
Hyperspectral molecular imaging of
multiple receptors using immunolabeled
plasmonic nanoparticles

Kevin Seekell
Matthew J. Crow
Stella Marinakos
Julie Ostrander
Ashutosh Chilkoti
Adam Wax



Journal of Biomedical Optics 16(11), 116003 (November 2011)

Hyperspectral molecular imaging of multiple receptors
using immunolabeled plasmonic nanoparticles

Kevin Seekell,a Matthew J. Crow,a Stella Marinakos,b Julie Ostrander,c Ashutosh Chilkoti,a and Adam Waxa
aDuke University, Department of Biomedical Engineering, Durham, North Carolina 27708
bDuke University, Center for the Environmental Implications of NanoTechnology, Durham, North Carolina 27708
cUniversity of Minnesota Cancer Center, Department of Medicine, Minneapolis, Minnesota 55455

Abstract. This work presents simultaneous imaging and detection of three different cell receptors using three types
of plasmonic nanoparticles (NPs). The size, shape, and composition-dependent scattering profiles of these NPs
allow for a system of multiple distinct molecular markers using a single optical source. With this goal in mind,
tags consisting of anti-epidermal growth factor receptor gold nanorods, anti-insulin-like growth factor 1-R silver
nanospheres, and human epidermal growth factor receptor 2Ab gold nanospheres were developed to monitor the
expression of receptors commonly overexpressed by cancer cells. These labels were chosen because they scatter
strongly in distinct spectral windows. A hyperspectral darkfield microspectroscopy system was developed to record
the scattering spectra of cells labeled with these molecular tags. Simultaneous monitoring of multiple tags may lead
to applications such as profiling of cell line immunophenotype and investigation of receptor signaling pathways.
Single, dual, and triple tag experiments were performed to analyze NP tag specificity as well as their interactions.
Distinct resonance peaks were observed in these studies, showing the ability to characterize cell lines using
conjugated NPs. However, interpreting shifts in these peaks due to changes in a cellular dielectric environment may
be complicated by plasmon coupling between NPs bound to proximal receptors and other coupling mechanisms
due to the receptors themselves. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3646529]
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1 Introduction
A wide range of imaging modalities have been used for mul-
tiplexed molecular imaging, motivated by the molecular level
information these imaging modalities can provide about rele-
vant biological systems. When used for in vitro studies, molec-
ular imaging can help identify receptor expression and facilitate
the understanding of cellular signaling pathways by identifying
the binding of labels to a cell and observing subsequent interac-
tions. Improving the understanding of cell receptor pathways can
lead to the development of new treatments for various diseases.
When used in vivo, molecular imaging may be used for both
diagnosis and as a tool to determine optimal therapeutic treat-
ment. For example, detecting cancer cells that overexpress cer-
tain receptors can enable early diagnosis, perhaps before other
phenotypic changes in cellular structure are apparent. By iden-
tifying cells with different molecular phenotypes, multiplexed
molecular imaging may be used to guide therapy, as particu-
lar phenotypes may be resistant to certain drugs or therapies.1

Molecular imaging can also be an important tool for guiding
surgical resection of tumors. Many tumors have poorly defined
margins preventing surgeons from removing the entire tumor
without damaging normal tissues. This is especially important
for brain surgery, where the tumor may reside near vital brain
regions. However, molecular imaging of receptors that are over-
expressed by these tumors can allow the surgeon to see exactly
where the tumor remains and remove it with decreased risk for
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the surrounding tissues. For these reasons, molecular imaging
with various labels has been studied extensively.

While fluorescent molecules are the most commonly used
molecular labels, they are mainly limited to visible wavelengths.
This makes multiplexing more than seven fluorophores quite
difficult. While the emission spectra of quantum dots may be
extended into the near-infrared (NIR) range, cytotoxicity issues
prevent their widespread use for in vivo applications.2, 3 Cur-
rently there are only a few fluorophores approved for clinical
use in the United States, due to their potentially harmful effects.
Plasmonic nanoparticles (NPs) provide an alternative labeling
system that circumvents these limitations.

Noble metal NPs exhibit localized surface plasmon reso-
nance, which is manifested by enhanced absorption and scat-
tering at a specific optical frequency, termed the peak resonant
wavelength. The peak resonance wavelength for a given particle
is dependent on many factors including its composition, size,
shape, and the surrounding dielectric medium.4 The first three
factors can be easily controlled and tuned by the choice of metal
and the synthesis procedure. NPs are now readily available that
exhibit their plasmon resonant peaks over a range of wavelengths
in the visible and near-infrared regions of the spectrum. For ex-
ample, the scattering peaks of gold nanorods extend from 600 to
2200 nm as a function of their aspect ratio. Introducing other NP
geometries and compositions broadens the potential peak scat-
tering range throughout the visible spectrum. Gold nanospheres
scatter from 500 to 600 nm while silver nanospheres scatter from
400 to 500 nm. This wide range of peak resonance wavelengths
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potentially allows for a much larger number of distinct labels
in a multiplexed molecular imaging system than is possible by
other labels such as quantum dots or organic fluorophores.

In this study, three plasmonic NP labels were developed with
distinct, nonoverlapping plasmon resonant peaks that are spe-
cific to three different cellular receptors: epidermal growth fac-
tor receptor (EGFR), human epidermal growth factor receptor
2 (HER-2), and insulin like growth factor receptor (IGF-1R).
These receptors were chosen because they are commonly over-
expressed in cancer cells. EGFR (ErbB-1) and HER-2 (ErbB-2)
are two structurally similar receptors classified in the ErbB re-
ceptor family. They are among the many receptors that are re-
sponsible for regulating signaling pathways which control cell
differentiation, proliferation, survival, and adhesion.5, 6 While
the overexpression of one of these receptors is common in many
forms of cancer cells, detecting high levels of both EGFR and
HER-2 is a much more accurate measure for diagnosing malig-
nant cells.7 This is one example where multiplexed molecular
imaging would provide important information regarding cellular
receptors relevant to diagnosing potentially cancerous tissues.
IGF-1R plays a role in preventing apoptosis, the mechanism
which causes programmed cell death.8 IGF-1R is overexpressed
in many, but not all, cancer types, including breast cancer, pan-
creatic cancer, colon cancer, and melanomas.9 Access to this
third receptor could provide unique insight into cancer pheno-
type, and potentially guide therapeutic action. As many potential
therapies involve reducing or blocking these cellular receptors,10

determining the tumors immunophenotype should help to deter-
mine which receptors to target and improve the therapy’s effec-
tiveness. For the experiments described in this paper, cells were
chosen with different expression levels of these three receptors
to test both the molecular specificity of the labels as well as the
ability to determine cell immunophenotype through multiplexed
molecular imaging. A complete list of the cells used in these
studies, along with their ELISA measured receptor expression
levels, are presented below in Table 1.

