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This paper demonstrates a novel approach for developing
the analytical performance of electrochemical biosensors
in which hydrogen peroxide (H;0,) is selected as a
model target, based on surface plasmon resonance of
gold nanoparticles (Au NPs) deposited onto a TiO,
nanoneedle film. Direct electron transfer of cytochrome
¢ (cyt. ¢) is realized at Au NPs deposited onto a TiO»
nanoneedle film (Au/TiO; film), and both anodic and
cathodic currents of the redox reaction at the Au/TiO,
film upon visible-light irradiation are amplified. Mean-
while, in the presence of oxidized or reduced states of
cyt. ¢, cathodic or anodic photocurrents are generated
respectively by the Au/TiO, film, suggesting that the
amplified anodic and cathodic currents are ascribed
to the visible-light excitation. The photocurrent action
spectrum obtained at the Au/TiO, film in the presence
of cyt.c is in a good agreement with the surface
plasmon absorption spectrum of Au NPs deposited
onto the TiO, film, and maximum photocurrent is also
consistent with the plasmon absorption peak of Au NPs
themselves. It indicates that the enhanced photocur-
rents generated by visible-light irradiation are at-
tributed to the surface plasmon resonance of Au NPs.
On the other hand, experimental results reveal that
cyt. c is stably immobilized onto the Au/TiO, film and
maintains inherent enzymatic activity toward H,0,
even under continuous visible-light illumination. The
amplified redox currents of cyt. ¢ produced by surface
plasmon resonance of Au NPs, combined with the
stability and enzymatic activity of cyt. ¢ confined on
the Au/TiO, film even after continuous visible-light
illumination, subsequently provide the enhanced ana-
Iytical performance in determination of H,0,. The
sensitivity of the present biosensor for H,O, is 4-fold
larger than that obtained without visible-light irradia-
tion, the detection limit is achieved to be 4.5 x 108
M and the dynamic detection linear range extends from
1x107"Mto 1.2 x 1072 M.

In the past few years, an intensive research effort has been
devoted to the field of electrochemical biosensors capable of
providing better analytical performance, in terms of sensitivity,
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selectivity, stability, reproducibility, and so on.! The gold nano-
particles (Au NPs) with unique chemical and physical properties
are extremely suitable for designing new sensing devices.? Indeed,
the biocompatibility and large surface area of Au NPs provide a
favorable microenvironment for adsorption of biomolecules with-
out denaturation.® Furthermore, Au NPs have been employed
either to act as an electron transfer bridge for direct electrical
contacting of redox proteins with electrode supports or to play
the crucial role in both immunosensors and DNA sensors.*® All
these features of Au NPs constitute useful strategies for the
preparation of biosensors with developed analytical performance.

Another important characteristic of Au NPs is going along with
their localized surface plasmon resonance (LSPR), which is due
to the collective oscillations of conductive electrons induced by
the electric field of visible light. The changes of plasmon
resonance wavelength upon the refractive index of Au NPs have
provided a convenient method for label-free detection of biomo-
lecular.® Moreover, the resonant interaction between the surface
charge oscillation and the electromagnetic field of visible light
has been reported to result in an enhancement of the optical
signals from molecules.” Typical examples include metal fluores-
cence® and surface-enhanced Raman scattering® with enhance-
ment factors large enough either to allow single molecular
detection!® or to enhance second-harmonic generation of adsorbed
molecules.™ A further plasmon-induced photoelectrochemistry has
been investigated at Au NPs deposited onto TiO, film and
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developed for applications in photovoltaic cells,? photocata-
lysts'?”!% and surface patterning.'* The mechanism of electron
transfer from Au NPs to nanocrystalline TiO, has also been
proven by femtosecond transient absorption spectroscopy with
infrared (IR) probe!® and steady-state ultraviolet-visible-light
(UV—vis) spectroscopy.'®

