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Surface-enhanced Raman scattering (SERS) coupled with micro- or nanofluidics integrated into
optofluidic devices offer many advantages over conventional SERS conducted under static
conditions. Higher reproducibility, larger intensity, as well as greater enhancement can be achieved
by efficient mixing of analytes and SERS enhancers under a continuous flow. Progress and
advances in the past 10 years, including the design of channels and efficient mixing conditions,
assemblies of SERS substrates for optimal enhancement, and advantages of optofluidic-SERS
analysis, are reviewed. Recent results show that optofluidic-SERS effectively overcomes many of
the difficulties and limitations plaguing conventional SERS and the novel technique has enormous

application potential.

. INTRODUCTION

A. Technological motivation and scientific
underpinnings

Raman scattering is a powerful technique to determine
the structure of molecules and crystals. On the basis of
interactions between photons and molecules, Raman
scattering can be used to obtain information on chemical
structures, identify substances according to the charac-
teristic spectral patterns, and determine quantitatively or
semiquantitatively the amount of a substance in a sample.'
Raman scattering refers to the phenomenon that involves
excitation of a molecule by inelastic scattering of a pho-
ton.? When substances are irradiated by light, the photons
may be absorbed or scattered or pass straight through. In
the case when the energy of a photon matches the energy
gap between the ground state and an excited state of
a molecule, the photon may be absorbed and excite the
molecule to the higher energy state. Alternatively, scat-
tering of photon can occur if its energy does not corre-
spond to the energy gap. In this case, if the photons are
scattered with very small frequency changes, the scattering
process is regarded as elastic scattering, which is the
dominant process called Rayleigh scattering. If nuclear
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motion is induced during the scattering process, energy is
transferred between the molecule and photon. As a result,
this process involves excitation of a molecule by inelastic
scattering and the energy of the scattered photon is
different due to the different vibrational modes. This is
Raman scattering. Although Raman scattering was dis-
covered more than 80 years ago,” it made great strides only
after the advent of laser technology, design of efficient
filters to reduce Rayleigh scattering, and development of
extremely sensitive detectors.* Nowadays, spectroscopic
techniques used to detect structurally informative vibra-
tions in molecules are based on infrared absorption and
Raman scattering.5 Compared to infrared spectroscopy,
the use of Raman spectroscopy has been hampered for
a long time due to problems associated with sample
degradation, fluorescence interference, and most impor-
tantly low efficiency caused by the small scattering cross
sections.® The detection sensitivity rendered by Raman
scattering is poor compared to fluorescence emission and
infrared absorption.

Surface-enhanced Raman scattering (SERS), first ob-
served in 1974 by Fleischman, has drawn substantial
attention and become a useful analytical tool.>’ It has
been demonstrated as a promising way to overcome the
poor efficiency of the inelastic scattering processes and the
weak signals inherent to traditional Raman spectroscopy.
The detection sensitivity of nanoparticles can be enhanced
by up to 6-10 orders of magnitude by using SERS.*~!! The
enhancement rendered by SERS is commonly explained

© Materials Research Society 2011



Y. Yin et al.: Recent developments in optofluidic-surface-enhanced Raman scattering systems: Design, assembly, and advantages

by two theoretical models, electromagnetic and chemical
enhancements.'>'> The former is considered to be the
dominant one and used to explain most SERS phenom-
ena.'* According to the electromagnetic enhancement
mechanism, the metal surface irradiated by a laser beam
couples with the electromagnetic radiation.'”> The oscil-
lations of the conduction band electrons confined on the
nanometer-sized metal surface, a process called surface
plasmon resonance, result in a larger number of scattered
photons.'® The frequency of the surface plasmon reso-
nance strongly depends on the dielectric properties of the
metals such as Cu, Ag, Au, and alkalis and the surface
morphology of the substrate such as size and shape of
particles, which are considered to be much smaller than the
incident optical wavelength.'” Compared to other optical
detection methods, SERS based on metal nanoparticles
provides many analytical advantages including higher sen-
sitivity, surface specificity, and fluorescence quenching.'®
Furthermore, it opens up a new way to detect multiple
analytes simultaneously because of the sharpness of the
spectral signals, which may have full width at half-maximum
values of as small as 1 nm."

B. Brief history

SERS is closely linked to nanoscience. The SERS
intensity decreases significantly if the structures are either
much larger than ~100 nm or much smaller than ~10 nm,
such as the cases for nanoparticles, nanorods, and/or
nanowires. The SERS enhancement mainly depends
on the geometric configuration of the nanostructures.
That is, the enhancement is induced by the state of
aggregation that generates the corresponding plasmon
resonance. In addition, it is possible to obtain an enor-
mous Raman enhancement at “hot spots” on aggregated
particle clusters.”’~>? However, it is difficult to predict
where the hot spots occur, and the degree of SERS
enhancement thus varies with the distributions of these
hot spots. Moreover, the poor reproducibility caused by
different particle sizes and inhomogeneous aggregation
does not bode well for quantitative analysis.”>** One
way to overcome these difficulties is by incorporating
microfluidic systems into SERS.”>? In general, the
advantages of microfluidic-SERS are the reduced sample
size, shorter reaction time, and improved yield compared
to conventional techniques conducted under static con-
ditions.?*° With a continuous flow and homogeneous
mixing between the analytes and metal nanoparticles in
the micro- or nanochannels, higher reproducibility and
stability can be attained. When the flow rates are kept
constant, the same conditions can be repeated for a series
of measurements. An additional advantage of fluidics is
that local sample heating can be prevented as the mole-
cules exposed to the laser are constantly refreshed due to
the fluid flow.

