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Visible-Light-Triggered Drug Release from TiO, Nanotube Arrays: A

Controllable Antibacterial Platform
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Abstract: In this work, we use a double-layered stack of TiO,
nanotubes (TiNTs) to construct a visible-light-triggered drug
delivery system. The key for visible light drug release is
a hydrophobic cap on the nanotubes containing Au nano-
particles (AuNPs). The AuNPs allow for a photocatalytic
scission of the hydrophobic chain under visible light. To
demonstrate this principle, we loaded ampicillin (AMP) into
the lower part of the TiO, nanotube stack, triggered visible-
light-induced release, and carried out antibacterial studies. The
release from the platform becomes most controllable if the
drug is silane-grafted in the hydrophilic bottom layer for drug
storage. Thus, visible light photocatalysis can also determine
the release kinetics of the active drug from the nanotube wall.

Controllable drug delivery has attracted wide interest in
biomedicine and other fields of science to achieve targeted
use of an active substance at the right time and place. In
particular, drug release mechanisms with triggers that
respond to surrounding factors, such as pH,!"! temperature,”
illumination, and ionic strength® are of high practical
significance. Many nanomaterials are, or can be designed to
be particularly sensitive to environmental factors. Biocom-
patible systems have been developed to improve the feasi-
bility of targeted drug delivery with a much higher control
over the pharmacokinetics (which can decrease systemic
toxicity).[*7!

A wide range of potential drug carries have been
explored, including nanoparticles,® microgels,”) nano-
tubes,'*!"1 and polymeric micelles.’"'? Drug carriers based
on nanotubes, in particular, have various beneficial features
owing to their intrinsically high surface-to-volume ratio, well-
defined geometry, and stable structure.™® In the past decade,
TiO, nanotube arrays (TiNTs) grown by a self-organizing
electrochemical anodization process have attracted tremen-
dous scientific interest owing to the combination of geometric
features with inherent photocatalytic activity."* Furthermore,
biocompatible scaffolds for hosting functional guest mole-
cules can be fabricated, taking advantage of the large number
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of hydroxy groups present on the tube walls. These provide
the possibility of incorporating desired functional groups,
loading drugs, or grafting capping molecules and thereby
establish advanced storage and release mechanisms by UV
light irradiation.!”) However, UV light only accounts for 2—
4% of solar energy, and as a result such a trigger mechanism
will not respond robustly to solar light. Even more impor-
tantly, many biomolecules suffer from denaturation or
decomposition when extensively exposed to UV light.

Herein, we introduce a visible-light-triggered drug deliv-
ery platform where the trigger for releasing the drug is based
on gold surface-plasmon resonance (Au-SPR)-induced pho-
tocatalytic chain scission of a hydrophobic cap on the
nanotubes. As an example, we demonstrate controllable
antibacterial activity by releasing the antibiotic drug, amipi-
cillin (AMP), under visible light.

Scheme 1 illustrates the steps used for the preparation of
this TiNT-based platform. It consists of two parts: the top
hydrophobic layer that acts as a cap, and the lower hydro-
philic layer that serves for antibacterial drug storage. For
synthesis (for details, see the Supporting Information, Figur-
es S1-S3), first, a TiO, nanotube layer was grown in a glyc-
erol/water/NH,F electrolyte to a thickness of approximately
0.3 um, with individual nanotube diameters of 90 nm (Fig-
ure 1 A,B). The as-formed amorphous nanotubes were then
crystallized to anatase by annealing at 450°C in air for 1 h
(anatase provides a much higher photocatalytic activity than
amorphous material). AuNPs were decorated on the tube wall
and entrance (Figure 1 C,D) by a biotemplated method that
we reported previously (outlined in Figure S1).1°! After Au
decoration, a hydrophobic monolayer of octadecylphos-
phonic acid (ODPA) was attached to the tube walls (the
successful decoration of AuNPs and ODPA was characterized
by XPS, as shown in Figure S3). The sample was subsequently
anodized again in an ethylene glycol/NH,F electrolyte. In
contrast to water-based electrolytes, ethylene glycol electro-
lytes enter into the hydrophobic tubes and thereby allow for
a second anodic tube to grow through the bottom of the first
tube layer. The voltages for second anodization were chosen
to match the nanotube diameter in the first layer (30 V). The
length of the lower layers is controlled by the duration of the
second anodization. As shown in Figure 1B, the side view
verifies that nanotubes can grow aligned to the upper layer
during the second anodization (the lengths of the second layer
used were about 1.7 pm, determined by the 3 h duration of the
second anodization).

