[lluminating Epidermal Growth Factor
Receptor Densities on Filopodia
through Plasmon Coupling

Jing Wang, Svetlana V. Boriskina, Hongyun Wang, and Bjérn M. Reinhard®

Department of Chemistry and The Photonics Center, Boston University, Boston, Massachusetts 02215, United States

ell motility is a key requirement for
Cnatural growth processes, such as
wound healing and embryonic de-
velopment, but dysregulated cell motility
enables aggressive tumor invasion in
cancer." Any cell translocation during nor-
mal or pathological growth requires a pro-
pelling force. The latter is generated by a
branched actin network in a cytoplasmic
extension—the lamellipodium—at the
leading edge of moving cells.? Lamellipodia
can contain spike-like protrusions with par-
allel actin bundles, which are referred to as
filopodia.>* A series of diverse biological
functions have been attributed to filopodia,
but in many cases the exact mechanisms
underlying the biological function remain
insufficiently characterized.” One proposed
filopodia function is that of sensory anten-
nae for chemotaxis in the extended envi-
ronment of the cell body. In normal growth
processes in vivo, individual cells usually
need to coordinate their motility with other
surrounding cells. Growth factors regulate
and coordinate cell growth, and filopodia
could provide information about growth
factor concentrations at distant locations
from the main cell body. Previous in vitro
studies have indeed indicated a significant
role for the filopodia in the “remote” sensing
of the epidermal growth factor (EGF).8”
These studies also provided some insight
into the mechanism of the sensing process
and showed that, after activation through
ligand binding, dimers of the EGF receptor
(EGFR) were transported along the filopodia
to be endocytosed at the base where the
filopodia fuse with the lamellipodium.
Given the potential role of filopodia as
sensor antennae, the question arises whether
filopodia are equipped with a higher den-
sity (i.e, number of receptors per unit area)
and/or special spatial organization of EGFR
that reflects this special function. Both elec-
tron microscopy® and fluorescent imaging
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ABSTRACT Filopodia have been hypothesized to act as remote sensors of the cell environment,
but many details of the sensor function remain unclear. We investigated the distribution of the
epidermal growth factor (EGF) receptor (EGFR) density on filopodia and on the dorsal cell membrane
of A431 human epidermoid carcinoma cells using a nanoplasmonic enabled imaging tool. We
targeted cell surface EGFR with 40 nm diameter Au nanoparticles (NPs) using a high affinity
multivalent labeling strategy and determined relative NP binding affinities spatially resolved
through plasmon coupling. Distance-dependent near-field interactions between the labels
generated a NP density (p)-dependent spectral response that facilitated a spatial mapping of the
EGFR density distribution on subcellular length scales in an optical microscope in solution. The
measured p values were significantly higher on filopodia than on the cellular surface, which is
indicative of an enrichment of EGFR on filopodia. A detailed characterization of the spatial
distribution of the NP immunolabels through scanning electron microscopy (SEM) confirmed the
findings of the all-optical plasmon coupling studies and provided additional structural details. The
NPs exhibited a preferential association with the sides of the filopodia. We calibrated the
p-dependent spectral response of the Au immunolabels through correlation of optical spectroscopy
and SEM. The experimental dependence of the measured plasmon resonance wavelength (4,) of
the interacting immunolabels on p was well described by the fit A,.s = 595.0 nm — 46.36 nm
exp(—p/51.48) for p < 476 NPs/umz. The performed correlated spectroscopic/SEM studies pave the
way toward quantitative inmunolabeling studies of EGFR and other important cell surface receptors
in an optical microscope.

KEYWORDS: epidermal growth factor receptor - filopodia - immunolabels - molecular
imaging - nanoplasmonics - receptor clustering - nano—bio interface

techniques, such as fluorescent brightness
analysis,”'® fluorescence resonance energy
transfer (FRET) imaging,'" and quantum dot
tracking,'? have been applied to map spatial
EGFR distributions on the membranes of
different cells. The work performed thus
far focused, however, primarily on elucidat-
ing the receptor activation mechanism by
mapping the molecular association (or
clustering) of cell surface EGFR in the pre-
sence and absence of the EGF ligand and
did not address the specific question of the
EGFR density on filopodia.

