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ABSTRACT: The development of ultrafast Raman-based de- SERRG
tection is one of the most interesting challenges underpinning Intensity L’ I—l I—I |
8 g -1 3 {1170cm* )
the application of droplet-based microfluidics. Herein, we e
describe the use of surface-enhanced resonance Raman spec-

troscopy (SERRS) with submillisecond time resolution as a m‘ H w H “I

powerful detection tool in microdroplet reactors. Individual
droplets containing silver nanoparticle aggregates functionalized with Raman reporters are interrogated and characterized by full
spectra acquisitions with high spatial resolution in real time. Whereas previous works coupling SERRS with droplet-based
microfluidics acquire a single spectrum over single or multiple droplets, we build upon these results by increasing our temporal
resolution by 2 orders of magnitude. This allows us to interrogate multiple points within one individual droplet. The SERRS signals
emitted from the aggregates are utilized to access the influence of flow rate on droplet size and throughput. Accordingly, our
approach allows for high-throughput analysis that facilitates the study of other biological assays or molecular interactions.

In the last 2 decades a range of microfabricated systems have protocols are significant. Indeed, the ability to probe each and
been developed to perform ultrafast measurements on small every droplet in real time and with sufficient sensitivity is
sample volumes.! ¢ Compared to macroscale instrumentation, essential to extract and utilize the huge amounts of information
miniaturization of such systems creates significant advantages in produced from droplet-based microfluidic systems.* Accord-
terms of speed, throughput, yield, selectivity, and control. ingly, the exploitation of such platforms in high-throughput
Notably, all these benefits are directly facilitated by improved experimentation is normally limited by the available detection
heat and mass transfer associated with system downscaling. method. To date, a number of studies have reported the use of a
Recently, the manipulation of multiphase (or segmented) flow variety of detection techniques for characterizing individual or
within microfluidic channels has attracted much attention, and multiple droplets. These include time-integrated and time-re-
indeed, such systems have been used to define new platforms for solved fluorescence spectroscopy, Raman spectroscopy, and
high-throughput experimentation.7712 In simple terms, segmen- electrochemical detection.”> ***'"** The use of optical meth-
ted flow technology involves the compartmentalization of re- ods is well-suited for monitoring segmented flow, where droplets
agents of interest within submicroliter-sized droplets that reside move with high linear velocities. Indeed, a fluorescence micro-
within a continuous and immiscible fluid. Each droplet can be scope equipped with a sensitive CCD camera is most commonly
thought of as a test tube with a volume that can range from a few used for image capture in droplet-based experiments. Unfortu-
femtoliters to many nanoliters. Importantly, individual droplets nately, conventional CCD cameras are not fast enough to
can be produced at kilohertz frequencies and can be manipulated sensitively interrogate each droplet at high droplet generation
in a controlled manner by functional operations, such as droplet rates. Moreover, high-speed cameras are expensive and lack
fission, fusion, sorting, and storage.”””'* Although the develop- sensitivity when compared to more conventional photomuliti-
ment of droplet-based microfluidic systems is still in its infancy, plier tubes (PMTs) and avalanche photodiode detectors
the technology has been exploited in a diverse range of applica- (APDs). Recently, confocal fluorescence spectroscopy has been
tions, including experimental biology'*™*” and nanomaterial demonstrated to be able to accurately and precisely quantify
synthesis.”® >° In theory, droplet-based microfluidic technolo- droplets and their contents in a high-throughput
gies allow complex analytical procedures to be performed on
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fashion.'?~**3373¢ Additionally, Forster resonance energy trans-
fer (FRET) has been used to analyze biological assays and
enzyme kinetics,’*”>> and fluorescence lifetime imaging
(FLIM) methods have been developed to analyze mixing pat-
terns within droplets.’>>* More recently, the reduction of laser-
illuminated probe volumes has been used to permit the counting
of single molecules in individual picoliter-sized droplets.*>*°
Unfortunately, all of the above rely on the presence of extrinsic
or intrinsic fluorophores to report on analyte concentration or
environment. Such a situation becomes problematic when
performing multiplexed assays since multiple excitation sources
and detectors are required. Additionally, fluorescence emission
spectra are typically broad in the condensed phase and lack the
ability to provide detailed structural information. In the light of
these constraints, Raman spectroscopy offers several advanta-
geous features for use in droplet-based microfluidics. On the
basis of the inelastic scattering of light, Raman spectroscopy
allows for the generation of highly resolved spectral fingerprints
unique to the analyte under investigation. This creates the
opportunity to distinguish between multiple analytes in complex
samples with reduced instrumentation requirements (i.e., a single
excitation source and a single detector are sufficient for multi-
plexed analysis). The extremely small cross sections associated
with the Raman scattering process limit its use as an ultrasensitive
detection technique under normal conditions. However, the
more recent development of surface-enhanced Raman spectros-
copy (SERS) has cross sections approximately 8 orders of
magnitude greater than ordinary Raman scattering. Primarily
caused by the augmentation of the electric field incident on
the molecule generated by the excitation of localized surface
plasmons in the metallic nanostructure geometry, the SERS
intensities can be comparable with that of fluorescence. This
sensitivity can further be increased by choosing the excitation
frequency to match that of the electronic transition of the
analyte, creating further resonance enhancement, referred to as
surface-enhanced resonance Raman spectroscopy (SERRS).
Nonetheless, its application in quantitative analysis is hampered
by irreproducibility in signal enhancement due to a lack of
control over factors such as the inhomogeneous distribution of
molecules on metallic surfaces and the occurrence of nanopar-
ticle aggregation (which results in inconsistent enhancements
across the probed surface).