However, to the best of our knowledge, the conjugation of
plasmon-induced photocurrents with enhanced analytical perfor-
mance in electrochemical biosensors has never been reported.
In the present work, a novel route has been achieved for
developing analytical performance of electrochemical biosensors
based on surface plasmon resonance of gold nanoparticles
deposited onto a film of TiO, nanoneedles. Direct electron
transfer of cyt. ¢ has been realized at the Au/TiO, film, and
both anodic and cathodic currents of the redox reaction have
been amplified upon visible-light irradiation. In addition to the
stability and enzymatic activity of cyt. ¢ confined on the Au/
TiO, film, the amplified redox currents of cyt. ¢ produced by
surface plasmon resonance of Au NPs have provided the
enhanced analytical performance in determination of H,O,. The
present approach should be an alternative contribution to
electrochemical biosensors, because the sensitivity and other
analytical characteristics of electrochemical responses toward
analytes have been improved by not only electrode potential
but also surface plasmon resonance. Moreover, Au NPs have
demonstrated an additional advantage in this case, because they
undergo charge separation upon irradiation with visible light,
which imposes less damage on the biomolecules adsorbed on
the electrode than UV illumination.

EXPERIMENTAL SECTION

Reagents and Materials. Horse heart cytochrome ¢ (cyt. c,
MW 12 384) and hydrogen tetrachloroaurate(IIl) tetrahydrate
were purchased from Sigma—Aldrich. The reduced form of cyt. ¢
on the modified electrode was generated by applying potentials
of —0.18 V vs Ag/AgCl on the surface-bound cyt. ¢ for 200 s.!”
Gold nanoparticles suspended in solution was prepared by the
method previously reported.'® TiO, nanoneedles (FT-2000) were
obtained from Ishihara Sangyo Kaisha. Indium tin oxide (ITO)-
coated glass plates with a square resistance of ~10 Q/cm? were
purchased from Shenzhen Nanbo Display Technology Co., Ltd.
All other reagents were of analytical grade, and doubly distilled
water was used throughout.

Preparation and Modification. A highly conductive ITO
electrode that had been coated with a TiO, film was prepared
from a sol of TiO, nanoneedles by spin-coating, followed by
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Figure 1. Scanning electron microscopy (SEM) images of the Au/
TiO, film and the TiO, nanoneedle film (inset).

sintering the electrode at 723 K for 1 h. The nanostructured
TiO, film was immersed in the suspension of Au NPs for 12—15
h to optimize the surface coverage of Au NPs. The as-prepared
Au/TiO, film, after it was rinsed with distilled water, was
adsorped in 25 mM phosphate buffer solution (PBS, pH 7.2)
that contained 0.2 mM cyt. ¢ for ~30 min at 4 °C in a
refrigerator. Hereafter, the cyt. cmodified Au/TiO, film will
be denoted as Au/TiO,/cyt. c.

Apparatus and Measurements. The UV-—vis absorption
spectrum was recorded by an Agilent 8453 UV—vis—NIR spec-
trophotometer (Agilent Instruments). Scanning electron micros-
copy (SEM) images of films of TiO, needles and Au/TiO,
nanoneedles were taken by a Quanta 200 FEG (FEI Company).
All electrochemical and photoelectrochemical measurements
were performed by a computer-controlled CHI 660C electro-
chemical workstation (Shanghai, PRC) at ambient temperature
in a homemade three-electrode cell, using a KCl-saturated
Ag|AgCl electrode as the reference electrode and a platinum
wire as an auxiliary electrode. The working electrode was
irradiated with visible light from the back, using a xenon lamp
and a UV cutoff filter (A > 420 nm). The action spectrum for
the photocurrent changes was collected using a xenon lamp
with a UV cutoff filter and an appropriate band-pass filter (full
width at half maximum (fwhm) = 10 nm). The supporting
electrolyte was 25 mM PBS, which was purged with high-purity
nitrogen for at least 30 min prior to experiments and a nitrogen
atmosphere was maintained over the solution in the cell
through the experiments.

