution. 12 yL of the
previously prepared seed solution was then added to this
solution, and the mixture was shaken gently and stored at
25°C for 4 h.

2.3. GNR Grafting Process. To graft GNR at the surface of
TiO, nanotubes, we modified the protocol reported previ-
ously [31, 32]. As shown in Figure 1, TiO, nanotubes were first
treated with various concentrations of aqueous thiolactic acid
(0.1, 0.2, and 0.5 M; Sigma, MO, USA) for 30 min and then
dried at 60°C for 12 h. The GNR solution prepared above was
added to the pretreated TiO, nanotubes, and the mixture was
stored at 25°C for 2 h and then dried at 60°C for 12 h.

2.4. Surface Characterization. The morphology and optical
properties of synthesized GNR were assessed by transmis-
sion electron microscopy (TEM; JEM-2010, JEOL, Japan)
and UV-Vis spectrophotometry (UVmini-1240, Shimadzu,
Japan). Morphologic observation and crystal structure of
GNR-grafted TiO, nanotubes were determined using a field
emission scanning electron microscope (FE-SEM; S$4800,
Hitachi/Horiba Co., Japan) and thin film X-ray diffractome-
ter (XRD; X’PERT-MRD, Phillips Co., USA), respectively.
The amount of GNR grafted at the surface of TiO, nanotubes
was analyzed by energy dispersive X-ray spectroscopy (EDX)
equipped with FE-SEM.

2.5. Drug Release Test. A solution of 10g of tetracycline
(Sigma, MO, USA) in 50mL of DMSO was added to a
solution of 4 g of polylactic acid (PLA; Sigma, MO, USA) in
50 mL of tetrahydrofuran (THF; Sigma, MO, USA) and the
mixture was stirred for 3 h. The resulting solution was loaded
into TiO, nanotubes by a vacuum loading technique [21]. A
microplate ELISA reader (Spectra Max 250; Thermo Electron
Co., USA) measured the amount of tetracycline released as
a function of incubation period. The amount of tetracycline
released in response to IR light irradiation was also measured
by a microplate ELISA reader. The source of IR light was
a near-IR laser (Power: 200 mW and wavelength: 830 nm;
RaeHwa LMA, South Korea).

2.6. Antibacterial Agar Diffusion Test. To perform the
antibacterial agar diffusion test of GNR-grafted TiO, nan-
otubes, Streptococcus mutans (ATCC 25176, ATCC, USA)
was incubated in brain-heart infusion broth (BHIB; Difco
Co., USA). When the bacterium showed high confluence,
100 uL of the incubating solution was diluted into 1 x
10° CFU/mL and seeded onto agar medium. The combination
was stored in an incubator at 37°C for 24h in order to
solidify the agar medium and form the Streptococcus mutans
colony. Experimental specimens (1 x 1cm?) were placed onto
Streptococcus mutans incubated solid agar medium, and IR
laser irradiation was conducted for 1min. After IR laser
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FIGURE 1: Schematic diagram of preparing gold nanorod- (GNR-) grafted TiO, nanotubes by thiolactic acid treatment.
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FIGURE 2: (a) TEM micrograph and (b) UV-Vis absorption spectra of GNR prepared in this research. (c) The distribution of GNR aspect ratio

obtained from TEM micrographs.

irradiation, the specimen was stored at 37°C for 24 h. The
experimental specimens without IR laser treatment were
placed directly at 37°C incubator and stored for 24 h. After
a second incubation period of 24 hours, the zone diameters
of the death of the Streptococcus mutans colony in control and
experimental specimens were measured 3 times per specimen
in order to minimize the error of measurement.

2.7. Data Analysis. All data were expressed as mean +
standard deviation values and analyzed statistically by one-
way ANOVA (SPSS 12.0; SPSS GmbH, Germany) and post
hoc Duncan’s multiple range tests. Significant differences
were considered if P values were less than 0.05.