The integration of SERS detection with microfluidic analysis
systems has recently been employed to alleviate adhesion of
colloid/analyte conjugates on wall surfaces.”” ** For example,
Wang et al. have shown that such a system yields reproducible
and quantitative results in terms of the detection of mercury(II)
ions in water.”?’ Strehle et al. have shown highly reproducible
SERS experiments in a liquid/liquid se%mented flow system
using crystal violet as a model compound.” However, in order to
reduce limits of detection, such Raman and SERS measurements
are typically recorded using extended acquisition times greater
than or equal to 1 second. This limits application in droplet-based
microfluidics, where distinct droplets are generated at kilohertz
frequencies and move with high linear velocities. Accordingly,
the development of ultrafast Raman-based detection is one
of the most interesting challenges associated with droplet-
based microfluidics. To this end, we report the use of surface-
enhanced resonance Raman spectroscopy (with submillisecond
time resolution) as a powerful detection tool in droplet-based
microfluidics.
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Figure 1. (a) An image of droplet generation within the microfluidic
device and (b) a schematic of a home-built Raman spectrometer used for
droplet interrogation.

B EXPERIMENTAL SECTION

Microfluidic devices were prepared by polydimethylsiloxane
(PDMS) molding from SU-8 masters. Access holes were punched
into the PDMS channel ends with syringe needles. The PDMS
slab was then bonded to a 160-¢m microscope coverslip to allow
efficient optical interrogation. The device layout consists of two
inlets, a 50-um-wide and 50-um-deep channel and an outlet
(Figure 1a). We use a T-junction geometry to generate aqueous
droplets in a carrier fluid, a 10:1 (v/v) mixture of 3 M fluori-
nated FC-3283/EGC-1700 and 1H,1H,2H,2H-perfluorooctanol
(PFO) for droplet experiments. To create the SERS substrates,
silver nanoparticles were synthesized by reducing silver nitrate
using hydroxoylamine hydrochloride at room temperature.** The
average size of the produced silver nanoparticles was 35 &= 5 nm,
as measured by transmission electron microscopy (see Figure S1
in the Supporting Information). To increase the number of hot
spots contained on the silver nanoparticles, NaCl was used to
decrease the electrostatic repulsion between nanoparticles pro-
moting aggregation. Moreover, Malachite Green (MG) was used
as the Raman reporter due to the additional resonance enhance-
ment created by the dyes’ strong optical absorption near the
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Figure 2. (Top) An example image of droplets generated using the
microfluidic system. The channel width is SO #m. (Bottom) Raman
spectra of the continuous oil phase (I), 75 ppb MG in Ag nanocolloids
within a segmented flow (II), and 75 ppb MG in Ag nanocolloids in bulk
solution (Bulk). An exposure time of 10 us was used in all cases.

