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A Photoelectrochemical Imnmunosensor Based on Au-Doped TiO, Nanotube
Arrays for the Detection of a-Synuclein
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Abstract: o-Synuclein (a-SYN) is a
very important neuronal protein that is
associated with Parkinson’s disease. In
this paper, we utilized Au-doped TiO,
nanotube arrays to design a photoelec-
trochemical immunosensor for the de-
tection of a-SYN. The highly ordered
TiO, nanotubes were fabricated by
using an electrochemical anodization
technique on pure Ti foil. After that, a
photoelectrochemical deposition
method was exploited to modify the re-
sulting nanotubes with Au nanoparti-
cles, which have been demonstrated to
facilitate the improvement of photocur-
rent responses. Moreover, the Au-

antibody immobilization arrays and im-
mobilized primary antibodies (Ab;)
with high stability and bioactivity to
bind target a-SYN. The enhanced sen-
sitivity was obtained by using {Ab,-Au-
GOx} bioconjugates, which featured
secondary antibody (Ab,) and glucose
oxidase (GOx) labels linked to Au
nanoparticles for signal amplification.
The GOx enzyme immobilized on the
prepared immunosensor could catalyze
glucose in the detection solution to
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produce H,O,, which acted as a sacrifi-
cial electron donor to scavenge the
photogenerated holes in the valence
band of TiO, nanotubes upon irradia-
tion of the other side of the Ti foil and
led to a prompt photocurrent. The pho-
tocurrents were proportional to the o-
SYN concentrations, and the linear
range of the developed immunosensor
was from 50 pgmL™ to 100 ngmL™
with a detection limit of 34 pgmL™'.
The proposed method showed high
sensitivity, stability, reproducibility, and
could become a promising technique
for protein detection.

doped TiO, nanotubes formed effective

Introduction

Parkinson’s disease (PD) is a chronically progressive, age-re-
lated neurodegenerative disorder, which is characterized by
rest tremor, balance impairment, slowness of movement,
and rigidity."! Although the main pathological feature of PD
is the selective death of dopaminergic neurons in the sub-
stantia nigra, the etiology of this common neurodegenera-
tive disease remains to be elucidated.”) Recently, many re-
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searchers have concentrated on the study of the normal and
disease-associated functions of a-synuclein (a-SYN), which
is an essential neuronal protein probably implicated in
PD.’Y Some research has indicated that overexpression of
mutant and wild-type human a-SYN in mice or flies induces
a slowly progressive neurodegenerative phenotype with a
late onset.’*! Accumulation of soluble a-SYN can render
endogenous dopamine toxic, thereby suggesting a potential
mechanism for the selectivity of neuronal loss.” Several in-
vestigators have also reasoned that the quantification of ex-
tracellular a-SYN could provide a platform for marker de-
velopment of human synucleinopathies, including PD.® All
these facts clearly indicate that a-SYN is an important
pathological protein associated with neurodegenerative dis-
eases.”! Therefore, to clarify the properties and functions of
a-SYN, the development of effective methods for quantita-
tive analysis of this protein has tremendous importance in
neurological disease etiology study and clinic diagnosis.

