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ABSTRACT Localized surface plasmon resonance (LSPR) sensors based on

plasmonic nanoparticles attract much attention recently. Here we propose a new
class of LSPR sensor, that is, a potential-scanning LSPR sensor, in which electron
density of the plasmonic nanoparticles is controlled by potential scanning. The
sensor exhibits a resonance peak during the potential scan, which negatively shifts
with increasing local refractive index. Therefore, the present sensor can be applied
to affinity biosensors and chemical sensors based on potential scan instead of
wavelength scan. The potential-scanning LSPR sensors do not require space and a

Extinction

mechanical device for wavelength scanning, so the sensors are advantageous for miniaturization and cost reduction, in comparison with the conventional

LSPR sensors. We explain the principle and theoretical sensitivities of the potential-scanning LSPR sensors, and refractometry is demonstrated using a

sensor with an ITO electrode loaded with gold nanospheres (13 or 40 nm diameter) or nanorods. The smaller and larger nanospheres are suitable for

sensing with a wider dynamic range and with a higher sensitivity, respectively. The use of nanorods further improves the sensitivity and figure of merit.
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etection of molecular interactions
is of great importance for chemical,
medical, environmental, and food
analyses. Localized surface plasmon reso-
nance (LSPR) sensors have been widely
utilized to detect such interactions with high
sensitivity. Plasmonic metal nanoparticles
absorb and scatter light on the basis of LSPR,
and the plasmonic extinction (absorption +
scattering) peak is red-shifted with increas-
ing local refractive index'* or decreasing
interparticle distance>*>% Thus, if a plas-
monic nanoparticle is modified with a recep-
tor (e.g., antibody) that binds specifically to
a target analyte (e.g., antigen), binding of
the analyte to the receptor increases the
local refractive index around the particle’ ~*
or decreases the interparticle distance,>*¢
resulting in a red shift of the plasmonic ex-
tinction peak. The analyte concentration or
the binding behavior can be monitored
on the basis of the spectral peak (or dip”)
shifts. The LSPR sensors are frequently used
for affinity-based chemical sensing and bio-
sensing.! 682
Although sensitivity of an LSPR sensor is
often lower than that of a propagating surface
plasmon resonance (SPR) sensor,®~'" the for-
mer has more localized sensing volume than
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the latter*® and the sensitivity of the former
is being improved further.*® In addition, LSPR
sensing can be performed on the basis
of a simple extinction measurement without
precise control of incident angle and tem-
perature.* For an LSPR sensor, however, a
monochromator is necessary to obtain spec-
tral peaks, so that a grating must be scanned
mechanically or a multichannel photodetec-
tor is required. This issue limits the cost
and size reduction of the sensor. Although
a simple monitoring of extinction at a single
wavelength is often performed to address
this issue, the single-wavelength method is
less accurate because much less information
is acquired.

In this study, we propose potential-
scanning LSPR sensors as a new class of LSPR
sensors that can measure refractive index
changes on the basis of resonance peak
shifts detected by potential scan instead of
wavelength scan. It would only require a
small semiconductor laser or a light-emitting
diode (LED) with a band-pass filter and an
electronic circuit for potential scanning. Here
we explain the principle of the potential-
scanning LSPR sensing and demonstrate that
the sensing is possible with a reasonable
resolution of refractive index even by the
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Figure 1. (a) Schematic illustration for a relationship between wavelength (1), applied potential (E), and extinction (ext) for a
plasmonic nanoparticle. (b) Cross sections of panel a at E; and E, and (c) that at A3. (d—f) Plots corresponding to panels a—c at
refractive index np and ng. Ext axis is vertical to the sheet in panels a and d.

use of easily or commercially available spherical nano-
particles with a moderate refractive index sensitivity.
We also show that the sensitivity can be improved by
using nanorods. The present single-wavelength sensor
gives much more information than the conventional
single-wavelength method. In addition, the present
potential-scanning sensor is more suitable for multi-
channel sensing with miniaturized sensors than the
conventional wavelength-scanning sensor. A photo-
sensor array, which is used to obtain an optical spec-
trum of a wavelength-scanning sensor, can be used for
multichannel sensing in the potential-scanning sensor,
in which each photosensor pixel is used for each LSPR
sensor channel.

