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When exposed to an alternating current (AC) electric field, a polarized microparticle is moved by the inter-
action between the voltage-induced dipoles and the AC electric field under dielectrophoresis (DEP). The
DEP force is widely used for manipulation of microparticles in diverse practical applications such as 3D
manipulation, sorting, transfer, and separation of various particles such as living cells. In this study, we
propose the integration of surface-enhanced Raman spectroscopy (SERS), an extremely sensitive and ver-
satile technique based on the Raman scattering of molecules supported by nanostructured materials,
with DEP using a microfluidic device. The microfluidic device combines microelectrodes with gold nano-
hole arrays to characterize the electrophysiological and biochemical properties of biological cells. The
movement of particles, which varies depending on the electrical properties such as conductivity and per-
mittivity of particles, can be manipulated by the cross-frequency change. For proof of concept, Raman
spectroscopy using the DEP-SERS integration was performed for polystyrene beads and biological cells
and resulted in an improved signal-to-noise ratio by determining the direction of the DEP force applied to
the cells with respect to the applied AC power and collecting them on the nanohole arrays. The result
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DOI: 10.1039/d4an00983e illustrates the potential of the concept for simultaneously examining the electrical and biochemical pro-
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toring of chemical reactions and processes,” analysis of
pharmaceutical compounds,® non-invasive imaging of biologi-
cal samples,” monitoring and detection of environmental pol-

Introduction

It has been almost 100 years since the discovery of the Raman

effect by C. V. Raman in the late 1920s, a breakthrough that
earned him the Nobel Prize in Physics in 1930. The Raman
effect is the change in the wavelength of light, which was once
referred to as the secondary radiation at degraded frequency
by Raman,' that occurs when it is scattered by molecules,
resulting in a shift that provides insights into the molecular
structure and composition of the substance. The spectroscopic
properties of the Raman effect or Raman spectroscopy have
drawn tremendous yet growing attention in recent years for
various applications, ie., early detection and diagnosis of
cancer and neurodegenerative diseases,>* phase and crystalli-
nity studies,™ molecular structure analysis,® real-time moni-
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lutants and contaminants,'® investigation of the properties
and behaviour of nanomaterials, such as carbon nanotubes
and graphene,"""” and identification of pigments and
materials used in artworks and historical artifacts."*'* To
improve the sensitivity and resolution of traditional Raman
acquisition, numerous studies have been conducted on
various methods including surface-enhanced Raman spec-
troscopy (SERS).*'*'>"” Owing to its ultra-high sensitivity and
selectivity, SERS has a vast array of applications in surface and
interface  chemistry,’®'®  catalysis,”® nanotechnology,*!
biology,>* biomedicine® and other areas.>*>®

Many techniques have been proposed to further improve
SERS, among which dielectrophoresis (DEP) has seen wide-
spread use as a label-free method for real-time cell analysis.
DEP takes advantage of a force exerted on dielectric particles
subjected to a non-uniform electric field, which causes the
particles to polarize and move. DEP devices are useful in cell
sorting and manipulation as a result of subtle changes in DEP
properties depending on the cell type, size, and surrounding
conditions and can be a tool for cell-based assays and cell-on-
a-chip devices.>”>° The DEP response is one of the important
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factors with which we can study the electrical properties of
cells.>® When a living cell is exposed to an alternating current
(AC) electric field, dipoles are created inside the cell. The inter-
action between the voltage-induced dipoles and the AC electric
field generates force, which moves the polarized cell under
DEP. If the cell is approximated as a spherical particle, the
time-averaged DEP force is then given by

Fpgp = ansemRe[K(a))}V|Erms|2. (1)

Here, r denotes the cell radius, &, represents the real part
of the ambient medium permittivity, E, s is the root mean-
square electric field, and K(w) is the Clausius-Mossotti factor
as a measure of polarizability of the cell and is given by a ratio
of complex permittivities, ie., K(w) = (s; - 8:n> / <e; + 2*‘?;1)’