RESULTS AND DISCUSSION

Characterization. The morphologies of the TiO, nanoneedle
film and the Au/TiO, film were first characterized using SEM.
As demonstrated in Figure 1, the TiO, nanoneedles are typically
~50—100 nm in width and ~3—5 um in length. The Au NPs
with diameters of <50 nm are homogeneously dispersed on
the surface of TiO,. The visible absorption spectrum of Au NPs
deposited onto the TiO, nanoneedle film is clearly characterized
by the plasmon resonance peak of Au NPs (540 nm) (see
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Figure 2. Absorption spectrum corresponding to the Au NPs
deposited on the TiO, nanoneedle film (the spectrum of TiO, needles
has been subtracted) and the TiO, nanoneedle film (inset).

Figure 2), although it is red-shifted, compared to that of the
suspension (530 nm, data not shown), because of the high
refractive index of TiO,.'° Incidentally, the apparent absorption
of the unmodified TiO, film in the visible region should be
ascribed to light scattering, because the film was not colored
before the deposition of gold. Thus, we can conclude that
nanosized gold particles were successfully modified onto the
TiO, nanoneedle film. The position of the Soret absorption band
of cyt. ¢ adsorbed on the Au/TiO, film was located at 407 nm,
just a 2-nm blue shift with that of a native cyt. ¢ solution, which
suggests that no obvious denaturation occurred. Moreover, the
influence of continuous irradiation with visible light (1 > 420
nm) on the bioactivity of cyt. ¢ adsorbed on the Au/TiO, film
was examined up to 3 h and no destructive effect was observed
with no shift of the band for cyt. c. These results imply that
the Au/TiO, film has good biocompatibility and is accessible
for cyt. ¢ molecules to maintain their native conformation and
bioactivity under plasmon excitation.

Plasmon-Induced Photoelectrochemistry of cyt. c at the
Au/TiO, Film. Figure 3 shows typical cyclic voltammograms
(CVs) of cyt. ¢ at the Au/TiO, film without illumination (Figure
3a) and under visible light illumination (Figure 3b) in 25 mM PBS
(pH 7.2). As expected, a pair of well-defined redox peaks was
observed for both circumstances. The formal potential (E” = (E,,,
+ E,/2) of cyt. ¢ at the Au/TiO, film is estimated to be 39.2
+ 2.4 mV vs Ag|AgCl without illumination and 41.1 + 2.1 mV
with a slight shift under illumination. By integration of the
anodic peak in CV, the average surface coverage of electroac-
tive cyt. ¢ adsorbed on the Au/TiO, film was estimated to be
5.96 x 1072 mol cm?. Cytochrome ¢ might be adsorbed on the
Au/TiO, film in a monolayer, taking account of the size of the
cyt. ¢ molecule.2’ CVs of a Au/TiO,/cyt. ¢ film with different
scan rates were also obtained in the fresh buffer solution, and
a linear relationship existed between redox peak currents (7,2
and I°) and potential scan rate (v), suggesting the surface-
confined process (data not shown). Interestingly, both anodic
and cathodic redox currents were amplified under visible-light
irradiation, whereas no obvious increases in redox currents of
cyt. ¢ were observed at the bare TiO, nanoneedle film under
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Figure 3. CVs obtained at the Au/TiOy/cyt. ¢ film (a) without light
excitation and (b) under visible-light excitation (4 > 420 nm, 60 mW/
cm?) in Np-saturated 25 mM PBS (pH 7.2). Potential scan rate: 100
mV/s.
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Figure 4. Photocurrents generated by the Au/TiO, system in the
presence of (a) reduced cyt. ¢, (b) oxidized cyt. ¢, and (c) in the
absence of cyt. ¢, at 0 V vs AglAgCI upon visible-light illumination (1
> 420 nm, 60 mW/cm?) in Nyp-saturated 25 mM phosphate buffer
solution (pH 7.2).

the same conditions, suggesting the plasmon-induced enhance-
ment in redox currents based on the excitation of gold
nanoparticles.