3. Results and Discussion

Figure 2 shows the TEM micrograph and UV-Vis spectrum
results of GNR synthesized in this study. From the TEM
image and the aspect ratio distribution diagram of GNR, rel-
atively uniform-sized GNR (diameter; 10+ 1 nm, aspect ratio;
3.83) were synthesized, and round-shaped gold nanoparticles
were not detected. The electron absorption spectrum of
synthesized GNR showed two peaks at wavelength of 509 and
830 nm, which was the main phenomenon of photothermal
scattering of short and long axis of GNR, respectively. In
this study, 830 nm near-IR laser was used to perform on-
off drug release and remote-controlled antimicrobial activity
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FIGURE 3: ((a), (b), (c)) FE-SEM micrographs of GNR-grafted TiO, nanotubes treated by (a) 0.1 M, (b) 0.5M, and (c) 1.0 M thiolactic acid
solution. (d) EDX results of GNR-grafted TiO, nanotubes treated by 0.1 M thiolactic acid solution.

TaBLE 1: EDX results of GNR-grafted TiO, nanotubes treated by various concentrations of aqueous thiolactic acid solution.

Weight %

kv C Ti Au O
5 1.97 £0.12 5177 £1.95 5.74 £ 0.68 40.52 +1.92
(1) 1 M thiolactic acid 10 173 £0.16 53.96 = 0.55 3.27 £ 0.44 41.05 £ 0.53
15 1.4 +0.14 58.03 £ 0.32 1.26 £ 0.23 41.31+0.30
20 0.99 £ 0.29 57.03 £ 0.50 112 + 0.32 40.86 = 0.47
5 1.27 £ 0.09 52.72 +1.84 6.61 + 0.68 39.40 £ 1.81
(2) 0.5 M thiolactic acid 10 1.61 £ 0.16 54.04 £ 0.56 3.52£0.45 40.83 £ 0.54
15 1.51+0.18 55.65 £ 0.39 147 £ 0.29 41.37 £0.37
20 1.43+0.2 53.30 £ 0.33 0.76 + 0.21 4151+ 0.32
5 1.84 £ 0.10 47.69 £1.68 12.23 £ 0.73 38.24 +1.62
(3) 0.1 M thiolactic acid 10 1.79 £ 0.16 52.10 £ 0.53 5.83 £ 0.46 40.28 £ 0.51
15 114 +0.20 55.82£0.43 2.40 +£0.34 40.63 £ 0.41
20 0.98 £0.22 56.52 + 0.37 1.91+0.24 40.59 £ 0.35

tests, thereby maximizing the photothermal effect of the
synthesized GNR.

Figure 3 shows FE-SEM and EDX micrographs of GNR-
grafted TiO, nanotubes treated by different concentrations
of thiolactic acid (0.1, 0.5, and 1.0 M). As shown in the FE-
SEM images, there was no destruction or blocking of TiO,
nanotubes after thiolactic acid treatment with different con-
centrations. In addition, small nanomaterials were observed
on TiO, nanotubes, but it is difficult to confirm whether these
nanomaterials were GNR or not. From the EDX result, GNR
chemically conjugated on TiO, nanotubes were confirmed by
the element analysis of Au.

Table 1 lists the amounts of main elements detected at the
surface of TiO, nanotubes treated by different concentrations
of aqueous thiolactic acid solution. From the results of ele-
mentary analysis, the total amount of gold detected by EDX
was less than 12 wt%. In addition, 0.1 M thiolactic acid showed
the most effective grafting among the three thiolactic acid
concentrations. To double-check the optimal concentration
of thiolactic acid solution, we tested elementary analysis on
the conditions of 0.01 and 0.05M thiolactic acid solution
and confirmed that the gold contents of 0.1 M thiolactic acid
treated groups were higher than that of 0.01 and 0.05M
thiolactic acid treated group (data are not shown).
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FIGURE 4: X-ray diffraction patterns of GNR-grafted 100 nm TiO, nanotubes treated by 0.1 M thiolactic acid.
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FIGURE 5: (a) Near-IR laser and IR light irradiation and (b) the concentration of tetracycline released by IR light irradiation (NT, NT + IR,
GNT, and GNT + IR in the graph designate TiO, nanotubes only, near-IR laser irradiated TiO, nanotubes, GNR-grafted TiO, nanotubes,
and near-IR laser irradiated GNR grafted TiO, nanotubes, resp.). *denotes significance between groups (P < 0.05).

