
CROW ET AL . VOL. 5 ’ NO. 11 ’ 8532–8540 ’ 2011

www.acsnano.org

8532

October 14, 2011

C 2011 American Chemical Society

Monitoring of Receptor Dimerization
Using Plasmonic Coupling of Gold
Nanoparticles
Matthew J. Crow,† Kevin Seekell,† Julie H. Ostrander,‡ and Adam Wax†,*

†Department of Biomedical Engineering, Duke University, Durham, North Carolina 27708, United States, and ‡Department of Medicine, University of Minnesota
Cancer Center, Minneapolis, Minnesota 55455, United States

U
nderstanding the dynamics of re-
ceptors in the cell membrane can
be important in identifying the me-

chanisms that regulate various types of es-
sential cell activities. For example, the ErbB
receptor family consists of four structurally
similar receptor tyrosine kinases, including
epidermal growth factor receptor (EGFR/
ErbB-1), human epidermal growth factor
receptor 2 (HER-2/ErbB-2), ErbB-3, and ErbB-4.
These receptors are responsible for the
regulation of multiple signaling pathways
that control cell proliferation, differentia-
tion, survival, mobility, and adhesion.1,2

Upon growth factor ligand binding, these
receptors undergo a conformational change
and become activated receptors, forming
either homodimers or heterodimers, de-
pending on several factors. In this study,
we focus on HER-2 which primarily serves as
a heterodimeric partner for other members
of the ErbB family because it always is in an
active confirmation and does not bind
growth factor ligands.2,3 However, when
cells express high levels of HER-2, the re-
ceptor undergoes constitutive homodimer-
ization.1,4 The ability to monitor the dimer-
ization behavior of HER-2 may provide a
means to illuminate the mechanisms by
which these different receptor signaling
pathways interact, with implications toward
the development of new drugs and thera-
pies for the treatment of various cancers,
including breast and ovarian.1

Several methods exist for the observation
of receptor dimerization, including coim-
munoprecipitation, chemical cross-linking,
and fluorescence resonance energy transfer
(FRET), but each has its own limitations
which require consideration.5 Co-immuno-
precipitation, which entails detergent solu-
bilization,6 can lead to aggregation of hy-
drophobic proteins, such as HER-2.7 In addition,
both coimmunoprecipitation and chemical

cross-linking techniques disrupt the cell,8

preventing in vitro live cell monitoring of
dimerization behavior.While FRET allows for
in vitro live cell measurement of distance
between proteins, the approach can be
limited due to factors such as photobleach-
ing, autofluorescence, and spectral bleed-
through.9 An alternative approach can be
found in bioluminescence resonance en-
ergy transfer (BRET), although, since the
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ABSTRACT The dimerization of receptors

on the cell membrane is an important step in

the activation of cell signaling pathways.

Several methods exist for observing receptor

dimerization, including coimmunoprecipita-

tion, chemical cross-linking, and fluorescence resonance energy transfer (FRET). These

techniques are limited in that only FRET is appropriate for live cells, but even that method

suffers from photobleaching and bleed-through effects. In this study, we implement an

alternative method for the targeting of HER-2 homodimer formation based on the plasmonic

coupling of gold nanoparticles functionalized with HER-2 Ab. In the presented studies, SK-BR-3

cells, known to overexpress HER-2, are labeled with these nanoparticles and receptor

colocalization is observed using plasmonic coupling. HER-2 targeted nanoparticles bound to

these cells exhibit a peak resonance that is significantly red-shifted relative to those bound to

similar receptors on A549 cells, which have significantly lower levels of HER-2 expression. This

significant red shift indicates plasmonic coupling is occurring and points to a new avenue for

assessing dimerization by monitoring their colocalization. To determine that dimerization is

occurring, the refractive index of the nanoenvironment of the labels is assessed using a

theoretical analysis based on the Mie coated sphere model. The results indicate scattering by

single, isolated nanoparticles for the low HER-2 expressing A549 cell line, but the scattering

observed for the HER-2 overexpressing SK-BR-3 cell line may only be explained by plasmonic-

coupling of proximal nanoparticle pairs. To validate the conformation of nanoparticles bound

to HER-2 receptors undergoing dimerization, discrete dipole approximation (DDA) models are

used to assess spectra of scattering by coupled nanoparticles. Comparison of the experimental

results with theoretical models indicates that NP dimers are formed for the labeling of SK-BR-3

cells, suggesting that receptor dimerization has been observed.