The result was further analyzed by determination of photo-
currents by amperometry in the presence of cyt. ¢ at the Au/
TiO, film upon visible-light irradiation. Figure 4 shows that, in
the presence of the reduced cyt. ¢ (Figure 4a), anodic photocur-
rents are generated under visible light excitation, whereas in the
presence of oxidized cyt. ¢ (Figure 4b), cathodic photocurrents
are observed at the applied potential of 0 V vs Ag|AgCl, which is
close to the formal potential of cyt. ¢ obtained at the Au/TiO, film.
However, no obvious photocurrents were obtained upon
irradiation of the Au/TiO, system in the absence of cyt. ¢
(Figure 4c). Herein, cyt. ¢ molecules with a redox active center
(Fe2*/3%) could provide electrons to the Au/TiO, surface
under plasmon excitation, resulting in the enhanced photo-
currents. Moreover, the redox state of cyt. ¢ controls the
direction of photocurrents at the Au/TiO, film, and redox
currents of cyt. ¢ were amplified by Au NPs under visible-
light illumination, as shown in Scheme 1. That is, the cathodic
photocurrents are generated by the photoexcited electron
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Scheme 1. Photoelectrochemical System Composed
of Au/TiO, Film and cyt. c: (A) Anodic Photocurrent
Generation in the Presence of Reduced cyt. c and (B)
Cathodic Photocurrent Generation in the Presence of
Oxidized cyt. c
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transfer from the Au NPs ascribed to plasmon resonance to
the TiO, conduction band and the simultaneous electron
transfer from the Au/TiO, electrode to the oxidized cyt. c.
Similarly, the mechanism for the formation of anodic
photocurrents involves the transfer of photoexcited electrons
from the Au NPs to the TiO, conduction band and the
simultaneous transfer of compensative electrons from the
reduced cyt. ¢ to the Au NPs. Note that, in the absence of
Au NPs or TiO, nanoneedles, almost no photocurrents were
obtained at 0 V vs Ag|AgCl for the electrode in the presence
of cyt. ¢ (data not shown), revealing that the enhanced
anodic and cathodic photocurrents originate from improved
charge separation efficiency in Au/TiO, nanoparticles due
to the ejection of photoexcited electrons from the Au NPs.

To verify that the enhanced photocurrents are related to the
plasmon resonance absorption of Au NPs, the dependence of the
generated photocurrents on the wavelength of visible-light ir-
radiation was examined. Action spectrum of photocurrent changes
for the Au/TiO, film modified with oxidized cyt.c in No-
saturated 25 mM PBS at 0 V is shown in Figure 5. Control
experiments reveal that no obvious photocurrents were observed
at the TiO, and TiO,/cyt. ¢ film, because TiO, only absorbs
light that has a wavelength shorter than 380 nm. In contrast,
negative photocurrents were obtained at the Au/TiO, film
under visible-light illumination. The photocurrent action spec-
trum follows the spectral feature of Au NPs deposited onto the
TiO, film. The maximum photocurrent change was also
obtained near the absorption peak wavelength of Au NPs. Thus,
it was evident that the amplified redox currents are ascribed
to the plasmon absorption of Au NPs.

In addition, the CV of the Au/TiO,/cyt. ¢ film obtained in
the fresh buffer solution under visible-light irradiation was
maintained essentially unchanged upon consecutive potential
scanning up to 300 cycles at 100 mV/s, indicating that cyt. ¢
was stably immobilized onto the Au/TiO, nanocomposite
surface, even under visible-light illumination.
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Figure 5. Action spectra of the photocurrent changes generated by
(®) the Au/TiOy/cyt. ¢ film and (O) the TiOy/cyt. ¢ film, in response to
light irradiation (8.52 x 10'® photons/cm?) at 0 V vs AglAgCl in N,-
saturated PBS solution. The absorption spectrum of Au NPs on the
TiO, nanoneedle film is also depicted (solid curves).

j!pA cm?

C/um

_6 " 1 1 " 1
0 30 610

L 1 n 1 L
1200 150 1800
T/s

Figure 6. Typical amperometric responses of Au/TiO./cyt. c elec-
trode to successive addition of 1 x 107° M H,O, (a) under visible
light illumination (4 > 420 nm, 60 mW/cm?) and (b) without illumination
at 0 V vs AgIAgCIl in 25 mM PBS (pH 7.2). Inset shows the
corresponding calibration curves of current density versus the
concentration of H,O,.