excitation frequency. A mixture of silver colloids, NaCl, and MG
was injected through the aqueous inlet using a precision syringe
pump (PHD 2000, Harvard Apparatus). Volumetric flow rates of
oil and aqueous channels were varied from 4 to 10 #L/min to

control both droplet size and frequency.
SERRS measurements were performed using a home-built Raman

microscope consisting of an inverted microscope (IX71, Olympus)
equipped with a 100 air objective with a numerical aperture of 0.9
(MPLFLN100x, Olympus). The monochromatic light source used
in all experiments was a HeNe laser (HRP170, Thorlabs), which
emitted linearly polarized light at 632.8 nm. The laser power
measured at the sample was 8.5 mW. Entrance optics consists of
two bandpass filters (LLO1-633-12.5, Semrock) to prevent stray light
from entering the system and a dichroic mirror (LDP01-633RU-
25 X 36 X 2.0, Semrock) to redirect the excitation path into the
microscope objective. The Raman scattered light is collected through
the same objective and sent through a long-pass filter (LP02-633RU-
25, Semrock) to remove the anti-Stokes and Rayleigh scattered
light. Finally, a lens focuses the scattered light into the entrance slit of a
Czermny—Turner spectrograph (Shramrock-303i, Andor), which
routes radiation onto an Electron Multiplying CCD (Newton
DU970N-BV, Andor). A custom algorithm developed in MatLab
(Mathwork, Cambridge, UK) was used to correct for background in
each individual acquisition frame. This algorithm is also used to
identify peaks of interest and discriminate between background and
droplet signatures. This allows extraction of droplet-generation
frequencies, time-differences between droplets, and size distributions.

B RESULTS AND DISCUSSION

MG is a C, symmetric triphenylmethane (TPM) dye that exhibits
fast nonradiative relaxation after photoexcitation.**** In the current

Table 1. Refractive Indices of Fluids and Materials Used in
This Study

oil phase” Ag NP soln MG Ag NP soln + MG PDMS

1.281 1.331 1.332 1.3315 147
“ A mixture of FC3283/EGC-1700 and PFO.

study, the clustering and aggregation of nanoparticles take place in an
aqueous solution upon addition of MG. Subsequently, this mixture
was injected into the microfluidic device to verify ultrarapid SERRS
detection of individual droplets. Figure 2 shows SERRS spectra of
75 ppb MG adsorbed onto silver nanoparticles between 350 and
1850 cm ™! (without background subtraction). The prominent band
at 1616 cm™ " originates from in-plane C—C (in-phase) stretching
vibrations located within the three phenyl rings.** The normal
coordinate is symmetric, and thus, the associated Raman cross-
section is high. Peaks at 1170 and 1368 cm ™" are associated with in-
plane ring C—H bending and N—phenyl stretching vibrations,
respectively.* The peak at 1398 cm ™' originates due to an overlap
of the in-plane phenyl C—C and N—phenyl stretching vibrations,
and the peak at 437 cm ™' is due to Ph—C*—Ph out-of-plane
bending vibrations.*® Smaller intensity peaks observed at 531, 578,
916, and 985 cm ™! are assigned to the ring skeletal vibrations of
radical orientations.*® It should be noted that these molecular
fingerprints are highly valuable in identifying the interrogated mole-
cules in a label-free manner.

Spectrum I in Figure 2 was measured from the oil phase and
exhibits no significant peaks, while spectrum II was obtained from the
aqueous droplets containing 75 ppb MG. Droplets were generated at
a volumetric flow rate of 1.5 uL/min (for both the aqueous and oil
phases). The total volumetric flow rate was kept at 3 #L/min and the
water fraction was 0.5. The water fraction (W) is defined as
Wt = E,/(F,, + F,), where F,, and F, are the aqueous- and oil-
phase flow rates, respectively. It should be noted that the PDMS
substrate will also exhibit a Raman spectrum, and thus, the excitation
beam was tightly focused within the microchannel using the high NA
100x objective. Any signal from the PDMS substrate can be
effectively removed though implementation of a confocal pinhole.
However, this was not necessary in the current experiments, since the
channel depth was significantly greater than the depth of focus of the
objective. We observed that the Raman peak intensities originating
from droplets were 78 & 3.5% of those from bulk samples using the
same acquisition parameters. This reduction can be attributed to
interference from surrounding fluids. Additionally, refraction of light
passing through liquid—solid or liquid—liquid interfaces or both will
cause the reduction of Raman intensity from the droplet. The
refractive indices of all materials used in this study are provided in
Table 1. The oil phase used in this study has the lowest refractive
index, and thus, if we adopt an oil phase having the same refractive
index as the aqueous phase (called refractive index matching oil) in
SERS-based droplet experiments, refraction issues can be minimized.
However, refractive index varies with temperature and wavelength of
light and the change in the oil phase also influences current droplet
generation conditions. Currently, we are exploring the scheme of
refractive index matching for droplet-based microfluidics.