Spectrally distinct plasmonic tags were developed for each
of the three targeted receptors. Gold nanorods (∼600 nm peak)
were conjugated to anti-EGFR Abs, 60 nm gold nanospheres
(∼560 nm peak), were conjugated to HER-2 monoclonal an-
tibody (Ab), and 100 nm silver nanospheres (∼530 nm peak)
were conjugated to anti-IGF-1R Ab. These three labels pro-
vided distinct spectral signatures, thereby allowing simultaneous
imaging of all three receptors. Although the results presented
in this study are a proof of principle of multiplexed molecular
imaging using plasmonic NPs, more than three receptors could
be labeled with NPs with nonoverlapping plasmonic scattering
peaks, by synthesis of particles of varied geometries, and by
controlling their size and shape variation to minimize their peak
width.11

In this study, the molecular specificity of each tag was con-
firmed with in vitro imaging and microspectroscopy analy-
sis. Hyperspectral images of cells incubated with conjugated
NPs were acquired using a custom-built hyperspectral darkfield
imaging microspectroscopy system. The recorded data were an-
alyzed to determine the peak wavelength of scattering from
ligand-functionalized NPs bound to individual cells. The dis-
tributions of these peaks within a population of cells were fit
to Gaussian curves in order to develop a statistical measure
of the scattering properties of each type of bound NP label.
Experiments with two and three simultaneous tags show the
ability of this multiplex system to determine aspects of cell
immunophenotype. Single- and multilabel experiments were
also performed to analyze how interaction of different NP tags
can influence their scattering properties when bound to cells.
Changes in the observed scattering peaks in the multiple tag
experiments as compared to the single tag experiments suggest
either a change in the dielectric environment due to the crosstalk
between receptors, or plasmon coupling between particles bound
to proximal receptors. The impact of these findings is discussed
and future directions are suggested for separating these two
effects.

Table 1 Cell lines used in the imaging experiments and their receptor expression levels measured by ELISA. N/A =
“not applicable” refers to expression levels that were not measured. Given uncertainties are the standard deviation of
the measurements.

Cell line IGF-1R protein (ng/ml) HER-2 protein (ng/ml) EGFR protein (ng/ml)

A549 N/A N/A 16.09 ± 1.94

A549/HER-2 2.75 ± 3.10 38.45 ± 7.40 22.97 ± 3.90

A549/IGF-1R 3.53 ± 0.68 N/A N/A

BT-474 6.32 ± 0.40 2027.85 ± 75.94 N/A

COLO-320DM 3.70 ± 0.55 34.6 ± 4.74 12.56 ± 0.62

MCF-7 6.55 ± 1.22 45.88 ± 9.97 N/A

MDA-MB-453 2.40 ± 0.26 51.44 ± 10.81 10.98 ± 0.82

MDA-MB-468 0.90 ± 0.25 21.95 ± 9.66 55.96 ± 3.68

SK-BR-3 N/A 439.30 ± 14.98 N/A
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2 Methods
2.1 NP-Antibody Conjugation
Gold nanorods were synthesized using established seed-
mediated methods.12 To an aqueous mixture of 7.5 ml of
0.1 M hexadecyltrimethylammonium bromide (CTAB, Sigma-
Aldrich, St. Louis, Missouri) and 0.250 ml of 0.01 M hydro-
gen tetrachloroaurate trihydrate (HAuCl4, Sigma-Aldrich, St.
Louis, Missouri), 0.6 ml of ice cold 0.01 M sodium borohy-
dride (Sigma-Aldrich, St. Louis, Missouri) was added under
vigorous stirring to produce the gold seed, which was then gen-
tly heated and stirred for a few minutes. To a separate bottle
containing 95 ml of 0.1 M CTAB in water at 29◦C (preci-
sion microprocessor-controlled 280 series water bath), 4 ml of
0.01 M HAuCl4, 0.6 ml of 0.01 M silver nitrate (Sigma-Aldrich,
St. Louis, Missouri), and 0.64 ml of 0.1 M ascorbic acid (Sigma-
Aldrich, St. Louis, Missouri) were added, and the mixture was
swirled after the addition of each reactant. After the addition of
50 μl of gold seed, the bottle was capped, inverted five times,
and incubated at 29◦C overnight. The dimensions of the gold
nanorods were measured at 67.1 ± 8.9 nm in length and 32.0
± 6.1 nm in diameter (n = 114) using TEM (Tecnai G2

Twin, FEI, Hillsboro, Oregon). Assuming a perfectly cylindrical
nanorod shape, as well as the complete conversion of HAuCl4
to Au, the concentration of the parent gold nanorod suspension
was estimated to be 1.3 × 10− 10 M.

