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We report the demonstration of an optofluidic surface enhanced Raman
spectroscopy (SERS) device that leverages a nanoporous microfluidic matrix to
improve the SERS detection performance by more than two orders of magnitude as
compared to a typical open microfluidic channel. Although it is a growing trend to
integrate optical biosensors into microfluidic channels, this basic combination has
been detrimental to the sensing performance when applied to SERS. Recently,
however, synergistic combinations between microfluidic functions and photonics
(i.e., optofluidics) have been implemented that improve the detection performance
of SERS. Conceptually, the simplest optofluidic SERS techniques reported to date
utilize a single nanofluidic channel to trap nanoparticle-analyte conjugates as a
method of preconcentration before detection. In this work, we leverage this para-
digm while improving upon the simplicity by forming a 3D nanofluidic network
with packed nanoporous silica microspheres in a microfluidic channel; this creates
a concentration matrix that traps silver nanoclusters and adsorbed analytes into the
SERS detection volume. With this approach, we are able to achieve a detection
limit of 400 attomoles of Rhodamine 6G after only 2 min of sample loading with
high chip-to-chip repeatability. Due to the high number of fluidic paths in the nano-
porous channel, this approach is less prone to clogging than single nanofluidic
inlets, and the loading time is decreased compared to previous reports. In addition,
fabrication of this microsystem is quite simple, as nanoscale fabrication is not nec-
essary. Finally, integrated multimode fiber optic cables eliminate the need for opti-
cal alignment, and thus the device is relevant for portable and automated
applications in the field, including point-of-sample and point-of-care detection. To
illustrate a relevant field-based application, we demonstrate the detection of 12 ppb
of the organophosphate malathion in water using the nanofluidic SERS microsys-
tem. © 2012 American Institute of Physics. [doi:10.1063/1.3677369]

1. INTRODUCTION

Surface enhanced Raman spectroscopy (SERS) has proven to be a powerful tool for chemical
and biomolecule detection. In this technique, noble metal nanostructures or nanoparticles provide a
tremendous enhancement to the Raman scattering process.' > This enhancement can be up to 14
orders of magnitude, which places the sensitivity of SERS at a comparable level to the sensitivity
of fluorescence-based detection.® In fact, single molecule identification using SERS was reported
over a decade ago.> In contrast to fluorescence-based detection, SERS detection produces a fin-
gerprint spectrum of the detected analyte, which enables molecules to be detected without labelling.
Furthermore, this narrowband spectral fingerprint enables multi-analyte detection with a single
laser source and filter set,'® which is generally not feasible using fluorescence detection.
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Nonetheless, SERS continues to be limited to applications in research labs today. An emerging
trend to enable practical applications of SERS is to integrate photonic-based detection into a micro-
fluidic system. However, in the case of SERS, this can hurt the detection limit as compared to con-
ventional techniques because of the reduced sample volume and the diffusion-limited transport of
analyte molecules within the channel.'®™'" To overcome these barriers, a number of reports have
demonstrated improved performance of SERS in microsystems by leveraging the principles of opto-
fluidics, which is defined by the synergistic integration of photonics and microfluidics.'*™" In one
example of an optofluidic SERS technique, photonic crystal waveguides maximize the interaction
of the excitation laser light with nanoparticle-analyte conjugates.'®'® In another form of optofluidic
SERS, active concentration of the nanoparticle-analyte conjugates into the SERS detection volume
has been demonstrated using a number of methods, including a spinning microfluidic compact disk
platform,w electro-kinetic forces across a microfluidic channel,zo_22 and magnetic concentration of
nanostructured silver-coated microbeads in a microfluidic channel.”®

A simpler optofluidic SERS approach is to employ a fluidic design that passively concen-
trates analyte-nanoparticle conjugates into the detection volume. Nanoparticles and adsorbed/
bound analyte in the sample are concentrated as they flow into the channel; there is no need for
additional active components in the device to concentrate the sample. Figure 1(b) illustrates
this concentration effect at the nanofluidic channel inlet; this effect is contrasted with an open
microfluidic channel in Fig. 1(a), in which no concentration occurs and thus the number of
SERS-active regions in the detection volume at any given moment is relatively low. Passive
concentration has been accomplished by fabricating a single nanofluidic channel to accumulate
nanoparticle-analyte conjugates.”*® These reports show excellent detection performance. How-
ever, transport through a single nanochannel potentially limits the throughput and creates oppor-
tunities for clogging the channel. Moreover, fabrication of a single nanochannel is complex and
may not be as repeatable as typical microfabrication.

