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1. Introduction

Dielectrophoretic trapping of nanosized
biomolecules on plasmonic nanohole arrays for
biosensor applications: simple fabrication and
visible-region detectionf

Satoko Fujiwara,® Misaki Hata,® Ikumi Onohara,? Daiki Kawasaki,? Kenji Sueyoshi,
Hideaki Hisamoto, 22 Masato Suzuki, © ¢ Tomoyuki Yasukawa & 9
and Tatsuro Endo @ *?

Surface plasmon resonance is an optical phenomenon that can be applied for label-free, real-time sensing
to directly measure biomolecular interactions and detect biomarkers in solutions. Previous studies using
plasmonic nanohole arrays have monitored and detected various biomolecules owing to the propagating
surface plasmon polaritons (SPPs). Extraordinary optical transmission (EOT) that occurs in the near-
infrared (NIR) and infrared (IR) regions is usually used for detection. Although these plasmonic nanohole
arrays improve the sensitivity and throughput for biomolecular detection, these arrays have the following
disadvantages: (1) molecular diffusion in the solution (making the detection of biomolecules difficult), (2)
the device fabrication's complexities, and (3) expensive equipments for detection in the NIR or IR
regions. Therefore, there is a need to fabricate plasmonic nanohole arrays as biomolecular detection
platforms using a simple and highly reproducible procedure based on other SPP modes in the visible
region instead of the EOT in the NIR or IR regions while suppressing molecular diffusion in the solution.
In this paper, we propose the combination of a polymer-based gold nanohole array (Au NHA) obtained
through an easy process as a simple platform and dielectrophoresis (DEP) as a biomolecule manipulation
method. This approach was experimentally demonstrated using SPP and LSPR modes (not EOT) in the
visible region and simple, label-free, rapid, cost-effective trapping and enrichment of nanoparticles
(trapping time: <50 s) and bovine serum albumin (trapping time: <1000 s) was realized. These results
prove that the Au NHA-based DEP devices have great potential for real-time digital and Raman
bioimaging, in addition to biomarker detection.

Kretchmann configuration is based on the evanescent wave and
surface plasmon (SP) condition on the surface of Au thin film
irradiated by laser. Compared to other methods for obtaining

Surface plasmon resonance (SPR) is widely exploited for label-
free, real-time biosensors to directly measure molecular inter-
actions (e.g., binding constant and kinetics) and detect
biomarkers in the liquid phase.*® In particular, the Kretsch-
mann configuration, which is used for the attenuated total
reflection (ATR) method, is the most popular configuration for
fabricating SPR sensor devices.*® SPR sensing with the

“Department of Applied Chemistry, Graduate School of Engineering, Osaka
Metropolitan University, 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka 599-8531, Japan.
E-mail: t_endo@omu.ac.jp

*Graduate School of Material Science, University of Hyogo, 3-2-1 Kouto, Kamigori, Ako,
Hyogo 678-1297, Japan

Japan Science and Technology Agency (JST), Precursory Research for Embryonic
Science and Technology (PRESTO), 5-3 Yonban-cho, Chiyoda, Tokyo 102-8666, Japan
“Advanced Medical Engineering Research Institute, University of Hyogo, Hyogo, Japan
(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra03245k