Up to now, a variety of strategies have been used for the
quantitative detection of a-SYN, including NMR spectrosco-
py."" fluorescence measurements,""! western blotting,® and
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size-exclusion chromatography (SEC).'” However, most
methods often involve sophisticated instrumentation, and
clinically unrealistic expense and time."") Immunoassay, with
the remarkable development in such fields as biochemical
technology, seems to be one of the most popular techniques
for bioanalysis based on the selective nature of the recogni-
tion between antigen and antibody.'*! One of the traditional
immunoassays is enzyme-linked immunosorbent assay
(ELISA), which is widely used in clinical and biochemical
analysis by enzymatic amplification of the signals."'* To
improve the traditional ELISA, electrochemical techniques
such as potentiometry,"” amperometry,”®*!! and conducto-
metry® have all been explored with regard to immunoassay
development. Among these improved techniques, photoelec-
trochemical detection, the ultrahigh sensitivity of which is
achieved by employing two separate forms of signal for exci-
tation and detection, has become an attractive and promis-
ing method for biological assay.”**! For instance, CdS quan-
tum dots (QDs) have been developed to form an acetylcho-
line esterase (AChE)-CdS nanoparticle hybrid system for
the photoelectrochemical detection of AChE inhibitors.”!
SnO, nanoparticles have been used as electrode material for
quantitative detection of a biological affinity reaction,
biotin-avidin recognition.” Among various semiconductors,
TiO, is of special interest in the wide application of photo-
electrochemistry because it possesses nontoxicity, environ-
mental safety, photochemical stability,””"! and in particular,
biocompatibility and negligible protein denaturation.[*3!
These properties make TiO, an ideal sensing material for
electrochemical biosensor design.®®! To the best of our
knowledge, no immunosensor has employed TiO, nanotubes
as a substrate for the determination of proteins in photo-
electrochemical bioanalysis.
Herein, we describe the con-
struction of a novel photoelec-
trochemical immunosensor for
a-SYN detection based on Au-
doped TiO, nanotubes. The
highly ordered TiO, nanotube
arrays were fabricated by the
electrochemical anodic oxida-
tion technique. Au nanoparti-
cles were then photoelectro-
chemically deposited in the
TiO, nanotubes on both sides
of the Ti foil, and the resulting Au-doped TiO, nanotubes
were proved to facilitate the improvement of the photoelec-
trochemical performance of semiconductive nanomateri-
als,*>*! as well as the immobilization of primary antibodies
on nanotubes.®**! With the aim of protecting biomolecules
from UV irradiation, in the case of the immunoassay proto-
col, the primary antibody (Ab;) was just immobilized on
one side of Au-TiO,-modified Ti foil. The analytical proce-
dure consisted of the immunoreaction of target a-SYN with
Ab,, followed by the attachment of {Ab,-Au-GOx} biocon-
jugates, which featured secondary antibody (Ab,) and glu-
cose oxidase (GOx) labels linked to Au nanoparticles, and

photodeposition method.
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could afford the assay excellent sensitivity by signal amplifi-
cation. When this immunosensor was exposed to a solution
containing glucose, the GOx that was immobilized on one
side of the Ti foil could catalyze the conversion of glucose
into gluconic acid and H,0O,. The latter product acted as a
sacrificial electron donor to scavenge the holes generated in
the valence band of TiO, nanotubes upon irradiation of the
other side of the Ti foil, thereby improving the accumulation
of electrons and leading to a remarkable photocurrent. The
a-SYN concentration, which was proportional to that of the
GOx labels linked to Au nanoparticles, could be readily ex-
amined through measurement of the photocurrent derived
from the photoelectrochemical reaction of H,O,. Under op-
timal conditions, the linear relationship between the photo-
current and a-SYN concentration was obtained in the range
of 50 pgmL~" to 100 ngmL™". The detection limit was esti-
mated to be 34 pgmL™', which showed that the fabricated
immunosensor exhibited good sensitivity. The results dem-
onstrated that the developed immunosensor supplied a con-
venient, low-cost, and sensitive method for a-SYN determi-
nation. Moreover, the established method could provide an
approach for the design of photoelectrochemical immuno-
sensors for analysis of other significant proteins in the
future.

