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Abstract:  Advances in plasmonic nanoparticle synthesis afford new
opportunities for biosensing applications. Here, we apply a combination of a
new type of plasmonic nanomaterial — stellated nanoparticles, and
polarization-sensitive darkfield microscopy for detecting molecular
assemblies and tracking of individual epidermal growth factor receptors
within single live cells with high signal-to-background ratio. Depolarization
of linear polarized light by stellated nanoparticles is over 15-fold more
efficient than similarly-sized spheroidal nanoparticles. This efficient light
depolarization allows robust detection of molecules labeled with stellated
nanoparticles in cross-polarized imaging where the intrinsic light scattering
from cells is significantly reduced. The imaging can be carried out with
single molecule sensitivity for essentially unlimited time with no signal
degradation.
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1. Introduction

Development of new probes for the detection of molecular events in single living cells can
lead to a better understanding of challenging clinical problems such as cancer. It is highly
desirable that these probes facilitate robust detection of single molecules and single molecular
events. Fluorescent dyes and genetically-encoded fluorescent proteins (e.g., green fluorescent
protein, GFP) are very useful probes for molecular imaging; however, they do not routinely
provide enough signal for single molecule detection in live cells. Recently, elegant work has
been published on activation of single epidermal growth factor receptors [1] and single viral
trafficking [2] using quantum dots (qdots), as well as stochastic protein expression in yeast
and bacteria using organic dyes [3]. Although gdots can provide single molecule sensitivity,
they aso have certain drawbacks including blinking effects and susceptibility to
photobleaching over time [3, 4]. In addition, gdots are also prepared using highly toxic
semiconductor materials, making development of stable biocompatible coating chemistry
essential [5].

Recently, localized surface plasmon resonance phenomena have been utilized in
nanometer-sized gold particles for a multitude of biosensing applications with excellent
sensitivity, down to single molecular binding events [6-9]. The large optical scattering cross-
section of plasmonic nanoparticles makes them appealing as molecular specific labels for
reflectance-based imaging [10-13], and their strong absorption properties facilitate
applications to photoacoustic imaging [14] and to combined imaging and photothermal
therapy approaches [15-18]. The attractiveness of this technology for biosensing applications
is aso due to several other factors, including chemical inertnesq19]; stable signa intensity
due to lack of photobleaching or blinking effects [20]; convenient surface functionalization
strategies [21, 22]-[23]; and strong sensitivity to other resonant scatterers in the near-field,
(termed plasmon coupling) that can give nano-scale information about interactions and
distribution of biomolecules[9, 11].

To complement these inherent properties, exciting advances in nanomaterial engineering
have produced a large array of particle geometries that have created new opportunities for
biological applications of plasmonics. Such novel shapes include dielectric core-metal shell
nanoparticles (nanoshells), which can be spectrally tuned over a wide optical range[24], metal
nanorods [ 25]-[26] that can be used as sources of second harmonic generation and two-photon
luminescence [27-29], nanocages [30], nanocrescents and rings [31, 32], as well as the
stellated nanoparticles [33-35] used in the present work among many other examples.

A feature of plasmonic nanoparticles that has not been widely explored in a biosensing
context is the effect of nanoparticle plasmon resonance on light polarizetion.  Single
nanoparticles or their assemblies containing geometrical asymmetry will cause light
depolarization, depending on the relative orientation of nanoparticles and the incident light's
polarization. This phenomenon was well characterized in the case of nanorodg36-38], and
lithographically prepared pairs of ellipsoidal particles [39, 40]. Recently, star-shaped
nanoparticles were also shown to have interesting and complex light polarization dependent
properties [33, 34], due to their inherent asymmetry. Although not fully characterized, the
stellated geometry results in strong overall light depolarization in the red and near infrared
(NIR) spectral region from single particles. Additionaly, these type of nanoparticles can be
synthesized without the need for complex seeding or surfactant-based methods [35] that are
used in preparation of other specially-shaped particles, such as nanorods.
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Here we demonstrate that the optical properties of stellated gold nanoparticles provide an
opportunity to apply this nanomaterial as biomolecular-specific probes in combination with
polarization-sensitive imaging. It is well known that live cells do not significantly alter light
polarization state [41, 42], particularly in the NIR region. Therefore, the use of polarization
microscopy in combination with asymmetric plasmonic nanoparticles can provide a sensitive
molecular imaging approach by drastically reducing the endogenous scattering background
signal when used to label cells or other biological tissues.

