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ABSTRACT

The epidermal growth factor receptor (EGFR) is a prototypical receptor tyrosine Ki-
nase that plays an important role in cell growth, while its dysregulation is associated
with a broad range of cancers. Understanding the mechanisms that underlie EGFR
activation are crucial for the development of novel therapeutic targets. In this dis-
sertation, the spatial distribution of EGFR and the role of reactive oxygen species

(ROS) in modulating EGFR activation are elucidated.

Spatial clustering of EGFR has been indicated to play a regulatory role in signal
initiation, and the distribution of receptors on the cell surface may represent a po-
tential biomarker. To realize its potential for diagnostic purposes, high-throughput
assays capable of mapping spatial receptor heterogeneity on the length scale of tens of
nanometers are needed. To that end, gold (Au) nanoparticle (NP) labels are used as
bright optical probes for detecting large-scale EGFR clustering in cancer cells. The
clustering spatial maps obtained from hyperspectral plasmon coupling microscopy

(PCM) are compared to those obtained through uorescence direct stochastic optical

Vi



reconstruction microscopy (dASTORM). The results revealed that hyperspectral PCM
imaging of NP labels identi ed the same trends in large-scale EGFR clustering as
dSTORM, but the NP imaging approach provided the information in a fraction of

the time.

Au NPs can also be decorated with ligands through nanoconjugation to probe ligand-
receptor interactions. Multivalent ligand presentation on NPs is considered a general
approach for controlling and amplifying local EGFR activation in receptor clusters.
ROS have been indicated to play a role in the regulation of EGFR activation as a
second messenger, but the e ect of nanoconjugation (NP-EGF) on EGF-mediated
ROS formation and ROS-induced EGFR activation is not well established. Au NPs
functionalized with two di erent EGF ligand densities were used to quantify NP-
EGF-induced ROS generation and EGFR phosphorylation in breast cancer cell mod-
els. In EGFR overexpressing cell lines, nanoconjugated EGF with higher ligand
density achieved a multivalent enhancement of ROS that was EGFR and nicoti-
namide adenine dinucleotide phosphate oxidase (NOX) dependent. This multivalent
enhancement is not exclusively related to avidity but also to a stronger stimulation
per NP. Importantly, the increase in EGF-induced ROS formation associated with
EGF nanoconjugation resulted in a gain in EGFR phosphorylation, con rming that
ROS generation contributes to the multivalent enhancement of EGFR activation in

response to NP-EGF.
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Chapter 1

Introduction

The epidermal growth factor receptor (EGFR or HER1/ERDBL1) is a cell surface
receptor tyrosine kinase (RTK) that plays an essential role in cell growth, di eren-
tiation-, and proliferation-. EGFR is considered the prototypical RTK since it was
the rst to be discovered” and has been studied extensively since its discovery. It is
also the rst RTK in which ligand mediated oligomerization (EGFR clustering) was
observed to be crucial for activation and the rst in which a relationship between re-
ceptor dysregulation and oncogenesis ™ was determined. EGFR serves as a prognostic
biomarker since its overexpression, dysregulation, and mutation is associated with a
range of cancers.“t'” Cancer therapies that target EGFR'"'? are often met with ini-
tial outstanding response, however, over time, treatments often lead to acquired drug
resistance in patients. ~ Thus, it becomes imperative to understand the mechanisms
the underlie structure-function of EGFR in order to inform the development of next
generation anti-EGFR therapeutics. Notably, the molecular mechanisms underlying
EGFR cluster formation are not well understood. It has been documented that EGFR
forms more clusters that are larger in size on the cell surface of cancer cells compared
with normal healthy cells.”* Moreover, the signaling outcome in receptors clusters is
distinct from receptors that are not clustered. > The signaling output of EGFR is also
modulated by reactive oxygen species (ROS) second messenger molecules. ROS may

facilitate redox regulation of EGFR to enhance ligand-dependent or -independent



receptor activation in EGFR clusters.

In this introduction chapter, EGFR activation mechanisms based on the ligand-
induced dimerization and oligomerization (EGFR clustering) model will be described.
The following section introduces EGF ligand-induced EGFR activation and concomi-
tant ROS generation. Then, uorescence and NP based imaging techniques for char-
acterizing receptor heterogeneity will be discussed. Lastly, the design of multivalent

ligand-NP conjugates is introduced.

1.1 Ligand-Induced Dimerization Model of EGFR

EGFR consists of an N-terminal extracellular ligand binding domain (comprising of
four subdomains), a single transmembrane helix, and a cytoplasmic region. The
cytoplasmic region contains a tyrosine kinase domain and a C-terminal tail with ve
tyrosine (YY) phosphorylation sites (Y992, Y1045, Y1068, Y1086, and Y1173). The
C-terminal tail serves as a docking site for the recruitment of signaling molecules
that contain Src homology (SH2) or phosphotyrosine-binding (PTB) domains, which
leads to downstream signaling.® EGFR is one of a family of four RTKs in humans,
the others being ErbB2/HER2, ErbB3/HER3, and ErbB4/HERA4. Receptors in the
EGFR family are activated by the epidermal growth factor (EGF) and six other
di erent cognate ligands. After ligand binding, the receptors in the EGFR family
can form homo- and heterodimers. The diversity in receptor interactions plays a

fundamental role in the receptor distribution as well as the signaling output.

