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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A plasmon-induced visible light-
responsive photoelectrochemical
biosensor is developed and the sys-
tem can be miniaturized.

Au nanoparticle —

[
»
3

streptavidin ——_ |
biotin

1
a
o

H,0

£

Au nanoisland ——Z

Photocurrent density (uAIcmz)
°
'y
S

180 190 210 220

200
Time (min)

ARTICLE INFO

ABSTRACT

Article history:

Received 8 November 2016
Received in revised form

7 December 2016

Accepted 10 December 2016
Available online xxx

Keywords:
Photoelectrochemical biosensor
Localized surface plasmon
Kinetic analysis

Visible light-response

We developed a localized surface plasmon-induced visible light-responsive photoelectrochemical (PEC)
biosensor using a titanium dioxide (TiO;) photoelectrode loaded with gold nanoislands (AuNIs) for in situ
real-time measurement of biotin-streptavidin association. As a proof of concept, self-assembled thiol-
terminated biotin molecules bound on a AuNIs/TiO, photoelectrode were successfully utilized to explore
the photocurrent response to streptavidin-modified gold nanoparticle (STA-AuNP) solutions. This
plasmon-induced PEC biosensor is simple and easy to miniaturize. Additionally, the PEC biosensor
achieves highly sensitive measurements under only visible light irradiation and prevents the UV-induced
damage of samples. Furthermore, a novel approach has been proposed to realize the real-time moni-
toring of biotin-STA binding affinities and kinetics by analyzing the PEC sensing characteristics. This PEC
biosensor and novel analysis method could provide a new approach for the specific electrical detection

and real-time kinetic measurements for clinical diagnostics and drug development.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Surface plasmon resonance (SPR) biosensors are primarily used
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as optical biosensors [1—3]. SPR involves the resonant oscillation of
conduction electrons at a metal/dielectric interface excited by
incident light, and the created charge density oscillations are
referred to as surface plasmon polaritons (SPPs) [3]. The propa-
gating SPPs have an electric field that exponentially decays into its
surrounding medium with a penetration depth of several hundred
nanometers [3]. Therefore, SPR biosensors possess an extremely
high bulk dielectric sensitivity. However, several drawbacks limit
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the application of SPR biosensors. For example, the total apparatus
becomes large because the optical system for measuring the inci-
dent angle dependence becomes complicated, and the spatial res-
olution is not small when using propagating SPPs, which in
principle, restricts the measurement of multiple analytes. In addi-
tion, a fine temperature control unit is necessary because SPR is
sensitive to refractive index changes [4]. When light is incident on
sub-wavelength-sized metal nanoparticles, the excited collective
oscillations of conduction electrons in the metallic nanoparticles
form localized surface plasmon resonance (LSPR) [5—7]. LSPR bio-
sensors are commonly utilized to detect biomolecular interactions
through an optical response, such as LSPR spectral peak shifts [8,9]
or change in extinction values [10,11]. The advantage of LSPR bio-
sensors is their simplicity in optical setup compared to SPR sensors.
However, real-time and highly sensitive measurements are difficult
to achieve simultaneously due to the broad LSPR band, and
ponderous instruments for optical measurements still limit its
practical application. The fabrication of portable and miniaturized
biosensors remains a challenge for optical biosensors.

Recently, a gold nanostructure-loaded titanium dioxide (TiO3)
system has received increased attention due to the LSPR-induced
charge separation can improve the photoactivity of TiO, from the
UV region to the visible and near infrared region [12—17]. The
visible and near infrared photocurrent generations have been
attributed to LSPR-induced charge separation following a hot-
electron transfer from the gold nanostructure to the conduction
band of TiO, [14]. Importantly, this photocurrent generation is
induced by water oxidation. Therefore, water molecules are used as
an electron source for photocurrent generation [15,16]. This
behavior opens up a new horizon for applications in photocatalytic
[18—20] and organic pollution degradation [21] utilizing visible
light via LSPR-induced charge separation. If the biomolecular in-
teractions occur on the surface of gold nanostructures, the photo-
electrochemical (PEC) property should be modulated because the
hot-electron transfer from the gold nanostructures to TiO, should
be affected by the interactions. Then, the LSPR-induced charge
separation system can be utilized as a biosensor. In comparison to
an optical measurement, this electrical method has the potential to
achieve real-time and highly sensitive measurements for bio-
sensing with a compact size.