After the growth of the lower layer, dodecanethiol
(NDM) was used to coat the defects formed in the ODPA
hydrophobic layer during the second anodization to
strengthen the overall hydrophobic nature of the cap layer.
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Scheme 1. Preparation of visible-light-controlled drug-release TiNTs. I) First anodization to form
TiNTs; Il) Decoration of Au nanoparticles and hydrophobic monolayer to TiNTs; I1l) Second
anodization to allow nanotube continue to grow for drug storage; IV) Link of hydrophobic
monolayer to Au nanoparticles by mercaptan; V) Silanization of lower layer with GPMS; VI) AMP
loaded by GPMS linker (details are shown the Supporting Information, Figure S2).

Figure 1. SEM images of A) top-view images and B) cross-sectional
images for double nanotube layers TiNTs; C) top-view and D) cross-
sectional images for upper nanotube layers of TiNTs/AuNPs-ODPA.

To load the lower part of the tubes with the AMP, (3-
glycidyloxypropyl) trimethoxysilane (GPMS) molecules were
first attached to the walls of the lower part of the nanotubes,
and then the samples were immersed in an ethanol solution of
AMP. AMP molecules react with the silane linker to form
a covalent bond (outlined in Figure S2).!'"” To characterize the
effect of the different preparation steps on the surface
wettability, we measured water droplet contact angles (6w)
after critical synthesis steps (Figure 2). The annealed TiNTs
and TiNTs/AuNPs show a completely hydrophilic wetting
characteristic (6w = 0). After incubation with ODPA, which
attaches to the wall of the nanotubes, the surface of the
sample showed a strongly hydrophobic character with 6w =
124.6° (Figure 2 A). After the second anodization, the contact
angle exhibited a slight decrease, but the hydrophobic outer
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the first layer can withstand the second
anodization step in the fluoride-con-
taining ethylene glycol electrolyte. The
second incubation in dodecanethiol
(NDM), which decorates the Au nano-
particles, leads again to an increase in
the contact angle to Ow =141.3° (Fig-
ure 2B). Only a slight decrease in the

contact angle (fw=132.8°) was
- observed after attachment of the
AMP silane and AMP to the walls of the

lower nanotubes. This illustrated the
strongly hydrophobic character of the
tube layer surface after the entire syn-
thesis of the drug-loaded platform.
These processes were characterized by
XPS (Figure S3).

A B
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-

Figure 2. Optical images of a water droplet on TiNTs/AuNPs: A) after
modification with ODPA, B) after modification with thiole NDM,

C) after loading with AMP, and D) after releasing AMP by visible light
illumination for 30 min.

