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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) detection in
microfluidics is an interesting topic because of its high sensitivity,
miniaturization, and ability to perform online detection. However, the
difficulties in generating SERS-based microfluidic devices with uniform signal
reproducibility and high sensitivity have hindered their widespread
application. In addition, the recyclability of the SERS-based microfluidic
devices can contribute to their broad commercialization, but the possible
contamination in the detection area and cumbersome cleaning procedures
remain a challenge. In this study, we describe a repeatable SERS-based
microfluidic device comprising a disposable SERS substrate and a reusable
microfluidic channel. The microfluidic channel was prepared via mechanical
processing, and the SERS substrate was fabricated by nanoimprint
lithography and electrodeposition. The SERS substrate and microfluidic channel can be attached easily because they were
assembled using screws. The SERS substrate achieved an excellent SERS enhancement factor greater than 108 over a large sample
area, signal uniformity, and substrate-to-substrate reproducibility. This guaranteed reliable and sensitive signals in every experiment.
Furthermore, the disposable SERS substrate contributed exact detection of target molecules. Finally, their practical application was
demonstrated with the repeated use of the microfluidic device by detecting a specific micro-RNA, (miR-34a) at a concentration as
low as 5 fM.

1. INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) measurements
coupled with microfluidic devices have several advantages in
conventional macro-environments because they are molecular
specific analytical tools with high sensitivity (to a single
molecular level). For instance, by combining SERS with
microfluidic devices, researchers can miniaturize their labo-
ratory setup for SERS quantification. This would allow the
quantification of trace amounts of the target molecules in the
microliter range of reagents, control the movement of particles
in channels, decrease the assay time and number of procedures
required, and offer portability.1−6

A notable approach for realizing this SERS-based micro-
fluidic system entails the use of colloidal metallic nanomaterials
as sensing elements, which are mixed with the sensing target
analytes in the fluidic channel. However, their Raman response
reproducibility is extremely poor owing to the difficulty in
creating uniform SERS-active sites. This is because the
colloidal metal nanoparticles have to be injected into the
channel at a controlled flow rate, and the microfluidic chip
design in such systems has to be elaborate.1,7−9

Another approach involves the fabrication of metal
nanostructure arrays in microfluidic channels, such as direct
laser writing or growing metal nanostructures inside the
channel. Although they exhibit improved signal uniformity,
their sensitivities are usually lower than those of colloidal

nanoparticles because it is difficult to generate narrow
nanogaps between metal nanostructures. In addition, they
often require complex instruments and time-consuming
synthetic steps, such as multiple lithography and etching,
metal deposition, stacking, and bonding of glass substrates.1,4,10

Moreover, manufacturing SERS-microfluidic devices for a
one-time use is expensive, which limits their utility. These
problems also extend to the application of other microfluidic
technologies and are not specific to SERS-based microfluidic
chips.11−13 However, problems that arise during the repeated
use of microfluidic devices, such as the possible false-positive
signal caused by the contamination of the detection area (i.e.,
the remaining molecules on the metal nanostructures) and
cumbersome cleaning steps, should be simultaneously
addressed to enable their broad commercial applications.
Therefore, it is envisaged that the combination of disposable,
ultra-sensitive, and reliable SERS substrates along with reusable
microfluidic channels can offer unique advantages, thereby
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opening up new opportunities in various fields of re-
search.14−17

Herein, we present a recyclable SERS-based microfluidic
device that comprises a disposable SERS substrate and reusable
microfluidic channel (Scheme 1). The microfluidic channel
was prepared via mechanical processing, and the SERS
substrate was synthesized using nanoimprint lithography and
electrodeposition.18−20 The microfluidic channel and SERS
substrate were assembled with screws; therefore, they could be
easily attached and detached. The produced SERS substrate
displayed high sensitivity [an enhancement factor (EF) greater

than 108], signal uniformity over a large area (a relative
standard deviation of 10.7 ± 1.87%), and good substrate-to-
substrate reproducibility, thereby ensuring a reliable and
sensitive signal in the recurrent experiment. Moreover, the
disposable SERS substrate was able to avoid false signals that
may be caused by the residues left on the metal nanostructure
array with repeated use.14−17

