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A major challenge in cancer treatment is the quantification of biomarkers associated with a specific cancer type. Important
biomarkers are the circulating tumor cells (CTCs) detached from the main cancer and circulating in the blood. CTCs are very
rare and their identification is still an issue. Although CTCs quantification can be estimated by using fluorescent markers, all the
fluorescence techniques are strongly limited by the number of emissions (therefore markers) that can be discriminated with one
exciting line, by their bleaching characteristics, and by the intrinsic autofluorescence of biological samples. An emerging technique
that can overcome these limitations is Surface Enhanced Raman Scattering (SERS). Signals of vibrational origin with intensity
similar to those of fluorescence, but narrower bandwidths, can be easily discriminated even by exciting with a single laser line. We
recently showed the benefit of this method with cells fixed on a surface. However, this approach is too demanding to be applied in
clinical routine. To effectively increase the throughput of the SERS analysis,microfluidics represents a promising tool.We report two
different hydrodynamic strategies, based on device geometry and liquids viscosity, to successfully combine a microfluidic design
with SERS.

1. Introduction

One of the most common techniques to characterize cells
is cytofluorometry, which, in a continuous flow, allows
detecting cells labeled with specific fluorescent probes. Up
to thousands of cells per second can be processed. How-
ever, despite its rapidity, this technique is still limited to
few detection channels because of the characteristic large
bandwidths of fluorescence emissions and the use of dif-
ferent exciting lines for different fluorescent probes. In this
scenario, Surface Enhanced Raman Scattering (SERS) [1]
is a promising alternative because it shows intense signals,
similar to those of fluorescence, but also very sharp bands,
being of vibrational origin. This characteristic allows an easy
multiplexing approach with many detected signals excited
with only one laser line [1]. Furthermore, bleaching, which
is a problem for fluorescence, is not present for SERS, and
autofluorescence of biological samples does not disturb SERS

signals. The enhancement of Raman scattering derives from
the amplification of the local electromagnetic fields on the
surface of plasmonic nanostructures. Optimized gold nanos-
tructures, functionalized for cell targeting, were found to
be good plasmonic nanostructures, useful to detect different
populations of cancer cells [2, 3]. However, cells were fixed
on a surface and analyzed one by one under a micro-Raman
microscope, limiting the time analysis and, accordingly, the
throughput of the system.

Microfluidics, which consists in the manipulation of
liquids inside microchannels [4], due also to the simplicity
of the typical microfabrication strategies [5–7], represents a
promising platform to overcome this limitation, especially
related to chemical [8, 9] and biomedical applications [10,
11]. As a matter of fact, during the past years, microfluidics
showed capabilities in performing several biomedical appli-
cations regarding nucleic acid [12–15], immunoassays [16–19],
and cell manipulations [20, 21].
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Examples of microfluidic devices coupled with Raman
spectroscopy have been successfully used for sample precon-
centration or storing cells during the spectroscopic analysis
[22–24].

For example, dielectrophoresis (DIE) is largely used for
manipulating particles in microfluidic devices [25, 26] and,
more recently, this approach has been recently combinedwith
SERS analysis [27], for detection of specific biomarkers [28]
and cells [29]. However, although DIE offers the advantage
of precisely positioning cells or particles in the channel, it
requires devices with integrated electrodes showing specific
geometry, increasing the complexity and the cost of the
microfabrication processes, and preventing the production
of disposable device [30]. A passive approach that requires
simpler fabrication protocols is represented by the use of a
flow-focusing geometry to align cells (or particles) in a single
line and force them to pass under the Raman laser spots,
similarly to what is shown with UV-visible spectroscopy in
flow [31].However, only onework has been presented so far to
push forward the flow-focusing geometry, with SERS analysis
[32]. In fact, while this device allowed acquiring continuously
the signal from flowing cells, it presents twomain drawbacks:
first, the usability of this procedure is severely limited by
the acquisition time of SERS spectrometers (given by the
CCD exposure and shutter). In addition, even with fast
spectrometers (100-150ms of acquisition time), it is necessary
to design themicrofluidic devices to reduce the velocity of the
carrying flow. Since this achievement is commonly obtained
by reenlarging the carrying flow after single file confinement
[33], it has been demonstrated that beads flowing in a
microfluidic device can be laterally displaced according to
their size and stiffness [34, 35]. This may introduce some
uncontrolled deviation from the laser spot, an issue when
dealing with clinical analysis.