21118 | RSC Adv, 2023, 13, 21M18-21126

a binding constant such as isothermal titration calorimetry and
fluorescence dyes, SPR is superior regarding sensitivity, being
label-free and having high throughput.”” However, despite
some advantages, the Kretschmann configuration presents
some disadvantages such as limited miniaturization and mul-
tiplexing capabilities and low throughput detection. Hence,
plasmonic nanohole arrays have been developed as novel SPR
devices and much effort has been made to improve the SPR
sensing.’®™* The results showed that it is possible to achieve
high miniaturization and multiplexing capabilities as well as
high throughput detection with plasmonic nanohole arrays,*>>°
and these arrays can be wused for surface-enhanced
spectroscopy*** by utilizing the localized surface plasmon
resonance (LSPR), the propagating surface plasmon polaritons
(SPPs), particularly, and the extraordinary optical transmission
(EOT). However, nanohole array-based biosensor systems
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exhibit some problems. The first one is molecular diffusion.
Compared with the ATR method, plasmonic nanohole arrays
can exhibit similar or higher sensitivity due to the light
confinement and strong electromagnetic (EM) enhancement in
very narrow, localized areas.* On the other hand, it is difficult to
detect the adsorbed biomolecules except in strong, localized EM
field regions. In addition, molecular diffusion makes the detect
biomolecules in the liquid phase difficult, even though the
fluidic systems or surface modifications used to control the
adsorption sites are combined with plasmonic nanohole
arrays.'*** The second problem is the use of near-infrared
(NIR) or infrared (IR) wavelengths for EOT detection, which is
related to the fabrication procedures and materials and the
optical detection of plasmonic nanohole arrays. First, most
nanohole arrays are fabricated by using focused ion beam (FIB)
or electron beam lithography (EBL) to obtain minute metal
nanostructures combined with high-permittivity materials (e.g.,
SiO,, Si, and GalnAsP) to achieve high sensitivity. However,
these fabrication methods involve sophisticated techniques,
complicated processes, and expensive instruments. Therefore,
it is necessary to devise a simpler fabrication method.
Furthermore, nanohole array devices fabricated in this manner
show EOT in the NIR or IR region. Generally, obtaining suffi-
cient light intensity for NIR or IR wavelengths is difficult, which
necessitates the use of an expensive optical setup for accurate
detection. However, it is easier to measure the intensity of
visible light than that of NIR or IR light using a cost-effective
optical setup. In addition, detection in the visible region will
enable the application of various optical phenomena for bio-
logical imaging and sensing.”®**° Hence, biomolecule detection
devices using other propagating SPP modes and LSPR in the
visible region instead of EOT in the NIR or IR region with
a simple, inexpensive optical setup are attractive. To fulfill these
requirements, we conceived the application of a nanoimprinted
polymer-based gold nanohole array combined with dielec-
trophoresis (DEP). DEP is an effective method for various
manipulations and monitoring (e.g., separation, trapping,
enrichment, and rotation), as well as label-free detection of
nano and micro-sized (bio)molecules and/or particles in real
time, where molecular diffusion is suppressed by dielec-
trophoretic forces in the liquid phase.***** Therefore, recently,
plasmonic arrays and nanopores combined with DEP have been
developed and reported to demonstrate faster detection time
and higher sensitivity in the liquid phase.*** In DEP, a force
toward dielectric substances works under a nonuniform elec-
trostatic (ES) field. In addition, the areas of the ES field at the
plasmonic arrays (including nanohole arrays) are almost similar
to the EM field generated by LSPR, SPP and so on. However,
previous gold nanohole arrays were fabricated by ion etching
and FIB because their long-range periodic ordering is essential
for a strong EOT effect.>*>® Despite their high sensitivity, the
EOT wavelength is generally determined by the periodicity and
diameter of the nanoholes®”®® such that slight structural
disorders can lead to errors in the reproducibility of the detec-
tion wavelength and sensitivity.

Hence, in this study, we propose the application of polymer-
based gold nanohole arrays (Au NHAs) combined with DEP as
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a biomolecule detection device. The Au NHAs are fabricated by
the direct metal deposition method, which has already
demonstrated high reproducibility in fabrication and detection
in our previous study.** Herein, we demonstrate the simple
fabrication of an Au NHA-based DEP device, and then challenge
fast and reproducible particle/biomolecule trapping and
detection in the visible region.

2. Experimental

2.1. Preparation of the Au NHA-based DEP devices

2.1.1. Fabrication of the Au NHAs. The Au NHAs were
fabricated via direct Au deposition (Fig. 1a). First, a nanohole-
imprinted cycloolefin polymer (COP) film (FLH230/200-120,
Scivax Co., Ltd., Kanagawa, Japan) was cut into 30 mm
squares and cleaned with acetone, 2-propanol (IPA) (Kanto
Chemical Co. Inc., Tokyo, Japan), and ultrapure water (18.2 MQ
cm), and then dried. Next, an Au layer (thickness: 100 nm) was
thermally deposited onto the nanohole-imprinted COP film to
obtain the Au NHAs. Finally, the Au NHAs were cut into 6 mm X
10 mm pieces and affixed on glass using a photocurable poly-
mer (NOAS81, Norland Products Inc., Cranbury, NJ, USA).

