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ABSTRACT: Detecting ultralow concentrations of anionic analytes
in solution by surface-enhanced Raman spectroscopy (SERS) remains
challenging due to their low affinity for SERS substrates. Two
strategies were examined to enable in situ, liquid phase detection
using 5(6)-carboxyfluorescein (5(6)-FAM) as a model analyte:
functionalization of a gold nanopillar substrate with cationic
cysteamine self-assembled monolayer (CA-SAM) and electrokinetic
preconcentration (EP-SERS) with potentials ranging from 0 to +500
mV. The CA-SAM did not enable detection without an applied field,
likely due to insufficient accumulation of 5(6)-FAM on the substrate
surface limited by passive diffusion. 5(6)-FAM could only be reliably
detected with an applied electric field with the charged molecules
driven by electroconvection to the substrate surface and the SERS
intensity following the Langmuir adsorption model. The obtained limits of detection (LODs) with an applied field were 97.5 and 6.4
nM on bare and CA-SAM substrates, respectively. For the CA-SAM substrates, both the ligand and analyte displayed an ~15-fold
signal enhancement with an applied field, revealing an additional enhancement due to charge-transfer resonance taking place
between the metal and 5(6)-FAM that improved the LOD by an order of magnitude.

KEYWORDS: surface-enhanced Raman spectroscopy, electrokinetic preconcentration, charge-transfer resonance, in situ detection,
carboxyfluorescein
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B INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a powerful
detection technique that has attracted a significant amount of
attention in various fields including environmental monitor-
ing,l’2 medicine,’ *

tion step is often required. Reported preconcentration
strategies for the selective improvement of SERS signal
intensities include optoﬂuidic,16 screen-printed electrodes,'”
dielectrophoresis,18 optoelectrical trapping,19 and nanochan-
. 20
nel/nanomembrane-based techniques.

forensics science,”> biomedical diagnos-
Electrokinetic preconcentration (EP) is one mechanism that

tics,”” and food safety.® SERS measures the frequency-shifted

inelastic scattering caused by the vibrational modes of a target
analyte molecule relative to the energy of an incident laser’ and
has been reported to achieve label-free molecular fingerprinting
at a single-molecule level.'” The enhancement effect of SERS is
attributed to two factors: electromagnetic field enhancement
resulting from localized surface 1plasmon resonance (LSPR) at
a nanostructured metal surface’' and chemical enhancement
due to charge transfer between analytes and metal surfaces.'

Quantitative SERS analysis is still a challenge for analytes at
ultralow concentrations.'> The SERS effect is localized within
the first layer of adsorbed analytes within a few nanometers of
a metallic surface. Confining target molecules within SER hot
spots produced by LSPR is necessary for sensitive detection.'*
Given that the concentrations of chemical pollutants in
environmental matrices are typically in the ng L™" to ug L™
(parts per trillion to parts per billion) range," a preconcentra-
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can be used to draw charged analytes toward SERS substrates
through electrostatic forces by applying an electric poten-
tial.”' ~** EP-SERS requires that the plasmonic SERS substrates
be electrically conducting and stable under the working
voltage. For example, gold-decorated pillar-like silicon
nanostructures or silver nanoparticle-decorated glass nanopillar
arrays have been used as electrodes to enable EP of adenine
and rhodamine 6G with a 2—8 order of magnitude improve-
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Figure 1. (A) Rendering of the PTFE flow channel device fitted with Cu electrodes for electrokinetic preconcentration. (B) XRM images of an
assembled device showing the internal structure at different orientations. (C) Schematic of the EP process and in situ SERS measurement. (D)
Simulated electric potential distribution around a flat gold substrate at an applied potential of +100 mV.

ment in the detection limit.”>*® EP-SERS has also been shown
to improve the detection of the milk adulterant melamine,””
drug metabolites,”® pesticides,” antibiotics,”" polar
organics,”” and bacterial screening.”’

Cysteamine (CA) is a common surface ligand for modifying
gold surfaces. CA forms self-assembled monolayers (SAMs) on
Au surfaces, and at neutral pH, the primary amine group of CA
is protonated and yields a positive surface charge. The amine
group also forms strong hydrogen bonds with carboxylic acids.
When biomolecules™ or organic acids® are adsorbed via
charge attraction and/or H-bonding, CA has been shown to
facilitate charge transfer with gold electrodes. Thus far, sensing
applications using CA as a charge-transfer agent have been
primarily based on standard electrochemical techniques. Those
based on SERS have used CA to attract anionic molecules or
ions to a substrate surface and have not explicitly considered
the role of charge transfer. One drawback of utilizing surface
ligands in SERS applications is signal reduction due to
chemical interface dampening. However, recent work by
Simone and van de Donk®’ suggests that CA may, in fact,
enhance SERS due to the electron-withdrawing nature of the
terminal —NH;"* group that promotes metal to ligand charge
transfer.

