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M
ethods for simultaneous detec-
tion of multiple targets are criti-
cal for analysis of biological

samples. With the rapidly increasing bio-

logical understanding, there are enormous

opportunities to extract information about

cellular and molecular processes from bio-

logical specimens. However, detection

methods pose a major limitation. One of

the main challenges is to measure multiple

biomarkers simultaneously using a multi-

plex system. This approach greatly reduces

the amount of precious samples that are

needed for analysis, as well as the time and

cost of the measurement, and facilitates in-

terpretation of signals with nonuniform dis-

tribution throughout the specimen. Co-

localization and spatial resolution of signals
permit accurate analysis of heterogeneous
biological samples in applications such as
cell and animal imaging, tissue histology,
and flow cytometry. Commonly used fluo-
rescent dyes or quantum dots face signifi-
cant limitations in multiplexing applications
due to the interference from tissue autoflu-
orescence and the overlap of emission
peaks.

Nanoparticle probes utilizing surface-
enhanced Raman scattering (SERS) emit
unique spectral signatures with narrow
peaks that are ideal for multiplexing. Ra-
man emission is normally extremely weak
compared to fluorescence, but enormous
signal enhancements can be created by ad-
sorbing Raman-active molecules onto
roughened metal surfaces1�3 or nanoparti-
cles.4 In 1997,5,6 it was demonstrated that
nanoparticle-enhanced SERS emission
could be as bright as fluorescence, and this
initiated development of a new class of op-
tical probes for biomolecule detection.
Rapid development of fabrication and bio-
molecule conjugation methods expanded
their applications in immunoassays,7�13 nu-
cleic acid hybridization,14�21 cell and tis-
sue staining,8,13,22�26 and in vivo imaging.27

Despite the significant potential of Raman
probes for improved multiplex quantifica-
tion, they have primarily been used for
qualitative detection of single targets. No-
table field-advancing biological applica-
tions include highly sensitive detection of
single DNA targets,15,28 detection and
quantification of five to six DNA
targets,17�19 sensitive detection of virus
and proteins in plate binding assays,9,11 du-
plex protein detection in cells,25 and a re-
cent demonstration of in vivo targeting and
imaging.27 The data analysis in these as-
says relies on qualitative observations, or

*Address correspondence to
bknudsen@fhcrc.org,
selena.chan@intel.com.

Received for review April 24, 2008
and accepted October 03, 2008.

Published online November 4, 2008.
10.1021/nn800243g CCC: $40.75

© 2008 American Chemical Society

ABSTRACT Raman nanoparticle probes are an emerging new class of optical labels for interrogation of

physiological and pathological processes in bioassays, cells, and tissues. Although their unique emission signatures

are ideal for multiplexing, the full potential of these probes has not been realized because conventional analysis

methods are inadequate. We report a novel spectral fitting method that exploits the entire spectral signature to

quantitatively extract individual probe signals from multiplex spectra. We evaluate the method in a series of

multiplex assays using unconjugated and antibody-conjugated composite organic�inorganic nanoparticles

(COINs). Results show sensitive multiplex detection of small signals (<2% of total signal) and similar detection

limits in corresponding 4-plex and singlet plate binding assays. In a triplex assay on formalin-fixed human prostate

tissue, two antibody-conjugated COINs and a conventional fluorophore are used to image expression of prostate-

specific antigen, cytokeratin-18, and DNA. The spectral analysis method effectively removes tissue

autofluorescence and other unknown background, allowing accurate and reproducible imaging (area under ROC

curve 0.89 � 0.03) at subcellular spatial resolution. In all assay systems, the error attributable to spectral analysis

constitutes <2% of total signal. The spectral fitting method provides (1) quantification of signals from multiplex

spectra with overlapping peaks, (2) robust spot-by-spot removal of unknown background, (3) the opportunity to

quantitatively assess the analysis error, (4) elimination of operator bias, and (5) simple automation appropriate for

high-throughput analysis. The simple implementation and universal applicability of this approach significantly

expands the potential of Raman probes for quantitative in vivo and ex vivo multiplex analysis.

KEYWORDS: composite organic�inorganic nanoparticles (COINs) · surface-enhanced
Raman scattering (SERS) · multiplex assays · tissue imaging · prostate-specific
antigen · cytokeratin-18
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on quantitation based on a single characteristic peak,
and discards important spectral information encoded in
the complex, multipeak Raman signature. Spectral fit-
ting using reference spectra has been applied to im-
prove multiplexing of fluorophores29 but has not yet
been applied to analysis of Raman probe signatures.

