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Abstract
Biomarker-targeted surface-enhanced Raman scattering (SERS) nanoparticles (NPs)

have been explored as a viable option for targeting and imaging multiple cell-surface pro-

tein biomarkers of cancer. While it has been demonstrated that this Raman-encoded

molecular imaging (REMI) technology may potentially be used to guide tumor-resection

procedures, the REMI strategy would benefit from further improvements in imaging speed.

Previous implementations of REMI have utilized 1024 spectral channels (camera pixels) in

a commercial spectroscopic CCD to detect the spectral signals from multiplexed SERS

NPs, a strategy that enables accurate demultiplexing of the relative concentration of each

NP “flavor” within a mixture. Here, we investigate the ability to significantly reduce the num-

ber of spectral-collection channels while maintaining accurate imaging and demultiplexing

of up to five SERS NP flavors, a strategy that offers the potential for improved imaging

speed and/or detection sensitivity in future systems. This strategy was optimized by analyz-

ing the linearity of five multiplexed flavors of SERS NPs topically applied on tissues. The

accuracy of this binning approach was then validated by staining tumor xenografts and

human breast tumor specimens with a mixture of five NP flavors (four targeted NPs and

one untargeted NP) and performing ratiometric imaging of specific vs. nonspecific NP accu-

mulation. We demonstrate that with channel-compressed spectrometry using as few as 16

channels, it is possible to perform REMI with five NP flavors, with < 20% error, at low con-

centrations (< 10 pM) that are relevant for clinical applications.

1 Introduction

Tissue-conserving surgeries, in which removal of normal tissue is minimizedwhile attempting
to achieve total resection of the tumor, is a primary intervention for many cancers, including
early-stage breast cancer, early-stage colon cancer, early-stage non-small-cell lung cancer, and
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melanoma [1]. Numerous studies have shown that the extent of resection correlates with
patient outcomes [2, 3], and that the status of the surgical margins, in particular, is of critical
importance [4–6]. If a positive margin is identified on excised surgical specimens by a surgical
pathologist, a re-excision procedure is often necessary to remove the residual tumor from the
patient. The need for multiple surgeries burdens the healthcare system with potentially avoid-
able costs, while also increasing surgical risks and emotional trauma for the patient, with infe-
rior outcomes [7–9]. Therefore, there is a need to accurately and rapidly identify tumors at
surgical margin surfaces in order to guide resection procedures intraoperatively.

The molecular imaging of cell-surface proteins that are overexpressed by tumors has the
potential to enable the detection of tumors with a high degree of specificity [10–12]. However,
disease biomarkers vary greatly between patients, within a tumor over time, as well as at differ-
ent locations within a tumor mass [13–15]. Therefore, in order to detect cancers with a high
degree of sensitivity, exogenous probes should ideally be capable of beingmultiplexed to simul-
taneously image a diverse panel of disease-related biomarkers. In recent years, surface-
enhanced Raman scattering (SERS) nanoparticles (NPs) have attracted interest due to their
brightness, photostability, and especially their multiplexing capability with laser illumination
at a single wavelength [16–20]. Different “flavors” of SERS NPs, each targeted to a unique bio-
marker, may be multiplexed to simultaneously image a panel of protein targets, in which
demultiplexing is achieved based on the characteristic Raman fingerprint spectrum that identi-
fies each NP flavor. It has been shown that the imaging of SERS NPs has the potential to iden-
tify phenotypically diverse tumors and to distinguish them from nonmalignant tissue [21, 22].

We have previously demonstrated that multiplexed SERS NPs may be topically applied on
fresh tissue surfaces for just 5 minutes, followed by a rapid rinse-removal step (10 sec), to
enable the simultaneous quantification of multiple biomarkers via raster-scanned spectral
imaging with illumination from a single laser source [23–25]. The topical delivery of SERS NPs
on resected tissues is attractive because it circumvents potential patient safety issues and regu-
latory complications associated with the in vivo delivery of contrast agents. A long-standing
challenge with the use of exogenous contrast agents for molecular diagnostics is the presence of
nonspecific and misleading sources of contrast. Example sources of nonspecific contrast
include the uneven topical application and rinse removal of NPs, variable working distances of
imaging probes, and variable tissue optical properties [22, 24, 26]. Another confounding factor
is that differences in diffusion and passive retention exhibited by different tissues types (e.g.
tumor vs. normal) can result in differences in the accumulation of topically applied NPs in
those different tissues types [22–25, 27–29]. However, by simultaneously delivering one untar-
geted NP flavor to control for the nonspecific behavior of one or more biomarker-targeted NP
flavors, a calibrated ratiometric image of specific vs. nonspecific binding can be generated to
clearly identifymolecularly specificNP accumulation, and therefore biomarker expression lev-
els, for the purposes of differentiating between tumors and normal tissues [21, 22, 25, 27, 29].

In order to guide tumor-resection procedures, an intraoperative imaging system should ide-
ally provide results within a matter of minutes or seconds to minimize surgical delays and com-
plications due to prolonged anesthesia [30]. Here, we explore the use of channel-compressed
spectrometry as a potential means to improve the imaging speed of the REMI approach. The
current REMI system utilizes a commercial 1024 × 256-pixel CCD operating in full-vertical-
binning (FVB) mode as the detector for a spectrograph, which results in 1024 spectral channels
being used for detection along the wavelength axis (see Fig 1B). One potential means of
improving detection speed is to decrease the spectral resolution of our system since the frame
rate of most detector-array technologies scales inversely with the number of pixels. In this
study, we explore the feasibility of channel-compressed spectrometry for the detection of up to
5 multiplexed flavors of SERS NPs. Initial characterization and optimization of the channel-
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compression strategy is performed by analyzing the linearity of detection for 5 multiplexed fla-
vors of SERS NPs over a range of concentrations. After determining the minimum number of
spectral channels that are required for accurate detection of clinically relevant concentrations
of NPs, this compression method is validated by acquiring realistic multiplexed molecular
images of tumor xenografts and freshly excised human breast tumor specimens.