Results and Discussion

SEM images of TiO, and Au-TiO, nanotubes: Figure 1
shows the SEM images of the TiO, nanotubes used in this
work. It is observed that high-density, well-ordered, and uni-
form TiO, nanotubes of about 75 nm in diameter were fabri-

Figure 1. Morphologies of TiO, nanotubes: a) a typical SEM image of well-ordered TiO, nanotubes; and SEM
images of Au-doped TiO, nanotubes prepared by using b) a photoelectrochemical deposition method and c) a

cated on the pure Ti foil with the electrochemical anodic ox-
idation technique (Figure la). In Figure 1b, it is clearly
shown that Au nanoparticles (arrows) were deposited in the
nanotubes, and that the diameter of the nanoparticles
ranged from 40 to 50 nm. The Au nanoparticles were not ag-
gregated, which indicates that the photoelectrochemical
deposition method compares favorably to the conventional
photodeposition technique (Figure 1c).

Electrochemical characteristics of the TiO, surface: It is

well known that electrochemical impedance spectroscopy
(EIS) is an effective and convenient method for probing the
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features of a modified electrode surface. Each reaction step
of the modified electrode was analyzed by EIS in the fre-
quency range 0.1-1.0x 10° Hz, and in a phosphate buffer so-
lution (PBS; 0.01m, pH7.4) containing [Fe(CN)¢*~/
[Fe(CN)¢]*™ (1:1, 2.5 mm) as probe. Figure 2 represents the
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Figure 2. Nyquist plots of the electrochemical impedance spectroscopy
(EIS) for different electrodes: a) TiO,, b) TiO,-Au, c) TiO,-Au-Ab,,
d) TiO,-Au-Ab;-a-SYN, e) Au-TiO,-Au-Ab,;-a-SYN-{Ab,-Au-GOx]},-
which were measured in PBS (pH7.4) containing [Fe(CN)¢*7/
[Fe(CN)e]* (1:1, 2.5 mm).

Nyquist plots for the TiO, electrode, TiO,-Au electrode,
TiO,-Au-Ab, electrode, TiO,-Au-Ab;-a-SYN electrode, as
well as the TiO,-Au-Ab;-a-SYN-{Ab,-Au-GOx} electrode.
At the TiO, electrode (Figure 2a), the redox process of the
[Fe(CN)¢]**~ probe showed a high electron-transfer resist-
ance. The TiO,-Au electrode showed a much lower resist-
ance for the redox probe (Figure 2b), which implies that the
Au nanoparticles greatly accelerated the electron transfer,
which demonstrates that the Au nanoparticles had been suc-
cessfully deposited in the TiO, nanotubes. When primary
antibodies (Ab,) were adsorbed onto the TiO,-Au electrode,
the curve increased notably (Figure 2c). Further binding of
a-SYN retarded the interfacial electron transfer of the
[Fe(CN)¢]**~ pair, which provided evidence of the success-
ful formation of the immunocomplex (Figure 2d). In the
final step, the attachment of {Ab,-Au-GOx} bioconjugates
gave rise to an additional barrier towards the access of the
redox probe to the electrode, which resulted in a further in-
crease in the electrode-transfer resistance (Figure 2e).

Characterization of Au nanoparticles and {Ab,-Au-GOx}
bioconjugates: The interaction between Au nanoparticles
and GOx and Ab, was demonstrated with UV-visible ab-
sorption spectroscopy. Figure 3a and b show the absorption
spectra of the dispersed Au nanoparticles, and the mixture
of GOx and Ab,, respectively. Au nanoparticles exhibited a
typical characteristic of the surface plasmon band at approx-
imately 520 nm. The characteristic peak of GOx and Ab, ap-
peared at 280 nm, which corresponds to the m—m* transition
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Figure 3. UV-visible absorption spectra of a)the gold nanoparticles,
b) the mixture of GOx and Ab,, and c) {Ab,-Au-GOx]} bioconjugates.

in the tryptophan and tyrosine residues of the proteins.[*!
After Au nanoparticles had been modified with GOx and
Ab,, several absorption peaks were simultaneously observed
in comparison with that of pure Au nanoparticles (Fig-
ure 3c). The peak at 269 nm was mainly ascribed to GOx
and Ab, in contrast with that of pure GOx and Ab,. Addi-
tionally, a remarkable shift of the absorption band toward a
higher wavelength (530 nm) along with further broadening
of the absorption band was observed, which suggests that
GOx and Ab, could be bound to the Au nanoparticles to
yield {Ab,-Au-GOx]} bioconjugates.*’>*!