Here we report a simple multiplex spectral fitting
method that exploits the entire fingerprint to separate
and quantify individual Raman probe signals. We previ-
ously applied the spectral fitting approach to image
single protein expression in tissues and found that it ef-
fectively separates probe signals from
autofluorescence.8,13 In these studies, Raman probes
were compared for accuracy and sensitivity with con-
ventional fluorophores.13 In the current study, we
specifically address the analysis of Raman data from
multiplex probe systems and evaluate the performance
of a novel spectral deconvolution method in various
multiplex settings. This spectral fitting method, which
is exceedingly simple to implement and amenable to
high-throughput analysis, can be applied to any multi-
plex system of Raman probes.

RESULTS AND DISCUSSION
COIN Fabrication. A variety of fabrication approaches

have been reported using different Raman labels, nano-
particle materials, encapsulation methods, and conju-
gation methods.30 Composite organic�inorganic nano-
particles (COINs) developed by our group7,8,13 take
advantage of superior enhancement through aggrega-
tion with silver nanoparticles, allow the use of a broad
range of different Raman active molecules, and possess
a biocompatible surface coating for conjugation to a va-
riety of detection probes. Figure 1A illustrates the fabri-
cation, encapsulation, and functionalization of COIN
probes. Silver nanoparticles are aggregated in the pres-
ence of organic Raman-active molecules, such as con-
ventional colorimetric or fluorescent dyes. BSA coating
shields Raman labels from the environment, preserves
their signatures, reduces nonspecific interactions with
bioactive surfaces, and permits a simple one-step con-
jugation to detection probes,8 such as antibodies or nu-
cleic acids.

Spectral Characteristics of COINs. Figure 1B shows the Ra-
man signature for a COIN that contains the common
dye molecule, basic fuschin, as the Raman label (BFU-
COIN). Each peak in the COIN spectrum originates from
specific vibrational modes of basic fuschin. Figure 1B di-
rectly compares the emission spectra of BFU-COIN,
Qdot 565, and Alexa 555. The peaks of Raman emis-
sion (�2 nm) are much narrower than the single peak
fluorescence emission from molecular fluorophores
(40�50 nm) or quantum dots (30�40 nm). Although
fluorescent probes with a wide range of emission col-
ors are available, multiplexing using fluorophores is re-
stricted by the overlap in emission peaks and the diffi-
culty of separating true probe signals from background.

In comparison, the sharp peaks and complex spectral

fingerprints of Raman emission readily distinguish indi-

vidual probe signatures and facilitate their separation

from background. Raman nanoparticle probes possess

diverse and complex spectral characteristics for multi-

plexing, an inherent resistance to photobleaching, de-

creased toxicity compared to quantum dots, and an un-

limited potential for creation of new probes with

numerous Raman-active substances.30

Figure 1C shows Raman spectra of the six COINs

used in this work; the Raman labels are acridin orange

(AOH), basic fuschin (BFU), Nile blue A (NBA), tetra-

methyl rhodamine isothiocyanate (TMR), cresyl violet

(CVA), and 1,1=-diethyl-2,2=-cyanine (CEI). Unlike fluores-

cent emission, Raman peaks are always located at a

fixed energy shift away from the chosen laser excita-

tion wavelength (i.e., wavenumber shift � 1/wl(emis-

sion) � 1/wl(excitation)). Excitation of COINs with a

green laser produces characteristic emission spectra in

the green-orange wavelength region.

Deconvolution of Multiplex Raman Spectra. Despite excel-

lent work in development of Raman probes and bio-

molecule assays, applications that truly explore the po-

tential for quantitative multiplexing have been rare.