Gold nanorods were conjugated according to published
procedures13 with anti-EGFR (E2156, clone 225, Sigma-
Aldrich, St. Louis, Missouri, 1.56 mg/ml stock solution) or
with mouse IgG1 κ isotype control (16-4714-85, eBioscience,
1.54 mg/ml stock solution) as a negative control, as follows:
1 ml of the gold nanorod suspension was centrifuged twice
(10,000 rpm for 5 min) and resuspended in 1 ml of 1 mM
NaCl. Polystyrene sulfonate (200 μl, 10 mg/ml in 1 mM NaCl,
MW 18,000, Polysciences, Inc.) was added to the nanorods to
cause the GNR surface potential to become negative, allow-
ing for Ab binding, and expected to decrease the overall cy-
totoxixity of the nanorods. The suspension was then placed
on a shaker for 20 min. The nanorods were centrifuged at
10,000 rpm for 5 min and resuspended in 1 ml of 20 mm
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.4. Four μl of 1.56 mg/ml mouse monoclonal anti-EGFR
were added, and the suspension was placed on an oscilla-
tor for 30 min. Ab concentrations were determined using a
NanoDrop Spectrophotometer (ND1000, NanoDrop, Wilming-
ton, Delaware). Optimal Ab concentration was determined by
testing for suspension stability (i.e., least aggregation) under
various amounts. The nanorods were centrifuged at 10,000 rpm
for 5 min and then finally resuspended in 0.5 ml of phosphated
buffered saline (PBS) containing 5 mg/ml bovine serum albu-
min. Absorption spectra of nanorods are taken before and after
conjugation to verify a shift in local surface plasmon resonance
(LSPR) wavelength due to the bound Ab.14

Anti-IGF-1R nanosphere conjugates consist of 0.5 ml of
100 nm diameter silver colloid (15709-20SC, Ted Pella, Inc.,
Redding, California) solution diluted with 62.5 μl of 20 mM
HEPES buffer and 16.1 μl of 1.40 mg/ml anti-IGF-1R (MS-301-
PABX, ABD Serotec, Raleigh, North Carolina) solution diluted
with 485 μl of 20 mm HEPES buffer. HER-2 Ab nanosphere
conjugates consist of 0.5 ml of 60 nm diameter Au colloid

(15709-20, Ted Pella, Inc., Redding, California) solution di-
luted with 62.5 μl of 20 mm HEPES buffer and 14.4 μl of
1.04 mg/ml HER-2 Ab (MS-301-PABX, Labvision, Fremont,
California) solution diluted with 485 μl of 20 mm HEPES buffer.
Both types of labels were conjugated following the same proto-
col. 100 nm K2CO3 was used to adjust the pH of each solution to
7.0 ± 0.2. Solutions were then mixed on an oscillator for 20 min
at 190 cycles/min. Following mixing, the solution was tested for
Ab-NP conjugation by removing 100 μl and subsequent addi-
tion of 5 μl of 10% NaCl. Incomplete Ab coverage would result
in a bluish color change due to particle aggregation. To prevent
nonspecific binding of proteins to the remaining NP surface,
100 μl of 1% polyethylene glycol (PEG, P2263, Sigma-Aldrich,
St. Louis, Missouri) was added to the suspension and then al-
lowed to interact. Fifteen minutes of centrifuging at 6000 rpm
was used to remove excess PEG. Supernatant was removed, and
the NP pellet was resuspended with 0.5 ml of PBS. These steps
were then repeated to ensure complete removal of PEG, with
minimal removal of NPs. Absorption spectra of the nanospheres
are taken before and after conjugation to verify a shift in the
LSPR wavelength due to the bound Ab.14 This protocol is
an adaptation of methods developed by the Drezek, Richards–
Kortum, and Sokolov groups.15–17

2.2 Cell Lines
MDA-MB-468 human breast adenocarcinoma cells [receptor
expression of positive for EGFR, negative for IGF 1R, and neg-
ative HER 2 is noted as EGFR ( + ) / IGF-1R( − ) / HER-2( − )]
were incubated at 37◦C and 5% CO2 using Modified Eagle’s
Medium (MEM) Alpha, with 10% fetal bovine serum (FBS)
1% penicillin streptomycin.18–20 HER-2( + ) SK-BR-3 human
breast adenocarcinoma cells were incubated at 37◦C and 5%
CO2 using McCoy’s 5A Medium Modified, with 10% FBS
1% penicillin streptomycin.19, 21 EGFR ( + ) / IGF-1R(low) /
HER-2(low) expressing A549 human alveolar adenocarcinoma
cells were incubated at 37◦C and 5% CO2 using F-12 Nutrient
Mixture (Ham), 10% FBS, and 1% penicillin streptomycin. A
second population of FACS selected high IGF-1R expressing
A549 cells. A third population of A549 cells were addition-
ally transfected with pcDNA 3.1 HER-2 and FACS selected
for high HER-2 expression. EGFR ( − ) / IGF-1R(low) / HER-
2( + ) MDA-MB-453 human breast carcinoma cells were incu-
bated at 37◦C using Leibovitz L-15 Medium, with 10% FBS
and 1% penicillin streptomycin.19–21 IGF-1R(low) / HER-2( − )
MCF-7 human breast adenocarcinoma cells were incubated at
37◦C and 5% CO2 using MEM Alpha, 10% FBS, and 1% peni-
cillin streptomycin.20, 22, 23 IGF-1R( − ) / HER-2( + ) BT-474
human breast carcinoma cells were incubated at 37◦C and 5%
CO2 using Dulbecco’s Modified Eagle Medium, 10% FBS, and
1% penicillin streptomycin.20, 22, 23 EGFR ( − ) / IGF-1R(low) /
HER-2( − ) COLO-320DM human colon adenocarcinoma cells
were incubated at 37◦C and 5% CO2 using RPMI Medium 1640,
10% FBS, and 1% penicillin streptomycin.19 All cell lines were
obtained from the ATCC through the Duke Cell Culture Facility.

2.3 ELISA Measurements
Enzyme-linked immunosorbant assay (ELISA) techniques were
utilized to quantify receptor expression levels and confirm the
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Fig. 1 (a) FACS results for A549 cells indicating top 5.18% of HER-2 expressers; (b) FACS results for A549 cells indicating top 13.17% of IGF-1R
expressers.

levels reported in literature. Each cell line was screened three
times for the three receptors (EGFR, HER-2, IGF-1R) as neces-
sary for each experiment, using commercially available ELISA
kits. Kits used include: EGFR (full-length) Human ELISA Kit
(KHR9061, Invitrogen, Carlsbad, California), Human HER-2
Immunoassay Kit (Total) (KHO0701, Invitrogen, Carlsbad, Cal-
ifornia), and STAR IGF-1R ELISA Kit (17-481, Millipore, Bil-
lerica, Massachusetts). For EGFR and HER-2 measurements,
1:100 dilutions of 1 μg of membrane protein were loaded to
ELISA wells. For IGF-1R, 1:20 dilutions of 1 μg of membrane
protein were loaded, due to the lower expression levels of this
receptor. A summary of the receptor expression levels of the cell
lines used as measured via ELISA is presented in Table 1.