There are some experimental indications
from conventional fluorescence immuno-
staining studies that EGFR is enriched on
microvilli, another type of actin-enriched
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cell protrusions.”® These studies motivated us to in-
vestigate the EGFR distribution of filopodia in more
detail. To that end, we will map the spatial distribution
of Au nanoparticle (NP) immunolabels selectively tar-
geted at EGFR through a combination of electron
microscopy and optical plasmon coupling microscopy
(PCM). The latter utilizes the fact that—due to distance-
dependent electromagnetic interactions between Au
NPs'4 22—the light scattered off NP immunolabels on
the cell surface encodes direct information about the
local two-dimensional NP density (p). The average
interparticle separation between NPs decreases with
increasing p. If p is high enough that the interparticle
separation drops below one particle diameter, the
collective coherent electron oscillations in the indivi-
dual NPs—the plasmons—hybridize,>® which induces
a spectral shift in the scattering spectrum of the now
coupled NP labels. Work from different groups has
demonstrated that, due to the spectral shift in the
spectrum of the scattered light, the near-field interac-
tions between NP immunolabels at high p can be
detected using conventional far-field optics.?* 2% The
spectral shift in the ensemble-averaged NP resonance
increases as the average interparticle separation be-
tween the NPs decreases with growing p.

In this article we quantify the relationship between
the peak plasmon resonance wavelength (4,e5) and p
for 40 nm diameter Au NP immunolabels targeted at
EGFR on A431 cells. Immunolabeling strategies are
commonly used to investigate receptor density distri-
butions in the electron microscope,®2°3° where the
spatial distribution of the NP labels is used to infer
information about the local concentration of the tar-
geted receptor. We demonstrate that the 4,e5(p) rela-
tionship enables a quantitative characterization of
receptor densities on subcellular length scales through
optical spectroscopy. Our plasmon coupling based
approach complements conventional single NP imag-
ing techniques®' for localizing individual receptors in
the limit of very low p by providing the technological
means for mapping the distribution of high surface
density receptors, such as EGFR, which is highly over-
expressed in cancer cells.

RESULTS AND DISCUSSION

The main objective of this study is the spatial map-
ping of the EGFR density on different areas of the
membrane. To avoid any ambiguities related to en-
docytosis or other cellular responses induced by NP
binding, we restricted our analysis to fixed cells in this
work. The visualization of the EGFR density either by
optical means or SEM requires functionalized noble
metal NPs that are stable against agglomeration in
solution and that bind with high affinity selectively
to their target. Different from conventional immuno-
staining studies, our combined SEM/plasmon coupling
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Figure 1. (a) Multivalent immunolabeling strategy of cell
surface EGFR. First, primary anti-EGFR antibodies (ABs) are
bound to the receptors (l). Then biotinylated secondary
antibodies are anchored to the primary antibodies (ll). The
biotinylated antibodies carry multiple biotins to amplify the
binding affinity of anti-biotin antibody functionalized Au
NPs in the last step (lll). (b) NP functionalization strategy
through “click” chemistry. An alkyne group is introduced
into the anti-biotin antibody through an amine reactive N-
hydroxysuccinimide (NHS)-functionalized polyethylene
glycol (PEG). The modified antibodies are then reacted with
azide-functionalized Au NPs in a 1,3-dipolar cycloaddition.

approach requires NP labels with sufficiently large
scattering cross-sections to be detectable in the optical
microscope.? 3% We chose Au NPs with a nominal
diameter of 40 nm and a scattering cross-section at
535 nm of Tgeae & 6.05 x 10~ "% cm? 3 for this work. Due
to their high polarizability, NPs of this size require a
careful design of their surface chemistry to ensure high
binding efficacy to the cell surface target and high
stability against agglomeration in salt buffers at the
same time. One additional complication for an efficient
receptor labeling arises from the fact that epithelial cell
surfaces are covered by a layer of polymeric material
(glycocalyx),*® which can impair the binding affinity of
NP immunolabels to specific receptors. We performed
initial labeling studies with 40 nm NPs stabilized by
3.4 kDa polyethylene glycols (PEGs), which were cova-
lently linked to anti-EGFR antibodies. This strategy
yielded, however, only NP densities of p < 10 NPs/

um? (Figure S1), which was too low for a quantification

of NP binding isotherms through plasmon coupling.
High-Affinity EGFR Immunolabeling. In order to enhance
the EGFR labeling efficiency, we designed a secondary
antibody labeling strategy that amplifies the number
of binding sites per EGFR on the cell surface and
introduces additional structural flexibility in the attach-
ment chemistry (Figure 1a). In the first labeling step a
monoclonal anti-EGFR antibody (clone 29.1.1) is teth-
ered to the receptors. This primary antibody is subse-
quently targeted by a biotinylated secondary antibody,
which carries 5—8 biotin®*” molecules per antibody and
thus increases the available binding sites on the cell
surface. In the last step multivalent Au NPs functiona-
lized with anti-biotin antibodies are bound to the
generated biotin-binding sites. These Au immunola-
bels are prepared through covalent attachment of
the anti-biotin antibodies to the Au NP surface using
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bifunctional 3.4 kDa PEGs. The PEGs are anchored to
the Au surface by a thiol residue located at one of their
termini. An azide group at the second terminus of the
PEGs facilitates the cross-linking with alkyne-func-
tionalized anti-biotin antibodies using the azide—alkyne
1,3-dipolar cycloaddition “click” reaction (Figure 1b).3®
The resulting immunolabels can carry up to 80 anti-
bodies per NP and achieve—as we will demonstrate
below in more detail—high labeling efficiencies. Using
these labels we achieved NP densities of up to p = 476
NPs/um?, which compares with p 22 10 NPs/um? for the
anti-EGFR-functionalized NPs. We estimate that the
secondary biotinylated antibody at which we target
our gold immunolabels has a radius of gyration of
approximately 6 nm.3? The average radius of the gold
nanoparticle labels is 20 nm. On the basis of steric
considerations we can exclude that multiple nanopar-
ticles binding to one secondary antibody account for
the observed ~48-fold increase in NP density. Instead,
we ascribe this gain to a boost in binding affinity
resulting from multivalent binding interactions between
the secondary antibody and the immunolabels.*>*'

