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Sara Abalde-Cela,†,‡ Chris Abell,† Ramoń A. Alvarez-Puebla,*,∥,§ and Luis M. Liz-Marzań*,‡,⊥,#
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ABSTRACT: Surface-enhanced Raman scattering (SERS) can be combined with
microfluidics for rapid multiplex analyte screening. Through combination of the
high intensity and complex signals provided by SERS with the flow characteristics
of microfluidic channels, we engineered a microdevice that is capable of monitoring
various analytes from different sources in real time. Detection limits down to the
nM range may allow the generation of a new family of devices for remote, real time
monitoring of environmental samples such as natural or waste waters and
application to the high-throughput screening of multiple samples in healthcare
diagnostics.

SECTION: Plasmonics, Optical Materials, and Hard Matter

Microfluidic devices have found wide application in the
integration of ultrasensitive chemical and biological

analysis systems.1,2 On-chip detection offers the advantage of
providing real time information about chemical reactions and
species present in a fluid sample, even though extremely small
volumes are used.3,4 In the early development stages of
microfluidic detection, off-chip methods, such as high-perform-
ance liquid chromatography (HPLC) or mass spectrometry
(MS),5,6 were widely used to identify the minute amounts of
chemical species present in the small volume of a microfluidic
chip. The static nature of these measurements was overcome by
moving into on-chip detection.7 Techniques such as
fluorescence,8 UV−visible spectroscopy,9 chemiluminescence,10

electroluminescence,11 or thermal lens microscopy12 have been
widely implemented into microfluidic platforms to produce
analytical devices during the past 2 decades.13 Fluorescence
detection has been the most widely used and representative
technique due to its high sensitivity, low cost, and ease of
use.14,15 Nevertheless, this technique presents some limitations,
including the broadness of the fluorescence peaks, which can
overlap with each other when multiplex detection is desired.
These challenges have pushed researchers to implement
alternative on-chip ultradetection techniques.15−17

Generally speaking, the ideal analytical tool should allow
users to investigate a sample for a number of targets
simultaneously in a single run/cycle of the assay within the
same sample, so that a rapid and accurate description of the

sample is obtained. In this context, surface-enhanced Raman
scattering (SERS) spectroscopy has gained increasing relevance
as a potential multiplex detection technique.18 In SERS, the
specific Raman scattering signals of the target molecules are
largely enhanced due to the coupling of their vibrational modes
to the localized surface plasmon resonances (LSPRs) excited in
nearby plasmonic nanoparticles. This signal enhancement
brings about multiple benefits, such as ultrasensitive detection
(down to the zeptomolar regime) or a significant decrease of
the required acquisition times for less dilute samples, thereby
facilitating real time applications such as high-throughput
screening. SERS detection is usually carried out in a static
configuration, where the analytes are retained either at the
surface of solid thin films or on colloidal particles in solution,
and most often a single analyte can be identified in one run.
However, combining the high intensity of the signals obtained
with this technique and the modern developments in the fields
of microfluidics and optical spectroscopy (e.g., 2D CCD
cameras) enables the real time (online) monitoring of
continuous flows.19 In fact, online SERS detection20 has been
demonstrated using Y- or T-shaped microfluidic devices for a
number of interesting analytes including pesticides21 and metal
ions22,23 in water or explosives24 and pollutants25 from air
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samples (which were previously bubbled into a solution),
among others.26,27 Unfortunately, most of these experiments
have been carried out for single analytes, which limits their
applicability. In this Letter, we present a SERS microfluidic
setup designed and tested for the online dual-channel multiplex
identification of molecules, using silver nanoparticles as Raman
enhancers inside of the microfluidic channel.
Online SERS detection was carried out in different

microfluidic devices including T or + shapes (Figure 1a,b).
Microfluidic devices were fabricated using conventional soft
lithography methods, comprising PDMS on PDMS sub-
strates,28 giving rise to reproducible, robust, but versatile
devices that are transparent to light. The strong electro-
magnetic fields required for SERS were generated by citrate-
capped colloidal silver nanoparticles, which were selected
because they can be fabricated in large quantities with
outstanding optical performance.29 These colloids comprise
quasi-spherical particles with sizes ranging between 20 and 40
nm, with a LSPR maximum at 409 nm (Figure 1c,d).