We compared spherical and stellated nanoparticles of approximately the same size as
molecular-specific contrast agents for polarization microscopy of epidermal growth factor
receptor (EGFR) expression — an important indicator of cancerous or pre-cancerous growth
[43] —in live cells.  We showed that while isolated spherical particles do not appreciably
alter linear polarized light, EGFR mediated assemblies of these particles on the cell surface
result in more prominent changes in light polarization. In contrast, similarly-sized stellated
gold nanoparticles can more efficiently depolarize light in both isolated and aggregated cases.
We demonstrate that molecular targeted spherical and stellated gold nanoparticles can be used
for sensitive detection of cancer cells using a simple detection scheme with a linear-polarized
excitation and a cross-polarized analyzer. Furthermore, the unique properties of stellated
nanoparticles allow the monitoring of single EGFR trafficking events within live cells with
high signal to noiseratio for an essentially unlimited period of time.

2. Materialsand methods
2.1. Nanoparticle synthesis and characterization

Stellated gold nanoparticles were synthesized by a simple procedure based on the colloidal
reduction of chloroauric acid (HAuUCI,) in a homogeneous solution of ascorbic acid (H,A) in
water at 0 °C. In a typical experiment, 1.4 g of H,A was dissolved in 40 mL of deionized
water. Then, 0.5 mL of 0.1M HAuUCI, solution was added rapidly under vigorous stirring. The
solution immediately acquires a blue color that after few seconds becomes an opague dark
brown color. The solution was kept under strong stirring for 15 minutes.

Highly monodisperse spherical gold nanoparticles were synthesized using the protocol
reported by Brown and Natan [44]. In this procedure, ca. 15nm gold nanoparticle “seeds’,
synthesized by a citrate reduction method [45], are combined a room temperature with an
aqueous solution of 0.01% HAuUCI, and 40mM NH,OH. The latter component catalyzes gold
ion reduction at the seed surface. This method generally produces a higher monodispersity of
larger particles than the citrate reduction method alone.

Analysis of TEM images (not shown), acquired with a Philips EM 208 TEM, revealed
that the spherical nanoparticles have an average diameter of approximately 65+5nm, while the
stellated particles were ca. 81+21nm in diameter. Clearly, there is more shape heterogeneity
with the stellated particles than with the spheres. It was determined from electron diffraction
spectra that stellated nanoparticles are composed of a small number of symmetrically-aligned,
monocrystalline domains (data not shown). Further, TEM imaging reveals that 70% of the
nanoparticles are stellated in nature, while the remaining 30% are composed of rounded
crystals with non-uniform distribution of stellations on the surface. A detailed analysis of the
crystalline structure was reported previously [35].

Particles were also characterized using a Zeiss Supra 40 VP Scanning Electron
Microscope (SEM). Indium-tin oxide (ITO) coated glass coverslips (SPI Supplies) were first
cleaned via plasma etching (Oxford Instruments Plasma Lab 80+). Small marks were placed
on the coverslips using a laboratory marker (to aid in co-registering optical and electron
microscopy images), and the surface was then exposed to a small volume of solution
containing either spherical or stellated nanoparticles for 10 minutes at room temperature.
Coverdlips were then extensively washed in de-ionized H,0.
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2.2 Bioconjugation of nanoparticles with anti-EGFR antibodies and cell culturing

We conjugated both types of nanoparticles to anti-EGFR monoclonal antibodies using a
previously described protocol [23, 46]. Briefly, anti-EGFR monoclonal antibodies (Sigma,
clone 29.1.1) at a concentration of 1 mg/mL were exposed to 10mM Nal O, in 40mM HEPES
for 30 minutes at room temperature. During this step, the glycosylated Fc portion of the
antibody is oxidized. Subsequently, the oxidized antibodies were mixed with an excess of a
hetero-bifunctional polyethylene glycol (PEG) linker containing a hydrazide and thiol moiety
on either end (Sensopath Technologies, SPT-0014B) for 30 minutes a room temperature. In
this step, the hydrazide moiety on the linker binds covalently to the non-targeting Fc portion
of the antibody, while the thiol group remains available for binding to gold surfaces. The
antibody-linker complexes were separated from unbound linker via centrifugal filtration
(Millipore, 100kDa MWCO) and resuspended at 1Img/mL antibody concentration in 1x PBS.