*

where ¢ and ¢, are the complex particle and medium permit-

p
tivity, respectively. The orientation of cell behaviour as a func-

tion of the applied field is controlled by Re[K(w)], which relates
to the frequency-dependent dielectric polarization of cells in
relation to the surrounding medium.*' In addition to the Fpgp
of eqn (1), Brownian motion and hydrodynamic force may
affect the behaviour of particles suspended in a liquid
medium, which may be governed by the Cauchy momentum
equation of the fluid-particle system:

0
p(&u+u-Vu>=pr+V-r+pg. (2)

In eqn (2), p denotes the fluid density, p is the pressure, 7
and g represent the stress deviator tensor and the gravitational
acceleration, respectively, and u is the fluid velocity that is gov-
erned by the hydrodynamic, electrostatic, and Brownian forces
acting on the particles in the fluid-particle system. The effect
of Brownian motion arising from random thermal fluctuations
can be more significant for smaller particles, while the par-
ticle-to-particle interaction may be ignored when the inter-par-
ticle distance is large.*?

Considering various factors discussed in conjunction with
eqn (1) and (2), cellular behaviour can be easily controlled by
varying the frequency of the AC electric field. This simplicity
has driven widespread use of DEP force in the manipulation of
living cells in diverse practical applications such as single cell
manipulation,®® cell characterization®* and cell separation.’

In this study, we explore an integrated DEP-SERS system to
characterize the electrophysiological and biochemical pro-
perties of biological cells using a microfluidic device combin-
ing microelectrodes with gold nanohole arrays. Early attempts
to integrate DEP with SERS emerged in the early 2000s,>°
which began to explore how DEP can be used to manipulate
and concentrate particles, including biological cells and nano-
particles, for SERS analysis. There have been advancements in
the 2010s in microfluidic devices, enabling the combination of
DEP and SERS in compact, efficient platforms as well as the
improvement in the achieved performance.’” The microfluidic
systems allowed precise control over particle manipulation,
facilitating applications in detecting low-abundance bio-
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markers and single-cell analysis.*®**° Studies integrating DEP
with SERS have focused on nanoscale targets, including nano-
wires,® nanoparticles,”"*> or nanowires combined with plas-
monic nanoparticles.*® This approach was applied to various
biological and biomolecular targets, such as proteins,** pep-
tides,” bacteria,®”*®*” yeast cells,”® and fentanyl-laced
heroin,® often coated with metallic nanoparticles.

Here, we investigate the use of nanostructures for high
SERS sensitivity while optimizing DEP conditions for improved
particle manipulation. The changes in the SERS signals of par-
ticles were measured on gold nanohole arrays by directly
manipulating microscale polystyrene (PS) beads and human
brain glioblastoma cells (U-87 MG). The use of DEP in this
approach allows enhanced and stable detection performance
of SERS without target labelling with nanoparticles. The move-
ment of target particles was controlled by an AC electric field
applied to the gold interdigitated electrodes (IDEs) containing
the nanohole arrays for direct and flexible manipulation.

Materials and methods
Optical set-up for acquisition of Raman signals

The optical set-up that we used for measurement is presented
in Fig. 1(a), which shows a system for the acquisition and col-
lection of Raman signals and manipulation via DEP force.
The set-up includes a DEP trapping chip fabricated through a
lift-off process. For experimentation, an inverted microscope
(IX-73, Olympus, Tokyo, Japan) equipped with an objective
(Olympus UPLFLN 60x objective, NA 0.90, Olympus) was
used. Raman spectra were resonantly excited by a 532 nm
laser source (Cobolt Samba™, 532 nm, HUBNER, Kassel,
Germany). A spectrometer (QE Pro Raman+, Ocean Optics,
Orlando, FL, USA) was employed to capture Raman signatures
from target cells during Raman spectrum measurements. A
notch filter (NF533-17, Thorlabs, Newton, NJ, USA) was
employed to eliminate Rayleigh scattered light during Raman
signal acquisition. The photograph of the constructed DEP-
SERS system and the optical instrument is presented in
Fig. 1(b).