2 Materials and Methods

2.1 Raman-encoded molecular imaging (REMI) approach

2.1.1 REMI device. A schematic of the customized REMI device is shown in Fig 1A, which
has been described in detail previously [23, 24, 31, 32]. A 785-nm diode laser (*10 mW) is
used to illuminate the sample via a multimode fiber (100-μm core). The NP samples at the tissue

Fig 1. (A) The REMI system and (B) the channel-compression strategy. (A) Schematic of the spectral-imaging system. A 785-nm laser is used to

illuminate the NP-stained tissue, creating a 1 mm-diameter laser spot. Raman-scattered photons from illuminated NPs are collected by 27 multimode

fibers and transmitted to a customized spectrometer, where they are dispersed onto a cooled deep-depletion spectroscopic CCD. (B) The camera is

used in full-vertical binning (FVB) mode, in which the signal from all 27 collection fibers are binned together by the camera, with 1024 pixels (spectral

channels) used to resolve the grating-dispersed wavelength axis. In this study, the 1024-channel data set is further binned along the wavelength axis

(horizontal binning) to examine the effects of spectral compression.

doi:10.1371/journal.pone.0163473.g001
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surface are imaged at a fixed 2-mmworking distance (*1 mm illumination spot). Raman-scat-
tered photons from illuminated SERS NPs, as well as background light (e.g. tissue autofluores-
cence and stray light), are collected by 27 multimode fibers (200-μm core) that surround the
illumination fiber. These collection fibers are arranged in a vertical array at the entrance slit of a
Raman spectrometer (Andor HoloSpec), which disperses the collected light onto a cooled deep-
depletion spectroscopicCCD array (Andor, Newton DU920P-BR-DD) with 1024 × 256 pixels.
The CCD is used in full-vertical-binning(FVB) mode (Fig 1B), in which the signal from all of
the collection fibers are binned in the 256-pixel vertical dimension, with 1024 pixels (spectral
channels) used to resolve the signal in the wavelength-dispersed dimension. The spectrometer
disperses the collected light onto the CCD such that a wavelength range of 808—926 nm
(Raman shift of 363—1940 cm-1) is examined. The detector integration time in this study is
0.1 sec (10 spectra/sec).To accomplish raster scanning, a two-axis translation stage, constructed
by orthogonally assembling two linear stages (Newmark systems Inc., ET-50-11), is actuated by
a two-axis stepper-motor controller (Newmark systems Inc., NSC-A2L) that is programmed in
LabVIEW. Raster-scanned spectral imaging of the sample is performed by scanning the tissue
sample while keeping the fiber-bundle imaging probe stationary. Since the spectral acquisition
rate is 0.1 sec/spectra (0.1 sec/pixel), and the desired spatial resolution is 1 mm (Nyquist sam-
pling pitch of 0.5 mm/pixel), the tissue is translated at a velocity of 5 mm/sec.

2.1.2 Demultiplexing SERS spectrausing direct classical least-squares (DCLS) fitting.
The relative nanoparticle weights and the weights of all broadband background components
are computed using a direct classical least-squares (DCLS) demultiplexing method described
previously [20, 24, 25]. The background signals are typically broadband, unlike the narrow
spectral peaks from the SERS NPs, and are due to tissue autofluorescence, photons that leak
through the Raman longpass filter, and other stray light sources. The demultiplexing method is
based on the assumption that the acquired spectra are linear combinations of the reference
spectral components (measured beforehand). The demultiplexing is performed using the least
squares function (LSQR) inMATLAB with a tolerance of 1 × 10−8 and a maximum of 500 itera-
tions. The NP concentrations are calculated based on calibration measurements with pure
(unmixed) NP flavors of known concentrations.

2.1.3 SERS NPs and functionalization. SERS NPs were purchased from BD (Becton,
Dickinson and Company). These NPs consist of a 60-nm diameter gold core, a layer of Raman
reporters adsorbed onto the surface of the gold cores, surrounded by a 30-nm thick silica coat-
ing, resulting in an overall diameter of *120 nm. The five “flavors” of NPs used here are iden-
tified as S420, S421, S440, S481, and S493, and each of these emits a characteristic Raman
spectrumdue to chemical differences in the Raman reporter layer. Linearity measurements of
the REMI system were performedwith a 5-flavor mixture of these SERS NPs mixed in ratios of
1:1:1:1:1 and 3:2:1:1:1 (S420:S421:S440:S481:S493 for both NP mixtures), which reflect realistic
ratio values observed in previous REMI experiments [23–25, 31]. Both NP mixtures were
diluted to concentrations ranging from 0.5 to 100 pM. Additional details about the SERS NPs
are available in the literature [19, 33].

For targeted molecular imaging of tissue, SERS NPs were functionalizedwith monoclonal
antibodies (mAb) to target either the epidermal growth factor receptor (EGFR), human epider-
mal growth factor receptor 2 (HER2), or cluster-of-differentiation markers, CD24 and CD44,
using a published conjugation protocol [23–25, 31]. Negative-control NPs were prepared by
conjugating one flavor of NP to an isotype control antibody (mouse IgG1). Previous studies
have shown that the isotype NP is a highly accurate control for the nonspecific behavior of the
targeted NPs [24]. In brief, the NPs, which contain reactive thiols at their surface, were first
reacted with a fluorophore, Cyto 647-maleamide (Cytodiagnostics Inc, part No. NF647-3-01),
for the purposes of fluorescence-based flow-cytometrycharacterization experiments. Then, the
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NPs were conjugated with either an isotype control (Thermo Scientific,MA110407), an anti-
EGFR (Thermo ScientificMS-378-PABX), an anti-HER2 (Thermo Scientific,MS-229-PABX),
an anti-CD44 (Abcam plc., ab6124), or an anti-CD24 (Abcam plc., ab31622) monoclonal anti-
body (mAb) at 500 molar equivalents per NP. The NP conjugates were stored at 4-deg C and
protected from light before use. UV-VIS spectrophotometry (Agilent 8453) was used to mea-
sure the concentration of the NP conjugates. Previous flow cytometry experiments [23–25, 31]
have demonstrated robust binding of the EGFR-NPs and HER2-NPs to A431 cells, which
highly overexpress EGFR and moderately overexpress HER2. Previous studies have also dem-
onstrated the agreement between immunohistochemistry images (fixed tissue sections) and
ratiometric REMI (fresh tissues) for quantifying the expression levels of EGFR and HER2 at
the surfaces of fresh tissues [23–25, 31].

2.1.4 Linearitymeasurements. For testing the linearity of NP detection using the REMI
device,male Fischer 344 inbred rats (10 weeks, Harlan Laboratories, Inc.) were euthanized via
inhalation of CO2, followed by the surgical removal of 2 × 3 cm2 sections of normal muscle tis-
sue. After gently rinsing the tissue samples in phosphate buffered saline (PBS) and placing
them on a glass slide, a 2-μL drop of either the 1:1:1:1:1 or the 3:2:1:1:1 NP mixture was placed
on the surface of the rat tissue (at varying concentrations) and imaged using the REMI system.
All animal work was approved by the Institutional Animal Care and Use Committee (IACUC,
No. 4345-01) at the University of Washington.