O\

To evaluate visible light activity introduced by the Au
nanoparticle loading and successful electronic coupling of Au
with the TiO, tubes, we acquired not only reflectivity data
(Figure 3 A), but also photocurrent spectra (Figure 3B). The
light absorption data show an Au nanoparticle-induced
absorption behavior in the visible range, peaking at approx-
imately 526 nm (curve b, Figure 3 A) owing to SPR.["*"! The
photograph (inset of Figure 3A) of the amphiphilic TiO,
nanotube arrays after Au nanoparticle decoration also
shows the pink color typical for the SPR of Au nanoparticles.
The photocurrent spectra for the AuNP-containing sample
show an redshifted onset and an enhancement (curve b,
Figure 3B) over the entire spectral range. This broad
enhancement can be explained by: once visible light absorp-
tion takes place, photocatalytic decomposition of the organic
monolayer can begin,” that is, once the first hydrophobic
organic chains are broken, wetting of the tube tops increases,
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Figure 3. A) UV/Visible diffuse reflectance spectra of anatase TiO, g“ 1C .:\E“‘D ==
nanotube arrays (curve a) and the amphiphilic TiO, nanotube arrays Beo Zeo
decorated with Au nanoparticles (curve b). Inset: photograph of the .§ ,§
amphiphilic TiO, nanotube arrays with Au nanoparticle decoration. = £101 P
B) Incident photon-to-current conversion efficiency (IPCE) of ODPA @ 50 / @50 /
decorated TiNTs (curve a) and ODPA-decorated AuNPs/TiNTs (curve ® b
b)in an aqueous solution of 0.1 M Na,SO, at an applied bias of +0.5V & %7 & 01 =
versus saturated calomel electrode (SCE). o 20 40 e 8o 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
Figure 4. Release efficiency of AMP from the nanotubes. Four methods
L for drug loading using AMP as a hydrophilic model drug: A) immer-
providing better electrolyte access to the nanotube arrays, sion without any TiO, surface modification; B) immersion after ODPA
thereby enhancing charge transfer and the photocurrents. modification in the upper nanotube layer (hydrophobic cap); C) cova-
To evaluate visible light activity under conditions without lently attached HRP over the entire nanotube layers; and D) ODPA cap
an applied bias (OCP), we carried out a color reaction test  in the upper nanotube layer and covalently attached HRP in the lower
(Figure S6) to demonstrate the formation of H,0, The  nanotube layer.
positive reaction for gold-decorated tubes (and the negative
results on a non-decorated reference) strongly support the
hypothesis that Au-SPR can provide a conduction-band- lently linked with the tube wall by GPMS but no Au coating
induced photocatalytic pathway.”® The excitation and flow cap is present. In this case, there are almost no AMP
of electrons from the Au deposits to the conduction band  molecules released under light owing to a lack of photo-
(CB) of TiO, have been reported for such systems,*™ but the  catalytic activity. This demonstrates that visible light cannot
decorated Au nanoparticles can also serve as trapping centers  trigger the release of AMP without grafting AuNPs on the
for electrons photogenerated in the CB of TiO,. Under visible  tubes. Figure 4D shows the results from amphiphilic TiNTs
light conditions, this may lead to an improved photocatalytic =~ where AuNPs were introduced into the hydrophobic cap and
efficiency for AuNP-decorated TiNTs, mainly by conduction- ~ AMP is covalently linked to the lower tube walls. These layers
band-induced O, and peroxide or OH" formation.™ Further ~ enable an illumination-controlled release. In the first dark
experiments (Figure S7) identified the formation of OH" by  period, there is a very minor release that can be ascribed to
using an established fluorescence method based on tereph-  small amount of physical adsorbed AMP still present. Upon
thalic acid.?!! These active species can diffuse several micro-  illumination, however, hydrophobic ODPA molecules on the
meters®? in the electrolyte, and thus also cut the linker in the  first nanotube layer are decomposed, the GMPS linkers are
lower part of the tubes. In the UV range, photo-induced cut, and AMP molecules are controllably released.
valence band holes can further contribute and break hydro- To confirm full functionality of this platform, we inves-
phobic chains by direct hole transfer or OH* formation.*! tigated the release of AMP in a bacterial culture test.
To demonstrate that the present system indeed can show  Escherichia coli, which is responsible for many infections in
effective and controllable release of a real drug under bias-  daily life, served as a model target microorganism for
free and visible-light-only conditions, AMP release kinetics  antibacterial tests. In Figure 5SA, the antibacterial activity
were studied for different drug-anchoring and -capping stages ~ from hydrophilic TiNTs (anatase tube without AMP-loading)
(Figure 4). For this, samples were exposed to a xenon light  and empty amphiphilic AuNPs/TiNTs (without AMP-load-
source (with a filter of A >420nm, illumination intensity ing) were compared with the amphiphilic AuNPs/TiNTs
50 mW cm %) after immersion into deionized water (5mL), loaded with AMP. The amphiphilic nanotubes loaded with
and kept in the dark for 10 min. To detect the released drug, = AMP showed an effective bactericidal activity under visible
we used UV/Vis spectrometry (after reaction with ninhydrin,  light irradiation.
Figure S8). As seen in Figure 4 A, if AMP is loaded only by The hydrophilic nanotubes and the empty amphiphilic
dipping (neither cap nor linker is used), a quick and AuNPs/TiNTs exhibit only weak bactericidal activity. We
uncontrolled release is obtained. Most of the drug molecules  further evaluated the controllability of the drug delivery
are released from the nanotubes within the first 10 min (that  system by releasing the drug after different illumination
is, the dark period). With hydrophobic Au caps, AMP is  periods (Figure 5B). The results indicate a light-controllable
retained within the tubes in the dark, but the drug molecules  amount of drug was released, corresponding to the illumina-
are released immediately after the removal of the upper cap  tion duration. In these experiments the bactericidal effect
by visible light (Figure 4 B). Figure 4 C shows the drug release  tapers off after 90 min, suggesting that at this point most of
kinetics for hydrophilic nanotubes, in which AMP is cova-  the available drug molecules are released. The influence of
Angew. Chem. 2016, 128, 603-607 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 605