RESULTS AND DISCUSSION

Principle of the Potential-Scanning LSPR Sensor. Optical
properties of a plasmonic nanoparticle are dependent
on applied potential (F).">~"7 A positive shift of E de-
creases the free electron density of the nanoparticle,
resulting in a red shift of its extinction peak. Figure 1a
shows a schematic relationship between wavelength
(4), E, and extinction (1—E—ext plot) for a plasmonic
nanoparticle, where the extinction axis is vertical to
the sheet. The two curves in Figure 1b (A—ext plot) are
cross-sectional images of Figure 1a at E; and E. It is
clear that a positive potential shift from E; to E; gives
rise to a peak shift from A; to A5. On the other hand,
Figure 1c (E—ext plot) shows the orthogonal cross
section at A3, which is peaked at E5. Thus, we can obtain
a resonance peak by a potetnial scan at a constant 4.

The optical properties of the plasmonic nanoparti-
cles are well-known to depend also on the refractive
index of the surrounding medium (n) as described
above: the peak in the A—ext plot is red-shifted with
increasing refractive index. The plots in Figure 1e
represent cross sections of the A—E—ext plots in
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Figure 1d at Ec. The figure shows that a refractive index
increase from n, to ng causes a peak shift from A, to Ag.
Meanwhile, cutting the A—E—ext plots at Ap gives
Figure 1f, in which the peak potential is shifted nega-
tively from Ej to Eg by the increase of the refrac-
tive index from n, to ng. It is obvious that the negative
potential shift —(Fg — Ea) is enhanced by an increase
in the refractive index change, ng — n,, as is the
wavelength shift, A5 — Aa. Therefore, if the relationship
between the refractive index and the peak potential is
known at a certain wavelength, one can evaluate the
refractive index in the vicinity of the nanoparticles from
the peak potential measured at the wavelength.
Theoretical Sensitivities of the Potential-Scanning LSPR
Sensor. Here we discuss the above-mentioned peak
potential shift for the potential-scanning LSPR sensor
quantitatively. The real part of the dielectric function
of a metal (¢) is described by the simple Drude model.
The damping parameter in the equation is often
neglected'*'®'® because it has little effect on the
results obtained. Thus, the function is described as

follows:'81°

2

wp? A
E=Cp— 5 = Eu— T3
12

p

2 (M
where ¢, is the high-frequency dielectric constant
of the metal, w is the frequency of light, and w, and
Ap are the bulk plasma frequency and wavelength,
respectively, given by

2mc meg
Ay = = 2mcey | —— 2
p o Tce N (2)

where ¢, e, m, &, and N are the speed of light, the
elementary charge, the electron mass, the vacuum
permittivity, and the free electron density in the metal,
respectively. Under the resonance condition of an
uncoated and spherical metal nanoparticle (eq 3),"®
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Figure 2. (a) Theoretical relationship between l;o and n, (b) that between lz and AE, and (c) that between EZ and n

(4 =530 nm) for 13 nm Au nanoparticles.

eq 1 can be transformed to eq 4, showing the cor-
relation between the LSPR wavelength at the rest
potential Eq (AEO) and refractive index of the surround-
ing medium (n):

e =—2n° (3)

Ag, = ApV/2n? + €. (4)

The relationship for Au nanoparticles (A, = 131 nm
and ., = 12.2)'® is shown in Figure 2a. The plot is
almost linear in a practical range for aqueous systems
(1.33 < n < 1.45), and the theoretical refractive index
sensitivity of the spherical Au nanoparticles of conven-
tional LSPR sensors S;_, is calculated to be ca. 95 nm
RIU™" (RIU = refractive index unit) from the slope of the
approximate straight line for the plot.

On the other hand, the relationship between an
applied potential £ = £y + AE and the LSPR wavelength

at E (Ag) is given by the following equation:'>'®
Ve 6CVAE
22 T Fd )
Eo

where C, V, F, and d are the capacitance of the
metal nanoparticle, the molar volume of the metal,
the Faraday constant, and the diameter of the nano-
particle, respectively. Equations 4 and 5 give eq 6.