2.2 Spectral binning

In order to explore the feasibility of channel compression in this study, a spectral-binning strat-
egy was employed, in which the full 1024 spectral pixels collected by the commercial CCD
were divided into “bins,” where the value of each bin was the mean of all pixel values within
that bin (Fig 1B). We explored the variability in the demultiplexing output when the relative
positions of the bins were shifted (“phase-shifted”). While the shape of the spectra varies as a
function of phase (bin locations), it was determined that in terms of the accuracy of demulti-
plexing, the effect of phase shifting did not dominate over random experimental noise. This is
because using a larger number of bins, in which the spectral features are well-resolved, allows
for accurate demultiplexing regardless of phase (<5% error for 16 or more bins), while using a
smaller number of bins, which causes significant blurring of the spectral features, results in low
demultiplexing accuracy regardless of phase (e.g. 90% error for 8 bins). These two extreme
cases illustrate why, in general, the phase of the bins does not play a major role in the accuracy
of demultiplexing (as observed in our experiments for 8, 16, and 32 bins). Therefore, we disre-
garded phase-shifting effects in this study.

2.3 REMI of fresh tissues

2.3.1 REMI of tumor xenografts. For validation studies, nude mice (Taconic Farms Inc,
model NCRNU-F) were used to develop tumor xenografts. The A431 cancer cell line (1 × 106)
was suspended in matrigel (BD biosciences, 354234) in a 1:1 volume ratio to form a 200-μL
mixture. At 7-9 weeks of age, nude mice were subcutaneously implanted with the cell mixture
(1 × 106 cells per injection) on their flanks. After 2-4 weeks, when the tumors reached a size of
8-10 mm, the mice were euthanized by CO2 inhalation, followed by the surgical removal of the
implanted tumors. The tumor xenograft was immersed into a 50-μL equimolar mixture of the
four targeted-NPs and one untargeted-NP (150 pM/flavor), and allowed to incubate for
10 min. The tissue was then submerged into 20 mL of PBS (with gentle agitation) for 10 sec to
rinse off unboundNPs, followed by raster-scanned spectral imaging. For the imaging of tissue
specimens, 400 spectra/cm2 were acquired at a spectral acquisition rate of 10 spectra/sec,
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thereby requiring a total imaging time of< 1 min/cm2. A 2-μL droplet of the original equimo-
lar staining mixture was placed on the imaging slide near the stained tissue to calibrate the con-
centration and ratio measurements. After imaging, all tissues were fixed with 10% formalin
and submitted for histopathology (H&E staining).

2.3.2 REMI of human breast tissues. For further validation studies on human tissue, de-
identified human breast tissue specimens (* 2 × 2 cm2) were obtained from the University of
Washington Medical Center with patient consent and imaged within 1 hour after lumpectomy.
The specimens were stained and imaged using the same protocol as was performed for REMI
of tumor xenografts. Human-tissue imaging experiments were carried out in accordance with
approved guidelines and all experimental protocols were approved by the Human Subjects
Division at the University of Washington and the Northwest BioTrust under an IRB exemption
for the acquisition of de-identified tissues.Written consent to participate in this study was pro-
vided by the patients. After imaging, specimens were fixed with 10% formalin and submitted
for histopathology (H&E staining).

3 Results

The linearity of the REMI system was measured using a mixture of 5 NP flavors prepared in a
concentration ratio of 1:1:1:1:1 or 3:2:1:1:1 with droplets from each mixture placed on the sur-
face of rat tissue at varying concentrations (0.5-100 pM). Fig 2A–2D show the linearity of mea-
sured NP concentrations and concentration ratios for 5 NP flavors mixed in the 1:1:1:1:1 ratio
(Fig 2A and 2B) or in the 3:2:1:1:1 ratio (Fig 2C and 2D). The concentration ratios are based on
the concentration of NP flavors S420, S421, S481 and S493 against the concentration of NP fla-
vor S440 (assumed to be the “negative-control” NP in this case). Fig 2B shows that the concen-
tration ratios measured from the 1:1:1:1:1 NP mixtures remain near unity for NP
concentrations ranging from 2-100 pM. However, for samples with NP concentrations below
1 pM, larger errors in the concentration ratio (> 10%) appear. Similarly, Fig 2D shows that the
measured ratios are accurate (< 10% error) when all NP concentrations are greater than 2 pM.
The non-equimolar volume ratio of 3:2:1:1:1 represents a scenario in ex vivo tissue imaging in
which the specimen greatly overexpresses a certain protein biomarker (3-fold enhanced bind-
ing compared to the control NP), while moderately overexpressing another protein biomarker
(2-fold enhanced binding compared to a control NP), with two other biomarkers that are negli-
gibly expressed (no enhanced binding, which yields a NP ratio of 1). This range of ratios is con-
sistent with our previous REMI experiments with fresh tissues [24, 25, 31].

A limit-of-detection (LOD) analysis was conducted using the linearity data to determine the
minimal number of spectral channels needed to ensure accurate measurement of NP concen-
trations. In this case, the LOD is defined as the NP concentration at which the error in the con-
centration ratio exceeds 10%. A plot of the LOD as a function of number of spectral bins is
shown in Fig 2E and 2F. These plots show that the LOD gradually deteriorates as the number
of spectral channels (or bins) decreases, with the shaded region indicating the experimental
variability in the LODmeasurements (standard deviation, n = 5). Based on Fig 2E and 2F, the
LOD remains below 10 pM as long as a minimum of 16 bins is used. Note that in REMI experi-
ments with fresh tissues, using an optimized topical staining protocol (150 pM/flavor, 10 min
of staining), the measured NP concentrations are always above 10 pM [26]. Therefore, even
with only 16 spectral channels, we would expect accurate REMImeasurements of tissues.

To validate the spectral binning strategy, we first binned spectral data acquired from REMI
experiments with A431 tumor xenografts (subcutaneously implanted in mice). These tissue
specimens were stained for 10 min with an equimolar mixture of targeted-NPs, unconjugated
NPs, and isotype-NP, in which the unconjugated NPs exhibit similar behavior to the isotype-
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NP [24]. Fig 3A shows the ratiometric images of targeted-NPs vs. isotype-NPs (EGFR-NP/
isotype-NP and HER2-NP/isotype-NP) and unconjugated-NPs vs. isotype-NPs (unconjugated-
S481-NP/isotype-NP and unconjugated-S493/isotype-NP) in each of the respective rows. The
ratio of unconjugated-NPs vs. isotype-NPs is expected to lie near unity, since none of these NP
flavors is targeted to a specific cell-surfacemolecular biomarker. The different columns in Fig 3A
show ratiometric images obtained with a decreasing number of spectral channels. The first col-
umn shows the ratiometric image of an A431 tumor xenograft when no binning is performed
(the 1024-channel “gold-standard” in this work), while columns 2-4 show the ratiometric images
obtained when the spectral data is compressed into 32 bins, 16 bins, and 8 bins, respectively.
Fig 3A shows that 32-bin and 16-bin spectral compression yields ratiometric images that are con-
sistent with the gold-standard images, in which there is a high ratio of EGFR-NP vs. isotype-NP
(*3), a moderate ratio of HER2-NP vs. isotype-NP (*2), and a ratio near unity for the uncon-
jugated-S481-NP vs. isotype-NP and unconjugated-S493-NP vs. isotype-NP. Spectral compres-
sion down to 8 bins results in low-fidelity ratiometric images. Fig 3C shows an H&E-stained en
face histology section from the same A431 tumor xenograft imaged with REMI, which confirms
the relatively homogenous distribution of tumor cells throughout the tumor xenograft specimen.