Figure 4 displays X-ray diffraction (XRD) patterns of
GNR-grafted TiO, nanotubes. As shown, XRD mainly
detected anatase TiO, and Ti crystalline phases from the
XRD patterns of TiO, nanotubes. In addition, the XRD
pattern of GNR-grafted TiO, nanotubes indicated that two
additional peaks corresponding to the (111) and (200) peaks
of gold nanorods were detected at 38 and 44.8°, respectively,
as reported previously [33]. Therefore, we concluded that
the covalent immobilization of GNR had no effect on the
crystallinity of TiO, nanotubes in this study, and XRD
measurement was enough to detect gold deposited on TiO,
nanotubes, even though the grafted amounts of GNR were
small as shown by the results of elementary analysis (EDX).

Figure 5 shows the elution concentrations of tetracycline
loaded at the surface of GNR-grafted TiO, nanotubes after
30s of IR light irradiation with a near-IR laser. The release
concentrations of tetracycline from GNR-grafted TiO, nan-
otubes with IR light irradiation (674.52 + 169.58 ug/mL)
were significantly higher than those from other experimental
conditions, such as TiO, nanotubes with or without IR light
irradiation and GNR-grafted TiO, nanotubes without IR
laser irradiation (P < 0.05).

Figure 6 demonstrates the zone index results of antibac-
terial agar diffusion test with GNR-grafted TiO, nanotubes
after 1min of IR light irradiation with a near-IR laser. In
this examination, negative (sterilized filter paper only) and
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FIGURE 6: (a) Photographs of antibacterial agar diffusion test by using Streptococcus mutans and (b) the results of zone diameter of dead
Streptococcus mutans on the conditions of negative control, positive control, GNR-grafted TiO, nanotubes without IR light irradiation
(designated GNT) and with IR light irradiation for 1 min (designated GNT + IR). * and * = denote significance between groups (P < 0.05).

positive (3 uL tetracycline loaded filter paper) control groups
were adopted to compare the values of experimental groups.
The zone index of annihilated Streptococcus mutans of GNR-
grafted TiO, nanotubes with IR light irradiation (3.03 +
0.07 cm) was significantly higher than that of GNR-grafted
TiO, nanotubes without IR light irradiation (2.55 + 0.13 cm)
(P < 0.05). In addition, GNR-grafted TiO, nanotubes
without IR light irradiation showed the annihilation effect
of Streptococcus mutans regardless of IR light irradiation.
This phenomenon is supposed to be the long period of
second incubation after plating experimental specimen.
GNR-grafted TiO, nanotubes including the mixture of PLA
and tetracycline were contacted with Streptococcus mutans
during second incubation period. Therefore, 24 h of second
incubation is seemed to be enough to kill the bacterium, even
though the release amount of tetracycline is small. Further
investigation will be performed to clarify on-off drug release
remotely controlled by IR light irradiation.

Rod-shaped GNR are well known to mediate photody-
namic effects at near infrared light and tune the surface
plasmon resonance (SPR) band from the visible to near
IR wavelength by modifying the aspect ratio of GNR [22,
34-36]. In addition to photodynamic cancer therapy, the
nanomaterial-mediated photothermal therapy of GNR plays
an important role in combining the therapeutic effect with
photodynamic therapy to achieve cancer treatment. The main
goal of this research was to detach antibiotics deposited on
TiO, nanotubes by IR laser irradiation based on the photo-
dynamic and photothermal effects of GNR. In particular, the
photothermal effect of GNR was expected predominantly to

affect elution of drugs from TiO, nanotubes remotely by near-
IR laser.

4. Conclusions

From the results of this research, we can surmise that
covalent immobilization of GNR on TiO, nanotubes via a
grafting technique was performed successfully by thiolactic
acid treatment. Moreover, we confirm that tetracycline stored
in GNR-grafted TiO, nanotubes was released effectively by
IR light irradiation with a near-IR laser, even though the
amount of gold grafted at the surface of TiO, nanotubes was
less than 12 wt%. Therefore, we conclude that GNR-grafted
TiO, nanotubes can be expected to extend the limited usage
of TiO, showing photocatalytic activity within the UV to IR
region, thereby facilitating the development of novel fusion
technologies in the field of implantation materials.
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