A few studies regarding the utilization of the plasmon-induced
photocurrent generation system as PEC biosensors to measure
biomolecular interactions have been reported [22—24]. However, a
quantitative measurement that can reveal the binding kinetics has
not received much attention even though the kinetic parameter is
indispensable to understand the binding mechanism. Moreover,
both UV light as well as visible light irradiation are required to
excite the semiconductor because the signal-to-noise ratio of the
system was poor. Therefore, a very good signal response with a
sufficient signal-to-noise ratio under visible light for real-time
monitoring of molecular binding affinities and kinetics remains
challenging. To overcome this problem, in this study, the photo-
current response was pursued based on the photocurrent value
being enhanced by near-field coupling between the gold nano-
structures with self-assembled thiol-terminated biotin (TTB) and
streptavidin-modified gold nanoparticles (STA-AuNPs). The gold-
nanostructured TiO, photoelectrode was prepared by sputtering a
gold film onto a TiO, substrate followed by high-temperature
annealing processes [16]. Gold nanoislands (AuNIs) were success-
fully formed on the TiO, photoelectrode after annealing. The TTB
was used for direct binding to the AuNIs due to the extremely
strong Au—S bond [25—28]. The Au—S bond has good selectivity to
prevent interactions with other functional groups and good resis-
tance to acid, alkali, and external forces. The STA-AuNPs were
selected as a model target due to its specific interaction with biotin

and the enhancement ability of the photocurrent generation
induced by the AuNPs. The distance between the AuNIs and the
AuNPs should be approximately a few nanometers due to binding
of TTB and STA. Therefore, strong interparticle interactions be-
tween AuNIs and AuNPs should yield intense effects on the hot-
electron transfer process [29—32]. Compared to only TTB modifi-
cation, remarkable photocurrent enhancement around the LSPR
region was obtained after STA-AuNPs modification. Moreover, a
good photocurrent response to different concentrations of STA-
AuNPs was achieved by the three-electrode measurement system
under irradiation with 600 nm monochromatic light. Furthermore,
the biotin-STA association and dissociation rate constants were
determined via direct real-time monitoring of the photocurrent
followed by fitting the time-dependent photocurrent signal using
the kinetic model for stepwise binding. This biosensing system can
quantitatively detect binding of biomolecules without oxidation of
organic compounds due to UV irradiation. Although this study uses
a well-known TTB-STA system in order to demonstrate the pro-
posed principle, this PEC biosensor can be applied to a real-time
binding kinetic monitoring of other biomolecular interactions,
such as antibody-antigen [33,34] and DNA-protein [35,36].

2. Experimental section
2.1. Materials and reagents preparation

TiO; (Rutile, single crystal [001] Crystal Base, 0.05 wt % niobium
doped, 10 x 10 x 0.5 mm?>), which was purchased from Furuuchi
Chemical, was selected as the photoelectrode in this study. TTB (HS-
(CH2)11-NH-CO-biotin, ProChimia Co., Gdansk, Poland), STA (Jack-
son ImmunoResearch, PA, USA), Bovine Serum Albumin modified
AuNP (BSA-AuNP, 98 nM, EM.BSA10, BBI, Cardiff, UK) and STA-AuNP
(98 nM, EM.STP20, BBI, Cardiff, UK) conjugate solution were used
for the bio-modifications. 0.098 nM, 0.29 nM, 0.98 nM, 2.9 nM,
9.8 nM and 29 nM STA-AuNP solutions were also prepared using a
mixture of pristine 98 nM STA-AuNP and a TBS buffer solution
(Wako Pure Chemical Industries, Ltd.). 5 mg of TTB were dissolved
in 5 mL of 2-propanol with ultrasonication in a sealed vessel. STA in
a TBS buffer solution was also prepared as a control experiment for
the STA-AuNPs.

