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M
odern metal nanoparticle (NP)
synthesis techniques have en-
abled the development of nano-

scale materials with unique optical proper-

ties for a wide range of devices and

applications, including biomolecule

detection1�4 and cancer therapeutics.5,6 A

barrier to exploiting the unique structure-

dependent optical properties of NPs comes

from difficulty in controlling particle size

and shape. NP characterization techniques

are diverse and include spectroscopy, imag-

ing, and structural measurements, and most

often a number of complementary tech-

niques are used to correlate NP structure

and functional properties. These techniques

typically fall into one of two categories: en-

semble techniques, which are quick, but un-

able to distinguish subpopulations within a

sample, and single NP characterization

techniques, which reveal sample heteroge-

neity but are typically slow and labor

intensive.

Single particle characterization is par-

ticularly important for applications that use

NP tags for biosensing, where “dim” tags

can reduce sensitivity by occupying bind-

ing sites while contributing negligibly to the

detectable signal. Dark field microscopy,

which has excellent spectral resolution and

sensitivity, has enabled the measurement of

optical properties of single NPs arrayed on

a substrate and has become a popular char-

acterization tool,4,7�10 although the serial

measurement of enough particles for a use-

ful statistical analysis is very slow, with

analysis rates on the order of 1 particle per

minute. Recently, a faster implementation

of this approach has been presented that

increases the speed with which single par-

ticles are analyzed by 1�2 orders of magni-

tude,9 while still requiring deposition of par-
ticles on a substrate. This technique allows
analysis rates of up to 1�2 NPs per second
with �1.5% coincidence,9 which occurs
when two or more particles are located
within a diffraction-limited spot and the in-
dividual NP spectra cannot be resolved. The
throughput of this technique depends
upon both sample integration time and
sample preparation, with more populated
samples resulting in higher throughput, but
also in a higher frequency of coincidence.

Another approach uses correlation spec-
troscopy to measure Rayleigh and Raman
scattering of single NPs in solution at spe-
cific wavelengths as they diffuse into and
out of a laser beam.11 This method charac-
terizes selected optical properties as well as
NP translational and rotational diffusive
properties11�13 but offers limited spectral
resolution as band-pass filters are used to
select a spectral window and the intensity
of the spectral band measured using ava-
lanche photodiodes. This technique allows
solution phase NP analysis, but the event
rate and collection time depend upon the
speed at which the sample diffuses into and
out of the laser spot. This may

*Address correspondence to
jnolan@ljbi.org.

Received for review April 2, 2009
and accepted May 19, 2009.

Published online May 27, 2009.
10.1021/nn9003346 CCC: $40.75

© 2009 American Chemical Society

ABSTRACT Progress in the development and application of nanoengineered systems is limited by the

availability of quantitative measurement techniques. For the engineering of nanoparticle (NP)-based systems,

single NP characterization is essential, but existing methods are slow and low thoughput. We demonstrate a flow

spectroscopy technique capable of analyzing hundreds of nanoparticles per second and use this technique for the

high throughput analysis of nanoparticle surface-enhanced resonant Raman scattering (SERRS) tags. By measuring

Rayleigh and Raman scattering from thousands of individual tags, tag preparations can be characterized based

on their brightness and uniformity. The rapid analysis of individual nanoparticles using high spectral resolution

flow spectroscopy will be useful in many areas of nanoengineering.
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inadvertently predispose the analysis toward faster dif-
fusing particle populations and requires changing the
medium viscosity to reduce NP diffusivity and increase
sample integration time.12 Thus, while both dark field
and correlation spectroscopy can be extremely useful
for specific applications such as monitoring NP growth9

and chemical reactions that occur on a NP surface10

(dark field microscopy), or simultaneously monitoring
NP optical and diffusive properties11�13 (correlation
spectroscopy), a general method for making high
throughput and high resolution spectral measure-
ments of individual nanoparticles is still lacking.