Subsequently, anti-EGFR antibodies were attached to gold nanoparticles by mixing a
solution of 5ug/mL antibody-linker in 40mM HEPES (pH 7.4) with an equal volume of a
nanoparticle solution for 20 minutes, followed by addition of 10° M of monofunctional
MPEG-thiol (5kD, Nektar) in order to passivate any remaining exposed particle surface.
Conjugates were centrifuged at ca. 1700 x rcf for 10-15 minutes and resuspended in 1x PBS
containing 1 mM CaCl,, 1 mM MgCl,, 0.2% BSA and 5 mM D-(+)-glucose (Sigma) to
maintain cell viability during labeling experiments. Suspensions of nhanoparticle-antibody
conjugates were centrifuged a ca. 100x RCF for 3 minutes just prior to cell labeling
experiments in order to remove aggregates that can potentially form during particle storage.
All cells used for molecular specific imaging were cultured in Dulbecco’s Modified Eagle
Medium (DM EM) supplemented with 5% FBS at 37°C and 5% CO, environment.

2.3 Darkfield microscopy and Hyper spectral imaging

The optical scattering properties of both types of nanoparticles were assessed using a Leica
DM®6000 microscope in transmission darkfield mode. Images of isolated particles on ITO
glass coverslips, as well as images of single particle trafficking in live cells were acquired
using a 40x 0.75NA biological objective and quartz halogen light source coupled to a 1.2-
1.4ANA oil immersion darkfield condenser. Images of labeled cells were acquired using the
same optical set, except a 20x 0.5NA brightfield/darkfield objective was used. For
experiments with isolated particles, registration marks were used to align the field of view to
match that seen in SEM images of the same particles.

In al optical imaging experiments, a polarizer was attached to the microscope condenser
to provide linear-polarized illumination light, and an analyzing polarizer was placed in the
detection path with its axis either parallel or perpendicular to the incident polarization.
Images were acquired using a Q-Imaging 12-bit Retiga EXi CCD camera with an LCD filter
attachment for RGB imaging. Camera exposure times and gain settings were adjusted for
each sample and imaging mode to maximize signal to noise ratio. The overall sensitivity
differences between each acquisition condition were determined by imaging a spectral
calibration standard (Spectralon, LabSphere, Inc). Scattering spectra from individua
nanoparticles and from cells were measured using a stage-scanning, prism dispersion based
hyperspectral microscopy system (Lightform Inc., PARISS®) [47], which was coupled to the
darkfield Leica microscope. The hyperspectral system is capable of acquiring a complete
scattering spectrum from individual particles, with 0.6um spatial resolution at 40x
magnification and 1nm spectral resolution. All hyperspectral data were analyzed in Matlab.

2.4 Electrodynamic simulations

We carried out electrodynamic simulations to theoretically assess the depolarization capability
of each nanoparticle type, and to determine to what extent plasmon coupling plays a role in
the observed effects. The T-matrix technique [48, 49], its extension to aggregates [50-53], and
the Discrete Dipole Approximation (DDA) were deemed to be the most appropriate methods
[54] to accurately model the optical scattering from plasmon resonant nanoparticles and their
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aggregates. The T-matrix technique is most suitable to model scattering from single particles
with azimuthal symmetry (such as spheroidal particles), and from aggregates of such particles.
In contrast, the DDA technique is well suited to the modeling of particles possessing
complicated, non-symmetric shapes, such as stellated particles. The T-matrix code used in
these studies is a new code implemented completely in C++, and is based primarily on the
theoretical work discussed in [50-53]. The DDA code is available in the public domain [55],
and has been supplemented with custom C++ utilities in order to alow computation for
particles defined by any arbitrary closed-mesh surface. The specifics of the material
permittivity function are particularly important when modeling plasmon resonant materials.
For both simulation techniques, the permittivity function used for Au is based on the
experimental data published in [56] with an additional size-dependent electron mean-free-path
correction applied as detailed in [57]. While this correction is negligible for the particle sizes
that were used in this study, we would like to emphasize that in general care must be taken
with the material functionsin order to ensure high-quality simulation results. The permittivity
function used for H,O is based on the formula published in [58].

3. Resultsand discussion
3.1 Light scattering properties of single nanoparticles

Figures 1A and B show four representative examples of high-resolution SEM images of
individual spherical and stellated nanoparticles, respectively. Images indicate that spheroidal
particles retain a relatively smooth particle surface and smaller average aspect ratio as
compared to stellated nanoparticles. Also, 6-8 stellations per particle can be identified in Fig.
1(b). Figures 1(c) and (d) show a series of color darkfield images of spherical and stellated
gold nanoparticles, respectively. The individually numbered particles seen in SEM images
correspond to the matching numbered particles displayed in the optical images. For Figs. 1(c)
and 1(d), an un-polarized darkfield image is shown at top. The middle images indicate
darkfield illumination with horizontally polarized light, and detection of scattering with
parallel polarization to the incident illumination. Bottom images in Figs. 1(c) and 1(d) were
taken under darkfield illumination with cross-polarized (perpendicular) detection. It should be
noted that for both particle types, the images with parallel and perpendicular orientation of
polarizers were acquired using acquisition conditions with 2.5-fold and 15-fold enhanced
sensitivity, respectively, relative to the images acquired without polarizers. This adjustment
was used to optimize signal-to-noise ratio (SNR) as well as to compensate for light absorption
by the polarizers and a dependence of light throughput in the microscope on polarization axis.

