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Abstract: Nanoparticle spectroscopic tags based on surface enhanced Raman scattering (SERS) are playing
an increasingly important role in bioassay and imaging applications. The ability to rapidly characterize large
populations of such tags spectroscopically in a high-throughput flow-based platform will open new areas
for their application and provide new tools for advancing their development. We demonstrate here a high-
resolution spectral flow cytometer capable of acquiring Raman spectra of individual SERS-tags at flow
rates of hundreds of particles per second, while maintaining the spectral resolution required to make full
use of the detailed information encoded in the Raman signature for advanced multiplexing needs. The
approach allows multiple optical parameters to be acquired simultaneously over thousands of individual
nanoparticle tags. Characteristics such as tag size, brightness, and spectral uniformity are correlated on a
per-particle basis. The tags evaluated here display highly uniform spectral signatures, but with greater
variability in brightness. Subpopulations in the SERS response, not apparent in ensemble measurements,
are also shown to exist. Relating tag variability to synthesis parameters makes flow-based spectral
characterization a powerful tool for advancing particle development through its ability to provide rapid
feedback on strategies aimed at constraining desired tag properties. Evidence for single-tag signal saturation
at high excitation power densities is also shown, suggesting a role for high-throughput investigation of

fundamental properties of the SERS tags as well.

Introduction

Recent interest in the application of surface enhanced Raman
scattering (SERS) to flow cytometry™? has been spurred by the
potential use of SERS in novel optical tags for bioassay and
imaging applications.> ** Flow cytometry is a powerful and
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versatile approach to high-throughput analysis, finding wide-
spread use in clinica diagnostics, fundamental biochemical
studies, and the development of pathogen detection and drug
discovery applications.™® Currently, flow cytometry approaches
to cell marker analysis, immunoassays, evaluation of molecular
avidity, etc., are typically assessed primarily by fluorescence
labeling and readout. The introduction of multicolor flow
cytometry has allowed simultaneous multianalyte assays and
multiple parameter measurements to be performed on individual
cells in a sample stream.** This enhanced capability drives a
continuing demand to further expand the number of distinct
measurements made on each cell, with a concurrent interest in
high resolution instrument development.*>~2®> However, the
degree of spectral overlap between the various fluorophores
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limits simultaneous multiparameter measurement, and has led
to interest in aternate, nonfluorescent, probes.?26:2

One such aternative involves the use of Raman-based praobes.
Fluorescence spectra are typically broad and featureless, with
emission peak widths in the range of 50—60 nm. Furthermore,
multicolor applications require multiple excitation and detection
channels. In contrast, Raman probes generate highly featured
fingerprint spectra consisting of many narrow lines (typically
<0.5 nm fwhm), alowing multiple overlapping spectra from
different molecules to be easily distinguished, with the further
advantage of reducing the instrumentation requirements to
include only single source excitation and a single detector. Thus,
Raman-based optical probes are inherently suitable for advanced
multiplexed analysis. While the use of intrinsic Raman is made
difficult by small Raman cross sections, SERS can provide more
than sufficient sensitivity based on scattering by ‘tags consisting
of Raman-active molecules adsorbed on nanostructured gold
or silver surfaces.”?®2° |n principle, many types of nanostruc-
tures can be employed as SERS-tags, including stabilized
colloidal particles,”?%% nanoshells,®3* and small nanoparticle
aggregates.®> 2 The large variety of potentially suitable tag
structures has led to a surge in research related to their
application in assays and imaging. In flow cytometry applica-
tions, individua SERS-tags may serve to both identify and signa
the presence of an analyte or the occurrence of a binding event
of interest and may also serve as the foundation for encoded
capture beads.*®

In short, SERS-based detection offers the opportunity to
significantly advance in-flow multiplexing. The resultant tech-
nique presents a unique potential for ultrasensitive molecular
identification and anaysis. However, while many of the
fundamental building blocks are now available, there remain
significant challenges to realizing in-flow Raman-based multi-
plexing. Itsfull exploitation requires effective full spectral data

(19) Robinson, J. P. Biophotonics Int. 2004, 11, 36-40.

(20) Fuller, R. R.; Sweedler, J. V. Cytometry 1996, 25, 144-155.

(21) Dubelaar, G. B. J,; Gerritzen, P. L.; Beeker, A. E. R.; Jonker, R. R;;
Tangen, K. Cytometry 1999, 37, 247-254.

(22) Jett, J.; Albright, K.; Graves, S.; Habbersett, R.; Martin, J.; Naivar,
M.; Parson, J.; Wilder, M.; Yoshida, T. Cytom. Suppl. 2002, 142—
146.

(23) Goddard, G.; Martin, J. C.; Naivar, M.; Goodwin, P. M.; Graves, S. W.;
Habbersett, R.; Nolan, J. P.; Jett, J. H. Cytometry A 2006, 69A, 842—
851.

(24) Habbersett, R. C.; Jett, J. H. Cytometry A 2004, 60A, 125-134.

(25) Naivar, M. A.; Parson, J. D.; Wilder, M. E.; Habbersett, R. C,;
Edwards, B. S,; Sklar, L.; Nolan, J. P.; Graves, S. W.; Martin, J. C.;
Jett, J. H.; Freyer, J. P. Cytometry A 2007, 71A, 915-924.

(26) Jaiswadl, J. K.; Goldman, E. R.; Mattoussi, H.; Simon, S. M. Nat.
Methods 2004, 1, 73-78.

(27) Kaul, Z.; Yaguchi, T.; Harada, J. |.; Ikeda, Y.; Hirano, T.; Chiura,
H. X.; Kaul, S. C.; Wadhwa, R. Biochem. Cell Biol. 2007, 85, 133~
140.

