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ABSTRACT: Spatial clustering of cell membrane receptors has been indicated to play a
regulatory role in signal initiation and the distribution of receptors on the cell surface may
represent a potential biomarker. To realize its potential for diagnostic purposes, scalable
assays capable of mapping spatial receptor heterogeneity with high throughput are
needed. In this work, we use gold nanoparticle (NP) labels with an average diameter of
7217 + 2.16 nm as bright markers for large-scale epidermal growth factor receptor
(EGFR) clustering in hyperspectral plasmon coupling microscopy and compare the
obtained clustering maps with those obtained through fluorescence superresolution
microscopy (direct stochastic optical reconstruction microscopy, dSTORM). Our dSTORM
experiments reveal average EGFR cluster sizes of 172 + 99 nm and 150 + 90 nm for
MDA-MB-468 and Hela, respectively. The cluster sizes decrease after EGFR activation.
Hyperspectral imaging of the NP labels shows that differences in the EGFR cluster sizes
are accompanied by differences in the average separations between electromagnetically
coupled NPs. Due to the distance-dependence of plasmon coupling, changes in the
average interparticle separation result in significant spectral shifts. For the experimental

conditions investigated in this work, hyperspectral plasmon coupling microscopy of NP



labels identified the same trends in large-scale EGFR clustering as dSTORM, but the NP
imaging approach provided the information in a fraction of the time. Both dSTORM and
hyperspectral plasmon coupling microscopy confirm the cortical actin network as one

structural component that determines the average size of EGFR clusters.
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The epidermal growth factor receptor (EGFR or HER1/ERbB1) is a cell surface receptor
tyrosine kinase (RTK) that plays a fundamental role in cell growth and proliferation, while
its dysregulation is associated with a broad range of cancers." In the asymmetric kinase
dimer, interactions between the acceptor and receiver kinase are responsible for
phosphorylating the C-terminus of the receptor and initiating downstream signaling.
Ligand binding to the extracellular region induces receptor dimerization and
conformational changes that propagate across the membrane to induce phosphorylation
in the intracellular region.?® Research into EGFR activation has long focused on the crucial
step of EGFR dimerization,*® but it is now clear that EGF-induced EGFR oligomerization®
'3 and the formation of extended clusters may also have important regulatory functions.*
% In order to probe the biological role of spatial receptor heterogeneity and to utilize it as
a diagnostic biomarker, it is crucial that methods are available to detect, characterize, and
quantify receptor clustering, ideally on the single cell level with high throughput. This
manuscript focuses on the characterization of large-scale receptor clustering, with typical
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effective radii of several tens of nanometers , and thus still too small to be resolved

24,26

by conventional diffraction-limited optical microscopy techniques To obtain

information about the spatial distribution of plasma membrane EGFR on the nanoscale,



fluorescence-based optical methods such as brightness analysis®®?’, near-field

microscopy'®, multi-color optical tracking®®°

, and far-field superresolution fluorescence
microscopy®'® have been used. Diffraction limited approaches, such as brightness
analysis, provide only information about the number of receptors in a diffraction-limited
spot with no direct information about the spatial clustering of the receptors on shorter
length scales. In contrast, fluorescence superresolution microscopy techniques that utilize
single-molecule photoactivation or photoswitching of fluorophores, can map the receptor
distribution below the diffraction limit. However, single-molecule localization microscopy
(SMLM) techniques such as direct stochastic optical reconstruction microscopy
(dSTORM) typically require acquisition of thousands of image frames®*~" to reconstruct a
superresolution image. The associated long acquisition times limit experimental

throughput®*

and make a statistical analysis of receptor clustering in a heterogeneous cell
ensemble challenging. Similarly, near-field scanning microscopy and multi-color tracking
also have limitations in experimental throughput. In addition to method-specific
challenges, fluorescence-based approaches in general are subject to restrictions with
regard to the brightness and photostability of organic dyes. These fundamental limitations
have spurred interest in alternative, non-fluorescence based optical approaches for
detecting large-scale receptor clustering in the plasma membrane based on the distance-
dependent plasmon coupling between metal nanoparticle (NP) immunolabels.®** Metal
NPs have large optical cross-sections and offer superb photophysical stability.** Plasmon
coupling between metallic NPs can be detected in the far-field through elastic or inelastic
scattering spectroscopy. The latter utilizes an increase in the Raman signal intensity of

46-48

dyes bound to the NP when they form electromagnetic hot spots, while the former

38,49

detects shifts of the plasmon resonance.®**°"*2 The work performed so far successfully

demonstrated the optical detection of NP label clustering due to binding to specific



receptors in the membrane, including EGFR, but the detected clustering information have
not been systematically compared with those obtained with an alternative method capable
of imaging the receptor distribution below the diffraction limit. Additionally, the relationship
between the spatial heterogeneity of the targeted surface protein and the spectral
information of the NP labels remains insufficiently characterized. In this manuscript, we
address this knowledge gap and characterize the relationship between large-scale EGFR
clustering and the optical plasmon coupling signal by using superresolution microscopy
(dSTORM) of fluorescently labeled EGFR as a validation method and compared the
obtained clustering information from both imaging techniques with each other.
Subsequently, we apply both imaging approaches to test the role of the cortical actin

network in patterning large-scale EGFR clustering.