C. Roadmap

Integration of optical detection technologies and micro-
fluidic systems into “optofluidic” devices is an emerging
area.”’ Optofluidics refer to a class of optical systems
synthesized with fluids.** Although microfluidic chips have
made it possible to integrate multiple fluidic tasks on
a chip, most optical components such as the light source,
sensors, lenses, and waveguides, remain off the chip. In
contrast, optofluidic integration combines optics and micro-
fluidics on the same chip by building the optics from the
same fluidic toolkit. In an optofluidic system, the optical
properties of the nanoparticles and analytes can be changed
by manipulating the fluids. In addition to the benefits
offered by microfluidic-SERS, one of the greatest advan-
tages of optofluidic systems is the greater ability to obtain
reproducible SERS enhancement factors and consequently
more reliable quantitative results via the formation of
consistent SERS-active clusters or regular nanopatterning
substrates.® In this review, we focus on the advantages of
SERS-based detection conducted in conjunction with
micro- or nanofluidics and integrated into optofluidic
devices. Although a number of reviews have been written
on the development of optical detection methods, reviews
about the advantages of microfluidic-SERS or optofluidic-
SERS are rare. In this work, the optofluidic-SERS detection
technology is first overviewed, followed by a general de-
scription of how to fabricate chips for SERS detection and
ways to obtain stable and enhanced SERS signals. The
emphasis is placed on the advantages of optofluidic-SERS
analysis such as quantitative detection and determination of
multiple analytes. We will also describe recent develop-
ments and finally, future developments and prospects of
optofluidic-SERS are discussed.

Il. OVERVIEW OF OPTOFLUIDIC-SERS

In conventional SERS performed under static con-
ditions, the main problem is the poor reproducibility
caused by the different particle sizes and inhomoge-
neous distribution of molecules on the metal surface.
To improve the situation, SERS under fluidic condi-
tions was proposed about 20 years ago.33 In recent
years, microfluidic technologies have made great strides
and opened up the possibility of using very small
quantities of samples and reagents to carry out efficient,
low-cost separation and detection at high resolution and
sensitivity.**

In general, there are two main types of SERS techni-
ques on microfluidic chips, namely homogeneously and
heterogeneously. In the first way, the targets are absorbed
onto the metal nanoparticles in a solution acting as the
Raman enhancers.” Large field enhancement is achieved
in systems consisting of nearly touching particles, such
as aggregated or close-packed colloids.***” This method
not only provides all the advantages of homogeneous
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reactions, such as faster reaction rate and relative ease of
implementation, but also offers some extra benefits in-
cluding enhanced uniformity and repeatability. However,
the detection sensitivity is relatively low due to the
dispersed Raman enhancers in the solution phase. In the
heterogeneous method in which the solution phase targets
interact with the SERS-active substrates such as rough-
ened metallic electrodes, metal substrates, enhanced de-
tection sensitivity, and reproducible SERS signals can be
achieved. A number of Ag and Au SERS substrates have
therefore been introduced.*®*! Despite these advantages,
it takes a long time for the molecules to diffuse to the
SERS-active sites leading to low sample concentrations
and making it difficult to obtain uniform distributions of
molecular adsorption from the analysis sites. In some
cases, these surface phase systems also complicate chip
fabrication and subsequent integration with microfluidic
devices.

Recently, optofluidic systems based on SERS devices,
which combine the advantages of homogeneous and
heterogeneous detection techniques, have been used to
acquire reproducible SERS signals with higher sensitivity
and reduced reaction time.*? Optofluidic systems, in
which optics and microfluidics are used synergistically
to synthesize novel functionalities, can offer many advan-
tages such as small sample size, fast mixing, and improved
analytical performance.*® In particular, much interest has
been devoted to the liquid core optical ring resonator
(LCORR).*>4446 Figures 1(a) and 1(b) illustrate the
operating mechanism. The laser confined by a waveguide
traverses the circumference of the capillary and when the
sample flows through the LCORR capillary, the analytes
with silver nanoparticles yield SERS signals with very
high sensitivity and reproducibility. In this system, not
only does the LCORR capillary provide a means for
sample movement, but also the ring resonator offers
a Raman intensity enhancement mechanism. Huh et al.*’
have reported an optofluidic-SERS device consisting of an
SERS-active substrate and polydimethylsiloxane (PDMS)
microfluidic chip. The SERS-active PDMS substrate
comprises ordered nanotube structures of Au/Ag/Au with
uniform packing constructed by metal evaporation
through a mask of a nanoporous anodized alumina
(AAO) membrane. Using the noble SERS substrate, this
chip-based approach can generate sensitive SERS signals
for quantitative analysis. Choi et al.*® have presented an
optofluidic SERS-compact disk (CD) platform in which
preconcentration of target molecules is accomplished via
accumulation of adsorbed molecules on the SERS-active
sites by repeating a “filling—drying” cycle of the assay
solution [see Fig. 1(c)]. After 30 cycles, stable and high-
sensitivity SERS signals are detected from rhodamine 6G.
In addition, precipitation of gold nanoparticles (GNPs)
by CuSO, has been introduced to produce uniform,
high-throughput, high-sensitivity, and large-area SERS

substrates on the optofluidic CD platform, which will be
further discussed in Sec. IV.