(28) Doering, W. E.; Nie, S. Anal. Chem. 2003, 75, 6171-6176.

(29) Mulvaney, S. P.; Musick, M. D.; Keating, C. D.; Natan, M. J. Langmuir
2003, 19, 4784-4790.

(30) Levin, C. S,; Kundu, J.; Barhoumi, A.; Halas, N. J. Analyst 2009,
134, 1745-1750.

(31) Jensen, R. A.; Sherin, J; Emory, S. R. Appl. Spectrosc. 2007, 61,
832-838.

(32) Su, X.; Zhang, J.; Sun, L.; Koo, T.-W.; Chan, S.; Sundarargjan, N.;
Yamakawa, M.; Berlin, A. A. Nano Lett. 2005, 5, 49-54.

(33) Brown, L. O.; Doorn, S. K. Langmuir 2008, 24, 2178-2185.

(34) Brown, L. O.; Doorn, S. K. Langmuir 2008, 24, 2277-2280.

(35) McCabe, A. F.; Eliasson, C.; Prasath, R. A.; Hernandez-Santana, A.;
Stevenson, L.; Apple, |.; Cormack, P. A. G.; Graham, D.; Smith, W. E,;
Corish, P.; Lipscomb, S. J.; Holland, E. R.; Prince, P. D. Farad. Disc.
2006, 132, 303-308.

(36) Brady, C. I.; Mack, N. H.; Brown, L. O.; Doorn, S. K. Anal. Chem.
2009, 81, 7181-7188.

6082 J. AM. CHEM. SOC. m VOL. 132, NO. 17, 2010

acquisition, which can only be achieved once severa interlinked
objectives are met. The instrumentation must possess sufficient
sensitivity to both capture single nanoparticle SERS-tag spectra
and yield the spectral resolution required to alow detailed
analysis of al information encoded in a spectrum. Yet this
sengitivity must be achieved with rapid analysis times (particles
typically transit aflow cytometer’s laser in ~10 us) in order to
provide the high-throughput demanded of flow cytometry. This,
in turn, requires SERS-tags that are optimized both in terms of
spectral brightness, and spectra diversity.

Despite the availability of many potential tag architectures,
coupled with an understanding of key factors contributing to
SERS signal strength and quality, the ability to batch engineer
suitable structures with quantitative and consistent properties
remains elusive. This is critical because flow cytometry
examines individual tags, and not ensemble properties. Tag-to-
tag variability typically includes differences in absolute signal
intensity, which will limit applicability to quantitative assays.
Peak-to-peak variations within the spectral signature and features
such as changing background intensities, may also disrupt
fingerprint patterns. Fidelity must be preserved in these spectral
signatures across all tagsin a population to maintain confidence
in the ability to use the fingerprint features to identify all targeted
speciesin agiven assay. Possible contributions to this behavior
come from variations in dye loading between tags, as well as
from differences in molecular orientation of the bound dyes,
which may be due to either chemical or electrostatic variations
between binding sites. Additionally, impurity species or pho-
todegradation products from unstable dyes may contribute new
features. Beyond chemical binding effects, factors determining
the plasmonic response of the nanoparticle architectures also
impact variability. These include existence of a size distribution
for individual nanoparticles and differences in the relative
dimensions of core and shell in multicomponent particles. In
the case of SERS-tags based on small nanoparticle aggregates,
differences in the number of constituent particles and relative
aggregation geometries determine the extent of electromagnetic
“hot spots’ generated from interparticle interactions. Such
geometric factors may also feed back into chemical effects such
as different electrostatic behavior at dye binding sites. One recent
development addressing this issue takes the approach of first
self-assembling polymer-stabilized dimers and small clusters,
followed by infusion of the SERS-active molecule.®”

To the extent that these contributions to variability in SERS-
tag response are controllable synthetically, improvements in
SERS-tag synthesis will require a reliable method to obtain
quantitative, statistically significant data addressing questions
of SERS signal uniformity in ensembles of purportedly identi-
caly fabricated SERS substrates. In particular, rapid charac-
terization of individual nanoparticle SERS tags is required for
direct evaluation of particle-to-particle variability. Ideally, such
characterization will provide simultaneous correlated multipa-
rameter measurements of optical and geometric characteristics
directly tied to SERS-tag performance, including fully resolved
spectral fingerprints, SERS brightness, and Rayleigh scattering
efficiency. The results can be linked to specific preparation
conditions to guide future synthesis. Such single-particle evalu-
ation would also be invaluable in providing a meaningful direct
comparison of the different nanostructures currently being
developed as SERS tags. Measurements at the single particle
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level also provide fundamental insight into intrinsic behaviors
impacting SERS response (such as particle-dependent plasmon
damping®3°) that are often masked at the ensemble level.
Beyond the clear impact such rapid measurements would have
on further enabling of the broad range of SERS-tag applications,
similar issues related to property variability are also important
for avariety of nanostructured materials used in electronic and
optical applications.

Current characterization methods for SERS-active nanopar-
ticles are inefficient, normally interrogating immobilized par-
ticles one by one via single mode optical, electron, and/or
scanning probe microscopies. Most studies present data for only
asmall number (typically not more than ~100) of nanoparticles,
providing limited statistics for addressing issues of synthetic
uniformity. Correlation of separate measurements on selected
particles typically requires spatially registered sample deposition
and serial application of the various measurement techniques.
Although these methods have provided important fundamental
information, the lengthy data acquisition impedes useful feed-
back into particle development. Reliance on such static samples
can also skew statistics by acquiring the combined responses
of overlapping particles. Although there are faster techniques
for morphological characterization, such as dynamic light
scattering, they produce at best a skewed average size and lack
the ability to perform multiparameter measurements on the per
particle basis needed for correlating SERS signal to the size
and structure of a SERS tag.