RESULTS

Superresolution dSTORM Imaging of EGFR Clustering.

To investigate the spatial heterogeneity of EGFR “clusters”, where a cluster is defined as
a membrane region enriched in EGFR, we used dSTORM imaging with an average
localization precision of 27 nm and spatial resolution of 62 nm (Figure S1). All experiments
in this work were performed with two different cell lines; the human cervical cancer cell
line HelLa with a physiological EGFR expression level (5 x10* receptors/cell)®® and the
triple negative breast cancer cell line MDA-MB-468, as an example of an EGFR
overexpressor (1 x 10° receptors/cell)®*. Figure 1A shows i.) a reconstructed dSTORM
image of fluorescently labeled EGFR of an entire cell, ii.) a magnified 4 um X 4 um section

of the reconstructed image, iii.) the corresponding pseudo-colored cluster map (red areas
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Figure 1: (A) (i) Representative reconstructed dSTORM images of MDA-MB-468 (—/+ ) EGF
(top) and HelLa (—/+) EGF (bottom). Scale bar: 10 um. (ii) The 4 um X 4 pm regions outlined in
red are enlarged and shown with the corresponding (iii) cluster map according to a psuedocolor
scale bar, (iv) thresholded binary maps, and (v) Ripley’s H-distributions. Scale bar: 1 um. (B)
Plot of average cluster area for all experimental conditions. Each data point represents the
average cluster area for two 4 pm x 4 um regions per cell for a total of 10 cells each. Lines
represent average + SD. *P < 0.05, **P < 0.01, and NS (not significant) by unpaired two-sample
ttest. (C) Histogram of EGFR cluster diameter distribution. (D) Histogram of EGFR per cluster.
The data presented in (B-D) were from 10 cells (3 independent experiments).

indicate locations of high EGFR density), as well as the associated iv.) thresholded binary

cluster map and v.) Ripley’s H-function as a function of separation for from (top to bottom)

MDA-MB-468 (—/+) EGF and Hela (—/+) EGF.



The local clustering of EGFR is illustrated in the cluster maps shown in Figure 1Aiii, which
contain the value of Ripley’s L-function evaluated at a spatial scale of r = 80 nm. The
pseudo-colored cluster maps were thresholded by an L(r) cutoff value to define clusters
and the resulting binary cluster maps are shown in Figure 1Aiv. The Ripley’s H-functions
in Figure 1Av for MDA-MB-468 (—/+) EGF are quite broad and remain positive on length
scales up to 1000 nm, whereas in HelLa (—/+) EGF, the positive spatial correlation
disappeared on length scales beyond 600 nm. Importantly, the H-functions peak at
separations between 80 and 120 nm for MDA-MB-468 and HelLa (—/+) EGF, which
indicates strong spatial EGFR clustering on the length scale of tens of nanometers.
Figure 1B summarizes the average cluster area (obtained from the binary cluster map)
fortwo randomly selected 4 pum x 4 um areas in the central region of 10 cells. The average
cluster area for MDA-MB-468 decreases significantly from 0.034 + 0.009 pm? to 0.026 +
0.006 um? after EGF addition. For Hela, a slight decrease from 0.026 + 0.008 um? to
0.024 + 0.006 um2 is observed after EGF addition, but the difference in the average
cluster area (—/+) EGF is not statistically significant.

The cluster diameter histograms in Figure 1C provide an overview of the distribution of
effective cluster diameters of 0-99 nm, 100-199 nm, 200-299 nm, and > 300 nm for the
investigated conditions. For both MDA-MB-468 and Hela (- EGF), clusters with a
diameter between 100 — 199 nm have the highest probability, but the contribution from
larger clusters are higher for MDA-MB-468 -EGF than for all other conditions. For MDA-
MB-468 +EGF, the contribution from these larger cluster diameters decreases and the
contribution from 100 - 199 nm is further increased. After EGF addition to Hela, the
contribution from clusters with a diameter < 100 nm is increased, primarily at the expense

of decrease in clusters with diameters between 100 - 199 nm. The average EGFR cluster



sizes for MDA-MB-468 and HelLa (-/+) EGF were determined as 172 + 99 nm / 155 +
91 nm and 150 + 90 nm / 145 + 90 nm, respectively.

The number of localizations in each cluster obtained from the binary map can be used to
estimate the number of EGFR per cluster if one accounts for the number of Alexa-647
dyes conjugated to an individual anti-EGFR antibody. The resulting numbers of EGFR /
cluster for the different experimental conditions are shown in Figure 1D. In the absence
of stimulation, MDA-MB-468 contains an average of 15 EGFR/cluster compared with only
10 EGFR/cluster for HeLa. The over-expressing MDA-MB-468 has a higher EGFR
expression level than Hela, which corresponds to an increase in percentage of
intermediate to larger sized clusters containing more than 10 EGFR. Additionally,
activation of EGFR with free EGF results in a higher number of clusters with < 10 EGFR
for both cell lines. Overall, a higher number of clusters with less EGFR is consistent with
the increase in small to intermediate-sized clusters with diameters less than 199 nm and

a decrease in the average cluster area.

