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ABSTRACT :

ERSis a powerful method for amplifying molecular Raman scattering cross-sections based on adsorption to

metal nanostructures. Typical enhancement factors range from 106 to 109, reaching the ~1010 “‘single

molecule level” in special cases. SERS therefore has great potential in analytical chemistry and bio/chemo
sensor development, in particular when applied to vibrational “fingerprint” spectra of organic molecules. The
SERS phenomenon originates in electromagnetic field-enhancement effects associated to density oscillations of
the metal charge carriers, so-called localized surface plasmon resonances (LSPR’s). Silver and gold are the most
suitable enhancing metals, due to their favourable plasmonic response in the visible wavelength range, but there
are many degrees-of-freedom available in the actual design of a SERS substrate. Amultitude of Ag and Au SERS
substrates has therefore been described in the literature. Particularly large field-enhancement is achieved in
systems of nearly touching particles, such as aggregated or close-packed colloids. However, from an application
point of view, both surface supported nanostructures and colloidal solutions suffer drawbacks, i.e. the difficulty of
cleaning the nanostructures for re-use and the difficulty of avoiding uncontrolled aggregation of colloids,
respectively. Microfluidic-SERS has solved the former problem to a great extent. However, most studies have
relied on salt/analyte-driven aggregation of colloids, which isin general notoriously difficult to control.
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INTRODUCTION

In this communication, we report on SERS measurements of Ag colloids in a microfluidic circuit operated
as a lab-on-a-chip device, where aggregation is achieved through optical forces generated by laser tweezers
integrated into the Raman spectroscopy set-up. Laser tweezers are capable of trapping metal nanoparticles
through field gradient forces directed towards the beam-waist of a tightly focused laser beam, where additional
scattering and absorption forces tend to push the particles along the optical axis. In addition to these single
particle forces, the laser field generates attractive inter-particle optical forces that result in colloidal aggregation.
The application of the laser tweezers to a stream of metal colloids thus results in an accumulation and
subsequent aggregation of nanoparticles at the laser tweezers focus. If the latter is positioned at the bottom of a
microfluidic channel, the net result is a minuscule, but highly SERS active, surface supported particle aggregate.
Moreover, the aggregate can in principle be controlled by applying appropriate laser tweezing power and
irradiation time. We believe that this approach towards achieving controlled aggregation of plasmonic particles
inmicrofluidic channels has great potential for the development of future lab-on-a-chip SERS sensors.
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DISCUSSION

Fig. 1 shows a schematic picture of the experimental setup. Optical aggregation was achieved using a
home-built laser tweezers setup integrated with a Renishaw 2000 Raman spectroscopy system. Raman
excitation is achieved using the 514.5 nmoutput of an Ar+ion laser (Spectra Physics 2060), which also pumps the
near-infrared (NIR) Ti:sapphire laser (Spectra Physics 3900S) used for laser tweezing. The NIR laser is tuned to
830 nm and delivers ~90mW at the sample, while the Raman excitation power is ~3.5 m\W. The two laser beams
are coupled into a Leica DMLM microscope and focused on the sample through the same 100 x objective lens
(N.A.=0.9). Anoilimmersion condenser (Nikon, N.A. = 1.2-1.4) isused for dark field (DF) imaging.

Ag colloids, with an average particle diameter of ~40 nm and a concentration of ~0.5 nM, were prepared
according to the standard Lee and Meisel protocol.15 Thiophenol (TP) and 2-naphthalenethiol (2-NT) were used
as SERS analytesataconcentration of ~50 uM.
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Fig. 1 Schematic of the experimental setup. Right inset: schematic of the microfluidic channel.
Abbreviations: F for filter, BE for beam expander, DBS for dichroic beam splitter, and NF for notch filter.

The microfluidic channels were fabricated by photolithography in polydimethylsiloxane (PDMS) and
attached onacleanglassslide. The rightinsetin Fig. 1 shows a schematic of a microfluidic sample. The height and
width of the channel are 25 mm and 500 mm, respectively, and the length is ~4 cm. The thickness of the PDMS
layer is ~130 mm and that of the bottom glass slide is 150 mm. A T-connector is used at the inlet side, so that the
Ag colloid and analytes are injected separately and mix at the T-cross, where incubation begins. In a second
configuration, with a Y-shaped microfluidic channel, the parameters are the same except that the widths of both
input channels are 300 mm. All the tubings are made of Teflon and have 0.3 mm inner diameter. A pump (Harvard
PHD 2000 Infusion) is used to drive the syringes.

