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Abstract. Surface-enhanced Raman spectroscopy (SERS) biotags (SBTs) that carry peptides as
cell recognition moieties were made from polymer-encapsulated silver nanoparticle dimers,
infused with unique Raman reporter molecules. We previously demonstrated their potential
use for identification of malignant cells, a central goal in cancer research, through a multiplexed,
ratiometric method that can confidently distinguish between cancerous and noncancerous epi-
thelial prostate cells in vitro based on receptor overexpression. Progress has been made toward
the application of this quantitative methodology for the identification of cancer cells in a micro-
fluidic flow-focusing device. Beads are used as cell mimics to evaluate the devices. Cells (and
beads) are simultaneously incubated with two sets of SBTs while in suspension, then injected
into the device for laser interrogation under flow. Each cell event is characterized by a composite
Raman spectrum, deconvoluted into its single components to ultimately determine their relative
contribution. We have found that using SBTs ratiometrically can provide cell identification in
flow, insensitive to normal causes of uncertainty in optical measurements such as variations in
focal plane, cell concentration, autofluorescence, and turbidity. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.7.073092]
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1 Introduction

A central goal in cancer research is the early and rapid identification of malignant cells, ideally
free-flowing in biological fluids such as urine1 and blood.2,3 The properties of malignant cells
are not fully understood, but what is known is that subgroups of cells within tumors play
specific roles in the initiation and progress of metastasis, displaying aspects of pluripotency
including unique cell adhesion receptors and ligands.4 Collecting and analyzing such cells
could be useful in detection of patient response to therapy, monitoring of drug resistance
effects, and early identification of disease recurrence.2,5–7 Analysis, capture, and propagation
of a small number of cells would benefit from advancements in manipulating small volumes.
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Several microfluidic-based cell sorting techniques have been developed that rely on fluores-
cence, dielectric, or magnetic labeling to identify cell types. Separation is achieved using
dielectrophoretic, magnetic, or mechanical techniques.8–11 Raman12,13 and surface-enhanced
Raman spectroscopy (SERS) have been used as immunohistochemical tools14,15 for the detec-
tion of biomarkers in biological fluids or in vivo16 and for cancer detection from blood.17

Raman and Fourier transform infrared spectroscopy signals measured directly from cells
are typically much weaker than those that are measurable with bright labels such as SERS
biotags (SBTs), which can now be routinely synthesized.18 All SBTs can be excited using
a single, very-low-intensity laser source. SERS tags are especially applicable to biomedical
applications, since they are excited by tissue-penetrating lasers in the red to near-infrared
range, resulting in low autofluorescence and high signal enhancement.19,20 Microfluidic devi-
ces integrating SERS platforms reported in the literature have studied reaction optimization in
a continuous flow format,21 electrophoretic separation of analytes,22 and multiplexed detection
of oligonucleotides.23 Others have recently analyzed cells in microfluidic devices using nano-
particle-free Raman and optical trapping.24,25

The central feature of SERS is its multiplexing capability by using premade, encapsulated
nanoparticle clusters that are then infused with one of several highly Raman-active reporter mol-
ecules (see Fig. 1). The multiple narrow bands in the SERS spectrum act as unique barcodes that
are spectrally differentiable from other tags,18,20 allowing direct determination of the relative
contribution of individual SBTs to the overall spectrum. The SERS intensities achieved are com-
parable to those of fluorescence.26

As a demonstration of the technology’s far-reaching capabilities, we recently used these
spectrally rich barcodes to detect the unique neuropilin-1 (NRP) biomarker expression pattern
of prostate cancer cells, contrasting them to healthy prostate cells.20 Two sets of SBTs were used
in combination to discriminate the cell types. One SBT targeted the NRP receptors of cancer
cells, whereas the other functioned as a positive control (PC) by binding to both noncancerous
and cancer cells (via the HIV-derived TAT peptide). Methylene blue (MB) and thionin [Fig. 1(c)]
were used as Raman reporters on the PC-SBT and the NRP-SBT, respectively. Point-by-point
two-dimensional (2-D) Raman maps and average SERS signal per cell yielded a characteristic
NRP/PC ratio from which cancer cells were identified.20