2.2. AuNIs/TiO; photoelectrode preparation and modifications

The TiO, substrate was sequentially rinsed with acetone,
methanol, and deionized water in an ultrasonic bath for 5 min each
and dried with compressed N,. The gold nanoislands-loaded TiO;
(AuNIs/TiO,) photoelectrode was fabricated by depositing a 3 nm
Au film on the surface of the TiO, substrate with subsequent
annealing at 800 °C for 1 h under a N, atmosphere. The AuNIs/TiO,
sample was immersed into a TTB solution in a sealed vessel for
2 h at room temperature and sequentially rinsed with 2-propanol
and deionized water in an ultrasonic bath for 5 min each and
dried by compressed N,. The same method was employed to pro-
cess the STA-AuNPs modifications but using 24 h to ensure com-
plete biotin-STA combination. After STA-AuNPs modification, the
samples were cleaned by immersion into deionized water followed
by shaking by hand for 30 s. The samples were cleaned thrice to
ensure minimum physical adsorption of the STA-AuNPs. The
nonspecific adsorptions of STA-AuNPs and other protein molecules
to AuNIs with and without TTB modification were negligible in our
system (Figs. S1 and S2). In addition to the STA-AuNPs, the STA
without AuNPs modification was also introduced as a control
experiment (Fig. S3). The extinction spectra were measured before
and after modification using a spectrometer (PMA-11, Hamamatsu
Photonics) equipped with an optical microscope (BX-51, Olympus)
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via an optical fiber. The morphologies of the samples were observed
by field-emission scanning electron microscopy (FE-SEM, JSM-
6700FT, JEOL) with a maximum resolution of 1 nm at an electron
acceleration voltage of 15 kV.

2.3. PEC measurement

An In—Ga alloy (4:1 in weight ratio) film and a thin layer of silver
were pasted on the back of the AuNIs/TiO, substrate to achieve
good Ohmic contact and electron conductivity. A platinum wire
(counter electrode), a saturated calomel electrode (reference elec-
trode) and AuNIs/TiO;, (working electrode) were connected to an
electrochemical analyzer (ALS/CH Instruments 852C, ALS) to create
a three-electrode system. An aqueous KClO4 (0.1 mol/L) solution
was used as the supporting electrolyte solution. A xenon lamp as a
light source (Model 66870, Newport), bandpass filters with a full
width at half-maximum (fwhm) of less than 15 nm were employed
to obtain the IPCE action spectrum, and the working potential was
set to +0.3 V versus the reference electrode during the photocur-
rent measurement. The power density of the light source at 600 nm
monochromatic light is 2.06 mW. The AuNIs/TiO; without modifi-
cation, with TTB modification, and STA/STA-AuNPs modification
were measured separately to detect the whole photocurrent
change in the visible range. In situ measurement of the biotin-STA
association was achieved by step-by-step injection of different
amounts of pristine 98 nM STA-AuNP solution (0.15 pL, 0.15 pL,
03 uL, 0.6 uL, 1.2 puL, 2.4 pL, 4.8 pL, 4.8 plL, 4.8 pL, and 4.8 pL) into the
reaction chamber that was equipped with a TTB-modified AuNIs/
TiO, electrode and 150 pL of a KClO4 solution. For in situ mea-
surement, a platinum wire was employed as a quasi-reference
electrode due to the special reaction chamber design.