We present a new approach to EP-SERS where an electric
field is applied to drive an anionic organic analyte to the
substrate surface and a cationic ligand, CA, is used (1) to
“capture” the adsorbing analyte and (2) to utilize the charge-
transfer behavior of the CA for improved SERS intensity. The
goal was to enable in situ continuous detections on fully
hydrated SERS substrates. A reusable poly-
(tetrafluoroethylene) (PTFE) flow channel device was

130
uric acid,

designed with a preconcentration chamber between a Cu
electrode and a gold nanopillar-array SERS substrate. Low,
positive applied potentials were used as CA is reduced on gold
surfaces under negatlve potentials®® and is oxidized at high
positive potentials.”” The charge-transfer mechanism, taking
place between the metal surface and analyte, resulted in
significantly higher SERS intensities for the model anionic
analyte 5(6)-carboxyfluorescein (5(6)-FAM), allowing for low
limits of detection (LODs). Reliable detection was not
observed without an applied field for either bare or CA-
functionalized substrates. 5(6)-FAM showed the highest
surface affinity and strongest SERS signals with applied
potential on CA-functionalized surfaces. Without the CA
ligand, it would not have been possible to identify this
additional enhancement based on the analyte alone. This
approach is novel in that an analyte is trapped on CA-modified
SERS substrates via electrokinetic preconcentration, where the
combination of CA ligands and applied potential facilitate
charge transfer, leading to increases in organic ion detection in
situ.

B RESULTS AND DISCUSSION

Device Design. For the proposed EP-SERS, 5(6)-FAM
molecules were directed onto the SERS substrates by the
application of an external electric field. A custom PTFE
semibatch device was fitted with copper (Cu) electrodes; an
external electrode was inserted at the top of the internal
working volume of the device (165 yL) and a SERS substrate
affixed on a copper stage was the working electrode (Figure
1A). Three-dimensional (3D) X-ray microscopy (XRM)
images of an assembled device at different orientations show
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Figure 2. (A) Cysteamine (CA) surface modification of SERS substrates with gold-coated silicon nanopillars. FE-SEM images show (B) as-received
and preleaned nanopillars (C) without and (D) with CA during the modification process.

the internal structure and details of the chamber (Figure 1B)
with the SERS substrate visible between the electrodes. The
mean gap between electrodes, d, was 2.8 mm. A schematic of
the EP process on a SERS substrate is shown in Figure 1C.
There was no measurable current at the level of 1 mA between
the electrodes over the range of electric potentials examined.
An example of the electric potential distribution within the
device derived from COMSOL simulations is shown in Figure
1D at an applied voltage of +100 mV, indicating that the
potential was uniform across the surface of the SERS substrate.
SERS measurements were conducted in semibatch mode with
no stirring, relying on the passive diffusion or electro-
convection of the analyte in the absence or presence of an
electric field, respectively.

SERS Substrates and Cysteamine Functionalization.
SERS substrates with freestanding nanopillars coated with gold
act as effective SERS substrates by trapping analytes near the
electromagnetic hot spots.*” Hot spots are formed between
nanopillars that lean together due to capillary forces generated
by an evaporating analyte solution. Analyte molecules are then
“trapped” within the formed hot spots.*' ™ Allowing a droplet
of analyte solution to evaporate and lean the nanopillars is the
predominant method of analyte detection for such substrates
via SERS under dry conditions. In our work on in situ analyte
detection using EP, the nanopillars were preleaned using
deionized water. The high surface tension of water led to many
clusters of leaned nanopillars observed by a field emission
scanning electron microscope (FE-SEM); 96% of the nano-
pillars were leaned and formed clusters based on an image
analysis of 250 individual nanopillars (results not shown).