lll. FABRICATION OF OPTOFLUIDIC-SERS
SYSTEMS

A. Design of channels for efficient mixing
conditions

There are several excellent reviews on the development
of methods and materials for microfluidic chips.49’52 A
number of new optofluidic approaches for the purpose of
integrating SERS detection systems with micro- or nano-
fluidics have been proposed. Here, we focus on the micro-
channel design in the microfliudic chips where efficient
mixing can be accomplished to induce fast adsorption of
analytes onto the metal nanoparticles or SERS-active struc-
tures leading to reproducible and stable SERS detection.

Conventional SERS suffers from the variable mixing
time, different scattering geometry, localized heating, and
unresolved photodissociation” In contrast, optofluidic-
SERS provides higher reproducibility, which would be
difficult to achieve under static conditions because of
unpredictable aggregation of colloids containing nano-
particles with different sizes and inhomogeneous distribu-
tion of analytes on the surface of the metal nanoparticles.
Furthermore, by taking advantage of the continuous flow
and excellent heat dissipation, controllable and uniform
distribution of “hot spots” can be achieved in optofluidic-
SERS systems. Consequently, efficient mixing, which
contributes to stable and reproducible SERS signals, is
crucial to the design of microchannel structures in micro-
fluidic devices.

A significant feature in the fluid flow in a microchannel
is the laminar flow regime in which parallel streams flow
along each other. Mixing takes place only when diffusion
and turbulent flow occurs.’® Mixing by diffusion only is
rarely used because of the long mixing length and long
time™*; consequently, there are several approaches to
reduce the mixing length enabling more rapid mixing of
the fluids. Generally speaking, there are two ways in which
efficient mixing with a high transport rate can be obtained
(1) passive mixing in which microgeometries are applied to
increase the interfacial area between the analytes and
nanoparticles, and (ii) active mixing in which extra active
components are integrated into the channels. In passive
mixing, multiple streams are divided and mixed within
a fluid network. Figures 2(a) and 2(b) show the Y-shaped
and T-shaped channels with several miscible fluid streams
for more efficient mixing. Passive mixing can also be carried
out by introducing obstacles into the microchannels, and
various patterns and blocking arrays have been designed.
Figure 2(c) displays a zigzag channel in the microfluidics/
SERS system and Fig. 2(d) depicts a microfluidic chip with
pillar-array obstacles to enhance the mixing efficiency and
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FIG. 1. (a) Schematic illustration of the LCORR in the microchannel. (b) When the sample is captured at the inner surface of the LCORR, it interacts
with the whispering gallery modes evanescent field.*® (c) Optofluidic SERS-CD platform with high-throughput sample preparation. The mechanism of
preconcentration involves four steps. I: Fabrication of SERS-active sites, II: Injection of a sample solution; III: Adsorption of target molecules onto the
SERS-active site during drying process prior to SERS measurement; IV: Accumulation of the adsorbed molecules by the repetition of the steps Il and .8

SERS signals. Active mixing by combining pulsed electric
field and pumps is more efficient and easier to control;
however, mixing may complicate the fabrication of micro-
fluidic devices.”” Figure 3 shows that bubbles can be used to
achieve a high degree of fluid transport and mixing
enhancement in a chamber microfluidic device.*’ Oddy
et al.%" have developed an electrokinetic instability micro-
mixing process to rapidly stir micro- and nanoliters of
solutions to enhance mixing of the targets in the solution.
The Raman enhancers yield greater detection sensitivity in
microfluidic bioanalytical applications.

B. Assemblies of SERS substrates for optimal
enhancement

The progress in SERS heretofore hinges on develop-
ments in nanoscience and nanotechnology, especially
optimized nanostructures of metal substrates such as nano-
particles, nanoclusters, nanowires, and nanoholes > Orig-
inally, substrates found to exhibit SERS are quite limited and
they mainly include electrochemically modified electrodes,
colloids, and island films. Compared to the random distri-
bution of nanostructures on a roughened metal surface in the
past, the substrates nowadays are fabricated on the nanoscale

with features that can deliver high reproducibility and
sensitivity. Fabrication of the proper SERS substrates is
important to obtain a homogeneous size and shape distribu-
tion of the particles that can generate large enhancement in
the Raman signals from the target molecules. Nanostructured
metal substrates can be prepared by either self-assembly or
directed assembly. The former is also called the bottom-up
approach. By controlling the temperature, concentration, and
other factors, nanospheres, nanowires, and nanocubes can be
synthesized. The technique is used widely due to the low
cost, simple equipment, straightforward process, and stable
signals. Luo et al.®* have used an AAO template as
a nanosieve to arrange Au nanoparticles into a nanonet to
achieve layer assembly using the pressure difference
method. Figure 4 shows the self-assembled nanoparticles
on the AAO templates at the same pressure difference.
Figure 4(a) reveals the netlike assembly formed on the
200-nm AAO template and Fig. 4(b) displays the layer
coating assembly formed on the 20-nm AAO.