Recently, Laurence et al.*° presented a method that represents
amajor step forward in solving these analysis problems. This
work extends fluorescence® and Raman correlation spectro-
scopies™? to investigate the scattering characteristics of
solution-based SERS tags diffusing through a confocal laser
spectrometer. Histograms can be generated that correlate
individual SERS-tag size, polarization response, Raman, Ray-
leigh, and continuum backgrounds for thousands of tags.
Although it provides powerful information in a short time, the
approach has two key unaddressed issues. (a) Detection is
performed at only two wavelengths, alowing correlation of
SERS intensity to background and scattering rates, but providing
no evauation of the uniformity of spectral signatures. (b)
Analysis rates are limited by diffusion, whereas diffusing
particles can theoretically pass through the beam multiple times,
resulting in potentially skewed statistics. One approach to
addressing the latter issue is to perform the measurements in
flow. 243

We present here the successful convergence of two significant
objectives, representing the realization of both high-throughput
Raman-based multiplexed analysis and a method for the rapid
nanoparticle characterization required to meet the needs of
SERS-tag development. We describe a flow cytometer capable
of Raman signal acquisition in anaytically relevant rates
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required of current fluorescence-based cytometers. Instrument
sensitivity allows collection of the full Raman fingerprint region
with a 14 us particle residence time. Furthermore, instrument
sensitivity is attained without the need to bin data pixels in
frequency space to artificially boost signa intensity, thus
maintaining the highest possible spectral resolution. Signifi-
cantly, this permits full access to the high information content
encoded within the SERS-tag spectrum, while enabling assess-
ment of the variability of not just tag brightness, but also fidelity
of the spectral signature. Additionally, we demonstrate the
capability of thisinstrument to obtain correlated multiparameter
measurements on individual SERS-tags, which are used to
characterize SERS-tag populations. The SERS signatures of
several different tag types are evaluated over thousands of
particles to correlate brightness and spectral variability with
background and scattering behavior. Certain preparations show
relative standard deviations in spectral response as low as 5%.
In more variable populations, the correlated information provides
clear discrimination between subpopulations of tags generated
within a single preparation batch. We thus demonstrate an
approach that enables both the quantitative statistical evaluation
of SERS signal uniformity based on synthesis conditions and
evaluation of SERS nanoparticles for use in cytometry. Fur-
thermore, the flexibility of the resulting capability will be of
general interest for extension to direct comparisons of competing
SERS-tag architectures, exploration of arange of fundamental
properties of plasmonic particles, and application to other
nanoparticle types.

Experimental Section

Synthesis and Characterization of SERS-Tags. SERS tags
were prepared as previously described.®* Aqueous silver nanopar-
ticles were prepared by reduction of silver nitrate using sodium
citrate.** The size distribution of the silver cores was found to be
67 + 17 nm by analysis of TEM images (JEOL 3000F) using
Image] software.”® Conditions for coating the nanoparticles vary
somewhat for different dyes and between particle batches. As a
generic example, 3-mercaptopropyltrimethoxysilane (MPTMS, 750
ul, 25 uM) was added to silver nanoparticles (15 mL, 1.1 x 10720
M) with vigorous stirring for 45 s. At this point, the desired dye
(50—200 uL (mL Ag)™?%, 2.8 uM) was introduced with continued
stirring. Aggregation was then induced by the addition of sodium
chloride (50—180 uL (mL particles) ™, 1%). After the solution was
further mixed for 6 min, sodium silicate (1800 uL, 0.54%) was
added to begin the glass coating process. After six days, the excess
sodium silicate was removed by centrifuging the solution three times
(14500 x g, 25 min), replacing the supernatant with water each
time. Final SERS-tag concentrations are estimated at 1 x 10°
particles per mL. The bulk SERS spectra of the nanoparticles were
obtained with a Kaiser Optical fiber optically coupled probehead
spectrometer using 0.5 mW of excitation at 514.5 or 488 nm.

Full-Spectral Raman Flow Cytometer. Complete details of the
Raman flow instrumentation are given in Supporting Information.
Briefly, the system is constructed around a BD FACSCalibur flow
chamber and emission/light scatter collection optics (Figure 1a).
The sample stream is delivered through a quartz flow chamber at
10 uL min~%. A sheath stream (3 mL min™t) of phosphate buffered
sdline (PBS) concentrically envelopes and hydrodynamically fo-
cuses™ the sample stream to a core diameter of approximately 15
um. Approximately 14 us particle transit times result. Crossed
cylindrical lenses are used to focus 50 mW of excitation light at

(44) Lee, P. C.; Meisdl, D. J. Phys. Chem. 1982, 86, 3391-3395.
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2009.
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Figure 1. (a) Top-view schematic of Raman full-spectral flow cytometer experimental apparatus with grating-spectrograph dispersive element. Flip mirrors
are used to allow selection of krypton or argon laser excitation and 488 nm or diode laser (532 or 635 nm) for the trigger (TRG) laser. DCSP: dichroic short
pass filter, SSC: side scatter PMT detector, FSC: forward scatter photodiode detector. (b) Side-view schematic of flow cell showing spatial separation of
trigger and interrogation lasers. Sample stream (dark central region) is hydrodynamically focused by the surrounding sheath flow (lighter colored region).
(c) Diagram of the high-sensitivity cytometer optics breadboard, flow cell, and sample holder. H, half wave plate; P, polarizer; S, shutter; M, mirror; FL,
focusing lens; CL, collection lens; F1, filter 1; F2, filter 2; PMT photomultiplier tube and APD avalanche photodiode.