KEYWORDS: nanoparticles . plasmonic coupling . receptor dimerization .
light scattering
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technique lacks high spatial resolution, application of
BRET to single cells remains of limited utility.10

Here, we propose the use of noble metal plasmonic
nanoparticles (NPs) as an alternative method of mon-
itoring receptor interactions. These particles exhibit
surface plasmon resonances, characterized by strongly
enhancing scattering and absorption at selected wa-
velengths, providing a means for obtaining high imag-
ing contrast. The peak resonance of the particles is
dependent on several factors including, size, shape,
and composition. In addition, local refractive index
greatly influences the peak wavelength of the reso-
nance, providing a unique tool for the investigation of
dielectric environments on the nanometer scale, in-
cluding cellular environments.11 Conjugation of the
NPs to antibodies provides a simple method of target-
ing receptors that are commonly overexpressed in
various cancer cell phenotypes. In addition to their
dielectric environment, plasmonic coupling of proxi-
mal NPs also plays a role in their scattering and
absorption properties. Plasmons between NP pairs
and clusters interact, resulting in a red shift of the peak
resonant wavelength and a strong increase in the
amount of scattered and absorbed light from the pair,
relative to either particle individually. Plasmonic cou-
pling has been shown to be a powerful tool in many
biological research applications. The enhanced scatter-
ing efficiency significantly increases biomarker con-
trast in molecular imaging of various sample types,
including animal models of carcinogenesis.12 The red-
shift due to plasmonic coupling has been exploited to
enable dynamic studies of EGFR internalization13 and
to provide contrast for photoacoustic imaging.14 Ad-
ditionally, the extent of the red shift decays approxi-
mately exponentially with increasing interparticle sepa-
ration .15 This relationship allows for “molecular ruler”
applications using NP dimers, including the observa-
tion of single DNA hybridization events.16,17 Plasmonic

NPs can even be used for measurements above the
limit of FRET (typically 10 nm18), but still under the
diffraction limit of optical microscopy.19 Unfortunately,
coupling also has the drawback of complicating inter-
pretation of spectral data in dielectric sensing applica-
tions of NPs. In the presence of proximal NPs, itmay not
be clear whether the red shift is due to coupling or
simply an increase in the local cellular refractive index.
In this study, we investigate the use of plasmonic

NPs for the observation of HER-2 dimer pairs. Analysis
of scattering by NPs bound to two different cell lines
with different levels of HER-2 expression reveal that the
calculated refractive index of the nanoparticle envi-
ronment may be attributed either to the dielectric
environment or plasmonic coupling, depending on the
red-shift of the peak scattering wavelength. Validation
of the analysis is provided by using discrete dipole
approximation (DDA) simulations of proximal NP pairs
to determine the predicted conformation of the parti-
cles and assess if dimerization has occurred.

RESULTS AND DISCUSSION

Cell Labeling Experiments. Scattering spectra were ac-
quired from in vitro cultures of SK-BR-3 (HER-2þþ) and
A549 (HER-2þ) cells using the microspectroscopy
system20 and averaged over the entire cell. Summed
spectra for each cell were fit to a Gaussian distribution,
which provides an average peak scatteringwavelength
for this label when bound. For the typical data in Figure 1,
the scattering peak for SK-BR-3 cells was found to be
595.1 ( 26.0 nm (average of N = 147 measurements
across the individual cell). The peak scattering wave-
lengths taken for 122 cells were binned to create a
histogram for each cell line which was in turn fit to a
Gaussian distribution. The histogram fit for the SK-BR-3
cells indicated a peak wavelength of 587.0 ( 11.9 nm
(N = 122 cells), as shown in Figure 2. Following a similar

Figure 1. Representative image (left) and spectrum (right) of SK-BR-3 cell bound with HER-2 Ab immunolabeled 60 nm gold
NPs. The peak wavelength of the scatter is at 595.1 ( 26.0 nm (scale bar =10 μm).
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round of imaging experiments, scattering data were
acquired for A549 cells labeled with HER-2 Ab gold
nanospheres (Figure 3). For this typical data, the scat-
tering peak was observed at 555.1( 20.1 nm (average
of N = 126 measurements across individual cell). Note
the green appearance of this cell in the color image,
compared with the reddish appearance of the SK-BR-3
cell in Figure 1. Upon peak scattering wavelengths for
75 cells were binned to create a histogram (Figure 4)
with a peak of 551.4 ( 8.6 nm.