To demonstrate the practical application of our SERS
microfluidic device, miR-34a, a type of miRNA, was repeatedly
detected using the microfluidic device while changing the
SERS substrate in every experiment. Although miR-34a is a

Scheme 1. (a) Schematic Design of a Repeatable SERS-Based Microfluidic Devicea

aHighly sensitive and reliable SERS substrates were fabricated through nanoimprint lithography and an electrodeposition process, and miR-34a-
specific MB was modified on the surface of the SERS substrate. The fabricated SERS substrate was assembled with screws on the microfluidic
device. (b) Cross-section view of the device to display the microfluidic channel. (c) SERS-based microfluidic device.

Scheme 2. (a) Fabrication Procedure for Fabricating SERS Substrates through Nanoimprint Lithography and an
Electrodeposition Processa

aAfter synthesis, PMMA and PMGI, as a template, were removed by wet etching with an excess amount of acetone and AZ-MIF 300. (b)
Schematic illustration of the MB-based SERS analysis for miR-34a detection. First, the miR-34a-specific MBs were attached onto the SERS
substrate via Ag−S bonding. The MB configuration was disrupted in the presence of miR-34a, leading to the detachment of the Cy3-labeled
portion from the SERS substrate owing to the hybridization with the target miR-34a and finally leading to a variation in the SERS intensity.
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well-known biomarker in the fields of medical diagnosis and
treatment because of its special role as a suppressor of tumor
genes or oncogenes, the detection of the biomarker itself has
been restricted by its low abundance and structural
instability.18,21−23 To specifically recognize miR-34a, the
surface of the SERS substrate was modified with an miR-
34a-specific molecular beacon (MB), and the MB-modified
SERS substrate was assembled into the microfluidic device.
Based on the repeated use of the device, both good
reproducibility and selective detection of the experiment
were confirmed. Furthermore, extremely low concentrations
of miR-34a (as low as 5 fM) were also detected.

2. RESULTS AND DISCUSSION

The fabrication process of a highly sensitive and reliable SERS
microfluidic channel device was designed for repeated use. The
process comprises the following three major steps: first,
disposable SERS substrates with evenly distributed narrow
nanogaps over the entire dices are manufactured by nano-
imprint lithography and a successive electrodeposition process
under a relatively high overpotential (−3 V vs Ag/AgCl)
(Scheme 2a). The second step is the modification of SERS
substrates with an miR-34a-specific MB (Scheme 2b). The
final stage is the formation of a reusable microfluidic channel
mounting the SERS substrate on the cover of the microfluidic
device and tightening/untightening the cover using the
screws.24 When the solution is injected into the microfluidic
device through the inlet, the void volume in the lower part of
the device is filled and the SERS substrate recognizes the target
analytes in the solution. Then, the SERS substrate is unscrewed
from the microfluidic device and analyzed via Raman
spectroscopy. The separated microfluidic device is then rinsed
at least three times with a buffer solution or distilled water, and
another SERS substrate is attached to the microfluidic device
for further use. Scheme 1c illustrates the integrated micro-
fluidic device assembly with a disposable SERS substrate.
Figures 1a, S2, and S3 show the representative scanning

electron microscopy (SEM) images of the SERS substrates
after removing the nanoimprint resist using an excess amount