This can be attributed to the lack of an appropriate

analysis method that takes advantage of the complex

signature often cited as the major advantage of Raman

probes. We developed a simple fitting method that ex-

ploits the entire spectral fingerprint to quantitatively

extract signals from multiplex Raman spectra (Figure

2). Figure 2A shows a multiplex spectrum emitted by a

combination of two COINs. The spectrum is deconvo-

luted by least-squares regression using archived pure

COIN reference spectra (Figure 2B), a representative

background spectrum, and freely varying polynomial

Figure 1. Fabrication and spectral characteristics of COINs. (A) Sche-
matic of COIN fabrication, encapsulation, and antibody conjugation.
Functionalized COINs are �60 nm in diameter. (B) Comparison of emis-
sion spectra for COIN (532 nm excitation), Qdot, and a molecular fluo-
rophore (*spectra reproduced with permission from Invitrogen Inc.,
www.probes.invitrogen.com). (C) Reference spectra of individual COINs
excited by a green laser.
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components (see Methods). The mean peak height of

each reference spectrum is normalized to allow direct

comparison of signal intensities between extracted

pure component spectra. All components are simulta-

neously varied in magnitude to provide the best fit to

the measured spectrum. For purposes of quantification,

each probe signal is reported as the magnitude of its ex-

tracted spectrum relative to its reference spectrum (Fig-

ure 2C).

Figure 2D shows that the resulting best-fit spec-

trum (black) is nearly indistinguishable from the mea-

sured spectrum (gray). The spectral fitting error is calcu-

lated as the mean percent difference between

measured and best-fit spectra across the wavelength

range of the COIN signature (Figure 2D, bottom). The

spectral fitting error provides a direct measure of the

signal quantification error that is attributable to fitting

algorithm and essentially monitors the quality of indi-

vidual spectral fits.

A major challenge for quantitation of signals from

biological samples is the interference of intrinsic auto-

fluorescence. To reduce autofluorescence emission, it

is common to use Raman probes optimized for red or

near-infrared excitation, but this restriction uses only a

small portion of the visible window and limits the num-

ber of probes that can be multiplexed. The COINs used

here are optimized for green laser excitation,7 which
complements probes designed for long-wavelength ex-
citation but also results in significant autofluorescence
emission from biological samples. The ability to quanti-
tatively separate probe signals from autofluorescence
further increases the order of multiplexing by allowing
applications of probe sets excited at different wave-
lengths across the across the visible spectrum.

Figure 2B (bottom) shows a representative autofluo-
rescence spectrum for an unstained tissue section ex-
cited by a green laser. The Raman signatures from tis-
sue proteins are too small to be detected, and the tissue

emission is dominated by a broad fluorescence back-

ground emanating from fibrillar proteins. Because the

background emission often varies across areas in a

sample, subtracting a single representative background

spectrum could result in miscalculating probe signals.

This is taken into account in our fitting method, which

does not require an a priori subtraction of background.

The representative autofluorescence spectrum is in-

cluded as a reference spectrum in our analysis, and it

is free to vary in magnitude for each measurement

point. A unique aspect of the method is the addition

of polynomial components that are also free to vary in

magnitude and shape during the fitting procedure (Fig-

ure S1 in the Supporting Information). These account

for variation in spectral character of background signal,

including autofluorescence and other sources (e.g., in-

tense particle scattering, fluorescent debris).

Figure 2E shows that including the free-fitting poly-

nomial components in analysis of tissue samples re-

duces the spectral fitting error by 2�3-fold. Error lev-

els reach a minimum at �1.4% of total intensity for

polynomials second-order or higher; a third-order poly-

nomial was used for subsequent spectral analyses. In

all of our experiments under different conditions (differ-

ent COIN labels, multiplex COIN combinations, signal in-

tensities) and assay formats (solution, plate, and tissue

assays), the fitting error remained between 1 and 2% of
the total signal intensity.

In the experiments presented below, we explore
the quantitative aspects of spectral analysis under dif-
ferent multiplex conditions and demonstrate multiplex
imaging of a complex biological sample. The insight
gained through these experiments applies in general
to Raman probes, and the methods can be easily
adopted to improve quantitation in any multiplex Ra-
man probe system.