Hyperspectral Plasmon Coupling Microscopy for Characterizing EGFR
Heterogeneity.

We hypothesize that spectral imaging of NPs targeted at EGFR can detect large-scale
EGFR clustering and discern between different levels of clustering (Figure 2A). The

distance-dependent plasmon coupling between gold NP labels®>™°

with diameter, D, forms
the basis for the spectral detection of large-scale receptor clustering. NPs can bind to two
EGFR proteins without structural interference if the interparticle separation is d > D. If
binding to the EGFR localizes two NPs within the range D < d< 2D, the NPs are sufficiently
close for electromagnetic coupling to occur and the resulting hybridization of the

60,61

plasmons induces a spectral red-shift as a quantifiable observable of clustering
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Figure 2. (A) Schematic illustration of using gold NP labels to detect large-scale EGFR clustering.
As receptor density increases, so does the NP density. The inset on the upper right illustrates a
model of the cortical actin network (white) as a structure defining component that patterns large-
scale EGFR clustering. Dashed circle on the lower right shows the immunolabeling strategy
based on biotin-avidin binding between biotinylated anti-EGFR antibody (Ab) and biotinylated
lipid-wrapped gold NPs. (B) A decrease in the average interparticle separation (d) of NP labels
with diameter (D) leads to a spectral red-shift, which is an observable of receptor clustering.

(Figure 2B). As the probability of receptors with separations d < 2D increases with EGFR
clustering, a spectral red-shift of the resonance wavelength of the NP labels relative to
that of an individual NP is an indicator of a local increase in EGFR density. Additional
factors, such as the ratio of NP diameter to EGFR cluster size and the number of NPs
bound per cluster determine the magnitude of the experimentally observed spectral shift.
In a previous study, Abulrob et al. used near-field scanning optical microscopy to
characterize the heterogeneous distribution of EGFR in the plasma membrane of HelLa
cells and reported an average cluster size of approximately 150 nm." Informed by this
number and our dSTORM results, which revealed average cluster sizes between 145 +
90 nm and 172 + 99 nm for the experimental conditions tested, we used lipid-wrapped
gold NPs with a diameter of 72.17 £ 2.16 nm as labels in this work since they are small
enough to allow binding of multiple NPs in EGFR-enriched membrane domains, but at the

same time, have large scattering cross-sections to ensure a strong contrast relative to the



cellular environment.®?

The NPs were wrapped with a thin membrane assembled primarily
from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, and a small
fraction of biotinylated lipid. The lipids were tethered to the NPs via octadecanethiol as

described previously.®®®® The incorporation of biotin into the membrane of the NPs

facilitated a biotin-avidin based immunolabeling of EGFR as outlined in Figure 2A.

Optical Analysis of EGFR Heterogeneity through Plasmon Coupling between NP
labels.

In Figure 3A, digital color images of NP labels (immobilized on glass) before and after
incubation with cells have the characteristic green color of monodisperse gold NPs. We
independently verified that incubation with cells did not systematically change the
hydrodynamic diameter and UV-Vis spectra of unbound NP labels (Figure S2). Figure 3B
shows digital color images of NP labels bound to MDA-MB-468 and Hela cells before and
after addition of 10 nM EGF. This concentration is 10 times higher than the dissociation
constant of EGF to EGFR and ensures stoichiometric binding of ligand to the targeted
receptor.>*°® Tests of the spatial randomness of the distribution of the optically discernable
NPs performed with the Hopkins statistic, H,°” for 50 cells per experimental condition
(Figure S3) reveal nearly random NP distributions (H ~ 0.5) on length scales above the
diffraction limit at A = 540 nm for all experimental conditions. However, the apparent
difference in color of the NPs targeted to EGFR on MDA-MB-468 and, in particular, to
HelLa when compared with the unbound controls suggests clustering on length scales
below the diffraction limit. To independently confirm NP clustering on sub-diffraction limit
length scales, we analyzed the NP-labelled cells after fixation through scanning electron
microscopy (SEM) at a much higher spatial resolution (Figure S4). Inspection of the SEM

micrographs revealed discrete NP clusters with H values shifted closer to 1, confirming a
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Figure 3. (A) Digital color images of NP labels immobilized on glass before and after incubation
with cells. The NP labels are stable as depicted by the characteristic green scattering color. Scale
bar: 10 um (B) Digital color images of NP labeled MDA-MB-468 without and with 10 nM EGF
stimulation (top) and HeLa without and with 10 nM EGF stimulation (bottom). Scale bar: 10 um (C)
Histogram of mean intensity distribution of NP labels for NP controls (top), MDA-MB-468
(—=/+) EGF (middle), and HelLa (—/+) EGF (bottom). The data presented in (C) were from 50
cells (3 independent experiments).

significant level of clustering of NP labels bound to MDA-MB-468 and HelLa on sub-
diffraction limit length scales.