To quantitatively evaluate the spectrally binned imaging data, we computed the pixel-by-
pixel error of the binned images in comparison to the gold-standard (no binning) images. The
results from all pixels (average and standard deviation) are displayed as bar plots in Fig 3D.

Fig 2. (A-D) Linearity test for 5-flavor NP mixtures and (E,F) the limit of detection (LOD) as the number of bins (spectral channels) is reduced.

(A-D) Five NP flavors were mixed in an equimolar concentration ratio (1:1:1:1:1) or a concentration ratio of 3:2:1:1:1 (S420:S421:S440:S481:S493).

Various dilutions of these NP mixtures were prepared in the range of 0.5-100 pM. The NP concentrations were measured with the REMI system to

calculate their concentration ratios. (a,b) Linearity plots for the 1:1:1:1:1 NP mixture. (C,D) Linearity plots for the 3:2:1:1:1 NP mixture. Error bars

represent the standard deviation across 5 repeated experiments. Note that the “sample concentration” refers to the concentration of the S440 NP (which

serves as the negative-control NP). (E,F) The limit of detection (LOD) is defined as the concentration at which the error in the measured concentration

ratio exceeds 10%. The shaded curves indicate the standard deviation in the LOD measurements from 5 repeated experiments.

doi:10.1371/journal.pone.0163473.g002
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With 16 bins, the errors are well below 20% (grey dashed line), and with 32 bins, the errors are
below 10%. These results indicate that by using only 16 or 32 spectral channels, we can obtain
ratiometric images with high fidelity to those obtained using the full 1024 spectral channels.

The spectral binning strategy was further validated for rapid molecular imaging of fresh
human breast tissues. Fig 4A shows ratiometric images of targeted-NPs vs. isotype-NPs
(EGFR-NP/isotype-NP, HER2-NP/isotype-NP, CD24-NP/isotype-NP, and CD44-NP/isotype-
NP) in each of the respective rows, while the columns show ratiometric images obtained with a
decreasing number of spectral channels. Unlike the tumor xenograft in Fig 3, the human tissue

Fig 3. REMI approach performed on an A431 tumor xenograft (EGFR++, HER2+) stained with a

5-flavor NP mixture (EGFR-, HER2-, Control-S481-, Control-S493-, and isotype-NPs, 150 pM/flavor).

(A) Ratiometric images of the tumor xenograft. From top to bottom, each row shows the ratio of EGFR/

isotype-NP, HER2/isotype-NP, unconjugated-S481/isotype-NP, and unconjugated-S493/isotype-NP,

respectively. From left to right, each column shows the ratiometric image obtained with a decreasing number

of spectral channels. (B) A photograph of the A431 tumor xenograft. (C) H&E-stained pathology section of

the tumor xenograft. (D) Average error (%) in the measured NP ratios when using spectral compression in

comparison with the gold-standard images (full 1024 channels). Error bars represent the standard deviation

amongst all pixels in the image.

doi:10.1371/journal.pone.0163473.g003
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specimen in Fig 4 exhibits a more heterogeneous tumor distribution. A high ratio of EGFR-NP
vs. isotype-NP is observed (*4), as well as a high HER2-NP vs. isotype-NP ratio (*3.5), low
CD24-NP vs. isotype-NP ratio (*1), and a moderate CD44-NP vs. isotype-NP ratio (*2).
Qualitatively, the images obtained with 32-bin and 16-bin spectral compression exhibit image
features comparable to those in the gold-standard images. The tissue was submitted for histo-
pathology after imaging. Examination of H&E-stained sections of the tissue validated the het-
erogeneous distribution of the tumor cells. Fig 4D shows the error in the pixel values (average
and standard deviation) between the spectrally compressed images and the gold-standard
images. With only 16 bins, the errors in the ratio of EGFR-NP vs. isotype-NP, HER2-NP vs.
isotype-NP and CD44-NP vs. isotype-NP are below 20% (grey dashed line). The error in the
ratio of CD24-NP vs. isotype-NP is slightly worse due to the low measured concentration of
CD24-NPs (*5 pM from the poorly stained tissue regions) that was below the LOD with
16-bin spectral compression (Fig 2E and 2F). However, with 32-bin spectral compression, the
errors for all NP ratios remain below 20%.While the use of 32 spectral channels may bemore
robust than the use of 16 spectral channels, utilizing brighter NPs and improved staining pro-
tocols may enable accurate imaging using 16 channels in the future.

4 Discussion and conclusions

The present study aims to explore and improve a strategy for rapid molecular imaging of
superficial tissue surfaces in order to guide tumor-resection procedures.We have previously
described the development of a Raman-encodedmolecular imaging (REMI) system for rapid
multiplexed imaging of fresh excised tissue for intraoperative guidance of breast-conserving

Fig 4. REMI approach performed on a human breast tissue specimen stained with a 5-flavor NP mixture (EGFR-, HER2-, CD24-, CD44-, and

isotype-NPs, 150 pM/flavor). (A) Ratiometric images of a human breast tissue specimen. From top to bottom, the rows display ratiometric images of

EGFR/isotype-NP, HER2/isotype-NP, CD24/isotype-NP and CD44/isotype-NP. From left to right, the columns display ratiometric images obtained with a

decreasing number of spectral channels. (B) A photograph of the tissue specimen. (C) H&E histology of the specimen, with higher magnification views of

fat (left), normal breast tissue (middle), and tumor (right). Unlabeled scale bars represent 200 μm. (D) Average error (%) in the measured NP ratios when

using spectral compression in comparison to the gold-standard images (full 1024 spectral channels). The error bars represent the standard deviation

amongst all pixels in the image.

doi:10.1371/journal.pone.0163473.g004

Channel-Compressed Spectrometry for Multiplexed Molecular Imaging Using SERS Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0163473 September 29, 2016 9 / 13



surgery [23, 24, 31], which is the most common treatment for patients diagnosedwith early-
stage breast cancer [34]. The previous wide-area REMI system used 1024 spectral channels and
was capable of imaging a 2 × 2 cm2 area of fresh tissue in approximately five minutes [23, 24].
Due to the narrow window of time that is allowed for the intraoperative assessment of the mar-
gins of excised tissue specimens, it is desired to further improve the imaging speed of REMI
without compromising the accuracy in biomarker detection.