Kang et al.®> have developed a new Au nanowire—Au
nanoparticle conjugated system in which the nanostruc-
tures are fabricated by self-assembly of Au nanoparticles
onto an atomically smooth surface of an Au nanowire via
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FIG. 2. Passive mixing in the microfluidic channel. (a) Y-shaped channel®; (b) T-shaped channel®®; (c) zigzag-shaped channel®”; (d) pillar array

microfluidic channel.®

biotin—avidin interactions (Fig. 5). Here, hot spots are
generated at the Au nanowire—nanoparticles junctions and
the target molecules are absorbed by these hot spots
yielding enhanced Raman signals. The number of the Au
nanoparticles attached to the nanowire is proportional to
the concentration of avidin. We have also developed

a nanotechnique to assemble silver nanocrystals on an
active coating and control the gaps precisely down to the
sub-10-nm regime. This coating exhibits a high Raman
signal enhancement factor due to a very high density of
both Ag nanoparticles (~1.8 x 10'> cm™?) and hot
junctions (~5.4 x 10'* cm~?) (see Fig. 6).°
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We have recently reported another convenient nano-
technique to assemble hemispherical silver nanocap
arrays on an AAO membrane template as a robust and
cost-effective SERS substrate. This geometry emits a high
Raman signal due to the periodical hexagonal arrange-
ment and precise gap control between the nanostructures
in the sub-10-nm range. The surface structure can further
be tuned to optimize the enhancement factor by varying
the AAO fabrication and silver deposition parameters.
Figure 7 shows the scanning electron microscopy (SEM)

Bubble

FIG. 3. Schematic drawing of bubble-induced mixing in a microfluidic
chip.%°

(b)

FIG. 4. Assemblies of Au nanoparticles via the pressure difference
method: the dimension bar is 500 nm for all. (a) SEM image of the
netlike assembled colloidal Au nanoparticles on 200-nm pores of AAO
membrane; (b) particle coatings assembly on 20-nm pores of alumina
membrane.**

images of the silver-coated AAO membranes produced
using different Ag sputtering time of 15 and 20 min together
with the corresponding SERS spectra. The intensity of the
rhodamine 6G Raman signal decreases when the sputtering
time is increased due to particle aggregation between
adjacent silver nanocaps when the size becomes large.

More direct assembly substrates are now available
thanks to rapid developments in nanofabrication technol-
ogy, especially lithographic techniques. This approach is
also known as “top-down”68 in which the structure is
directly written on the substrate by an electron beam. More
uniform SERS substrates with nanostructures fabricated in
the desired locations in orderly patterns, which yield
higher sensitivity than single molecules, can be produced
by this method.®*’® As aforementioned, the major prob-
lem plaguing quantitative analysis is the difficulty to come
up with SERS substrates with well-defined and uniform
properties, but nanolithographic techniques offer a solution
and quantitative SERS analysis is now possible. In
addition, it opens up other applications involving optically
active nanostructures integrated into a microfluidic sys-
tem.>® Sackmann et al.”' have described a novel gold
active substrate in which the gold nanostructures are
prepared on a silicon wafer using regular particle arrays
produced by electron-beam lithography (EBL). Here,
crystal violet is chosen as the test sample and the re-
producibility is evaluated using the same substrate several
times after cleaning. Figure 8 shows an electron micros-
copy image of the resulting nanostructures used in the
SERS experiments.

IV. ADVANTAGES OF OPTOFLUIDIC-SERS
ANALYSIS

A. Quantitative detection

As described in Sec. I, quantitative SERS analysis is
challenging despite its discovery more than 30 years
ago,’>” but quantitative analytical protocols using opto-
fluidic systems, especially SERS analysis of analytes in
a microfluidic channel, can offer rapid and highly sensitive
detection. The low sensitivity and poor reproducibility

(a)

(b)

FIG. 5. SEM images of Au nanowire—nanoparticles conjugated system. (a) Au nanowire—nanoparticles system by biotin-avidin interaction with
avidin concentration of 10~ M; (b) nonspecifically bound Au nanoparticles onto Au nanowire without avidin. Evenly distributed Au nanoparticles are

clearly seen in (a), while few Au nanoparticles are identified in (1).9
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FIG. 6. Bright-field transmission electron microscopy (TEM) image of
a self-assembled monolayer of silver nanocrystal superlattice. The inset
shows the high-resolution TEM image of a typical silver nanocrystal.®®

; 20.0k
10° M R6G

Intensity (arb. units)

o
o

) 1510
Raman Shift (cm™)

FIG. 7. SEM images obtained from the silver-coated AAO membranes
formed using different Ag sputtering times of (a) 15 min and (b) 20 min,
respectively. Scale bar: 100 nm. Both the PAA membranes are formed at
a constant direct current voltage of 40 V. (c) SERS spectra of rhodamine
6G adsorbed silver-coated AAO membranes correspond to those in
(a) and (b), demonstrating the intensity variation of the SERS signal at
1510 cm™ %’
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FIG. 8. SEM image of the gold nanostructure used for the SERS
experiment. The gold nanostructure was produced by EBL. The distance
between the nanodots is 240 * 5 nm, their diameter is 125 * 5 nm, and
their height is ~25 nm.”!

inherent to conventional SERS are improved by the
flowing fluids in the microchannels. In addition, precise
control of the experimental conditions can be accom-
plished by adopting a highly efficient micromixer.