Multiplex Detection of Low-Abundance Signals. Regardless
of probe type, multiplexing inherently reduces the abil-

Figure 2. Spectral fitting method for quantifying signals from multiplex spectra. (A) Spectrum from a duplex assay on tissue using antibody-
conjugated COIN. (B) Pure COIN reference spectra and a representative reference spectrum of tissue autofluorescence. (C) Total spectrum (up-
per panel), pure component spectra of individual COINs, autofluorescence, and a free fitting polynomial extracted from the measured spec-
trum by least-squares regression. The pure component signals of individual COINs are determined from the intensity ratio of the extracted and
reference spectra. (D and E) Spectral fitting error. (D) The best-fit spectrum is subtracted from the measured spectrum (upper panel) and the
difference normalized to the signal intensity (lower panel). The spectral fitting error is defined as the average percent difference between mea-
sured and best-fit spectra and calculated across the entire wavelength range of the COIN fingerprint. (E) Optimization of the free-fitting poly-
nomial to reduce the quantification error. A 532 nm laser was used as the excitation source.
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ity to detect low-abundance analytes and weak probes
since their signals are generally masked by probes with
high signal intensities. In the reported multiplex experi-
ments, the spectral fitting error is a fixed percentage
of total signal, and the limit of detection (LOD) of indi-
vidual probes is expected to be proportional to the to-
tal signal. We designed a simple experiment using un-
conjugated COINs in solution to isolate the effect of the
spectral fitting error on the detection sensitivity and to
eliminate other error contributions. In Figure 3A, two
COINs are held at constant high probe intensity levels
(blue, red), while the third COIN (brown) is serially di-
luted to determine its LOD in the triplex measurement.
The individual COIN signals are extracted by spectral
analysis, and the signal is reported as a proportion of
the summed signals from the two nonvaried COINs. Fig-
ure 3B�D shows the titration response for serial dilu-
tions of three COINs, and in-
sets depict detail at low
signal levels. The LOD is de-
fined as three times the stan-
dard deviation above the
zero point. For three sepa-
rate experiments varying CEI,
BFU, and CVA COINs, the
LOD is 0.6, 0.9, and 1.7% of
total signal, respectively,
which is consistent with the
spectral fitting error for this
experiment (�2% of total
signal). In each case, the low-
abundance COIN is detect-
able at signal levels that are
50�100-fold smaller than
the total signal. Thus, the
spectral fitting method per-
forms exceptionally well in
multiplex systems for detect-
ing low-abundance probe
signals.

Quantitative Multiplex Detection of Antibody-Conjugated

Probes. In preparation for tissue imaging, we tested four

antibody-conjugated COINs in a quadruplex plate bind-

ing assay detecting prostate-specific antigen (PSA). We

prepared four different Ab-COIN probes by conjugation

to a single source of anti-PSA antibody to reduce

sources of error caused by antibody affinity and non-

specific binding. A mixture of four probes at a fixed con-

centration was added to wells coated with a serial dilu-

tion of purified PSA protein (Figure 4). Figure 4A shows

the spectral deconvolution for one well. The best-fit

spectrum (black) is overlaid on the measured spectrum

(gray) and contains signatures of all four Ab-COINs. Iso-

lated peaks arising from a single COIN are indicated by

colored arrows, and peaks arising from multiple COINs

are indicated by colored boxes. Two of the four COINs

cannot be identified by unique peaks due to spectral

Figure 3. Limit of detection of COIN signals in a triplex solution measurement. Three unconjugated COINs were mixed in solution, and
pure component signals for each COIN were quantified by the spectral fitting method. (A) Detection of CEI COIN in the presence of high in-
tensity CVA and BFU COIN signals. CVA-COIN and BFU-COIN are held at constant concentrations (red and blue), while the CEI COIN is se-
rially diluted (x-axis). Relative signal intensities on the y-axis are reported as the percent of combined signal of the nonvaried COINs
(CVA and BFU). (B�D) Each panel represents a separate triplex dilution experiment varying a single COIN (CEI, BFU, or CVA). Two COINs
are held at a constant high concentration and not included in the panel because their signals are off the scale, while the third COIN is se-
rially diluted. The gray boxes are expanded in the inset plots to evaluate the limit of detection. Error bars are one standard deviation of
the mean, and some are smaller than plotted symbols (n � 100). A 514 nm laser was used to excite COIN. The statistical data analysis is de-
tailed in Table S1 in the Supporting Information.