2.4 Fluorescence-Activated Cell Sorting
Fluorescence-activated cell sorting (FACS) was used on two cell
lines to increase the receptor expression levels in cell populations
for the experiments described here. A549 cells, which express
lower levels of IGF-1R, were sorted for higher expression of the
receptor. Furthermore, a population of A549 cells transfected
with HER-2 gene was also sorted to increase HER-2 expres-
sion. Samples of 5 × 106 cells were prepared for sorting and in-

cubated with either 20 μl of anti-HER-2/neu FITC (340553, BD
Biosciences, San Jose, California) or 10 μl mouse anti-human
CD221 (anti-IGF-1R) Alexa Fluor 488 (MCA2344A488T, AbD
Serotec, Raleigh, North Carolina) per 106 cells. Control cells
were incubated with identical concentrations of IgG conjugates
[mouse IgG1 FITC (555748, BD Biosciences, San Jose, Cal-
ifornia) or mouse IgG1 negative control Alexa Fluor 90 488
(MCA928A488, AbD Serotec, Raleigh, North Carolina)] at
identical cell suspension concentrations. All steps were per-
formed in minimal light to prevent photobleaching prior to sort-
ing. Cell populations were placed on an oscillator for 22 min at
100 rotations/s. Tubes were then spun down in a centrifuge for
2 min at 1200 rpm. Excess supernatant was removed and cells
were washed with 2% FBS/PBS solution. Wash steps were then
repeated a second time, and cells were resuspended in the 2%
FBS/PBS solution at a concentration of 107 cells/ml to ensure
optimal sorting times. All cell populations were then covered in
foil and placed in the refrigerator. Sorting was conducted within
a 3 h window after labeling. In the case of HER-2 gene trans-
fected A549 cells, the top 5.18% of HER-2 expressers were
sorted (Fig. 1). In the case of IGF-1R expressing A549 cells,
the top 13.17% of IGF-1R expressers were sorted for IGF-1R
molecular specificity experiments (Fig. 1).

Fig. 2 (a) Hyperspectral darkfield microscopy system for analysis of live cells in culture. The system is comprised of a Zeiss inverted microscope,
Cascade:650 imaging CCD, Fianium SC450-2 supercontinuum light source, and Crystal Technologies acousto-optic tunable filter. (b) Spectral output
of the AOTF at various wavelengths.
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Fig. 3 (a) Representative image and (b) scattering spectrum of a single MDA-MB-468 cell bound with anti-EGFR gold nanorods. (Scale bar = 10 μm.)
(c) Distribution of peak scattering peak wavelengths of MDA-MB-468 cells (N = 150) bound with anti-EGFR gold nanorods (67.1 ± 6.1 × 32.0 ± 8.9
nm). Distribution fit has peak wavelength of 664.0 ± 9.3 nm.

2.5 Cell Treatment
After overnight incubation of chambers plated with 80 K cells,
media was removed from cell samples designated for experi-
ments. A solution consisting of 0.5 ml PBS/5% FBS and 0.5 ml
NP conjugate suspension was then added. Next, cells were in-
cubated for 20 min, allowing for adequate interaction between
conjugates and cells. After removal of the solution, cells were
washed twice with media. In the case of dual and triple tag
labeling, this procedure was then repeated with the additional
NP conjugates. Experiments were then immediately conducted
using the hyperspectral microscopy system. Results of previous
titration experiments were used to select the optimal NP-Ab
conjugate concentrations used for the experiments.24

2.6 Image Acquisition
A hyperspectral microscopy system (Fig. 2) was used to con-
duct experiments on cells labeled with NP Ab conjugates.25

The system was built into a Zeiss Axiovert 200 inverted micro-
scope. A super-continuum light source (Fianium), was coupled
into an acousto-optic tunable filter (AOTF) to provide a narrow-
band output with a tunable wavelength. The average spectral
bandwidth of the AOTF varied with center wavelength (3.5 nm
typical at 515 nm). The filtered light then passes through a cus-
tom epi-illumination darkfield light train.26 Briefly, collimated
light passes through an axicon, producing a ring of light at the
back focal plane of a 40× objective (Zeiss) which illuminates
the sample. Transmitted light is lost, while reflected light returns
at the same high angle as the original ring of illumination. An
aperture blocks this reflected light, only allowing scattered light
to be imaged, enabling darkfield imaging. This epi-illumination
setup prevents the collection of forward scattered light from
the cells, and therefore improves the contrast of NP scattering.
Scattered light from the sample is collected and recorded at each

selected wavelength by an imaging CCD (Cascade 650, Photo-
metrics). Hyperspectral data cubes were acquired from 450 to
700 nm by sequentially tuning the bandpass of the AOTF, with
individual images integrating for 30 ms. Each cell was imaged
over a reduced region of interest (170 × 170 pixels) to mini-
mize acquisition time. Two data cubes were acquired for each
cell, with 5 and 1 nm increments, taking a total acquisition time
of ∼2.4 and ∼12.0 s, respectively. Scattering spectra for each
cell are obtained by averaging the pixel values within the re-
gion of interest (ROI) at each wavelength. Source-correction is
performed by normalizing the signal by source intensity, as mea-
sured using a diffuse reflectance standard (WS-1, Ocean Optics,
Dunedin, Florida).