The crystal structure of EGF ligands bound to the extracellular domain of EGFR
revealed symmetric and doubly ligated EGFR dimers."" Another study demonstrated
that detergent-solubilized EGFR exists as cross-linked dimers in the presence of a
bound ligand, but in the absence of any ligand, EGFR was mostly in its monomeric

form.® Based on these early structural "~ and biophysical“ studies, the "ligand-



induced dimerization™ model was proposed to explain the ligand-bound structure of

EGFR and its activation
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Figure 1.1: Schematic diagram of EGFR structure. (a) The canonical model for
the formation of EGFR dimers after EGF ligand binding. (b) Domain boundaries for
the extracellular and intracellular module of human EGFR. Adapted with permission
from reference”” under the https://creativecommons.org/licenses/by/4.0/ for CC BY
4.0 Creative Commons license, = 2016 eLife Sciences Publications Ltd.

In this model, EGFR exists as monomer in its basal (resting) state and ligand binding



to the extracellular domain induces dimerization of the receptor monomer. Ligand
binding leads to a rearrangement of the extracellular domain involvinga 130 rota-
tion of domains | and Il with respect to domains Il and 1V (Figure 1.1). The receptor
monomer goes from a tethered conformation to an extended conformation; the ex-
posed dimerization arm stabilizes the dimer formation. The extracellular domains
adopt a ligand bound back-to-back dimer*"** con guration with two EGF ligands
bound between domains | and 111 at the distal sites from the dimer interface. Recep-
tor dimerization also induces allosteric changes in the intracellular kinase domains in
which the C-terminal region of the \activator™ kinase contacts the N terminal region
of the other kinase, termed the \receiver” " (Figure 1.1). In the asymmetric kinase
dimer, interactions between the "activator' and "receiver" kinase are responsible for
phosphorylating the C-terminal tail segments and receptor dimerization is a critical

component of allosteric activation of EGFR

1.2 Ligand-Induced Oligomerization and Clustering of EGFR

Although research into EGFR activation has long focused on dimerization-dependent
activation””, an increasing number of studies’“{** have since demonstrated the impor-
tance of ligand-induced higher-order EGFR oligomerization (assemblies larger than
dimers) or EGFR clustering in signal regulation®*{*°. Seminal studies revealed that
formation of ligand-induced receptor oligomers-"“" or the EGFR dimer-tetramer tran-
sition”" are essential for signaling. Additionally, ligand-induced receptor oligomeriza-
tion is dependent on receptor tyrosine phosphorylation~® and mutations that prevent
oligomerization reduced auto-phosphorylation of EGFR“". It has also been proposed
that oligomerization organizes kinase-active dimers in ways that are optimal for trans-
auto phosphorylation between neighboring dimers. = In this model, the intracellular

kinase domains are sandwiched by other kinase domains which function as \activa-



tors" and \receivers" simultaneously (Figure 1.2). The formation of EGFR oligomers
increases the number of e ective docking sites for downstream adaptor proteins. Thus,
EGFR oligomerization potentiates phosphorylation and readily enables signal propa-
gation in the presence of stimulus. Ligand-induced oligomerization is one mechanism
that can promote lateral propagation of EGFR activation across the plasma mem-
brane, especially in cells that overexpress EGFR."“ Although ligand-induced dimer-
ization is essential for EGFR activation, oligomerization or receptor clustering is likely
to play a pivotal role in ensuring e cient access of adapter molecules to the activated

kinases.

Figure 1.2: A model for EGFR oligomerization. (a) A schematic representation of an
EGFR tetramer. (b) Proposed model of higher-order oligomer formation. The kinase
domains can function as "activators™ and "receivers" simultaneously. Adapted with
permission from reference“” under the https://creativecommons.org/licenses/by/4.0/
for CC BY 4.0 Creative Commons license, = 2016 eLife Sciences Publications Ltd.

Intriguingly, even in the absence of ligand stimulation, EGFR clusters could be pre-
formed“*{*> on the cell surface and is dependent on both the receptor surface densities
and the cell type. Reports indicate that the typical size of EGFR clusters are on the
length scale of tens to hundreds of nanometers***“{**, The membrane composition

as well as protein-protein interactions in the vicinity of EGFR clusters can in uence

cluster size as well as receptor distribution. EGFR clusters may distribute into dif-



ferent nanoscale domains on the membrane, which can dynamically sequester EGFR

and regulate signaling.

The spatial distribution of EGFR is sensitive to its surrounding lipid environment

and the cytoskeletal actin network™*~">°, The actin lament (F-actin) network regu-
lates cellular processes such as cell motility and has been shown to a ect the di usivity
of EGFR clusters””. Colocalization of EGFR with F-actin stabilizes EGFR signaling
complexes in a manner dependent on the synthesis of the anionic phosphopholipid,
phosphatidylinositol 4,5-biphosphate (P1(4,5)P2), a major regulator of the actin cy-
toskeleton.”” Additionally, P1(4,5)P2 also interacts with the polybasic juxtamembrane
region of EGFR and its depletion results in a decrease in EGFR clustering on the
membrane.”® Membrane cholesterol also plays an important role in the clustering of

ligand-bound EGFR”" and enhancing EGFR signaling

On the cell surface, nanoscale domains with varying numbers of receptors can coex-
ist. Ligand-induced EGFR clustering is a common phenomenon in cells expressing
these receptors at both physiological and oncogenic expression levels.”>"">>>" Recep-
tor clustering can modulate the signaling output and the correlation between activa-
tion with clustering state is essential. Since EGFR is an important cancer biomarker,
targeting receptor clusters can represent an attractive therapeutic target for prevent-
ing abnormal EGFR activation at an early stage in the signaling process. However,
the underlying mechanisms of EGFR clustering are not fully understood. In order
to further probe the biological role of spatial receptor heterogeneity and to utilize it
as a diagnostic cancer biomarker, it is crucial that methods are available to detect,
characterize, and quantify receptor clustering, ideally on the single cell level with
high throughput. Imaging methods commonly used to characterize EGFR spatial

heterogeneity will be described in more detail in Chapter 1.4.