of acetone and the AZ-MIF 300 developer.25 It is apparent that
the silver nanostructures were successfully deposited, with
several small nanogaps between them that covered the entire
surface of the wafer. The mean diameter of the silver
nanostructures was estimated using the ImageJ program and
found to be approximately 514 ± 20 nm. The relatively high
overpotential (−3 V vs Ag/AgCl) resulted in a rapid growth of
multiple silver nanostructures. Furthermore, energy-dispersive
X-ray spectrometry (EDX) analysis confirmed the distribution
of Ag on the SERS substrates (Figure S4). The silver
nanostructures were generated only inside the nanoholes
because the bottom part of the nanoholes was exposed to the
silver precursors, whereas the outer parts of the nanoholes
were blocked by the non-conductive nanoimprint resist.18 An
attempt without the nanohole pattern yielded irregularly
shaped silver nanostructures, and no nanogaps were generated
(Figure S5). These small nanogaps contributed to the boosting
of the signal in the Raman spectra after the rhodamine 6G
(R6G) target molecules were loaded (Figure 1b). X-ray
diffraction (XRD) studies were also performed to confirm the
highly crystalline structure of the fabricated SERS substrates
(Figure 1c).26−28 Furthermore, X-ray photoelectron spectra
(XPS) demonstrated successful silver deposition after the
electrodeposition process. Figure 1d,e represents the Au 4f and
Ag 3d orbitals at a high resolution. Two dominating gold
signals (87.4 and 83.7 eV), corresponding to the Au 4f5/2 and
Au 4f7/2 orbitals, exist in the nanohole pattern. The binding
energy difference between the doublet peaks was 3.7 eV with
an intensity ratio of 4:3, which can be indexed to Au0. Some
signals for gold were also observed in the SERS substrates; this
can be attributed to the presence of the gold atoms outside the
silver nanostructures. However, their signal intensities were
much lower than those of the nanohole pattern. In contrast,
the doublet peaks of Ag 3d3/2 and 3d5/2, centered at 373 and
367 eV, respectively, with an intensity ratio of 2:3 in the SERS
substrates, denote silver in its zero-valent form, Ag0, whereas
no silver signal was detected in the nanohole pattern as
expected.29,30 These results support the claim that the resulting
enhancement in the Raman signal of the SERS substrates was
due to the presence of silver on the surface.
Our proposed microfluidic system employs a reusable

microfluidic channel and disposable SERS substrate for sensing
target materials, that is, a new SERS substrate was installed in
the device for every experiment. Therefore, reliable signal
reproducibility and ultra-sensitivity are the most important
prerequisites. High signal amplification capability should be
uniformly maintained over a wide area and for each new
substrate.
We first demonstrated the high signal uniformity of the

fabricated SERS substrate after loading 1 × 10−6 M of R6G
and obtained Raman mapping images (Figure 2a) as well as
the intensities of their characteristic vibration bands at 1360
and 1508 cm−1 (C−C ring stretching in the xanthene ring) and
1648 cm−1 (C−C stretching in the xanthene ring) (Figure
2b).31 The Raman mapping image was recorded on an 8 μm ×
8 μm area based on a Raman signal intensity at 1648 cm−1.
The brightness in these images was uniform, which confirmed
the excellent reproducibility of the fabricated SERS substrate.
We selected representative Raman peaks of R6G at 1360, 1508,
and 1648 cm−1 to further investigate the uniformity of the
Raman spectra. The relative standard deviation (RSD) of
intensity was measured to be 10.7 ± 1.87%, indicating an
excellent signal reproducibility for continuous detection. We

Figure 1. (a) Representative SEM image of SERS substrates. (b)
Raman spectra of (i) SERS substrate and (ii) nanohole pattern after
10−6 M of R6G treatment. (c) XRD spectra and high-resolution (d)
Au 4f and (e) Ag 3d X-ray photoelectron spectra of (i) SERS
substrate and (ii) nanohole pattern.
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also confirmed a good substrate-to-substrate reproducibility of
the SERS signal by obtaining the RSD (7.85 ± 0.84%) of the
average SERS intensities at 1360, 1508, and 1648 cm−1 of five
SERS substrates fabricated from five different batches (Figure
2c). The Raman intensities of R6G (10−6 M) on the silver
nanostructure slightly diminished after a week; this indicated
the long-term stability of the substrate (Figure S8).
R6G, as a probe molecule, was then detected at ultra-low