2.4. Kinetics analysis

Based on the SEM measurements of different STA-AuNP con-
centrations modified TTB modified AuNIs (TTB-AuNIs), we specu-
late that stepwise binding between TTB-AuNIs and STA-AuNPs
exists as follows: A + B < AB, AB + A < A,B, where A and B
represent STA-AuNP and TTB-AuNI, respectively. AB and A,B are the
newly formed products in the stepwise binding pathway. The real-
time sensorgram characteristics of the photocurrent evolution at
different concentrations of STA-AuNP as a function of time were
solved numerically utilizing software (SimFit, 32 bit, Version 7.1.5
http://www.simfit.org.uk/).

3. Results and discussion

3.1. Extinction and PEC measurements before and after biomolecule
modified AuNIs/TiO;

Fig. 1a shows the extinction spectra of STA-AuNPs (black),
AuNIs/TiO, photoelectrode (red) after TTB modification (blue) as
well as the subsequent STA-AuNPs modification (magenta). The
LSPR peaks of STA-AuNPs and the AuNIs/TiO; are located around
530 nm and 600 nm, respectively. The 600 nm LSPR peak of AuNIs/
TiO; is due to the large refractive index of TiO, and also can be
verified by finite-difference time-domain (FDTD) simulations
(Fig. S4). The LSPR peak of AuNIs/TiO, exhibited a redshift, and the
extinction value increased after TTB and STA-AuNPs modifications,
demonstrating the successful bindings of TTB on AuNIs and STA-
AuNPs on TTB. Fig. 1b shows the I-t curves with irradiation of
monochromatic light at 600 nm (LSPR region) of TiO, (black),
AuNIs/TiO; (red) and after each condition. The photocurrent of
AuNIs/TiO, is more than 100 times larger than that of TiO,,
demonstrating the significance of plasmon-induced photocurrent

generation. The photocurrent was weakened with the TTB modi-
fication. However, the photocurrent was enhanced after both TTB
and STA-AuNPs modifications. The result indicated that the TTB
molecules may prevent water molecules from acting as electron
donors. However, the interparticle interactions between AuNIs and
AuNPs can enhance the photoactivity of the electrode after modi-
fication of STA-AuNPs (Fig. S5). Additionally, spikes appeared in the
photocurrents in Fig. 1b when the light turned on for AuNIs/TiO,
sample with irradiation of 600 nm light. Although the origin of the
spike of the photocurrents is still under investigation, there is a
possibility that the charging current on the surface of the gold
attribute the spike of the photocurrent. The spike disappeared after
modification of TTB and STA-AuNPs. These phenomena also can be
explained by the change of the gold surface due to the coating with
organic molecules. The spikes do not affect the IPCE in Fig. 1c
because the IPCE values were calculated from quasi-steady-state
current. A control experiment (Fig. S3) demonstrated that the STA
without the AuNPs did not enhance the photocurrent of the TTB-
modified AuNIs/TiO, electrode. The entire IPCE action spectra
change is shown in Fig. 1c. In comparison to only the TTB modifi-
cation, enhancement was observed after both the TTB and STA-
AuNPs modifications over the entire LSPR region. This result in-
dicates that the TTB-AuNIs/TiO, photoelectrode is sensitive to the
STA-AuNPs modifications. The detailed mechanism that explains
these phenomena will be discussed in a later section.

3.2. In situ measurement of STA-AuNPs

A stepwise increase in the photocurrent value was observed
under irradiation with 600 nm light after each injection of STA-
AuNPs, as shown in Fig. 2a. The sudden drop of the photocurrent
response during the injection (only few seconds), which is due to a
portion of the light being blocked by the needle of the microsyringe
induced by the special design of extremely small reaction chamber,
was delated to be depicted by a clearer representation (the original
in situ photocurrent response was shown in Fig. S6). The photo-
current finally becomes saturated, indicating that the TTB binding
sites were nearly occupied by STA-AuNPs. Fig. 2b shows the
normalized photocurrent enhancement as a function of different
concentrations of STA-AuNP. The normalized photocurrent
enhancement at each concentration was calculated by 4ifdingy,
where 4i and dinpgy are the photocurrent increase at the concen-
tration and the maximum value of the photocurrent increase,
respectively.