We are interested in the development of surface-
enhanced resonant Raman scattering (SERRS) tags for
cytometry,14�16 where spectrally distinct tags enable
multiplexed and multiparameter cell
measurements.17�19 Fluorescent tags are most often
used to label antibodies or other molecules, but the
broad emission spectra of fluorophores limit the num-
ber of different labels that can be used simultaneously.
The narrow spectral features of Raman scattering
present the potential for highly multiparameter mea-
surements and are attractive for many applications in-
cluding flow and image cytomety14,20�23 and
microarray-based sensing.1,24 Surface-enhanced Raman
scattering (SERS) is a special case of Raman scattering
where the interactions of a Raman-active compound
(usually a chromophore) with the high electric fields of
a plasmon resonant NP or roughened metal surface re-
sult in Raman scattering intensity enhancements of
many orders of magnitude.25,26 Maximum enhance-
ments are expected when the excitation laser is co-
resonant with both the chromophore absorption and
the NP plasmon resonance, a case known as surface-
enhanced resonant Raman scattering (SERRS). The engi-
neering of SERS and SERRS tags has been a subject of
much interest,27�29 with a number of groups making
significant progress.16,20,30�36 However, given the num-
ber of criteria which can effect SERRS tag optical prop-
erties (including NP size, shape, number of particles per
tag, and plasmon resonance frequency, among oth-

ers), it is not uncommon to observe significant Raman

scattering intensity variations within a sample. While

analyzing thousands of tags from multiple preparations

might take hours or days using dark field microscopy,

here we demonstrate a high throughput single particle

characterization technique capable of measuring thou-

sands of NPs in just a few minutes.

The high throughput Raman flow spectrometer em-

ploys hydrodynamic focusing of the sample in a sheath

flow cuvette to make simultaneous measurements of

NP Rayleigh and Raman light scatter. NPs in the sample

pass through the center of the �4 pL probe volume de-

fined by the dimensions of the laser beam, sample

stream, and focal spot of the collection optics (Figure

1a). Using a small probe volume provides advantages

such as reducing the background signal from system

autofluorescence and the probability of having multiple

nanoparticles in the probe volume simultaneously. The

transit time of a NP within the beam depends primarily

upon the laser beam spot height and the sheath fluid

linear flow rate. Elastically scattered light is measured

using a PMT and triggers acquisition of Raman scatter-

ing spectra by an EMCCD attached to an imaging spec-

trograph (Figure 1b). By using a highly efficient light

collection setup, an EMCCD for spectral collection, and

a sensitive PMT, we are able to collect high resolution

Raman spectra of individual SERRS tags with signal inte-

gration times of only 300 �s (Figure 1c).

The NP analysis rate depends upon NP concentra-

tion, sample and sheath stream flow rates, and the re-

sponse time of the detector. In conventional flow cy-

tometry using PMTs, signal integration times of a few

microseconds enable particle analysis rates of tens of

thousands per second. Our system uses a CCD detec-

tor that can capture spectra from single particles with

exposure times as short as 10 �s;37 however, the read-

out speed of the CCD limits the event rate to few hun-

dred events per second at most. Beyond these hard-

ware limitations, the single particle analysis rate is

limited by particle concentration and, ultimately, coinci-

Figure 1. Single nanoparticle flow spectrometer. (a) Sample is hydrodynamically focused to flow through a focused laser beam. Note
that the figure is not to scale. (b) Schematic of the Raman flow spectrometer setup. Refer to the Materials and Methods section for de-
tailed instrument information. (c) Single tag Raman scattering spectra of an inactive SERRS tag (black) and Raman-active tags prepared
with oxazine 170 (red), thionin (blue), and malachite green (green) of varying intensities. Spectra have been offset for clarity.
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dence from NPs that just happen to pass
through the probe volume simultaneously.