SERS measurements of anionic species are limited by low
adsorption affinity to metal surfaces, corresponding to low
accumulation within the SERS hot spots. Molecules containing
carboxylic acid groups such as 5(6)-FAM can adsorb on SERS
substrates but with much weaker affinity than sulfur or
nitrogen-containing molecules.** Substrates with preleaned
nanopillars were functionalized with positively charged CA to
increase the affinity of anionic species with the surface (Figure
2). CA spontaneously forms self-assembled monolayers
(SAMs) on gold surfaces, is stable in water, and promotes a
hydrophilic environment.***> CA-SAMs have been shown to
achieve approximately 80% surface coverage on gold surfaces
within S min of exposure to ethanolic solutions with millimolar
CA concentrations.”” SERS spectra of a nonmodified substrate

and a substrate modified with CA confirmed the presence of a
CA-SAM (Figure 3A). Two strong characteristic CA peaks
were observed between 600 and 800 cm™' due to C-S
stretching vibrations. The band at 644 cm™ is attributed to the
C—S stretching vibration for a gauche (G) conformation and
the band at 724 cm™ is attributed to the trans (T)
conformation (Figure 3A inset).® The ratio of these two
bands is indicative of the relative concentration of each
conformer, which has been shown to shift from T to G over
time as CA molecules desorb from the initial T conformation
and readsorb in the G conformation. The measured G/T ratio
was ~0.5 and, as discussed below, there was no apparent
change in this ratio over the durations examined in this work in
the absence of the model analyte S(6)-FAM or without an
applied electric potential.

SERS was conducted under 0 and +100 mV potentials as a
function of time to investigate the effect of an applied electric
field on the CA-SAMs without an analyte present. The peak
intensities of CA at 644 cm™' (G) and 724 cm™ (T) are
shown in Figure 3B,C, respectively. The intensity of the G and
T peaks increased 4.8- and 5.6-fold, respectively, S min after
applying the field. Fluctuations in the intensity of the T
conformer (Figure 3C) indicate changes in molecular
orientation relative to the surface, whereas the intensity of
the G peak was stable and increased over the first 20 min of the
applied field before plateauing. In the G conformation, the
molecules lay flat on the surface and maximize their attractive
interactions with the SERS substrate.

We assert that the most plausible explanation for SERS
enhancement induced by the applied potential is charge-
transfer (CT) resonance between Au and CA. By mapping the
electron density of CA-capped Au nanofilms used as a SPR
sensor, Simone and van de Donk®” have shown that electrons
in Au are transferred to CA due to attraction with the terminal
—NH;" group and suggest that charge is localized near the
Au—S bond. Mechanistically, this involves electron transfer
from the highest occupied molecular orbitals (HOMO) of Au,
also referred to as the Fermi energy (Eg) or work function, to
the lowest unoccupied molecular orbital (LUMO) of CA (S
orbitals). The Ei-LUMO energy gap is further reduced to
promote CT through surface functionalization, which is known
to reduce Eg in metals by altering electric dipole moments at
the Au surface, and by manipulating Ex with an applied
potential, which has been shown to improve SERS detection of
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Figure 3. (A) SERS spectra recorded from a nonmodified substrate
(black) and from a preleaned substrate modified with CA (purple)
with an integration time of 10 s. The inset shows the likely structures
of adsorbed CA molecules in the trans (T) or gauche (G)
conformation. SERS intensity vs time is shown for the (B) G and
(C) T peaks at applied potentials of 0 and +100 mV.

aroar;atic thiols such as 4-aminobenzene thiol (4-ABT) on
Au.

Electrokinetic Preconcentration of 5(6)-FAM. 5(6)-
FAM was chosen as a probe molecule due to its strong Raman
activity."*™>' Organic dyes are commonly used in textile and
dyeing industries, and wastewater from these industries
adversely affects aquatic ecosystems.”” Thus, organic dye
detection is extremely important in environmental monitoring.
As dye molecules such as 5(6)-FAM approach a metal surface,
the close proximity to the surface provides a nonradiative
pathway for relaxation from an excited state, which quenches
the fluorescence for SERS applications.””>*

For proof-of-concept and to identify a suitable range of
applied potentials, SERS was conducted with 1 uM 5(6)-FAM
using CA-SAM substrates and peak intensities were recorded
over time with potentials ranging from +100 to +500 mV

corresponding to electric field strengths (E = V(dK) ™' where K
= e, is the dielectric constant for water) of approximately 36—
179 V m™". At these field strengths, the calculated limiting
velocity (v) range for 5(6)-FAM is 0.6—3.1 um s~' based on
Stokes Law, v = zeE(67nr) ™", where z is the number of charges
(1 at pH 7), e is the elemental electron charge, # is viscosity (1
mPa-s for water at 20 °C), and r is the Stokes radius (0.49 nm)
based on the estimated diffusion coefficient, D, for 5-FAM (4.2
x 10710 m? 7). Setting the characteristic length, L, equal to
the mean gap between the electrodes, the Peclet number (Pe
= LvD™") ranged from 4.2 to 20.7. A Pe; > 1 indicates that
convective transport of 5(6)-FAM within the electric field
exceeded diffusion, which is necessary to achieve electrokinetic
preconcentration.