The PEGs on the NP surface have multiple impor-
tant roles in our EGFR labeling strategy. They enable a
covalent attachment of antibodies to the Au NP surface
and, at the same time, serve as a spacer between the
NP and the antibody. Due to this spacer function,
the PEGs provide useful configurational flexibility for
the anti-biotin antibodies, which further enhances the
binding affinity. The PEGs also achieve an efficient
steric stabilization®® of the antibody-functionalized
Au NPs against agglomeration in the 0.5x phos-
phate-buffered saline (PBS) used for the labeling stud-
ies. We monitored the UV—vis spectrum of a solution of
immunolabels at a concentration of 2.9 x 10" NPs/mL
in 0.5x PBS over a time course of three hours (Figure
S2). The recorded spectra did not exhibit any signifi-
cant spectral shift, which confirms that the particles
were stable under the chosen buffer conditions. The
stability of the particles was further corroborated
through a characterization of their association level
through SEM. To that end, the immunolabels were first
incubated in 0.5x PBS for three hours and then bound
to a BSA-biotin-functionalized silicon chip for inspec-
tion in the SEM. These experiments showed that >96%
of the NPs were monomers (Figure S3). Another ben-
eficial characteristic of the sterically stabilized NPs is
their low surface charge. We measured an average zeta
potential of ¢ = —7 mV. Due to this low surface charge,
the repulsion of the NPs from the negatively charged
cell membrane during initial binding interactions is
weak.

The nano—bio interface is complex and although
the NP immunolabels are designed to bind selectively
to EGFR, nonspecific interactions cannot be excluded
a priori. It is necessary to test for nonspecific bind-
ing experimentally. Figure 2a shows a representative
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Figure 2. (a) Dark-field image of a patch of A431 cells
stained for EGFR with Au immunolabels using the labeling
strategy outlined in Figure 1. The bound Au NPs lead to a
vivid green color on the cell surface. (b) Control experiment.
The labeling procedure is identical to (a) with the exception
that the cell surface was incubated with anti-biotin-func-
tionalized Au NPs in the presence of an excess of free anti-
biotin antibody in the last labeling step. The anti-biotin
antibody blocks the target sites of the immunolabels and
prevents specific binding.

dark-field image of fixed A431 cells stained with 40 nm
Au immunolabels (see Materials and Methods for
staining details). The cells exhibit an intense green
color arising from a high density of NPs bound to the
cell membrane. The control in Figure 2b obtained with
the same Au immunolabels but in the presence of an
excess of free anti-biotin antibody in the last labeling
step (step lllin Figure 1a) shows no significant labeling.
The anti-biotin antibody in solution binds to the biotins
on the secondary antibodies and prevents the NPs
from binding to the cell surface. The fact that no
significant NP labeling is observed in the presence of
an excess of anti-biotin antibodies proves that the
nonspecific binding background is negligible.

NP Binding Isotherms Reveal Differences in p on Filopodia
and on Cell Membranes. A magnified dark-field image of a
cluster of A431 cells after labeling with Au NPs is shown
in Figure 3. Filopodia extruding from two cells are
clearly visible and are marked by white arrows. The
peripheral membrane regions and the filopodia have
low scattering backgrounds and facilitate an accurate
spectroscopic characterization of bound NPs through
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Figure 3. Magnified view of an A431 cell cluster with
filopodia (marked by arrows). Inset: scattering spectra of
(black) Au NP-labeled cell surface, (blue) cell background in
the peripheral cell region, and (red) Au NP-labeled cell
membrane spectrum after background and excitation pro-
file correction.

dark-field spectroscopy. The inset in Figure 3 contains
the raw spectrum of a peripheral membrane stained by
immunolabels (black), a spectrum of an unlabeled cell
surface measured under identical conditions (blue),
and the NP-labeled cell membrane spectrum after
background and excitation profile correction (red).
The scattering band associated with the NP plasmons
is unambiguously detected in the spectra shown in the
inset with a peak resonance wavelength at A.s =
576 nm.