Here, we have investigated the feasibility of channel-compressed spectrometry to potentially
improve the speed and/or sensitivity of REMI.We have developed and optimized a spectral bin-
ning strategy to determine the minimum number of spectral channels required to obtain ratio-
metric images with a desired level of accuracywhen detecting low concentrations of SERS NPs.
One of the primary benefits of binning is the improved signal-to-noise (SNR) ratio due to
reduced read noise and increased photon counts per spectral channel/bin. The current imaging
system, using a standard spectroscopicCCD, is capable of accurately demultiplexing five NP fla-
vors down to 2 pMwith< 10% errors (Fig 2A–2D). It has been determined that a minimum of
16 bins should be used to maintain the measurement accuracywhen demultiplexing 5 NP flavors
at a concentration of 10 pM or above. The use of 32 channels offers a LOD that is more compara-
ble to that of 1024 channels, as well as ratiometric images with fidelity comparable to the
1024-channel “gold-standard” (Figs 3 and 4). Note that more sophisticated spectral-compression
strategies are also possible, such as utilizing a limited set of spectral-detectionwindows that coin-
cide with specific Raman peaks emitted by various flavors of multiplexed SERS NPs [35]. How-
ever, this would require more complex detection optics such as non-grating-based spectral
filtering.On the other hand, as noted in the following paragraph, the use of uniformly spaced
sequential spectral bins allows for easier adoption of certain advanced detector array technologies
that are commercially available as a substitute for high-channel-count spectroscopicCCD arrays.

In summary, the results of this study are significant in showing that a very high degree of
channel compression (nearly two orders of magnitude reduced from the original 1024 channels)
can still allow for highly multiplexed ratiometric imaging of biomarkers with targeted SERS
NPs. This opens up the possibility to use advanced detector arrays, such as a 16-channel or
32-channel photomultiplier tube (PMT) linear array or an avalanche photodiode (APD) array,
which are much more sensitive and fast compared to a 1024 × 256 spectroscopicCCD array.
For example, the current CCD used in our REMI system is only capable of acquiring up to 272
spectra per second in the FVBmode [36]. In comparison, PMT arrays can acquire up to 1.28
million spectra per second (4,700 times faster) due to their high cathode sensitivity and time-
response, over a wide spectral range (300-920 nm) [37]. APD arrays feature comparable speed
and even higher quantum efficiencycompared to current PMT arrays in the 900 nm spectral
range [38]. Improvements in spectral acquisition rate and SNR would not only be of great clini-
cal benefit (through faster imaging speeds), but could also enable improved spatial resolution
for REMI through the use of a smaller illumination spot size coupled with a finer sampling pitch
during raster-scanned imaging (e.g. a 100-μm resolution for the identification of low numbers
of tumor cells). Future studies will develop and assess the ability of a high-speed and high-
resolution REMI system for a variety of clinical applications including intraoperative guidance
of tumor resection and multiplexed molecular endoscopy of the gastrointestinal tract [19, 21,
23, 24, 32], in which imaging speed and imaging resolution are of importance.

Acknowledgments

The authors acknowledge support from the Department of Mechanical Engineering at the Uni-
versity of Washington and the Department of Pathology at the University of Washington Med-
ical Center.

Channel-Compressed Spectrometry for Multiplexed Molecular Imaging Using SERS Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0163473 September 29, 2016 10 / 13



Author Contributions

Conceptualization: SK YW JTCL.

Formal analysis: SK.

Investigation: SK.

Methodology:SK YW JTCL.

Software: SK.

Supervision: JTCL.

Validation: SK.

Visualization: SK YWNPR JTCL.

Writing – original draft: SK JTCL.

Writing – review& editing: SK YWNPR JTCL.

References
1. DeSantis CE, Lin CC, Mariotto AB, Siegel RL, Stein KD, Kramer JL, et al. Cancer Treatment and Survi-

vorship Statistics, 2014. CA: A Cancer Journal for Clinicians. 2014; 64(4):252–271. Available from:

http://onlinelibrary.wiley.com/doi/10.3322/caac.21235/abstract. doi: 10.3322/caac.21235 PMID:

24890451

2. Sanai N, Berger MS. Glioma extent of resection and its impact on patient outcome. Neurosurgery.

2008; 62(4):753–766. Available from: http://journals.lww.com/neurosurgery/Abstract/2008/04000/

Glioma_Extent_of_Resection_and_Its_Impact_on.10.aspx. doi: 10.1227/01.neu.0000318159.21731.

cf PMID: 18496181

3. Regimbeau JM, Kianmanesh R, Farges O, Dondero F, Sauvanet A, Belghiti J. Extent of liver resection

influences the outcome in patients with cirrhosis and small hepatocellular carcinoma. Surgery. 2002;

131(3):311–317. Available from: http://www.sciencedirect.com/science/article/pii/

S0039606002154316. doi: 10.1067/msy.2002.121892 PMID: 11894036

4. Houssami N, Macaskill P, Luke Marinovich M, Morrow M. The association of surgical margins and

local recurrence in women with early-stage invasive breast cancer treated with breast-conserving ther-

apy: A meta-analysis. Annals of Surgical Oncology. 2014; 21(3):717–730. Available from: http://www.

ncbi.nlm.nih.gov/pubmed/24473640. doi: 10.1245/s10434-014-3480-5 PMID: 24473640

5. Khalifeh A, Kaouk JH, Bhayani S, Rogers C, Stifelman M, Tanagho YS, et al. Positive surgical margins

in robot-assisted partial nephrectomy: A multi-institutional analysis of oncologic outcomes (Leave no

tumor behind). Journal of Urology. 2013; 190(5):1674–1679. Available from: http://www.ncbi.nlm.nih.

gov/pubmed/23764077. doi: 10.1016/j.juro.2013.05.110 PMID: 23764077

6. Hinni ML, Ferlito A, Brandwein-Gensler MS, Takes RP, Silver CE, Westra WH, et al. Surgical margins

in head and neck cancer: A contemporary review. Head Neck. 2013; 35(9):1362–70. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/22941934. doi: 10.1002/hed.23110 PMID: 22941934

7. Pleijhuis RG, Graafland M, de Vries J, Bart J, de Jong JS, van Dam GM. Obtaining adequate surgical

margins in breast-conserving therapy for patients with early-stage breast cancer: current modalities

and future directions. Annals of Surgical Oncology. 2009; 16(10):2717–2730. Available from: http://

www.ncbi.nlm.nih.gov/pubmed/19609829. doi: 10.1245/s10434-009-0609-z PMID: 19609829

8. Kouzminova NB, Aggarwal S, Aggarwal A, Allo MD, Lin AY. Impact of initial surgical margins and resid-

ual cancer upon re-excision on outcome of patients with localized breast cancer. American Journal of

Surgery. 2009; 198(6):771–780. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19969128. doi:

10.1016/j.amjsurg.2009.05.027 PMID: 19969128

9. Menes TS, Tartter PI, Bleiweiss I, Godbold JH, Estabrook A, Smith SR. The consequence of multiple

re-excisions to obtain clear lumpectomy margins in breast cancer patients. Annals of surgical oncol-

ogy. 2005; 12(11):881–885. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16195834. doi: 10.