Given that the fluidic manipulation of cells (or beads) at
slow speed in amicrofluidic device is highly demanding since
it requiresworking at very lowpressure (typically hundreds of
Pa), causing nonstable flows, a different approach can exploit
the viscosity 𝜇 of the carrier fluid solution.

Within this approach, it is possible to affect the hydraulic
resistance 𝑅ℎ of the microfluidic device and so the final flow
rate. As a matter of fact, in a microchannel, once fixed the
pressure drop Δ𝑃 at the channel ends, and the flow rate 𝜑 can
be calculated as [36]

𝜑 =
Δ𝑃

𝑅ℎ
(1)

𝑅ℎ for a microfluidic channel of length 𝐿 and radius 𝑟 can be
approximated as [37]

𝑅ℎ =
8𝜇𝐿

𝜋𝑟4
(2)

Therefore, with fixed geometry, an increase of 𝜇 leads to a
proportional increase of𝑅ℎ and thus a reduction of the global
flow rate in the device (see (1)).

We believe that both strategies for reducing the cells speed
are interesting and both show advantages and disadvantages:
(i) changing the geometry is very simple in the fabrication

step; however it leads to a nonperfect straight trajectory of
the cells; (ii) acting on the viscosity of the liquid could be not
always possible; however, it permits working with a narrowed
confined flow and thus a deterministic path of the cells. In
this paper, we will compare the two strategies, demonstrating
how even the latter one can be exploited to perform SERS
in a microfluidic device. We used, for proof-of-concept
experiments, biotinylated polystyrene beads (PS beads) as
cell model [38, 39]. SERS nanostructures produced with
gold nanoparticles, functionalized with an optimized SERS
reporter (NPCy(SH)2), were also functionalized with strep-
tavidin. The biotin presented on the PS beads and the strep-
tavidin on the gold nanostructures represent the antigen-
antibody pair, used for the identification of cancer cells.

First, we introduce the methods for the fabrication of
the microfluidic devices, the production of the SERS active
nanostructures, and the experimental setup. Then, we report
the numerical and experimental results for the fluidic charac-
terization and we demonstrate the possibility of performing
SERS analysis of beads flowing in the microfluidic device.
Finally, we conclude comparing the two fluidic strategies and
the results.

2. Materials and Methods

2.1. Microfluidic Device Fabrication and LiquidHandling. The
microfluidic device was produced by conventional replica
molding [5, 40] with polydimethylsiloxane (or PDMS, Syl-
gard 184, by Dow Corning) of a mold prepared by pho-
tolithography with SU-8 (by MicroChem). In detail, after
having produced the mold, the nonpolymerized PDMS was
poured on it and placed in an oven at 70∘C for 1h. After
that, the PDMS part was peeled off, punched for inlets, and
bonded to a glass slide by Oxygen Plasma treatment. Finally,
PTFE tubing having 0.3mm (0.6mm) inner (outer) diameter
(by Sigma Aldrich) were fixed by epoxy glue as shown in
Figure 1(a). The final design, described in Figure 1(b), shows
a flow-focusing junction aimed at creating a focused flow in
the center channel. The device presents two inlets’ channel:
one for the carrier liquid used to generate the confined flow
and the other for the liquids containing the functionalized
beads; both have the same cross section: 100𝜇m ×20𝜇m of
lateral and thickness dimensions, respectively.Then, after the
junction, the narrow channel opened in a larger chamber
(w=700𝜇m), aimed at reducing the flow rate and thus the
speed of the beads. However, as introduced before, the con-
fined stream flow in the chamber is larger than in the channel
(see Figure 1(b)) and thus the beads position becomes less
determined (see also Movie S1 in Supplementary Materials).