In the next step, we set out to record NP binding
isotherms on filopodia and the cell surface by system-
atically measuring 4,5 as a function of immunolabel
concentration (¢)) in solution. In the case of the filopo-
dia, we recorded scattering spectra of isolated projec-
tions and averaged 4,5 over the entire filopodium. In
the cell membrane measurements, we averaged the
spectral response over an area of 2.1 um x 50.8 umina
peripheral region of the membrane. For each value of ¢,
we determined 4,.s and the standard deviation (A4,cs)
for seven membrane measurements and at least seven
filopodia on different cells. We varied ¢, between 0.035
and 0.850 nM. The fixed cells were incubated with the
immunolabels for 3 h at room temperature, after which
the cells were washed with copious amounts of 1x PBS
buffer and transferred to the dark-field microscope for
spectral analysis.

The results of these experiments are summarized in
Figure 4, which contains plots of A,es(c;) for filopodia
(blue) and dorsal membranes (red). Both the cell sur-
face and the filopodia binding isotherm show initially a
continuous red-shift with increasing ¢, due to increased
in-plane plasmon coupling’*'® between the immuno-
labels as p increases. With increasing ¢, Aes does,
however, not continue to increase but asymptotically
approaches a maximum resonance wavelength, 4,y

This saturation behavior indicates that at high NP
concentrations all available binding sites on the cell
surface become occupied. After the saturation conditions
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Figure 4. Resonance wavelength (4,.s) as function of im-
munolabel concentration (¢;) measured on dorsal cell
membranes (red) and filopodia (blue). The observed red-
shift as a function of increasing NP concentration indicates
an increase in p. Exponential fits (A;es = Amax — A €xp(—¢/co)
with the following parameters: 1., = 585.0 nm; A =

56.21 nm; co = 0.1124 nM (red), and 1 ax = 595.0 nm; A =
76.57 nm; ¢, = 0.1079 nM (blue)) are included as continuous
lines to guide the eye.
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Figure 5. Scattering spectra of a single filopodium (a) and
the dorsal membrane of the same cell (b) at two orthogonal
analyzer angles: 0° (red) and 90° (black). In (a) the polar-
ization directions coincide with the short (black) and long
filopodium axis (red), respectively. The spectrum associated
with the polarization pointing into the long filopodium axis
is red-shifted relative to the spectrum with orthogonal
polarization (see inset). The spectral shift is accompanied by
a strong increase in scattering cross-section. The peak
scattering intensity for the red spectrum is higher by 250%
than for the black spectrum. In (b) two arbitrary orthogonal
polarization directions are shown. The spectra for the two
polarization directions superimpose, and the change in
scattering intensity is small.

have been reached, a further increase in ¢; no longer
results in any additional binding. It is important to note
that the average 1., value on the filopodia is red-
shifted by approximately 10 nm compared to the
corresponding cell surface value (Anax(filopodia) =
595 nm Vs Anax(surface) = 585 nm).

Since the spectral shift of 4,.s does not increase
linearly with the number of particles bound on the cell
surface (see below), we refrain from an attempt to
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Figure 6. (a—d) SEM images of Au NP-immunolabeled cells and filopodia at different magnifications. The NP density (p) is
higher on the filopodia than on the neighboring cell body. High-magnification SEM images (b—d) show a preferential

association of the NPs with the edges of the filopodia.

determine effective binding affinities from a modeling
of the change in 4,¢ as a function of ¢; at this point. The
observed difference in Aay for the recorded binding
isotherms in the asymptotic limit shows clearly that the
NP binding capacity, and therefore p, is higher on
filopodia than on the cell surface.