. 6CVAE
Ag —xlp\/(an—l—sw)( e +1) (6)

It was reported that the C value for citrate-capped Au
nanoparticles with d = 3.7—40.8 nm is ca. 70 uF cm ™2
at —0.4 to +0.6 V vs Ag|AgCl|saturated KCL.'® The V
value for Au is 10.2 cm® mol™". On the basis of
these values, the relationship between A and AE
for Au nanoparticles with d = 13 nm in a solvent with
n = 1.33 is drawn in Figure 2b. As can be seen from
the figure, A¢ is almost linearly dependent on AE within
the range of —0.9 < AE < +0.5V, and the theoretical
potential sensitivity S;_g under those conditions is
determined to be ca. 89 nm V™' from the slope of
the approximate straight line.

At the potential to give the maximum extinction at
a certain wavelength 1 (peak potential E3), A = A holds.
Therefore, E; is described by eq 7, which is derived
from eq 6.
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The relationship between n and E; for 13 nm Au
nanoparticles at A = 530 nm is plotted on the basis
of eq 7 in Figure 2c. The peak potential E; depends
almost linearly on the refractive index n in the practical
refractive index range, and the theoretical refractive
index sensitivity Sg_,, of the potential-scanning LSPR
sensors with 13 nm Au nanoparticles is determined to
be ca. 10.3 V RIU™' from the negative slope of the
approximate straight line.

If the sensitivities S;_,, S;,_g and S¢_,, are constants,
the following equation holds:

Se-n = 8)

because S ,=AE;/An,S; _,=AAg/An,and S; g=Aldg/
AE;. The S¢_, value estimated on the basis of eq 8 from
the S;_, and S;_¢ values obtained from Figure 2a and
Figure 2b, respectively, is 95/8.9 = 10.7, which is close
to the Sg_, value obtained from Figure 2c (10.3). The
small deviation suggests that the sensitivities are not
completely constant. It is obvious from eq 8 that too
large S;_¢ could deteriorate the potential resolution.
On the other hand, too small S; _¢ could unduly broad-
en the potential scan range and give rise to undesirable
oxidation or reduction reactions. In other words, the
dynamic range of the sensor is limited when S; [ is
small. A moderate and appropriate S;_¢ value is there-
fore required for a practical potential-scanning LSPR
sensor.

Preparation of the Electrode. Electrodes modified with
Au nanoparticles were prepared for demonstration of
the potential-scanning LSPR sensing. Citrate-protected
Au nanoparticles (13 nm diameter) were synthesized
and electrostatically adsorbed onto an ITO electrode at
pH 2.8, at which the ITO surface is positively charged®
and citrate is negatively charged.?' Figure 3a shows
spectral changes during the adsorption. The extinction
peak at ca. 530 nm is characteristic of absorption based
on LSPR. The peak height was increased gradually and
almost saturated in 120 min (Figure 3b). Therefore, the
electrodes obtained by adsorption for 120 min were
used for the following measurements. A typical scan-
ning electron micrograph of the electrode surface
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Figure 3. (a) Changes in the extinction spectrum of 13 nm Au nanoparticles adsorbed on an ITO electrode along with
immersion of the electrode in an aqueous solution containing Au nanoparticles (pH = 2.8). (b) Time course of the extinction
peak height in panel a. (c) Typical scanning electron micrograph of the electrode surface with the adsorbed Au nanoparticles.
(d) Schematic illustration of the experimental setup for spetroelectrochemical measurements.

(Figure 3c) indicates that the Au nanoparticles are
monodisperse and free from excess aggregation and
agglomeration because of electrostatic repulsion
between the negatively charged nanoparticles. These
nanoparticles are therefore responsible for the rela-
tively sharp peak, which is suitable for LSPR sensing. Au
nanoparticles of 40 nm diameter were also adsorbed to
the ITO surface successfully.

