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In this study, dielectrophoresis (DEP) was performed to develop
highly sensitive surface- enhanced Raman scattering (SERS)-
active substrates for molecular sensing. Substrates with a circular
hole pattern were used, and plasmonic particles were trapped
and immobilized along the edges of the pattern using
dielectrophoretic forces. The arranged particles created hotspots,
resulting in an enhanced SERS signal that was detectable even at
concentrations as low as 107*° M. This uniform arrangement
provided a consistent signal over a large area. In addition, it was
experimentally verified that the behavior of the particles varied
with pattern diameter. This phenomenon was further supported
by theoretical analysis. The proposed DEP-based SERS substrates
are expected to be useful in various applications due to their
excellent reproducibility and reliability.

Surface-enhanced Raman scattering (SERS) is one of the most
widely used analytical techniques in the field of nanoscale
science due to its nondestructive property and does not require
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isotopic labeling." SERS is based on the localized surface
plasmon resonance (LSPR) effect, in which electrons on the
surface of plasmonic metal nanoparticles collectively vibrate
upon light irradiation. This oscillation amplifies the
electromagnetic field of light, consequently enhancing the
Raman signal intensity,”® and the enhancement is
predominantly determined by the material, shape, and size of
the nanoparticles.”® Furthermore, when the nanoparticles are
positioned in close proximity to the nanogap level, the Raman
signal is significantly enhanced in the interparticle region,
known as the “hotspot™.® The formation of uniform hotspots is
crucial for enhancing sensitivity, signal uniformity, and
experimental reproducibility. Through precise control of the
nanoparticle parameters and interparticle distances, the Raman
signal can be substantially amplified,”’® enabling detection
down to the single-molecule level with excellent sensitivity."'
Two main methods are known for controlling hotspots:
bottom-up'*?® and top-down,>’>* with the latter typically
involving lithographic processes. A bottom-up approach is often
preferred owing to its convenience, time efficiency, and cost-
effectiveness. In bottom-up fabrication, precise control of
particle movement is crucial for hotspot formation. Numerous
studies have investigated the control of nanoparticle movement
through self-assembly and physical/chemical approaches,
including temperature gradients, electromagnetic fields, and
optical forces.>>*> While the self-assembly methods provide a
straightforward approach for nanoparticle organization;
however, they often require extended periods for complete
assembly. Among various particle array techniques,
electrophoresis and magnetophoresis provide effective control
over particle movement; however, their applications are
inherently limited to electrically charged and magnetic particles.
Thermophoresis, which is applicable to various particle
materials, presents challenges for achieving precise movement
control. Dielectrophoresis, however, offers fine control over
particle motion regardless of magnetic or electrical properties
and enables the simultaneous manipulation of multiple
particles, making it widely applicable across various fields.****
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Fig. 1 Schematic illustration of the experimental process. Gold coated silica nanoparticles were arranged using dielectrophoresis (DEP), followed

by SERS signal measurement through Raman spectroscopy.

In this study, we developed a SERS-active substrates with
consistent hotspots using dielectrophoresis. The substrates
design incorporates a circular pattern coupled with a flat
electrode configuration. This arrangement facilitated a uniform
particle distribution along the pattern edges, resulting in well-
defined hotspots. The experimental process is represented in
Fig. 1. The substrates exhibited excellent sensitivity, achieving
reliable SERS signal detection at concentrations as low as 10™°
M, attributed to the precise assembly of the particles. This study
has significant implications for applications in biosensing,
environmental monitoring, and the development of advanced
nanomaterial devices.

Dielectrophoresis, which is used to control the behaviour of
nanoparticles, is induced by a gradient in the electric field.
When a particle exists in a nonuniform electric field, it
experiences polarization and moves by a dielectrophoretic force
resulting from the imbalance of the electric force acting on each
side. The direction in which the particle moves depends on
whether the electric field is strong or weak. Positive
dielectrophoresis refers to when a particle moves toward a
stronger electric field, whereas the opposite is referred to as
negative dielectrophoresis. The dielectrophoretic force acting on
a particle is expressed as follows:*

Fpgp = em?” Re [fem] V |E|2 (1)

em is the permittivity of the surrounding medium, r is the
radius of the particle, and Re[fcm] is the real part of the
Clausius-Mossotti factor (CM factor). This factor is expressed
as follows:*®
8* — 8*