3 Results
3.1 Anti-EGFR Gold Nanorods
The first set of experiments was performed to evaluate the molec-
ular specificity of each label. MDA-MB-468 cells, which over-
express EGFR,18–20 were incubated with the anti-EGFR gold
nanorod conjugates. Hyperspectral data cubes were recorded
for individual cells. The distribution of the peak wavelengths
of spectra averaged over each cell were fit to Gaussian dis-
tributions. This led to an average peak scattering wavelength
of 664.0 ± 9.3 nm for anti-EGFR gold nanorods (N = 139)
(Fig. 3 and Table 2). Controls for this label included: 1. in-
cubating EGFR negative MDA-MB-453 cells with anti-EGFR
gold nanorod conjugates;19, 20 2. exposing MDA-MB-468 cells
to gold nanorods conjugated with nonspecific IgG1 monoclonal
Ab; and 3. imaging MDA-MB-468 cells without any label. Pre-
vious studies from this group have investigated binding of un-
labeled NPs and shown them to be minimal for the range of
incubation times examined here.27 These three control exper-
iments showed insignificant scattering intensity compared to

Table 2 Summary of single label experiments. Given uncertainties are the standard deviation of the measurements.

Cell line Target receptor NP type Number of cells Peak wavelength (nm)

MDA-MB-468 EGFR Gold nanorods N = 139 664.0 ± 9.3

A549/IGF-1R IGF-1R Silver nanospheres N = 106 520.8 ± 13.5

SK-BR-3 HER-2 Gold nanospheres N = 147 587.0 ± 11.9
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Fig. 4 (a) Representative image and (b) spectrum of single A549/IGF-1R cell bound with anti-IGF-1R immunolabeled silver nanospheres. (Scale bar
= 10 μm.) (c) Distribution of peak scattering wavelength of A549/IGF-1R cells bound with anti-IGF-1R 100 nm silver nanospheres. Distribution fit
has peak wavelength of 520.8 ± 11.3 nm (N = 102).

the experimental case (p < 0.001), demonstrating the molecular
specificity of the label.

3.2 Anti-IGF-1R Silver Nanospheres
The molecular specificity of the anti-IGF-1R silver nanospheres
was tested with a similar procedure. A549/IGF-1R human alveo-
lar adenocarcinoma cells which overexpress IGF-1R,20, 28 were
incubated with the silver nanosphere tag. Average scattering
spectra recorded from the entire cell area were collected and fit
to a Gaussian distribution. This showed an average scattering
peak wavelength of 520.8 ± 13.5 nm (N = 106) (Fig. 4 and
Table 2). Controls for this label included: 1. incubating MDA-
MB-468 human breast adenocarcinoma cells, which do not
express IGF-1R,20, 29 with the anti-IGF-1R silver nanosphere
labels; 2. incubating A549/IGF-1R cells with IgG1 Ab silver
nanospheres; and 3. A549/IGF-1R cells without any label. These
three control experiments showed insignificant scattering inten-
sity compared to the experimental case (p < 0.001), demonstrat-
ing the molecular specificity of the label.

3.3 HER-2 Ab Gold Nanospheres
SK-BR-3 human breast adenocarcinoma cells19, 21 that over-
express HER-2 were exposed to HER-2 Ab 60 nm gold
nanospheres. Peak scattering distributions were fit with
Gaussian distributions, indicating an average peak scattering
wavelength of 587.0 ± 11.9 nm (N = 147) (Fig. 5 and Table 2).
Note that the high degree of HER-2 expression for these cells
causes a redshift in both the appearance and scattering spec-

trum of these labels. Controls for this experiment included: 1.
incubating HER-2 nonexpressing MDA-MB-468 human breast
adenocarcinoma cells21, 23, 31 with HER-2 Ab nanospheres; 2. in-
cubating SK-BR-3 cells with IgG1 Ab gold nanospheres; and 3.
SK-BR-3 cells with no label. These control experiments showed
insignificant scattering intensity compared to the experimental
case (p < 0.001), demonstrating the molecular specificity of the
label.

3.4 EGFR and HER-2 Dual Labels
Following the tests for the molecular specificity of each indi-
vidual label, tests were performed to evaluate the effectiveness
of dual tag systems. To test the immunophenotype indicating
capabilities of the EGFR/HER-2 dual label, EGFR( + )/HER-
2( − ) MDA-MB-468 cells were exposed to both the anti-EGFR
nanorods and the HER-2 Ab gold nanospheres consecutively.
These scattering spectra showed an average peak originating
from the long axis of the nanorods (663.7 ± 6.6 nm, N = 50).
The same experiment with EGFR( − )/HER-2( + ) MDA-MB-
453 cells produced a peak associated with the HER-2 Ab conju-
gated gold nanospheres (586.9 ± 24.1 nm, N = 52). Although
there was a slight redshift in this peak, most likely due to plas-
monic coupling, it did not overlap with the scattering spectra
from the nanorods. EGFR( − )/HER-2( − ) COLO-320DM cells
showed no significant scattering peaks.

To demonstrate dual labeling, EGFR( + )/HER-2( + )
A549/HER-2 cells were tagged consecutively with anti-EGFR
nanorods and anti-HER2 gold nanospheres. The anti-EGFR tag

Fig. 5 (a) Representative image and (b) spectrum of a single SK-BR-3 cell bound with HER-2 Ab labeled 60 nm gold nanospheres. (Scale bar = 10
μm.) Note that plasmonic coupling causes a redshift in the scattered light. (c) Distribution of peak scattering wavelength of SK-BR-3 cells bound
with HER-2 Ab labeled 60 nm gold nanospheres. Distribution fit has peak wavelength of 587.0 ± 11.9 nm (N = 122). Adapted from Ref. 30.
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Fig. 6 (a) Representative image and (b) spectrum of a single A549 / HER-2 cell exposed to anti-EGFR nanorods and HER-2 nanospheres consecutively.
(Scale bar = 10 μm.) (c) Distribution of peak scattering from A549 / HER-2 cells exposed to anti-EGFR gold nanorods and HER-2 Ab nanospheres
consecutively.

produced a peak scattering wavelength of 657.8 ± 15.8 nm (N
= 132) while the anti-HER2 tag produced a peak scattering
wavelength of 551.4 ± 8.6 nm (N = 35) (Fig. 6). These two
peaks showed significant statistical differences (p < 0.001) from
one another during consecutive labeling. The anti-EGFR scat-
tering distributions of individually labeled A549/HER-2 cells
were compared with those from the dual-labeled population and
showed no significant change (p = 0.724). However, a p-value
of 0.045 was determined when comparing the HER-2 Ab peak
distributions from both individual and dual label cases, indicat-
ing a statistically significant change. No significant changes in
these distributions were observed when reversing the order of
the two labels. (See Table 3.)