2.1.2. Fabrication of the DEP devices. A DEP device was
assembled using indium tin oxide (ITO)-coated glass (ITO
thickness: 150 + 20 nm, GEOMATEC Co., Ltd., Yokohama,
Japan) and the fabricated Au NHA (Fig. 1b). First, after cleaning
with acetone and ethanol (Kanto Chemical Co. Inc., Tokyo,
Japan), lead wires were attached to the ITO-coated glass and Au
NHA using carbon paste and sealing materials (KE4896T-100,
Shin-Etsu Chemical Co. Ltd., Tokyo, Japan). Next, the ITO was
fixed onto the Au NHA using a double-sided adhesion sheet
(thickness: 30 pm, Nitto Denko Corp., Osaka, Japan) as a spacer.
Finally, two reservoirs were prepared by using sealing materials
(Fig. 2a).

2.2. Structural observation

The nanohole-imprinted COP film and Au NHA structures were
observed using a field-emission scanning electron microscope
(FE-SEM) (SU8010, Hitachi, Ibaraki, Japan) at an acceleration
voltage of 10 keV, and an atomic force microscopy (AFM)
(AFM500011, Hitachi, Tokyo, Japan) in tapping mode using
a silicon tip cantilever (SI-DF20) with a nominal spring constant
of 15Nm™.

2.3. Optical characterization

Microspectroscopy was performed using an optical microscope
(BX-53, Olympus Corp., Tokyo, Japan) to measure all optical
spectra. The setup consisted of a tungsten-halogen white light
source (380-780 nm), an Au NHA-based DEP device, an objec-
tive lens (OL) (magnification: x10, numerical aperture: 0.30), an
optical fiber probe (R400-7, UV-VIS, Ocean Optics, Tokyo,
Japan), a handheld spectrophotometer (USB4000, Ocean
Insight), and a software program (Ocean View, Ocean Insight),
as shown in Fig. S1a.} The transmission spectra and normalized
intensity (7) of the Au NHA, which were calculated using the
transmission intensity of the white light source as a reference,
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Fig.1 Schematic of the fabrication procedure of (a) Au NHA and (b) DEP device. (c) Schematic of the DEP experimental setup used in this study.

QOO0 J;):)J
-—Smm

Fig. 2 Images of (a) the fabricated Au NHA-based DEP device, (b)
nanohole-imprinted COP film, and (c) fabricated Au NHA observed
using a field-emission scanning electron microscope.

detection
area

were obtained using this optical setup. Thereafter, the sub-
tracted spectrum (1 — 7) was obtained. The responsivity to the
refractive index (RI) was also evaluated using the same setup.
Ultrapure water, ethanol, and 2-propanol (RI = 1.3332, 1.3594,
and 1.3752, respectively) were added to the DEP device in
sequence. Optical measurements were performed in triplicate
using three independent Au NHAs (N = 3). The finite-difference
time-domain (FDTD) method (ANSYS Inc., Vancouver, Canada)
was used for the optical simulations (Fig. S1b, ¢, and S27).