The morphologies and microstructures of the pure Au
nanoparticles and modified Au nanoparticles were also con-
firmed by TEM images. As shown in Figure 4a, a homoge-
neous dispersion of Au nanoparticles with a mean diameter
of 18 nm could be observed. After the Au nanoparticles had

Figure 4. TEM images of a) gold nanoparticles and b) {Ab,-Au-GOx} bio-
conjugates.

been modified with GOx and Ab,, they increased in diame-
ter, and the edge of the conjugated nanoparticles had a gray
halo (Figure 4b), which visually demonstrated that GOx and
Ab, had been loaded onto the Au nanoparticles to yield the
{Ab,-Au-GOx} bioconjugates. These results completely
agree with those from UV-visible absorption spectroscopy.

Detection mechanism of the photoelectrochemical immuno-
sensor: The detailed mechanism of the photoelectrochemi-
cal detection is illustrated in Scheme 1g. When the TiO,-Au-
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Scheme 1. Procedure for the synthesis of the TiO,-Au-Ab,-a-SYN-{Ab,-Au-GOx} immunosensor and the mechanism for the photoelectrochemical detec-

tion of a-SYN.

Ab;-0-SYN-{Ab,-Au-GOx} immunosensor was exposed to a
detection solution containing glucose, the GOx immobilized
on one side of the Ti foil could catalyze the conversion of
glucose into gluconic acid and H,0,. The latter product,
upon irradiation of Au-TiO, on the other side of the Ti foil,
acted as a sacrificial electron donor to deplete the photogen-
erated holes located on the electrode, and improves the effi-
ciency of charge separation. A greater amount of GOx im-
mobilized on the immunosensor can lead to a higher yield
of electron donor H,0,.*”) Then, the scavenging of valence-
band holes is enhanced and as a
result, the photocurrent is in-
creased. The a-SYN concentra-
tion, which is proportional to
that of the GOx labels, can be
readily examined through the
measurement of the photocur-
rent derived from the photo-
electrochemical reaction of
H,0,.

Effect of Au nanoparticles in
TiO, on photocurrent response:
Two types of Au-doped TiO,
nanotube immunosensors were
designed to evaluate the effect
of Au nanoparticles on photo-
current responses (Figure 5).
Single-sided and double-sided
Au-doped TiO, nanotube im-
munosensors are denoted in the
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following as S-Au-TiO, and D-Au-TiO,, respectively. The
photocurrents generated from the immunosensors were
measured for their response towards o-SYN (20 ngmL™") in
the absence and presence of glucose (40 um) at room tem-
perature. In the absence of glucose, the D-Au-TiO, immuno-
sensor exhibited a stronger photocurrent response than that
of S-Au-TiO, (Figure 5b and a), which was of special rele-
vance to Au nanoparticle deposition. The presence of Au
nanoparticles has been proven to promote charge separation
within the TiO, nanostructures, as well as interfacial hole
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Figure 5. Photocurrent response of S-Au-TiO, and D-Au-TiO, immunosensors in the absence of glucose (a and
b, respectively) and after the addition of 40 pum glucose (c and d, respectively). Data were recorded at a poten-
tial of 0.6 V in PBS (0.05m, pH 7.0) under illumination with light of 365 nm.
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transfer.”>**! When an efficient electron donor (H,0,) is in
the solution, the electron-hole recombination is restrained
and the photocurrent can be enhanced. The addition of glu-
cose (40 um), an enzyme substrate, led to an increased pho-
tocurrent in both of the S-Au-TiO, and D-Au-TiO, immuno-
sensors (Figure 5c and d). The photocurrent observed in D-
Au-TiO, was enhanced approximately threefold relative to
S-Au-TiO,. The results showed that D-Au-TiO, exhibited a
stronger response to glucose than S-Au-TiO,, which strongly
confirmed the principal role of Au nanoparticles in improv-
ing the performance of the photoelectrochemical immuno-
Sensor.