Intriguingly, the color of the NPs bound to HelLa are overall red-shifted relative to those
bound to MDA-MB-468 and the NP controls in Figures 3A and B. This color change
indicates a stronger electromagnetic coupling between NP labels for HeLa than for MDA-
MB-468. This trend is also consistent with a higher average intensity of NP scatterers*® on

HelLa than on MDA-MB-468 or NP controls (Figure 3C). EGFR activation through EGF

10



decreases the mean scattering intensity for both MDA-MB-468 and Hela, suggesting less

NP clustering after ligand stimulation.

Wide-Field Ratiometric Analysis of NP labels to Quantify EGFR Clustering.

A
hv Mirror
—> —>

Tunable filter

Darkfield Ay=560Bm -
Condenser .
AA=10nm? —~06
. S
<04
Sample & : Z
€02
A4=640.-nm - _ £
0
540 560 580 600 620 640
GOX OI| Wavelength (nm)
objective
l : A
& -
=y
Z o
CCD 0548 ¢
1096 1544 16441096
y (nm) x (nm)

Figure 4: (A) Schematic overview of set-up for hyperspectral plasmon coupling microscopy. (B)
Acquisition of a monochromatic image from A = 540-650 nm, every 10 nm, to generate a
hyperspectral composite image. Each pixel in the composite image provides complete spectral
information of the NP labels. (C) Representative CCD image of gold NPs immobilized on glass
and an enlarged image showing an individual NP and the corresponding 2D Gaussian fit. Scale
bar: 1 um

To quantify the spectral difference between NP labels bound to HeLa and MDA-MB-468,
and to characterize more subtle differences between cells before and after EGFR
activation (—/+) EGF, we measured in the next step the spectra of the NP labels using

the hyperspectral plasmon coupling microscopy***°

approach described in Figure 4A. In
this technique, a monochromatic image was recorded every 10 nm between 540-650 nm

to generate a hyperspectral composite image. Importantly, each pixel in the composite i
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mage contains an entire spectrum and information about the relative intensities of NPs
from different wavelength channels (Figure 4B). The typical spatial resolution (resolving
power) of discrete NPs in our set-up was Ax = 651 nm as determined by the full width at
half maximum (FWHM) of the fitted point spread function (PSF) of individual NPs (Figure
4C). This imaging method provides spectral and spatial information of all scatterers in the
field of view (141 um x 141 um at the chosen magnification) with an average localization
precision of 1 nm for individual NP scatterers at the chosen acquisition time of 0.1 s. For
spectral analysis of NP labels, we determined the resonance wavelength, Ay.ak, defined
as the wavelength channel with the highest intensity, for each NP pixel in the field of view

(Figure 5A). The distributions for NP labels as synthesized and after recovery from a
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Figure 5: Resonance peak wavelength and ratiometric analysis of NP labels. (A) Peak
wavelength, Ageak, for NP labels in solution before and after incubation with cells (B) Apeax
histograms for NP labels bound to MDA-MB-468 and HelLa (—EGF). Error bars in (A) and (B)
are t s.e.m. (C) Histograms of R = Is70/ls40 for NP labels before and after incubation with cells
(top row), NPs bound to MDA-MB-468 without and with 10 nM EGF treatment (middle row), and
NPs bound to HelLa without and with 10 nM EGF treatment (bottom row). The data presented
in (A-C) were collected from 50 cells (3 independent experiments).
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solution incubated with cells, peak at 550 nm and are nearly identical, confirming the
stability of the NP labels. In Figure 5B, the A,cax distributions for both MDA-MB-468 and
HeLa (—) EGF are broadened to longer wavelengths when compared with NPs
immobilized on glass. Compared with NP controls, Apeax = 550 nm still has the highest
probability for MDA-MB-468 -EGF, but its value is decreased while the contributions from
longer wavelengths have increased. The shift to longer peak wavelengths is strongest for
Hela, for which the frequencies of Ayeax = 550 Nm and Apea = 560 Nnm are lower and Apeax
= 570 is higher than for MDA-MB-468. This shift in the Apeax distribution towards longer
wavelengths is indicative of a NP sub-population with a red-shifted plasmon resonance.
The most prominent changes in Aycac @ssociated with NP binding to the cell surface for
both HeLa and MDA-MB-468 in Figure 5A and B occur in a relatively narrow spectral
window between Ayeak = 540 - 580 nm. We calculated the intensity ratio R = I570/l549 Of the
540 £ 5 nm and 570 £ 5 nm intensity channels for all NP pixels as a measure for
electromagnetic coupling. The histogram in Figure 5C shows a progressively increasing
red-shift (increase in R) relative to the NP controls (R,, = 1.22 and 1.23 respectively, for
NPs before and after recovery) in the sequence MDA-MB-468 —EGF (R, = 1.44), MDA-
MB-468 +EGF (R., =1.49), HeLa —EGF (R, = 1.84), and HeLa +EGF (R.,=2.03), where
R., is the average R value of the distribution. The differences in R between the cells as
well as between the cells and the NP controls are significant with p-values < 0.001
(unpaired two-sample t-test). The differences between the individual cell lines (—/+) EGF
are weaker than between the cell lines but still statistically significant with p-values < 0.001
(unpaired two-sample t-test). The R,, values provide a metric that can be compared with

the effective cluster diameters determined by dSTORM. We determined a correlation
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coefficient of -0.8454, confirming a strong negative correlation between R values and
EGFR cluster size (Figure S5).