2.4. Dielectrophoretic manipulations

2.4.1. Polystyrene nanoparticle (PS NP) trapping. Carbox-
ylated fluorescent PS NPs (Nacalai Tesque, Inc., Kyoto, Japan)

21120 | RSC Adv, 2023, 13, 21118-21126

were used for preliminary experiments because of the specific
gravity of polystyrene is smaller than water. Before the dielec-
trophoretic manipulations, the PS NP stock solution was diluted
with ultrapure water (conductivity: 1 uS em ™', measured by
LAQUAtwin (HORIBA Ltd., Kyoto, Japan)) as a dispersion
medium, and then thoroughly replaced with ultrapure water
using ultracentrifugation (rotation speed: x15000g, time:
10 min, number of times: triplicate). Each PS NP dispersion
having a different concentration was introduced into the DEP
device from the reservoir and left in the detection area (Fig. 2a,
volume: <1 pL). Subsequently, a sinusoidal signal (1 kHz, 10 V,,_
p) was applied between the ITO and Au NHA using a function
generator (FGX-2220, TEXIO Technol. Corp., Yokohama, Japan).
During dielectrophoretic manipulations, the fluorescence
images were obtained using a scientific complementary metal
oxide semiconductor (SCMOS) camera (Dhyana400D, Visualix
Co., Ltd., Hyogo, Japan) and an optical microscope (BX-53, OL
magnification: x20, numerical aperture: 0.30), and the trans-
mission spectra were measured using the same setup described
in Section 2.3 (Fig. S17).

2.4.2. Bovine serum albumin (BSA) trapping and enrich-
ment. The experimental procedure for BSA enrichment was
similar to that for the PS NPs. BSA (Sigma Aldrich, St Louis, MO,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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USA) was dissolved in ultrapure water. Each BSA solution having
a different concentration was introduced into the DEP device
and left in the detection area. Subsequently, a sinusoidal signal
(1 kHz, 5 V,_,) was applied to the DEP device. The transmission
spectra were evaluated during dielectrophoretic manipulations.

2.4.3. Simulation using finite element method (FEM). FEM
was used to simulate the distribution of the ES field strength on
the Au NHA in the DEP device using COMSOL Multiphysics
commercial simulation software package (COMSOL, Inc., Bur-
lington, MA, USA). All simulations were performed in three
dimensions (Fig. S37).

3. Results and discussion

3.1. Evaluation of the fabricated Au NHA-based DEP devices

A typical example of the fabricated Au NHA-based DEP device is
shown in Fig. 2a. A specific red color resulting from the SP can
be visually observed with the naked eye, confirming the
successful fabrication of the device. The structures of the
nanohole-imprinted COP film and fabricated Au NHA obtained
by FE-SEM are shown in Fig. 2b and c, respectively. The diam-
eters of the COP film and the fabricated Au NHA were 225.3 +
4.5 and 222.3 £ 4.6 nm, respectively. The corresponding lattice
constants were 461.0 + 2.6 and 459.2 £ 2.9 nm, respectively.
Also, Fig. S41 showed that the Au layers deposited via direct
deposition inside the nanohole and on the nanohole surface is
almost same thickness. These results show that the Au NHA,
which exhibited a similar shape to the nanohole-imprinted COP
film, was simply obtained via the direct Au deposition method.

The absorption spectra of the fabricated Au NHA in the DEP
device for different RI solutions and FDTD simulations are

View Article Online
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shown in Fig. 3a. The simulated model was constructed based
on the SEM image shown in Fig. 2c. When surrounded by water
(RI = 1.3332), the fabricated Au NHA (Exp.) exhibited
a maximum absorption peak at ~581 nm. However, in the FDTD
simulation (Sim.), the Au NHA demonstrated two absorption
peaks at 561 and 592 nm and an absorption dip at 578 nm,
which were related to the LSPR and SPP modes. In Fig. 3b, these
peak and dip wavelengths were red-shifted as the RI increased
and exhibited similar responsivity: 277.83 nm/RI (Exp.), 254.88
nm/RI (Sim., at 561 nm), 217.95/RI (Sim., at 578 nm) and 291.52
nm/RI (Sim., at 592 nm). In addition, two absorption peak
wavelengths (561 and 592 nm) and a dip wavelength (578 nm)
showed common EM fields at the edges of the nanoholes, and
the spaces between the nanoholes below the Au layer in the
simulation (Fig. 3c). These results suggest that the maximum
absorption peak (581 nm) of the fabricated Au NHA was
observed by merging the two peaks (561 and 592 nm) and the
dip wavelength (578 nm) in the simulation. Also, the slight
structure difference in the simulation and experiment may lead
the spectra merging. These confirm that the maximum
absorption peak (581 nm) observed in the fabricated Au NHA,
where the EM field was at the edges of the nanoholes and in the
spaces between the nanoholes, can be useful for detecting the
RI and substances manipulated by DEP onto the surface of the
Au NHA. In contrast, the wavelengths (776 and 788 nm)
observed in the simulation may be related to the EOT modes
from the EM fields (Fig. S2at). These EOT modes have approx-
imately twice higher responsivity to RI (532.12 nm/RI at 776 nm
and 549.32 nm/RI at 788 nm) due to the stronger and wider EM
fields at the edges of the nanoholes (Fig. S2a and b+); thus, they
are more valuable. However, the simple optical setup used in