Here, we describe our progress toward the development of a powerful technique for iden-
tifying and sorting individual mammalian cells, such as individual cancer cells, by combining
Raman spectroscopy (and the previously described20 ratiometric analysis) with flow-focusing

Fig. 1 Surface-enhanced Raman spectroscopy (SERS) biotag (SBT) signals originate from
closely spaced nanoparticles. (a) SBT design includes the dimer junction, a stabilizing coat
with attached affinity agent, and the Raman active spectral tag. (b) Transmission electron micros-
copy (TEM) of a silver dimer with coating visible. Plasmon resonance coupling between nanopar-
ticle dimers form high field gradients, enhancing the Raman scattering from reporter molecules
contained within the structure. (c) Spectral signatures from the two encoded SBTs: thionin and
methylene blue (MB). Spectra are shifted for clarity.
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microfluidics. By labeling mammalian cells with SBTs and flowing them in a flow-focused
microfluidic channel, the cells can be individually and rapidly interrogated by laser Raman,
with identification possible by spectral unmixing of the SERS signals.

The enhancement that SERS provides allows the biotags’ entire Raman spectrum to be
recorded and, when multiple tags are used, ratiometric methods to be employed, as one or
more of the on-board tags can act as a local intensity reference. A hydrodynamic flow-focusing
microfluidic system was designed to enable mammalian cell interrogation and identification at
the single-cell level using SBTs. Herein we report our progress in transferring to the microfluidic
environment this ratiometric method that we have previously used with two sets of SBTs to
unequivocally distinguish between cancer and normal cells by the ratio of the two SBTs20

(Fig. 2). We have successfully built a microfluidic device in which we used streptavidin-coated
(STV), ∼6 μm-diameter polystyrene beads as cell mimics to evaluate the devices and the SERS
response. We show below that we are able to successfully detect flowing polystyrene beads
loaded with biotin-functionalized SBTs (b-SBTs) via SERS spectral deconvolution and detect
two distinct populations based on our ratiometric approach. We also present our preliminary
results flowing live mammalian cancer cells labeled with SBTs.

2 Methodology

2.1 SBT Synthesis

The procedure for SBT synthesis has been described in detail previously.20 The silver colloid was
synthesized according to the Lee and Meisel protocol:27 500 mL deionized MilliQ water (DI)
(resistivity 18 MΩ) with 1 mM silver nitrate (Sigma) (99.999%) were brought to a boil, and
10 mL of 1% trisodium citrate dihydrate (Fisher) was added. The mixture was kept at boiling
temperature for about 90 min until the color turned dark green/gray. Aliquots of the colloid were
taken and centrifuged at 800 × g to remove the smallest particles. The yellow supernatant was
discarded, and the pellet was resuspended in DI and diluted until the absorbance of the band at
406 nm was 0.3 at 0.1 mm path length. The resulting colloid is called AgO3.

SBTs were then prepared by adding 3.5 μL phosphate buffer (250 mM, pH 7.5) and 4 μL
hexamethylenediamine (Sigma, 98%, 0.4 mg∕mL in DI, pH 4.0) to every 100 μL AgO3, waiting
for 2 min, then adding 4 μL of 1% polyvinylpyrrolidone 40 kDa (Sigma) in DI and 100 μL DI,
waiting for 5 min, and finally adding 2 μL BSA-SPDP [6.5 mg∕mL in 0.1× PBS, bovine serum

Fig. 2 (a) Illustration of the flow-focusing device that we propose for cell identification using two
SBTs. Green SBTs bind to all cells, whereas red ones bind only to the target cancer cell (brown).
As each cell passes through the laser, the ratio of tags is determined. (b) Time-lapse composite
image of some beads flowing in the device. Each bead is colorized so that its path along the chan-
nel can be recognized in the picture. The image is overlaid with the picture of the device under the
Raman microscope. The red laser line is visible to the right of the junction. The buffer flowing in the
cell/bead inlet channel is colored so that the actual shape of the flow is also visible as a darker area
that narrows after the junction, where the two sheath flows meet with the cell/bead flow.
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albumin (Sigma), modified with N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) (Pierce
#21857)] so that the modified protein interacts with the Ag surface strongly through the SPDP
molecule, with the pyridine group appearing in the SERS spectrum before the Raman reporter is
added. Each protein carries several free-hanging SPDP groups that can interact with the
Cys-peptides, thus holding peptides on the outside of the SBT coating for possible interaction
with cell membranes. The particles resulting from this controlled aggregation stage are called
AgPHPB and were used to prepare either NRP- and PC-SBTs for use in cells or b-SBTs for use
with beads.