Demonstration of Molecular Specificity. To confirm that
the NPs were targeted to the HER-2 receptor, multiple
control experiments were conducted (Figure 5). Con-
trol experiments consisted of exposure of HER-2 non-
expressing MDA-MB-468 human breast adenocarcinoma
cells to HER-2 Ab NP conjugates,21�23 HER-2 expres-
sing SK-BR-3 cells exposed to IgG1 Ab gold NP con-
jugates, and SK-BR-3 cells not exposed to any NPs.
Control experiments all showed negligible increases in
scattering demonstrating statistically significant differ-
ences in scattering intensity (p < 0.001) and thus
molecular specificity was confirmed, as in previous
applications of these labels.11,20,24

Determination of Local Refractive Index (RI). To assess the
local nanoenvironment of the nanoparticle labels, a

series of characterization steps were required. First,
extinction measurements of the uncoated gold spheres
suspended in PBS solution were acquired, indicating a
peak wavelength of 535.3 ( 0.5 nm. Using the peak
wavelength of the extinction measurement and the
known RI of the PBS suspension (1.335), Mie theory
calculations were used to determine the average NP
diameter to be 59.1 ( 0.03 nm, which is in close
agreement with the TEM measured value of 61.2 (
4.3 nm (N = 183 NP measurements).25,26 Second, the
antibody layer thickness of HER-2 Ab coated gold NPs
was measured using TEM and determined to be 5.2 (
1.8 nm (N = 142 measurements). Using the antibody
thickness, in addition to the coated NP extinction peak
of 538.7 ( 0.5 nm, as input to a coated sphere Mie
theory model enabled determination of the RI of the
antibody layer to be 1.43( 0.03. For the A549 cells, this
information is used to determine the local refractive
index surrounding the label. For the mean scattering
peak of 551.4 ( 8.6 nm, coated sphere Mie theory
models are used to determine that the local refractive
index for the gold NP spheres is 1.44 ( 0.03. However,
following the same analysis for the SK-BR-3 cells, the
mean scattering peak of 587.0 ( 11.9 nm produces a
local RI in the volume around the label to be 1.86 when

Figure 2. Histogram of peak scattering wavelength of SK-
BR-3 cells boundwith HER-2 Ab immunolabeled 60 nmgold
NPs. Distribution fit has peak wavelength of 587.0 (
11.9 nm (N = 122).

Figure 3. Representative image (left) and spectrum (right) of A549 cell boundwithHER-2 Ab immunolabeled 60 nmgold NPs.
The peak wavelength of the scatter is at 555.1 ( 20.1 nm (scale bar =10 μm).

Figure 4. Histogram of peak scattering wavelength for
A549 cells exposed to HER-2 Ab immunolabeled 60 nmgold
nanospheres. Distribution fit has peak wavelength of of
551.4 ( 8.6 nm (N = 75).
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analyzed with the coated sphere Mie theory model
which does not take plasmonic coupling between the
NPs into account. Figure 6 summarizes these analysis
steps graphically.

Assessment of NP Conformation and Spacing. To deter-
mine the spacing of the bound NPs, a preliminary
approximation of the local RI is needed. Here we
identify NPs bound to individual HER-2 receptors that
are not undergoing dimerization on SK-BR3 cells by
using their scattering spectrum. Ideally, the histo-
gram of peak scattering wavelengths (Figure 2)
would show a bimodal distribution with one peak
for single bound NPs and a second, red-shifted peak
for coupled NPs. However, since there is no clearly
identifiable second, smaller peak observed in the
histogram, we assume that the lowest 5% of peak
wavelengths arise from bound receptors which are
not undergoing dimerization. These peaks have a
mean scattering wavelength of 556.8( 13.1 nm (N =
7 cells). Using this assumption, a RI of 1.46 ( 0.07 is
determined for the nanoenvironment of NPs bound
to cells, which is in reasonable agreement with the RI

found for the nanoenvironment of NPs bound to the
A549 cells (1.44 ( 0.03).