We devised a first online experiment to confirm the feasibility
of our SERS microfluidic setup to effectively identify analytes
within the flow channel. Figure 1a depicts the dimensions and
shape of the simplest chip that was used for this first online
experiment. The T-shaped microchip features one inlet for the
introduction of the silver nanoparticle colloid and another for
the introduction of the sample, in this case, an aqueous solution
of astra blue (AB, Figure 1d,e).30 Both channels were operated
at the same flow rates of 100 μL h−1. A close look at the optical
and SERS mapping images of the T-shaped chip (Figure 2a)
shows that the vibrational signatures of the analyte (AB) can be
recorded in real time, with SERS acquisition exposure times as
low as 70 ms. However, it should be noted that the SERS signal
is concentrated at the left-hand side of the flow, with a signal
decay toward the right-hand side. On the contrary, no SERS
signals from AB were detected at the right-hand side region.
This observation is consistent with the presence of a laminar
flow inside of the microchannel.

Figure 1. (a,b) Scheme and photographs of the microfluidic devices designed for the different experiments, with dimensions of 150 × 75 and 300 ×
150 μm2 in width × height for the T- and +-shaped chips, respectively. (c) TEM micrograph of the silver nanoparticles used as the optically active
substrate. (d) UV−vis spectra of the NPs and the analytes used in this work. The arrow indicates the excitation wavelength. (e) Raman background
of the PDMS that constitutes the microfluidic channels and characteristic SERS spectra of the analytes: astra blue (AB), toluidine blue (TB), crystal
violet (CV), and nile blue (NB).
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The flow of a fluid through a microfluidic channel can be
characterized by the Reynolds number, Re = Lvρ/μ, where v is
the average velocity, μ is the viscosity, ρ is the density of the
fluid, and L is the characteristic linear dimension of the channel,
in our case, equivalent to 4A/P, where A and P are the cross-
sectional and the wetted perimeters of the channel, respectively.
In the case of this particular experiment using the T-shaped
chip, the value of Re is 0.25, which is indicative of an almost
perfect laminar flow, as expected in microfluidics. Under such
conditions, the mixture of the nanoparticles with the analyte,
which is required to form a SERS-active analyte−nanoparticle
complex, is dominated by diffusion. As the dye molecules are
smaller than the silver nanoparticles flowing on the right-hand
side of the channel, the former are more likely to diffuse toward
the left-hand side faster than the nanoparticles do toward the
right-hand side. This is in agreement with the SERS mapping
profile shown in Figure 2a, in which the area displaying the
SERS signal corresponding to AB is located at the left-hand side
(Ag colloid laminar flow) and it broadens as the flow penetrates
inside of the channel. Additionally, as previously reported, the
presence of the analyte induces aggregation in the particle flow
with the consequential formation of hot spots and, thus, the
increase in SERS intensity.24,25

Taking into consideration the previous observations, we
designed a new chip containing an additional inlet, that is, a
+-shaped microfluidic device comprising two inlets for the flow
of two different samples, one inlet for the nanoparticle colloid,
and the outlet (Figure 2b). The flow rate was raised to 500 μL
h−1, giving rise to a Re number of 0.61, which again
characterizes the flow as highly laminar. This second chip
thus features the introduction two analytes, AB and toluidine
blue (TB, Figure 1d,e),30,31 one from each sample flow. Figure
2b shows the optical image and SERS mapping that depicts the
distribution of the analytes through the flow. Notably, the
spectra acquired from the left-hand side region of the flow only
show vibrational signatures corresponding to AB, whereas in
the right-hand side region, only TB can be found. Interestingly,
the spectra recorded from the central region display the
vibrational bands corresponding to both analytes. Again, the
SERS intensities of the analytes at both sides of the flow
decrease from the center to the side wall and increase as the
flow continues, indicating a diffusion-limited mechanism. The
diffusion of the dye molecules can be observed, from the lateral
sides toward the central flow carrying the silver nanoparticles
that enhance the Raman signal. This experiment illustrates the
possibility of using a single microfluidic device to monitor