The expected frequency of coincidence can
be calculated from the laser beam height and
the particle concentration (Supporting Infor-
mation, Figures S1 and S2), and the contribu-
tion of coincidence can be measured through
a simple sample dilution experiment. Data col-
lected from NP samples at a variety of dilu-
tions (Supporting Information, Figure S3) dem-
onstrated that at high concentrations the
mean scattering intensity was elevated due to
a significant number of coincident events,
which can be identified as a shoulder on the
Rayleigh scattering frequency histogram.
Lower concentration samples exhibited mini-
mal coincidence, evidenced by the absence of
a histogram shoulder and consistent scattering
intensity measured across a range of dilutions.
Because the sample volumetric flow rate
through the measurement probe volume is
known, the event rate can be used to calcu-
late the NP concentration in the sample and
to validate theoretical estimates of expected
coincidence. For the data presented here,
samples were analyzed at concentrations that
resulted in event rates of 5�6 NPs/s and coin-
cidence rates of less than 0.5% for the sheath
and sample flow rates and laser beam height
used. In many cases, especially where coinci-
dent events can be accurately identified (for
example, on the basis of Rayleigh scatter) and
excluded from analysis, higher concentrations
and analysis rates can be employed.

Flow spectroscopy offers many of the ben-
efits of dark field microscopy (control of signal
integration time, high spectral resolution)
while offering the ability to interrogate
samples in solution and easily control the mea-
surement rate. Low resolution flow-based
methods have been used for NP Rayleigh scat-
tering38 and size analysis,39 and NPs have been
used as Rayleigh and Raman scattering tags
on beads and cells for low40 and high14 resolu-
tion flow spectroscopy methods. However, to
the best of our knowledge, this work is the first to re-
port a high throughput high spectral resolution flow
spectroscopy instrument with single NP sensitivity.

We are using this single NP approach to optimize the
preparation of SERRS scattering tags for cellular and
molecular measurement applications. As an example,
we have prepared SERRS tags for 647 nm excitation
from gold nanoshells composed of a 200 nm SiO2 core
and an approximately 30�40 nm gold layer. Nanoshells
have highly tunable resonances41 and high electric-
field enhancements, making them ideal SERS sub-
strates.42 Nanoshells were incubated with Raman-active

chromophores oxazine 170, thionin, or malachite green,
prior to depositing silver on the nanoshell surface us-
ing a commercially available silver enhancement kit. Fi-
nally, bovine serum albumin was added to encapsu-
late the tags and promote stability. An ensemble SERRS
spectrum from oxazine 170 SERRS tags is presented in
Figure 2a.

Flow spectroscopy enables the simultaneous mea-
surement of Rayleigh and Raman scattering from indi-
vidual tags and, unlike bulk spectroscopy, allows us to
distinguish SERRS tag preparations that produce a high
percentage of Raman-active tags from those that pro-
duce a small number of extremely bright tags. Data

Figure 2. Ensemble and flow spectroscopy analysis of nanoshell SERRS tags. (a) En-
semble oxazine 170 SERRS tag Raman spectrum from tags prepared with 2 �L of sil-
ver enhancement solution. Spectrum was collected from a 0.9 pM nanoshell solu-
tion (5.5 � 108 NPs/mL as measured using flow spectroscopy) using 14 mW of 647
nm laser excitation and a signal integration time of 2 s. (b) Univariate and bivariate
displays of Rayleigh and Raman scattering intensity from single tag flow spectros-
copy analysis and representative single tag spectra from each subpopulation. Spec-
tra were collected using 340 mW of 647 nm excitation and signal integration times of
300 �s and have been offset for clarity.
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were collected from approximately 5000 individual

tags for seven oxazine 170 SERRS tag preparations. Fig-

ure 2b displays Rayleigh and Raman (background-

corrected integrated intensity from 559 to 615 cm�1)

scattering data from a single SERRS tag preparation

binned in frequency histograms plotting scattering in-

tensity versus event frequency, as well as in a bivariate

plot in which correlated Rayleigh and Raman scattering

signals from individual tags are displayed. Using this

method, tag subpopulations can be distinguished

based upon their optical properties. In this example,

we can define three subpopulations: (I) tags that do not

exhibit Raman scattering; (II) Raman-active tags that

have Rayleigh scattering intensities similar to bare

nanoshells; and (III) Raman-active tags that exhibit sig-

nificantly increased Rayleigh scattering and may be

multishell clusters. Four representative single tag spec-

tra from each population are displayed, and as ex-

pected, spectra from subpopulation I display no Ra-

man scattering, while spectra from subpopulations II

and III display Raman scattering of varying intensities.