Figure 4. Quadruplex PSA plate binding assay using antibody-conjugated COINs. (A) Spectral de-
convolution of the quadruplex assay. The upper traces represent the measured spectrum (gray) and
best-fit (black) spectrum. The colored lines represent the pure COIN spectra extracted with the spec-
tral deconvolution method. Peaks that primarily arise from a single COIN are shown by colored ar-
rows, and peaks arising from multiple COINs are color coded by boxes. (B) Dose�response curves for
the multiplex plate binding assay using four COIN preparations conjugated to anti-PSA antibody.
The four COIN�Ab conjugates were mixed together at fixed concentrations before addition to wells,
and the pure component signals were quantified by the spectral fitting method. The x-axis shows
the PSA solution concentrations adsorbed onto the aldehyde surface of each well (see Methods). Col-
ored lines are the best-fit dose�response curves, and error bars are standard deviations from two as-
says. (C) Comparison of limits of detection (LOD) for singlet and quadruplex PSA plate binding as-
says using the set of four COINs. Values shown are the mean and one standard deviation. Singlet and
quadruplex LODs are not statistically different at p < 0.05. Corresponding singlet assays are shown
in Figure S2 in the Supporting Information, and detailed statistics for the experiments are given in
Table S2 in the Supporting Information. A 514 nm laser was used to excite COIN.
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overlap, demonstrating that the typical single peak

method cannot be used for quantification. The spec-

tral fitting method exploits the entire spectral signa-

ture to extract individual component spectra (Figure 4A,

colored) and quantitative signals for each Ab-COIN.

The extracted signals from the quadruplex analysis are

used to construct dose�response curves shown in Fig-

ure 4B for the four antibody�COIN conjugates. The ex-

tracted signals represent true probe intensities, and

the difference between probes reflects inherent signal

intensities of the different COINs. We previously re-

ported the saturability of the dose response curve,13

suggesting that the observed antibody binding is spe-

cific. For all data points in Figure 4B, the intensity of in-

dividual Ab-COINs is proportional to the coated PSA

concentration (R2 � 0.98) and comparable to the lin-

ear Ab-COIN dose�response in singlet experiments

(Figure S2 in the Supporting Information).

In contrast to the solution assay, the LOD of the

plate binding assay is affected by nonspecific binding

of the antibody. In Figure 4B, the four Ab�COINs show

similar amounts of nonspecific signal (�0.11 au). The

LOD for individual Ab�COINs was defined as three

standard deviations above the mean signal intensity in

the blank wells. Figure 4C compares the LODs for each

Ab�COIN measured in quadruplex and singlet experi-

ments. We do not observe a statistically significant dif-

ference, suggesting that multiplexing does not change

the LOD of the Ab�COINs. As with the other assays, the

spectral fitting error in this experiment was a constant

percentage of total signal for all singlet and quadruplex

assays (�1% of total signal). Thus, the absolute error

from the analysis is larger in the multiplex experiments

due to larger combined signal from all probes. In this

experiment, multiplexing does not affect the LOD be-

cause the spectral fitting error is relatively small com-

pared to the major component of the error, which is

caused by the nonspecific binding of the antibody

(Table S2 in the Supporting Information). Together,

these results suggest that spectral fitting allows multi-

plexing of at least four probes without compromising

quantification.