Overall, the spectral analysis in Figure 5 confirms that NP binding to EGFR results in a
spatial clustering of the labels with sufficiently small interparticle separation to induce
significant spectral red-shifts. Our analysis reveals that a ratiometric analysis of the
intensities at 570 and 540 nm is well suited to discern the spectral differences between
the investigated conditions. In principle, changes in the ambient refractive index can also
induce a spectral shift between cell-bound NPs and glass-bound NP controls. However,
the refractive indices of glass (n = 1.52)®® and the cell membrane (n = 1.46 — 1.60)°*"° are
similar and a refractive index difference alone is insufficient to account for the difference
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potential differences in EGFR clustering after perturbation of the actin network, we
pretreated MDA-MB-468 cells with Latrunculin A (Lat A), which sequesters free G-actin
monomers and depolymerizes F-actin’. Confocal imaging of Lat A-treated cells in Figure
6A demonstrated the activity of the inhibitor while cells maintained their overall shape.
Figure 6B summarizes the R = Is7/l54 distributions for NP labels targeted at EGFR, as
determined by hyperspectral plasmon coupling microscopy of samples without and with
Lat A treatment. We observed a significant red-shift (increase in R) after Lat A treatment,
with R,, (no treatment) = 1.44 and R,, (+Lat A) = 1.58 (p < 0.001, unpaired two-sample -
test). The detected increase in R = Is7/l540 after actin perturbation indicates that the
average interparticle separation in Lat A-treated cells are shorter, which suggests that the
size of the EGFR clusters has decreased through Lat A treatment. Furthermore,
fluorescence superresolution images acquired by dSTORM also show a trend of a small
decrease in average cluster size from 0.034 + 0.009 um? to 0.029 + 0.009 um? after actin
perturbation, but the change is statistically not significant for the relatively small sample
size (10 cells) investigated. Analysis of individual clusters from the dSTORM binary maps
revealed an average EGFR cluster size of 158 + 95 nm after actin perturbation in MDA-

MB-468 cells.

DISCUSSION

The dSTORM data confirm a heterogeneous spatial distribution of the cell surface EGFR
in both MDA-MB-468 and HelLa cells with average cluster sizes of 172 + 99 nm (—EGF)
and 155 + 91 nm (+EGF) in MDA-MB-468 and 150 + 90 nm and 145 + 90 nm,
respectively, in HeLa. Our measurements of the average cluster size for HeLa (—/+) EGF
is in agreement with a previous near-field scanning optical microscopy study'*, however,

to the best of our knowledge, the average EGFR cluster size has not yet been reported
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for MDA-MB-468 (—/+) EGF. The increase in the size of EGFR clusters in MDA-MB-468
when compared with HelLa is accompanied by a higher number of receptors per cluster.
We determined on average 15 EGFR/cluster for MDA-MB-468 (—EGF) compared with 10
EGFR/cluster for HelLa.

The dSTORM results facilitate testing the sensitivity of hyperspectral plasmon coupling
microscopy for differentiating between different EGFR cluster sizes. The resonance
wavelength of gold NP labels with a diameter of 72.17 + 2.16 nm targeted at EGFR
exhibited significantly larger spectral shifts for HeLa than for MDA-MB-468 in the absence
of EGF stimulation. The experimentally observed spectral shifts in the NP plasmon
resonance can be rationalized in the context of the large-scale EGFR clustering
determined by dSTORM. The size of the EGFR clusters in both cell lines is large enough
to accommodate binding of multiple NPs of the chosen size, but, at the same time, small
enough so that independently bound NP labels can be sufficiently close to facilitate
electromagnetic coupling. Due to the strong distance-dependence of the near-field
coupling, differences in the average separation between NPs associated with EGFR
clusters with different physical footprints result in spectral shifts, which are observed as
differences in R, in Figure 5C. The spectral shift between NPs bound to cells and
unbound NPs confirm NP clustering on the cell surface that results in electromagnetic
coupling between the bound NP labels. Consistent with the dSTORM observation that
EGFR clusters are smaller for HeLa than for MDA-MB-468, the spectra of the NP labels
targeted to HelLa are red-shifted relative to those bound to MDA-MB-468. Shorter average
interparticle separations as result of stronger spatial confinement accounts for the
observed spectral shift. The increase in scattering intensity of the NP labels in the

sequence, individual NP labels (controls) < NP bound to MDA-MB-468 -EGF < NP bound
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to HelLa - EGF observed in Figure 3C, is also consistent with an increase in
electromagnetic coupling in that sequence.