1.3 Ligand-Induced Reactive Oxygen Species Generation

In the previous sections, ligand-induced EGFR activation through dimerization and
oligomerization mechanisms are described. Interestingly, EGFR activation can also be
induced by hydrogen peroxide (H,0,)."" A pioneering study by Gamou and Shimizu

revealed that EGFR may be regulated by oxidants through a unique non-canonical
mechanism. Since then, a number of studies demonstrated that ligand-mediated ac-
tivation of EGFR also leads to the localized production of reactive oxygen species
(ROS) “f°® through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX)""*> (Figure 1.3). Although high concentrations of ROS are often associ-
ated with cellular oxidative stress and cancer®{®°, ROS formed as a result of ligand-
receptor interactions can function as physiological second messengers that regulate
cell signaling processes®{’>. Plasma membrane associated NOX reduce molecular
oxygen (O,) using cytosolic NADPH to generate superoxide (O, ), which is then
spontaneously or enzymatically dismutated to H,O,. Importantly, NOX-derived
H,0, regulates EGFR signaling by oxidizing the active site cysteine (Cys) residue
in the intracellular kinase domain of EGFR (Cys 797) to enhance kinase activity
(Figure 1.3c).”> "™ At the same time, H,O,-mediated oxidation of the active site Cys
in protein tyrosine phosphatases (PTPs), in particular PTP1B, results in inactivation
(Figure 1.3d).°"*="" Since PTPs dephosphorylate activated EGFR, H,0,-mediated
inactivation of PTPs prolongs EGFR phosphorylation.®""-’® The inhibition of EGFR
dephosphorylation by H,O; is important as activation of EGFR by EGF ligand bind-
ing may not be su cient to increase the steady state level of RTK phosphorylation

in cells.

The spatial colocalization of NOX and redox-sensitive enzymes®”, such as RTKs and
PTPs, at the plasma membrane®” is a critical determinant for the cell physiological

e ect of the second messenger. EGFR shows a heterogeneous spatial distribution in



the plasma membrane and is known to be enriched in membrane regions with lateral

dimensions of tens to hundreds of nanometers<>:=="°">%

Figure 1.3: General mechanisms for thiol-based redox modulation of EGFR acti-
vation. (a) EGF ligand binding to EGFR induces EGFR dimerization, followed by
autophosphorylation of Tyr residues in the intracellular kinase domain which trig-
gers the onset of downstream signaling cascades. This also induces NOX activation
and the local production of H,O, through spontaneous dismutation of O, . H,0,
can di use into the cytosol through speci ¢ aquaporin (AQP) channels. H,O, second
messenger can then react with redox sensitive targets. (b) Model for redox-dependent
signal activation. PTKs catalyze the transfer of -phosphoryl groups from ATP to
tyrosine hydroxyls of proteins, whereas PTPs remove phosphate groups from phos-
phorylated tyrosine residues. (c) Cysteine residues in protein kinases can either be
reduced or oxidized. Depending on the redox target, this can either have an activating
or inactivating e ect. (d) Oxidation of the active site Cys residue in PTPs inacti-
vates PTPs. This reaction is reversible in the presence of RSH. SOx in (c) and (d)
represents the oxidized form of cysteine. Adapted with permission from reference®”,
= 2012 American Chemical Society.

H,O, has a lifetime of 1 ms and di usion length of 1 m within cells.”"> Once

released after an initial EGF binding, H,O, second messenger may facilitate redox



regulation of near-by RTKs and PTPs to enhance ligand-dependent or -independent
receptor activation in the EGFR cluster of its origin or in neighboring clusters. These
regulation mechanisms have potential rami cations for EGFR transactivation and

ampli cation of global EGFR phosphorylation.

Reynolds et al. found for 0.8 micron diameter beads functionalized with di erent EGF
ligand densities that EGF-induced ROS formation plays a role in the lateral activa-
tion propagation of EGFR."” Although it is established that multivalent presentation
of EGF on smaller NPs can enhance EGFR activation and signaling,““>°" it remains
untested whether multivalent EGF presentation on NPs also a ects the intracellular
EGFR-mediated ROS generation and how potential changes in the concentration of
this second messenger acts back on EGFR activation in response to nanoconjugated
EGF. Chapter 3 will discuss in more details how EGF nanoconjugation and multi-
valent EGF ligand presentation on NPs can be used as a tool to control and amplify

ROS and also its e ect on EGFR phosphorylation.

1.4 Imaging Methods for Characterizing Receptor Cluster-
ing
A long-standing challenge of obtaining quantitative information about the non-uniform
receptor distribution on the cell surface is due to the the lack of tools available to ad-
dress this question on relevant length scales (tens of nanometers). Receptor clusters in
discrete regions on the cell surface are di cult to spatially resolve with most conven-
tional imaging modalities. However, in the past decade, emerging imaging technolo-
gies are able to address questions about protein behavior on a spatial and temporal
scale that cannot be achieved by traditional biochemical assays. Chapter 1.4.1 - 1.4.3
will discuss some of the imaging approaches commonly used to characterize receptor

clustering.



1.4.1 Conventional Optical and Fluorescence Microscopy

Conventional optical and uorescence microscopy techniques are di raction limited.
The di raction limit, d, is given by the equation:

_ 061

d= T (1.1)

where is the wavelength of light and NA is the numerical aperture of the objective.
The di raction limit in traditional optical and uorescence microscopy is between 200-
300 nm*, which is not su cient to spatially resolve structural details and molecular
interactions below this length scale. The resolution can be improved by using a shorter
wavelength of light or a higher NA objective. However, there is a limitation in the

wavelength of light that can be used as well as maximal NA for the objective.