3.5 EGFR and IGF-1R Dual Labels
Similar experiments were performed for dual tagging with
EGFR and IGF-1R labeled NPs. When exposed to anti-
EGFR nanorods and IGF-1R silver nanospheres (in that order),
EGFR( + )/IGF-1R( − ) MDA-MB-468 cells showed a single
scattering peak associated with the long axis of the nanorods
(669.9 ± 11.2 nm, N = 48). In contrast, EGFR( − )/IGF-
1R(low) MDA-MB-453 cells showed a single scattering
peak associated with the anti-IGF-1R conjugated nanospheres
(517.4 ± 8.5 nm, N = 49).

To evaluate this dual labeling approach, EGFR( + )/IGF-
1R(low) A549 cells were incubated consecutively with
anti-EGFR nanorods and anti-IGF-1R silver nanospheres

(Fig. 7). The bound anti-EGFR nanorods exhibited a peak scat-
tering wavelength of 658.3 nm ± 17.6 nm (N = 102) while
the bound anti-IGF-1R nanospheres exhibited a peak scattering
wavelength of 533.1 ± 15.2 nm (N = 81), a statistically sig-
nificant difference with a p value of <0.001. In contrast, when
A549 cells were individually labeled with either anti-EGFR gold
nanorods or anti-IGF-1R silver nanospheres, the anti-EGFR la-
bel exhibited a peak scattering wavelength of 648.4 ± 14.5 nm
(N = 73), while the anti-IGF-1R label exhibited a peak of 520.5
± 11.6 nm (N = 75). These two peak distributions are also sta-
tistically different with a p value of <0.001, indicating distinct
scattering behavior, as expected. When the dual label scattering
peaks were compared to the scattering spectra from cells labeled
individually with either anti-EGFR or anti-IGF-1R labels, a p
value of <0.001 was determined for both labels. This indicates
that there was a statistically significant change in the scattering
peak distributions of either tag caused by the incubation of cells
with the second type of Ab functionalized NPs. (See Table 4.)

However, when the order in which cells were incubated with
the two Ab functionalized NPs was reversed, different scattering
peaks were observed (Fig. 8). The bound anti-EGFR nanorods
exhibited a peak scattering wavelength of 643.0 ± 5.3 nm (N
= 14), while the bound anti-IGF-1R nanospheres exhibited a
peak scattering wavelength of 523.1 ± 6.9 nm (N = 46). More
interestingly, the peak distributions observed were much nar-
rower compared to the distributions exhibited in the original
sequence of incubation. When compared to cells individually
labeled with either anti-EGFR or anti-IGF-1R NPs, there was

Table 3 Summary of EGFR/HER-2 dual label experiments. P-values in the left column compare dual label experiments
to corresponding individual labeling experiments. P-values in the right column compare two neighboring cases. Given
uncertainties are the standard deviation of the measurements.

Cell line (expt/receptor) Peak wavelength (nm) Number of cells p-value

MDA-MB-468 (EGFR) 663.7 ± 6.6 N = 50

MDA-MB-453 (HER-2) 586.9 ± 24.1 N = 52

A549/Her-2 (individual EGFR) 656.1 ± 9.5 N = 73
<0.001

A549/Her-2 (individual HER-2) 542.7 ± 21.3 N = 75

A549/Her-2 (dual label EGFR peak) 657.8 ± 15.8 N = 132 0.724
<0.001

A549/Her-2 (dual label HER-2 peak) 551.4 ± 8.6 N = 35 0.045
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Fig. 7 (a) Representative image and (b) spectrum of a single A549 cell
exposed to anti-EGFR nanorods and anti-IGF-1R nanospheres consec-
utively. (Scale bar = 10 μm.)

not a statistically distinct difference, with a p value = 0.759
determined for the IGF-1R label and a p value of 0.201 deter-
mined for the EGFR label. This shows that for this incubation
sequence, the peak scattering distributions of either tag are not
affected by incubation of cells with the second tag. A significant
reduction in the number of cells containing detectable amounts
of anti-EGFR label (N = 14 versus N = 46 for anti-IGF1R),
suggests that the reversed order may block the binding of the
anti-EGFR label.

3.6 HER-2 and IGF-1R Dual Labels
Similar experiments were also performed for a dual HER-2/IGF-
1R labeling system. IGF-1R(low)/HER-2( − ) MCF-7 cells were
incubated consecutively with HER-2 Ab gold nanospheres and
anti-IGF-1R silver nanospheres. The measured spectra for these
cells show scattering peaks associated with the anti-IGF-1R
silver spheres (520.4 ± 11.0 nm, N = 49). IGF-1R( − )/HER-
2( + ) BT-474 cells20, 22, 23 when labeled in the same manner,
produce a scattering peak associated with the HER-2 Ab gold
nanospheres (566.8 ± 15.8 nm, N = 49). IGF-1R( − )/HER-
2( − ) MDA-MB-468 cells showed no significant scattering
peaks.

To evaluate this dual label system, IGF-1R( + )/HER-2( + )
A549/HER-2 cells were labeled with both anti-IGF-1R and
HER-2 Ab tags consecutively. However, only one scattering
peak (not clearly associated with either label) was observed
(Fig. 9). This can be attributed to the close spectral proximity of
the scattering peaks for these two labels (approximately 30 nm
apart). Due to this effect, the scattering from the individual la-

Fig. 8 Distribution of peak scattering from A549 cells exposed to anti-
EGFR gold nanorods and anti-IGF-1R nanospheres (a) consecutively,
and (b) in reverse order. A blueshift of 41.4 nm is obererved in the peak
scattering wavelength of the anti-EGFR label after reversing the order.
Similarly, a redshift of 2.6 nm is observed for the anti-IGF-1R label after
reversing the order.

bels could not be analyzed with this labeling system. Reversing
the ordering of these labels likewise did not produce sufficiently
distinct peaks to permit analysis.