In this work, we utilize a three-dimensional nanoporous matrix to concentrate silver nano-
particles with adsorbed analyte molecules for SERS detection. The concept is illustrated in
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FIG. 1. Nanofluidic trapping vs. open-channel microfluidics. (a) In an open channel, nanoparticles are poorly concentrated.
(b) A nanochannel traps silver nanoparticles (Ag NPs) into the detection volume. (c) Packed silica spheres form a nanoflui-
dic matrix, which is capable of trapping a high number of Ag NPs into a relatively large detection volume without clogging.
An optical fiber can be aligned to the nanoporous matrix.
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Fig. 1(c). This device is simpler and more robust to create, as nanofabrication is not required.
A microchannel is partially packed by nanoporous silica microspheres against a narrowing sec-
tion of the microfluidic channel. As the sample is loaded through the nanoporous matrix,
analyte-nanoparticle conjugates are trapped, leading to an increase in the number of SERS-
active hot spots and analyte molecules in the detection volume (Fig. 1(c)), which results in an
increased Raman signal. Numerous nanoporous channels, inherently created within the matrix
of packed silica microspheres, enable high throughput and reduced sample-loading time as com-
pared to a single nanochannel. Moreover, the 3D nanoporous matrix is less prone to clogging
due to the high number of available nanochannels within the matrix. Additionally, our design
incorporates integrated fiber optic cables. Two channels are created for locating the fiber optic
cables into the device, aligned to the detection volume. By using large-core multimode fiber
optic cables, we create a relatively large detection volume as compared to typical microfluidic
SERS devices. This greatly improves the chip-to-chip detection repeatability of the device
because a large number of nanoclusters are concentrated into the detection volume, which
decreases the randomness that is historically associated with SERS-based sensors that rely on a
small detection volume. Furthermore, as a result of integrating fiber optic cables, the device
requires no optical alignment, which can lead to portable applications and on-site detection.

Il. EXPERIMENTAL
A. Materials

Silicon wafers were purchased from University Wafer (South Boston, MA). AZ 4620 photo-
resist from AZ electronic materials (Branchbug, NJ) was used to pattern and mask the wafer for
deep reactive ion etching (DRIE). Sylgard 184 was acquired from Dow Coring (Midland, MI)
and used to create polydimethylsiloxane (PDMS) devices in the standard 10:1 ratio. Trideca-
fluoro-1,1,2,2-tetrahydrooctyl- 1-trichlorosilane was purchased from Pflatz and Bauer (Waterbury,
CT). Porous silica microspheres (15 um diameter, 6 nm pore size) were obtained from Kisker
Biotech GmbH & Co. (Steinfurt, Germany) to form the nanoporous matrix. Silver nitrate, sodium
citrate, and trizma base were obtained from Sigma-Aldrich (St. Louis, MO). Rhodamine 590
chloride, also known as Rhodamine 6G (R6G), was purchased from Exciton (Dayton, OH).
Malathion was purchased from Cerilliant (Round rock, TX). All materials were used as received.

B. Preparation of silver colloid

Silver nanoparticles were synthesized by the commonly used method of Lee and Meisel.”’

Briefly, 90 mg of silver nitrate was added to 500 ml of deionized water. The solution was heated
in a flask while stirring. Upon boiling, sodium citrate (100 mg) was added, and the solution was
boiled for 10 min. After the color of the solution became greenish brown, it was removed from
heat. 10mM Tris-HCI (pH 8.2) was added to the silver nanoparticle solution to promote aggre-
gation before running each experiment. To determine the nanoparticle size and clustering den-
sity, the colloid was dried onto a wafer and imaged with a scanning electron microscope
(SEM). According to the images, the typical silver nanoparticle size is 50 nm, and typical clus-
ters contain tens of nanoparticles.