For PC-SBT, 4 μLMB (Sigma, dye content≥82%, 600 μM in DI) and 2 μL KCl (Mallinkrodt
Baker Phillipsburg, 500 mM) were added to every 200 μLAgPHPB and incubated at room temper-
ature for 30 min. We added 2 μL FAM-Cys-TAT (500 μM in DI), incubated for 15 min, and
backfilled with 1 μL BSA 5% (0.1× PBS). For the NRP-SBT, we added 4 μL thionin (Sigma, dye
content ∼90%, 0.2 mg∕mL in DI) to every 200 μL AgPHPB, incubated for 30 min at room tem-
perature, added 2 μL BSA-SPDP (6.5 mg∕mL in 0.1× PBS), waited for 15 min, and added 1 μL
BSA 5% (in 0.1× PBS) and 5 μL FAM-CGRPARPAR-OH (provided by Erkki Ruoslahti’s group
at Sanford-Burnham Medical Research Institute, 200 μM in DI).

For b-SBTs, the peptide step was replaced by the addition of succinimidyl valerate-
PEG5kDa-biotin (LysanBio) at a final concentration of 1 mg∕mL colloid and incubation at
4°C overnight.

After adding 0.005% final concentration of Tween-20 (T20) [polyoxyethylene (20) sorbitan
monolaurate solution 10% in H2O, Sigma], the SBTs were washed by centrifugation (10 min at
800 × g), the supernatant was discarded (to remove most of the non-SERS bright single silver
nanoparticle biotags), and the pellet was resuspended in either 1∕20th (for beads) or 1∕40th (for
cells) the initial volume in 0.1× PBS∕0.1% BSA∕0.005% T20.

2.2 Device Manufacturing

The microfluidic device [see Fig. 2(a) for layout design] was fabricated using polydimethyl-
siloxane (PDMS) sandwiched between two glass slides. Inlets and outlets were drilled into the
glass. Pipet tips were glued to the glass as reservoirs and as vacuum line interface at the inlets
and outlet, respectively. The flow was driven by a diaphragm vacuum pump (Gast
Manufacturing Corp.) connected to the outlet of the device. To pattern the channels on the
PDMS layer, a mold was fabricated first out of SU-8 photoresist on a silicon wafer using
soft photolithography. PDMS was then mixed with cross-linker and poured on the mold.
After an hour of heating at 80°C, the PDMS was peeled off the mold with channels facing
the mold. Via holes were punched in the outlet and inlets and the PDMS layer was bonded
to glass slides after ozone treatment of the bonding side. Devices with varying channel dimen-
sions were used to accommodate either cells or beads. Device 1, used for beads, had a depth of
20 μm and a width of the interrogation region (postjunction) of 50 μm. Device 2, used with
cells, had a depth of 40 μm and the same interrogation region width as device 1. The ratio of the
middle channel over the side channel flow rates was 0.66 for device 1 and 0.25 for device 2.
The above combination of parameters allowed us to have focal widths of 20 μm for device 1
and 10 μm for device 2.

2.3 Bead Preparation

STV polystyrene beads of ∼6 μm in diameter (Polysciences 24158-1) were washed twice by
centrifugation according to manufacturer’s protocol to remove excess streptavidin. The pellet
was resuspended in PBS with 1% BSA (Sigma) and 0.005% T20 and stored at 4°C. For incu-
bation with SBTs, the beads stock was used at 1∕100th, and 1 μL b-SBTs at the required ratio
were added to every 100 μL beads and incubated for >30 min at room temperature. Beads were
then either placed on a microscope slide for 2-D SERS mapping or injected into the devices. This
concentration of beads resulted in a nominal throughput of ∼12 beads∕min after the junction in
the device. The velocity of the beads at the interrogation spot was ∼5 mm∕s, which means that
each bead was effectively exposed to the laser for 1 to 2 ms.
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2.4 Cell Culture