Detection of Protein Expression in Formalin-Fixed and

Paraffin-Embedded Tissues. As a multiplexing application

of clinical relevance, we applied the spectral fitting

method to image the expression of proteins in formalin-

fixed paraffin-embedded (FFPE) prostate tissue sec-

tions. Five micrometer thick tissues were probed simul-

taneously with two antibody-conjugated COINs and a

fluorescent nucleic acid stain. BFU was conjugated to

anticytokeratin-18 (BFU�CK18), and AOH was conju-

gated to anti-PSA antibody (AOH�PSA). After loosen-

ing the tissue by enzymatic digestion, BFU�CK18 and

AOH�PSA antibody conjugates were simultaneously

Figure 5. Spectral deconvolution in a multiplex FFPE tissue assay. BFU�COIN was conjugated to anti-CK18 antibody (BFU�CK18);
AOH�COIN was conjugated to anti-PSA antibody (AOH�PSA), and a fluorescent dye targeted DNA (YOYO). The pure component sig-
nals were quantified by the spectral fitting method. (A) Brightfield image of prostate tissue. Spectra were recorded at each spot in a ras-
ter pattern (50 � 50, 1 �m spacing, small black spots). The raster spans epithelia (E) of two prostate glands, a narrow band of stromal tis-
sue separating the glands (S), and the gland lumen (L). (B) Spectral deconvolution for a single spot measurement. Upper traces represent
the measured spectrum (gray) and best-fit spectrum (black). Colored lines represent extracted spectra for BFU�CK18 (red), AOH�PSA
(green), and YOYO (blue). (C) Detail of the COIN fitting region showing measured (gray) and best-fit (black) spectra. Arrows indicate
unique peaks from BFU (red) and AOH (green) COINs, and peaks arising from both COINs are indicated by colored boxes. The spectral fit-
ting error of the pictured spectrum is 1.2% of total signal. (D) Pure component images and co-localization image of the three probes.
Pure component images report positive and negative signals in each spot of the raster using an intensity threshold for individual probes
(see Methods). DNA is visualized with the YOYO nucleic acid stain and marked in blue; COIN signals of CK18 are marked in red and PSA
in green. The co-localization image identifies epithelial nuclei (magenta) and coexpression of CK18 and PSA specifically in the epithelium
(yellow). Summary statistics for staining quality in repeated triplex assays are given in Table S3 in the Supporting Information. Scale
bars, 10 �m. A 532 nm laser was used as the excitation source.
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incubated with the tissue section on a glass slide. The
tissue was washed to remove unbound Ab�COINs, fol-
lowed by treatment with the YOYO nucleic acid stain.

Multiplex spectra were recorded in a raster pattern
of 2500 spots (Figure 5A). The maximum image resolu-
tion using the raster scanning method is set by the
beam spot size (�1 �m). The total scan time includes
the sum of acquisition times for each spot (0.1 s per
spot, �4 min) and the time required to move the stage
between each point (�15 min total scan time). Im-
proved image resolution and decreased scan time
could be achieved by commonly used tunable filters
that record entire images at specified wavelengths to
build an equivalent data set (i.e., the hyperspectral data
cube). The time required for acquisition is not affected
by the number of probes used, although longer acqui-
sition times will improve the signal-to-noise ratio and
spectral deconvolution accuracy for higher order multi-
plexing. The location of the raster was chosen to en-
compass an area of prostate epithelium (E), known to
express PSA and CK18 proteins (see Figure S3 in the
Supporting Information), and areas of the prostate
stroma (S) and the lumen within prostate glands (L),
where antibody binding is not expected.

Figure 5B shows a multiplex spectrum measured at
one spot of the raster using a single laser for excitation
(532 nm). The COIN spectra overlap and are separated
from the fluorescent emission spectrum of the YOYO
dye. The spectral analysis included probe reference
spectra (BFU, AOH, and YOYO), a representative autof-
luorescence spectrum from a different tissue sample,
and freely varying polynomial components. Figure 5B
shows the measured spectrum (gray), the resulting
best-fit spectrum (black), and the extracted pure probe
spectra (colored). Figure 5C shows that each peak in the
spectrum is accurately fit by the reference spectra, de-
spite increased noise due to short acquisition times (0.1
s per spot). The spectral fitting error for triplex tissue ex-
periments was only 1�2% of total signal, which is as
low as that for the solution and plate binding assays
(Figures 3 and 4). This result clearly demonstrates that
the spectral fitting method overcomes the problem of
autofluorescence that often interferes with protein
measurements in biological samples.

To visualize the expression of proteins and the loca-
tion of nuclear DNA in the context of tissue morphol-
ogy, the extracted pure component signals are mapped
onto the tissue image. Figure 5D shows the pure com-
ponent images for CK18�BFU, PSA�AOH, and YOYO.
The pure component signals at each spot are used to
classify the spot as positive (colored pixel) or negative
(gray pixel) for the corresponding target. The image
shows the expected epithelial coexpression of CK18
and PSA and clear identification of nuclei in both the
epithelium and stroma (YOYO). No steric interference
was observed between the CK18 and PSA probes (Fig-
ure S4 in the Supporting Information). The accuracy of

protein detection compares with our previous work13

using COIN for single-antigen detection (Table S3 in the
Supporting Information).

The multiplex tissue imaging with COIN�antibody
conjugates demonstrates the feasibility of using spec-
tral analysis for simultaneous detection of at least two
proteins and DNA in tissues. This system highlights the
major strengths of the spectral deconvolution method,
which can be generalized to other applications of Ra-
man spectroscopy, such as small animal imaging and
high-throughput multiplex analysis in array and cell-
based platforms.