Data processing of acquired signals

Acquired signals were analyzed using Python 3.8 and
OriginPro 8.5 (OriginLab, Northampton, MA, USA). Data pre-
processing and cosmic ray removal were performed using
custom-built scripts based on the Open Raman Processing
Library.>® Subsequent processing consisted of baseline correc-
tion, signal smoothing, and graph fitting of the spectra con-
ducted using OriginPro 8.5. Experimental noise was removed
by the Savitzky-Golay smoothing with a window width of 5
spectral data points.”"

Sample fabrication

To fabricate a microfluidic DEP-SERS device, a positive PMMA
electron-beam resist was initially coated on a glass substrate
with a thickness of 270 nm. Subsequently, nanohole arrays

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic representation of the optical set-up (M: mirrors, L1-L4: lenses, PH: pinhole, OBJ: objective lens, NF: notch filter, and light
source 1 = 532 nm). (b) Photograph of the constructed DEP-SERS system. (c) Schematic representations of a DEP-SERS chip. (d) Photograph of a
DEP-SERS chip (scale bar: 4 mm). (e) SEM image of fabricated nanohole arrays (diameter: 250 nm and period: 700 nm, scale bar: 500 nm).

with a height of 20 nm were patterned by electron-beam litho-
graphy and the lift-off process. This is followed by defining
electrodes used for DEP with a thickness of 100 nm. The nano-
hole array was patterned with 250 nm diameter and 700 nm
period approximately. Schematic representations of a DEP-
SERS chip with interdigitated metal electrodes with the photo-
graph are provided in Fig. 1(c) and (d). When an AC power
supply is applied to both ends of the electrode, an electric
field is generated at the IDE at the center of the chip, which
gives rise to the formation of a net DEP force field due to the
Maxwell-Wagner interfacial polarization in a field gradient.
The IDE consists of gold electrodes with a width of 25 pm, sep-
arated by a 25 pm gap. Depending on the frequency of the AC
power, the direction of the DEP force trapping particles on the
electrode with the nanohole arrays changes, allowing particles
to be positioned above the nanoholes or to be released. A SEM
image of nanohole arrays fabricated on the gold electrode is
presented in Fig. 1(e).

Numerical calculation

Electromagnetic simulations were performed using a three-
dimensional finite-difference time-domain (FDTD) solver to
calculate the near-field distribution formed by gold nanohole
arrays with periodic boundary conditions. The refractive
indices of gold and the BK7 glass substrate were obtained
from Palik.”” The refractive index of water was set to 1.333. The
grid size of meshes was set to 5 nm. In addition, the DEP
behaviour of particles in the microfluidic flow system was
determined by simulating the electric field and DEP forces for
the IDE chip structure used in the experiment using the finite-
element method.

Cell culture and sample preparation

For biological validation, we have used U-87 MG cells that are
a human glioblastoma cell line often used in brain cancer
research. The U-87 MG cell-line was purchased from the

This journal is © The Royal Society of Chemistry 2024

American Type Culture Collection (ATCC®, HTB-14™). Cells
were cultured under a humidified atmosphere at 37 °C, main-
taining 5% carbon dioxide in the incubator. The culture
medium consisted of Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma Aldrich), supplemented with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin (Gibco).
To detach adherent cells from the culture dish, the cells were
rinsed with Phosphate Buffer Solution (PBS, pH 7.4, Gibco)
and subsequently treated with 0.25% trypsin-EDTA solution
(Sigma Aldrich) for 3 minutes in the incubator. The cells
detached from the culture dish using trypsin were washed
three times with PBS and transferred to the DEP experiment
buffer consisting of 8.6% (w/w) sucrose (Sigma Aldrich), 0.3%
(w/w) p-glucose (Sigma Aldrich), 0.20% (v/v) PBS, and 1.0 mg
mL™" bovine serum albumin (BSA, Sigma-Aldrich) by centrifu-
gation.>® The conductivity of the DEP experiment buffer was
60 pS cm™.