Polarization-Sensitive Spectral Characterization of Filopodia
and Peripheral Cell Membrane Areas. To obtain additional
information about the spatial organization of the NPs
on cell surfaces and filopodia, we recorded polariza-
tion-resolved scattering spectra of cells that had been
labeled under saturation conditions. A polarization
analyzer in the beam path in front of the detector
facilitated the acquisition of scattering spectra as a
function of linear light polarization. Figure 5a and b
show scattering spectra recorded with two orthogonal
analyzer orientations on a filopodium and a peripheral
area on the dorsal membrane of the same cell. In
accord with an overall higher p on the filopodium,
the peak resonance wavelength of the filopodium is
red-shifted relative to that of the cell membrane
(603 nm vs 567 nm). The polarization-resolved analysis
of the scattering spectra reveals, however, additional
instructive information. Whereas the dorsal membrane
shows a polarization-independent response—the
spectra for the two orthogonal light polarization direc-
tions superimpose—for the filopodium a rotation of
the analyzer orientation by 90° is associated with a
systematic spectral shift and change in scattering
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intensity. The two spectra of the filopodium in Figure 5a
were obtained for polarization directions pointing
along the long (red) and short (black) filopodium axis,
respectively. The spectrum of the light polarized along
the long filopodium axis is red-shifted (see inset in
Figure 5a) by approximately 10 nm relative to the
spectrum with perpendicular light polarization. This
spectral red-shift is accompanied by an increase in the
scattering intensity by more than 250%, which com-
pares with a change of less than 25% for the two
orthogonal polarization directions for the cell surface
in Figure 5b. The spectral responses of NP clusters and
assemblies are strongly morphology dependent.***?
The existence of spectrally distinct plasmon modes
along two perpendicular axes is well known from NP
clusters with high aspect ratios, such as linear chains of
NPs.* We attribute the observed polarization proper-
ties of the light scattered off NP-labeled filopodia to the
existence of such anisotropic clusters oriented with
their long axes pointing into the direction of the long
filopodium axis.

Mapping Immunolabel Distributions through SEM. To ver-
ify the finding from our all-optical plasmon coupling
studies that p is higher on filopodia than on the dorsal
membrane, we inspected NP-labeled cell surfaces in
the SEM. To that end, the cells were immunolabeled
following the same procedures used for the PCM
studies and subsequently dehydrated through critical
point drying (CPD) using CO,. Since CPD avoids surface
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tension in the dehydration process, it minimizes the
structural perturbation during sample preparation.*’
Figure 6 contains SEM images of a cell with protruding
filopodia labeled with NPs under saturation conditions.
Consistent with the findings of our optical plasmon
coupling studies, the SEM images show a higher local p
on the filopodia than on the neighboring cell membrane.

The high spatial resolution of the SEM provides
additional valuable information about the NP distribu-
tion on the filopodia. Although some filopodia are
completely covered by NPs, more frequently we ob-
serve a preferential association of the NPs with the
edges of the filopodia, where they arrange into tracks
of closely coupled NPs around a core characterized
by a significantly lower NP density. Due to the high
contrast of the NP labels in the SEM, the low density NP
cores on the filopodia are recognizable in Figure 6b—d as
dark areas enclosed by bright NP-labeled filopodia edges.
In areas of low p on the filopodia, pronounced “string-of-
pearls”-like structures along the filopodia edges can
be seen. The distribution of the NPs on the filopodia as
observed by SEM s in agreement with the conclusions
from the polarization-resolved spectral analysis, which
predicted high aspect ratio NP clusters pointing along
the filopodia. The higher spatial resolution of the
SEM provides the additional detail that the NPs
preferentially associate with the filopodia edges,
which indicates a polarized distribution of EGFR
on the filopodia.

A close inspection of the SEM image in Figure 6a
shows that the NP density is also enriched in a thin rim
located directly at the edge of the main cell body. This
finding poses the question whether the observation of
a higher p on the filopodia arises from a general edge
effect due to the culturing of the cells on a two-
dimensional substrate. We rule out this possibility on
the basis of the observation thatin many cases the high
NP density on the filopodia extends further into the cell
surface away from the edge (Figure 7). The observation
of ordered structures of high NP density several micro-
meters away from the cell edge that fluently convert
into the filopodia argues against a spurious edge effect
as the reason for the observed high NP density. Instead,
we attribute the observed structuring of the immuno-
labels to a patterning of EGFRs through the underlying
actin network in filopodia and lamellipodium.> EGFR
has long been known to be an actin-binding protein.*®

SEM studies of the dorsal membrane incubated
with lower NP concentrations show a measurable
degree of NP clustering even at low average p
(Figure S4). This observation is in agreement with
previous studies in which we used a multispectral
imaging approach to optically size NP clusters on the
cell surface.* The current study shows now that with
growing p—which was typically averaged over dorsal
cell surface areas of approximately 13 x 9 um?*—the
average association level and thus the sizes of the
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Figure 7. SEM images of Au NP-immunolabeled cell
boundaries. The SEM images confirm structured areas of
high NP density several micrometers away from the cell
edge that fluently convert into protruding cell extensions
(filopodia).

clusters increase. As we will discuss below, the prefer-
ential clustering of the NPs on the cell surface has
important implications for the p-dependent spectral
response of the immobilized NP labels.