C. Fabrication of the optofluidic device

The PDMS microfluidic device was fabricated with typical soft lithography methods. PDMS is
selected for the optofluidic device because of its optical transparency and low auto-fluorescence.”**’
A silicon wafer was patterned using standard photolithography and channels were etched by DRIE
to a depth of 125 um. AZ 4620 photoresist was selected as the mask during DRIE because of its rela-
tively high thickness. The channel height is set to be 125 yum to match the standard size of fiber optic
cables. PDMS was cast onto the silicon wafer following vapor-phase silanization with fluoro-silane.
After casting PDMS, vacuum was applied to remove air bubbles; the PDMS was then cured at 60 °C
for 4 h. Finally, the PDMS channels were sealed onto a piranha-cleaned glass substrate through co-
rona treatment and stored overnight at 60 °C.
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Micrographs of the assembled device are presented in Fig. 2. To trap silica spheres, a frit
structure is designed into the channel. The 125 um channel narrows to a width of 7 um at the frit
(this is thinner than necessary; we designed it as thin as possible to enable us to attempt a range
of silica sphere sizes). The 15um silica microspheres were diluted in deionized water to
Smg/ml. A 1 ul droplet of silica microspheres was placed at the channel inlet and the vacuum
was applied from the outlet. This volume has been selected because it packs the microspheres
just within the detection volume, as shown in Fig. 2. Chips were used within 1 day of assembly.

Two multimode fiber optic cables (Thorlabs, Newton, NJ) were inserted into the device
through channels created for this purpose. The fiber optic cables have a 105 um core diameter
and a 125 ym cladding diameter; the ends of the fibers were cleaved (Fujikura CT-04B fiber
optic cleaver) to minimize light scattering. The distance from the fiber optic tips to the detec-
tion zone in the microfluidic channel was set to be 80 um; this is the minimum distance that
can prevent sample leakage from the microfluidic channel into the fiber optic channels.

D. Scanning electron microscopy

We recorded SEM images of silver nanoparticles in the matrix of silica microspheres.
Silica microspheres were packed into the microfluidic channel and then the silver colloid
(described above) was loaded into the channel. The PDMS was then peeled from the glass
base; the packed microspheres remained in the channel. Carbon was sputtered onto the device,
including the exposed beads in the channel.

E. SERS measurements

One of the integrated fiber optic cables carries excitation light from a diode laser (785 nm,
15 mW, Ocean Optics, Dunedin, FL), while the other collects the Raman-scattered photons
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FIG. 2. (a) Micrograph showing packed microspheres and integrated fiber optic cables. (b) Silver nanoparticles (AgNPs)
are trapped in the silica microsphere matrix. (c) Excitation and collection is performed by integrated fiber optic cables. (d)
Experimental setup: the sample is loaded with a syringe pump. The fiber optic cables are connected to a diode laser and a
Raman spectrometer.
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(Fig. 2(d)). Different angles between the two fiber optic cables (from 0° to 180°) were investi-
gated using various device designs to optimize the collection of Raman photons; 90° proved to
be the most efficient angle, which is in agreement with a previous report by Ashok er al.** As
illustrated in Fig. 2(d), excitation and collection fiber optics were connected, respectively, to the
785nm diode laser and the Raman spectrometer (iIHR550 Horiba JY). A band pass filter and a
high pass filter (Omega Optical, Brattleboro, VT) used to reduce the optical background were
located at the excitation and collection, respectively. For each experiment, the aggregated silver
nanoparticles were mixed with selected concentrations of R6G for 15 min. The solution was then
introduced into the channel at a flow rate of 2 ul/min for 2 min (consuming 4 ul) using a digital
syringe pump (Fischer Scientific, Inc.). R6G concentrations of 100 pM, 1nM, 10nM, and
100nM were each tested on three devices. A 1-s exposure time was used for 10nM and 100nM
R6G. For the two lower concentrations, a 5-s exposure time was used. In all cases, the software
automatically translated the measured optical intensity to counts/second. SERS measurements
were also performed in the microsystem using the organophosphate malathion. Malathion was
diluted in silver colloid solution down to 12 ppb and introduced into the channel at a flow rate
of 2 ul/min for 5min. A 5-s exposure time was used to collect Raman scattered photons.

lll. RESULTS AND DISCUSSION

A micrograph of the trapped microspheres within the microfluidic channel is shown in
Fig. 2(a). The packed porous silica microspheres act as a three-dimensional nanoporous matrix
to concentrate silver nanoparticles and adsorbed analyte molecules. Figure 2(b) shows the silica
matrix after loading silver nanoparticles into the channel; the darkened region is the trapped
nanoparticles. Scattered light from the microsphere matrix due to the excitation light from the
fiber optic cable is shown in Fig. 2(c).