Results and discussion
Numerical results

SERS is associated with the near-fields due to the nanohole
arrays. The near-field distribution of electromagnetic waves
formed by the gold nanohole arrays was simulated using
FDTD with periodic boundary conditions. The model consists
of a nanohole (diameter: @) with 100 nm thickness in the
BK?7 glass substrate. Calculations were performed for the cross-
sections along the x-, y-, and z-axes, as illustrated in Fig. 2(a).
We assumed normal incidence of light that was linearly polar-
ized along the x-axis with A = 532 nm. Fig. 2(b-d) present the
electric field amplitudes |E| in the cross-sections of the x-, y-,
and z-axes for @ = 250 nm. Given that a linearly polarized light
source along the x-axis was used, the calculation indicates
stronger signal enhancement in the cross-section along the
x-axis, as shown in Fig. 2(b), compared to the one in the cross-
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Fig. 2 (a) 3D schematic representations of the FDTD model of a gold
nanohole (period: 700 nm and thickness: 100 nm) on top of the glass
substrate in water medium. (b—d) FDTD simulation results of the gold
nanohole structure with a nanohole diameter @ = 250 nm in the cross-
sections of the x-, y-, and z-axes shown in (a). Near-field distribution
with the nanohole diameter being varied to: (e) @ = 150 nm, (f) 200 hm,
and (g) 300 nm. The electric field amplitudes |E| represented by the
color bar were normalized by the incident electric field amplitude Ep;
thus the color bar scale is unitless. The color bar applies to (b—g). The
results confirm the localization and enhancement of electric fields by a
nanohole, especially at edges, which can be used for SERS.

section along the y-axis shown in Fig. 2(c). Fig. 2(d) shows the
electric field distribution in the horizontal cross-section,
which was obtained in the water medium 10 nm above the top
surface of the nanohole arrays. For nanoholes of varying sizes,
the fields tend to be more localized with a smaller nanohole
when compared to those with diameter @ = 150 nm, 200 nm,
and 300 nm presented in Fig. 2(e), (f), and (g). ESI S1} pro-
vides more detailed information regarding the effect of nano-
hole diameter. In contrast, the peak electric field amplitude
does not display a significant or monotonic change. The size
of a nanohole is on the order of wavelength; therefore field
localization predominantly occurs near the edges of the nano-
hole, which is consistent with earlier studies using mesoscopic
nanostructures.>*° Because the strength of Raman signals is
proportionate with |E|* to the first degree, it is suggested that
the acquisition of Raman signals may be more localized than
shown in Fig. 2(b-d). Smooth electrodes or nanohole arrays
out of resonance with the excitation source may reduce the
near-field enhancement and weaken SERS signals.

To simulate the DEP field, we first calculated the distri-
bution of the AC electric field generated by the IDE electrodes,
as presented in Fig. 3(a). The 25 pm gold electrodes, spaced
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Fig. 3 (a) Simulation of the electric field generated by IDEs composed
of gold, with each electrode having a width of 25 um and separated by a
25 pm gap. (b) Cross-sectional view along the x-axis of the electric field
and DEP force vectors. The arrows indicate the direction of the positive
DEP force vectors acting on a cell with a diameter of 10 um.

25 um apart, create a non-uniform electric field, and the
resulting DEP force is indicated by the arrows in Fig. 3(b).
Calculations were performed using a spherical single-shell
model with a diameter of 10 pm. As mentioned in the
Materials and methods section, the cell samples for the DEP
experiments were treated with trypsin to create a suspension
in the buffer, making the spherical cell modeling suitable for
experimental calculations. According to the calculations, the
DEP force causes cells on the electrodes as well as those in the
gap regions to be drawn towards the substrate surface. The
DEP force causes cells to become fully trapped in the nano-
holes on the electrode surface, allowing for a controllable
SERS effect. Additionally, it was observed that the particles
experience the strongest force at the edges of the electrodes,
suggesting that measurements in the DEP-SERS system using
the IDE chip should be performed at the edges rather than at
the center for optimal results.