EGFR clustering occurs on the length scale of tens of nanometers®, a distance
too small to be resolved by conventional di raction-limited optical microscopy tech-
niques”*”. Even for cell lines with physiological EGFR expression levels (40,000{
100,000 EGFR/cell) " , the local EGFR concentrations on the plasma membrane can
be high enough that there is more than one receptor in any given di raction-limited
region of the conventional microscope.” Thus, optical techniques that can circumvent
the di raction limit are critical for imaging receptor clusters on relevant length scales.
To obtain nanoscale information about the spatial distribution of plasma membrane
EGFR, optical methods such as number and brightness analysis®*”, near- eld mi-
croscopy *°, multi-color optical tracking®“{°*, and far- eld superresolution uorescence
microscopy “>“*°=”> have been used. Di raction limited approaches, such as number
and brightness analysis measures the concentration and stoichiometry of complexes.
However, number and brightness analysis can only provide information about the

number of receptors in a di raction-limited spot with no direct information about the

10



spatial clustering of the receptors on shorter length scales. In contrast, uorescence
superresolution microscopy techniques which utilize single-molecule photoswitching
of uorophores, can map the receptor distribution below the di raction limit as de-

scribed in Chapter 1.4.2.

1.4.2 Superresolution Fluorescence Microscopy

Superresolution uorescence microscopy techniques can overcome the di raction bar-
rier of light and allow for imaging cellular and subcellular biological structures. In
particular, single-molecule localization microscopy (SMLM) methods have been gain-
ing popularity because these modalities can achieve resolution on the order of 20-50
nm or better. SMLM techniques typically employ conventional wide- eld excitation
and achieve superresolution by localizing individual uorescent molecules. Localiza-
tion of individual molecules can be achieved with high precision if the point spread
function (PSF) of individual emitters do not overlap. SMLM based imaging meth-
ods include photoactivated localization microscopy (PALM) ™", stochastic optical
reconstruction microscopy (STORM) ", and direct stochastic optical reconstruction

microscopy (dSTORM)

All SMLM techniques depend on the temporal separation of emissions from excited

uorophores . Fluorophores are sparsely activated and reversibly switch between
an on \bright" state and an o \dark"” state. The stochastic \blinking"™ of non-
overlapping PSFs is recorded over time and the position of individual uorophores
is approximated to be at the center of a Gaussian tting of the PSF. The raw data
typically consists of thousands of imaging frames, where each frame contains a sparse
subset of uorescing molecules to allow for localization of individual emitters. Fig-

ure 1.4 contains an overview for the general principle of SMLM imaging.
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Figure 1.4: Overview of SMLM Imaging Principle. The yellow circle represents the
underlying biological structure below the di raction limit that cannot be spatially re-
solved using conventional wide- eld uorescence imaging. SMLM imaging produces
a superresolution image that is constructed from thousands of imaging frames. The

uorophores are localized using a Gaussian PSF to form the nal reconstructed su-
perresolution image. Adapted with permission from reference -, = 2020 Cell Press.

With the emergence of superresolution imaging techniques, EGFR clustering has
been investigated on the nanoscale using the SMLM method dSTORM

Figure 1.5 shows a diagram for the general mechanisms of dASTORM photoswitching.
Fluorophores are excited from the ground state (Sp) to the excited singlet state (S;)
from which it can relax back to Sp while emitting photons (on \bright" state). From
Si, uorophores can enter the triplet state (T,) by applying high-powered laser illu-
mination and can stochastically return back to So.*" In dSTORM, uorophores with
a low duty cycle are used to label the target of interest. Fluorescent dyes with low
duty cycle are in the o \dark™ state longer than they are in the on \bright™ state,
which enable individual emitters to be spatially resolved. To ensure that the uo-

rophores are in the \dark™ state for a su cient time, they can enter a long-lived dark
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state from T, through redox reactions in the imaging bu er cocktail which contains
thiol reducing agents and oxygen scavengers. This long-lived dark state can last up
to many seconds and uorophores can go back to the ground state through inverse
redox reactions. This \blinking" process or switching between on "bright” and o

"dark™ states is sequentially repeated many times until most of the uorophores have

been localized or until photobleaching occurs.

Figure 1.5: Jablonski diagram of dSTORM photoswitching. Fluorescence is only
observed when the uorescent molecule goes between ground state Sp and singlet
excited state S;. From S;, uorescent molecules can undergo intersystem crossing to a
triplet state T;. A long-lived dark state (shown in red) is created by photoreduction of
the excited T;. From the dark state, uorophores can return back to Sy spontaneously
or through inverse redox reactions. The presence of oxygen and primary thiols a ect
the rates at which the transitions occur. Reprinted with permission from reference >,
= 2018 Springer Nature Switzerland AG.

SMLM techniques such as dSTORM typically require acquisition of thousands of
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image frames'**{*%° to reconstruct a superresolution image, which limits experimen-
tal throughput° and makes a statistical analysis of receptor clustering in a het-
erogeneous cell ensemble challenging. Moreover, uorescence-based approaches in
general are subject to restrictions regarding the brightness and photostability of
organic dyes. These fundamental limitations have spurred interest in alternative,
non- uorescence based optical approaches for detecting large-scale receptor cluster-
ing on the cell surface based on the distance-dependent plasmon coupling between
metal NP labels®* 141121124114 which will be described in the following section (Chap-

ter 1.4.3).