Fon = )
This equation is a complex equation, where & and &},
represent the complex permittivity of the particle and the
surrounding medium, respectively. The equation of the
complex permittivity is ¢* = ¢ — io/w(i = /~1). Positive and
negative dielectrophoresis are related when the real parts of the
CM factor are positive and negative, respectively.’”*® The point
at which the sign of the real part changes is called the crossover
frequency and is mathematically expressed as follows:*
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_ 1 | (op=0m)(op + 20m)
27 (ap —E.‘m) (ap + Zsm) ' (3)

fo

o, and oy, are the electrical conductivity of the particle and the
medium, respectively, and ¢, and ¢y, are the dielectric constants
of the particle and the medium, respectively. Therefore, eqn (3)
can be used to predict the direction of particle movement by
dielectrophoresis.

The variation in electric field strength with respect to the
diameter, obtained through numerical simulations, is shown
in Fig. 2. The spacing and depth of the patterns were fixed at
5 um and 10 pm, respectively. The diameters of the patterns
in Fig. 2(a-d) are 5, 10, 15, and 20 pm, respectively. As the
diameter increases, a stronger electric field is observed at the
edge of the pattern. This is because of the ratio of the
distance between the patterns to the diameter of the pattern;
if the diameter is larger than the distance between the
patterns, the number of electric field lines that converge on
the edges of the pattern increases, resulting in a stronger
electric field at the edges. Consequently, the difference in the
electric field strength between the edge and spacing of the
patterns increases, resulting in a stronger dielectrophoretic
force on the particles towards the edge region.

The silica nanoparticles were synthesized by sol-gel method.*’
To prepare SiO,@Au nanoparticles, silica nanoparticles were
surface modified with 3-aminopropyltrimthoxysilane (APTMS) to
introduce amino groups and coated with gold, as illustrated in
Fig. $4.1*"** The detailed SiO,@Au particle synthesis method is
provided in the ESLf

Based on the results of numerical simulations, a patterned
substrates with holes of 10 um depth, 5 pm distance with
holes, and diameters of 5, 10, 15, and 20 um was fabricated,
as shown in Fig. 3. Using these patterned substrates, particles
were captured and arranged in the patterns through DEP.

The optimal electrical conditions for effective trapping of
particles were determined by frequency sweeping; it was
confirmed that the optimal frequency was 1 MHz. When the
voltage was fixed at 20 V,, and 1 kHz, a small number of
particles were captured at the edges of the pattern. However,
at 1 MHz, all the particles were captured at the edges. The
particles were not stably trapped at 1 kHz as a result of side

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Results of the numerical analysis of the effect of the diameter on the formation of nonuniform electric fields: diameter = (a) 5 um, (b) 10
pum, (c) 15 um, and (d) 20 um, respectively. The scale bars are equal to 10 um. (e) the diameter and depth influence the formation of non-uniform
electric field. Detailed results of the numerical analysis of the effect of depth are provided in the ESI as Fig. S1-S3.

effects, such as alternating current electro-osmosis
(ACEO)™*" and alternating current electrothermal flow
(ACET).">*® At 1 kHz, these two effects dominate the
dielectrophoretic force, causing the particles to be pushed
into the spaces between the patterns rather than being pulled
to the edge.”” Conversely, at 1 MHz, the dielectrophoretic
force dominated both effects, resulting in a stable
arrangement of the particles at the edges of the pattern.
Consequently, we found that the optimal electrical conditions
for effective trapping were 20 V,, and 1 MHz. However, the
results varied depending on the pattern diameter. This was
because the strength of the electric field varied according to
the diameter of the pattern.

At diameters of 5 and 10 um, the difference between the
edge of the pattern and its adjacent area was not significant,
resulting in a weakened dielectrophoretic force on the
particles. Therefore, the number of captured particles under
these conditions was much lower than that for other

This journal is © The Royal Society of Chemistry 2025

diameters. On the other hand, at diameters of 15 and 20 pum,
the difference was much more significant such that the
particles were subjected to a stronger force than the above
conditions and all the particles were captured at the edges of
the pattern. Thus, we were able to demonstrate the effect of
diameter on dielectrophoretic trapping experimentally and
theoretically.