The spectral fitting method presented here greatly
increases the power for multiplex quantification com-
pared to commonly used peak identification methods.
In experiments with three- or four-probe combinations
(Figure 3 and Figure 4), simple peak measurement
methods are not possible because characteristic probe-
specific peaks cannot be identified. Further, we include
a free-fitting component that compensates for un-
known background without the need to arbitrarily iden-
tify the baseline around individual peaks for back-
ground subtraction. The spectral fitting method
provides specific advantages, such as (1) quantification
of signals from multiplex spectra with overlapping
peaks, (2) robust removal of all background without in-
troducing artifacts that occur from conventional back-
ground subtraction, (3) quantitative spot-by-spot as-
sessment of the analysis error, (4) lack of operator bias,
and (5) simple automated implementation appropriate
for high-throughput analysis.

Multivariate spectral fitting methods, such as prin-
ciple component analysis (PCA), and classification algo-
rithms provide powerful tools for identifying key com-
ponents in multichannel data. These methods have
been very successful for analyzing the native Raman
emission from tissues and cells.31 PCA has been demon-
strated for identification of signals from multiplex Ra-
man probe mixtures;32,33 however, the output may be
difficult to interpret since components identified in the
spectrum do not necessarily represent single probes.
The simple spectral fitting approach presented here is
more akin to conventional spectral analysis of fluores-
cent labels in that it uses known probe signatures to
constrain the analysis and provides a single intensity
value for each individual probe. Fitting of the sharp Ra-
man peaks must conform to known reference spectra,
while it allows freedom in fitting broad features from
unknown background, including autofluorescence. Fur-
ther, it can be easily implemented using common
software.

In the current study, we used single-laser excitation
and spectral analysis to quantify up to four probes in a
small portion of the visible window (i.e., �40 nm), with-
out reaching the limit of multiplexing. The COINs used
here were optimized for green laser excitation, but the
excitation wavelengths of Raman probes can be se-
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lected based on nanoparticle material and
structure,10,34,35 the size of individual or clustered
nanoparticles,7,36 the molecular resonance of the Ra-
man label,19,36 or a combination of these parameters.
As with molecular fluorophores (but not quantum dots),
multiplexing levels can be increased by choosing probe
sets with different optimal excitation wavelengths. For
example, the molecular absorption effect was used in a
system with two lasers (514 and 647 nm) to selectively
excite certain Raman probes in multiplex nucleic acid
assays,18,19 and single gold nanoparticle probes have
been optimized for longer wavelength excitation (785
nm).10,18,23,27,35 Thus, distinct multiplex sets of Raman
probes could be selectively excited by different lasers,
with each spectral window providing high-order multi-
plexing. Spectral fitting and multiple laser excitation
should allow simultaneous detection of more than 12
Raman probes in the near term and surpass the multi-
plexing capability of fluorescent probes.

Applications of Raman probes are strongly moti-
vated by the potential for improved sensitivity and
quantitation in multiplex applications. Autofluores-
cence in biological samples remains a challenge for
analysis of fluorescent and Raman probes, and it is com-
mon to select excitation wavelengths in the red or near-
infrared region to reduce autofluorescence

intensity.23,27 This wavelength restriction inherently re-
duces the number of probes that can be multiplexed
since it only takes advantage of a small region of the
spectrum. Spectral analysis provides specific advan-
tages by (1) allowing quantitative separation of mul-
tiple probe signals, which maximizes multiplexing in a
given wavelength region, and by (2) quantitatively
separating probe signals from background autofluores-
cence, which extends the range of excitation wave-
lengths available in multiplex experiments. These ben-
efits are particularly useful for improving quantitation
and sensitivity in multiplex cell and tissue analyses,
both in vitro and in vivo.

We demonstrate quantitative detection of up to
four overlapping COIN signatures and the ability to de-
tect weak COIN signals in the presence of interfering
signals of 50�100-fold larger intensities. The imaging
of FFPE tissue shown here represents one of the most
challenging and clinically relevant applications for mul-
tiplex analysis. The spectral imaging method provides
the tools that are urgently needed to realize the fre-
quently cited potential of Raman probes for sensitive
and quantitative multiplexing. The method is exceed-
ingly simple to implement and can be easily adopted to
improve quantitative multiplexing in any application
of Raman probes.