Two prominent peaks of 5(6)-FAM for phenolic (C—OH)
bend at 1177 cm™" (Figure 4A) and C—C stretching within the
xanthene ring at 1330 cm™" (Figure 4B) were monitored. 5(6)-
FAM signals were low at 0 mV and were amplified 6-fold upon
applying a potential of +100 mV. Full spectra are shown in
Figure 4C with additional peaks for in-plane ring vibration at
1503 ¢cm™! and C—O and/or C-C stretching within the
xanthene ring at 1636 cm™'. The Raman bands at 1177 and
1330 cm ™! increased linearly over 60 min at +100 mV (Figure
4A—D). Increasing the applied potential led to additional
preconcentration up to +300 mV (Figure 4A,B). Decreases in
the intensities at higher potentials, +400 and +500 mV, are
attributed to the oxidation of CA. CA oxidation on a gold
electrode has been shown to begin at approximately +400 mV
due to the oxidation of the SH group of the thiols, which then
leads to CA desorption.” To prevent CA oxidation and given
that the primary preconcentration step occurs at +100 mV, this
potential was selected for further studies over a range of 5(6)-
FAM concentrations from 1 nM to 10 M.

SERS spectra were recorded under four conditions:
nonmodified and CA functionalized with and without an
applied potential (Figure S). Adsorption isotherms were
generated based on the peak intensity at 1330 cm™" according
to the Langmuir adsorption model, assuming that the SERS
intensity, I, was directly proportional to the concentration of
5(6)-FAM bound to the surface. I is the measured intensity
after a substrate was exposed to each 5(6)-FAM concentration
for 30 min.

IsatK[5(6) - FAM]
"1+ K[5(6) — FAM] (1)

In eq (1), L is the saturated intensity, [S(6)-FAM] is the
bulk concentration, and K is the Langmuir constant defined as

_ [8,,5(6) — FAM]
[$4]5(6) — FAM] @)

where [S,,] is the concentration of free surface binding sites
and [S,,5(6)-FAM] is the concentration of sites with bound
5(6)-FAM.

The 5(6)-FAM signal was low and did not correlate with
5(6)-FAM concentration for the nonmodified substrate
without an applied field, implying low surface adsorption
(Figure SA). With an applied field, the nonmodified substrate
exhibited Langmuir adsorption behavior with a K = 0.013
nM™" and R* = 0.72, indicating a good fit of the model and
demonstrating EP (Figure SB). Results for CA functionaliza-
tion alone, without an applied field, were similar to results for
the nonmodified substrate and showed that the cationic CA-
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Figure 4. SERS intensities measured in situ as a function of time for 5(6)-FAM peaks on CA-SAM-modified substrates at (A) 1177 and (B) 1330

cm™! with applied potentials ranging from 0 to +500 mV. (C) SERS

spectra of 5(6)-FAM at +100 mV applied potential for 60 min with the

integration time of 10 s. (D) SERS intensity and the preconcentration time associated with 5(6)-FAM peaks at 1177 and 1330 cm™" at +100 mV.

In all cases, the 5(6)-FAM concentration was 1 yM.

SAMs did not lead to sufficient accumulation of anionic 5(6)-
FAM within the SERS hot spots over the timeframe examined
(Figure SC). The most sensitive 5(6)-FAM detection was
achieved by combining CA-SAMs with an applied field (Figure
4D). An excellent fit to the Langmuir adsorption model was
obtained, R* = 0.97, yielding K = 0.029 nM ", which represents
a 2.2-fold increase in the Langmuir constant with CA
functionalization compared to the nonmodified substrate.
Experimental enhancement factors (EFs) are commonly
used to describe improved analyte detection via SERS. EFs for
5(6)-FAM on bare and CA-SAM-modified substrate in the
presence of applied potential were determined as™®
Igprs X C

Raman

EfF = ————
Tjaman X Csers (3)

where Iggpg is the intensity of 5(6)-FAM at 1180 cm™" for bare
and CA-SAM-modified substrates in the presence of the
electric field, Iy,,,, is the intensity of the 5(6)-FAM solution at
1180 cm™, Cgprs is the concentration of 5(6)-FAM for bare
(100 nM) and CA-SAM modified (10 nM) substrates, and
Craman 18 the solution concentration of 5(6)-FAM (100 uM).
EFs were approximately 1 X 10* and 6 X 10* for bare and CA-
modified substrates, respectively. The 6-fold increase in EF is
attributed to 5(6)-FAM capture by the oppositely charged CA-
SAM during electrokinetic preconcentration.