Comparison of SEM images (Figs. 1(a) and 1(b)) with the corresponding darkfield
images (Figs. 1(c) and 1(d)) indicates that shape differences between the two particle types
correlate with marked differences in their depolarization properties. The spherical particles
scatter predominantly in the green to orange range (Fig. 1(c)) while stellated particles scatter
primarily in the red optical region (Fig. 1(d)). Images of both particle populations with
polarizer/analyzer in parallel configuration (Figs. 1(c) and 1(d), middle) are similar to images
taken without polarizers (Figs. 1(c) and 1(d), top). However, imaging with cross-polarized
configuration (Figs. 1(c) and 1(d), bottom) reveals drastic differences in how much light each
particle type can depolarize. The ability of nanoparticles to depolarize light can be evaluated
by computing the ratio of each particle’s parallel and perpendicular signal. For the nearly
spherical particles used, this value averages about 1%, but for stellated particles, the value
increases dramatically to nearly 15%. There is one spherical particle in Fig. 1(c), bottom, that
also displays noticeable light depolarization. SEM analysis (not shown) indicates that this
particular particle is highly a-spherical (with an aspect ratio of nearly 1.2), that can explain its
aberrant scattering behavior.
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Fig. 1. Characterization of spherical and stellated gold nanoparticles. In (A) and (B), four
representative SEM images (taken with Zeiss Supra 40 VP at 200K-400K magnification) are
shown which reveal the shape differences between spherical and stellated nanoparticles,
respectively.  (C) and (D) show darkfield images of spherical and stellated particles,
respectively, which were obtained under different illumination/collection conditions. Note that
the numbered particles in the darkfield images correspond to numbered particles in the SEM
images. Top images are acquired with unpolarized darkfield illumination. Middle images
were taken with horizontally polarized illumination, and detection of scattered light with
parallel orientation of the analyzing polarizer (parallel polarization). Bottom images show the
scattering with polarization perpendicular relative to the illumination (perpendicular
polarization). Note that most of spherical particles are not visible under perpendicular
polarization. Images with parallel and perpendicular orientation of polarizer and analyzer were
acquired using acquisition conditions with 2.5x and 15x enhanced sensitivity, respectively,
relative to images without polarizers. Scale bar is 5um.

Figure 2 shows representative scattering spectra of a spherical (blue curve) and a stellated
(red curve) gold nanoparticle acquired using the hyperspectral imaging system. The spherical
nanoparticle spectrum corresponds to particle number 4 indicated in Figs. 1(a) and 1(c), while
the stellated nanoparticle spectrum corresponds to particle number 2 indicated in Figs. 1(b)
and 1(d). Both spectra are normalized such that the peak scattering intensity is unity.
Analysis of more than 100 particles of each type indicates that the average plasmon resonance
wavelength of the green spherical particlesis 548+16nm, while that of the stellated particlesis
630+£33nm. The variations of peak wavelength can be attributed to particle size/shape
heterogeneity; thus it is apparent that the stellated nanoparticles have a much more diverse

#89063 - $15.00 USD Received 26 Oct 2007; revised 17 Jan 2008; accepted 20 Jan 2008; published 31 Jan 2008
(C) 2008 OSA 4 February 2008/ Val. 16, No. 3/ OPTICS EXPRESS 2160



shape/size distribution than that of the isolated spheres. Thisis consistent with SEM images
and previously published TEM analysis[35].
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Fig. 2. Representative scattering spectra of individual spherical (blue) and stellated (red)
nanoparticles obtained using the PARISS hyperspectral imaging system (Lightform, Inc.)
coupled to the Leica DM6000. The blue spectrum corresponds to the spherical particle number
4 shown in (A) and the red spectrum corresponds to the stellated particle number 2 shown in
(B). Analysis of the scattering spectra from N>100 particles of each type showed that the
average peak wavelength for spheresis 548 + 16 nm, and 630 + 33 nm for stellated particles.