Figure 2. (a) T-shaped microfluidic device. (i) Scheme of the microfluidic device depicting the mixing of AB and Ag nanoparticles; (ii)
superimposed optical image and SERS mapping of the chip showing the SERS signal intensity of the analyte along the different regions of the
channel; and (iii) the characteristic spectra of AB. (b) A +-shaped microfluidic device for dual online monitoring of two flows from different sources
(i) containing either AB or toluidine blue (TB); (ii) an optical image and SERS mapping of the microchannel showing the distribution of the
analytes (AB, blue; TB, yellow); (iii) SERS spectra obtained from the points labeled with numbers in the image (experimental: dotted black line;
references: colored solid lines). Dye concentration, 1 mM; scan time, 70 ms.
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several sample flows simultaneously, obtaining real time data

that can be ascribed to the correct flow source.
To take advantage of the laminar flows generated in the

microfluidic devices and the characteristic vibrational signatures

provided by SERS, a new experiment was devised to

demonstrate the application of the device for simultaneously

monitoring different flows, each containing more than one

analyte. To do this, we exploited the +-shaped chip with lower

Figure 3. (a) A +-shaped microfluidic device for dual multiplex online monitoring of two flows of different sources. Each flow contains a mixture of
two different analytes, either CV and NB or AB and TB. (b,c) Optical and SERS images of the microchannel showing the distribution of the analytes
(CV + NB, pink; AB + TB, light green; CV, purple; NB, red; AB, blue; and TB, yellow). SERS spectra obtained from the points highlighted in the
image (experimental: dotted black line; spectral references: colored solid lines). Dye concentration, 1 mM; scan time, 70 ms.

Figure 4. A +-shaped microfluidic device for dual multiplex online monitoring of two flows of different sources. Each flow contains a mixture of two
different analytes, either CV and NB or AB and TB. (a) Optical image showing the laser. (b) Representative SERS obtained from the points marked
in the image. Dye concentration, 0.9 nM; scan time, 10 s.
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flow rates in order to decrease the diffusion velocity of samples
introduced in both branches. Selected flow rates for this
experiment were 100 and 200 μL h−1 for the dyes and silver
nanoparticles, respectively. Under the given flow rates, the Re is
0.18, indicating again the high laminar regime that occurred in
the microfluidic device. For this experiment, four dyes were
selected, crystal violet (CV),32 nile blue (NB),33 AB,30 and TB
(Figure 1d,f).31 Notably, all of these dyes present electronic
absorptions in the visible but far away from the selected
excitation laser line (785 nm), thereby avoiding resonant effects
in the SERS measurements. Solutions of CV and NB and AB
and TB were introduced through the left and right inlets,
respectively. To illustrate the distribution of the analytes in the
flows, a fast SERS mapping of concentrated solutions (mM)
was carried out along the area of the outlet channel of the
microchip. Interestingly, both the optical and SERS images for
all of the analytes show two well-differentiated regions (see
Figure 3), the left-hand side containing only vibrational signals
of CV and NB while the right-hand area exclusively contains
the signals corresponding to AB and TB. The SERS images of
the individual analytes show that each of them is restricted to
the region from where it was introduced, without contami-
nation of other areas. Further, the SERS spectra clearly
demonstrate that it is possible to recognize the presence of each
analyte within a given flow.
This experiment shows the potential of microfluidics for the

multiplex monitoring of several flows simultaneously. Because
the concentrations of the target analytes (mM) cannot be
considered diluted in the experiments so far, we devised an
additional detection scheme to study the detection limits and
therefore the potential impact of our device as an online
multiplex ultradetection tool. A laser beam was focused through
a 10× objective perpendicularly to the outlet microchannel
(Figure 4a). By using a 2D-CCD camera as the detector, the
spatial resolution of the spectroscopic signal is defined by the
objective used for laser focusing, 10 μm in this case. Then, two
solutions, one containing CV and NB and the other TB and
CV, were injected through each sample channel. The
concentrations of the solutions were varied from mM to pM,
and the time for each collection was set to 10 s. Figure 4b
shows that the target analytes are fully recognizable in the
flowing solution at concentrations down to the nM range
(Figure 4b), thereby demonstrating the potential of coupling
SERS with microfluidics for ultrasensitive online multiplex
monitoring, in full agreement with recent literature.34

In summary, we have taken advantage of the combination of
the high intensity and complex signals provided by SERS with
the flow characteristics of specific microfluidic channels to
engineer a microdevice that is capable of multiplex monitoring
of samples from different sources in real time. This new family
of devices may pave the road for remote real time monitoring
of environmental samples such as natural or waste waters and
to the high-throughput screening of multiple samples in
healthcare analysis.