To evaluate the influence of plasmonic coupling,
DDAmodels representing a proximal pair of two HER-2
antibody-coated gold NPs were used. Validation of this
model was presented previously.27 For the simulations
here, the model used two 59.1 nm gold spheres, each
possessing distinct core and mantle dielectric con-
stants, and the antibody coating information gained
from the above characterization measurements. For
two touching, coated NPs, the interparticle separation
of the two gold cores consists solely of the summed
thicknesses of two 5.2 nm antibody layers, one for each
NP, for a total separation of 10.4 nm. The remaining
parameters were taken from the above analysis
(antibody layer RI = 1.43 ( 0.03, environment RI =
1.46 ( 0.07). The simulation produces a peak wave-
length of 582.1 nm, which is in close agreement with
the histogram peak observed in the HER-2 Ab SKBR-3
labeling cell experiment.

Models were also computed for the same two gold
NPs with the coating thickness varying from 3.4 to
7.0 nm, to account for the standard deviation observed
in the TEM measurements. In these cases, the peak
scattering is determined to be 592.9 and 570.9 nm,
respectively, with the lower bound producing reason-
able agreementwith the histogrampeak. An additional
simulation was performed at an interparticle separa-
tion of 2 nm. In this case, the peak wavelength is seen
to blue shift from 582.1 to 577.1, confirming the trend
of the peak shift with NP separation.

DISCUSSION

A state of constitutive homodimerization is ex-
pected with SK-BR-3 cells. However, only one distinct
peakwavelength distributionwas observed from450�
700 nm. The study presented here further investigates
whether the distribution could be attributed to scatter-
ing by single isolated spheres or if dimer pairs were

Figure 5. Mean scattering intensity of HER-2 expressing SK-
BR-3 cells exposed to HER-2 Ab nanospheres (þ/þ), SK-BR-3
cells exposed to IgG Ab nanospheres (þ/IgG), SK-BR-3 cells
unexposed to conjugates, and HER-2 nonexpressing MDA-
MB-468 cells exposed to HER-2 Ab nanospheres (�/þ).

Figure 6. Summary of parameters obtained from scattering measurements. Transmission measurement through uncoated
NPs yields average particle diameter. Transmission through coated spheres gives refractive index (RI) of antibody coating by
using TEM measurements of coating thickness. With these parameters, the cell scatter measurements give the RI of the NP
nanoenvironment.
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required. On the basis of the peak wavelength of the
scattering histogram (Figure 2), of 587.0( 11.9 nm (N=
122, SEM = 1.1 nm) for gold NPs bound to the SK-BR-3
cells, in addition to the parameters derived above, the
assumption of single sphere scattering produces a
local RI in the volume around the label of 1.86 when
analyzed with a coated sphere Mie theory model. This
RI value is significantly higher than the result found for
the NPs bound to A549 cells and represents an un-
realistically high dielectric constant for the cell mem-
brane.25 Thus, for the SK-BR-3 cells the peak scattering
distribution of bound NPs must be due to interac-
tions among the NPs themselves, indicating plasmonic
coupling.
A previous effort to evaluate receptor dimerization

by analyzing NP scattering have shown the ability to
assess dynamic changes in spectral scattering due to
receptor internalization13 but did not conduct a quan-
titative analysis to determine the NP configuration. Our
analysis of scattering data using DDAmodels of coupled
spheres indicate that NP dimers with interparticle
distances at or slightly below twice the mean antibody
layer thickness produce the observed peak wave-
length, confirming a conformation in which the two
NPs are touching. In fact, the bestmodel fit is produced
at a NP spacing of slightly less than twice the antibody
layer thickness, suggesting that the antibody layers
may even be slightly compressed or overlapped to
accommodate the relatively large NP size while bound
to receptors with such a small intramolecular spacing.
We note that if larger assemblies of NPs were formed,
the peak would be further red-shifted, as seen by the
few outlying points beyond 600 nm in Figure 3. How-
ever, the majority of the peak scattering data falls in a
relatively narrow range of wavelengths which can only
be explained with dimer pair formation. Following the
analysis described by Curry,28 the uncertainty in the
local refractive index of the NP depends on several
factors including the thickness and refractive index of

the antibody layer. However, the analysis shows that
this uncertainty has only a small effect on the ability of
NPs to sense their surrounding via plasmon resonance
shift such that even large changes in a parameter, such
as the TEM-measured layer thickness, would not re-
duce the cellular refractive index to a value that could
be explained without plasmonic coupling.
The HER-2 antibody and SKBR3 cell line used in these