concentrations of 10−13, 10−12, 10−11, and 10−10 M using a 785
nm excitation laser to examine the capability of the SERS
substrate. Figure 3 exhibits sharp, well-resolved, and enhanced
characteristic Raman bands of R6G even at a concentration of
10−13 M [limit of detection (LOD)]. The SERS intensities
gradually decreased with respect to the diluted R6G solutions.
In addition, the SERS EF of the SERS substrate was further
calculated using the same molecules. The regular Raman signal
of 10−4 M of R6G on a bare gold-coated Si wafer was first
measured, and its signal intensity was compared to that of
10−13 M of the R6G-treated SERS substrate (Figure S9). The
calculated EF value was approximately 2.14 × 108, and this
signal boost stemmed from several small nanogaps between the
silver nanostructures on the SERS substrate. Compared to the

method using colloidal nanoparticles, this synthesized SERS
substrate presented excellent signal uniformity over large areas
and substrate-to-substrate reproducibility. Furthermore, the
present methodology manifested highly improved signal
enhancement and convenience of synthesis, unlike other
methods for fabricating metal nanostructure arrays in closed
microfluidic channels, such as the direct laser writing method.
Hence, it can be concluded that the fabricated SERS substrates
exhibit promising potential for producing reliable signals in the
repeated experiments of our microfluidic device.
We performed further experiments to detect miRNAs using

our microfluidic system, which has been considered a key
biomarker, owing to its close association with their expression
patterns and certain disease types or stages. Among them, miR-
34a was selected because it assists in regulating various
biological functions, such as cellular differentiation, prolifer-
ation, metastasis, and apoptosis.32−34 However, the detection
of miRNAs has often been limited by their low abundance in
the total RNA samples and the sophisticated profiling of
miRNAs. Because of the instability caused by their short
structure, miRNAs are easily destroyed in the middle of the
detection process, which makes their sensing difficult. This
implies that the accurate detection of small amounts of the
miRNA samples within a short time is important. Therefore,
the SERS-based microfluidic detection system can be the most
appropriate candidate for detecting miRNAs owing to its
ability to detect small amounts of samples at extremely low
concentrations within a short reaction time.35−37

Prior to detection, we modified the surface of the SERS
substrate with miR-34a-specific MB, and two types of linear
oligonucleotides were prepared. One type was able to
recognize miR-34a from its complementary structure and
was bonded with the Cy3 dye at the end. The other type was
shorter oligonucleotides, conjugated with thiol groups at the
end of the attachment on the SERS substrate. These two types
of oligonucleotides were annealed together to form MB. MB
was hybridized with the SERS substrate through a salt-aging
process, and distinct Cy3 peaks on the SERS substrate after
modification with MB manifested successful attachment
(Figure S11).18,38,39 These MB-immobilized SERS substrates
were assembled into the microfluidic channel by fixing the chip
cover with screws.
The recyclability of our disposable SERS substrate-

assembled microfluidic device was first explored by repeatedly
detecting the same concentration of miR-34a. Prior to the
experiment, we tested the most optimal condition to detect
miR-34a (Figures S12 and S13) and determined that the

Figure 2. (a) Raman mapping image over 8 μm × 8 μm of the SERS
substrate after R6G (10−6 M) M treatment. It displays a Raman signal
intensity of approximately 1648 cm−1, the distinct Raman peak of
R6G. (b) Raman signal intensity distribution at 1360, 1508, and 1648
cm−1 from (a). (c) Synthetic reproducibility data of the SERS
substrate. The peak intensities of 10−6 M R6G were measured from 5
SERS substrates from different synthetic batches.

Figure 3. (a) SERS spectra of the fabricated SERS substrate loaded with R6G of analyte concentrations ranging from 10−13 to 10−10 M. (b)
Calibration curve of Raman intensity at cm−1 in Figure 3a against different logarithmic R6G concentrations.
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detection of miR-34a at 37 °C for 1 h was the most appropriate
condition. First, 50 pM of miR-34a solution was injected into
the microfluidic channel and stored at 37 °C for 1 h. After the
reaction, the SERS substrate was detached from the device for
the measurement. A new MB-modified SERS substrate was
reassembled on the device, and the miR-34a samples with
identical concentrations were injected again under the same
conditions. This cycle was repeated five times, and the
corresponding Raman spectra of each SERS substrate are
shown in Figure 4. This graph clearly demonstrates that similar