Comparison of the spectra from subpopulations II and

III implies a positive correlation between Rayleigh and

Raman scattering intensity, further suggesting that the

tags in subpopulation III (�2% of all tags) may be mul-

tishell clusters.

Having demonstrated that flow spectroscopy can

be used as a high throughput tool for the characteriza-

tion of individual NPs, we used this method to guide the

development of bright and uniform SERRS tags. SERRS

tags were prepared with varying volumes of silver en-

hancement solution to produce tags with silver layers of

varying thickness. The Rayleigh scattering intensities of

the SERRS tags and bare nanoshells were found to be

similar, suggesting that the preparation technique

causes minimal aggregation, a hypothesis that was con-

firmed using transmission electron microscopy (TEM,

Supporting Information, Figure S4). Figure 3a displays

Figure 3. SERRS tag population analysis. (a) Histograms of Raman scattering intensity from three SERRS tag preparations
prepared with 0, 3, and 5 �L of silver enhancement solution. Illustrations display the relative sizes of the silica core (gray),
gold shell (yellow), and silver shell (blue). (b�d) Density plots of SERRS tags prepared with 0, 3, and 5 �L of silver enhance-
ment solution. The analysis was performed using 340 mW of 647 nm excitation and signal integration times of 300 �s.
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overlaid Raman scattering intensity histograms from se-
lected SERRS tag preparations with silver layers of vary-
ing thickness, controlled by varying the volume of sil-
ver enhancement solution (0, 3, or 5 �L) used during
the silver plating process. The histograms display
Raman-active and -inactive populations and demon-
strate that, in the absence of silver plating, fewer than
20% of the tags exhibit detectable Raman scattering
signals (Figure 3a). Initially, plating of a silver layer in-
creases the number and intensity of the Raman-active
tags; however, if the silver layer is too thick due to the
addition of too much silver enhancement solution, the
percentage of active tags and Raman scattering inten-
sity decrease. Additionally, bivariate density plots,
which have been colored to convey information about
the number of events at each location, can be used to
portray information about the Rayleigh and Raman
scattering intensity of each sample (Figure 3b�d).
These plots are a useful way to view the main popula-
tions of each tag preparation. The majority of the tags
with no silver plating are Raman-inactive and have rela-
tively low Rayleigh scattering intensities, as seen in the
majority population (depicted in red) in Figure 3b. The
main population of tags prepared with 3 �L of silver en-
hancement solution have tightly clustered Rayleigh
and Raman scattering intensities (represented by the
orange/red cluster, Figure 3c), while tags prepared with
5 �L of silver enhancement solution display increased
variation in both Rayleigh and Raman scattering. The
tight clustering of the events in Figure 3c demonstrates
the relative uniformity of this SERRS tag preparation,
making these tags superior for biosensing applications.

Flow spectroscopy was used to determine the opti-
mal volume of silver enhancement solution by compar-
ing the Raman scattering intensity and percentage of
Raman-active tags for seven SERRS tag preparations
(Figure 4a). Both the mean Raman scattering intensity
and percentage of Raman-active tags varied with the
thickness of the silver layer. Tags prepared with 2�4 �L
of silver enhancement solution, which have silver lay-
ers ranging from approximately 35 to 70 nm thick (as
measured by TEM, Figure 4b, and Supporting Informa-
tion Figure S5 and Table S1) appear optimal, as they ex-
hibit high Raman scattering intensities and produce
greater than 80% Raman-active tags. Variations in
SERRS tag brightness and yield may occur due to
changes in the effective surface roughness or enhanced
electric fields caused as the excitation of the gold
nanoshell plasmon induces oscillations of the silver con-
duction electrons, as previously reported for litho-
graphically templated disks and wires.43 Thicker silver
layers may reduce the Raman signal due to changes in
the location of the nanoshell resonance or a decrease in
surface roughness.

It should not be overlooked that flow spectroscopy
can also be used to measure NP concentration. While
NP concentrations are typically calculated using an ex-

tinction spectroscopy measurement and an estimated

molar extinction coefficient, the sensitivity of the plas-

mon resonance to NP size, shape, surface chemistry,

and dielectric medium can introduce errors into these

calculations. As demonstrated by the linear relationship

between event rate and NP concentration (Supporting

Information, Figure S3), it is possible to explicitly mea-

sure NP concentration by counting the number of NPs

in a given volume, as long as all NPs have scattering in-

tensities that are above the sensitivity threshold of the

instrument.