Deriving an Experimental A, (o) Relationship. The con-
sistency between our spectroscopic and SEM charac-
terizations of the NP densities on filopodia and cell
membranes confirms that the spectral mapping of
plasmon coupling enables the detection of differences
in p on subcellular length scales. Different from con-
ventional electron microscopy, plasmon coupling mi-
croscopy requires no sample dehydration and is
compatible with live cell imaging conditions. However,
a determination of p directly from optical measure-
ments requires a quantitative A,s(p) relationship that
correlates the measured scattering peak wavelength
with the immunolabel density on the cell surface. We
set out to experimentally determine such a relation-
ship in the investigated system by measuring 4, and p
on A431 cells after incubation with different NP con-
centrations for 3 h. Figure 8 contains the obtained
Ares(p) plot. To span the largest possible p-range we
included data points measured both on the cell surface
(green squares) and on filopodia (blue diamonds).
We find that the A,es(p) relationship is well described
by an exponential saturation growth model: A,e5(p) =
[595.0—46.36 exp(—p/51.48)] nm (continuous red
line in Figure 8). The experimentally derived A,e5(p)
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Figure 8. Plasmon resonance wavelength (1) vs NP den-
sity (p) on the cell membrane and protruding filopodia of
A431 cells. Cell surface measurements are plotted as green
squares; filopodia measurements, as blue diamonds. An
exponential fit (1,es = Amax — A €Xp(—p/po)) with the para-
meters Amax = 595.0 nm, A = 46.36 nm, and p, = 51.48 NPs/
um? is included as a red continuous line. Pink triangles
correspond to simulated peak wavelengths using general-
ized multiparticle Mie theory.

relationship paves the way toward determining NP
densities up to p = 200 NPs/um? based entirely on
spectral information. An increase of p beyond 200 NPs/
ymz does not lead to a further increase in A,es, S0 that
the discrimination of even higher NP densities still
requires an inspection in the electron microscope.
We emphasize, however, that the dynamic range of
0—200 NPs/um? for spectroscopic p measurements will
be sufficient for most practical applications, such as
monitoring EGFR overexpression.

To elucidate the underlying electromagnetic inter-
action mechanisms between the NPs on the cell sur-
face in more detail, we simulated the spectral response
of different experimentally observed spatial NP dis-
tributions through generalized multiparticle Mie
simulations. In Figure 9 we show simulated far-field
scattering spectra for three experimentally observed
NP distributions (middle row) with NP densities of
p = 103-119.3 NPs/um® The simulated scattering
spectra show a gradual red-shift and broadening as p
increases. The A,s values corresponding to the peak
scattering intensities in the simulated spectra are
included in Figure 8 as pink triangles and reproduce
the experimental 4,.(p) relationship remarkably well.

The spatial distribution of the E-field intensities for
the investigated NP distributions shown in the bottom
row in Figure 9 provides further valuable insight in the
observed 4,5(p) dependence. At low p (p = 10.3 NPs/
um?) the spectral response is dominated by individual,
noninteracting NPs on the cell surface. Although even
at these low p values some clusters are already present,
the number of individual NPs is higher and the reso-
nance wavelength of the ensemble average is deter-
mined by the noninteracting NPs. Since in the case of
EGFR the immunolabels have a high propensity to
cluster on the cell surface, the number of clusters
sharply increases at medium p values (as shown here
for p = 41.0 NPs/um?). In the clusters the plasmons of
the individual NPs couple, which results in a spectral
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Figure 9. Simulated near- and far-field responses of ex-
perimentally observed NP distributions. The Rayleigh scat-
tering spectra (top) were simulated assuming the NP
distributions with different p values shown in the middle
row. The bottom row contains the calculated E-field inten-
sity distributions at the given wavelengths (the excitation
light is polarized along the x-axis). All size bars are 200 nm.

red-shift of the resonance wavelength with regard to
that of individual, well-separated NPs.***° Conse-
quently, if present in substantial quantities, clusters
red-shift the ensemble-averaged spectrum of the NP
labels. We attribute the fact that we observe significant
clustering already at low to medium p values to a
heterogeneous distribution of EGFR on the cell surface
and its concentration in special microdomains.

With growing p the average cluster size of the NP
immunolabels on the cell surface increases and the
ensemble-averaged spectral response further red-
shifts and broadens as shown for p = 119.3 NPs/um?.
The simulated E-field intensity distributions for p =41.0
and 119.3 NPs/um? illustrate that plasmon coupling on
the cell surface is dominated by nearest neighbor
interactions. Consequently, the magnitude of the spec-
tral shift decreases as the cluster sizes grow even
further for p > 119.3. Figure 8 shows that, at very high
0, Ares becomes almost independent of the nanoparti-
cle density. This effect was observed before with
nanofabricated NP clusters of defined size.*