Generally, three factors must be considered in quantitative
SERS measurements, namely the wavelength of the laser,
SERS-active enhancer, and internal standards.”* In SERS,
the laser wavelength chosen to excite plasmons on the
surface of the colloids should match that of the SERS-active
enhancers. During aggregation of the colloids, interactions
among particles increases scattering, but on the other hand,
these interactions may lead to the formation of nanoparticles
with different sizes and different absorption maxima and
bandwidths causing the spectra to red shift.” For this
reason, a broad wavelength range is expected from aggre-
gated colloids in a particular measurement.

Ackermann et al.”® have reported quantitative detection
of gradient-driven concentration fluctuations of two differ-
ent drugs in a SERS microfluidic system in which a citrate-
reduced silver colloid serves as the SERS enhancer. The
ultraviolet-visible (UV-vis) absorption spectrum in Fig. 9(a)
discloses one narrow band at 413 nm. The SERS spectra
acquired using a laser wavelength of 532 nm from the
colloid with inhomogeneous particle sizes and shape
distributions are depicted in Fig. 9(b). Alternatively, if they
are deposited onto the structured substrates, the wavelength
must be carefully chosen because of the heterogeneous
conditions. As aforementioned, the SERS-active enhancers
can be categorized as metal nanoparticle colloids or solid
SERS-active substrates. The former boasts simple prepara-
tion, high enhancement, and low cost. The main advantages
of solid substrates are their controllable shape design, which
enhances the flexibility in target adsorption. However, the
reproducibility is not good because the enhancing ability
tends to degrade with time and the degradation rates vary
from batch to batch. The ability to obtain reproducible and
stable SERS signals depends on whether good size, shape,
and distribution uniformity can be achieved during colloid
aggregation. In this respect, in conventional SERS detection
even under the same conditions, the colloids vary in size
and shape thereby yielding variable degrees of SERS
enhancement and irreproducible results.”” In the optofluidic
systems, more reproducible conditions can be achieved
with the aid of the flowing fluids. The ability to operate
within a continuous flow regime, generate homogeneous
mixing conditions within the microchannels, and achieve
reproducible conditions over a large area benefits quantita-
tive SERS-based analyses.”®

Cialla et al.” describe two reproducible gold SERS-
active substrates with the nanodiamond or nanostar
structures and apply EBL to accomplish fast sampling
and high reproducibility (see Fig. 10). Here, droplets of an
aqueous sample solution are placed onto the SERS-active
substrates. The samples are subsequently placed in a hu-
midity-controlled chamber for slow drying and a highly
homogeneous distribution of analyte molecules can be
produced across the array.

In SERS, the enhancement variations due to laser
power fluctuations and different diffusion conditions
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FIG. 9. (a) UV-visible absorption spectrum of silver colloid; (b) SEM image of the respective colloid with an inhomogeneous size and shape
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FIG. 10. SEM images of lithographically prepared substrates with a high-grade reproducibility. (a) Gold nanostar structures (period 250 nm); (b)

gold nanodiamond structures (period 200 nm).79

and substrates make it impossible to accurately calibrate
the absolute Raman intensities versus concentrations as
required by quantitative analyses. Consequently, stan-
dardized production of solid substrates and use of
colloids produced in a standard way are imperative to
quantitative measurements. However, it is more difficult
to find an internal standard due to the complex surface
chemistry of metal particles. In the microfluidic systems,
good reproducibility can be achieved due to the contin-
uous fluid flow, which reduces the fluctuations in the
enhancing media and experimental conditions. In some
cases, quantifiable data based on the absolute areas under
the emission bands can be obtained.*® Despite these
benefits, different types of internal standards are still
necessary to eliminate the fluctuations in the laser power
and to correct for minor optical variations. The optimized
internal standard must be similar to the molecular structure
of the analytes and possess the same relative enhancement
factors. The spectra of the internal standard should be
measured independently to provide a noninterfering spec-
tral region. Finally, the spectral intensity of the internal
standard should be consistent regardless of the amount of
analytes. Marz et al.®' have used respective isotopomers as
internal standards to quantitatively determine nicotine by
SERS using a PDMS microfluidic channel. In the micro-

channels, high SERS reproducibility can be achieved
because errors caused by differences in sample diffusion
in the scattering geometries are avoided. Here, nicotine-d4
is used as the internal standard (see Fig. 11) and this
method normalizes the errors induced by aging and
differences in the SERS enhancement. No further calibra-
tion steps are required and quantitative SERS detection of
nicotine can be achieved. Jung et al.** have also reported
rapid and highly sensitive detection of nicotine using
a microfluidic system and SERS detection. Figure 12(a)
shows the intensity of the strongest band of nicotine at
1030 cm ™' normalized to the reducing agent, hydroxyl-
amine, which shows a peak at 1360 cm ™' and is used as
the internal standard. Figure 12(b) depicts the linear
relationship over the range 0—100 ppm with a correlation
coefficient R of 0.998.