experiments were specifically chosen to ensure bind-
ing of the conjugates to receptors that are undergoing
homodimerization and subsequent receptor-mediated
endocytosis. First, the particular clone of HER-2 mono-
clonal antibody (N12) implemented has previously been
shown to promote receptor internalization through
accelerated homodimerization.29,30 Second, the SK-
BR-3 cell line used here overexpresses HER-2 at levels
that result in constitutive homodimerization.1,29 Eva-
luation of dimerization by FRET methods further
confirms homodimer formation in SK-BR-3 cells.31 In
comparison, the A549 cells exhibit 10� lower levels of
HER-2 expression and thus homodimerization is not
expected. Indeed, the analysis of the scattering by NPs
bound to HER-2 receptors on the A549 cells do not
indicate that plasmonic coupling is occurring. These
previous studies can be used to place the results
seen here in context, confirming that the scattering
profile is due to plasmonic coupling between con-
jugates bound to two proximal receptors compris-
ing a dimer pair.
A key assumption in this analysis is the use of a RI of

1.46 ( 0.07 for the nanoenvironment of NPs bound to
cells. This valuewas determined by analysis of the peak
scattering wavelengths from the lowest 5% in the
scattering histogram (Figure 2). This value is in good
agreement with values expected for NPs in close
proximity to the cell membrane, which typically has
RI values ranging from1.46 to 1.60,32�35 andwith the RI
found for the nanoenvironment of NPs bound to A549
cells. The determined RIs and corresponding uncer-
tainties are calculated using the methods described by
Curry et al.11 The large uncertainty is attributed to the
low sample size when the histogram is narrowed to
only the lowest 5%of peak scatteringwavelengths. In a
previous study by our group,36 60 nm gold NPs im-
munolabeled with anti-EGFR bound to A431 cells,
known to overexpress EGFR, were observed with dark-
field microspectroscopy, similarly to the current study.
A histogram of peak scattering wavelength, centered
at 564.8( 5.0 nmwas found in that study, indicating an
average local RI of 1.53( 0.02 in the volume surround-
ing the particle. These experiments showed minimal
plasmonic coupling with the same NP and same label-
ing density used here, but an alternative receptor
target. The variation between these previous results
and those presented here suggests that the analysis
cannot simply take the RI value of the nanoenviron-
ment from the results for the A549 cells.

TABLE 1. Calculation Parameters

input parameter value

uncoated particle size (TEM) 61.2 ( 4.3 nm
antibody layer thickness (TEM) 5.2 ( 1.8 nm
uncoated colloid extinction peak 535.3 ( 0.5 nm
uncoated particle size (extinction) 59.1 ( 0.03 nm
coated colloid extinction peak 538.69 ( 0.03 nm
antibody layer RI 1.43 ( 0.03
lowest 5% cell bound scatter mean 556.82 ( 13.09 nm

output parameter value

cell bound scatter peak (SK-BR-3) 587.03 ( 11.87 nm
determined RI for bound NPs (SK-BR-3) 1.46 ( 0.07
cell bound scatter peak (A549) 551.4 ( 8.6 nm
determined RI for bound NPs (A549) 1.44 ( 0.03
determined spacing of NPs bound to SK-BR-3 cells 10.4 nm
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A previous study has shown that HER-2 homodimers
in SK-BR-3 cells have receptor separations of approxi-
mately 6.29 nm using FRET techniques.37 At this spac-
ing, if both proximal receptors are each bound to
separate 60 nm diameter NPs, the two labeled biomar-
kers would necessarily come in contact during dimer-
ization, with an interparticle separation dependent on
the coated antibody layer thickness, resulting in a
large, easily distinguishable redshift, as seen here.
The analysis presented here uses the RI of the cell
membrane environment in conjunction with DDA
models of plasmonic coupling to attribute the red-
shifted peak to receptor dimerization.
The analysis presented here provides significant

evidence that the red shift of the peak scattering
wavelength observed in this study is due to plasmonic
coupling and not simply an increased dielectric envi-
ronment. However, in situations where these two
effects do not produce such clear differences in scat-
tering peak wavelength, it may not be possible to
separate the two using only the analysis method
presented here. Instead, we have developed an alter-
native technique based on polarization mapping to
assess anisotropy in the plasmon resonance. Aniso-
tropic NP targets scatter light according to both their
transverse and longitudinal aggregate excitationmodes.38