3.3. SEM measurement and proposed mechanism

Fig. 3 shows proposed schematic diagrams and the corre-
sponding SEM images after modification with different concen-
trations of STA-AuNP. As shown in Fig. 3b, one-to-one bindings
between TTB-AuNI and STA-AuNP were predominately observed at
a concentration of 0.98 nM compared to that for only AuNIs, as
shown in Fig. 3a. Multi-STA-AuNPs binding to one AuNI appears to
be limited. However, multi-STA-AuNPs binding to one AuNI
increased at a concentration of 2.9 nM, as shown in Fig. 3c. 98 nM
STA-AuNPs modification shows lots of examples of multi-STA-
AuNPs binding to one AuNI (Fig. S7). The proposed mechanism is
described below. For the AuNIs/TiO, photoelectrode, the LSPR-
induced charge separation will be activated under visible light
irradiation. In this case, the water molecules act as electron donors,
and the electrons from the AuNIs inject to the conduction band of
TiO,. After TTB modification, the AuNI surface was covered by layers
of TTB molecules. The TTB molecules may prevent the water mol-
ecules from acting as electron donors for photocurrent generation.
Therefore, the photocurrent decreases. For the lower concentration
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region of STA-AuNPs modification, the binding between TTB-AuNIs

and STA-AuNPs primarily occurs in a one-to-one fashion. The

introduced strong interparticle interactions between AuNPs and

AuNIs promote enhanced photocurrent generation. For the higher

concentration region, multi-STA-AuNPs connect to one AuNI. When
the bindings between TTB-AuNIs and STA-AuNPs reach a

e
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3.4. Kinetics measurement

maximum, the photocurrent becomes saturated.

<>

The binding kinetics between TTB-AuNIs and STA-AuNPs were
analyzed by utilizing a time-dependent model that represents a

Fig. 3. SEM images of AuNIs without modification (a) and after TTB modification and subsequent 0.98 nM (b) and 2.9 nM (c) STA-AuNPs modifications. The scale bars represent
100 nm. The schematic diagrams show the binding mode that corresponds to the SEM image. The SEM images were processed by GIMP software (https://www.gimp.org/) to get
greater clarity and resolution because the original SEM images were blurred due to the organic molecules.
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stepwise reaction:

ki
A+B ——— AB
k_q

(1a)

ka
A+AB ——— A;B
k-2

(1b)

where A, B, AB and A;B represent the STA-AuNPs, TTB-AuNIs, newly
formed complex at the first binding step (one STA-AuNP to one
TTB-AuNI) and the complex second binding step (two STA-AuNPs to
one TTB-AuNI), respectively. The relationship between the photo-
current enhancement and AB and A;B was assumed to be:
Ai = «[AB] + ([A;B] (2)
where 4i is the increase in the photocurrent, « and § represent the
contributions to the photocurrent enhancement of AB and A3B,
respectively, and [AB] and [A,B] represent the concentrations of AB
and A;B, respectively. The coupled differential equations arising
from Eqgs. (1) and (2) were solved numerically using the SimFit
software (Supporting Information). The initial concentrations of A
and B need to be known at each injection. The concentration of A
can be easily calculated from the specification. The calculation of
initial concentration of B is shown in the supporting information
and Fig. S8.

Fig. 4a shows the experimental (black) and simulated (red)
photocurrents as a function of time at different concentrations of
STA-AuNP (a few points in the high concentration region are un-
available due to a lack of enhancement), and these results are in
good agreement (Detailed information related to the fitting results
is shown in Supporting Information). Fig. 4b shows the corre-
sponding evolutions of the reactant (B) and products (AB and A,B)
at different concentrations of A (The evolution of A is not shown
due to the successive injections). As shown in Fig. 4b, for the first
four concentrations of A, the AB product is predominately formed,

and the AyB product formation is negligibly small (one notable
point is that AB always increases during each injection). The result
demonstrates that the binding between TTB-AuNIs and STA-AuNPs
was nearly one-to-one binding in the lower concentration region.
However, for the last two concentrations, the A;B product increases
to the same order as AB, demonstrating that binding between
multi-STA-AuNPs and one AuNI is a competitive one-to-one bind-
ing in the higher concentration region (AB increases at first and
then decreases during each injection). These results are in good
agreement with the SEM measurement and confirm our hypothesis
(Fig. 3).