Sensitivity of Conventional LSPR Sensing. Figure 4a
shows typical A—E—ext and A—ext plots for the ITO
electrode modified with 13 nm Au nanoparticles in an
aqueous solution containing 0.01 M KNOs (n = 1.333).
The electrode showed the rest potential of ca. +0.3 V.
The LSPR peak was red-shifted along with the positive
potential scan as expected theoretically.">~"” Typical
A—E—ext and A—ext plots in aqueous solutions of
sucrose (20, 30, and 50 wt %) containing 0.01 M
KNO;3 are shown in Figure 4b—d. Refractive indices of
the solutions were 1.364, 1.381,and 1.418, respectively.
The peak wavelength shifted bathochromically with
increasing refractive index of the solution. Actually, the
plots of the peak wavelength at +0.12 to +0.42 V vs
NHE as functions of the refractive index show positive
slopes (Figure 5a). The error bars in the figure represent
standard deviations of three or more independently
fabricated electrodes. Refractive index sensitivity S;_,
at +0.12 to +0.42 V was evaluated from the slopes
of the approximate straight lines in the figure to
be 36 nm RIU™". The electrode modified with 40 nm
Au nanoparticles was also examined in the same
manner (Figure 6), and its S;_, value was determined
to be 44 nm RIU ™.

NISHI ET AL.

Those values are smaller than the theoretical sensi-
tivity calculated on the basis of eq 4 (95 nm RIU™").
Protecting agents that cover the nanoparticles (ie.,
citrate molecules) are known to lower the sensitivity.'®
Actually, the refractive index sensitivity of Au nano-
particles with a diameter of 15 nm in a water—glycerol
mixture was reported to be 44 nm RIU™".? The sub-
strate on which the Au nanoparticles are deposited
(ie., an ITO electrode) may also lower the sensitivity.?
The sensitivity for Au nanoparticles with a diameter
of 50 nm on a glass substrate was determined to be
60 nm RIU".2® The size dependence of the refrac-
tive index sensitivity is not described by eq 4 but by Mie
theory, in which dipole and multipole plasmons are
taken into account.’* According to the calculation
based on Mie theory,** itis expected that the sensitivity
is increased by ~1.2-fold, in good agreement with our
experimentally observed dependence (44/36 = 1.2).

Potential Sensitivity. Figure 5b shows the relation-
ships between the extinction peak wavelength and
the applied potential for the electrode with 13 nm Au
nanoparticles in solutions with different refractive in-
dices. The slope of the plot, that is, potential sensitivity
S,_e of the electrode, is almost independent of the
sucrose concentration (0—50 wt %) and is determined
to be 8.3 nm V™ from the slopes of the approximate
straight lines in the figure. The experimentally evaluated
potential sensitivity is in good accordance with the
value expected theoretically from eq 6 (8.9 nm V™). In
the case of the electrode with 40 nm Au nanoparticles,
the potential sensitivity S; ¢ was evaluated to be ca.
2.6 nm V™", This value is also close to the theoretically
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Figure 4. Typical A—E—ext and 1—ext plots of 13 nm Au nanoparticle-modified ITO electrodes in (a) 0, (b) 20, (c) 30, and
(d) 50 wt % aqueous sucrose solutions containing 0.01 M KNOs. Potential range for the A—E—ext plots is —0.58 to +0.72 V.
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calculated value, 29 nm V™', which is lower than that
of the electrode with 13 nm nanoparticles because of
the larger d value in eq 6.

Sensitivity of Potential-Scanning LSPR Sensing. Figure 5c
shows E—ext plots, namely, cross-sectional images of
the A—E—ext plots in Figure 4 at 535 nm, for 13 nm Au
nanoparticles. As expected theoretically, peaks were
obtained in the extinction—potential spectra, and the
peak potential was shifted negatively with increasing
refractive index of the solution. The relationship be-
tween the refractive index and the peak potential is
shown in Figure 5d. The peak potentials were deter-
mined from the first derivatives of quartic equations
fitted to the experimental data. The peak potential
shows almost linear dependence on the refractive
index of the solution, and the sensitivity S¢_,, is deter-
mined to be ca. 40 V RIU™" from the negative slope
of the approximate straight line. The Sg_, value is in
accordance with the value calculated from the experi-
mentally obtained S;_,, and S; ¢ values on the basis
of eq 8 (36/8.3 = 4.3). Essentially, the same results were
obtained even when sucrose was replaced with di-
methylsulfoxide; the peak potentials appeared in the
range that is predictable from the refractive index
of the solution and Figure 5d. We therefore conclude
that the potential-scanning LSPR sensor can be applied
to different analytes.