1.4.3 Plasmon Coupling Microscopy

Noble metal NPs such as gold (Au) have superb optical, photophysical and material
properties which are exploited in a diverse range of applications.'**{*'® Metal NPs
possess unique properties due to the well-known localized surface plasmon resonance
(LSPR), which refers to the collective oscillations of electrons on the metallic NPs
excited by the incident photons at the resonant frequency . In contrast to con-
ventional dyes used in uorescence microscopy, the LSPR of metal NPs increases
the light absorption and scattering of metal NPs by orders of magnitude higher.

Additionally, metal NPs have large optical cross-sections and do not blink or bleach
compared with organic dyes. Furthermore, Au NPs can be synthesized with excellent
size control and there are a variety of bioconjugation strategies available to introduce
di erent targeting moieties on to the NP. The versatility of metal NPs make them a

promising candidate for biological applications.

The electromagnetic interactions between individual metal NPs give rise to additional
functionalities. When two spherical metal NPs are in close proximity (separations less

than one NP diameter), this near- eld coupling interaction is detected as a red-shift
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in the scattering spectra of the NPs. <<= The strength of plasmon coupling between
two metal NPs falls as a function of the interparticle gap scaled by the NP size
and follows an exponential decay that is universally independent of NP size, shape,
metal type, or the dielectric constant of the surrounding medium. “° For a dimer
of metal NPs, the relationship between the fractional shift of the peak position and

interparticle separation, s, follows a universal scaling law

— AeCED (1.2)
0
where is the shift relative to the resonance wavelength, o, of an individual spher-

ical NP with diameter, D. The coe cients, A and B, are related to the size, shape,
and composition of the NP dimers. For a dimer of 40 nm spherical Au NPs, the uni-
versal scaling law was experimentally determined as shown in Figure 1.6. > A strong

E- eld enhancement is also observed as the interparticle separation decreases.

The distance-dependence of plasmon coupling has been utilized in a number of appli-
cations, including plasmon coupling microscopy (PCM) with metal NP labels targeted
to cell surface receptors™ " °. Plasmon coupling between metal NP labels can
be detected in the far- eld through elastic or inelastic scattering spectroscopy. The
latter utilizes an increase in the Raman signal intensity of dyes bound to the NP
when they form electromagnetic hot spots,**’t%° while the former detects shifts of
the plasmon resonance'*-%{**?_ Although PCM is subject to standard di raction-
limited resolution of an optical microscope, subdi raction limit information can be
obtained by acquiring spatial maps of distance-dependent plasmon coupling of metal

NP labels using hyperspectral PCM as shown in Figure 1.7.
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Figure 1.6: Universal scaling law for plasmon coupling of 40 nm Au dimers. Insets
show near- eld maps for of NP dimers with s=D = 0.05, 0.125, and 0.5 (s = 2, 5, and
20 nm for 40 nm NPs). A strong E- eld enhancement is observed as the interparticle
separation, s, decreases. Reprinted with permission from reference >, = 2017 World
Scienti ¢ Publishing Co Pte Ltd.

The schematic overview in Figure 1.7 demonstrates hyperspectral PCM imaging of
Au NPs between 540 and 650 nm. The wavelength of light used for excitation can be
tuned by incorporating a tunable liquid crystal Iter. In a typical setup, the entire

eld of view of a dark eld microscope is illuminated at a speci ¢ wavelength and a
monochromatic image is recorded for each chosen wavelength. After correcting the
individual monochromatic images by subtracting the intensity pro le of the excitation
source, the images can be combined into a hyperspectral composite image. In this
composite image, each pixel contains information about the relative intensities on the

di erent wavelength channels.
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Figure 1.7: Schematic overview of the setup for hyperspectral plasmon coupling
microscopy. Acquisition of a monochromatic image from = 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 Reprinted with permission
from reference™, = 2019 American Chemical Society

PCM can be augemented by ratiometric imaging at prede ned wavelengths. Since
images of the same eld of view can be obtained at speci ¢ wavelengths, ratiomet-
ric imaging can be utilized to detect NP association levels. For a given frame n,
the intensity ratio R(n) can be calculated (Eqg. 1.3). The spectral information in
R allows for a ratiometric detection of NP labels targeted to cell surface receptors
(Figure 1.8).7> " For ratiometric analysis, if the wavelength channels are chosen such
that , > 4, the formation of strongly coupled NP labels results in an increase in

R. The ratio R of the NPs’ intensities on the two wavelength channels can provide
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quantitative information about receptor clustering.

Q)

R =1 )

(1.3)

Since subdi raction limit information can be obtained through hyperspectral PCM
on the length scale of tens to hundreds of nanometers, this technique is suitable for
characterizing large-scale EGFR heterogeneity on the cell surface. The binding of
metal NP labels targeted to EGFR allows for spatial EGFR mapping of receptor

clusters on the cell surface through monitoring the resonance peak shifts.

Figure 1.8: The spectral response of NP labels targeted to cell surface receptors
depends on the density of NP labels and the receptor clustering on the cell surface. As
the average interparticle separation between the NPs decrease, the plasmon resonance
red-shifts. Adapted with permission from reference *°, = 2012 American Chemical
Society.

1.5 Design and Nanoconjugation of Metal Nanoparticles

Au NPs are considered to be relatively non-toxic, however, there are a number of

in vitro studies that demonstrated Au NP-related cytotoxicity. *> Modi cation of
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the surface chemistry on the NP through surface coating strategies is one way to
increase the overall biocompatability of NPs and NP stability in aqueous solutions.
To achieve this, Au NPs can be coated with various polymers, surfactants, proteins,
as well as lipids. Given the high degree of design exibility for functionalized Au
NPs, these nanomaterials can be applied to numerous biological applications. The
design and nanoconjugation of metal NPs implemented for the work presented in this

dissertation are discussed below.