http://www.angewandte.de

(@)
qo
@
>

606

o
=)

Bactericidal efficiency (%)

20 QIJ 60 5 80 100 120
Time (min)

Figure 5. The bactericidal efficiency of A) bare TiNTs, and amphiphilic
TiNTs with and without drug loaded under visible light irradiation.

B) AMP-loaded amphiphilic TiNTs under visible light illumination for
different times. Optic images of bactericidal results from drug-loaded
amphiphilic TiNTs with (C) or without D) treatment by visible light
irradiation.

visible light is also clearly evident in Figure 5 C and D, where
a drastic decrease of E. coli colonies is observed using the
amphiphilic drug release system under visible light irradiation
(Figure 5C). These results (Figure 5C,D) demonstrate that
the hydrophobic cap can efficiently prevent the leaching of
the AMP or the influx of the aqueous surrounding media in
dark, that is, the drug delivery system is comparably stable
against drug leakage if stored in the dark. XPS data
(Figures S3,S9) also confirmed the photocatalytic scission of
the hydrophobic and alkyl chains that connect the drug to the
wall under visible light irradiation. Moreover, if the gold-
decorated top layer is removed before visible light irradiation
(Figure S10), the drug molecules cannot be released.

Another very important point evidenced from the results
of Figure 5B is that the visible-light-induced photocatalytic
effect allows the release of the antibiotic species in a fully
functional form. That is, neither the photocatalytic principle
nor the direct visible light illumination have a detrimental
effect on AMP function, in stark contrast to UV-induced
approaches.

In summary, we established a visible-light-controlled
platform for drug delivery based on TiO, nanotubes. The
key trigger mechanism is visible light photocatalytic chain
scission of an organic monolayer. Activation for visible light is
introduced by Au nanoparticles embedded in the hydro-
phobic cap layer, where Au-SPR with the TiO, conduction
band provides the active species for chain scission. The
results, importantly, show that the loaded drug can be
photocatalytically released in its fully functional form without
photoinduced degradation. We believe the principle shown
here, that is, Au SPR/TiO,-induced photocatalytic chain
scission by visible light, is not limited to the drug release
system demonstrated, but may be expanded to other payload
release systems for much wider use.
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