■ EXPERIMENTAL MATERIALS AND METHODS
Materials. Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich. Glassware was cleaned with aqua regia and
extensively washed with water. Milli-Q water (Millipore) was
used throughout all of the experiments.
AgNPs Synthesis. The synthesis of the silver nanoparticles was

carried out according to the generalized Lee−Meisel reduction
method.35 Briefly, 2 mL of 1% sodium citrate solution was

added to a 100 mL AgNO3 10−3 M boiling solution. The
mixture was kept boiling for 1 h until a gray−green turbid color
appeared.
Device Fabrication. The microfluidic PDMS/glass device was

fabricated by conventional soft lithography methods.28 Briefly,
the device was first devised with Autocad 2007 (Autodesk), and
a dark-field mask was printed (Circuitgraphics). SU-8 2025
photoresist (Micro- Chem) was spin-coated onto a silicon
wafer (diameter: 76.2 mm, Compart Technology Ltd.) at 500
rpm for 5 s and then ramped to 1000 rpm at an acceleration of
300 rpm s−1 for 33 s. The final thickness of the photoresist was
measured by profilometry on the finished master (DekTak
150). The wafer was subsequently prebaked for 3 min at 65 °C,
then 9 min at 95 °C, and finally 3 min at 65 °C. Then, it was
exposed to UV light through the mask on a mask aligner
(MJB4, Suss Microtech). After postbaking and development,
the master was hard-baked for 1 min at 170 °C. A mixture of
poly(dimethylsiloxane) (PDMS, Sylgard 184) and cross-linker
(ratio 10: 1, w/w) was poured over the master, degassed for 30
min, and then cured overnight at 75 °C. The cured device was
cut and peeled from the master, and holes for tubing were
made with a biopsy punch. After treatment with air plasma for
30 s, the device was bound to another piece of PDMS produced
by the same procedure but without holes in order to close the
microfluidic system. The device was baked at 90 °C for 30 min
to make permanent the sealing. Finally, the microfluidic
channels were treated with Aquapel (Pittsburgh, U.S.), a
commercially available fluorosilane, followed by flushing of the
channels with fluorous oil.
Microf luidic Experiments. Flows in all of the chips were driven

with Harvard Apparatus 2000 syringe infusion pumps. Plastic
syringes of 1 mL (Braun) were used in all cases, both for the
dyes and for the silver nanoparticles. The syringes were
connected via polyethylene tubing (Intramedic, i.d. 0.38 mm)
to the device. The concentration of the individual dye solutions
in water (experiments 1 and 2) was of 10−3 M, and the
concentration of the mixed dye solutions used in experiment 3
was of 5 × 10−3 M. These solutions were subsequently diluted
to pM concentration to perform the ultradetection experi-
ments. The AgNPs were dispersed in water in a concentration
of 10−3 M. Different flow rates were used in the three respective
online experiments. In the case of the first experiment, the flow
rate was 100 μL h−1 for both the AgNPs and the dye AB. When
dealing with the +-shaped chip in the second experiment, the
flow rates were 500 μL h−1 for the dyes and the AgNPs. Finally,
in both multiplex detection experiments, the flow rate for the
side channels flowing the dye mixtures was 100 μL h−1, and
that for the AgNPs was 200 μL h−1. The experiment was carried
out at room temperature, neglecting the laser heating during
the measurement.
Characterization. Optical characterization was carried out by

UV/vis/NIR spectroscopy with a Cary 5000 spectrophotom-
eter. TEM images were obtained with a JEOL JEM 1010
transmission electron microscope operating at an acceleration
voltage of 100 kV. Optical images of the microfluidic devices
were obtained with a Nikon microscope through a 5×
objective.
Surface-Enhanced Raman Scattering Spectroscopy. SERS experi-

ments were conducted in a micro-Renishaw InVia Reflex
system. The spectrograph uses a high-resolution grating (1200
grooves mm−1) with additional band-pass filter optics, a
confocal microscope, and a 2D-CCD camera. A laser excitation
energy of 785 nm (diode) was used for all of the online
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measurements. The online mappings presented in this work
were carried out in a confocal microscope in backscattering
geometry using 5× objectives. SERS maps were collected in the
outlet channel region by means of the Renishaw StreamLine
accessory with step sizes of 25 μm and detection times of 70
ms. Ultrasensitive detection was carried out with the linear laser
focused perpendicularly to the outlet channel through a 10×
objective. The step size was 10 μm, and the detection times
were 10 s.
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