Enhancement in Analytical Performance of the Electro-
chemical Biosensor. As mentioned previously, both anodic and
cathodic redox currents of cyt. ¢ were amplified under visible-
light irradiation. Meanwhile, cyt. ¢ was stably immobilized onto
the Au/TiO, film and processed the enzymatic activity toward
H,0,, even under visible-light irradiation. Accordingly, a novel
photoelectrochemical approach for an assay of H,O, was
developed. Amperometric responses of the Au/TiO,/cyt. ¢ film
to successive addition of H,O, (a) under plasmon excitation
and (b) without plasmon excitation were conducted at the
optimized potential of 0 V vs Ag|AgCl, in which both anodic
and cathodic potential interferences could be negligible (data
not shown), and the corresponding current—time responses
are shown in Figure 6. For control experiments, amperometric
response was observed at neither the bare TiO, film nor the Au/
TiO, film under visible-light irradiation upon the addition of
H,0,. In contrast with other H,O, biosensors reported so far,
the present modified electrode under plasmon excitation shows
excellent analytical performance, for instance, high sensitivity,



wide dynamic linear range, and low detection limit. Figure 6
clearly shows that the sensitivity of the Au/TiO,/cyt. ¢ film
toward H,0, under plasmon excitation estimated to be 49.4
mA cm? M™! is 4fold larger than that generated without
excitation. This value is also much greater than that obtained
at the cyt. cmodified TiO, nanoneedles film reported in our
previous work.?! The dynamic linear detection range was
extended to 1 x 1077—1.2 x 10~2 M, which is wider than that
of previous biosensors for Hy,O,, based on direct electron
transfer of enzymes on metal oxide surfaces.?** Moreover, the
detection limit achieved to be 4.5 x 1078 M is lower than that of
previously reported H,O, biosensors (based on a signal-to-noise
ratio of S/N = 3).2% The Au/TiO,/cyt. ¢ electrode was stored
in a black box at 3 °C in a refrigerator between tests, to avoid
UV light irradiation. The response current for H,O, was
recorded three times daily, and the current responses had
almost no changes for at least half a month, which was
indicative of the good stability.

CONCLUSION

A facile and effective plasmon-induced photoelectrochemical
strategy for determination of H,O, with enhanced analytical
performance has been developed through direct electron
transfer of cytochrome ¢ (cyt. ¢) at a TiO, nanoneedle film
loaded with gold nanoparticles (Au NPs). Both anodic and
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cathodic redox currents of cyt. ¢ have been amplified under
visible-light irradiation. The enhanced photocurrents are pro-
posed to be generated from the surface plasmon resonance of
Au NPs, which has been confirmed by the good match between
action spectrum for photocurrent changes and ultraviolet-visible
light (UV—vis) adsorption spectrum of Au NPs. In addition,
experimental results have demonstrated that cyt. ¢ has been
stably immobilized onto the Au/TiO, film and maintained its
enzymatic activity toward H,0,. Accordingly, the photoelec-
trochemical biosensor for H,O, has been achieved at the Au/
TiO,/cyt. ¢ system with enhanced analytical performance. The
sensitivity of the present biosensor is 4-fold larger than that
obtained at the Au/TiO, film without visible-light illumination.
It is first reported that Au NPs can not only provide a favorable
microenvironment for immobilized cyt. ¢ to catalyze H,0O,, but
also convert visible-light energy to electric signal, thus enhanc-
ing the signal-to-noise ratio. Besides this characteristic, the
present biosensor for H,O, has also exhibited a low detection
limit, a wide dynamic linear range, and good stability. The
present investigation provides an excellent model for determi-
nation of biomolecules with enhanced analytical performance
by amplifying redox currents of enzymes at the Au/TiO, film
through surface plasmon resonance. This strategy should also
be extended to other metal nanoparticles, such as platinum,
copper, and so on.
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