signal strength was produced when the same concentration of
miR-34a was reacted during the repeated experiments, thereby
illustrating the outstanding recyclability of our proposed
microfluidic device. The wide application of SERS-based
microfluidic devices has been restricted to date by their lack of
reusability. This is because the residues of the target materials
or probe molecules on the metal nanostructures may cause
contamination when the devices are used to detect different
species. However, in this system, the contamination problem
was resolved by changing the new SERS substrate every time
an experiment was performed; therefore, the reusability
property can significantly promote the utilization and lower
the manufacturing cost of the microfluidic device.40,41

The performance of a reusable microfluidic device with
disposable SERS substrates was further evaluated using various
types of miR-34a concentrations. The same microfluidic device
was used repeatedly by changing only the SERS substrate.

After the reaction, the cy3 signal on MB was detached from the
SERS substrate because of the hybridization between the miR-
34a molecules and MB. This affected the thermodynamic
equilibrium state of MB by the variation in the length of the
binding site. The larger binding sites between miR-34a and
MB resulted in a more stable and preferred hybridization than
that of the previous thiol-labeled oligonucleotides, when
constructing another duplex structure.32 Consequently, the
Cy3 signal on the SERS substrate decreased gradually as the
concentration of miR-34a increased from 5 fM to 5 pM
(Figures 5a and S14). The LOD in micro-RNA was
determined by the value that was not smaller than the
standard deviation of the control group, so the LOD value of
miR-34a was 5 fM. In addition, other types of miRNAs (miR-
34b and miR-34c) with relatively high concentrations (5 pM)
were injected into the microfluidic device, and their SERS
spectra were obtained. Figures 5b and S15 demonstrate that
there is no significant variation in the signal intensity after the
injection of miR-34b and miR-34c, whereas the signal intensity
decreased greatly after the injection of miR-34a at the same
concentration. Therefore, a microfluidic device with miR-34a-
specific MB-modified SERS substrates enabled the selective
recognition of the specific target analytes with low LODs in
practical biomedical applications.
Reliable detection of micro-RNA in biological samples is an

important prerequisite for practical sensor applications. We
further prepared different concentrations of miR-34a in serum
solution (10% serum in the buffer solution), and the proposed
SERS microfluidic device was utilized to detect miR-34a under
serum conditions. Figure 6 displays the Raman intensity of
Cy3 peaks varied with respect to the concentration of miR-34a
in the serum solution. Unfortunately, the LOD value in plasma
exceeded the LOD value in the pure buffer solution owing to
the complexity in the serum sample. Nevertheless, this result
supported that the presented SERS microfluidic channel could
detect micro-RNA in the real biological sample.

3. CONCLUSIONS
This study demonstrated a reliable, highly sensitive, and
repeatable SERS-based microfluidic system comprising detach-
able SERS substrates. Highly sensitive and reproducible SERS
substrates were fabricated via nanoimprint lithography and an
electrodeposition process, whereas the microfluidic device was
fabricated via mechanical processing. The SERS substrates
exhibited excellent substrate-to-substrate reproducibility and
Raman signal enhancement, as high as 108, with excellent

Figure 4. (a) Repeated detection of 5 pM miR-34a with the same
microfluidic device while the SERS substrates were changed upon
every detection time. (b) Representative Raman spectra of the SERS
substrate during repeated detection of 5 pM miR-34a after washing
the microfluidic device and reunion with the MB-modified SERS
substrate. Analysis of the SERS substrate was performed using a 785
nm laser at 50 mW for 10 s.

Figure 5. (a) Detection of different concentrations of miR-34a (5 fM to 5 pM) and (b) different types of miRNAs using a similar microfluidic
device, whereas SERS substrates were replaced after every measurement.
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signal uniformity. After surface modification with the miR-34a-
specific MB, the SERS substrates were assembled into the
microfluidic device with screws. Therefore, repeatable
detection of the target analyte was possible by washing the
microfluidic device thoroughly and replacing the disposable
SERS substrate with a new substrate in every experiment.
These replaceable SERS substrates contributed toward solving
the contamination problem caused by the residues of the target
molecules on the metal nanostructures. Considering the
capabilities of this reusable SERS-based microfluidic device,
it has the potential to be developed as a powerful sensing tool
for addressing the emerging requirements in biomedical
applications, food safety evaluation, and environmental
monitoring.