Effect of applied potential and enzyme-catalyzed reaction
time on photocurrent response: The applied potential is an
important factor relevant to the photocurrent response. As
seen in Figure 6, with the increments of applied potential,
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Figure 6. Influence of the applied potential and effect of the time of GOx
catalysis on the photoelectrochemical response of the immunosensor to
20 ngmL ' a-SYN.

the photocurrent was enhanced and leveled off at 0.6 V
(Figure 6a). This indicated that the photogenerated elec-
trons were effectively driven to the counter electrode by the
positive potential, which could be beneficial to charge sepa-
ration. Therefore, 0.6 V was selected as the applied potential
for the photoelectrochemical experiments in this study.

The length of the enzyme-catalyzed reaction time also
greatly affects the amount of H,O, generated, which is rela-
tive to the photocurrent response. When the reaction time
ranged from 1 to 5.5 min, the photocurrent response in-
creased and then reached a plateau at 4 min (Figure 6b).
This could be explained by the fact that with the increase of
enzyme-catalyzed reaction time, GOx immobilized on the
immunosensor could catalyze glucose to produce more
H,0,, which acted as a sacrificial electron donor to scavenge
the holes. Hence, electron-hole recombination was inhibited
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and the photocurrent response could be enhanced. Thus,
4 min was selected as the optimum time for the enzyme-cat-
alyzed reaction in this study.

Optimization of experimental conditions: In the sandwich-
type immunoassays, temperature and time for the antigen—
antibody interaction greatly influence the sensitivity of the
developed immunosensor. Figure 7a shows the effect of im-
munochemical incubation (i.e., when antigen-antibody reac-
tion occurs) temperature on the photocurrent response in
the range from 10 to 50°C. The maximum response occurred
at 37°C, whereas temperatures over 37°C resulted in a dete-
rioration of the photocurrent response. The reason for this
may be that the high temperature caused an irreversible re-
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Figure 7. Effects of a) incubation temperature, b) incubation time, and
c) pH of the detection solution on the photocurrent response of the
TiO,-Au-Ab,;-a-SYN-{Ab,-Au-GOx} immunosensor toward 20ngmL '
a-SYN in 0.05m PBS containing 40 pm glucose.
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action to occur (denaturation of glucose oxidase) and thus
affect the process. Additionally, temperatures lower than
37°C could reduce the immunoreaction rate, thus lengthen-
ing the incubation time. Consequently, the temperature of
37°C was selected for further studies.

At the optimized temperature, the photocurrent response
increased with incubation time and reached a plateau at
60 min (Figure 7b). An incubation time longer than this did
not clearly improve the response. Therefore, subsequent ex-
periments employed 60 min as the optimum time for all the
incubation steps of the assay.

The pH value of the detection solution was also investi-
gated in the enzymatic response. The pH can influence the
activity of Ab;, a-SYN, Ab,, as well as GOx labels immobi-
lized on the immunosensor surface. As seen in Figure 7c, the
immunosensor showed an optimal photocurrent response at
pH 7.0. Therefore, PBS with a pH of 7.0 was used as the de-
tection solution for the photoelectrochemical immunoassay.

Reproducibility and stability of the photoelectrochemical
immunosensor: The repeatability and reproducibility of the
proposed immunosensor were assessed by assaying a-SYN
at three levels for five repeat measurements, and the mean
current responses are listed in Table 1. The relative standard

Table 1. Reproducibility of the photoelectrochemical immunosensor.