PPC-1 cells, an epithelial cell line originating from bone metastasis of a prostate cancer patient,
expressing the biomarker NRP-1 were generously supplied by Erkki Rouslahti’s group (Sanford-
Burnham Medical Research Institute, UC Santa Barbara). They were grown in Dulbecco modi-
fied Eagle medium (DMEM)/high glucose (HyClone) supplemented with 10% FBS, at 37°C in a
5% CO2 atmosphere. Cells were plated in multiwell plates and harvested after 24∕48 h using a
nonenzymatic cell dissociation buffer (Invitrogen) that does not disrupt the membrane receptors.
Cells were then washed by centrifugation for 2 min at 1000 × g, and the pellet was resuspended
in the appropriate volume of DMEMþ 10% FBS to obtain a concentration of
1 × 105 cells∕100 μL. SBTs were then added to each cell suspension (with PC versus NRP
ratio of 1∶1 v∕v) and incubated for 60 min at room temperature mixing every 15 min, then
injected into the device’s inlet.

2.5 SERS Measurements

SERS measurements were conducted using a Horiba Jobin-Yvon LabRAM Aramis spectrom-
eter, equipped with 633 nm excitation. The static measurements on beads deposited on glass
were carried out by scanning each bead with the 100× objective (5 μW at sample), using a
hole of 600 μm, slit of 300 μm, and 600 lines∕mm grating. Each point in the 2-D map was
collected at 1.8 μm step size. SERS time measurements were carried out using a 50× long-work-
ing-distance objective (8 mW spread across the line) in line scan mode. In this modality, the laser
is rastered at high speed over a region of the sample by an oscillating mirror, forming an exci-
tation line, with the laser “curtain” axis perpendicular to the flow [see Fig. 2(b)]. This modality
was chosen to compensate for slight cell misalignment in the flow, which could have resulted in
missed events by the small laser spot size (∼1 μm, less than the typical size of a cell) when used
in the standard point scan acquisition mode. The slit was set to 250 μm, the hole 600 μm, and
600 lines∕mm grating. For beads, the data were acquired with a point every 150 to 200 ms, with
laser exposure times of 20 ms and a point every 550 ms, with laser exposure time of 400 ms for
cells. A solution of SERS-tagged cells/beads was put in the middle channel inlet, and the side
channels were filled with buffer.

2.6 Data Analysis

The detailed data analysis was described previously.20 Briefly, initial analysis (mapping, whole-
cell averaging of signal, baseline correction, normalization) was performed with the on-board
program LabSpec. The deconvolution and NRP/PC ratio calculations were done using
Mathematica’s FindFit, a nonlinear least-squares fitting algorithm, and the SBT pure spectra
were processed by a customized Mathematica program. For microfluidics time series, the
sequential spectra are thresholded to restrict analysis to high-intensity events. The threshold
is chosen based on the median of the intensity (counts∕s) of the band at 480 cm−1 in the
raw data for the entire time series plus 5 standard deviations (SDs) for beads or 3 SDs for
cells. The unmixing by linear combination of basis spectra give ratios of the two tags (thionin
and methylene blue SBTs).

3 Results and Discussion

To combine the ratiometric analysis with the microfluidic platform, a sample of target cells (or
beads), previously incubated with SBTs, was injected into the microfluidic device. The cells/
beads are hydrodynamically focused to the center of the channel, so that they can be interrogated,
single file, by the laser [Fig. 2(b)]. The device developed for this purpose has three inlet flows
that meet at a junction where the middle fluid, containing cells/particles, is sandwiched by two
sheath flows of buffer. The channel lengths and flows are designed such that cells/particles
advect in a single file after the junction and with a velocity that dictates residence time in
the laser. The exposure time for each cell can be calculated knowing cell size and flow velocity.
The whole system is run with a single vacuum pump at the outlet.28
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We obtained initial results using STV beads conjugated with SBTs. We validated the detec-
tion and spectral unmixing first by placing on a glass slide beads on which b-SBTs were
adsorbed at different ratios to replicate the scenario of differential binding and uptake rate
by various cells. Figure 3 summarizes how beads carrying SBTs were analyzed on glass.
The chosen bead is scanned with the laser across the area enclosed by the square, then the aver-
age spectrum from the whole bead is fitted using a least-squares algorithm to determine the
relative fraction of each tag [Fig. 3(f)]. Figure 3(f) shows the measured ratio from several
beads incubated with either 1∶1 or 1∶2 v∕v ratio of the two b-SBTs. When the NRP/PC
ratio was 1∶1, the actual measured value was 1.4. Knowing this, we converted a second volume
ratio of 1∶2 to an expected intensity ratio of 0.8. The observed value of 0.7 indicates that the
spectra were accurately unmixed.