Acquisition of Raman signals from PS beads

The DEP set-up allows measurement of Raman signals on a
single bead at a desired location. For the test, we used a PS

This journal is © The Royal Society of Chemistry 2024
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bead (diameter @ = 10 pm) diluted in DI water, which may be
trapped by the non-uniform electric field induced by gold elec-
trodes. For the DEP trapping of a PS bead, an AC power supply
with a voltage of 2V}, at a frequency ranging from 1 kHz to 10
kHz was applied to the surrounding electrodes. The polariz-
ation frequency associated with IDEs, which can vary depend-
ing on other structural parameters, is estimated to be below 1
kHz, while DEP may dominate other fluidic force components
in our system.®*®* A PS bead was moved from the positive DEP
(p-DEP) trapping position above the nanohole array, where the
Raman signal is measured, to the negative DEP (n-DEP) trap-
ping position due to the change in the direction of the DEP
force with varying frequency. The movement is shown in the
bright and dark field optical image of a trapped PS bead pre-
sented in Fig. 4(a). To verify the passage of incident light
through a single bead trapped by the DEP force, scattered
images were captured without a notch filter, as shown in
Fig. 4(b).

A trapped bead emits Raman signals upon exposure to the
light localized by nanohole arrays in the near-field. The vari-
ation in the average signal intensity of the main Raman peaks
at 619, 999, and 1602 cm™' from 10 measurements with
respect to the frequency changes is presented in Fig. 4(c). As
the applied frequency of the electrode increases from 1 kHz to
10 kHz, a decrease in the average intensity can be observed. Of
particular interest is the sharp decrease in SERS intensity that
begins between 3 kHz and 4 kHz. Thus, it can be suggested
that the crossover frequency, at which the DEP force reverses
the direction, should be between 3 kHz and 4 kHz for the PS
bead under test. This is consistent with the known crossover
frequency of 3.8 kHz for 10 um PS beads, shown as the vertical
dashed line in Fig. 4(c).®® The SERS data of PS beads,
measured at fixed positions on the gold nanohole array as a
function of frequency, are shown in Fig. 4(d). The obtained
results closely match the known Raman bands of PS.°®%” For
reference, the assignment of each Raman peak is summarized
in Table 1.

Raman signals of control and manipulated U-87 MG cells

Enhancement of Raman signals was evaluated by measuring
U-87 cells in the absence of the DEP field on a gold film and
the BK7 glass substrate, in comparison with those on gold
nanohole arrays patterned on the film at a frequency of 12 kHz
with a voltage of 2V, Raman signals acquired on gold nano-
hole arrays and the BK7 glass substrate confirm surface-
enhanced field enhancement, i.e., at 1450 cm™", the SNR was
found to be 24.0 dB on gold nanohole arrays vs. 15.9 dB on the
BK7 substrate, based on the first standard deviation. This indi-
cates that an enhancement of 8.1 dB can be associated with
SERS due to the nanohole arrays (see ESI S27 for more details).

Fig. 5(a) shows an optical image of a U-87 MG cell trapped
at different positions of the DEP chip at an applied frequency.
At frequencies of 1 kHz and 12 kHz with a voltage of 2V}, the
cell experiences negative DEP (n-DEP) and positive DEP
(p-DEP) traps, respectively. To confirm light transmission
through a single trapped cell via DEP force, scatter images

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) An optical image of a trapped PS bead (diameter: 10 um) in
the bright-field and the dark-field (scale bar: 5 um) captured for the
electrode with nanohole arrays and the BK7 glass substrate. (b) Scatter
image of a positive trapped PS bead (scale bar: 5 pm). (c) Raman peak
intensity of a PS bead on gold nanohole arrays at different DEP frequen-
cies (n = 10). (d) Raman spectra of a PS bead recorded on gold nanohole
arrays at different DEP frequencies. The frequency decreases along the
z-axis from 10 to 1 kHz.

were acquired using an EMCCD, as depicted in Fig. 5(b).
Following a protocol similar to the PS bead experiments, we
measured SERS signals by increasing the frequency applied to
the electrodes of the DEP-SERS chip with U-87 MG cells from
1 kHz to 12 kHz. We compared the average intensities of the
four strongest Raman peaks (1075, 1306, 1450, and 1659 cm ™)
from 10 measurements and presented them in Fig. 5(c). An