An SEM of the silica microsphere matrix inside the channel is presented in Fig. 3. As
shown in the micrograph, silver nanoclusters are coating the surface of the silica beads with rel-
atively high density. The clusters range in size from a few nanoparticles to a few tens of nano-
particles or on the order of 100 nm—1 um. It is clear from this image that a relatively large num-
ber of SERS-active hot spots exist within the detection region as compared to the case of an
open-channel system (i.e., Fig. 1(c) versus Fig. 1(a)).

To illustrate the capability of the device to effectively concentrate silver nanoparticles and
adsorbed analyte, we recorded the Raman spectra at 20-s time intervals while loading the sample
(Fig. 4). The well known Raman peaks of R6G at 1310, 1363, and 1509 cm ™' are visible after
only a few seconds of loading; within 2 min, the R6G spectral bands increase dramatically.

After 2min of sample loading time, the signal exhibits saturation; even after 15min of
sample loading, the signal did not increase further. Thus, 2min was determined to be the

20. Olu nlw

FIG. 3. SEM micrograph of the silica microspheres packed into the microfluidic channel after running silver nanoclusters
through the channel. The bright spots on the silica spheres are silver nanoclusters that became trapped in the matrix.
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FIG. 4. Time-dependent accumulation of SERS signal as silver nanoparticles with adsorbed R6G are trapped and concen-
trated within the nanofluidic matrix. R6G concentration in colloid = 100nM. Spectra are shifted vertically for visual
clarity.

optimal sample loading time for the parameters used here. In all subsequent experiments with
R6G, the sample is loaded for 2 min before the measurements are taken.

Intuitively, the trapping of silver nanoparticles with adsorbed R6G molecules provides a per-
formance improvement as compared to an open microfluidic channel because of the increase in
the number of analyte molecules in SERS-active hot spots within the detection volume. To quan-
tify the performance increase as compared to open-channel microfluidic SERS, the respective
spectra of 100nM R6G in silver colloid were measured in an open microfluidic channel and in
the packed-microsphere matrix. In both cases, the sample was loaded for 2min at 2 ul/min. As
shown in Fig. 5, the signal is more than 250 times stronger when using the packed microsphere
matrix due to accumulation of analyte molecules and the additional formation of hot spots.

To determine the detection limit, the chip-to-chip repeatability, and the quantitative capabil-
ities of the SERS device, we loaded various concentrations of R6G (100 pM—100nM) in silver
colloid into packed-microsphere matrices for 2min. Each concentration test was performed on
three separate chips. Figure 6 displays the mean intensity and standard deviation of the
1509 cm™' Raman peak for each concentration of R6G. The Raman intensity is linearly propor-
tional to the R6G concentration as depicted in Fig. 6(a). The linear trend and the low standard
deviation demonstrate that this optofluidic SERS device is repeatable and can be utilized for
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FIG. 5. Within the nanoporous matrix, the SERS signal is greater than 250 times more intense as compared to the open
channel. R6G concentration in colloid = 100 nM.



014105-7 Nanofluidic SERS Biomicrofluidics 6, 014105 (2012)

20
(a) o | T
10000 | 16 3
= ©
2 s 2 = E 2 -
S 1000} Lo £
2 = S
2 10 . 3 2% ] 8
€ 1 15 N
3 3 40
O ol ® 3
Ok
01 1 10 100 1250 1300 1350 1400 14'50115'00 1550
R6G concentration (nM) Wavenumber(cm )

FIG. 6. (a) Mean intensity of the 1509 cm™' Raman peak for various R6G concentrations. Error bars represent standard
deviation, N =3. (b) Measured SERS signal after 4 ul of 100 pM R6G (400 attomoles) is loaded into the microchannel.

quantitative detection of analytes. The high chip-to-chip repeatability is likely a result of the use
of integrated multimode fiber optic cables. A high number of silver nanoclusters are concentrated
into the relatively large detection volume defined by the fiber optic cables, which reduces the
statistical variation that is common for SERS techniques that use a small detection area or vol-
ume. Furthermore, the integrated fiber optic cables ensure that the detection volume is exactly
the same from chip to chip and measurement to measurement; this may not be the case for
measurements with typical Raman microscopes, which require manual focusing and alignment.