For example, scattering spectra of gold nanorods con-
tain twodistinct peaks associatedwith the excitation of
the mode associated with each dimension, where the
longer wavelength peak corresponds to the longer
axis. Using polarization, one can selectively excite the
mode associated with a single nanorod dimension,
resulting in only one distinct scattering peak for each
mode.39 We have demonstrated the ability to use polar-
ization mapping to isolate plasmonic coupling modes
by observing pairs of NPs under various interparticle
separations.27 In these experiments, we found that
upon orienting the incident polarization along the long
axis of the pair, the scattering peak was red-shifted

depending on the particle separation. Comparison of the
scattering spectra with the corresponding theoretical
scattering efficiencies from DDA models under parallel
and orthogonal polarization orientations, showed that
the plasmonic coupling of two NPs is primarily depen-
dent on excitation of the longitudinal mode parallel to
the long pair axis. Polarization control therefore presents
a means to isolate the two orthogonal excitation modes,
and thus discern the dielectric environment from plas-
monic coupling in situations where the degree of plas-
monic coupling is not as obvious as that in the case
presented here. Further studies which combine the
analyticalmethod presented herewith polarizationmap-
ping measurements will provide insight into the coloca-
lization of cell surface receptors.

CONCLUSION

In summary, wehavedemonstrated a plasmonicmeth-
od for the observation of receptor dimerization. A novel
HER-2 Ab nanoparticle conjugate was developed for this
work and its molecular specificity was validated. The
experimentally observed peak wavelength of scattering
of NPs bound to the highly HER-2 expressing SK-BR-3 cells
was determined to be too far red-shifted to be attributed
solely to dielectric environment, in contrast to the scatter-
ing observed for NPs bound to A549 cells, which express
10� lower amounts of HER-2. Detailed analysis of the
scattering features of the NPs bound to the SK-BR-3 cells
with spectroscopicmeasurements yields close agreement
with the scattering predicted by DDA simulations for a
conformation of two touching, coated nanoparticles
bound to proximal receptors. On the basis of the deter-
mined NP spacing of 10.4 nm and the expected receptor
expression of the SK-BR-3 cells, we conclude that the NP
labels report that the receptors are in a dimer state. This
technique could be further extended through the use of
polarization mapping to cases where the peak red shift is
not as large and the interparticle separation of the labels
cannot be directly determined using spectral analysis.

METHODS

HER-2 Ab Nanoparticle Conjugation. HER-2 Ab NP conjugates
(Figure 7) consist of 0.5 mL of 60 nm diameter Au colloid
(15709�20, Ted Pella, Inc., Redding, CA) solution diluted with
485 μL of 20mMHEPES buffer and 14.4 μL of 1.04mg/mL HER-2
Ab (MS-301-PABX, Labvision, Fremont, CA) solution dilutedwith
62.5 μL of 20 mM HEPES buffer; 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 antibody-NP conjugation by
removing 100 μL and a subsequent addition of 5 μL of 10%
NaCl. Incomplete antibody coverage would result in a bluish
color change due to particle aggregation. To prevent nonspe-
cific binding of proteins to remaining NP surface, 100 μL of 1%
PEG (P2263, Sigma-Aldrich, St. Louis, MO) was added to the
suspension and then allowed to interact. Fifteen minutes of
centrifuging at 6000 rpm was used to remove excess PEG. The
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 This
protocol is an adaptation of methods developed by the Drezek,
Richards-Kortum, and Sokolov groups.12,40,41

Cell Lines. HER-2(þ) SK-BR-3 human breast adenocarcinoma
were incubated at 37 �C and 5% CO2 using McCoy's 5A Medium
Modified, with 10% fetal bovine serum 1% penicillin
streptomycin.23,42 HER-2(-) MDA-MB-468 human breast adeno-
carcinoma were incubated at 37 �C and 5% CO2 using MEM
Alpha Medium, with 10% fetal bovine serum 1% penicillin
streptomycin.42�44 A549 human alveolar adenocarcinoma cells
were incubated at 37 �C and 5%CO2 using F-12NutrientMixture
(Ham), 10% fetal bovine serum, and 1% penicillin streptomycin.
Although well-characterized cell lines were implemented in
labeling experiments, further confirmation of receptor expres-
sion levels was performed using ELISA techniques with a Human
HER-2 immunoassay Kit (Total) (KHO0701, Invitrogen, Carlsbad,
CA). Both cell lineswereobtained fromtheATCC through theDuke
Cell Culture Facility. Table 2 below presents ELISA results.
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Fluorescence-Activated Cell Sorting. Fluorescence-activated cell
sorting was conducted to increase receptor expression in A549
cells which inherently express mild-levels of HER-2. Aliquots of
of 5� 106 cells were prepared for sorting and were incubated
with either 20 μL of anti-HER-2/neu FITC (BD Biosciences,
340553) or 10 μL of mouse antihuman CD221 (anti-IGF-1R)
Alexa Fluor 488 (AbD Serotec, MCA2344A488T) per 106 cells.
All steps were performed in minimal light to prevent photo-
bleaching. Cell populations were placed on an oscillator for
22min at 100 rotations/s. Tubes were then spun down for 2min
at 1200 rpm. Excess supernatant was removed and cells were
washed with 2%FBS/PBS solution. Wash steps were then re-
peated 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. Cell populations were covered in foil and
placed in the refrigerator. Sorting was conducted within a 3 h
window. Following sorting, as appropriate, penicillin andGeneticin
media supplements were doubled to prevent infection. HER-2
gene transfected A549 cells were sorted to remove the top 5.18%
of HER-2 expressers.