In order to optimize the focusing condition and charac-
terize the speed of the beads, different glycerol/water mixes
were used as carrier fluid, varying the viscosity between 1 and
120 cP; then, during the flow characterization experiments,
the inner fluid was composed of non-coated polystyrene
(PS) beads (size: 8.0-12.9𝜇m, by Spherotech) dispersed in a
Percoll/water solution (by GE Healthcare) at 42% w/w. The
latter was used to match the density of the PS beads in order
to reduce the sedimentation.
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Figure 1: (a) Picture of the microfluidic device presenting inlets (1,2) and outlet (3). (b) Scheme of the microfluidic device: the carrier liquid
(light blue) confines the inner fluid (green) that contains the PS beads (red spots).The scheme shows that the focusing is more efficient in the
channel region (D) than in the chamber part (D). P1, P2, and P3 are the pressure corresponding to the inlets/outlet shown in (a).

The liquids in the microfluidic device were manipulated
by an external pressure controller (MFCS by Fluigent) and
the applied pressure was varied between 0.1kPa and 2.5kPa,
in order to find the best condition for the flow confinement
(see “D” in Figure 1(b)).

2.2. Polystyrene Beads for SERS Detection Preparation

(i) Streptavidin Functionalization with a Thiol Group. Strep-
tavidin was thiolated using a procedure already reported [2].
Briefly, the protein is mixed with 2-iminothiolane (1:10 ratio)
in a 0.1 M NaHCO3 solution. The reaction proceeded for 2
hours at room temperature and at 4∘Covernight.Themixture
was purified by dialysis and dispersed in PBS.

(ii) AuNS Synthesis. Gold nanoparticles were synthetized by
laser ablation, producing highly pure and stable colloids as
previously reported [41]. In detail, a Nd:YAG (Quantel) laser
at 1064 nm with 9 ns pulses and 10 Hz repetition rate was
focalized on the surface of 99.99% pure gold plate at the
bottom of a flask filled with 1 𝜇M NaCl aqueous solution.
100 𝜇L of 30 𝜇MNPCy(SH)2 [42] was added to functionalize
and aggregate the particles (AuNS). A controlled aggregation
allows producing hot spots in AuNS, where the SERS signal is
strongly enhanced.The unreacted NPCy(SH)2 was separated
by centrifugation.The nanostructures were further function-
alizedwith the thiolated streptavidin.Themixture was stirred
for 3 hours at room temperature and left at 4∘Covernight.The
nanostructures were then purified by centrifugation. UV-vis-
NIR (Cary 5000, Agilent) and 𝜇-Raman (InVia, Renishaw)
spectroscopies were used to characterize the nanostructures.

(iii) Incubation of AuNS with PS Beads. Biotinylated PS
beads (size: 8.0-12.9𝜇m, by Spherotech) were mixed with the
functionalized AuNS and left for 4 hours at room temper-
ature. Then, the mixture was centrifuged at 1000 RCF for
3 minutes. The supernatant containing the unreacted AuNS

was discarded and the centrifuged PS@AuNSdispersed in the
Percoll/water solution, as for the flow characterization part.

(iv) SERS Measurements of Flowing PS@AuNS. For the con-
tinuous SERSmeasurements, the 785 nm laser line at about 30
mWwas focused on the middle of the sample channel with a
20×magnification objective. The acquisition was continuous
at a repetition rate of 1Hz.Thedataset was baseline subtracted
and each spectrum filtered for the intensity at 688 cm−1. The
data analysis was obtained with homemade Matlab� codes.