Casyn [ngmL™"] 1 [pA]Y R.S.D. [%]
0.1 0.105 2.5
1.0 0.963 1.9
10 11.05 1.5

[a] The mean value of five assays.

deviation (R.S.D.) values were estimated as 2.5, 1.9, and
1.5% at 0.1, 1.0, and 10 ngmL~" a-SYN, respectively. The
results suggest that the reproducibility of the TiO,-Au-Ab;-
a-SYN-{Ab,-Au-GOx} immunosensor was satisfactory.

The regeneration of the immunosensor was investigated
by rinsing it with a stripping buffer, namely, pH 2.8 Gly-HCl
solution, to dissociate the antigen—antibody complex. The
renewed immunosensor could restore 96.2% of the initial
photocurrent after five cycles, which is indicative of high re-
usability and stability.

Figure 8 shows the stability of the photocurrent response
of Au-TiO, nanotubes. The photocurrent responses were re-
corded as the excitation light was turned on and off. The ir-
radiation process was repeated more than 30 times over
20 min, and the photocurrent was very stable over this time
without any noticeable decrease. The long-term stability of
this immunosensor was also examined. When the immuno-
sensor was stored in pH 7.4 PBS at 4°C, it retained 96.1 %
of its initial photocurrent response to 40 ngmL™' a-SYN
after a storage period of seven days.

Photoelectrochemical response of iummunosensor to o-
SYN concentration: Figure 9A depicts the typical time-
based photocurrent response of the photoelectrochemical
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Figure 8. The time-based photocurrent response of the TiO,-Au-Ab;-a-
SYN-{Ab,-Au-GOx} immunosensor in 7.0 PBS.
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Figure 9. A) The photocurrent response of the TiO,-Au-Ab;-a-SYN-
{Ab,-Au-GOx} immunosensor in the presence of a)0, b)0.05, c)0.1,
d) 0.2, €) 0.5ngmL ™" a-SYN. The excitation light was switched on and
off as indicated. B) Calibration plot corresponding to the photocurrent of
the TiO,-Au-Ab;-a-SYN-{Ab,-Au-GOx} immunosensor. The inset is the
amplification of the linear range from 0.05 to 0.5 ngmL™" for a-SYN de-
termination.

Chem. Eur. J. 2010, 16, 14439 - 14446


www.chemeurj.org

Detection of a-Synuclein

immunosensor in the presence of different concentrations of
a-SYN. It can be seen that the rise and fall of the photocur-
rent corresponds well to the irradiation being switched on
and off. As the concentration of a-SYN increased, the pho-
tocurrent response enhanced accordingly. Figure 9B shows
representative photocurrent data obtained from the immu-
nosensors incubated with various concentrations of a-SYN.
The linear relationship between the photocurrent response
and the a-SYN concentration was observed in a range from
50 pgmL™" to 100 ngmL™" with a correlation coefficient of
0.9979. The detection limit of this method was estimated to
be 34 pgmL !, based on 3sd/m, in which sd is the standard
deviation of the measurements of noncomplementary target
solutions and m is the slope of the plot in Figure 9B. The re-
sults illustrate the successful development of the Au-doped
TiO, photoelectrochemical immunosensor. In addition to
Au-doped TiO, nanotubes serving as arrays for effective an-
tibody immobilization, the {Ab,-Au-GOx} bioconjugates
could remarkably improve the sensitivity of the immunosen-
sor, and the detection limit compared favorably with the
value of 2.5 uygmL ™" obtained from an enzyme-linked immu-
nosorbent assay.[*")