Our hyperspectral plasmon coupling measurements indicate that EGFR activation through
addition of EGF results in smaller EGFR cluster sizes for both cell lines. This change in
cluster size is detected as a small but significant red-shift in R,, for both cell lines upon
growth factor addition. The change in EGFR cluster size after activation was more
apparent and significant for MDA-MB-468, owing to the overexpression of EGFR,
compared with HelLa. One point that deserves further discussion is the observation in
Figure 3C that the overall scattering intensity of the NP labels after EGFR activation with
free EGF decreases for both HeLa and MDA-MB-468, as shorter interparticle separations
should further increase the near-field coupling and, thus, enhance the scattering cross-
section. However, it is known that EGF binding to EGFR triggers endocytosis and we,
consequently, attribute the reduced intensity to a loss of EGFR clusters in the membrane
after EGF stimulation due to growth factor triggered endocytosis.'

The observed spatial heterogeneity of EGFR may be influenced by molecular and
structural factors such as the actin cytoskeleton, which is considered an important factor
for regulating clustering of EGFR”® and other receptors’*~"® through compartmentalization
of the plasma membrane. Our combined hyperspectral plasmon coupling and dSTORM
analyses revealed that in the EGFR overexpressing MDA-MB-468 cell line,
depolymerization of actin results in the formation of geometrically smaller clusters. After
actin perturbation, the average EGFR cluster size decreases by 14 nm to 158 + 95 nm,
which is accompanied by a spectral red-shift of the plasmon resonance (Figure 6B). One
possible explanation for this observation is that the receptor confinement induced by the
cortical actin network increases inter-EGFR interactions of the co-confined receptors and,

thus, favors the formation of EGFR clusters.”” Depolymerization of actin by Lat A reduces
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cluster confinement and, according to Hyperspectral Plasmon

Coupling Microscopy dSTORM

our data, leads to the formation of 5um
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Figure 7. Comparison of hyperspectral plasmon
dSTORM, our data confirm that the coupling microscopy and dSTORM applied for

optical mapping of NP labels and fluorescence
hyperspectral plasmon coupling labeling of EGFR on independent 5 pm x 5 um

area of Hela cell, respectively. At the same
mlcroscopy approach can rellably acquiSition time of 0.1 s per frame, the cluster map
of peak resonance wavelength for hyperspectral
imaging is complete in 1.2 s, while for dSTORM,
only 16 localizations have been localized leading to
an incomplete cluster map. A complete cluster map
for dSTORM requires thousands of frames for
sufficient localizations (approximately 600 s).

detect differences and changes in
EGFR cluster size. Considering the
size of the NPs used in this work, it is
clear that plasmon coupling microscopy is not as universally applicable as other
superresolution microscopies that use smaller labels. However, for the application in this
work, characterization of the large-scale clustering of EGFR, the chosen NP size made
the plasmon coupling assay very sensitive to changes in EGFR clustering. In fact, the
conclusions from the spectral shift analysis are in very good agreement with the dSTORM
results. Both techniques differ, however, greatly in experimental throughput (Figure 7). In
hyperspectral plasmon coupling microscopy we collected all the required information to
quantify the spectra of the NPs bound to EGFR within 1.2 s. At 1.2 s for dSTORM, only

16 localizations have been localized leading to an incomplete and not useful cluster map.
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To obtain sufficient localizations to reconstruct a dSTORM image, we needed to record at
least 10,000 frames over a total acquisition time of 600 s (Figure S7). Importantly, in the
time it takes to record 10,000 frames in dSTORM for 1 field of view, we can acquire data
for roughly 500 field of views using hyperspectral plasmon coupling microscopy, which
underlines the great advantage in scalability for this approach. For important sensing and
screening applications, the ability to detect relative changes in receptor clustering for a
large number of individual cells in a relatively short time may outweigh the advantages

provided by precise localization of individual receptor molecules in a cluster.

CONCLUSION

We applied both hyperspectral plasmon coupling microscopy and fluorescence
superresolution dSTORM microscopy to investigate EGFR clustering in MDA-MB-468 and
HelLa cells. Our comparative studies suggest that a systematic spectral analysis of the
distance-dependent plasmon coupling between NP facilitates a sensitive detection of
differences in the size of EGFR clusters in both cell lines as well as changes induced by
addition of EGF or dissolution of the cortical actin network as indicated by the dSTORM
data. The successful distinction of changes in clustering patterns under different
experimental conditions using bright and easy to image NP labels emphasizes the
potential of this approach for achieving a rapid characterization of receptor clustering in a
large cell population with single cell resolution in a conventional widefield microscope.
Spatial clustering of EGFR warrants increased interaction frequencies between EGFR
(and co-receptors) and favors their association into dimers®® and higher oligomers®’"8
Given the role of EGFR oligomerization in enhancing receptor phosphorylation, receptor
clustering could be a regulation mechanism to control and modulate ligand binding