A microfluidic system for trace analysis of malachite
green (MG) has been described by Lee et al.** MG is
widely used as a fungicide and antiseptic but has been
banned by the U.S. Food and Drug Administration
because it is carcinogenic and genotoxic.***> In SERS
detection using a fluidic channel, efficient mixing between
MG molecules and silver nanoparticles is achieved due to
the more consistent geometries and good heat dissipation
rendered by the mobile fluids. The results are thus more
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reproducible than those obtained using the static mode.
Signals arising from low parts per billion (ppb) concen-
trations of MG can be measured and the detection limit is
in fact below 1-2 ppb, which is comparable to that
achieved by liquid chromatography—mass spectrometry
(LC-MYS). Here, acetonitrile is chosen as the internal
standard, which yields a strong band without interferences.
Figure 13(a) shows the SERS spectra acquired from
solutions with different concentrations of MG from 1 to
100 ppb in a PDMS microfluidic channel. The character-
istic Raman peak of MG at 1615 cm~ !, which increases
with MG concentrations, is quantitatively monitored. To
correct the Raman signal variability due to batch-to-batch
fluctuations, the peak of MG at 1615 cm™" is normalized
to the acetonitrile peak at 2258 cm ™', which is the internal
standard. The calibration curve in Fig. 13(b) demonstrates
a good linear relationship between the peak area ratio
(I1615/12258) and concentrations. These results suggest
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FIG. 11. SERS spectra of nicotine and nicotine-d4. Nicotine-d4 is
chosen as an internal standard.®!
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that highly sensitive and quantitative determination of
analytes is possible by coupling SERS with microfluidics.

B. Memory effect

The optofluidic device offers a simple system and rapid
analysis. By optimizing the continuous flow and mixing,
it is possible to generate substantial enhancement. Fur-
thermore, this is the condition under which stable and
intense signals with excellent reproducibility and high
sensitivity can be achieved when homogenously mixed
colloids and SERS-active enhancers are maintained.
Although the degree of mixing in the microfluidic
channel is better at a smaller flow rate, the reproducibility
decreases due to the memory effect produced by de-
position of nanoparticle aggregates onto the channel
walls. This memory effect degrades the sensitivity and
reproducibility. There has been interest in a droplet-based
flow cell system coupled with sensitive optical detection
due to advantages such as high speed, low sample
volumes, and good detection efficiency.**™°! In droplet
microfluidics, droplets are generated and manipulated
within an immiscible carrier fluid in the microchannels
allowing high-throughput analysis on the single molecule
level. Being embedded in the droplets, the individuality
and integrity of the samples can be retained.

It has been reported that a two-phase liquid/liquid
segmented system prevents nanoparticle aggregates from
sticking to the channel surface. The two-phase segmented
system generally comprises a carrier such as oil that
encapsulates and mobilizes the nanoliter-sized droplets,
each of which represents a single sample. Because of the
presence of a thin layer with a continuous phase, the
droplets do not contact the channel surface and memory
effects can be circumvented. In addition, unsupervised
online measurements can be conducted over a longer
period of time without needing washing steps. Strehle
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FIG. 12. (a) Concentration-dependent SERS spectra for varying concentrations of nicotine in the microfluidic channel: (a) 10 ppm, (b) 7.5 ppm,
(¢) 5.0 ppm, (d) 2.5 ppm, () 1.0 ppm, and (f) 0.1 ppm. However, the hydroxylamine peak at 1360 cm ™' does not change along with the concentrations
therefore it is chosen as the internal standard; (b) variations of the peak area ratio (I11030/I1360) as a function of nicotine concentration (correlation

coefficient, R = 0.998).%?
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FIG. 13. (a) SERS spectra for varying concentrations of MG in
a PDMS microfluidic channel. The concentration ranges from 1 to
100 ppb; (b) variations of MG peak area at 1615 cm™" of SERS spectra
as a function of MG concentration (correlation coefficient, R = 0.993).83

et al.”” have developed a droplet-based liquid/liquid micro-
segmented flow system and demonstrated highly repro-
ducible SERS analysis of crystal violet. Here, the channel
of the microchip is filled with lipophilic tetradecane and
the crystal violet-containing droplets along with SERS
enhancers are surrounded by oil. No SERS spectrum can
be detected from the crystal violet when probing the
microchannels with a laser, demonstrating the absence of
memory effects on the channel walls. Figure 14(a) shows
the intensity of Raman spectra versus measurement time.
Neither the SERS (1621 ¢cm™ ') nor tetradecane (1303
and 1442 cm™") signals can be seen from spectrum A in

Fig. 14(b) after 80 s. This spectrum is produced from
colloids containing only a water droplet, corroborating
that because of the oil film on the surface of the aqueous
droplet, there is no deposition of either GNPs or analyte
molecules on the microchannels.

Another droplet-based microfluidics, two-phase seg-
mented system is used for efficient mixing and fluid
control to provide fast and sensitive SERS detection of
mercury (II) ions, which are detrimental to human health
and the environment.”? High-sensitivity determination of
mercury (II) ions, is achieved by SERS with rhodamine B
(RB) being the medium. The SERS signal of RB increases
significantly when it is absorbed on GNPs due to electro-
magnetic and chemical enhancement factors. However,
adecrease in the observed SERS signal may occur because
a multitude of RB molecules are released from the metal
surface in the presence of mercury (II) ions. Quantitative
determination of mercury (II) can be performed by
calculating the peak area of RB in the SERS spectrum.
Figure 15 illustrates the structure and operation of the
device. The aqueous solutions consist of an RB-adsorbed
GNPs colloidal solution and a mercury (II) ion solution.
The oil film, which acts as the carrier fluid, controls the
droplet size by varying the ratio of the aqueous-to-oil flow
rates. Because of the presence of the continuous oil layer,
memory effects are absent and localization of reagents
within discrete and encapsulated droplets enhances mixing
and minimizes residence time thereby yielding high
analytical throughput and reproducible results.