The recorded Raman spectrum for a concentration of 100 pM R6G is presented in
Fig. 6(b). The sample was loaded at 2 ul/min for 2 min, which implies that only 400 attomoles
of R6G molecules were loaded into the device. Nonetheless, the 1310, 1363, and 1509 cm !
Raman peaks are clearly visible in the recorded spectra. Thus, we can conclude that the use of
the nanoporous channel results in a detection limit of 400 attomoles of R6G in silver colloid
solution.

Although R6G is a common model analyte for characterizing the performance of SERS an-
alytical devices, it may not be representative of typical analytes that must be detected in practi-
cal measurements. R6G is positively charged in water, causing it to readily adsorb to negatively
charged silver nanostructures; additionally, it has a large Raman scattering cross section. To
demonstrate the use of the nanofluidic device studied in this work for practical samples, we
detected the pesticide malathion in water. Malathion is a widely used organophosphate insecti-
cide that can contaminate waterways after application in agricultural areas.

Figure 7 presents the malathion detection results in the microsystem. For an open micro-
fluidic channel, we had to exceed the solubility of malathion in water (145 ppm) before we
could detect a SERS signal (i.e., no signal was detected for less than 145 ppm). This is a drastic
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FIG. 7. Recorded SERS spectra for greater than 145 ppm malathion in water (the solubility limit) in an open microfluidic
channel and for 12 ppb malathion in water in the 3D nanofluidic channel. Arrows indicate the Raman peaks for malathion.
The background signal is also shown to enable the clear identification of the malathion Raman peaks.
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reduction in performance as compared to the result for R6G in an open microfluidic channel
(Fig. 5), in which less than 100nM (47 ppb) can be detected. This difference in detection per-
formance is due to malathion’s lower affinity for the silver nanocluster surfaces and its
decreased Raman cross-section.

However, our nanofluidic device recorded a SERS signal with only 12 ppb malathion in
water after loading only 10 ul of sample. The SERS signal for 12 ppb malathion in the nanoflui-
dic channel is similar in intensity to the signal for greater than 145 ppm in the open microflui-
dic channel. This result demonstrates that the nanofluidic SERS microsystem enables detection
of the popular insecticide malathion, which is not detectable under practical conditions in a tra-
ditional microfluidic SERS device.

IV. CONCLUSION

Collectively, the results presented here demonstrate that our easily fabricated optofluidic
SERS device has a significantly improved performance as compared to conventional microflui-
dic SERS approaches. The nanoporous matrix provides greater than two orders of magnitude
signal enhancement due to sample concentration after only a few minutes of loading. This ena-
bles a detection limit of 100 pM R6G, even with only 4 ul of sample volume (i.e., 400 atto-
moles of analyte loaded into the microchannel). Furthermore, the device shows high linearity
over a wide range of sample concentrations, and the measured results are highly repeatable
from chip-to-chip. In addition, the three-dimensional nanoporous matrix exhibits stable fluidic
transport; it was observed that the silver colloid solution could be loaded through the matrix of
silica microspheres for hours without clogging, which shows its capability to be used in assays
requiring long reaction times. Finally, the use of a laser diode and alignment-free integrated
fiber optic cables implies the potential for the device to be used in portable applications in the
field. To illustrate one possible application for field-based SERS analysis in our microsystem,
we detected the popular organophosphate insecticide malathion in water down to a concentra-
tion of 12 ppb.

There are a number of opportunities for improvement of our optofluidic SERS device that
can be pursued in the immediate future. First, the simple fabrication and the reliable, clog-free
performance of the nanofluidic matrix implies that it can be integrated with other microfluidic
functions such as on-chip mixing and on-chip silver nanoparticle synthesis as a part of a lab-on-
a-chip to improve sensitivity and automation. Second, the potential exists to combine the
enhancement of the nanofluidic trapping with optical resonance, which can increase the optical
intensity. In this work, commercially available porous silica microspheres were used. Instead,
solid silica spheres of similar size (15 um) can be fabricated and used as the trapping matrix;
these spheres may exhibit resonant whispering gallery modes, which would result in high optical
intensities at the microsphere surfaces where the nanoparticle-analyte conjugates are trapped.
These improvements, coupled with commercially available higher-power laser sources, offer the
potential to drive the detection limit of our optofluidic device into the zeptomole range.
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