Progress in the development and application of

nanoengineered systems is limited by the speed and

precision of quantitative measurement techniques. For

the engineering of NP-based systems, single NP mea-

surements are an essential, but rate-limiting, need. The

rapid analysis of individual NPs in a flowing sample

stream represents a powerful tool to address this need.

Like conventional flow cytometry of cells, flow spectros-

copy of NPs enables correlated, multiparameter optical

analysis of individual particles at high serial measure-

ment rates. Unlike conventional flow cytometry, which

uses optical filters and point detectors to measure inte-

grated intensities from selected wavelength ranges,

our flow spectroscopy approach enables high spectral

resolution suitable for the analysis of Raman scattering

spectra. NP-based SERRS tags with narrow spectral fea-

tures have the potential to enable significantly in-

creased levels of multiplexing for measurements of

cells and molecules, but brighter and more uniform

tags are required. These systems have an inherent dis-

persity in their structural and optical properties that re-

quire some amount of empirical optimization to mini-

mize. Rapid measurements of individual NP-based

SERRS tags will be an essential tool for developing uni-

form tags, and the flow spectroscopy-based approach

Figure 4. Analysis of SERRS tag preparations. (a) Mean Ra-
man scattering intensity of Raman-active tags (red squares)
for each tag preparation and the percentage of Raman-
active tags (black circles) were found to vary with the thick-
ness of the tag silver layer. (b) Representative TEM images of
SERRS tags with silver layers of varying thickness. Scale bar
is 500 nm.
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presented here provides that tool. Moreover, the high
throughput and high resolution NP analysis capabilities

of this approach should find application in many other
areas of nanoengineering.

MATERIALS AND METHODS
General Methods: Gold nanoshells were provided by nanoCom-

posix. Extinction spectra were collected using a Cary 3
UV�visible spectrophotometer. Water was filtered using a 0.1
�m filter (Pall Corporation, Suppor-100).

SERRS Tag Preparation: Nanoshells (100 �L of as-provided solu-
tion diluted in 1 mL of water) and a Raman-active compound, ox-
azine 170 (3 �L methanolic solution, 1.2 �M, calculated using
an extinction coefficient of �612 � 83 000 mol L�1 cm�1, Sigma),
were incubated for 8 min, at which point silver enhancement so-
lution (0, 0.5, 1, 2, 3, 4, 5 �L of both initiator and enhancer, Ted
Pella) was added and the mixture vortexed for 30 s. After 8 min,
bovine serum albumin solution (10 �L of 1 mg/mL in PBS, Sigma)
was added to encapsulate the tags and promote stability. The
SERRS tags were then diluted 10-fold prior to flow spectroscopy
characterization.

Malachite green and thionin SERRS tags were prepared in
an analogous fashion using a second batch of nanoshells and
malachite green (3 �L ethanolic solution, 2 �M, calculated us-
ing an extinction coefficient of �616.5 � 148 900 mol L�1 cm�1,
Fluka) or thionin (3 �L ethanolic solution, 1 �M, Sigma), followed
by the addition of silver enhancement solution (0.6 �L of both
initiator and enhancer).