Fig. 2(a) shows a 20xDF image of a microfluidic channel captured with the pump turned off. Isolated
diffusing Ag nanoparticles are visible as tiny whitish speckles. Fig. 2(b) shows images captured with a
100xobjective during a trapping experiment with the 830 nm laser. The flow rate is here set to 1.0 pl/min, which
corresponds to an approximate particle flow speed of ~1.3 mm/s. This is too fast for the camera to be able to
capture single flowing particles, which instead gives rise to a uniform greyish image background. The red circle
highlights the focus position of the trapping laser. No immobilized particles are visible at the onset of the
experiment (upper image), but an aggregate is clearly formed as time goes by. Fig. 2(c) shows examples of the
temporal development of the SERS signal during this kind of experiment for the two test molecules. The SERS
signal grows continuously, approaching a steady state, as more and more nanoparticles become trapped and
subsequently aggregate on the surface. If the trapping laser is blocked, the SERS intensity gradually decreases, as
particles begin to flow away from the aggregate (not shown). However, a small aggregate usually remains stuck
on the substrate even in the absence of a trapping force. Examples of such residual aggregates are visible in Fig.
2(b). Their small size and miniscule area coverage imply that the same microfluidic channel can be used for avery
large number of independent measurements, if the focus pointis simply shifted laterally by a few microns in each
SERS experiments. We should also note that the temporal development is ameasure of the optical aggregation
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process rather than of molecular adsorption kinetics, since the Ag colloid and the TP/2-NT analyte mix already at
the T-connector. This is illustrated in Fig. 2(d), which shows that the higher the flow rate, the longer it takes
before the first SERS spectrum appears above the noise level. The reason is simply that the particles are less likely
to become trapped if their velocity is high. This type of data could in principle be used to measure the depth of
the optical potential well.

One of the advantages of the integrated system as a SERS sensor is the ease of switching between
different analytes for multipurpose assays. To demonstrate this, we show in Fig. 3 an experiment in which small
TP and 2-NT solution volumes, separated by air gaps, were introduced into one of the input tubes of the T-
connector sequentially. When the pump is turned on, the Ag nanoparticles are thus incubated alternatively with
TP and 2-NT beyond the T-connector. As shown in Fig. 3(b), alternate SERS spectra of TP and 2-NT were obtained
from the optically aggregated Ag nanoparticles in the microfluidic channel. The small peaks at 1380 and 1625
cm'in the SERS spectra of TP are fromresidual 2-NT that has presumably physisorbed on the walls of the channel
and then desorbed as the TP solution flows by.
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Fig. 2 Dark field (DF) images and time series SERS spectra during an optical trapping process in the
microfluidic channel. (a) DF image of Ag hanoparticles with pump off (objective: 20x). (b) DF images of
trapped Ag nanoparticles with a 100x objective (N.A. = 0.9) at a flow rate of 1.0 pl/min. (c) Time series
SERS spectra of TP and 2-NT on trapped Ag nanoparticles with 1 s integration time and 10 s interval. (d)

Time of the appearance of the first SERS spectra at different flow rates (four measurements at each flow
rate).

SERS sensing through optical aggregation was also achieved in a Y-shaped microfluidic channel, see Fig.
4.The principal difference compared to the earlier scheme is that the colloid and analyte streams, which meet at
the Y-conjunction, have much less time to mix. Incubation is further reduced through the laminar (parallel) flow
within the measurement channel, which only allows mixing through diffusion. For SERS to be possible, optical
aggregation therefore needs to be achieved close to the interface between the two streams. That this is possible
isillustrated in Fig. 4(c), which shows a TP SERS spectral series obtained with the NIR laser focused directly at the
interface. However, the time before the first SERS spectrum appears is much longer than that in the T-connector
experiments, and the SERS intensity increases much slower with time. This is partly due to the reduced
concentration of Ag colloid and TP at the interface, compared to that in the centre of the streams, but the main
reason is probably the reduced incubation time. Although the spectral quality obtained in the Y-channel
experiments is clearly inferior to what could be achieved in the T-connector scheme, the results points to the
interesting possibility of quantifying molecular adsorption kinetics using SERS measurements. Similar to what
has been recently reported in single cell studies, this should be possible if single nanoparticles or small clusters
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could be trapped in three dimensions (3D) and then quickly moved into the analyte stream for SERS readout.

Fig. 3 Consecutive detection of two different thiol molecules. (a) Scheme of the configuration. (b) Time
series of SERS spectra from 2-NT and TP sequentially recorded as Ag nanoparticles, incubated with
corresponding thiols, flow into the microfluidic channel and become optically aggregated. The flow rate was 1.0
pl/minand the integration time was 3s.
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Fig. 4 SERS measurements using a Y-shaped channel. (a) DF image of the Y-shaped channel with Ag colloid
(left) and TP solution (right). (b) DF image of trapped Ag nanoparticles at the interface. Flow rate: 1.0
pl/min. (c) SERS spectral series of TP measured from the trapped Ag nanoparticles in panel (b). The
integration time was 3 s. Inset, scheme of the profile.

CONCLUSION

In summary, we successfully integrated SERS spectroscopy, laser tweezing and microfluidics. Ag colloid
and analytes were injected separately and mixed in a T-connector or met at the conjunction of aY-shaped
channel. A focused NIR laser beam trapped and optically aggregated Ag nanoparticles from the flow at the
bottom of the channel, thus forming an efficient SERS substrate, while a separate green laser beam was used for
Raman excitation. Consecutive detection of two different analytes, TP and 2-NT, alternately filling the input
tubing, was achieved. This demonstrates the ease of switching between different analytes for multipurpose
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assays. Although a number of improvements to the described schemes are possible, such as surface
functionalization of the channels to decrease analyte adsorption, surface functionalization of Ag particles to
facilitate non-thiol species adhesion, higher NIR power and/or better optics to enable 3D-trapping and obstacles
in the channels to break the laminar flow and improve mixing, we consider the results promising for further
development of lab-on-a-chip based SERS sensors.
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