3. Results and Discussion

3.1. Optimization of the Flow-Focusing Condition. At first, we
investigated the best pressure conditions in order to obtain a
narrow flow in the center of the channel. As a matter of fact,
this is a fundamental aspect to obtain an aligned set of beads
passing one by one in a specific detection region. Figure 2
describes the lateral size of the focused flow as a function
of the ratio between the applied pressure P2/P1, keeping
fixed P3 at 0.5kPa. In order to perform this experiment, a
fluorescein/Percoll solution was used in the inner channel
and observed by a fluorescent microscope. It is possible to
notice that the trend is almost linear in the investigated region
and in particular, for values below 0.5, D is smaller than 20
𝜇m, which corresponds to twice the beads size. Therefore,
in order to ensure stable pressure control and a narrow flow,
we fixed their values at P1=2.5kPa, P2=1.0kPa, and P3=0.5kPa
(𝑃2/𝑃1=0.4). Finally, those values were kept constant in all the
following experiments, in order to evaluate only the influence
of the viscosity on the beads’ speed.

3.2. Size of the Microfluidic Chamber. The influence on the
local speed of the lateral size (w) of the microfluidic chamber
was first evaluated, keeping the applied pressure fixed (see
Figure 3(a)). We performed different numerical simulation
(with Comsol Multiphysics�), varying w and measuring the
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Figure 2: (a) Fluorescent image of the flow-focusing, with the fluorescein mix used as inner solution. (b) Dimension of D as function of the
pressure ratio P2/P1; the red circle underlines the selected region for the following experiment.
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Figure 3: (a) 2D surface plots results of the local speed in the used microfluidic channels, for a particular value of w. (b) Normalized local
speed of the liquid considered 200𝜇m from the end of the channel and in the center of the chamber, plotted as function of its lateral dimension
w. The reported simulation results correspond to the red data close to them. The local speed (v) was normalized by the speed obtained for
the condition of a straight channel (v), without the chamber (w=100𝜇m).

droplet speed at 200 𝜇m from the main channel after the
focusing (vertical dashed line in Figure 3(a)). Figure 3(b)
describes the droplet speed of the beads flowing in the
center of the device, as a function of the lateral size of the
fluidic chamber. All the speeds are normalized by the speed
evaluated for a straight channel (w=𝑟=100𝜇m). It is possible
to notice that, by increasing w, the speed initially increases
up to 1.4 and then decreases reaching a plateau at about 0.7,
and it is reduced to 1/3 of the initial value. This behavior can
be explained by considering that, working at a fixed pressure,
the increase ofw leads to two contributions: (i) a reduction of
the hydraulic resistance of the device that brings an increase
of the flow rate and thus of the speed; (ii) an increase of
the section of the device that causes a local speed reduction.

Therefore, the observed effect is a balance between these two
contributions. Observing the graph, at the beginning, the
former contribution is more important, while for w>350𝜇m,
the latter one is dominant. Finally, over a certain value, the
increase of the chamber size does not have any effect. In the
microfabrication process we have chosen w=700 𝜇m for our
device in order to be in the plateau region.

3.3. Comparison between the Use of the Chamber and the
Viscous Liquid. As introduced above, another strategy to
reduce the beads speed in the microfluidic device is to
increase the viscosity 𝜇 of the carrier fluid. Figure 4 shows the
experimental results obtained by varying the viscosity of the
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Figure 4: Speed of a beads evaluated in the center of the microfluidic device, in the channel (black data) and in the chamber (red data),
plotted as function of the viscosity of the carrier liquids. The reported speeds are the averaged results of data for at least 5 beads and the error
bars are the related standard deviation. The liquid viscosity was varied by different mix of water and glycerol (see inset).

carrier fluid in the main channel and in the large chamber.
At first, for low viscosity (𝜇 ≥ 1), the ratio between the two
regimes is about 1/3 (chamber/channel≃3/9), similar to the
one obtained by the Comsol simulation which considered
pure water solutions instead of the beads/Percoll mixture.
Then, taking into account the effect of the viscosity only in
the channel, we can observe that, for 𝜇 ≥ 25, the speed of
the beads decreases filling this gap, reaching the same value
obtained in the chamber for low viscosity (see dashed line in
Figure 4). This result shows that in the case of confined flow,
only acting on the viscosity of the carrier fluid, it is possible
to reduce the speed of the flowing beads, asmuch as changing
the channel geometry. Additionally, as previously described,
the presented approach allows a better confinement of the
flowing beads than using a larger chamber.