2.3. Electrodynamic simulations

We carried out simulations of scattering cross sections for three different cases. First, the
polarization-sensitive scattering cross-section was calculated for a single 75nm spheroidal
particle with an aspect ratio of 1.05 to approximate areal world, non-ideal geometry (note that
a perfectly spherical particle does not produce any depolarization). Second, the scattering
profile from an aggregate of 8 spherical particles, each with center-to-center separation of
1.15 times the particle diameter was simulated, to approximate the configuration of particles
seen on the cell surface [11]. T-matrix simulations use a particle-centered maximum
multipole order of 6. Finally, in order to simulate as closely as possible the observed stellated
nanoparticle morphology, a stellated octahedron (a star-shape with 8 points) was used, with
the stellations smoothed to match the real-world geometry. The aspect ratio of the stellated
octahedron was adjusted to 1.3, which matches the SEM image of stellated particle number 2,
shown in Fig. 1(b). DDA simulations used a cubic grid with 100 points along each edge. In
each case, a particle or the aggregate was oriented with respect to the illumination polarization
in order to produce maximum depolarization. Note that the simulation beam geometry is
simplified significantly in comparison to the actual experimental dark field illumination
geometry, which has a high incident beam angle, and implicitly averages over an angular
range; these factors were not included in the simulation for reasons of computational
tractability. Images of the particle/laggregate geometry are shown in Fig. 3(a), and were
generated using POV-Ray, a freely available ray-tracing software package. In these images,
the light propagation vector extends in the z-direction (into the page). Scattering cross
sections with parallel and perpendicular polarizations relative to the incident polarization were
calculated for illumination and collection in the z-direction, and are shown in Fig. 3(b).

The simulated spectra in Fig. 3(b), left, show the scattering profile of light with
polarization parallel to the incident light, each normalized to a maximum of one. Simulated
spheroidal and spherical particle aggregate spectra are consistent with previous measurements
[10, 11]. Stellated nanoparticles and aggregated spheres show a red-shifted plasmon peak as
compared to spherical particles. The peak position, however, depends heavily on the precise
geometrical morphology of the stellated particle. Particles with differing peak numbers, more
rounded or pointed points, and other modifications produce significantly different spectra.
Figure 3(b), right, shows relative scattering cross sections with polarization perpendicular to
the incident light. These theoretical spectra indicate the depolarization ability of each particle
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type or aggregate relative to the parallel component which is normalized to one a its
maximum (Fig. 3(b), left). Note that while a single spheroid particle only depolarizes up to
1% of the incoming light, an aggregate of 8 spherical particles will depolarize up to 7% of the
incoming light. The single stellated particle of geometry illustrated in Fig. 3(a) (constructed
to closely match the morphology of particle number 2 in Fig. 1(b)) depolarizes up to 15% of
theillumination light. This value is consistent with analysis of the darkfield images in Figure
1D.
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Fig. 3. (A) Computer-generated images showing the geometries that were used for
electrodynamic simulations: a 75nm diameter, 1.05 aspect ratio spheroidal particle (left); an
aggregate of 8 spherical particles with 65 nm diameter and a center-to center separation of 1.15
times the particle diameter (middle); and a stellated particle (right), which was designed to
closely approximate particle number 2 shown in Fig. 1(b). In each case, incident illumination
propagates in the z-direction (into the page). In (B), simulated scattering cross sections are
shown for scattered polarization parallel (left) and perpendicular (right) to that of the incident
light. Spheroidal particles and aggregates of spherical particles (blue and green curves,
respectively) were simulated using a new implementation of T-Matrix theory, while stellated
particles (red curves) were analyzed using publicly available discrete-dipole approximation
(DDA) agorithms. Parallel spectra (B, Ieft) are each normalized to a maximum of one. Spectra
in (B), right, show the intensity of light scattering in the perpendicular direction relative to the
normalized parallel scattering cross-section. Therefore, the perpendicular components (B, right)
demonstrate the relative depolarization ability of each particle type/aggregate. Note that single
stellated particles can depolarize up to ca. 15% of the incoming linear polarized illumination,
while single spheroidal particles only depolarize ca 1%. The 8-particle aggregate depolarizes
up to 7% of theincoming illumination.