CONCLUSIONS

Using a multivalent labeling strategy we achieved

a highly efficient and selective labeling of EGFR on
A431 human epidermoid carcinoma cells with 40 nm
Au NPs. We demonstrated experimentally through a
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combination of optical spectroscopy and electron
microscopy as well as through computational electro-
magnetics that the distance-dependent near-field
interactions between NP immunolabels enable char-
acterizing the average NP density (p) on the cell surface
on subcellular length scales. We utilized the p depen-
dence of the collective spectral response to monitor
spatially resolved NP binding isotherms in an optical
microscope. We found that under saturation condi-
tions p is significantly higher on filopodia than on the
remaining cell surface, which indicates a higher EGFR
density on filopodia. Our observation of an EGFR
enrichment on filopodia is consistent with an impor-
tant sensory function for filopodia. The high local EGFR
concentration in combination with their ability to
provide sensory information at large separations from
the cell body makes filopodia uniquely suited for
remote EGF sensing and thus for providing cancer cells
with the sensory input required for directed motility.
The correlation of 4,es and p enables other important
applications besides characterizing the EGFR density
on filopodia. Overexpression of EGFR enhances the
motility of cancer cells in vivo® and is thus correlated

MATERIALS AND METHODS

Materials. The following materials were used as obtained
from the vendors: 40 nm Au colloid (Ted Pella); thiol-polyethy-
lene glycol-azide (N3-(CH,CH,0),,-CH,CH,—SH, molecular weight
3400) (NANOCS); propargyl dPEG-NHS ester (Quanta Biodesign);
monoclonal anti-epidermal growth factor receptor antibody
(29.1) (Sigma); anti-biotin affinity isolated antigen specific
antibody (Sigma); anti-mouse IgG biotin conjugate (Sigma);
L-ascorbic acid (Aldrich); copper(ll) sulfate pentahydrate (Aldrich).
We used ZebaTM spin desalting columns (7K MWCO) from
Thermo Scientific.

Particle Functionalization. Thiol-polyethylene glycol-azide
(thiol-PEG-azide) was used for surface modification of 40 nm
AuNPs. The thiol-PEG-azide solution (10 mM, 5 L) was incu-
bated with AuNPs (~9 x 10'° particles/mL) overnight at room
temperature. After that, the PEG-modified AuNPs were washed
three times by centrifugation (5.500 rpm, 10 min) and resuspen-
sion in distilled deionized (ddi) water. The volume of the Au NP
solution after the final washing step was 20 uL. A 2 uL amount of
a solution of propargyl-PEG-NHS ester (100 mg/mL dissolved in
DMSO0) was mixed with 100 uL of a 1 mg/mL anti-biotin anti-
body solution in 1x PBS, pH 7.2, in an ice bath for 6 h. After that
the excess propargyl-PEG-NHS ester was removed using a size
exclusion column (7K MWCO). A 100 uL amount of the propar-
gyl-PEG-anti-biotin antibody was then incubated with 20 uL of
the PEG-modified AuNPs in the presence of a click chemistry
catalyst (100 nmol of ascorbic acid and 20 nmol of CuSO,)
overnight at 4 °C. The resulting immunolabels were washed
three times by centrifugation (4.500 rpm, 10 min) and resuspen-
sion in water. After the final centrifugation step, the cleaned
immunolabels were resuspended in 0.5x PBS, pH 7.2.

Cell Culture. A431 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with L-glutamine, pe-
nicillin, and streptomycin in a 5% CO, containing atmosphere
with 95% relative humidity in an incubator at 37 °C. Cells to be
immunolabeled and imaged by dark-field microscopy were
grown on glass coverslips to approximately 30% confluency.

WANG ET AL.

with a poor prognosis.®’>? The cell surface concentra-
tion of EGFR, in particular, is thought to encode
important information about the molecular nature of
a tumor.>>~*° Given the relevance of EGFR concentra-
tions and distributions for cancer diagnostics, the 4,5(p)
relationship derived in this work provides important
new opportunities for cancer detection and staging
modalities by enabling a quantitative optical mapping
of EGFRimmunolabel densities. Similar analyses to those
performed for EGFR in this work will in the future be
possible with different receptors. We emphasize that
the exact form of the A(p) relationship will depend on the
spatial organization of the receptors on subdiffraction
limit length scales. In the case of the EGFR the immu-
nolabels were found to cluster on the cell surface even at
low to medium NP densities, which is consistent with a
heterogeneous receptor distribution. Generalized multi-
ple-particle Mie scattering simulations of experimentally
observed NP distributions as a function of p reproduced
the experimental A.es(p) dependence and confirmed
that the p-dependence of the collective spectral re-
sponse is dominated by nearest neighbor interactions
in immunolabel clusters.

The cells used for SEM studies were grown on 1 x 1 ¢cm silicon
substrates.