1245/ASO.2005.03.021 PMID: 16195834

10. Vahrmeijer AL, Hutteman M, van der Vorst JR, van de Velde CJH, Frangioni JV. Image-guided cancer

surgery using near-infrared fluorescence. Nature reviews Clinical oncology. 2013; 10(9):507–18.

Channel-Compressed Spectrometry for Multiplexed Molecular Imaging Using SERS Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0163473 September 29, 2016 11 / 13

http://onlinelibrary.wiley.com/doi/10.3322/caac.21235/abstract
http://dx.doi.org/10.3322/caac.21235
http://www.ncbi.nlm.nih.gov/pubmed/24890451
http://journals.lww.com/neurosurgery/Abstract/2008/04000/Glioma_Extent_of_Resection_and_Its_Impact_on.10.aspx
http://journals.lww.com/neurosurgery/Abstract/2008/04000/Glioma_Extent_of_Resection_and_Its_Impact_on.10.aspx
http://dx.doi.org/10.1227/01.neu.0000318159.21731.cf
http://dx.doi.org/10.1227/01.neu.0000318159.21731.cf
http://www.ncbi.nlm.nih.gov/pubmed/18496181
http://www.sciencedirect.com/science/article/pii/S0039606002154316
http://www.sciencedirect.com/science/article/pii/S0039606002154316
http://dx.doi.org/10.1067/msy.2002.121892
http://www.ncbi.nlm.nih.gov/pubmed/11894036
http://www.ncbi.nlm.nih.gov/pubmed/24473640
http://www.ncbi.nlm.nih.gov/pubmed/24473640
http://dx.doi.org/10.1245/s10434-014-3480-5
http://www.ncbi.nlm.nih.gov/pubmed/24473640
http://www.ncbi.nlm.nih.gov/pubmed/23764077
http://www.ncbi.nlm.nih.gov/pubmed/23764077
http://dx.doi.org/10.1016/j.juro.2013.05.110
http://www.ncbi.nlm.nih.gov/pubmed/23764077
http://www.ncbi.nlm.nih.gov/pubmed/22941934
http://dx.doi.org/10.1002/hed.23110
http://www.ncbi.nlm.nih.gov/pubmed/22941934
http://www.ncbi.nlm.nih.gov/pubmed/19609829
http://www.ncbi.nlm.nih.gov/pubmed/19609829
http://dx.doi.org/10.1245/s10434-009-0609-z
http://www.ncbi.nlm.nih.gov/pubmed/19609829
http://www.ncbi.nlm.nih.gov/pubmed/19969128
http://dx.doi.org/10.1016/j.amjsurg.2009.05.027
http://www.ncbi.nlm.nih.gov/pubmed/19969128
http://www.ncbi.nlm.nih.gov/pubmed/16195834
http://dx.doi.org/10.1245/ASO.2005.03.021
http://dx.doi.org/10.1245/ASO.2005.03.021
http://www.ncbi.nlm.nih.gov/pubmed/16195834


Available from: http://www.nature.com/nrclinonc/journal/v10/n9/full/nrclinonc.2013.123.html. doi: 10.

1038/nrclinonc.2013.123 PMID: 23881033

11. van Dam GM, Themelis G, Crane LMa, Harlaar NJ, Pleijhuis RG, Kelder W, et al. Intraoperative tumor-

specific fluorescence imaging in ovarian cancer by folate receptor-α targeting: first in-human results.

Nature medicine. 2011; 17(10):1315–9. Available from: http://www.nature.com/nm/journal/v17/n10/

full/nm.2472.html. doi: 10.1038/nm.2472 PMID: 21926976

12. Yang DJ, Kim EE, Inoue T. Targeted molecular imaging in oncology. Annals of Nuclear Medicine.

2006; 20(1):1–11. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16485568. doi: 10.1007/

BF02985584 PMID: 16485568

13. Gerlinger M, Rowan AJ, Stuart H, James L, David E, Eva G, et al. Intratumor Heterogeneity and

Branched Evolution Revealed by Multiregion Sequencing. New England Journal of Medicine. 2012;

366(10):883–892. Available from: http://www.nejm.org/doi/full/10.1056/NEJMoa1113205. doi: 10.

1056/NEJMoa1113205 PMID: 22397650

14. Fidler IJ. Tumor Heterogeneity and the Biology of Cancer Invasion and Metastasis. Cancer research.

1978; 38(September):2651–2660. Available from: http://www.ncbi.nlm.nih.gov/pubmed/354778.

PMID: 354778

15. Longo D. Tumor heterogeneity and personalized medicine. N Engl J Med. 2012; 366:956–957. Avail-

able from: http://www.ncbi.nlm.nih.gov/pubmed/22397658. doi: 10.1056/NEJMe1200656 PMID:

22397658

16. Mohs AM, Mancini MC, Singhal S, Provenzale JM, Leyland-Jones B, Wang MD, et al. Hand-held spec-

troscopic device for in vivo and intraoperative tumor detection: Contrast enhancement, detection sensi-

tivity, and tissue penetration. Analytical Chemistry. 2010; 82(21):9058–9065. Available from: http://

www.ncbi.nlm.nih.gov/pubmed/20925393. doi: 10.1021/ac102058k PMID: 20925393

17. Mulvaney SP, Musick MD, Keating CD, Natan MJ. Glass-coated, analyte-tagged nanoparticles: a new

tagging system based on detection with surface-enhanced Raman scattering. Langmuir. 2003; 19(11):

47834790. Available from: http://pubs.acs.org/doi/abs/10.1021/la026706j. doi: 10.1021/la026706j

18. Zavaleta CL, Garai E, Liu JTC, Sensarn S, Mandella MJ, Van de Sompel D, et al. A Raman-based

endoscopic strategy for multiplexed molecular imaging. Proceedings of the National Academy of Sci-

ences of the United States of America. 2013 jun; 110(25):E2288–97. Available from: http://www.ncbi.

nlm.nih.gov/pubmed/23703909. doi: 10.1073/pnas.1211309110 PMID: 23703909

19. Zavaleta CL, Smith BR, Walton I, Doering W, Davis G, Shojaei B, et al. Multiplexed imaging of surface

enhanced Raman scattering nanotags in living mice using noninvasive Raman spectroscopy. Pro-

ceedings of the National Academy of Sciences of the United States of America. 2009 aug; 106(32):

13511–6. Available from: http://www.pnas.org/content/106/32/13511.abstract. doi: 10.1073/pnas.