These results demonstrate that for a material with no inherent birefringence properties
such as gold, which has a face-centered-cubic (FCC) crystal lattice, symmetry considerations
determine to what extent the scattered light retains the polarization of the incident light. For
example, light scattered from a spheroidal particle depolarizes to a degree corresponding to
the deviation of the particle's shape from a perfect sphere. Scattering from single particles
with a complicated morphology such as stellated nanoparticles in many cases will also
depolarize for analogous reasons. In addition, scattering from random aggregates of particles,
almost regardless of the properties of the constituent particles, in genera depolarizes. Inthis
latter case, both symmetry and inter-object distance are important, as plasmon coupling
between particles significantly enhances the depolarization effect.
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3.1 Imaging EGFR assembliesin live cells using spherical and stellated nanoparticles

To test the use of stellated and spherical plasmonic nanoparticles as molecular specific, light
depolarizing contrast agents, aiquots of A-431 keratinocyte cells (which express ca. 10°
EGFRs/cell [59, 60]) were exposed to either anti-EGFR antibody-conjugated spherical or
stellated particles for 30 minutes at room temperature under mild agitation. To evaluate the
overall contrast enhancing potential of each type of particle, unlabeled A431 cells were mixed
ina1:1 ratio with labeled cells. This provides a mixture of labeled and unlabeled cellsin a
single field of view. Figure 4A shows darkfield images from the same field of view of a 1:1
mixture of unlabeled A431 cells and those labeled with anti-EGFR gold spheres (top row) and
stellated nanoparticles (bottom row). Images show the color difference between the labeled
cells which have orange and red patches and intrinsic blue scattering from unlabeled cells. It
iswell characterized that EGFR molecules form aggregates in protein-rich clathrin coated pits
on the cell membrane [61]; this results in EGFR-mediated aggregation of gold nanoparticles
and the red shift in the light scattering from the nanoparticles [11]. The blue scattering from
unlabeled cells is apparent in images taken without polarizers (Fig. 4(a), left column), as well
as images taken with polarizer/analyzer in parallel configuration (Fig. 4(a), middle column).
In both cases, the overal signal intensity ratio between labeled and unlabeled cells is
approximately 3. However, imaging the same field of view using perpendicular polarization,
Fig. 4(a), right column, results in significant decrease in the scattering from unlabeled cells.
This increases the signal ratio between labeled and unlabeled cells more than two-fold and
nearly four-fold in the case of spherical and stellated nanoparticles, respectively. It is
important to note that images with parallel and perpendicular orientation of polarizers were
acquired under acquisition conditions with 14x and 30x increased sensitivity as compared to
the image with no polarizers, respectively, to adjust for overall light throughput differencesin
each configuration, and to optimize the SNR in each image. To check for molecular
specificity of anti-EGFR gold conjugates, EGFR negative MDA-MB-435 cells were exposed
to anti-EGFR stellated particles. No labeling was observed, indicating a high degree of
molecular specificity.

Hyperspectral measurements of labeled cells using the PARISS system were carried out
in paralel with darkfield imaging to quantify polarization dependent spectral changes
associated with EGFR-mediated clustering of the spherical and stellated nanoparticles (Fig.
4(b)). All spectra were averaged over the whole image of the cell, and were normalized to
one at the maximum scattering wavelength. It can be seen that for cells labeled with either
spherical or stellated particles, the relative contribution from scattering in the blue and green
spectral regions is dramatically decreased when imaged in cross-polarization, relative to
paralel orientation of polarizers; this decrease reveals plasmon resonance scattering from
nanoparticle assemblies. This result correlates very well with the images in Fig. 4(a), which
show a decrease in intrinsic blue scattering of cells. The hyperspectral imaging provides
spectroscopic evidence that the scattering signal from closely spaced spherical or stellated
nanoparticles can efficiently be distinguished from intrinsic cellular scattering by using
polarization sensitive microscopy.