Limits of detection (LODs) were calculated to further
demonstrate the synergistic eftects of CA-SAMs and an applied
field according to the equation

Ib = I_b + 3'0'b (4)

where I is the intensity at the LOD, I, is the mean intensity

obtained from the spectra, and o, is the standard deviation of a
blank spectrum. The LOD concentration can be calculated by
substituting I, for I in eq (1) and solving for [5(6)-
FAM]."7°® A 15-fold improvement in the LOD was observed
for the CA-functionalized substrate (6.4 nM) compared to the
nonmodified substrate (97.5 nM). These quantitative results
suggest that EP-SERS with CA-SAMs can be applied to detect
and monitor charged organic anions in a solution with high
sensitivity.

As shown in the literature,” in the absence of an electric
field, one might expect an increase in the 5(6)-FAM intensity
due to attractive interactions between CA-SAMs and 5(6)-
FAM, such as electrostatic, cation-z, or hydrogen bonding.
However, our results indicate that only the application of an
electric field with a CA-SAM present led to noticeable signal
enhancement. The mechanism of 5(6)-FAM signal enhance-
ment can be inferred based on the Langmuir adsorption results
with and without CA-SAM functionalization (Figure 6). The
enhancement with an applied field is due to the charge transfer
between the metal and CA. In the absence of a CA-SAM, 5(6)-
FAM is drawn to the surface via electroconvection and signal
enhancement is attributed to CT. On CA-SAM-modified
substrates, signal enhancement of CA, as well as adsorbed
5(6)-FAM, is observed consistent with CT for both the
capture ligand and the target analyte. This important discovery
suggests that CA does not cause chemical interference with the
analyte of interest, 5(6)-FAM, but rather enhances its signal by
trapping it on the surface and facilitating CT.
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Figure 5. SERS spectra (left) as a function of 5(6)-FAM concentration with nonmodified substrates at (A) 0 mV and (B) +100 mV and with CA-
functionalized substrates at (C) 0 mV and (D) +100 mV. Spectra are shown after background subtraction. The SERS intensities at 1330 cm™" are
shown (center) as a function of S5(6)-FAM concentration. The solid lines represent the fitted Langmuir adsorption model. Schematic

representations are shown (right) depicting EP (not to scale).

B CONCLUSIONS

Electrokinetic preconcentration and synergistic effects with
combined cysteamine surface functionalization led to the

sensitive detection of a model anionic analyte, 5(6)-FAM, in

water on fully hydrated nanopillar SERS surfaces. This was
achieved by selecting an applied potential below the oxidation
threshold for cysteamine and modeling the signal response
curve using the Langmuir adsorption model. The SERS
enhancement is attributed to a combination of charge-transfer
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Figure 6. Schematic illustration of 5(6)-FAM (green) capture and
detection on the nanopillar SERS substrates modified with CA
(purple) (not to scale). Excitation energy, hv, and the SPR and CT
effects contributing to SERS enhancement are shown (red arrows)
along with the direction of the electric field and the electromigration
of 5(6)-FAM.

resonance, electrokinetic phenomena, and intermolecular
interactions between anionic carboxyfluorescein and cationic
cysteamine. This work opens a potential new pathway toward
in situ, high-sensitivity SERS for rapid detection of dissolved
organic ions. Additional studies on the effects of, for example,
electrolytes and interfering species can be used to design
substrates and processes for industrial and field applications
ranging from environmental monitoring to food safety and
chemical manufacturing.

B METHODS

Materials. 5(6)—Carboxyfluorescein (5(6)-FAM, HPLC-grade,
>95%) and cysteamine (CA, ~95%) were purchased from Sigma-
Aldrich. Aqueous $(6)-FAM solutions were prepared with ultrapure
MilliQ water (resistivity >18.2 MQ-cm at 25 °C). Ethanol was
purchased from Fisher Scientific (Histological grade). All materials
were used as received, and solutions were stored in the dark at 4 °C.
Molecular property predictions were made using MarvinSketch
(Chemaxon).