(C)] Exp. Sim. (b)
0.955
- 0.99 = 15 I
® Exp. (N=4)
0.945 I 0.98 212 [ Sim. (@561 nm) ++
-~ / £ Sim. (@578 nm)
50.935 | =097 £ 9 : *
s ;::j/ ;09 £ Sim. (@592 ).
T o925 | 096 St £
— Water (1.3332) ,, 1.3332 — 1.368 ]
0.915 | — Ethanol (1.3594) 095 1.3449 — 1.38 3 3
IPA (1.3752) 1.3566 ) ) ) .
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(c)

I10
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Fig.3

-

(a) Absorption spectra and (b) peak or dip shift with respect to the Rl of the fabricated (Exp.) and simulated (Sim.) Au NHAs. (c) The EM fields

of the two absorption peaks at 561 and 592 nm and a dip at 578 nm were obtained from the FDTD simulations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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this study does not allow the measurement and tracking of
these EOT modes, as mentioned in Section 2.3 and subsequent
sections. Furthermore, the Au disk at the bottom of the nano-
holes may reduce the transmitted light intensity passing
through the Au NHA, making it difficult to observe the trans-
mitted light related to the EOT more precisely compared with
the two peaks at 561 and 592 nm. The Au disk also plays a role in
pushing the EM fields to the top of the Au surface,* and
therefore, the Au NHA with the Au disk may exhibit a higher
sensitivity in the visible region than that without the Au disk.
These estimations suggest that at the maximum absorption
peak (~581 nm), where the EM fields are similar to the EOT, it
may be worth measuring the other SPP modes or LSPR as
alternatives to the EOT.

3.2. Dielectrophoretic manipulations of the fabricated Au
NHA-based DEP devices

3.2.1. PS NP trapping. First, the DEP behavior of the Au
NHA-based DEP devices fabricated in this study was qualita-
tively confirmed using a 250 nm PS NP dispersion as a prelimi-
nary experiment. The diameter distribution of the PS NP
dispersion is shown in Fig. S5.1 As shown in the fluorescence
images (Fig. 4 and video (ESIt)), the PS NPs were trapped onto
the Au NHAs owing to DEP as soon as the AC voltage and
sinusoidal signal (1 kHz, 10 V,_,) were applied. This confirms
that the Au NHA-based DEP devices have considerable potential
for rapidly trapping substances in solutions via positive-DEP (p-
DEP) and AC-electroosmotic flow (EOF), which are commonly
observed in cases of low AC frequency and low medium
conductivity, as reported previously.****> Without the AC-EOF
(AC frequency: =10 kHz), the amount of PS NPs decreased
(data not shown). However, the trapped PS NPs still remained
on the Au NHAs even when the AC voltage was switched off after
application. Therefore, negatively charged PS NPs may be easily
adsorbed onto the Au NHAs by van der Waals forces and slightly
by Coulomb forces.

As shown in Fig. 4b, a mesh pattern composed of many
polygons (such as triangles, diamonds, and hexagons) was
made by the trapped PS NPs. This indicates that the PS NPs were
trapped onto the edges of the nanoholes, which had a triangular
alignment.