After that, going deeper in the analysis, the beads can be
additionally slowed down considering the effect of 𝜇 in the
chamber part of the device. This suggests that combining the
two contributions given by the geometry and the viscosity, it
is possible to reduce the local speed by almost 10 times.

Finally, both trends reach a plateau at about 40 cP,
probably due to the fact that for higher viscosity the flow of
the carrier fluid does not change anymore at the fixed pressure
(P1=2.5kPa).

3.4. SERS Nanostructures and Model for SERS Labeled Cells.
The above reported data were obtained with PS beads
not labeled with AuNS. For the detection of SERS signals
within the microchannel, PS beads were coupled with the
streptavidin functionalized SERS-AuNS. Coupling PS beads
with AuNSmimicked the interaction between cells and SERS
label [38, 43].

At first, gold nanoparticles (AuNP) were produced by
laser ablation synthesis in solution (LASiS), as previously

reported for a wide range of materials [44–46]. Briefly,
Nd:YAG nanosecond laser pulses were focused on a pure
gold plate in a micromolar NaCl solution. Dithiolated silicon
naphthalocyanine (NPCy(SH)2) was used as SERS reporter
to functionalize AuNP, due to its resonance with the exciting
laser line at 785 nm. The function of the double thiol is
to bridge the AuNP in order to achieve the maximum
enhancement of the local field. Consequently, the SERS
signals are strongly enhanced.

Finally, the AuNS were functionalized with the thio-
lated streptavidin using a previously reported protocol for
antibodies [2, 47] as sketched in Figure 5(a). Figure 5(b)
reports the extinction spectrum of the gold nanostructures
(AuNS), which shows the good resonance with the 785 nm
exciting laser line used for the 𝜇-Raman measurements.
Finally, Figure 5(c) shows the strong SERS spectrum of AuNS
with the characteristic signature of NPCy(SH)2, the band at
688 cm−1, which will be used as the label of AuNS.

PS beads present already a coating of biotin that allows
exploiting the interaction with streptavidin present on the
functionalized AuNS. This allows simulating a typical strong
binding between antigens and antibodies. AuNS and PS
beads were mixed together at room temperature for 4 hours
and the unbounded AuNS were discarded by centrifugation.
The AuNS-PS beads conjugates were characterized by 𝜇-
Raman and TEM imaging. Every PS beads showed the
SERS signature of Figure 5(c). TEM images (see Figure 6(a))
clearly showed AuNP aggregates on the surface of the PS
beads. Finally, AuNS-PS beads were dispersed in Percoll
solution and injected into the microfluidic device for the
SERS detection (see Figure 6(b)).

3.5. Continuous SERS Detection in Microfluidic Device with
Glycerol Solution as Carrier Fluid. The experiments to record
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Figure 5: (a) Cartoon representing the synthesis of AuNS, from the laser ablation to the functionalizationwith the SERS reporter, NPCy(SH2),
and streptavidin. ((b) and (c)) UV-vis-NIR and SERS spectra of the functionalized AuNS, respectively.