In the case where 40 nm nanoparticles were used,
the S¢_, value was about 16 V RIU™', in the range
of 1.333 < n < 1.399. This value is reasonable consider-
ing the S;_,, and S,_¢ values (44/2.6 = 17). The higher
sensitivity compared to that of the electrode with
13 nm particles is explained in terms of the larger
S,—nand smaller S; _gvalues. High Sg_, gives rise to the
high refractive index sensitivity but, simultaneously,
the narrow dynamic range.

Thus, we have demonstrated that refractive index
changes can be determined at a single wavelength by

NISHI ET AL.

using the potential-scanning LSPR sensor proposed
in this study. The smaller Au nanoparticles (13 nm
diameter) give wider dynamic range, and the larger
nanoparticles (40 nm) give higher refractive index
sensitivity. The dynamic range may be broadened by
covering the electrode surface with a thin layer of an
electrochemically inactive and dielectric compound
such as a metal oxide, which suppresses redox reac-
tions even under higher overpotential applied.

We have reported that electrons transfer from a
resonant plasmonic nanoparticle to an n-type semi-
conductor in contact with the nanoparticle on the basis
of plasmon-induced charge separation (PICS),?> which
is recently known also as plasmonic hot electron
injection. This effect would not interfere with the
measurements in the present work because the effi-
ciency of PICS is known to be low for a highly con-
ductive semiconductor such as ITO.2® Recently, it was
also reported that electrons move between an illumi-
nated plasmonic nanoparticle and ITO in direct contact
so as to shift the peak wavelength toward the irradia-
tion wavelength.?” Although this effect might broaden
the peak obtained by the potential scanning, it would
be a few millivolts or less under weak illumination.

Improvement of Sensitivity of Potential-Scanning LSPR
Sensing. In the previous section, easily preparable and
commercially available spherical Au nanoparticles
were used and the potential-scanning sensing was
demonstrated by using those nanoparticles with mod-
erate refractive index sensitivity. For fabrication of
the sensor with high sensing capability, high S;_,
and moderate S;_ are advantageous, as eq 8 indicates.
Itis known that the S;_,, value increases linearly with the
LSPR peak wavelength,*?® which red shifts as, for in-
stance, the particle shape anisotropy (e.g., aspect ratio of
nanorods) increases.'” However, absorption of water
gradually increases from 850 nm, so we use nanorods
that are resonant at 700—800 nm (aspect ratio ~3).
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potential spectra for Au nanorod-modified ITO electrodes at 745 nm in the sucrose solutions (0 and 10 wt %) containing

0.01 M KNO.

According to the previously reported relationship be-
tween the peak wavelength and S; _,, the S;_,, value for
Au nanoparticles resonant at 700—800 nm is estimated
to be 340—500 nm RIU™', which is higher than those of
the spherical nanoparticles used in the previous sections.

On the other hand, S;_¢ is also dependent on the
anisotropy of the particle shape. Mulvaney et al. reported
that Au nanorods exhibit higher S, ¢ than isotropic
nanoparticles because the particle shape factor (L) af-
fects the sensitivity of the LSPR peak wavelength to the
free electron density N as follows.>**°

P <1TL)n2+em ©)
The L values for the Au nanosphere and nanorod with an
aspect ratio of ca. 3 are 1/3 and 0.06—0.10, respectively.>’
Assuming that the relationship between AN and the
applied potential is not dependent on the particle shape,
the S;_¢ value of the nanorod is expected to be 1.3—1.6
times higher than that of the nanosphere with the
diameter corresponding to the nanorod width. Since
the estimated increase in S;_, is sufficiently higher than
that in S;_g, significant improvement in the sensitivity
Se_n is expected for the potential scanning LSPR sensor.