To determine the influence of flow rate on microdroplet through-
put, average pulse widths and detection events per unit time were
analyzed. Figure 3 shows time traces of a sequence of droplets
containing 75 ppb MG for three different volumetric flow rates over a
2 s window. The total volumetric flow rate of the aqueous and oil
phases was varied to change both the droplet generation frequency
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Figure 3. Time traces of SERRS signals from 75 ppb MG over a time period of 2 s for total flow rates of (a) 4 #L/min, (b) 6 #L/min, and (c) 8 #L/min. Each
inset illustrates an expanded 1 s part of the main trace. Blue and red signals correspond to in-plane C—C stretching and C—H bending vibrations, respectively.

and droplet size, while the water fraction (W) was kept constant at
0.5. Good discrimination between the aqueous droplets and the
continuous oil phase is observed for all fluidic conditions. As
expected, the average pulse width corresponding to a single
microdroplet decreases with increasing flow rate. For the same
acquisition duration of 47.5 s, 632 microdroplets were detected
using a 4 #L/min flow rate and 1194 and 1557 microdroplets for
the 6 and 8 uL/min, respectively. Pulse widths under the total
flow rate of 4, 6, and 8 uL/min were 49.1 & 1.7,25.8 &= 0.62, and
204 £ 1.2 ms, respectively (see Figure S2 in the Supporting
Information). This indicates uniform droplet generation fre-
quency and monodisperse droplet size distribution. Importantly,
the ability to acquire full Raman spectra multiple times from a
single droplet has never been achieved elsewhere when compared
to previous droplet experiments with SERS detection.*” *
Notably, the recorded SERRS signal is highly uniform within
individual droplet and reproducible between experiments. The
uniformity of the droplet signature is highlighted in the expanded
segments shown in the insets of Figure 3. Blue (top) and red
(bottom) signals correspond to vibrations at 1170 cm ! (in-plane
ring C—H bending) and 1616 cm ! (in- plane C—C stretching),
respectively. This suggests significant potential for use in multiplexed
analyses or in reactions where the vibration frequency changes using
a single excitation source. Average signal intensities for identical
exposure times were also observed to be independent of total flow
rate. For example, average SERRS intensities for the 1616 cm ™' peak
are 2053, 1898, and 1807 counts with standard deviations of 54, 50,
and 48 counts for 4, 6, and 8 «L/min, respectively. It should be noted
that droplet generation frequencies and SERRS pulse widths mea-
sured by SERRS detection as discussed above were comparable with
those determined using a high-speed camera.

While previous works represent an ensemble of whole Raman
spectra that is blind to the occurrence of subpopulations in SERS
events, we performed multiple acquisitions within a single droplet

with submilisecond time resolution. Our rapid detection enabled us
to collect 52, 27, and 21 full spectrum frames for one individual
droplet under the total flow rate of 4, 6, and 8 #L/min, respectively.
The substantial amounts of SERRS data collected from the single
droplet were used to study the aggregation behavior of the nano-
particles at a high spatial resolution. As the SERRS intensity is
dependent on the aggregation arrangement, quality control of the
aggregation process is therefore critical to ensure reliable and
repeatable SERS responses. Recently, Goddard et al. showed the
correlation between SERRS intensities and background ﬂuctuatlons
by taking full spectra acquisitions of nanoparticles in flow.*” They
verified that the background fluctuations in relation to peak
intensity fluctuations are attributed to different nanoparticle aggre-
gate geometries.

In order to characterize the nanoparticle aggregates inside the
microdroplets, we evaluated how peak intensities correlated with
background fluctuations and how intensity changes at one peak
correlated with those at other peaks. Within just a single droplet, a
strong correlation between SERRS intensity and background
ﬂuctuatlons was noticed when comparing the intensity of the
1616 cm peak to that of the nearby background region at
1719 cm™ . This suggests that much of the fluctuations in the
SERRS intensity result from different nanoparticle aggregate
geometries within the droplet. This analysis was carried out, and
the correlated Raman intensities of all interrogated droplets under
the flow rate of 4 4L/min are shown in Figure 4a. Additional
background points also show the same correlation. This analysis
shows the strength of using microdroplets to analyze the SERRS
geometries. Although each droplet contained the same nanopar-
ticle aliquot in our case, loading the droplets with different samples
would create a high-throughput platform to investigate the effect
of different aggregation promoters and labeling concentrations on
the nanoparticle geometries. The repeatability in our results also
represents the accuracy of such platform. Moreover, to show the
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Figure 4. (a) SERRS intensities of the 1616 cm ™" vibrational band