17-

induced receptor signaling.”~'® The putative regulatory role of receptor clustering creates
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a need for tools that can characterize receptor clustering with adequate throughput. This
work confirms hyperspectral plasmon coupling microscopy of NP labels as a scalable
analytical tool for surveying the spatial clustering of receptors in the plasma membrane.
Through automation of the image acquisition procedure, the approach could provide a
useful assay for receptor clustering (and its heterogeneity) to complement existing
techniques for the quantification of expression levels of a cell surface receptor in a cell
population, such as flow cytometry. The NP-based imaging tool paves a path towards
including large-scale receptor clustering on the single cell level as a biomarker in the

characterization of heterogeneous cell populations.
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METHODS
Cell Culture and Treatments. MDA-MB-468 cells were cultured in Advanced Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, L-glutamine,
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penicillin, and streptomycin at 37°C with a humidified atmosphere containing 5% CO..
HelLa cells were cultured under the same conditions. Prior to experiments, MDA-MB-468
and Hel.a cells were maintained in serum-free DMEM for 16 h. Cells to be imaged under
dSTORM and hyperspectral plasmon coupling microscopy were cultured in glass bottom
petri dishes to approximately 80% confluency for experiments. EGF-stimulated cell
samples were serum-starved for 16 h and incubated with 10 nM EGF (ThermoFisher
Scientific) for 10 min at 37°C before washing and fixation with 4% paraformaldehyde. Cell
samples in which actin was depolymerized were serum-starved for 16 h and incubated
with 1 uM of Latrunculin A (Sigma-Aldrich) for 10 min at 37°C before washing and fixation

with 4% paraformaldehyde.

dSTORM Sample Preparation. Cells were immunostained after fixation with an Alexa-
Fluor 647-conjugated antibody against EGFR (0.5 pg/mL, ThermoFisher Scientific) in the
dark for 20 min and then washed three times with 1x PBS for 5 min each. For dAISTORM
imaging, the oxygen-scavenging buffer (50 mM TRIS and 10 mM NacCl solution to pH 8)
contained 0.5 mg/mL glucose oxidase, 40 ug/mL catalase, 10% glucose (m/v), and 10
mM mercaptoethylamine (MEA). The buffer solution was added to the glass bottom petri

dish prior to imaging.

dSTORM Imaging. For imaging, a 642-nm laser and an electron-multiplying charge-
coupled device were used (Andor iXonEM+ 897 back-illuminated EMCCD). dSTORM
imaging was performed on a Zeiss ELYRA PS.1 microscope using an alpha Plan-
Apochromat 100x oil objective with NA 1.46. Samples were imaged in TIRF illumination
mode with the TIRF angle adjusted to ensure that the focal plane was on the apical surface

of the cells.” A total of 10,000 raw images were acquired per cell with an exposure time
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of 50 ms for the reconstruction of superresolution images. One single reconstructed
dSTORM image was acquired in less than 10 mins. Single molecule localizations were
fitted to a 2D Gaussian using the Zeiss Zen Black software that was equipped with the
imaging system to obtain histograms of localization precision. The spatial resolution was
estimated by Fourier Ring Correlation (FRC) analysis®® using SharpVisu®' software on

MATLAB.

dSTORM Data Analysis. dSTORM images were reconstructed from raw image TIFF
stacks with the ImageJ plug-in QuickPALM®. For each frame, localizations corresponding
to single emission events were identified with a minimum SNR of 2. The x-y drift was
corrected post-acquisition using a cross-correlation method via SharpViSu®' software on
MATLAB (Figure S8). The drift-corrected x-y coordinates were imported into ClusterVisu®'
MATLAB software for further quantitative cluster analysis as described by Owen et al®*%*,
Avoiding cell edges, two non-overlapping regions of 4 x 4 um? were selected per cell for

quantitative cluster analysis in reconstructed images. To analyze the spatial distribution of

molecules, Ripley’s K-function was calculated using ClusterViSu as shown in Eqn. 1:
n n 6
K@) =A Z Z <n_lé> where §;; = 1if §;; < r, otherwise 0 (1)
i=1j=1

where K{(r) is the K-function, A is the area of the region being analyzed, n is the total
number of localizations within that area, §;; is the distance between points i and j, and r
is the spatial scale. In this analysis, concentric circles of radius ris drawn around each
localization and counts how many other localizations are encircled and compared to a
random distribution. The K-function can be normalized to scale with radius, which yields

the H-and L-function as shown in Egn. 2:
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Hr) = JK@)/m—1 = L) —r ()
For a spatially random distribution of localizations, L(r)-r = 0 for all r. For clustered
localizations, this value is positive. The cluster map was generated by interpolating a
surface plot with L(r) for r = 80 nm of every localization as the z-axis and shown using a
pseudo-color scale. Then the cluster map was thresholded by an L(r) cut-off value of 120-
130 to best define clusters to generate a binary map which contained quantitative
information about the clusters. To estimate the number of EGFR/cluster, the number of
localizations in a cluster was divided by 7.8, which is the ratio of Alexa 647 dye conjugated

to a single anti-EGFR antibody.