The FEM simulations (Fig. 5) and SEM images (Fig. S67)
support this experimental result. As shown in Fig. 5, the edges

Fig. 4 Fluorescence images (a) before and (b) after AC voltage was
applied.
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Fig. 5 ES fields of the Au NHA obtained from FEM simulations: (a) x—z
view and (b) x—y view at d = 0.1 um when the AC condition was 1 kHz
and 10 Vp_p,.

of the nanoholes exhibited high ES field strength, while the
spaces between the nanoholes exhibited moderate ES field
strength. Fig. S6,1 which shows the SEM images after drying the
PS NP dispersion, also proves that the PS NPs were trapped onto
both the edges of the nanoholes. These results experimentally
and theoretically clarify the trapping spots by DEP. Further-
more, the locations of the EM fields at the maximum absorption
peak wavelength of the Au NHAs were similar to the trapping
spots simulated by the FDTD method and FEM (Fig. 3¢ and 5a).
Therefore, changes in the maximum absorption peak of the
fabricated Au NHAs can be used to properly evaluate the
amount of substances trapped by DEP onto both the edges of
the nanoholes.

Following this, the amount of PS NPs trapped onto the Au
NHAs via p-DEP and AC-EOF was quantitatively evaluated based
on optical characterization. As shown in Fig. 6, the maximum
peak of the Au NHAs rapidly red-shifted owing to PS NP trap-
ping as soon as the AC voltage was applied, regardless of
molecular diffusion. The change in the peak shift increased
with an increase in the PS NP concentration as the RI on the Au
NHA surface increased and reached saturation for ~50 s for
each PS NP concentration. These results strongly support those
observed in the fluorescence and SEM images.

Although the PS NPs could be trapped by DEP, the peak shift
could not be changed when the PS NP concentration was less
than 7.0 x 10° particles per uL. This result is attributed to two
limitations. The first one is the dielectrophoretic ability of the
Au NHAs. In Fig. S31 and 5a, the strongest ES fields at the edges
of the nanoholes extended only up to a height of 50 nm (d), even
under AC-EOF conditions. This probably implies that the Au
NHAs could only trap a significantly lesser amount of PS NPs
compared with the amount of introduced PS NPs. The second
limitation is the optical setup. In this study, the white light was
illuminated from below the Au NHAs, and the transmission
spectra were acquired using an OL and spectrophotometer.
Therefore, it is not possible to use OLs with a high numerical
aperture for low-light intensity detection due to the focal
distance of the OLs. Moreover, the minimum resolution of the
spectrophotometer was ~0.3 nm. This was also reflected in the
calculation of the limit of detection (LOD) (Fig. S71).

In summary, the fabricated Au NHA-based DEP devices allow
the simple, rapid, label-free trapping of PS NPs onto certain

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Absorption spectra and (b) peak shift change of the Au NHAs before and after the application of AC voltage (samples: PS NP

dispersions).

positions of the Au NHA as well as detection in the visible
region. Thus, we expect that the Au NHA-based DEP devices can
be used for the trapping and detection of various substances in
solutions.

3.2.2. BSA trapping and enrichment. The fabricated Au
NHA-based DEP devices were used to evaluate BSA trapping
from the solution as a biomolecule target. Fig. 7 shows that the
maximum peak of the Au NHAs was red-shifted due to BSA
trapping via p-DEP and AC-EOF, suppressing molecular diffu-
sion. This is supported by the SEM images shown in Fig. S8.1
Fig. S8 indicates that the trap areas by p-DEP are the edges of
the nanoholes. Similar to the PS NPs, the change in peak shift
increased depending on the BSA concentration. However,
unlike the PS NPs, the time required to reach saturation was
~1000 s, and a time lag until an increase in peak shift was
observed after the AC voltage was applied. Although the applied
voltage was half of that for PS NPs, this indicates that the effects
of the BSA molecular size and Brownian motion were significant
compared with the dielectrophoretic ability of the Au NHAs.
However, since a previous study** required 1000-2000 s for
trapped BSA detection, the time for trapping and detection of

(@) (b)

BSA in this work was comparable or even faster. When the AC
voltage was further increased, the BSA solution might be
concentrated owing to the electrical resistance of the Au NHA
surface, which increased the amount of trapped BSA. This is
expected to be more pronounced at higher BSA concentrations
and applied voltages. This process may have contributed to the
gradual increase in the peak shift.