plotted against the 1719 cm™ " background intensity under that total
flow rate of 4 uL/min. A strong correlation between background
intensity and peak intensity indicates the presence of different nano-
particle aggregate geometries within the microdroplets. (b) Intensities of
the 1616 cm ™" peak vs the 1170 cm ™ * peak under the total flow rate of 4
uL/min. A strong correlation between peak intensities indicates an equal
enhancement provided by the nanoparticle aggregate on the dye. Using
this methodology within a droplet creates a controllable, high-through-
put platform for Raman dye investigation.

potential for multiplexed analysis using a single excitation source
with microdroplets, the spectral variability of the 1170 cm ™' and
1616 cm ™" vibrational modes of MG was also analyzed. Figure 4b
illustrates a strong correlation in peak intensity of the two
vibrational modes when total flow rate is 4 uL/min (ie., the
strong correlation was also verified in the cases of 6 and 8 uL/ min).
This suggests a stable spectral response of MG among aggregates
and an equal enhancement of both vibrational bands. Additionally,
this analysis can be applied to other vibrational modes from the
full spectra acquisition. The strong intensity correlation between
the 1170 and 1616 cm ™' vibrational bands also holds true for
the other vibrational bands of MG (not shown), revealing the
benefits of acquiring full spectra acquisitions. Additionally,
variability between different dyes can also be studied by varying
the dye loaded into microdroplets.

Herein, our focus was to verify the efficient analysis of individual
picoliter-volume droplets in continuous flow using SERRS. The time
resolution for the current experiments is limited by the CCD detector.
We are able to successfully achieve submillisecond, full-spectrum

Raman analysis by cropping and binning the CCD sensor to reduce
the number of pixels required for readout. While spectral resolution
reduces as a function of pixel binning, spectral resolution is maintained
by limiting the number of binned pixels. To account for the decreased
acquisition times demanded by rapid frame rates, electron multiplying
gain was used to decrease readout noise. In addition, statistical analysis
of the time traces can be performed in a direct manner. For example,
probability histograms of pulse width as a function of the oil flow rate
demonstrate excellent monodispersity in SERRS pulse widths
(Figure 3 and Supporting Information, Figure S2). This width
correlates with droplet size (assuming that the average droplet
velocity is constant) or droplet speed (assuming that the droplet size
is constant). Using full-spectra acquisitions with a high-throughput
platform also allows statistical analysis to be performed on the
acquired data from individual droplets.

Bl CONCLUSION

In conclusion, we have demonstrated a novel, high-through-
put, droplet-based SERRS detection platform. The approach
allows for online characterization and detection of droplets with
submillisecond time resolution. Individual droplets generated
within a segmented flow can be monitored and characterized (in
terms of their vibrational fingerprint) in real time. This general
approach to high-throughput, label-free droplet analysis is ex-
pected to be readily extended to the study of other biological
assays or molecular interactions. Since small-volume droplets of
varying composition can be generated in a rapid fashion, studies
of biological interactions within droplets at low analytical con-
centrations are an appealing possibility and pave the way for a
new generation of droplet-based microfluidic system.

In practice, droplet-based microfluidic systems facilitate uniform
and controlled mixing of reagents within the microfluidic network.
When performing synthetic processes in current droplet-based
formats, reagents are injected together in a confluent stream just
prior to droplet generation with the reaction occurring at later times.
Interestingly, when such designs are used, contact between the
nanocolloid and analyte streams before droplet generation causes
the aggregation of nanoparticles at the interface due to diffusive
mixing (see Figure S3 in the Supporting Information). Thus, we
expect that this can be resolved by pairing of individual droplets,
such as nanocolloids and analytes, and subsequent fusion/mixing in
a microfluidic network.** Moreover, we are also currently exploiting
our approach in multiplexed detection, with these studies forming
the basis of a future publication.

B ASSOCIATED CONTENT

© Supporting Information. Figures S1—S3, as discussed in
the text. This material is available free of charge via the Internet at
http://pubs.acs.org.
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