Liposome and Particle Preparation. Lipid-wrapped NPs were prepared as described
previously.?*®° The liposome mixture contained 55 mol % 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 2 mol % 1,2-dioleoyl-sn-glycero-3- phospho-L-serine (DOPS), 4
mol % of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene
glycol)-2000] (DSPE-PEG(2000)-Biotin), and 39 mol % cholesterol in chloroform. This lipid
mixture was tethered to the NP via octadecanethiol by incubating for 17 h on a rocker. The
lipid-wrapped NPs were subsequently dialyzed overnight in Milli-Q water with nuclepore
track-etched membranes (Whatman, pore size 0.015 um). After dialysis, the NPs were
centrifuged once (3.4k rpm, 10 min) to obtain the NP pellet. For cell experiments, this

pellet was resuspended in 0.1x PBS to make a 150 pM NP solution.
Immunolabeling. To functionalize the anti-EGFR antibody (Sigma-Aldrich, clone

102618), 4 uL of biotin N-hydroxysuccinimide ester (100 mg/mL in DMSO) was mixed with

200 pL of 100 pug/mL anti-EGFR antibody solution (1x PBS, pH 7.2) and kept in an ice
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bath for 6 h. Excess biotin NHS ester was removed using a size exclusion Zeba column
(7K MWCO). The functionalized antibody can be stored at —20°C until further use. For
labeling, cells were briefly rinsed with prewarmed 1x HBSS buffer and then fixed by
immersion in 4% paraformaldehyde for 10 min at room temperature, followed by three
washes with 1x PBS for 5 min each. Subsequently, the cells were incubated in 1x PBS
buffer containing 1% BSA for 30 min at room temperature to block nonspecific binding.
Cells were then washed three times with ice-cold 1x PBS for 5 min each and then
incubated with biotin-functionalized anti-EGFR antibody (diluted 1:10 in 1 x PBS)
overnight at 4°C. The cells were then washed three times with 1x PBS for 5 min each and
incubated with 0.1 mg/mL of NeutrAvidin for 30 min at room temperature. After that, the
cells were washed three times with ice-cold 1x PBS for 5 min each, except with 0.1x PBS
for the last wash. In the subsequent immunolabeling step, the petri dish was covered with
300 pL of 150 pM of lipid-wrapped NPs in 0.1x PBS for 30 min at 4°C and then washed
three times with 0.1x PBS for 5 min each. The glass bottom petri dishes can then be
transferred to a darkfield microscope for hyperspectral plasmon coupling microscopy. We
validated in a control experiment that the binding of NP labels to EGFR was specific and

selective (Figure S9).

Hyperspectral Plasmon Coupling Microscopy. All optical imaging experiments were
performed with an Olympus IX71 inverted microscope. For whitelight dark-field imaging,
the samples were illuminated with a 100 W tungsten lamp through a high NA oil condenser
(NA = 1.2-1.4) and the scattered light was collected through a 60x oil objective (NA =
0.65). Digital color images were collected under whitelight illumination with a Nikon D5100
DSLR digital camera connected to the microscope through an eyepiece adapter. For

hyperspectral imaging, a VariSpec-liquid crystal tunable filter was added in front of the
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darkfield condenser and used to tune the excitation wavelength. Hyperspectral images
were captured with an electron multiplying CCD (Andor, Ixon*). A monochromatic image
was obtained from 540-650 nm, every 10 nm, for a total of 12 images. The exposure time
for each image was 0.1 s and the acquisition time for a full set of 12 images was 1.2 s.
The spatial resolution was determined by fitting the point spread function (PSF) of
randomly selected NP emitters with a 2D Gaussian and determining the full width at half
max (FWHM) of the fit. For the localization precision, the Andor software was operated in
photon counting mode to acquire images of NPs immobilized on glass. Random NPs were
selected and fitted with a 2D Gaussian to obtain the number of detected photons. The

localization precision was calculated as described by Ober et al®.

Hyperspectral Image Processing. All image processing was performed using custom-
written MATLAB codes. Monochromatic images were corrected for the background and
excitation profile. We focused in our analysis on the central region of the cells (peripheral
regions were excluded) and included only pixels whose total intensity was at least one
standard deviation above the average cell background over the entire wavelength range.
For Apeax histograms, the intensity of the wavelength channel with the highest NP intensity
was set to 1 and all others 0 for each pixel. For R = I570/l540 histograms, the ratio of NP
intensities on the 570 nm and 540 nm channel were divided for every pixel. The mean

intensity of NPs were determined using the particle picker plugin on ImageJ.

SEM Sample Preparation and Imaging. The culturing and immunolabeling procedures
were identical to the sample preparation for hyperspectral plasmon coupling microscopy

except the cells were plated on a 1 X 1 cm silicon substrate. After fixation and
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immunolabeling, the silicon substrates containing NP labeled cells were washed three
times with ice-cold 0.1x PBS and then briefly immersed in Milli-Q water to remove any
remaining salt on the surface. The substrate was then gently blow-dried in a nitrogen
stream and left overnight in a vacuum desiccator. The samples were imaged using Zeiss

Supra40VP at 5.0 kV and a working distance of 8 mm.
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