In summary, the fabricated Au NHA-based DEP devices can
enrich BSA from the solution via p-DEP and AC-EOF, and the
BSA trapping and enrichment can be evaluated using the SPP
modes and LSPR in the visible region. The DEP devices can also
detect lower BSA concentrations compared with previous
reports;*** however, the DEP devices cannot enough detect
fewer BSA molecules compared with previous reports using
nanohole arrays even though they can enrich some BSA mole-
cules on the surface.*** This is likely because of the lower
sensitivity of the DEP devices that use LSPR and SPP modes in
the visible region compared with those that use EOT in the NIR
or IR region. However, it is expected that nanohole sensing
using SPP modes and (L)SPR, including those in this study, will
have more diverse applications. Various materials (e.g., metal
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(a) Absorption spectra and (b) peak shift change of the Au NHAs before and after the application of AC voltage (samples: BSA solutions).
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NPs, quantum dots, metal oxides or nitrides, and antimonene)
can be used to adjust the plasmonic resonance, photo-
luminescence, and absorption for light harvesting or high-
resolution imaging in the visible region.>®*% For example, we
have shown that the incorporation of functional nanomaterials
into nanohole polymers fabricated by nanoimprint lithography
(NIL) allowed the adjustment and control of the plasmonic
property.*® Also, the sensitivity will be much better improved by
tuning of the structures of Au NHAs such as the length of hole
diameters and lattice constant in the future. Furthermore, we
expect that our Au NHA-based DEP devices can be transformed
into more powerful platforms for single-biomolecule detection
(e.g., digital bioimaging,*® surface-enhanced Raman scat-
tering,”® and Raman imaging”) in the near future because some
nanomaterials can be controlled and assembled at certain
positions of the Au NHA from the solution by DEP, as presented
in this study.

4. Conclusions

In this study, polymer-based Au NHAs were successfully fabri-
cated using a simple process and combined with ITO electrodes
to fabricate Au NHA-based DEP devices. The FDTD simulation
and the experimental results confirmed that the maximum
absorption peak of the Au NHA was in the visible region and
there were EM fields at the edges of the nanoholes and the
surfaces between the nanoholes, which were related to SPP
modes and LSPR, and red-shifted by RI change. Furthermore,
the FEM simulations showed that the ES fields of the Au NHA
appeared at locations similar to those of the EM fields. The
fluorescence and SEM images strongly support the results of the
FEM simulations. The spatial spread of the narrow EM field at
the edge of nanoholes emerged by LSPR and SPP is very similar
to the ES field. The SEM images after DEP trapping also sup-
ported this fact strongly. In this study, for the first time, where
PS NP/BSA was trapped by DEP could be demonstrated both
experimentally and theoretically. The Au NHA-based DEP
devices developed in this study achieved simple, label-free,
rapid, cost-effective PS NP/BSA trapping and enrichment by
overcoming molecular diffusion via p-DEP and AC-EOF. Also,
performing detection in the visible light region could evaluate
DEP while suppressing the effects of heat compared to NIR or IR
regions as much as possible. The experimental results indicate
that the Au NHA-based DEP devices can evaluate and trap
various micro/nanosized (bio)molecules and/or particles in
solution. Although the sensitivity of the Au NHAs was lower
than those of other plasmonic nanohole arrays owing to the use
of SPP modes and LSPR instead of the EOT, the SPP modes and
LSPR in the visible region exhibit extensive possibilities
compared with the EOT, and this is achieved by combining
various available functional materials. Also, the sensitivity will
be much better improved by tuning of the structures of Au NHAs
such as the length of hole diameters and lattice constant in the
future. Furthermore, DEP helps the Au NHAs to attain higher
sensitivity and allows the advanced application of digital and
Raman bioimaging, owing to the manipulation and positioning
of nanomaterials. We believe that our Au-NHA-based DEP
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devices are facile, inexpensive, and useful tools for real-time
biomarker manipulation and monitoring.
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