4. MATERIALS AND METHODS
4.1. Fabrication of the Microfluidic Devices. The

microfluidic device comprises a disposable SERS substrate and
reusable channel. The device was fabricated by mechanical
processing designed using the SolidWorks software. The main
body of the microfluidic device comprises transparent
polycarbonate. The specific dimensions of the microfluidic
channel were as follows: width = 1000 μm, depth = 500 μm,
and length = 43.9 mm. The upper part of the main body was
connected to a tap to fit a tube such that the liquid could flow
in or out of the channel. The disposable substrate and reusable
channel can be simply assembled and disassembled by
mounting the SERS substrate on the cover of the microfluidic
device and tightening/untightening the cover using the screws.
By attaching the rubber gasket to the microfluidic device, the
air gap between the SERS substrate and device can be removed
to prevent solvent leakage. The volume of the SERS substrate-
mounted room was 21.3 μL, whereas the minimum volume for
filling the microchannel was 63.1 μL.
4.2. Preparation of the Nanohole Pattern. A thin Cr

layer (5 nm) and Au layer (50 nm) were deposited onto the Si
wafers via E-beam lithography. Then, polymethylglutarimide
(PMGI SF3, MicroChem Corp., USA) and a thermal
nanoimprint resist (mr-I 8010R, Microresist Technology
GmbH, Germany) were spin-coated (3000 rpm, 30 s) and
baked at 200 and 100 °C for 5 min and 3 min, respectively.
The wafer with the double layer was subjected to thermal
nanoimprinting under a pressure of 50 bar for 4 min at 200 °C

using a commercial tool (ANT-6HO3, KIMM, Korea) and
pillar-patterned silicon stamp (480 nm in diameter, a 1000 nm
pitch) as the master mold.
After the nanohole pattern was generated, the residues of the

thermal nanoimprint resist were etched using O2 plasma, and
the remaining PMGI was removed by wet etching with a
commercial developer solution (AZ-MIF300, AZ Electronic
Materials, Germany) for 3 s. Finally, the nanohole pattern was
diced to 8 × 12 mm2 to be assembled into the microfluidic
device.

4.3. Fabrication of SERS Substrates and Modification
with miR-34a-Specific MB. The SERS substrates were
manufactured by depositing silver nanoarrays inside the
nanohole pattern. Briefly, the dices with the nanohole pattern
and bare Au coated Si wafers acted as the working electrodes.
The non-reactive areas of the dices were passivated using non-
conducting pastes to enhance the efficiency of electro-
deposition. Electrochemical deposition was performed using
a potentiostat (CompactStat, Ivium) with a conventional
three-electrode system [Pt wire counter electrode and a Ag/
AgCl (3 M KCl) reference electrode]. Silver deposition
solution (0.5 mM) was prepared by dissolving the silver
precursor in distilled water (DI) with sodium carbonate. Silver
nanoarrays were fabricated by applying −3 V (vs Ag/AgCl) for
30 s at room temperature. After electrodeposition, the polymer
resist was removed using an excess amount of acetone (OCI,
Korea) and the AZ-MIF300 developer. The morphology of the
SERS substrates was analyzed by field-emission SEM (S-4800,
Hitachi, Japan). The C, O, N, Ag, and Au signals of the SERS
substrates were detected using EDX (HORIBA, Japan). The
average diameter of the silver nanostructures was determined
using the ImageJ program. The crystal structure of the SERS
substrates was analyzed by X-ray diffraction (Ultima3
Diffractometer, Rigaku) at room temperature, and the surface
elemental information of the SERS substrates was obtained
using X-ray photoelectron spectrometry (K-alpha, Thermo U.
K.) with a monochromatic AlKα X-ray source.
We prepared two types of oligomers (Bioneer Inc., Daejeon,