Flow Spectroscopy: The flow spectrometer is built around a 250
�m inner diameter square bore flow cell from a commercial flow
cytometer (BioSense, Beckman Coulter, labeled FC in Figure 1b).
Sheath and sample delivery are provided by commercially avail-
able pumps (Global FIA Milligat) controlled by FloZF software.
Sheath and sample volumetric flow rates were 2 �L/s and 2 nL/s,
respectively, resulting in particle flow rates of approximately 3
cm/s, corresponding to particle transit times of 200�300 �s
through the probe volume. Excitation is provided by a 647 nm la-
ser beam (Coherent Innova 300C) focused through a short focal
length cylindrical lens (f � 15 mm, labeled L1 and L2 in Figure
1b) to form an elliptical spot about 80 �m wide and 20 �m high.
One mirrored and one unmirrored lens mounted to each face
of the flow cell perpendicular to the laser illumination increased
the light collected from the probe volume. Plano convex lenses (f
� 80 and 35 mm, labeled L3 and L4 in Figure 1b, respectively)
collected elastically scattered light onto the face of a multimode
optical fiber and focused on a PMT (R3896 Hamamatsu), while
another set of plano convex lenses (f � 40 and 35 mm, labeled
L6 and L7 in Figure 1b, respectively) focused light on a multi-
mode optical fiber coupled to an imaging spectrograph (Ho-
lospec f/1.8, Kaiser) which disperses the collected light and im-
ages it onto an electron multiplied CCD detector (EMCCD,
Newton, Andor) after the elastically scattered light has been re-
moved using a long pass filter (Semrock LP02-647RU-50). The
PMT output signal passes through an amplifier and is sent to a
custom data acquisition system.44 The elastic scattering signal is
used to trigger data acquisition by the camera which has 16 �m
square pixels arranged in a rectangular grid 1600 pixels wide by
200 pixels high. Hardware binning was performed by defining a
region of interest corresponding to the spectral image from the
optical fiber (50 pixels tall). Pixels within the ROI were binned
fully in the vertical direction and 10� in the horizontal direc-
tion. This was found to increase signal while maintaining enough
spectral resolution to distinguish Raman scattering peaks. The
exposure time for spectral collection was 300 �s and was cho-
sen to correspond to the transit time of particles through the
probe volume.

Prior to analysis of SERRS tags, 3.1 �m Nile Blue stained
microspheres (Spherotech) were used to assess the alignment
of the system. Detection was triggered by light scatter, and bead
fluorescence was measured with the CCD. The singlet peak was
easily distinguishable from doublets and was confirmed to have
a CV of less than 8% and an average intensity of approximately
25 000 counts using a laser power of 310 mW and a PMT volt-
age of 250 V prior to collecting data on SERRS tags. SERRS tags

were analyzed using PMT voltages of 330 V and laser power of
340 mW. Tags were analyzed at concentrations of approximately
2.5 � 106 particles/mL, resulting in event rates of 5 particles/s.
While the instrument is capable of much faster analysis, this even
rate ensured that the frequency of coincident events (�0.5%)
was negligible.

Ensemble Raman Spectroscopy: Ensemble Raman scattering spec-
tra were measured using a custom Raman spectrometer. The
spectrometer consisted of a free space laser (647 nm, Coherent
Innova 300C) coupled to a multimode optical fiber (Cera-
mOptec), and light was collected using a second multimode op-
tical fiber (CeramOptec) and coupled to the imaging spec-
trograph and CCD detector described above. Spectra were col-
lected from 0.9 pM (5.5 � 108 particles/mL as measured using
flow spectroscopy) solutions using a laser power of 14 mW and
signal integration times of 2 s.

Transmission Electron Microscopy: TEM imaging was performed us-
ing a JEOL-2000EX operating at an accelerating voltage of 200
keV. Grids were prepared by pipetting a 10 �L drop of solution
onto a grid and allowing it to sit for 3�6 min prior to wicking liq-
uid away with a Kimwipe. Approximately 100 SERRS tags per
sample were imaged to measure the average number of
nanoshells per SERRS tag, and approximately 50 nanoshells
were imaged to measure the average SERRS tag diameter.

Data Analysis: Spectral data from the spectrograph/EMCCD
were converted to ASCII text (Andor Solis software) and com-
bined with PMT data (including scattering peak height and
width) in a FCS3.0 file, and the parameter math functions of
FCS Express (Denovo Software) were used to calculate the inte-
grated intensities of selected spectral features. Using this
method, each event is associated with a Rayleigh scattering
pulse height, area, and width, and all the Raman scattering spec-
tral data are stored as an intensity associated with each bin of
the collected spectrum. The Raman scattering intensity for ox-
azine 170 tags was calculated by summing the intensity of the
main oxazine peak (a doublet located between 559 and 615
cm�1) and subtracting the intensity away from a Raman peak to
account for background (in this case, a weighted average of the
intensity at 549 and 656 cm�1).
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