The spectra in Fig. 4(b) show that the maximum of the plasmon resonance scattering in
both cases of aggregated particles (either spheroidal or stellated) is shifted significantly from
that seen in isolated particles (compare with Fig. 1(€)). While isolated spherical nanoparticles
have a peak scattering wavelength of approximately 560nm, this value is shifted to the red by
30-40nm when nanoparticles are bound to assemblies of EGFR molecules on the cell surface.
Similarly, stellated nanoparticles display a large plasmon resonance shift in response to
EGFR-mediated clustering, such that the scattering peak appears to lie outside the spectra
range of the imaging system. This red shift was well characterized in the case of spherical
particles and was atributed to plasmon coupling between closely spaced plasmonic
particled9-11, 40]. It is interesting to note that the same effect is displayed by stellated
nanoparticles. This observation indicates that stellated nanoparticles may be used as “nano-
rulers’ similar to spherical nanoparticleq9]. Certainly, more monodisperse stellated particles,
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as well as better understanding of stellated particle plasmon coupling are needed, before such
an approach could be quantitatively implemented.
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Fig. 4. Darkfield imaging and hyperspectral microscopy of live cells labeled with anti-EGFR
spherical and with stellated gold nanoparticles. In (A), darkfield images of A431 cells labeled
with spherical (top row) and stellated (bottom row) particles are shown. Labeled cells were
mixed in a 1:1 ratio with unlabeled cells which appear blue due to intrinsic scattering from
cells. Darkfield images of the labeled/unlabelled cell mixtures were obtained with no polarizers
(left), and parallel (middie) and perpendicular (right) orientation of a linear polarized
illumination and an analyzing polarizer. To optimize the SNR in each image, paralle and
perpendicular images were acquired using acquisition conditions with 14x and 30x increased
sengitivity, respectively, relative to non-polarized images. Imaging in cross-polarization
resulted in a 3 to 4-fold increase in the signal ratio between labeled to unlabeled cells as
compared to the parallel orientation. Therefore, unlabeled cells are not visible in the images
shown for the cross-polarization (A, right). Scale bar is 20um. Part (B) shows scattering
spectra of cells labeled with spherical (left) and stellated (right) nanoparticles. The spectra
were obtained in parallel (blue) and perpendicular (red) orientation of polarizersin illumination
and detection paths using a PARISS hyperspectral imaging system (Lightform, Inc.) coupled to
the Leica DM 6000 microscope. The curves are normalized to one at the maximum of the cross-
polarized (red) spectra to facilitate comparison of the spectral profiles. Note the large relative
decrease in scattering in the blue spectral region when detection was carried out in cross-
polarization mode, as well as a large red shift in scattering maximum of labeled cells as
compared to isolated particles.

3.2. Imaging single EGFR proteinsin live cells using stellated nanoparticles

Our results show that aggregated spherical and stellated nanoparticles depolarize light much
more efficiently than cellular components. This effect can be used to increase molecular
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specific signal in imaging of biomolecular assemblies. However, there is also great interest in
monitoring single molecular events in living cells In this case, the use of stellated gold
nanoparticles in combination with polarization microscopy offer significant advantage over
spherical nanoparticle geometry because of the high depolarization efficiency of stellated
nanoparticles (Figs. 1 and 2). We combined anti-EGFR stellated nanoparticles and
polarization dark-field transmittance microscopy to demonstrate the possibility of single
nanoparticle and, therefore, of a single molecule detection inside a live cell. To operate in the
single molecule imaging regime, the probability of multiple particles existing in the same
imaging voxel must be sufficiently reduced. To accomplish this, stellated nanoparticles were
diluted 5-fold relative to the origina concentration. This corresponds to an absolute
concentration of ca. 10° particles per mL, or an average particle-to-particle separation distance
of 10um in solution which is well beyond the sub-micron lateral resolution of the microscope
with a 40x objective. Therefore, having two particles in the same pixel at the same time is
highly unlikely. In addition, we utilized SiHa cervical cancer cells, which express ca. 10-10°
EGFR molecules per cell[62], or 10-100-fold fewer than the A431 cells shown in Fig. 4. SiHa
cells were cultured as described in the Materials and Methods section on glass coverslips.
Then coverdlips with live SiHa cells were placed on top of a microscope side with a 100um-
thick chamber containing diluted anti-EGFR stellated nanoparticles. We observed an
extremely low labeling density in cells (0-2 particles per cell) at this nanoparticle
concentration, and this also indicates a very low likelihood of having more than one
nanoparticle in the same imaging pixel. Live cells were imaged using the Leica DM 6000
microscope with polarizer and analyzer axes positioned perpendicular to each other. Color
images were acquired a 10 second intervals in cross-polarization mode for 60 minutes. Phase
contrast images without polarizers were acquired in order to reveal the cellular position and
morphology. The time-course tracking of single EGFR-bound stellated particle is shown as a
moviein Fig. 5.

Single Particle Tracking, avi

Fig. 5. Video clip showing movement of individual stellated nanoparticles bound to EGFR
moleculesin live SiHa cells. Note the presence of unbound particles moving quickly through
the field of view. Bound particles show slower, directional movement towards the cell nucleus,
consistent with receptor-mediated endocytosis.