Table 1 shows the association and dissociation rate constants as
well as related kinetic parameters at different concentrations of
STA-AuNP. The association rate constant of the first binding step
(k1) was two orders faster than that of the second binding step (k>).
The binding of the second STA-AuNP was retarded by steric hin-
drance [37] due to initial binding between STA-AuNP and TTB-
AuNL It is important to note that k; and k exhibit a small con-
centration dependence on STA-AuNP. This phenomenon can also be
explained by the steric hindrance of the STA-AuNP bound to the
adjacent TTB-AuNI. The relative thermodynamic binding constants
of two binding steps can be calculated as follows: Kq, surfi = k1/k-1 =
(7.67 £ 0.73) x 108 M, Kq, surp2 = kofk2 = (5.54 + 0.14) x 10" M},
and these values are smaller than that reported for biotin-STA as-
sociation (1 x 10" M~1) [8] but larger than another reported value
3 x 105 M1 [38].

4. Conclusions

In summary, we have successfully developed a surface plasmon-
induced visible light-responsive PEC biosensor using a TIB-
modified AuNIs/TiO, photoelectrode for in situ real-time mea-
surement of the biotin-STA binding kinetics. The interparticle in-
teractions between the AuNIs and the introduced AuNPs enhanced
the photocurrent generation. Good concentration dependence of
the photocurrent response was observed under irradiation with
600 nm monochromatic light with high sensitivity, which prevents

Table 1

Association and dissociation rate constants and related kinetic parameters at different concentrations of STA-AuNP.
Concentration of STA-AuNP (M)  9.86 x 10! 1966 x 1071 3926 x 107'©  7.823 x 10°1° 1553 x 102 3.057 x 10°°  Average
ky (M~1s71) 6.43 x 106 411 x 10° 3.60 x 108 2.29 x 108 3.68 x 106 3.00 x 108 (3.85 + 1.41) x 10°
k-1 (s71) 3.51 x 1073 470 x 1073 524 x 1073 3.65 x 1073 7.03 x 1073 5.96 x 103 (5.02 + 1.36) x 103
ky (M~1s7T) 5.42 x 10* 5.42 x 10% 5.42 x 10% 591 x 10* 5.13 x 10* 5.09 x 10* (5.40 + 0.29) x 10%
ko (s™h 9.75 x 1074 9.75 x 1074 9.75 x 1074 9.25 x 1074 9.99 x 1074 1.00 x 1073 (9.75 + 0.27) x 10~
o 5.23 x 108 3.01 x 108 2.85 x 108 2.47 x 108 2.64 x 108 1.66 x 108 (2.98 + 1.20) x 108
8 4.09 x 108 4,08 x 10% 4,08 x 108 450 x 108 3.82 x 108 3.75 x 108 (4.05 + 0.26) x 108
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UV light-induced decomposition of organic molecules (i.e., both the
receptors and targets). Moreover, direct investigation of the binding
kinetics of the biotin-STA association can be achieved by real-time
monitoring of the PEC sensing characteristics. The stepwise binding
model between STA-AuNPs and TTB-AuNIs is consistent with the
experimental results. The surface-confined thermodynamic bind-
ing constant can be calculated. The proposed biosensor that is
based on plasmon-induced photocurrent generation is useful for
both thermodynamic and kinetic analyses of interactions of various
biomolecules and expected to allow the facile miniaturization of
the instrument. This method opens a new avenue for the specific
electrical detection of biomolecular interactions and real-time
binding kinetic measurements.
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