0813327106 PMID: 19666578

20. Leigh SY, Som M, Liu JTC. Method for Assessing the Reliability of Molecular Diagnostics Based on

Multiplexed SERS-Coded Nanoparticles. PLoS ONE. 2013; 8(4). Available from: http://journals.plos.

org/plosone/article?id=10.1371/journal.pone.0062084. doi: 10.1371/journal.pone.0062084 PMID:

23620806

21. Garai E, Sensarn S, Zavaleta CL, Van de Sompel D, Loewke NO, Mandella MJ, et al. High-sensitivity,

real-time, ratiometric imaging of surface-enhanced Raman scattering nanoparticles with a clinically

translatable Raman endoscope device. Journal of biomedical optics. 2013 sep; 18(9):096008. Avail-

able from: http://www.ncbi.nlm.nih.gov/pubmed/24008818. doi: 10.1117/1.JBO.18.9.096008 PMID:

24008818

22. Liu JTC, Helms MW, Mandella MJ, Crawford JM, Kino GS, Contag CH. Quantifying cell-surface bio-

marker expression in thick tissues with ratiometric three-dimensional microscopy. Biophysical Journal.

2009; 96(6):2405–2414. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19289065. doi: 10.

1016/j.bpj.2008.12.3908 PMID: 19289065

23. Wang Y, Kang S, Khan A, Ruttner G, Leigh SY, Murray M, et al. Quantitative molecular phenotyping

with topically applied SERS nanoparticles for intraoperative guidance of breast cancer lumpectomy.

Scientific Reports. 2016; 6(February):21242. Available from: http://www.nature.com/articles/

srep21242. doi: 10.1038/srep21242 PMID: 26878888

24. Wang YW, Khan A, Som M, Wang D, Chen Y, Leigh SY, et al. Rapid ratiometric biomarker detection

with topically applied SERS nanoparticles. Technology. 2014 jun; 2(2):118–132. Available from: http://

www.ncbi.nlm.nih.gov/pubmed/25045721. doi: 10.1142/S2339547814500125 PMID: 25045721

25. Wang YW, Khan A, Leigh SY, Wang D, Chen Y, Meza D, et al. Comprehensive spectral endoscopy of

topically applied SERS nanoparticles in the rat esophagus. Biomedical optics express. 2014 sep; 5(9):

2883–95. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25401005. doi: 10.1364/BOE.5.

002883 PMID: 25401005

Channel-Compressed Spectrometry for Multiplexed Molecular Imaging Using SERS Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0163473 September 29, 2016 12 / 13

http://www.nature.com/nrclinonc/journal/v10/n9/full/nrclinonc.2013.123.html
http://dx.doi.org/10.1038/nrclinonc.2013.123
http://dx.doi.org/10.1038/nrclinonc.2013.123
http://www.ncbi.nlm.nih.gov/pubmed/23881033
http://www.nature.com/nm/journal/v17/n10/full/nm.2472.html
http://www.nature.com/nm/journal/v17/n10/full/nm.2472.html
http://dx.doi.org/10.1038/nm.2472
http://www.ncbi.nlm.nih.gov/pubmed/21926976
http://www.ncbi.nlm.nih.gov/pubmed/16485568
http://dx.doi.org/10.1007/BF02985584
http://dx.doi.org/10.1007/BF02985584
http://www.ncbi.nlm.nih.gov/pubmed/16485568
http://www.nejm.org/doi/full/10.1056/NEJMoa1113205
http://dx.doi.org/10.1056/NEJMoa1113205
http://dx.doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
http://www.ncbi.nlm.nih.gov/pubmed/354778
http://www.ncbi.nlm.nih.gov/pubmed/354778
http://www.ncbi.nlm.nih.gov/pubmed/22397658
http://dx.doi.org/10.1056/NEJMe1200656
http://www.ncbi.nlm.nih.gov/pubmed/22397658
http://www.ncbi.nlm.nih.gov/pubmed/20925393
http://www.ncbi.nlm.nih.gov/pubmed/20925393
http://dx.doi.org/10.1021/ac102058k
http://www.ncbi.nlm.nih.gov/pubmed/20925393
http://pubs.acs.org/doi/abs/10.1021/la026706j
http://dx.doi.org/10.1021/la026706j
http://www.ncbi.nlm.nih.gov/pubmed/23703909
http://www.ncbi.nlm.nih.gov/pubmed/23703909
http://dx.doi.org/10.1073/pnas.1211309110
http://www.ncbi.nlm.nih.gov/pubmed/23703909
http://www.pnas.org/content/106/32/13511.abstract
http://dx.doi.org/10.1073/pnas.0813327106
http://dx.doi.org/10.1073/pnas.0813327106
http://www.ncbi.nlm.nih.gov/pubmed/19666578
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062084
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062084
http://dx.doi.org/10.1371/journal.pone.0062084
http://www.ncbi.nlm.nih.gov/pubmed/23620806
http://www.ncbi.nlm.nih.gov/pubmed/24008818
http://dx.doi.org/10.1117/1.JBO.18.9.096008
http://www.ncbi.nlm.nih.gov/pubmed/24008818
http://www.ncbi.nlm.nih.gov/pubmed/19289065
http://dx.doi.org/10.1016/j.bpj.2008.12.3908
http://dx.doi.org/10.1016/j.bpj.2008.12.3908
http://www.ncbi.nlm.nih.gov/pubmed/19289065
http://www.nature.com/articles/srep21242
http://www.nature.com/articles/srep21242
http://dx.doi.org/10.1038/srep21242
http://www.ncbi.nlm.nih.gov/pubmed/26878888
http://www.ncbi.nlm.nih.gov/pubmed/25045721
http://www.ncbi.nlm.nih.gov/pubmed/25045721
http://dx.doi.org/10.1142/S2339547814500125
http://www.ncbi.nlm.nih.gov/pubmed/25045721
http://www.ncbi.nlm.nih.gov/pubmed/25401005
http://dx.doi.org/10.1364/BOE.5.002883
http://dx.doi.org/10.1364/BOE.5.002883
http://www.ncbi.nlm.nih.gov/pubmed/25401005


26. Sinha L, Wang Y, Yang C, Khan A, Brankov JG, Liu JTC, et al. Quantification of the binding potential of

cell-surface receptors in fresh excised specimens via dual-probe modeling of SERS nanoparticles. Sci-

entific Reports. 2014; 5:1–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25716578. doi: 10.