3.7 EGFR, HER-2, and IGF-1R Triple Label
With the dual labeling experiments suggesting the potential to
further expand this imaging modality to three different labels
that target three different receptors, experiments were next per-
formed to evaluate the feasibility of this approach. A549/HER-
2 cells were chosen for these experiments, as they have been
shown to express all three receptors (Table 1). These cells were
first exposed to either anti-EGFR nanorods, HER-2 Ab gold
nanospheres, or anti-IGF-1R silver nanospheres in individual
labeling experiments to verify receptor expression. These ex-
periments indicated an average scattering peak wavelength of
656.1 ± 9.5 nm (N = 73) for the EGFR label, 521.8 ± 7.9 nm
(N = 75) for the IGF-1R label, and 542.7 ± 21.3 nm (N = 75) for
the HER-2 label. Comparison of any two of these three distribu-
tions produced statistically significant distinctions (p < 0.001),
confirming the presence of all three targeted receptors. Previous
experiments with negative controls, described above, confirmed
the molecular specificity for each of these labels.

To evaluate the triple labeling system, A549/HER-2 cells
were exposed to the anti-EGFR nanorods, anti-IGF-1R silver
nanospheres, and HER-2 Ab gold nanospheres consecutively.
The anti-EGFR label produced a peak scattering wavelength

Table 4 Summary of EGFR/IGF-1R dual label experiments. P-values in the left column compare dual label experiments
to corresponding individual labeling experiments. P-values in the right column compare two neighboring cases. Given
uncertainties are the standard deviation of the measurements.

Cell line (expt/receptor) Peak wavelength (nm) Number of cells p-value

MDA-MB-468 (EGFR) 669.9 ± 11.2 N = 48

MDA-MB-453 (IGF-1R) 517.4 ± 8.5 N = 49

A549 (individual EGFR) 648.4 ± 14.5 N = 73
<0.001

A549 (individual IGF-1R) 520.5 ± 11.6 N = 75

A549 (dual label EGFR) 658.3nm ± 17.6 N = 102 <0.001
<0.001

A549 (dual label IGF-1R) 533.1 ± 15.2 N = 81 <0.001
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Fig. 9 (a) Representative image and (b) spectrum of a single A549/HER-
2 cell exposed to HER-2 Ab nanorods and anti-IGF-1R nanospheres
consecutively. (Scale bar = 10 μm.)

of 661.3 ± 12.7 nm (N = 127), while the HER-2 Ab label
produced a peak scattering wavelength of 555.8 ± 7.2 nm (N
= 44). However, there was no discernible peak associated with
the anti-IGF-1R label, which was expected to appear in the 500
to 550 nm range (Fig. 10 and Table 5). This is most likely due
to the high expression of HER-2 for this cell line, so that scat-
tering by the HER-2 label scattering likely masked scattering
from the IGF-1R silver nanospheres. While some individual
cells did express enough IGF-1R to enable sufficient labeling to
exhibit a distinct scattering peak (Fig. 11), this spectral feature
was not consistently observed. The two detectable peak wave-
length distributions were determined to be statistically distinct
(p < 0.001). The inability to successfully resolve the third spec-
tral peak prevented a detailed analysis of the effect of changes in
the sequence of incubation on labeling of cells by for the three
label system. (See Table 5.)

4 Discussion
This study has demonstrated the simultaneous imaging and
analysis of three different cellular receptors using plasmonic
NP labels. The major advantages of molecular imaging using
plasmonic NPs include a lack of photobleaching and minimal
cytotoxicity issues compared to organic fluorophores and quan-
tum dots. While previous studies have used gold nanorods of
various aspect ratios to produce labels within separate spec-
tral windows,32 the use of different shapes and compositions of
plasmonic NPs allows for the further extension of the spectral
range across the visible region. The use of these three labels al-
lows for immunophenotype characterization of three receptors
overexpressed in many cancer cell lines. We have previously

Fig. 11 (a) Representative image and (b) spectrum of a single
A549 / HER-2 cell exposed to anti-EGFR nanorods, anti-IGF-1R
nanospheres, and HER-2 Ab nanospheres consecutively. (Scale bar
= 10 μm.)

demonstrated the quantitative measurement of receptor expres-
sion levels using gold nanospheres.33 Similar quantitative mea-
surements of multiple receptor levels should be possible with
the methods presented here. More than three receptors could be
included in this labeling system by choosing NP tags of varying
sizes and shapes to further expand the range of distinct spectral
peaks available.

Cells expressing the receptors of interest were incubated with
both dual and triple plasmonic NP labels. In these experiments,
the scattering peak distributions for each receptor were statisti-
cally distinct (p < 0.001) from the distributions for other recep-
tors in both EGFR/HER-2 and EGFR/IGF-1R experiments. This
indicates a clean separation between the scattering windows of
each tag. Measurements of these two spectrally separated peaks
allows for determination of a relative immunophenotype based
on the two tagged receptors. Furthermore, this allows one to
simply assess the color of the NPs within the cell as a visual es-
timate of receptor expression. This capability could be exploited
to allow for differentiation of cancer cell type based on receptor
expression as well as potentially delineating malignant tumors
within a surgical setting. Visual observation could be useful for
providing a quick, qualitative estimate of the relative expression
levels of tagged receptors without the need for the detailed spec-
tral measurements and data analysis required to quantitatively
assess cancer cell immunophenotoype.

During the EGFR / IGF-1R / HER-2 triple label experiments
and the EGFR / IGF-1R (in one labeling order) dual label ex-
periments, significant differences were seen between the scat-
tering peak distributions of the multiple label experiments when
compared to the individual label experiments. (To a lesser de-
gree of statistical significance, a change was also seen in the

Fig. 10 (a) Representative image and (b) spectrum of a single A549 / HER-2 cell exposed to anti-EGFR nanorods, anti-IGF-1R nanospheres, and
HER-2 Ab nanospheres consecutively. (Scale bar = 10 μm.) (c) Distribution of peak scattering from A549 / HER-2 cells exposed to anti-EGFR
nanorods, anti-IGF-1R nanospheres, and HER-2 Ab nanospheres consecutively.
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Table 5 Summary of EGFR/IGF-1R/HER-2 triple label experiments. P-values given for individual label experiments
compares differences to the other individual label experiments. P-values given for each triple label experiment compares
differences to corresponding individual labeling experiments. Given uncertainties are the standard deviations of the
measurements (n/a – not applicable).