Cell Treatment with Nanoparticles. After overnight incubation of
chambers plated with 80 K cells, media was removed from cells
designated for experiments. A solution consisting of 0.5 mL of
PBS/5% FBS and 0.5 mL of NP conjugate suspension was then
added. Next, cells were incubated for 20 min, allowing for
adequate interaction between conjugates and cells. After re-
movalof the solution, cellswerewashedtwicewithmedia. In thecase
of dual and triple tag labeling, this procedurewas then repeatedwith
the additional NP conjugates. Experiments were then immediately
conducted using the hyperspectral microscopy system.

Nanoparticle Spectral Measurement. The hyperspectral micro-
scopy system described previously20 was used to conduct
experiments on cells labeled with NP antibody conjugates.
Hyperspectral data cubes were acquired from 450 to 700 nm,
with individual images integrating for 30 ms. Each cell was
imaged in a 170 � 170 pixel region of interest to minimize
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. Source-correction is performed
by normalizing the signal by source intensity, as measured
using a diffuse reflectance standard (WS-1, Ocean Optics,
Dunedin, FL). Transmission experiments were conducted on
both uncoated and immunolabeled conjugates using a spectro-
photometer (Varian 300, Cary, Santa Clara, CA) with deuterium
UV and mercury visible lamps.

Transmission Electron Microscopy. Cells were prepared for TEM
analysis by in situ fixation on the coverslip in 4%glutaraldehyde,
postfixation in 1% osmium tetroxide, and en bloc staining in 1%
uranyl acetate. Serial dehydration in ethanol was performed at
concentrations of 35%, 70%, 95%, 100%, and 100%. Impregna-
tion was performed with a 50/50 mix of Epon resin and 100%
ethanol, followed by 2 exchanges of 100% Epon resin. Resin was
polymerized on the coverslip at 70 �C overnight. The resin film
with cells was removed from the coverslip and selected areas
weremounted on a resin stub for sectioning. Thin sections were
cut on a Reichert UltraCut S ultramicrotome and mounted on
200mesh copper/rhodium grids. Sections were stainedwith 2%
uranyl acetate and 1% lead citrate. Nanoparticles were prepared
for TEM analysis by exposure of colloid to Formvar grids,
followed by staining with 2% uranyl acetate and 1% lead citrate.
Samples were viewed on a Philips CM 12 TEM, and images were
captured on an AMT digital camera system.

Numerical Methods for Scattering Simulations. Light scattering
data were analyzed using models created with two formalisms,
Mie theory and discrete dipole approximation (DDA). Mie
theory represents an exact solution to Maxwell's equations,
describing scattering and absorption of electromagnetic waves
by spherical particles of any size or composition. Mie theory
calculation programs are widely available, most based on
original Fortran codes by Bohren and Huffman.45 While Mie
theory takes into account all scattering modes (dipole, quadru-
pole, etc.), it is limited to scattering spheres. When calculating
scattering from more complicated structures, the DDA can be
used. In this approach the target is approximated by a polariz-
able point array, each representing a subvolume of the overall
target. Exact solutions to the DDA can be calculated with widely
available codes, most notably DDSCAT,46 although the results
represent an approximation for the continuum target they
are meant to represent. In our simulations, custom targets
were defined in DDSCAT to describe the NP dimers. Our
DDSCAT simulations were validated in previous studies by
comparison of simulations of spherical targets with predic-
tions of Mie theory.27
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