SERS Substrates. “SERStrate” SERS substrates with gold-capped
silicon nanopillars were purchased from Silmeco ApS (Copenhagen,
Denmark). Schmidt et al.** provide a complete description of the
fabrication, enhancement mechanism, and intrinsic properties of the
substrates. Nanopillars were leaned together to form hot spots before
surface functionalization by depositing a droplet of water on the
substrates and drying under ambient conditions for 30 min. Field
enhancement takes place in the space between the leaned nano-
pillars.>® Substrates were treated with an oxygen-plasma cleaner
(Diener electronic, Germany) for S min at 30 W and 0.2 Torr to
remove surface contamination and improve substrate wetting before
functionalization. Plasma cleaning reduced the background signal and
yielded higher analyte signal intensities.” Electron microscopy images
of SERS substrates before and after leaning the nanopillars were
obtained with a Zeiss Sigma VP field emission scanning electron
microscope (FE-SEM) using an Everhart—Thornley secondary
electron detector at an accelerating voltage of 7 kV.

For surface functionalization, a self-assembled monolayer (SAM)
was formed on plasma cleaned and preleaned SERS substrates. The
SAM was formed using a solution of 10 mM CA in ethanol and
submerged the SERS substrates in 1 mL of this solution for 24 h.
Substrates were thoroughly rinsed with ethanol and dried under
ambient conditions for 30 min.

SERS Equipment. SERS spectra were collected using a SIERRA
2.0 Raman spectrometer (Snowy Range Instruments, WY, USA)
equipped with a 785 nm laser. Measurements were conducted with a
100 mW laser with a spot diameter of ~40 ym over integration times
ranging from 1 to 20 s. Orbital Raster Scanning (ORS) was used for
all measurements providing an effective SERS detection area 2 mm in
diameter. ORS provided a ~10° increase in the detection area,
increasing the number of accessible surface hot spots and reducing
measurement variability across multiple SERS substrates. All of the
spectra were collected in the wavenumber range 200—2000 cm™" with
a spectral resolution of 4 cm™.

Device Fabrication and Configuration. A poly-
(tetrafluoroethylene) (PTFE) flow channel (Figure 1A) was designed
for the electrochemical SERS measurements. The channel consists of
an inlet, an outlet, two electrode ports at the top and the bottom, and
a quartz window for Raman measurements. Two copper electrodes
were used with a separation distance of ~2.8 mm, and the internal
working volume of the preconcentration chamber was 165 uL. A Cu
nail was used as the bottom electrode, also serving as a conductive
base to affix the SERS substrates, and a Cu wire was used as the
counter electrode. A rubber O-ring was used to hold the substrate in
position. A poly(lactic acid) holder was designed for positioning the
flow device under the Raman spectrometer via 3D printing with a
MakerBot Replicator+.

3D X-ray microscopy was used to visualize the internal structure
and details of the in-house built PTFE flow channel. The tomography
was run on a Zeiss Xradia Versa 610 running at 160 kV and 25 W,
with a full 360° acquisition and 3001 projections, 2 s integration time,
and a voxel size of 25 um. In XRM, regions of the specimen
composed of atoms with high atomic weight (steel, copper) appear
white, while regions of the specimen with air appear black. Regions
with intermediate atomic weight (polymer, silicon) appear as different
shades of gray.

In Situ Electrochemical SERS Measurement. A 3 mL syringe
(BD, Luer-Lok tip) connected to chemically resistant tubing was used
to fill the chamber with the sample solution. Fresh 5(6)-FAM solution
with concentrations from 1 nM to 10 yuM were introduced into the
chamber through the inlet, and measurements were conducted under
applied electric potentials ranging from 0 to +500 mV using a
commercial DC power supply source (KORAD, KA3005D). While
switching to higher concentrations of 5(6)-FAM, the chamber was
cleaned by flushing it with 9 mL of ultrapure water, equivalent to 55
times the working volume of the preconcentration chamber.

The SERS spectra were baselined using the Bayesian method,
implemented in the “CrystalSleuth” software (Version 2008, (RRUFF,
AZ)).%" To remove the background, the control spectrum was
subtracted from all other concentrations of 5(6)-FAM and back-
ground subtracted spectra were analyzed with OriginPro (Version
2019b, OriginLab Corp., Northampton MA).

Simulations. A commercially available finite element method
(FEM) simulation software (COMSOL Multiphysics, 4.2) was used
to determine the local electric field generated in the preconcentration
chamber under an applied potential of +100 mV (Figure 1D). The
size of the substrate was set to 3 X 3 mm, and the depth of the
chamber was set to 4 mm in the simulation. The gap between the
substrate and top electrode was set to 2.8 mm.
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