Cell line (expt/receptor) Peak wavelength (nm) Number of cells p-value

A549/HER-2 (individual EGFR) 656.1 ± 9.5 N = 73 <0.001

A549/HER-2 (individual IGF-1R) 521.8 ± 7.9 N = 75 <0.001

A549/HER-2 (individual HER-2) 542.7 ± 21.3 N = 75 <0.001

A549/HER-2 (triple label EGFR) 661.3 ± 12.7 N = 127 <0.001

A549/HER-2 (triple label IGF-1R) Not observed n/a

A549/HER-2 (triple label HER-2) 555.8 ± 7.2 N = 44 <0.001

EGFR/HER-2 dual label experiments for both labeling orders)
This suggests that a slight change in the dielectric environment
was caused by the introduction of the second or third label. This
can be explained by a change in solute concentration which
can influence dielectric environment or cross-talk between the
activated receptors. Plasmonic coupling of particles bound to
proximal receptors may also cause this difference. Further ex-
periments with techniques such as polarization mapping34 may
be necessary to separate changes due to dielectric medium alter-
ations from changes due to plasmonic coupling. This technique
isolates the redshifted scattering peak due to plasmonic cou-
pling of a single NP pair by exploiting the fact that it is always
associated with the polarization aligned with the long-axis of
a NP pair. In general, peak shifts due to changes in the di-
electric medium would not exhibit polarization dependence in
the scattering spectra. In the EGFR/HER-2 and EGFR/IGF-1R
experiments, peak scattering distributions were not statistically
different when compared to the individual label trials. This in-
dicates a minimal change in the dielectric medium or mini-
mal plasmonic coupling, suggesting that this effect is receptor
specific and with further analysis, may provide insight into an
underlying biological mechanism.

Data from the HER-2/IGF-1R dual label and triple label ex-
periments also showed overlap of the scattering peaks scattering
between the anti-IGF-1R and HER-2 Ab labels. This resulted
in a lack of a distinct scattering peak associated with the anti-
IGF-1R label for cells exposed to all three labels. The average
peak scattering wavelengths of these two tags during individ-
ual labeling were only separated by 30 nm. A potential solu-
tion of this problem would be to use silver nanospheres with a
smaller diameter to further blueshift their scattering peak. The
relatively higher levels of scattering from the HER-2 Ab label
may have also masked the lower level of IGF-1R expression
in BT-474 cells. In future experiments, it will be necessary to
choose labels with narrower spectral widths or more widely
spaced scattering peaks to avoid this overlap. One option would
be to use gold nanorods of varying lengths but constant widths,
extending the range of scattering peaks associated with the long
axis into the NIR range. Other conformations, such as gold
nanoshells, may also be used to further separate these spectral
windows.35

Reversing the sequence of incubation of the two types of
NPs in the dual EGFR/IGF-1R label experiment produced an
interesting change in the measured scattering distributions, as
it caused a significant decrease in the intensity of scattering
associated with the anti-EGFR tag. The experiments for both
labeling orders were performed consecutively from the same
cell populations and NP batches, signifying that the change was
solely caused by the reversed sequence. The acquired images
show a distinct difference in the relative number of bound anti-
EGFR label when using the reverse order. However, in most
cases there were only about 20 silver nanospheres seen bound
to a given cell. This would not be nearly enough for the larger
silver spheres to physically block the binding of the smaller
gold spheres. A study by Desbois–Mouthon et al. points to a
possible cause of the observed spectra.36 They show that the
activation of IGF-1R leads to the release of amphiregulin, an
EGFR-ligand, which binds to EGFR. It may be possible that a
similar process occurs in these alveolar adenocarcinoma cells,
where amphiregulin has been released and competes for binding
sites with the anti-EGFR conjugated nanospheres. Further ex-
periments, beyond the scope of this work, are clearly necessary
to fully understand this intriguing behavior.

Through these experiments, multiple advantages of plas-
monic NPs as labels in multiplexed molecular imaging are evi-
dent compared to fluorescent molecules. The first major advan-
tage is the wide spectral range of scattering peaks available for
each tag. By extending these peaks into the NIR range, a system
of immunolabeled NPs could be developed that distinctly label
a larger number of receptors than is possible with fluorescent
molecules, which are generally limited to the visible range. Fur-
thermore, plasmonic NPs, unlike fluorescent tags, are also sensi-
tive to the refractive index surrounding dielectric medium. This
unique feature of NP labels implies that changes in the cell such
as solute concentration or receptor cross talk may be analyzed
by monitoring shifts in the peak scattering wavelength. These
shifts can also provide information on the signal pathways which
are activated when multiple types of receptors are bound to their
ligands. For example, it may be possible to monitor receptor
dimerization by examining the plasmon coupling between adja-
cent NP.30 Thus, plasmonic NPs possess unique properties that
may provide a significant advantage in multiplexed molecular
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imaging compared to fluorophores by widening the available
spectral range to allow more distinct labels and by accessing
additional information regarding cell signaling pathways and
receptor mechanisms.

5 Conclusions
This study evaluated the ability to use three different function-
alized plasmonic NPs to simultaneously image multiple cel-
lular receptors. The spectral separation between the scattering
peaks of these three labels allows for the characterization of
cell immunophenotype. NP labels are also capable of measur-
ing changes in the local environment of the receptors. In some
cases, statistically significant differences were detected between
the peak wavelength of scattering distributions of individual
labels and the same labels used in dual and triple label experi-
ments. This behavior may be due to plasmonic coupling between
particles bound to proximal receptors, or changes in the dielec-
tric medium of the cell, reflecting receptor interactions. Both
processes would lead to a significant shift in the NP’s peak scat-
tering wavelength. With either interpretation, it is possible that
this information may be used to better understand dynamics of
cell receptor pathways. The ability to concretely separate the ef-
fects of these two processes would enable development of more
advanced tools for intracellular biosensing applications.
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