Serialy acquired darkfield images are overlaid with a phase contrast image of the same
field of view to indicate the relative position of individual particlesin the cell. In this movie,
unbound particles quickly move through the field of view while EGFR bound nanoparticles
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undergo much slower directional motion within the cell toward the nucleus. Analysis of
darkfield images indicates that the signal to background ratio between single stellated
particles and the intrinsic cell scattering is approximately 6. Dark-field and phase contrast
images taken from the movie shown in Fig. 5 are overlaid in Fig. 6 at two different time
points. Fig. 6(b) shows the particle locations approximately 10 minutes after acquisition of
the image shown in Fig. 6(a) with traces of the lateral path that each particle took during the
intervening time between each image capture. This demonstrates the possihility of tracking of
individual particles bound to an EGFR molecule in live cells with high signal-to-background
ratio. The observed trafficking of the nanoparticles toward the center of the cell (Figs. 6(a)
and 6(b)) is consistent with the current models of EGFR regulation based on endocytosis and
subsequent movement into the perinuclear region of the cell [63]. In addition, the intensity of
the scattering signal from the nanoparticles shown in Figs. 6(a) and 6(b) correlates well with
the average intensity of single stellated nanoparticles shown in Fig. 1. In order to provide
additional evidence that the signal in Figs. 6(a) and 6(b) is associated with single particles,
hyperspectral imaging was carried out on the same sample. Figure 6(c) shows a spectrum that
was acquired from one of the EGFR bound particles, as noted by the arrow. The scattering
spectrum has a peak at approximately 620nm, which is in good agreement with spectra
acquired from individual particles (seeFig. 2).
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Fig. 6. Imaging of single stellated particle trafficking inside live SiHa cells.  Single particles
bound to EGFR molecules on SiHa cells were imaged at 10 second intervals under cross-
polarized, transmitted darkfield mode. These images were overlaid with a phase contrast image
taken of the same field of view. Thereis 10 minute interval between images shown in (A) and
(B). White lines indi cate trafficking paths of single stellated nanoparticles which are attached to
EGFR molecules within the live SiHa cell. Note an unbound particle in (A) which quickly
moves from the field of view and is therefore not present in (B). Scale bar is 5um. Scattering
spectrum of an EGFR-bound particle (indicated by an arrow) is shown in (C). The spectrum
was acquired using the PARISS hyperspectral imaging system coupled to the Leica DM6000.
The plasmon resonance wavelength of this particle is consistent with the spectral profile
measured for isolated stellated particles (see Fig. 2).
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In addition, the spectral line width (FWHM) of the particle shown in Fig. 6 is ca. 159nm,
which is statistically identical to the estimated mean of 153+32nm found for a population of
individual particles. The spectral analysis provides additional evidence for the tracking of
single nanoparticles in images shown in Fig. 6.

4. Conclusions

Due to the stochastic nature of living cells, the characterization of their behavior at the single
molecule level is a much sought-after capability [64]. Such an approach can result in a more
informative elucidation of protein regulatory and signaling pathways that otherwise may be
difficult or impossible to unravel via bulk measurements. Optical imaging with plasmonic
nanoparticles has the potential to provide a way to monitor these single events dynamically,
with high molecular specificity over long periods of time. Addition of intra-cellular delivery
peptides to the particle surface as was recently described in [23,77] may allow the monitoring
of cytoplasmic proteinsin live cells. In this manuscript we have described a combination of a
new type of plasmonic nanomaterial — stellated nanoparticles — and a simple polarization
sensitive detection scheme that can be used for sensitive detection of molecular assemblies
and single molecular events such as EGFR activation and trafficking inside live cells. Our
approach takes advantage of strong depolarization of linear polarized excitation light by
stellated nanoparticles. High signal-to-background ratio (SBR) is possible in this case without
the use of methods that restrict the signal collection volume, such as confocal microscopy
[65], fluorescence correlation microscopy [66], or total internal reflection fluorescence (TIRF)
imaging [67] which are necessary in fluorescence based single molecule studies (see examples
in [1, 2, 68-70]). We envision that incorporating any these methods to image molecular
specific stellated gold nanoparticles in living cells would significantly increase the SBR
beyond what is reported here.

The combination of plasmonic nanoparticles with polarized illumination and polarization
sensitive detection schemes presented here can be potentially extended to in vivo applications.
Photon scattering within cellular tissues typically takes several interaction events before
polarization is randomized that can occur over length scales in the order of the hundreds of
microns for optically transparent tissues such as epithelium [71]. This phenomenon is the
basis for spectroscopic techniques that can distinguish between optical signals from
superficial epithelial tissues and deeper connective layers [41, 72-74]. Polarization sensitive
approaches are also applied in high resolution endoscopic methods including confocal
reflectance microscopy [75] and optical coherence tomography [76]. These methods can be
easily adapted for polarized imaging and spectroscopy of plasmonic nanoparticles in-vivo.
Therefore, strong light depolarization by plasmonic nanoparticles and their assemblies can
afford molecular specific imaging with improved signal-to-background ratio in the epithelium
tissue for applications such as early cancer detection.
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