Conclusion

A novel and sensitive photoelectrochemical immunosensor
based on Au-TiO, nanotube arrays was fabricated for the
detection of a-synuclein (a-SYN). The Au-TiO, nanotube
arrays played an essential role in not only the immobiliza-
tion of the protein molecules, but also the photocurrent gen-
eration during the assay process. The secondary antibody
and glucose oxidase could be easily bound to the Au nano-
particles to yield {Ab,-Au-GOx} bioconjugates. Through an
immunoreaction of antibody and antigen, an immunosensor
with a sandwich structure (TiO,-Au-Ab;-a-SYN-{Ab,-Au-
GOx}) was formed. The signal amplification of the devel-
oped immunosensor was achieved by utilizing {Ab,-Au-
GOx} bioconjugates and Au-doped TiO, nanotubes. Results
indicated that the photoelectrochemical immunosensor for
a-synuclein had good performance with high sensitivity, ac-
ceptable fabrication reproducibility, and excellent stability.
Moreover, the designed immunosensor opens up a new per-
spective for the application of photoelectrochemistry, and
might be of great importance for clinical and biological anal-
ysis of a wide range of significant proteins.

Experimental Section

Chemicals and materials: Monoclonal anti-a-synuclein (Ab,), glucose ox-
idase (GOx, 21.2 Umg*, type II from Aspergillus niger), bovine serum
albumin (BSA), glucose, N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDC), and mercaptoacetic acid
(MACA) were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
Polyclonal anti-o-synuclein (Ab,) was supplied by Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA). Human o-synuclein (a-SYN) was
obtained from Chemicon International Inc. (Temecula, CA, USA).
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Chloroauric acid (HAuCl,) and trisodium citrate were obtained from
China National Medicines Corporation Ltd. (China). Disodium hydrogen
phosphate, potassium dihydrogen phosphate, and hydrofluoric acid were
purchased from Shanghai Chemical Reagent Co. (China). Pieces of pure
titanium foil (dimensions: 15 mm x4 mm x 0.5 mm) were purchased from
Tite Inc. (Shanghai, China). The 0.01 and 0.05m phosphate buffer solu-
tions (PBS) were prepared by using Na,HPO, and KH,PO,. All solutions
were prepared using Milli-Q (Millipore, Bedford, MA, USA) A-10 gradi-
ent (18 MQcm) deionized water.

Apparatus and instruments: Electrochemical experiments were achieved
with a CHI 660C electrochemical system (CH Instruments, Austin, TX,
USA). A three-electrode system comprising a prepared immunosensor as
working electrode, a platinum wire as auxiliary electrode, and Ag/AgCl
(3m KC(l) as reference electrode was employed for all chemical experi-
ments. The scanning electron micrographs were recorded with a scanning
electron microscope (SEM, S-4800, Hitachi Instrument, Japan). The
TEM images were performed by using transmission electron microscopy
(JEOL Model JEM 2100, Japan). Light absorption was measured using a
UV-visible spectrophotometer (model Cary 50, Varian Corp., USA). An
8 W UV lamp with central wavelength of 365 nm was used as the light
source.

Fabrication of Au-TiO, nanotubes: The electrochemical anodic oxidation
technique was used to fabricate the highly ordered TiO, nanotube array
electrode."! Prior to anodization, the titanium foils were first mechani-
cally polished with different abrasive papers and rinsed in an ultrasonic
bath of cold distilled water for 10 min. Then the cleaned titanium foils
were soaked in a mixture of HF and HNO; acids for 1 min (the mixing
ratio of HF/HNO,/H,O was 1:4:5 in volume). After the Ti foils had been
rinsed with acetone and deionized water for 10 min they were dried in
air at room temperature. The TiO, nanotube electrode was fabricated in
a cylindrical electrochemical reactor (radius 30 mm and height about
70 mm). Hydrofluoric acid (0.5 wt%) was used as the electrolyte, and a
platinum electrode served as the cathode during the whole process. A po-
tential of 20 V was used in this experiment. Anodized titanium foils were
annealed in a dry oxygen environment at 500°C for 1h; heating and
cooling rates were kept at 2.5°Cmin™".