A scheme for EGFR-targeting Au NP labels used for the studies presented in Chap-
ter 2 is shown in Figure 1.9a. Lipids are biocompatible and a natural component of
cell membranes, which makes lipid coating a great candidate for NP surface coating.
To generate lipid-coated Au NP labels, lipids are integrated via their hydrophobic
tail into an octadecanethiol monolayer assembled around a Au NP core. A biotiny-
lated lipid is incorporated in the lipid coating to allow for biotin-avidin binding to

biotinylated EGFR on the cell surface.

Another strategy for targeting cell surface EGFR is through EGF nanoconjugation
(NP-EGF). For the work presented in Chapter 3, citrate-stabilized Au NPs are grafted
with two di erent thiol polyethylene glycol (PEG) molecules. PEGylation is a com-
mon coating strategy that can increase biocompatability and shield the NP surface
from aggregation. " A scheme for the NP-EGF design is shown in Figure 1.9b. The
azide-containing PEG is used to tether alkyne-functionalized EGF to the Au NPs
through Cu(l) catalyzed click reaction. The shorter carboxy PEG is used to stabilize
the NPs and to increase the accessibility of the azido group on the NP surface. In
addition to allowing for speci c targeting to EGFR, multivalent ligand persentation
through EGF nanoconjugation has been shown to in uence EGF-EGFR mediated
processes.““>“" In general, the design of multivalent ligand-decorated NPs enables

NP attachment to a speci c target through numerous binding interactions, which im-
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proves targeting e ciency compared to monovalent NPs or free ligand. " Moreover,
signal activation”~""“>"" can also be tuned and ampli ed through multivalent ligand
presentation on NPs by increasing binding avidity ***{*** as well as in uencing ligand-
receptor interactions**“t*“?, In the case of NP-EGF, multiple ligand-receptor contacts
within the footprint of the NP can generate a strong local receptor activation that
results in signal propagation across the cell membrane.”= Thus, EGF-functionalized
NPs can act as quanti able units of EGFR activation to probe the e ect of mul-
tivalency on EGF-dependent processes, which will be described in more detail in

Chapter 3.

Figure 1.9: Design scheme of functionalized Au NPs. (a) Lipid-coated Au NPs
composed of a lipid layer anchored to the Au NP core through 1-octadecanethiol. (b)
Schematic of NP-EGF design. 81 1 nm spherical Au NPs are functionalized with
PEG 1 (HS-CH,CH,-(C;H;0)77-N3) and PEG 2 (HS-(CH;)1:-(C2H40)6-COOH) in
a nominal ratio of 10:1. Alkyne-functionalized EGF was tethered to azido group of
PEG 1 through Cu(l) catalyzed 1,3-dipolar cycloaddition reaction.
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1.6 The Scope and Organization of this Dissertation

The work described in this dissertation focuses on biological applications of function-
alized Au NP probes. Plasmonic Au NPs possess unique optical properties and are
used as a bioimaging probe to characterize spatial heterogenity of EGFR on cancer
cells. Additionally, multivalent ligand presentantion on Au NPs allows them to be
an excellent tool in investigating the role of multivalency in EGF-EGFR dependent

processes.

Chapter 2 focuses on the characterization of large-scale EGFR clustering on the length
scale of tens to hundreds of nanometers. Superresolution dSTORM imaging of u-
orescently labeled EGFR and hyperspectral PCM using Au NP labels targeted to
EGFR are both used to characterize EGFR spatial heterogeneity. Subsequently,
both imaging methods are applied to the test the role of the cortical actin network
in patterning large-scale EGFR clustering. The quantitative infromation obtained
from hyperspectral PCM imaging are compared to that of superresolution dASTORM
imaging of EGFR clustering. A comparison of the experimental throughput of both

imaging methods is emphasized.

In Chapter 3, the role of nanoconjugated EGF on EGF-mediated ROS formation and
ROS-induced EGFR activation in breast cancer cell models are discussed. First, the
design and characterization of nanoconjugated EGF are introduced. The source of
EGF-mediated and NP-EGF-mediated ROS generation are also determined. Multiva-
lent enhancement of NP-EGF mediated cytoplasmic ROS and EGFR phosphorylation
are also examined. The future directions of the studies discussed herein are detailed

in Chapter 4.

This dissertation includes material from one publication by the author. Chapter 2

includes material from reference™®, = 2019 American Chemical Society. Chapter 3 is
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based on unpublished work that is under review for publication. Material from both

papers are included in the introductory chapter of this dissertation.
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Chapter 2

Characterizing Large-Scale Receptor
Clustering on the Single Cell Level: A
Comparative Plasmon Coupling and
Fluorescence Microscopy Study

Spatial clustering of cell membrane receptors such as EGFR play a regulatory role in
signal initiation as described in Chapter 1. The distribution of receptors on the cell
surface may represent a potential biomarker and to realize its potential for diagnostic
purposes, scalable assays capable of mapping spatial receptor heterogeneity with high
throughput are needed. Given the cell-to-cell variability of cancer cells, a technique
that allows analysis at the single cell level is critical. In this chapter, Au NP labels
with an average diameter of 72.17  2.16 nm are used for mapping large-scale EGFR
clustering (tens to hundreds of nanometers) in hyperspectral PCM and compared to
the cluster maps obtained through uorescence superresolution dSTORM imaging.
Though di raction limited, hyperspectral imaging of NP labels can di erentiate dif-
ferences in EGFR cluster sizes based on di erences in the average separations between
electromagnetically coupled metal NPs. Due to the distance dependence of plasmon
coupling, changes in the average interparticle separation results in signi cant spec-
tral shifts. In this chapter, both imaging techniques are used to compare trends of

large-scale EGFR clustering in the absence of EGF ligand stimulation (basal), EGF
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ligand stimulation, and perturbation of the cortical actin network.