METHODS
Plate Binding and Tissue Assays. AOH, NBA, and CVA were fabri-

cated using a “hot” method,7 and BFU, CEI, and TMR were fabri-
cated using a “cold” method.8 COINs were conjugated to anti-
PSA antibody (antihuman Kallikrein 3; R&D Systems) or
anticytokeratin-18 antibody (Abcam) by EDC coupling chemis-
try. Functionalized COINs are �60 nm in diameter. Plate assays
followed protocols described previously.7,8,13 Briefly, purified
PSA antigen (purified PSA from human semen, Sigma P3338)
was adsorbed onto aldehyde slides (Nunc). COINs conjugated
to anti-PSA antibodies (antihuman Kallikrein 3; R&D Systems
AF1344) were incubated in wells, followed by washing and spec-
tral measurement. Spectra were recorded from 225 points in
each well. For tissue staining, 5 �m thick human prostate tissue
sections were mounted on glass slides, deparaffinized, and rehy-
drated, followed by antigen retrieval using proteinase-K (5 min
at room temperature, DakoS3020).8,13 Both COINs were com-
bined and incubated with the tissue in a single step, followed
by incubation with YOYO-3 iodide nucleic acid stain (1:1000 dilu-
tion, 5 min incubation at room temperature; Invitrogen, Y3606).
The sample was washed twice with PBST, rinsed with 0.1 M NaCl,
and cover-slipped. The co-localization image in Figure 2D was
generated from pure component images by color coding pixels
that were positive for two analytes. Magenta pixels are positive
for AOH (PSA) and YOYO (nuclei); yellow pixels are positive for
AOH and BFU (CK18), but not for YOYO.

Raman Microscope Instrumentation. Spectral acquisition for plate
assays, solution assays, and tissue assays used two similar
instruments,7,8 one with a 514 nm laser (plate and solution as-
says) and the other with a 532 nm laser (tissue assays). The loca-
tion of Raman peaks (reported in wavenumber shift) is the same
regardless of the excitation wavelength, and both green lasers
effectively excite COIN. Each system used a conventional micro-
scope equipped with an epi-illumination head to provide laser
excitation and spectral acquisition, and spectra were acquired
using a spectrograph and thermoelectrically cooled CCD detec-
tor. For tissue analysis, each spectrum was acquired with a 20�

objective using 0.l s acquisition time and 650 �W laser power
at the sample surface.

The Spectral Deconvolution Method. Reference Spectra. Spectra from
single probe assays were collected in separate experiments
with the same instrumentation and spectral resolution, so that
reference spectra and measured spectra had a point-by-point
correspondence. All probe reference spectra were normalized
to a common intensity, for example

‘COIN1referencespectrum )
COIN1referencespectrum ⁄ mean(COIN1referencespectrum);’

Free-Fitting Polynomial. A polynomial was created by the combi-
nation of polynomial components of ascending order, and each
polynomial component is included in the fitting method as an in-
dividual “reference spectrum”. In Matlab (Mathworks), each poly-
nomial component was created based on the wavenumber
shift axis or pixel number axis (e.g., ‘poly0 � 1; poly1 � wnshift;
poly2 � wnshift.�2; poly3 � wnshift.�3=, where ‘wnshift’ is the
wavenumber shift axis). Other functions could be substituted or
combined to account for unusual spectral features in the back-
ground. All reference spectra were put into an array for easy han-
dling (called ‘referencespectra’ below; an array of n reference
spectra with m spectral points).

Analytical Methods. The spectral fitting procedure is a conven-
tional nonlinear regression of the measured spectrum using the
reference spectra described above. Descriptions below use a
single spectrum for simplicity (called ‘samplespectrum’ below;
spectrum with m spectral points), and large arrays are simply
handled by looping the commands.

signals ) regress(samplespectrum, referencespectra);’

The result consists of a list of signals, one for each compo-
nent in the reference spectra set (‘signals’; n values). The spec-
tral fitting error is calculated as the percent difference between
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measured and best-fit spectra averaged across the spectral fit-
ting range.

‘bestfitspectra ) signals * referencespectra;’

‘spectralfittingerror_points ) abs(samplespectrum -
bestfitspectra) ./ samplespectrum * 100;’

‘spectralfittingerror_mean ) mean(spectralfittingerror_points);’

The point-by-point spectral fitting error is shown in Figure
2D, and the mean value across the fitting range provides a single
value for the error in each measured spectrum.
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