C. Aggregation of metal nanoparticles

Active enhancers can be generally classified as nano-
particles on solid substrates and colloidal nanopatrticles.
The former requires complex equipment and fabrication
and a long time is needed for the analytes to diffuse to the
SERS-active substrates. In contrast, the second type of
SERS enhancer, colloids of metal nanoparticles, especially
Au and Ag, is used more often”**” due to advantages such
as homogeneous mixing, ease of manipulation, and in-
expensive experiments. When incorporated into an opto-
fluidic device, the poor reproducibility stemming from the
metal nanoparticles in the solution can be circumvented. As
the fluid flows into the microchannels, the SERS signals
from different aggregates are accumulated and averaged
and therefore it is relatively easy to improve the detection
reproducibility. Here, colloid aggregation with high effi-
ciency and stability prior to SERS measurement plays an
important role in the improved SERS activity.***® Con-
trolled aggregation of metal nanoparticles associated with
the formation of reproducible metal clusters is believed to
be important to the enhancement.

Additional aggregation agents acting as particle—particle
linking mediators in the aggregation of metal nanoparticles
have been extensively studied. Generally speaking, chloride,
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FIG. 14. (a) Peaks representing the integrated Raman intensity abruptly disappear (see left panel), when stopping the flow during the measuring
period. (b) In the segments (position A), which now consist of pure colloid without any crystal violet, neither an SERS spectrum nor a tetradecane

signal can be detected.””
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FIG. 15. (a) Schematic representation of the channel pattern used to
create droplets; (b) photograph of the assembled device in operation.93

nitrate, perchlorate, and polylysine are used as aggregation
agents.”’ Cyrankiewicz et al.”® describe an efficient SERS
system using metal colloids plus aggregating agents of HCI,
KCl, and HCI. The absorption spectra from the metal
nanopatrticles show that the SERS enhancement factors vary
significantly with the type and concentration of the aggre-
gating agent. Yang et al.”” have investigated the aggregation
behavior and self-assembly mechanism of gold colloids
generated by the addition of cetyltrimethylammonium
bromide (CTAB) and 11-mercaptoundecanoic acid
(MUA). With the aid of MUA, which can diminish the
linking function of CTAB, excessive aggregation of the
CTAB-modified gold colloids can be prevented. Sulfur
species on the surface of the gold particles effectively link
the aggregates as demonstrated by Schwartzberg et al.,'®
thereby allowing easy binding and detection of rhodamine

6G. Guingab et al.'”" have developed a new method with
dipicolinic acid (APD) as the neutral species added to silver
colloids to replace the negative charges caused by the
adsorbed anions on the metal particles. The silver colloids
exhibit a single extinction band at 385 nm due to resonant
excitation of plasma oscillations in the confined electron
gas of the particles.'® There is a single maximum at about
400 nm with increased absorbance because of the higher
concentrations of silver particles over time. Moreover,
introduction of APD changes the shape of the silver colloid
absorption spectrum due to the aggregation of silver particles
and appearance of another peak at a longer wavelength
indicating the presence of the aggregates. Choi et al.*® chose
CuSOy as the aggregation agent of gold colloids to acquire
high SERS enhancement for rhodamine 6G, because the
higher charge on Cu®* induces stronger aggregation. The
aggregates formed by MgCl, are compared to those induced
by CuSO,. Figure 16(a) shows the SEM images of the
aggregates induced by CuSO, or MgCl,. CuSQy, is observed
to generate aggregates with a higher degree of branching
and more two-dimensional surface coverage than MgCl,.
Figure 16(b) depicts the SERS spectra of rhodamine 6G and
the observed SERS intensity at 1509 cm ™' is 5 to 6 times
higher in the case of CuSQO, than MgCl,. The results prove
that Cu" is better than other divalent ions to obtain enhanced
SERS intensity.

In the optofluidic device, a high degree of aggregation
of metal nanoparticles can be achieved with the aid of
a flow cell and extra manipulation such as optical
components and metallic electrodes. Wang et al.'® have
fabricated an optofluidic device to obtain fingerprint
information of proteins at concentrations of nanograms per
liter in minutes. The GNPs acting as the SERS enhancers are
mixed with the analyte solution. The size is larger than the
depth of the nanochannel so that the GNPs are trapped and
form clusters at the entrance of the nanochannel, as shown in
Figs. 17(a) and 17(b). A high concentration of analytes is
found around the gold clusters due to the capillary force
contributing to the high detection sensitivity. Figures 17(c)
and 17(d) show the aggregation of GNPs within 3 and 12
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FIG. 16. Effect of different aggregating agents to SERS spectra. (a)
SEM images of the GNPs based on aggregation agents, CuSO, and
MgCl,. Despite the same volume of GNPs used, the coverage of MgCl,
aggregated GNPs is less than half of that of CuSO, aggregated; (b)
SERS spectra of CuSO,4 and MgCl, aggregated GNPs. The former
exhibit at least 5 larger SERS intensity than that of GNPs aggregation
based on MgCl,. Inset shows the relative intensity magnitude of the
SERS signals at 1509 cm ™! peak *®
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min. Huh et al.'™ proposed a novel optofluidic SERS dete-
ction chip for the detection of biomolecules with electro-
kinetically active microwells. The chip increases the
aggregation of gold colloids and sample concentration for
greater detection sensitivity by a combination of electro-
kinetic effects. In this measurement, 44-nm carboxylate
functionalized fluorescent polystyrene is introduced into the
chip through the inlet port to quantify the capability of this
device before application of the electric field between the
upper and lower gold electrodes to attracting the nano-
particles onto the microwell. Figure 18 depicts the images
of the aggregation of 44-nm polystyrene at an applied
potential of 1 V between the upper electrode and well
bottom for 2.5 s. This new approach using the electro-
kinetically active microwells not only provides efficient
solution mixing between the target nucleic acids and Raman
enhancers but also leads to colloid aggregation with greater
detection sensitivity and reproducibility.