2.1 Superresolution dSTORM Imaging of EGFR Cluster-
ing

To investigate the spatial heterogeneity of EGFR \clusters", where a cluster is de-

ned as a membrane region enriched in EGFR, we used dSTORM imaging. All
experiments in the work described in this chapter were performed with two di erent
cell lines: the human cervical cancer cell line HeLa with a physiological EGFR ex-
pression level (5 10 receptors/cell)*“° and the triple negative breast cancer (TNBC)
cell line MDA-MB-468, as an example of an EGFR over-expressing cell line (1  10°
receptors/cell) >". Figure 2.1a shows (i) a representative reconstructed dSTORM im-
age of uorescently labeled EGFR of an entire cell, (i) amagnied4 m 4 m
section of the reconstructed image, (iii) the corresponding pseudo-colored cluster map
(red areas 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 separa-
tion for MDA-MB-468 ( =+) EGF and HeLa ( =+) EGF (from top to bottom). The
local clustering of EGFR is illustrated in the cluster maps shown in Figure 2.1a(iii),
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) cuto value to
de ne clusters, and the resulting binary cluster maps are shown in Figure 2.1a(iv).
The Ripley’s H-functions in Figure 2.1a(v) for MDA-MB-468 ( =+) EGF are quite
broad and remain positive on length scales up to 1000 nm, whereas in HeLa ( =+)
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 HeLa ( =+) EGF, which indicates strong spatial EGFR clustering on

the length scale of tens of nanometers.
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Figure 2.1: dSTORM imaging of EGFR clustering. (a)(i) Representative recon-
structed dSTORM images of MDA-MB-468 ( =+) EGF (top) and HeLa ( =+) EGF
(bottom). Scale bar: 10 m. (ii) Regions (4 m 4 m) outlined in red are enlarged
and shown with the corresponding (iii) cluster map according to a pseudocolor scale
bar, (iv) thresholded binary maps, and (v) Ripley’s H-distributions. Scale bar: 1

m. (b) Plot of average cluster area for all experimental conditions. Each data point
represents the average cluster area for two 4 m 4 m regions per cell for a total
of 10 cells each. Lines represent average standard deviation (SD). *P < 0.05, **P
< 0.01, and not signi cant (NS) by the unpaired two-sample t-test. (c) Histogram of
EGFR cluster diameter distribution. (d) Histogram of EGFR per cluster. Reprinted
with permission from reference™, = 2019 American Chemical Society.
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Figure 2.1b summarizes the average cluster area (obtained from the binary cluster
map) for two randomly selected 4 m 4 m areas in the central region of 10 cells.
The average cluster area for MDA-MB-468 decreases signi cantly from 0.034  0.009
t0 0.026 0.006 m? after EGF addition. For HeLa, a slight decrease from 0.026

0.008 to 0.024 0.006 m? is observed after EGF addition, but the di erence in the
average cluster area ( =+) EGF is not statistically signi cant. The cluster diameter
histograms in Figure 2.1c provide an overview of the distribution of e ective cluster
diameters of 0-99, 100-199, 200-299, and >300 nm for the investigated conditions.
For both MDA-MB-468 and HeLa ( EGF), clusters with a diameter between 100
and 199 nm have the highest probability, but the contribution from larger clusters
is 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 to 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 and 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 di erent experimental conditions are shown in Figure 2.1d. 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 HelLa, which corresponds to an increase
in the percentage of intermediate to larger sized clusters containing more than 10

EGFR. Additionally, activation of EGFR with free EGF results in a higher number

26



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.

2.2 Hyperspectral Plasmon Coupling Microscopy for Char-
acterizing EGFR Heterogeneity

We hypothesize that spectral imaging of NPs targeted at EGFR can detect large-scale
EGFR clustering and discern between di erent levels of clustering (Figure 2.2a). The
distance-dependent plasmon coupling between Au 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 su ciently close for electromagnetic coupling to occur and
the resulting hybridization of the plasmons >>*>° induces a spectral red shift as a
quanti able observable of clustering (Figure 2.2b). 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 indi-
cator 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- eld scanning optical microscopy to characterize the hetero-
geneous 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 and 172

99 nm for the experimental conditions tested, we used lipid-coated Au NPs with a

diameter of 72.17  2.16 nm as labels in this work because they are small enough
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to allow binding of multiple NPs in EGFR-enriched membrane domains but, at the
same time, have large scattering crosssections to ensure a strong contrast relative
to the cellular environment.>" The NPs were coated with a thin membrane assem-
bled 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 labeling of EGFR as outlined

in Figure 2.2a.

Figure 2.2: Detection of EGFR heterogeneity using Au NP labels. (a) Schematic
illustration of using Au 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-de ning 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-coated Au NPs. (b) 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. Reprinted with permission
from reference™, = 2019 American Chemical Society.
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2.3 Optical Analysis of EGFR Heterogeneity through Plas-
mon Coupling between NP Labels

The dSTORM results facilitate testing the sensitivity of hyperspectral PCM for dif-
ferentiating between di erent EGFR cluster sizes. In Figure 2.3a, digital color images
of NP labels (immobilized on glass) before and after incubation with cells have the

characteristic green color of monodisperse Au NPs.