Korea), the sequences of which were as follows: 5′-HS-TTC
GCT GTA CAA CCA GCT AAG ACA CTG CCA-3′ and 3′-
Cy3-GCG ACA TGT TG-5′. These oligomers were mixed
with the same molar ratios and annealed at 95 °C for 4 min

Figure 6. (a) Average peak intensities of miR-34a MB on SERS substrates in the microfluidic device at 1240 and 1390 cm−1 after detection of
various concentrations of target miR-34a in the serum solution (10% serum in the buffer solution). (b) Representative Raman spectra of the MB-
modified SERS substrate after the treatment of the various concentrations of target miR-34a in the serum-contained solution with a microfluidic
device. Analysis of the SERS substrate was performed using a 785 nm laser at 50 mW for 10 s.
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and thereafter at 70 °C for 10 min. Finally, the samples were
slowly cooled to room temperature.
4.4. SERS Measurements and EF Calculations. We

prepared various concentrations of R6G solution (10−13 to
10−6 and 10−3 M) in ethanol. The fabricated substrates were
immersed in each solution for 4 h and then dried overnight.
The Raman spectra were recorded via confocal Raman
microscopy (LabRAM ARAMIS, HORIBA). A diode laser
operating at 785 nm was used as the excitation source with a
laser power of approximately 50 mW; the integration time was
10 s, and the laser diameter was 2 μm. A silicon wafer with a
Raman band at 520 cm−1 was used as the reference for
calibration. We used the LabSpec 5 software (HORIBA) for
spectral and image processing, analysis, and baseline
correction. R6G was purchased from Sigma-Aldrich, Korea.
To calculate the SERS EF values, we prepared a Au thin film

(50 nm)-covered Si wafer as a reference. The analytical SERS
EF for the R6G molecules on the SERS substrates was
estimated using eq 1

= ×I I C CEF ( / ) ( / )SERS dye dye SERS (1)

where Cdye is the concentration of R6G treated on the bare Au
substrate (1 × 10−3 M), CSERS is the concentration of R6G
treated on the surface of the SERS substrates (10−12 M), Idye is
the signal intensity of the R6G Raman spectra on the pure Au
substrate after treatment with 10−3 M R6G solution, and ISERS
is the signal intensity of the R6G Raman spectra on the surface
of the SERS substrates after treatment with the 10−12 M R6G
solution.
4.5. Hybridization of the MB to the SERS Substrates.

The miR-34a-specific MB was mixed with 100 times the high
molar ratio of tris(2-carboxyethyl)phosphine (Sigma-Aldrich,
Korea) overnight. The produced SERS substrates were
immersed in 0.6 mL of 0.1 μM MB solution. Then, four
aliquots of 2 M NaCl (10 mM Tris) solution (0.05 M, two
times; 0.1 M, two times) were added to the adjusted solution
to obtain a solution of 0.3 M NaCl. They were stored at 4 °C
overnight and washed thrice with phosphate-buffered saline
(PBS).
4.6. Detection of miR-34a with the Microfluidic

Devices. To detect miR-34a using the microfluidic device,
100 μL of various concentrations of miR-34a (5 fM to 5 pM)
solutions was prepared in reaction buffers (10 mM Tris-HCl,
100 mM KCl, and 1 mM MgCl2, pH 8.0), and each solution
was injected into the device. The microfluidic device was
stored at 37 °C for 1 h. For optimization, the reactions were
conducted at 4 and 37 °C. We also stored the device for 20
min, 1 h, and 4 h at 37 °C. After the reaction, the SERS
substrate was detached from the microfluidic device, washed
with PBS, and analyzed using Raman spectroscopy (LabRAM
ARAMIS, HORIBA). The microfluidic device was washed
twice with the incubation buffer and once with DI for further
use. Then, a new SERS substrate, hybridized with MB, was
attached to the device, and the solutions of different miR-34a
concentrations were injected for repeated detection.
For comparison, 5 pM miR-34b and miR-34c samples were

also analyzed using identical procedures.
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