SERS signals were performed using the AuNS-PS beads. The
beads were flown at the previously characterized pressure
(𝑃1=2.5kPa, 𝑃2=1kPa, and 𝑃3=0.5kPa) and focused in the
center of the channel by the glycerol solution (80% w/w)
as carrier liquid. As shown in Figure 4, in these conditions
the beads speed was about 3mm s−1, which was enough to
be detected by the 𝜇-Raman setup. Figure 6(c) describes the
sequence of two images of the microfluidic device in which
a PS bead was approaching the sampling area. The 785 nm
laser of the 𝜇-Raman was focused as a line on the center
of the focused flow region, just after the focusing junction.
Using a 20×magnification, the laser spot had a dimension of
100 𝜇m ×5 𝜇m. Raman spectra were acquired continuously,
while the beads were flowing into the channel, at a frequency
of 1 spectrum per second. The Raman band of PDMS at 710
cm−1(green star in Figure 6(d)) was used to calibrate the
focal position. The signal arising from the AuNS is clearly
distinguishable at 688 cm−1, marked as red star in Figure 6(d).
From TEM images, as reported in Figure 6(a), one can
estimate about 1.5% of AuNS surface coverage of a PS bead,
which corresponds to about 102 nanostructures per bead. An
example of a continuous flow measurement is presented in
Figure 6(e), where the intensity at 688 cm−1 was monitored
in time and the peaks marked with red stars are due to the

bright SERS signals of AuNS at this specific wavelength. For
example, the third peak of Figure 6(e), detected at about 815s,
corresponds to the spectrum reported in Figure 6(d).

SERS signals of the AuNS are bright signals, which can be
obtained with engineered nanostructures. The results show
that these signals can be seen for the flowing PS beads labeled
with the nanostructures and that they can be easily detected
also with a conventional 𝜇-Raman instrument.

4. Conclusions

By using a proper microfluidic approach, we showed the
capability of achieving continuous SERS analysis by using a
flow-focusing device. We reported two strategies aimed at
slowing down PS beads in order to synchronize their passage
times with the typical ones used in 𝜇-Raman technology.
Working either on the device geometry or the liquid viscosity,
or on both of them, we proved a fine tuning of the beads
speed flowing in a single file at low pressure regime. Targeted
PS beads, used for mimicking targeted cells, are clearly
identified with a continuous flow SERS analysis, showing that
a microfluidic flow-focusing can be designed for controlling
a flow of objects similar to cells, with density matched to
the suspending medium, and that SERS signals deriving
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Figure 6: (a) TEM image of a AuNS targeted PS bead, little particles can be observed on the curvature, which are identified as AuNS in the
inset magnifications. (b) Sketch of the objective of the 𝜇-Raman over the microchannel. (c) Optical microscope images of the microfluidic
device. A PS bead is caught just before entering on the sampling area (left). The elongated shape of the laser spot allows getting SERS signals
from the AuNS-PS bead for a prolonged period (right). (d) Raman spectrum recorded at 815 s, where both the SERS-AuNS signal at 688 cm−1
and the PDMS peak at 710 cm−1 are observed. (e) Signals recorded at the fixed Raman shift of 688 cm−1 during the flowing of the nanoparticles
in the microchannel.

from the targeting of these objects can be detected with a
standard 𝜇-Raman spectrometer.The two procedures present
different advantages and disadvantages. In particular, the
use of a viscous liquid as carrier fluid allows reducing the
beads’ speed similarly to what was obtained by introducing
a downstream larger chamber with water or physiological
buffers but ensuring better conditions for the confinement.
The combination of the two approaches can be exploited to
further reduce the speed down to 10 times with respect to the
initial values. Overall, the most appropriate flow condition

should be considered depending on specific applications.The
possibility of doing multiplexing analysis with SERS signals
excited with only one laser line was already proved and
showed the potentiality of such a microfluidic device with
respect to a cytofluorimetric device.

Data Availability

Data are available on request.
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Supplementary Materials

Movie S1: polystyrene beads flowing in the flow-focusing
microfluidic device. Beads’ path is well defined in the narrow
channel by the flow-focusing, while it is less demarcated
in the chamber. The movie is slowed down 15 times.
(Supplementary Materials)
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