514.5 or 488 nm from an argon ion laser into the sample as an
€llipse approximately 50 xm wide by 12 um high. Raman emission
is collected via a high numerical aperture (N.A. of 1.1) lens and
focused into an f/2.2 spectrograph, which spectrally disperses the
light along the long axis of a high efficiency, low-noise, electron-
multiplied CCD array detector (EMCCD, 1600 x 200 pixels). A
cross-section of the flow cell isimaged vertically on the detector,
with the central sample stream covering 30% of the CCD height.
Pixels within this central 30% are binned vertically on-chip,
providing sufficient sensitivity that additional binning in the
horizontal (frequency) direction is not required to further boost
signal strength. The full spectral resolution capability of the 1600
pixel dimension is thus maintained.

Data acquisition is triggered using forward (FSC) and side
scattering (SSC) (Figure 1a) signals obtained from a photomultiplier
tube (PMT) or photodiode, respectively. Scatter signals are
independently excited at 532 nm by a solid-state laser spatially
separated from the Raman excitation source (Figure 1b). Scatter
signals are collected through a locally developed miniature data
acquisition system (MICAS).*” The EMCCD data are saved in CSV
file format and subsequently exported into MATLAB for analysis.
Simultaneously acquired background spectra (see the Supporting
Information) are subtracted from the sample spectra to remove
background Rayleigh scatter from the flow chamber and Raman
scatter from water.

A schematic of asecond flow cytometer optimized for sensitivity,
but limited to filter-based cytometric measurement of a broad
spectral window, is shown in Figure 1c. The flow cell and sample
delivery for this high-sensitivity instrument has been described in
detail previously.?* Laser excitation (1—3 mW) at 532 nm is focused
to a ~10 um spot onto the sample stream inside a 250-um square
cross-section flow channel. Rayleigh scatter is detected viaa PMT,
whereas the SERS signals are collected with an avalanche photo-
diode (APD). Full details of the custom data acquisition system
(ORCAYS) used to collect data from this instrument are described
in a separate publication.?®

(47) Naivar, M. A.; Wilder, M. E.; Habbersett, R. C.; Woods, T. A.; Sebba,
D. S.; Nolan, J. P.; Graves, S. W. Cytometry A 2009, 75A, 979-989.
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Results and Discussion

High Throughput Single SERStag Spectroscopy. Flow cy-
tometers are uniquely designed for rapid parametrization and
sorting of individual microscopic particles within large popula
tions suspended in a stream of fluid. Particlesin a hydrodynami-
cally focused stream are passed through the intersection of an
excitation/probe laser and optical collection region. Various
detectors may be incorporated for collection of forward and side
light scatter (FSC and SSC, respectively, in Figure 1a), and
detectors for fluorescence or (as introduced here) Raman
emission. Each particle passing the laser scatters light in
proportion to its size and shape, and bound fluorescent or
Raman-active tags are excited into emission. The capture of
light scatter correlated with these Stokes-shifted signal's enables
quantitative multiparametric anaysis of the physical or chemical
properties of single particles at rates as high as 50 000/s.
Although conventional flow cytometers achieve this at specific
wavelengths using combinations of dichroic mirrors and filters,
the technique is shifting to implementations of grating or prism
dispersion onto array detectors, enabling full spectral detection
in flow designs that can be modified to detect SERS,%16:21:24

We have designed our system around a commercia flow-
cytometry platform. This provides a generally accessible ap-
proach to nanoparticle characterization that will facilitate broad
use. A key aspect to enhancing all aspects of system perfor-
mance has been the optimization of the fluidic behavior via
differential pressure and volumetric control of the flow streams.
The result is a minimized sample interrogation volume and
extremely stable flow conditions. This is critical for providing
the uniform particle trajectories and probe transit times required
to limit the impact of diffusion, which can be significant for
the nanoscale particles of interest.*® Such stable trajectories now
allow direct triggering off of scatter from the small (~100 nm)
tag particles and enable the precise timing required to exactly
match gating of signal acquisition to the residence time of a
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SERS-tag in the probe volume. When paired with tightly focused
excitation and high numerical aperture collection optics that
probe only the core sampling volume, remarkable sensitivity
results from significant overall suppression of background. The
high system performance is rounded out by the low noise and
high gain characteristics of the EMCCD.

To act asatrue single SERS-tag analyzer, particle coincidence
rates must be minimized. At higher concentrations, multiple
SERS tags were observed to pass through the interrogation
volume during a single CCD exposure. To reach acceptable
limits, our as-produced SERS-tags were diluted 1000-fold with
PBS (finad concentration of ~1 x 10° particles mL™1) to
generate passage rates of about 10 per second. As analysis rates
reach this limit, scattering intensities are observed to decrease
in a stepwise manner, allowing particle triplets, doublets, and
true singlets to be distinguished (see the Supporting Informa-
tion). An upper bound may then be set on the triggering
threshold to discriminate against particle multiplets. Further-
more, given a camera exposure of 20 us per frame, and random
tag arrival dictated by Poisson statistics, at our analysis rates
the probability of measuring more than one SERS tag in agiven
spectrum is approximately 2 x 1075 % and the probability of
more than one particle passing through the interrogation region
anytime during readout is less than 0.08%.%% Although conser-
vatively low concentrations were used for these experiments to
guarantee single-particle analyses, it is clear that significantly
higher event rates could be used. Furthermore, higher digitization
rates on the CCD would allow even higher analysis rates without
coincidence by trade-off between flow rate versus digitization
noise. Finally, for quantitative purposes, missed particles must
also be minimized. We estimate a loss rate <0.1%, achievable
both because of the stable sample flow and by acquiring data
well within the limiting readout rate of the EMCCD (1000 s™%).
One obvious additional benefit of the flow-based characterization
is that particles are only measured once.