Analyst, 2024,149, 5649-5656 | 5653
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Table 1 Measured Raman peak assignment of the PS polymer
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Table 2 Measured Raman peak assignment of U-87 MG cells

Peak (cm™) Assignment Peak (cm™) Assignment
619 Ring deformation mode 939 Protein
797 C-H out-of-plane deformation 1005 Phenylalanine
999 Ring breathing mode 1075 Protein
1029 C-H in-plane deformation 1127 Protein
1150 C—C stretch 1271 Protein
1584 C=C stretch 1306 Lipid
1602 Ring-skeletal stretch 1341 DNA
1450 Fatty acids
1659 Protein

increase in the intensity was observed between 8 kHz and 9
kHz, implying the presence of crossover in the case of U-87
MG cells in this range, which is shown as the vertical dashed
line. This result aligns well with those reported in the litera-
ture regarding the DEP characteristics of biological cells in an
experimental buffer under the same conductivity.** Fig. 5(d)
illustrates the variation in the Raman spectra measured for a
single cell with changing frequency. The spectral regions with
peaks of SERS signals were observed at around 1005 cm™*
(phenylalanine), 1075 cm™" (protein), 1306 c¢cm™' (lipid),
1341 cm™" (DNA), 1450 cm™" (fatty acids), and 1659 cm™
(protein). These peak assignments of Raman spectra are well
established and support the reliability of our data through
comparison with the literature.®®”® The Raman peak assign-
ments of U-87 MG cells are summarized in Table 2.

Discussion

The results presented in Fig. 4 and 5 suggest that DEP can be
used to move target objects for increasing measurable Raman
signals, which in this case were enhanced by SERS based on
metallic nanohole arrays. The SERS signal variations of PS
beads and U-87 MG cells with respect to the frequency
changes exhibit opposite trends. This phenomenon, well-docu-
mented in the literature on the DEP behaviour of artificial par-
ticles and biological cells, is attributed to the differences in
the dielectric properties and conductivity between the beads

(single homogeneous material) and biological cells (two or
more layers).”"”* If we define the improved efficiency of SERS
following manipulation by DEP, Egggs, as the peak SERS inten-
sity with respect to the background, Esgrs = 26.5 (at the Raman
shift/999 ecm™) and 30.8 (1450 cm™), respectively, for the
detection of PS beads and U-87 MG cells. The improvement by
more than an order of magnitude, which is represented by
Esgrs, is a direct result of exact positioning of target particles
enabled by DEP and shows that such capability can be critical
for high performance detection in the microfluidic environment.

Concluding remarks

In this study, we investigated the Raman signal acquisition
and properties of PS beads and U-87 MG cells using a DEP-
SERS system integrated with a nanostructured microfluidic
chip platform. By manipulating PS beads and U-87 MG cells
with DEP, which is similar to controlling a target on an xy-
stage, we measured the corresponding changes in SERS
signals on the nanohole array. Beyond Raman peak analysis,
we estimated the crossover frequencies, revealing key electrical
properties of the particles, e.g., the DEP behaviour of PS beads
and biological cells was found to be opposite. With DEP, we

-DEP -DEP
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Fig. 5 (a) An optical image of a trapped U-87 MG cell in the bright-field and the dark-field (scale bar: 5 um) captured for the electrode with nano-
hole arrays and the BK7 glass substrate. (b) Scatter image of a positive trapped U-87 MG cell (scale bar: 5 pm). (c) Raman peak intensity of a U-87 MG
cell placed on gold nanohole arrays at different DEP frequencies (n = 10). (d) Raman spectra of a U-87 MG cell on gold nanohole arrays at different
DEP frequencies. The frequency increases along the z-axis from 1 to 12 kHz.
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were able to come up with significantly enhanced SERS
efficiency. Our study demonstrates the practical applicability
and potential of this system for simultaneously studying the
electrical and biochemical properties of various chemical and
biological microparticles. In future studies, multiple cell types
can be detected for potential diagnostic applications.
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