Immobilization is necessary for fabricating SERS-active
substrates for molecular detection. This was accomplished by
using a two-step method. First, the frequency was reduced
from 1 MHz to 1 kHz to fix the particles. The frequency was
then reverted to 1 MHz, the voltage was reduced to 3 Vp,
and a 3 DC offset was applied to enhance the binding
between the substrate and the particles.**° In the first step,
the capacitance effect resulted in lower frequencies. At 1
MHz, the period was too short to allow sufficient charge
accumulation between the particles and the substrate.
However, if the frequency was rapidly reduced, a large

Lab Chip, 2025, 25, 4309-4316 | 4311
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Fig. 3 SEM images of patterned holes. (a) Holes with a diameter of 5 um, (b) 10 um, (c) 15 pm, and (d) 20 um are shown. The distance between
patterns is 5 um, and the depth of all holes is 10 um. All scale bars are 10 um.

(a) Trapping Step (b) Immobilization Step 1 (c) Immobilization Step 2
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Fig. 4 Optical images of the particle immobilization step. (a) Represents the trapping step (b) represents the immobilization step using the
capacitance effect, while (c) represents the immobilization step using a positive current, measured in a dried state. All scale bars are 10 um. The
following are conditions of each step (a) 20 V,,, 1 MHz. (b) 20 V, 1 kHz. (c) 3 V,, 1 MHz with a +3 V DC offset.

[{ec

(@)d=5um (b)d =JOHLn (d) d =20um
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Fig. 5 Optical images of gold nanoparticles trapped along the edges of hole patterns. (a-d) Substrates before the immobilization step with hole
pattern diameters of 5, 10, 15, and 20 um, respectively. The images were obtained using a covered, transparent ITO electrode. (e-h) Substrates
after the immobilization step with diameters of 5, 10, 15, and 20 um, respectively, measured in a dried state. All scale bars are 10 um.
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(a) Comparison of SERS spectra for various substrates
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Fig. 6 (a) Comparison of SERS spectra at following substrates. (1) Is a

substrate arranged in a pattern using DEP, (2) is a substrate with random
gold particles on a gold substrate, (3) is a substrate with random gold
particles on a Si wafer, and (4) is a gold substrate without gold particles.
The substrates schematic is shown in Fig. S5(b) as sample (1-4). (b) SERS
spectra at different concentrations (10°-1071° M) using a 633 nm laser. (c)
Intensity of the Raman spectrum corresponding to the 1613 cm™ band.
The Raman signals were obtained using the average values from 10
different points. The regression equation and R? value are shown in the
graph, where y represents the intensity (Raman counts), and x is the
analyte concentration.

amount of charge accumulated within a short time. This led
to a strong capacitance effect that could immobilize the

This journal is © The Royal Society of Chemistry 2025
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particles. In the second step, a positive DC offset was applied
given that the particles were negatively charged; therefore,
the binding between them was reinforced by the electrical
force. Fig. 4 shows that the particles were stably attached
when the solution was dried and were observable after
peeling off the ITO electrode. The optical images of the
immobilization step for the particles reveal differences in
clarity depending on the measurement conditions. Fig. 5(a-
d) were measured in the presence of liquid as the particles
would not remain attached without completing the full
immobilization process, when dried. In contrast, Fig. 5(e-h)
were measured in a dried state, resulting in sharper images
due to the absence of liquid interference.

To verify the performance of the fabricated substrates as a
molecular detection platform, we measured the SERS signals
as 633 nm with different concentrations of Malachite green
isothiocyanate (MGITC). The signal was measured down to
107'° M, and the correlation coefficient (R?) of the calibration
curve at 1613 cm ', which is the signature peak of MGITC,
was 0.9611; the results are shown in Fig. 6(c). Raman
spectroscopy spectra obtained with other wavelengths are
presented in Fig. S5(a).t The enhancement factor (EF) was
calculated using the known number of adsorbed molecules
and the measured Raman intensity data from our
experiments.”””> As a result, the EF obtained in this study
was 2.877 x 10’. The detailed calculation procedure is
provided in the ESLf

In conclusion, in the development of sensitive SERS-based
sensors for molecular detection, it is crucial to create consistent
hotspots to obtain reliable and reproducible signals. In this
study, we performed dielectrophoretic trapping and
immobilization of nanoparticles to achieve this objective. The
fabricated substrates exhibited uniform high-intensity signals,
as validated by comparing its SERS spectra with those of
different substrates. Notably, the substrates demonstrated the
ability to detect molecules at low concentrations, with sensitivity
down to 107" M. Consequently, SERS-active substrates
fabricated through a dielectrophoretic assembly are expected to
be used in various fields because of their ability to provide
uniform signals over a large area.
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