Although many SERS-tag architectures exist, we use tags
based on controlled aggregation of Ag nanoparticles®® to
demonstrate our flow-based single nanoparticle spectroscopy.
These provide a convenient source of bright tags, from a
synthesis process that permits easy incorporation of awide range
of dye molecules as the source of our spectral signatures.
Examples of ensemble spectra obtained from three different
SERS-tag types are shown in Figure 2a. These tags display a
widely varying array of narrow spectral features that allow the
easy discrimination of tag signatures from each other.

In comparison, representative spectra, captured in flow, from
corresponding single tag particles are shown in Figure 2b. The
ability for full-spectral acquisition at single SERS-tag sensitivi-
ties in application-relevant acquisition times (20 us) is thus
demonstrated. Furthermore, these high-quality single-tag spectra
are obtained at the lowest gain setting of the EMCCD. Sufficient
dynamic range remains available for evaluation of significantly
less-bright particle types. The single-tag spectra are found to
compare well to the bulk spectra. Excellent resolution is
observed between closely spaced peaks and even weaker features
are seen to be retained.

These observations demonstrate the important link between
sensitivity and limiting spectral resolution. The two work
together to preserve the observable tag signature. With ap-
propriate instrument design, it is not necessary to trade resolution

(48) Keij, J. F.; van Rotterdam, A.; Groenewegen, A. C.; Stokdijk, W.;
Visser, J. W. M. Cytometry 1991, 12, 398-404.
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Figure 2. (a) Bulk spectra of oxazine 170 (Ox170), styryl 9 M and safranine
(Saf) SERS-tags taken with 0.5 mW of 514 or 488 nm (safranine only)
excitation, 10 s integration times. (b) Analogous spectra taken in flow on
asingle SERS-tag particle with 50 mW of 514 or 488 nm (safranine only)
excitation, 20 us integration times.

for gainsin sensitivity (through binning in frequency space, for
example). For the tags displayed here, this is especialy
important for resolving spectral differencesin the highly featured
region between 1200 and 1700 cm™*. Ultimately, such simul-
taneous gains in sensitivity and resolution allow for the use of
agreater number of tag combinationsin multiplexed assays and
the development of more complex spectral signatures.

We show spectra obtained both at 514 and 488 nm excitation
to further demonstrate versatility in the choice of excitation
wavelength. We have also obtained similar results with 532 and
647 nm excitation. Use of a full range of commonly used laser
lines is readily incorporated via matching of the appropriate
optical filters to the excitation source. Excitation wavelength
can then be envisioned as another multiplex dimension by
pairing with the matching resonance behavior of select SERS
tags.

Spectral Variability in SERS-Tag Response. The ability to
obtain high quality spectrain flow at the single SERS-tag level
now alows a ready evaluation of the variability in the SERS-
tag response from particle to particle over large populations of
individual tags. Figure 3 shows stacked spectra acquired from
1000 individual particles for the three different tag species
discussed for Figure 2. This representation of the data provides
arapid qualitative visual assessment of the spectral variability
(including both frequency and intensity factors) for abroad range
of individua particles. The different tag typesillustrate the range
of behavior that may be observed. The oxazine 170 tags (Figure
3a) show significant uniformity over the entire sampled popula-
tion, whereas the response for styryl 9 M (Figure 3b) and
safranine (Figure 3c) tags exhibit more variability, primarily as
changes in their background signals.

These results highlight the ability to obtain direct comparisons
of response between different tag types, on a per particle basis,
that overcomes difficulties with obtaining meaningful compari-
sons from bulk suspensions. Such comparisons in bulk may be
limited by differences in particle concentration, tag architectures,
and composition, among other factors. Perhaps the biggest factor
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Figure 3. Plot of spectrafrom 1000 single SERS-tags, taken with 50 mW
of 514 nm excitation from: (a) Oxazine 170 tags; (b) Styryl 9 M tags; (c)
safranine tags (with 50 mW of 488 nm excitation). Integration time of 20
usfor each spectrum. A background spectrum from PBS has been subtracted
from each single-tag spectrum.

represented in the ensemble spectra is they are blind to the
occurrence of subpopulations in SERS response. One extreme
example may be that the observed spectra may originate from
a small population of extremely bright particles, whereas the
bulk of the ensemble may display a very weak response. For
the tags sampled in Figure 3a, this is not the case, with no
spectrally “dead” particles being observed. The tags sampled
in Figure 3c, however, suggest that other types of subpopulations
do occur in our samples, such as the group of spectra showing
a discontinuous jump in background intensity in the safranine
case.

Of particular interest for multiplexing applications is the
degree of variability present in the overall spectral signatures.
Variability may manifest itself as large changes in relative
intensities between spectral features and by the occurrence of
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Figure 4. Pixel-by-pixel percent standard deviations of particle spectral
variability for each of the three SERS-tag populations of Figure 3. Plots
are offset for clarity.

spurious peaks present for select tags. However, inspection of
the spectra shown in Figure 3 suggests that good stability in
the spectral signaturesfor all tag speciesis possible. These issues
can be evaluated more quantitatively through direct correlation
of the spectral behavior to other particle characteristics.

One measure of the spectral uniformity is to evaluate the
percent standard deviation (%SD) of the spectral response
obtained at each frequency pixel over each 1000-tag sampling.
The results for the three tag species under investigation are
shown in Figure 4. The %SDs in the spectral signature are found
to range from 1 to 8%, averaging about 4%. Interestingly, the
spikes in the %SD for each tag directly correspond to their
specific Raman peaks. No significant fluctuations are observed
at other frequency locations, indicating that spurious peaks
unrelated to the bulk tag signatures do not occur for these
populations. At amore fundamental level, these resultsindicate
a stability in dye binding geometries and resistance to photo-
chemical degradation in the SERS tags. The broad feature at
low freguencies in Figure 4 for styryl 9 M arises from a more
significant variation in background in this part of the spectrum,
likely resulting from variability in particle geometries (see
below).