A novel photoelectrochemical deposition method was exploited to
modify the resulting nanotubes with Au nanoparticles. The TiO, nano-
tubes served as the working electrode in a conventional photoelectro-
chemical cell. An Ag/AgCl (3m KCl) electrode and a platinum electrode
served as the reference and counter electrode, respectively. The photo-
electrochemical deposition of Au nanoparticles was carried out by cyclic
voltammetry with a potential range from 0.0 to +1.4 V for 30 min under
the irradiation of light at 365 nm wavelength. The photoelectroplating so-
lution was prepared by dissolving HAuCl,:3 H,O (0.1 mm) in H,SO, solu-
tion (0.5Mm).

Preparation of the {Ab,-Au-GOx} bioconjugates: Au nanoparticles were
prepared according to the previous protocol by adding a trisodium citrate
solution to a boiling HAuCl, solution.l”” The resulting colloids were
stored in dark bottles at 4°C when not in use. The pH of the Au nanopar-
ticle solution was adjusted to 9.0 with K,CO; (0.2m). The bioconjugates
were freshly prepared by addition of Ab, (200 pgmL™", 40 uL) and GOx
(6 mgmL™', 100puL) in PBS (0.0lm, pH7.4) to Au nanoparticles
(1.0 mL). The mixture was incubated at room temperature with gentle
mixing for 2 h, and then blocked by BSA solution (100 pL, 1%) for
30 min. The solution was centrifuged for 15 min at 15000 rpm, and the
supernatant was removed. The nanoparticles were washed with PBS
(0.01Mm, pH 7.4) for further purification and separated as above. The re-
sulting {Ab,-Au-GOx} bioconjugates were redispersed in PBS, and were
stored at 4°C when not in use.”) The quality of Au nanoparticles and
{Ab,-Au-GOx]} bioconjugates were monitored with TEM and UV-visible
spectroscopy.

Fabrication of the photoelectrochemical immunosensor: The photoelec-
trochemical immunosensor was fabricated on Ti foils. Scheme 1a and b
depict the fabrication process of TiO, nanotubes and Au-TiO, nanotubes
as described in the Experimental Section. Au-TiO, nanotube arrays with
a 4x4 mm?® surface area were used to anchor the primary antibody. First,
the Au-TiO, was immersed in MACA aqueous solution (2 mm) for 12 h
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at 4°C (Scheme 1c). Afterward, the carboxyl groups of MACA were acti-
vated by immersing the Au-TiO, for 1 h in an aqueous solution contain-
ing EDC (2 mm) and NHS (5 mm), followed by rinsing with deionized
water. Then, the activated electrode was immersed into a mixture of Ab;
solution (5 pL) for 1h to yield the TiO,-Au-Ab; electrode (Scheme 1d).
The resulting electrode was washed with PBS (0.01m, pH 7.4), and then
blocked with BSA (10 pL, 1.5%) for 1 h at room temperature. There-
after, 5 pL of various concentrations of target a-SYN samples were ap-
plied to the TiO,-Au-Ab; electrodes for 1h at room temperature
(Scheme 1e). For the binding reaction between antibody and antigen, the
electrodes were immersed in {Ab,-Au-GOx} bioconjugate solution (5 pL)
for an incubation period of 1 h (Scheme 1f). Finally, the obtained electro-
des were washed thoroughly with PBS to remove nonspecifically bound
conjugates, and then stored at 4 °C prior to use.

Photoelectrochemical measurements: All photoelectrochemical measure-
ments were carried out in a standard three-electrode system using a
CHI660C electrochemical system. The prepared immunosensor acted as
a working electrode, Ag/AgCl (3m KCl) as a reference electrode, and a
Pt wire as a counter electrode. The applied potential was +0.6 V. The
photocurrent measurements were performed in a home-built experimen-
tal system containing PBS (2.0 mL, pH 7.0) at room temperature. The
8 W UV lamp used as a light source irradiated the Au-TiO, nanotubes
from the front side. After the background photocurrent was stabilized,
the response was subsequently recorded as the excitation light was
turned on and off.
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