Immunolabeling and Sample Preparation for Optical Studies. A431
cells were fixed by immersion in a 4% formaldehyde solution for
10 min at room temperature. The cells were then washed three
times by immersion into ice-cold 1x PBS for 5 min each time.
The fixed cells were then incubated in ice-cold 1x PBS buffer
containing 1% BSA for 1 h at room temperature to block
nonspecific binding. After that the cells were washed again
three times with ice-cold 1x PBS for 5 min each. The cell slides
were then incubated with monoclonal anti-EGFR antibody
(diluted 1:100 in 1x PBS) at 4 °C overnight. The cells were
subsequently washed three times with ice-cold 1x PBS for 5
min each. After that, biotin-labeled secondary IgG antibody
(diluted 1:100 in 1x PBS) was incubated with the above cell
slides for 1 h at room temperature. Then the cells were again
washed three times with ice-cold 1x PBS for 5 min each. In the
subsequent immunolabeling step, each cell slide was covered
with 200 uL of propargyl-PEG-anti-biotin linked Au NPs for 3 h at
room temperature in a water vapor saturated atmosphere and
then washed with ice-cold 1x PBS three times for 5 min. The cell
slides were then integrated into a homemade flow chamber
and transferred to a dark-field microscope for optical inspection.

Preparation of SEM Samples. The culture and immunolabeling
procedures were identical to sample preparation for the optical
studies with the exception that the A431 cells were grown on
silicon substrates. After immunolabeling, the silicon substrates
were washed twice with ice-cold 1x PBS and then briefly
immersed into ddi water to remove the salt on the surface.
Right before imaging in the SEM, the silicon substrates were
washed three times with 95% ethanol at —20 °C and then
dried using a CO, critical point dryer (SPI Supplies Structure
Probe, Inc.).

Dark-Field Microscopy. We used a fixed-stage Olympus
BX51W1 microscope with a high numerical aperture (NA) oil
condenser (NA = 1.2—1.4) and a 60x oil objective (NA = 0.65).
Color images were recorded on an Olympus SP310 digital
camera attached to the microscope through an eyepiece
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adapter. The samples were illuminated with a 100 W xenon
lamp (for all spectroscopic studies) or with a 100 W tungsten
lamp.

Dark-Field Spectroscopy. Scattering spectra were recorded
using a 303 mm imaging spectrometer (Andor Shamrock
303i) attached to the microscope. We used a 150 lines/mm
grating with a blaze wavelength at 500 nm and collected the
dispersed light using a back-illuminated CCD camera (Andor DU
401-BR-DD). The adjustable opening slit of the spectrometer
facilitates a spatial filtering of the detected light. The opening
of the slit was used to confine the area of interest along one
dimension; the second dimension (the height of the captured
image on the CCD) was controlled through the software. The
adjustable slit and a rotational sample mount enabled mea-
suring spectra from the cell surface as well as from individual
filopodia. The cell surface spectra were background corrected
by subtraction of the average scattering spectrum of an
unlabeled cell surface of identical size (average of seven
spectra) and corrected for the excitation profile of the xenon
white light by dividing through the spectrum of an ideal white
light scatterer. Filopodia spectra were background corrected
with an average background spectrum obtained from seven
individual, unlabeled filopodia. The white light correction was
identical to the procedures described for the cell surface
spectra.

Zeta-Potential Measurements. Zeta-potential measurements of
NP immunolabels in 0.5x PBS were performed using a Malvern
NANO-ZS90 Zetasizer at 25 °C.

Computational Electromagnetics. Far-field scattering spectra
and near-field intensity distributions were calculated with gen-
eralized multiparticle Mie theory (GMT), which provides an
exact analytical solution of Maxwell's equations for an arbitrary
configuration of L spheres.***’ In this approach the electro-
magnetic field is constructed as a superposition of partial fields
scattered by each sphere expanded in the orthogonal basis of
vector spherical harmonics: E. = Sy Zm) (@nNmn + b M),
I =1, .., L. A matrix equation for the Lorenz—Mie multipole
scattering coefficients (ahnbhn,) is obtained by imposing the
field continuity conditions on the particle surfaces, using the
translation theorem for vector spherical harmonics and truncat-
ing the infinite series expansions to a maximum multipolar
order N. In the calculations performed in this work the NPs were
excited by a plane wave with an angle of incidence of 54° to
normal to account for the oblique illumination angle in dark-
field microscopy. The calculated scattering efficiencies were
polarization-averaged and normalized to unity. For the nano-
spheres we used the refractive index values from Johnson and
Christy.”® Our GMT code is restricted to applications in homo-
geneous media. We therefore used an effective medium
approximation®® to account for the interface between the cell
surface and the aqueous environment. In the simulations the
particles were immersed in an ambient medium with an
effective refractive index of n, = 1.39, which was calculated as
an average of the refractive indices of the membrane (n, = 1.45)
and the surrounding water (n, = 1.33).
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