In addition to using the raw %SD values, spectral variability
can be evaluated by correlating changes in peak intensities to
fluctuations in background response for several different fre-
quency ranges. It is aso useful to correlate fluctuations between
specific peaks as well. Figure 5ab show how peak SERS
intensities for several features from two different dye systems
(oxazine 170 and safranine) correlate to fluctuations in their
nearby background regions. Low-frequency and continuum
background features common to SERS spectra can originate both
from the Ag substrate and ionic adsorbates.**~>* Thus, back-
ground fluctuation can come from ionic impurities and is al'so
likely correlated to the degree of aggregation for each of the
nanoparticle aggregates. Our own characterization by TEM has
shown a wide size distribution in the nanoparticle aggregates
used in this work.®* Fluorescence background may aso be
present, originating from dye species trapped in the SO, coating

(49) Jiang, J.; Bosnick, K.; Maillard, M.; Brus, L. J. Phys. Chem. B 2003,
107, 9964-9972.

(50) Otto, A.; Timper, J,; Billmann, J.; Kovacs, G.; Pockrand, |. Surf. ci.
1980, 92, L55-L57.

(51) Heritage, J. P.; Bergman, J. G.; Pinczuk, A.; Worlock, J. M. Chem.
Phys. Lett. 1979, 67, 229-232.
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Figure 5. Correlated Raman intensities at different frequencies for 1000
individual SERS-tag particles. (a) Oxazine 170, 1638 cm™* peak compared
to 1706 cm™* background (blue) and 595 cm™* peak compared to 642 cm™*
background (red); (b) Safranine, 1541 cm™* peak compared to 1583 cm™*
background (blue) and 598 cm™* peak compared to 534 cm™* background
(red); (c) Safranine, 1541 cm™! peak compared to 598 cm~* peak. Small
subpopulations in behavior are highlighted by the dashed rectangles. Peak
intensities are background-subtracted. Data extracted from the spectra of
Figures 3a and 3c.

layer but not bound at the Ag surface. We see that the variability
in the SERS response for the safranine peaks evaluated in Figure

5b appears strongly correlated to the background fluctuations,
indicating that much of the background variability likely
originates in the differences between various aggregate geom-
etries, which will aso strongly impact SERS response. More
uncorrelated variability, such as found in the oxazine case
(Figure 5a), could then likely be minimized through improve-
ment in quality control parameters aimed at better impurity
rejection and improved rinsing of particles prior to glass coating
in the synthesis process.

In addition to understanding how peak intensities correlate
to background fluctuations, how intensity changes at one peak
correlate to those at other peaks is critical to determining the
variability present in a given spectral signature. In Figure 5c
we show how the intensities of two safranine peaks (at 598
and 1541 cm™) correlate to each other. We find strong
correlation between the two peak intensities. A strong (or weak)
response at 598 cm* is accompanied by a matching response
at 1541 cm™L. There are no anticorrel ated cases in which aweak
response at one peak is matched to a strong response for the
other. These results are further evidence of stable spectral
signatures over all sampled particles. The intensity response of
the spectrum behaves the same across the entire frequency range,
thus preserving the relative intensities of al features. This
finding is in agreement with our previous work, which showed
that small populations of tags bound to support beads give
identical spectral signatures from one bead to the next.*® The
results shown here demonstrate such spectral stability for the
first time at the single-tag level.

Taken together, the datain Figure 5a,b aso provide evidence
that small subpopulations of behavior do occur in SERS-tag
ensembles. For example, a subpopulation of tags experiencing
increased background levels, in the presence of stable safranine
SERS responsg, is clearly indicated in Figure 5b. This sub-
population corresponds to the spectra in Figure 3c that discon-
tinuously jump to higher overal intensity. There also appears
to be a subpopulation of tagsin the oxazine 170 sample (Figure
5a) with lower intensities at the 1638 cm™ peak, whereas high-
frequency backgrounds remain stable. These contrasting be-
haviors further demonstrate that factors leading to spectral and
background variability will not necessarily always be coupled.
Access to such detailed information highlights the importance
of the full spectral detection capability we demonstrate here,
especially regarding the ability to evaluate the suitability of tag
populations for providing stable identifying signatures.

Intensity Variability in SERS-Tag Response. Although stable
spectral signatures are essential for encoding applications of the
SERS tags, uniformity in their intensity is required for quantita-
tive applications. To develop improved synthetic approaches
aimed at uniform intensity response, it is also of interest to
understand how variability correlates with factors like particle
geometry and size. Such information can be extracted from plots
of SERS intensity versus Rayleigh scatter for a given population.
Although thisinformation is available from the full-spectral data
sets discussed above, the total intensity response can be more
efficiently evaluated by simultaneously collecting signal over
the full-frequency band of the SERS spectrum. To this end, we
have also evaluated our SERS-tag characteristics on a second
high-sensitivity flow cytometer (Figure 1c). The bandpass filter
incorporated in this instrument’'s SERS detection channel
effectively alows signal integration over al SERS bands
occurring in the highly featured region between 1100 and 1700
cm™L. By utilizing PMT and APD detectors for this purpose,
Rayleigh and Raman scattering intensities can be evaluated in
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Figure 6. Bivariate histograms of (a) ~100 nm beads and (b—d) silver
nanoparticle aggregates. Each histogram represents roughly 10,000 indi-
vidual particles. Color contours represent particle counts, with red corre-
sponding to fewer/individua particles and blue corresponding to greatest 3
number of particles. (a) 100 nm fluorescent microspheres. (b) Oxazine 170. 1077
(c) Styryl 9M. (d) Safranine. Samples were interrogated at 532 nm, with 1
mW of power, and 250 us integration time per particle.
real time. Such real-time evaluation of particle responses alows
the high-sensitivity instrument to serve as a platform for further 5
particle manipulation, while also providing statistics on alarger 1Qm4 10'5 10'.3 10?

number of particles than is available with the full-spectral
measurements.