D. Detection of different analytes

Optofluidic devices provide many benefits in SERS
detection such as efficient mixing, strong aggregation of
metal nanoparticles, and fast reactions thus enabling the
acquisition of stable and sensitive SERS signals even at
low analyte concentrations. In addition, the ease in
switching different analytes is another benefit of the
SERS based optofluidic system boding well for detection
of different analytes in multiple assays.

Tong et al. have developed optimized SERS detection of
different types of organic analytes absorbed onto the
optically aggregated silver nanoparticles in a microfluidic

(b) — 5 flowdirection

(c) —> flow direction

(d) —> flowdirection

FIG. 17. (a, b) Schematic diagram of the optofluidic device at the side view and top view; (c, d) optical microscopic images showing aggregation of
GNPs in an optofluidic device, 3 min after adding sample and 12 min after adding sample.'%®
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device. Here, the focused near infrared laser beam traps and
aggregates Ag nanoparticles at the bottom of the channel
producing efficient SERS enhancers. At the same time,
a separate green laser is used for Raman excitation. As
shown inFig. 19(a), thiophenol (TP) and 2-naphthalenethiol
(2-NT) solutions are separated by air gaps in the right
tube.'” Ag colloids acting as the SERS enhancers are
transferred to the other tube sequentially under the force of
the pump. It is in the T-connector where mixing of the
analytes and metal nanoparticles occurs. Figure 19(b)
displays the SERS spectra of TP and 2-NT obtained from
the optically aggregated Ag nanoparticles in the micro-
fluidic channel. Using this novel system, fast and high-
sensitivity sequential detection of two different analytes in
the input tube can be achieved.

V. SUMMARY AND FUTURE DEVELOPMENT
PROSPECTS

By incorporating the SERS detection technique into flow
cells with micro- or nanochannels in an optofluidic system,
various analyses such as chemical reactions, biological

analysis, and environmental detection can be carried out in
a convenient way even at low concentrations. In the
microfluidic channels, small volumes are required and so
dangerous chemical reactions as well as associated moni-
toring and feedback can be implemented relatively safely.
Environmental pollution caused by industrial waste is
harmful to human health. Therefore, accurate detection is
demanded and a fast and sensitive method using real-time
sensing systems for environmental monitoring, forensic
science, and homeland defense applications can be realized
by conducting SERS in optofluidic devices.'*

In this review, we focused on the advantages of
optofluidic devices in which micro- or nanofluidics/SERS
detection systems have been developed. Problems asso-
ciated with the poor reproducibility due to different
particle size and inhomogeneous aggregation of metal
nanoparticles in the solution and solid SERS-active
substrates can be solved by conducting SERS from
micro- or nanochannels. It is possible to conduct rapid
analysis with efficient mixing instead of the time consum-
ing reactions inherent to SERS performed under regular
conditions. In addition, efficient mixing of samples can be

FIG. 18. Schematic images of sample aggregation of 44-nm polystyrene from the bulk solution into the channel at an applied potential of 1 V

between the upper electrode and the bottom of the well for 2.5 s.'%*
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FIG. 19. Consecutive detection of two different molecules. (a) Scheme of the configuration. (b) Time series of SERS spectra from 2-NT and TP
sequentially recorded as silver nanoparticles incubated with corresponding thiols, flow into the microfluidic channel and become optically aggregated.

The flow rate was 1.0 mL/min and the integration time was 3 s.'%
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achieved by using optimally designed channels to manip-
ulate the fluid. Memory effects caused by deposition of
nanoparticle aggregates onto the channel surfaces in the
microfluidic chips can be prevented by the droplet-based
two-phase liquid/liquid segmented flow. We also discussed
the efficient and stable aggregation of metal nanoparticles to
improve the detection reproducibility and intensity. Fur-
thermore, the ability to operate within a continuous flow
regime and to generate homogeneous mixing conditions in
the microfluidic channels makes reliable quantitative SERS-
based analysis relatively straightforward compared to con-
ventional SERS. SERS is closely linked to nanoscience and
recent results suggest that highly reproducible and inex-
pensive SERS-active substrates can be integrated into
optofluidic systems. In fact, a highly integrated optofluidic
chip with multiple functions and small size are required for
future diagnostics and nanobiology.
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