1038/srep08582 PMID: 25716578

27. Tichauer KM, Samkoe KS, Sexton KJ, Hextrum SK, Yang HH, Klubben WS, et al. In vivo quantification

of tumor receptor binding potential with dual-reporter molecular imaging. Mol Imaging Biol. 2012;

14(5):584–592. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22203241. doi: 10.1007/s11307-

011-0534-y PMID: 22203241

28. Tichauer KM, Samkoe KS, Gunn JR, Kanick SC, Hoopes PJ, Barth RJ, et al. Microscopic lymph node

tumor burden quantified by macroscopic dual-tracer molecular imaging. Nature Medicine. 2014 oct;

20(11). Available from: http://www.ncbi.nlm.nih.gov/pubmed/25344739. doi: 10.1038/nm.3732 PMID:

25344739

29. Tichauer KM, Samkoe KS, Sexton KJ, Gunn JR, Hasan T, Pogue BW. Improved tumor contrast

achieved by single time point dual-reporter fluorescence imaging. Journal of biomedical optics. 2012

jun; 17(6):1–10. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22734757. doi: 10.1117/1.JBO.

17.6.066001 PMID: 22734757

30. Sabel MS, Jorns JM, Wu A, Myers J, Newman LA, Breslin TM. Development of an intraoperative

pathology consultation service at a free-standing ambulatory surgical center: Clinical and economic

impact for patients undergoing breast cancer surgery. American Journal of Surgery. 2012; 204(1):

66–77. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22178485. doi: 10.1016/j.amjsurg.2011.

07.016 PMID: 22178485

31. Wang Y, Kang S, Doerksen JD, Glaser AK, Liu JTC. Surgical Guidance via Multiplexed Molecular

Imaging of Fresh Tissues Labeled With. IEEE Journal of quantum electronics. 2016; 22(4). Available

from: http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7350220. doi: 10.1109/JSTQE.2015.

2507358 PMID: 27524875

32. Wang YW, Kang S, Khan A, Bao PQ, Liu JTC. In vivo multiplexed molecular imaging of esophageal

cancer via spectral endoscopy of topically applied SERS nanoparticles. Biomedical optics express.

2015; 6(10):3714–23. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4605032/. doi:

10.1364/BOE.6.003714 PMID: 26504623

33. Wang Y, Yan B, Chen L. SERS tags: novel optical nanoprobes for bioanalysis. Chemical reviews.

2013 mar; 113(3):1391–428. Available from: http://pubs.acs.org/doi/abs/10.1021/cr300120g. doi: 10.

1021/cr300120g PMID: 23273312

34. Siegel R, Miller K, Jemal A. Cancer statistics, 2015. CA Cancer J Clin. 2015; 65(1):29. Available from:

http://onlinelibrary.wiley.com/doi/10.3322/caac.21254/pdf. doi: 10.3322/caac.21254 PMID: 25559415

35. McVeigh PZ, Mallia RJ, Veilleux I, Wilson BC. Widefield quantitative multiplex surface enhanced

Raman scattering imaging in vivo. Journal of biomedical optics. 2013; 18(4):046011. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/23591913. doi: 10.1117/1.JBO.18.4.046011 PMID: 23591913

36. Andor. Newton CCD; 2009. Available from: http://www.andor.com/scientific-cameras/newton-ccd-

and-emccd-cameras/newton-920.

37. Mather L. Linear array PMT modules by Hamamatsu; 2011. Available from: http://www.bioopticsworld.

com/articles/2011/09/linear-array-pmt-modules-by-hamamatsu.html.

38. Sensor F. First Sensor APD Array Data Sheet; 2002. Available from: http://www.first-sensor.com/en/

products/optical-sensors/detectors/avalanche-photodiode-arrays-apd-arrays/.

Channel-Compressed Spectrometry for Multiplexed Molecular Imaging Using SERS Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0163473 September 29, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/25716578
http://dx.doi.org/10.1038/srep08582
http://dx.doi.org/10.1038/srep08582
http://www.ncbi.nlm.nih.gov/pubmed/25716578
http://www.ncbi.nlm.nih.gov/pubmed/22203241
http://dx.doi.org/10.1007/s11307-011-0534-y
http://dx.doi.org/10.1007/s11307-011-0534-y
http://www.ncbi.nlm.nih.gov/pubmed/22203241
http://www.ncbi.nlm.nih.gov/pubmed/25344739
http://dx.doi.org/10.1038/nm.3732
http://www.ncbi.nlm.nih.gov/pubmed/25344739
http://www.ncbi.nlm.nih.gov/pubmed/22734757
http://dx.doi.org/10.1117/1.JBO.17.6.066001
http://dx.doi.org/10.1117/1.JBO.17.6.066001
http://www.ncbi.nlm.nih.gov/pubmed/22734757
http://www.ncbi.nlm.nih.gov/pubmed/22178485
http://dx.doi.org/10.1016/j.amjsurg.2011.07.016
http://dx.doi.org/10.1016/j.amjsurg.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/22178485
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7350220
http://dx.doi.org/10.1109/JSTQE.2015.2507358
http://dx.doi.org/10.1109/JSTQE.2015.2507358
http://www.ncbi.nlm.nih.gov/pubmed/27524875
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4605032/
http://dx.doi.org/10.1364/BOE.6.003714
http://www.ncbi.nlm.nih.gov/pubmed/26504623
http://pubs.acs.org/doi/abs/10.1021/cr300120g
http://dx.doi.org/10.1021/cr300120g
http://dx.doi.org/10.1021/cr300120g
http://www.ncbi.nlm.nih.gov/pubmed/23273312
http://onlinelibrary.wiley.com/doi/10.3322/caac.21254/pdf
http://dx.doi.org/10.3322/caac.21254
http://www.ncbi.nlm.nih.gov/pubmed/25559415
http://www.ncbi.nlm.nih.gov/pubmed/23591913
http://dx.doi.org/10.1117/1.JBO.18.4.046011
http://www.ncbi.nlm.nih.gov/pubmed/23591913
http://www.andor.com/scientific-cameras/newton-ccd-and-emccd-cameras/newton-920
http://www.andor.com/scientific-cameras/newton-ccd-and-emccd-cameras/newton-920
http://www.bioopticsworld.com/articles/2011/09/linear-array-pmt-modules-by-hamamatsu.html
http://www.bioopticsworld.com/articles/2011/09/linear-array-pmt-modules-by-hamamatsu.html
http://www.first-sensor.com/en/products/optical-sensors/detectors/avalanche-photodiode-arrays-apd-arrays/
http://www.first-sensor.com/en/products/optical-sensors/detectors/avalanche-photodiode-arrays-apd-arrays/