In Figure 6, we show correlated SERS and Rayleigh scattering
intensities obtained for each of the three dye tags discussed
above. Each of the bivariate histograms incorporates data for
approximately 10 000 individual SERS tags. For comparison,
we show in Figure 6a data from a commercial sample of 100
nm diameter polychromatic fluorescent nanospheres from Poly-
sciences (of similar size to the SERS tags). The fluorescent tags
display tightly spaced responses for both emission and side-
scatter intensities, indicating a highly monodisperse population
in both size and fluorescence intensity, typical of what is
required for quantitative flow cytometry applications. A sig-
nificantly broader range of behaviorsis found in the SERS ags.
Although SERS intensities for the styryl 9 M and safranine tags
(Figure 6c,d) approach the uniformity displayed by the fluo-
rescent tags, the oxazine 170 tags (Figure 6b) have significantly
more variability. Despite this, we note that in all cases, the SERS
tags are typicaly an order of magnitude brighter than the
fluorescence tags, giving adirect demonstration of their potential
to complement fluorescence-based approaches to flow-based
multiplexing.

To first order, the magnitude of side-scatter for each particle
can be taken as a relative measure of its size. The spread in
side-scatter for all SERS tags is found to be an order of
magnitude larger than that for the fluorescent tags, indicating
significant variability in aggregate sizes resulting from only
limited control over the aggregation process in the tag synthe-
sis® It is interesting to note that the oxazine 170 SERS
intensities are reasonably correlated to particle size, whereas
those for styryl 9 M and safranine appear relatively insensitive
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Figure 7. Bivariate histogram of approximately 10,000, 100 nm silver
nanoparticle aggregates from independent preparations. Color contours
represent particle counts as per Figure 6. (a) Unconjugated. (b) With
Safranine dye attached to surface of nanoparticle. Excitation with 1 mW at
532 nm, 250 us integration time per particle.

to size. This may be indicative of some degree of intensity
dependence on the influence different dyes may have on the
aggregation process, and the varying aggregation geometries
that may result. Previous studies have shown that the organic
dyesincorporated in the SERS tags will themselves induce some
degree of aggregation.®>* Different dyes were found to have
varying effectiveness, which is not yet well understood. The
ability to now evaluate multiple spectral parametersin flow may
provide a useful tool for further exploration and understanding
of this behavior.

The high-sensitivity cytometer is also useful for examining
batch-to-batch variability in tag preparation and to compare the
properties of labeled versus unlabeled SERS tags. Figure 7a
shows a bivariate histogram for a set of unlabeled Ag aggregate
particles. These show asimilar variability in side-scatter/particle
size as the preparations giving the results of Figure 6 and display
alow level of intrinsic Raman background signal. Results for
a separate preparation of safranine-labeled tags are shown in
Figure 7b and show, unsurprisingly, that |abeled aggregates give
much higher signal intensities. However, the correlated SERS
versus Rayleigh signalsin this tag set clearly separate into two
ranges of behavior, with approximately 10% of the tags giving
only a background response similar to the unlabeled aggregates
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Figure 8. Univariate histograms of: (a) Side scatter intensity; and (b) SERS
intensity for approximately 8,000 safranine-labeled SERS-tags as afunction
of three different laser power levels: 1 mW (black), 1.5 mW (red), 3 mwW
(blue). For comparison, bivariate histograms for the same particle sets
showing light scatter versus Raman signal for: (c) 1 mW laser power; (d)
3 mW laser power. Excitation at 532 nm, 250 us integration time per particle.
Color contours represent particle counts as per Figure 6.

of Figure 7a. Thisresult provides unambiguous evidence of two
distinct subpopulations of particles occurring for this sample.
In this particular safranine tag batch, alower level of dyeloading
was tested. It is possible that under such conditions, some
nanoparticle aggregates possess insufficient insertion of dyes
into hot spots for strong SERS signal generation, resulting in
the negligible response of the lower population shown in Figure
7b.

The higher excitation power densities and longer laser/particle
interaction time available with the high-sensitivity instrument
allow us to observe an additional interesting fundamental
behavior for the brightest set of SERS tags examined (safranine-
labeled tags, Figure 6d). In Figure 6d, we note that the top of
the cluster of dots indicating the population of SERS-tags shows
aflat top. Thisbehavior istypicaly indicative of saturation when
seen in fluorescence signals and may indicate here that even as
the aggregates get larger, there is no further SERS signal
increase. Measurement of a set of extremely bright fluorescent
ImmunoCheck microspheres (Beckman-Coulter, Fullerton, CA)
revealed that the saturation level for the SERS-tags was at |east
2 orders of magnitude lower than the signal saturation limit for
the detectors or data acquisition system.