When beads incubated with b-SBTs at an NRP/PC ratio of 1∶1 are flowed into the device, we
are able to detect their passage based on the Raman signature of the SBTs. After applying the
threshold according to the procedure in Sec. 2.6, 54 bead events were counted [Fig. 4(b)]. Based
on the total acquisition time, estimated flow rate, and bead concentration (see Sec. 2.4), we
expected to count a maximum of 75 beads. The discrepancy is likely due to the times when
the detector is inactive or possible device-to-device variations in actual flow rate. The average
NRP/PC ratio [Fig. 4(b)] for the 54 events was 1.8� 1.5. The high SD is due to the presence of
eight events that exhibited a ratio considerably higher than 2.5 and could be caused either by
beads with an unusually high number of bound NRP b-SBTs or random free-flowing unusually
bright SBTs or their aggregates. When the outliers are excluded, the mean NRP/PC ratio was
1.3� 0.6, in accordance with the average value of 1.4� 0.2 obtained from the static maps on
glass [Fig. 3(f)].

To test the device with living cancer cells, we incubated PPC-1 cells with NRP and PC-SBTs
(device 2). Although the cells ceased flowing after a few minutes (possibly due to clogging of the
inlet or outlet channels, thus limiting the vacuum efficiency), we were able to identify cell events
using the threshold methodology employed for beads [Fig. 5(a) and 5(b)]. We confidently
detected 45 cell events, yielding a mean NRP/PC ratio of 0.9� 0.4, consistent with our previ-
ously reported20,29 value of 1.1� 0.1. We observed the presence of one event with an abnormally
high ratio of 3.9, once again possibly due to either a cell binding mostly NRP-SBTs or the

Fig. 3 Panels (a)–(d) summarize the data collection and analysis done on each streptavidin-
coated (STV) beads carrying biotin-functionalized SBTs (b-SBTs). First, each bead is scanned
by the laser (a) to obtain a 2-D map that shows the variation of intensity of a certain band of interest
(1620 cm−1 in our case) across the x and y directions (b). The average signal across each bead is
then fitted using a direct least-squares algorithm (c), whose individual components can be seen in
panel (d). From the fit coefficients and an appropriate calibration curve, we then estimate the per-
cent composition of each tag. (e), TEM image of an STV bead carrying several b-SBTs.
(f) Robustness of our calibration method. A sample prepared using a tag ratio of 1∶1 produces
a measured value of 1.4� 0.2. Using this correction, a 1∶2 sample should yield an observed value
of 0.7, close to the observed value of 0.8� 0.4.
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presence of particularly bright free-flowing NRP-SBTs. Figure 5(b) shows some examples of the
fits obtained with the Mathematica algorithm for cell events both above and below threshold. We
are currently optimizing the device to collect more events to analyze statistical populations of
cancer cells and mixtures of normal and cancer cells.

4 Conclusions

We successfully built a flow-focusing microfluidic device for the ratiometric SERS analysis
of beads and cells, tagged with two sets of SBTs. The beads/cells travel along a single file foc-
used in the center of the device. When the SBTs cross the laser line, a full Raman spectrum is
acquired.Thesignal isacompositeof the twoSBTsandcanbedeconvolutedtoultimatelydetermine
the relative amount of each component.We show thatwe can detect beads/cells bySERS that travel
across the laser at times in the order of a few milliseconds. The indicative ratio is independent
of variations in the location of the focal plane, the local cell concentration, and turbidity. The
technique also benefits from the low laser intensities (8 mW total, spread across the line) needed
for good signal-to-noise ratio and the use of a single wavelength to excite all SBTs.
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