Au nanorods were prepared according to a pre-
vious literature.®? Figure 7a shows a typical scanning
electron micrograph of the electrode surface with the
adsorbed Au nanorods. Length, width, aspect ratio, and
the extinction peak wavelength in water of the lon-
gitudinal mode are 80 &+ 11 nm, 30 £+ 8 nm, ca. 2.8, and
730 nm, respectively. Thus, the nanorods were syn-
thesized successfully. The S;_, value was evaluated
from the extinction peak wavelengths in 0—20 wt %
aqueous sucrose solutions to be 276 nm RIU~Y, which is
about 7-fold higher than that for the spherical nanopar-
ticles. The S;_ value evaluated at —0.18 to +0.82 V vs

METHODS

ITO electrodes loaded with Au nanoparticles were
used as potential-scanning LSPR sensors. An aqueous
solution (50 mL) of trisodium citrate (120 mg) was added
quickly to a boiling aqueous solution (100 mL) containing

NISHI ET AL.

NHE was ca. 12nm V™", which is 1.4 and 4.6 times higher
than 13 and 40 nm Au nanospheres, respectively.
Figure 7b shows E—ext plots of the nanorod-modified
electrode at 745 nm. As can be seen from the figure, the
peak potential shifts largely as the sucrose content
increases from 0 to 10 wt %. The S¢_, value is ca. 22 V
RIU™, in good accordance with the value expected
from eq 8 (276/12 = 23).

In order to evaluate the sensing capability of each
nanoparticle, figure of merit (FOM), which is defined
as the sensitivity divided by the full width at half-
maximum (fwhm) of the peak, is often employed as a
useful index. The fwhm value for the E—ext plot (AEy)
was evaluated by Lorentzian fitting around the peak
top and the FOM of the present sensor (Sg_./AEw)
was calculated. The FOM values for the 13 and 40 nm
Au nanospheres and the Au nanorod are ca. 0.4, 1.1,
and 2.2, respectively. Thus, the sensing capability of
the potential-scanning LSPR sensor was successfully
improved by the use of the Au nanorods.

CONCLUSION

In this study, the principle of potential-scanning
LSPR sensors as a new class of LSPR sensors was pro-
posed and developed. We loaded an ITO electrode
with Au nanospheres or nanorods and scanned its
potential in an electrolyte solution to obtain an ex-
tinction—potential spectrum with an extinction peak.
The peak potential shifted negatively with increasing
refractive index of the solution, as expected theoreti-
cally. The linear peak shift would allow application
of the electrode to chemical sensing or biosensing by
modification of the nanoparticles with receptors selec-
tive to an analyte. Smaller nanoparticles should be
selected for a wider dynamic range and larger ones
for a higher sensitivity. The use of nanorods further
improves the sensitivity and figure of merit.

tetrachloroaurate(lll) tetrahydrate (40 mg), and the mixed solu-
tion was refluxed for 30 min to give an aqueous solution of
Au nanoparticles with a mean diameter of 13 nm.>* Au nano-
particles with a diameter of 40 nm were purchased from
Tanaka Kikinzoku. A cleaned ITO electrode was immersed in a

A N N
VOL.9 = NO.6 = 6214-6221 = 2015 A@@L%{\j

WWwWW.acsnano.org

6220



nanoparticle solution with the pH adjusted to ca. 2.8 for
120 min.

Spectroelectrochemical measurements were carried outinan
aqueous solution of sucrose (0—50 wt %) containing 0.01 M
KNO; with the Au nanopaticle-modified ITO electrode (~2 cm?),
a platinum wire, and a bare ITO (~2 cm?) as working, pseudo-
reference, and counter electrodes, respectively (Figure 3d).
The electrolyte concentration has little effect on the S¢_,, value.
The potential was scanned with a potentiostat (Princeton 263A)
from —0.58 to +1.42 V and back to —0.58 V at 2 mV s~ '. The
extinction spectrum of the electrode was obtained every 50 s
(100 mV each) by an array spectrophotometer (Otsuka Electronics
MCPD-3000) equipped with a light source (Otsuka Electronics
MC-2530). We obtained 1—E—ext plots from the extinction spectra
collected in the second positive scan from —0.58 to +0.72 V.
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