To explore this effect more closely, we examined the
safranine-labeled SERS-tags at severa different power levels
(see Figure 8). A univariate histogram of side scatter for ~8000
particles (Figure 8a) shows that as excitation power isincreased
from 1 mW to 1.5 mW and then 3mW, scatter signals increase
linearly, as expected. However, the behavior of the SERS signal
response differs significantly (Figure 8b). As incident power
increases, so does the SERS response, but only to a point. We
find that at the highest powers, only the lower intensity particles
in the population continue to get brighter (move to the right),

leading to an asymmetric shape in the histogram where the right-
hand side has arapid drop off. This behavior is mirrored in the
bivariate histograms that correlate side scatter with SERS signal
for the 1 mW and 3 mW cases (Figure 8c,d). Increasing power
uniformly shifts the entire particle population to higher scattering
intensities and maintains the observed breadth in the distribution.
In contrast, maximum SERS intensities are found to saturate at
higher powers, but the lower intensity particles observed at 1
mW excitation are found to shift into the higher intensity
population, thus narrowing the observed intensity spread at
higher powers. This signal saturation could be due to a number
of effects, including: loss of dye because of desorption or
photobleaching at the higher cycling rates, reorganization of
the nanoparticle aggregate structure, nonlinear effects driven
by higher power densities and plasmon field enhancements, and
others. Further investigation is required to obtain a better
understanding of this behavior.

It isinteresting to note that the saturation of the single SERS-
tag response contrasts with the highly linear behavior of the
SERS-tag intensities found over several orders of magnitude
of excitation power in ensemble measurements.>>> Ensemble
measurements are typically performed at much lower power
densities than applied in the high-sensitivity instrument. How-
ever, this contrasting behavior may aso be resolved by
recognizing that the results of Figure 8c,d show that dimmer
particles are continuously moved into the brighter, saturated
population as power isincreased, and thus the overall ensemble
response also continues to increase. Total saturation of the
ensemble response will not occur until al particlesin a given
sampling volume become individually saturated. These results
again highlight the importance of interrogating the SERS-tag
response on a single-particle basis;, fundamental behaviors
masked in the ensemble become apparent at the single-tag level.
From a practical perspective, this interesting fundamental
behavior might ultimately be exploited by incorporating high
power density excitation into the full-spectral instrument. The
resulting signal saturation could be used to significantly narrow
the observed variability in SERS intensities.

Conclusion

We have presented an efficient and highly sensitive flow-
based approach to high-throughput, high-resolution spectral
analysis capable of characterizing single-nanoparticle SERS tags
on a per-particle basis. Optimized optics, detectors, and fluidics
incorporated into a conventional flow cytometry platform
support full-spectral Raman analysis and multiparameter char-
acterization capability with data acquisition times (20 us)
relevant to real-world assay requirements. The ability to
simultaneously evaluate such parameters as Rayleigh scattering
and SERS intensities and saturation power levels over multiple
excitation wavelengths alows us to address various character-
ization issues essential to advancing SERS-tag applications,
including variability in SERS-tag size, structure, spectral
signatures, and brightness that may lead to the occurrence of
significant subpopulations of tag performance. This capability
has allowed us to demonstrate that SERS tags can match and
even exceed the brightness of fluorescent tags, while maintaining
highly stable spectral signatures. Paired with the spectral flow
cytometry capability, Raman-based tagging approaches are now

(52) Brown, L. O., unpublished results.
(53) Bello, J. M.; Stokes, D. L.; Vo-Dinh, T. Anal. Chem. 1989, 61, 1779—
1783.

J. AM. CHEM. SOC. m VOL. 132, NO. 17, 2010 6089



ARTICLES

Goddard et al.

poised to be incorporated into advanced multiplexed assay
applications previously dominated by fluorescent tags. A range
of new applications involving the interrogation of individual
multiplexed cells or capture beads, in which multiple species
of SERS tags are simultaneously bound at different receptor
sites and evaluated on a single particle, is now possible. The
ability to collect the entire Raman spectrum at high spectral
resolution with single tag sensitivity is critical to enabling such
future assays. Access to well-resolved spectra with high
information content permits the use of standard mathematical
deconvolution techniques to extract individual tag spectral
signatures from a multiplexed signal while maintaining quantita-
tive intensity information.

Beyond enabling multiplexed in-flow assay applications, our
approach to single-nanoparticle spectroscopy is envisioned as
a powerful new tool both for advancing the development of a
variety of nanoparticle systems and aso for high-throughput
probing of their fundamental properties. This unique capability
will beinvaluable for correlating multiple SERS-tag properties
(brightness, signature, geometry) to production parameters to
provide rapid feedback for improving and tuning synthesis
conditions to yield SERS-tags with predesigned and uniform
properties. One aspect of such tag optimization is selection of
the most appropriate nanoparticle architectures to incorporate
into the tags. To this end, we will apply the spectral flow
capability as an ideal platform for direct comparison of
competing nanoparticle types (single colloid, nanoshell, and
core—shell particles; nanostars; dimers; and various aggregate
approaches) that will also help to address the fundamental debate
over their comparative properties in a meaningful way. The
potential also exists for multiparameter optical evaluation of
other nanoparticle types (e.g., quantum dots, nanowires, nano-
tubes).

Additionally, as our spectral and high sensitivity instruments
are flow cytometers, and provide the ability to actively evaluate
optical signatures in real-time, it should be possible to sort
selected SERS tags based on optical parameters of interest
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similar to conventional flow cytometric sorting.*®** Such a
sorting capability can be used to isolate the brightest particles
within an ensemble into a single uniform population for later
application as monodisperse tags. By separating a tag sample
into specific subpopulations, the fundamental origins of their
different SERS responses can also be probed by correlating their
optical behavior to physical and morphological properties
through subsequent analysis of individual subpopulations by
electron and scanning probe microscopies and nephelometry.
The in-flow spectroscopy capability aso provides new op-
portunities for exploring other fundamental behaviors, including
the SERS signa saturation represented in Figure 8, and
dye—particle interactions. Further geometrical characterization
of the SERS tags can also be provided by incorporating
additional optical probes, includingboth nonlinear spectroscopies™ >
and dynamical polarization measurements,*® into the high-
sensitivity measurement platform to take advantage of the slower
flow rates it provides.
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