Figure 2.3: Optical analysis of digital color images of NP labels. (a) Digital color
images of NP labels immobilized on glass before and after incubation with cells.
Scale bar: 10 m. (b) Digital color images of NP-labeled MDA-MB-468 without
and with 10 nM EGF stimulation (top) and HelLa without and with 10 nM EGF
stimulation (bottom). Scale bar: 10 m. (C) Histogram of mean intensity distribution
of NP labels for NP controls (top), MDA-MB-468 ( =+) EGF (middle), and HelLa
( =+) EGF (bottom). Reprinted with permission from reference™®, = 2019 American
Chemical Society.
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Figure 2.3b shows digital color images of NP labels bound to MDA-MB-468 and
HelLa 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 discernible NPs performed with the Hopkins statistic,
H °*, for 50 cells per experimental condition (Figure 2.4) reveal nearly random NP
distributions (H  0.5) on length scales above the di raction limit at = 540 nm

for all experimental conditions.

Figure 2.4: Hopkins Statistics of NP labels bound to MDA-MB-468 ( =+) EGF
and HeLa ( =+) EGF in di raction-limited digital color images. Average Hopkins
Statistics for spatial randomness for (a-b) MDA-MB-468 ( =+) EGF and (c-d) HeLa
( =+) EGF. The red curve is a random distribution centered at 0.5. Reprinted with
permission from reference™, = 2019 American Chemical Society.
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However, the apparent di erence in color of the NPs targeted to EGFR on MDA-
MB-468 and, in particular, to HeLa when compared with the NP controls suggests
clustering on length scales below the di raction limit. To independently con rm NP
clustering on subdi raction limit length scales, we analyzed the NP-labeled cells after

xation through scanning electron microscope (SEM) at a much higher spatial reso-
lution (Figure 2.5). Inspection of the SEM micrographs revealed discrete NP clusters
with H values shifted closer to 1, con rming a signi cant level of clustering of NP

labels bound to MDA-MB-468 and HelLa on subdi raction limit length scales.

Figure 2.5: Hopkins Statistics for spatial randomness of NP labels. Representative
SEM images of EGFR distribution on the plasma membrane and average Hopkins
Statistics for spatial randomness on 4 4 m? areas for (a) MDA-MB-468 ( EGF)
and (b) HeLa (  EGF). Scale bar: 1 m. The red curve is a random distribution cen-
tered at 0.5. Reprinted with permission from reference™®, = 2019 American Chemical
Society.
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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 Figure 2.3a,b. This color change
indicates a stronger electromagnetic coupling between NP labels for HelLa than for
MDA-MB-468. This trend is also consistent with a higher average intensity of NP
scatterers °" on HeLa than on MDA-MB-468 or NP controls (Figure 2.3c). EGFR
activation through EGF decreases the mean scattering intensity for both MDA-MB-

468 and Hela, suggesting less NP clustering after ligand stimulation.

2.4 Wide-Field Ratiometric Analysis of NP Labels for Quan-
tifying Receptor Clustering

To quantify the spectral di erences between NP labels bound to HeLa and MDA-
MB-468 and to characterize more subtle di erences between cells before and after
EGFR activation ( =+) EGF, we measured in the next step the spectra of the NP
labels using the hyperspectral PCM“"**" approach described in Figure 2.6a. In this
technique, a monochromatic image was recorded every 10 nm between 540 and 650 nm
to generate a hyperspectral composite image. Importantly, each pixel in the composite
image contains an entire spectrum and information about the relative intensities of
NPs from di erent wavelength channels (Figure 2.6b). The typical spatial resolution
(resolving power) of discrete NPs in our set-up was X = 651 nm as determined
by the full width at half maximum (FWHM) of the tted point spread function
(PSF) of individual NPs (Figure 2.6¢). This imaging method provides spectral and
spatial information of all scatterers in the eld of view (141 m 141 m at the
chosen magni cation) 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, ek, de ned as the wavelength channel

with the highest intensity, for each NP pixel in the eld of view (Figure 2.6a). The
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distributions for NP labels as synthesized and after recovery from a solution incubated
with cells peak at 550 nm and are nearly identical, con rming the stability of the NP

labels.

Figure 2.6: Schematic overview of hyperspectral PCM imaging approach. (a) Setup
for hyperspectral PCM. (b) Acquisition of a monochromatic image from = 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 Au NPs immobilized on glass and an enlarged image
showing an individual NP and the corresponding 2D Gaussian t. Scale bar: 1 m.
Reprinted with permission from reference™, = 2019 American Chemical Society.

In Figure 2.7b, the peak distributions for both MDA-MB-468 and HelLa ( )EGF
are broadened to longer wavelengths when compared with NPs immobilized on glass.
Compared with NP controls, peax = 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.

33



The shift to longer peak wavelengths is strongest for HeLa, for which the frequencies of

peak = 950 NM and  peax = 560 nm are lower and  pea = 570 is higher than for MDA-
MB-468. This shift in the peax distribution toward longer wavelengths is indicative
of a NP subpopulation with a red-shifted plasmon resonance. The most prominent
changes in  peax associated with NP binding to the cell surface for both HeLa and
MDA-MB-468 in Figure 2.7a,b occur in a relatively narrow spectral window between

peak = 940 - 580 nm. We calculated the intensity ratio R = Is70/1s49 Of the 540 5
and 570 5 nm intensity channels for all NP pixels as a measure for electromagnetic

coupling.

Figure 2.7: Resonance peak wavelength and ratiometric analysis of NP labels. (a)
Peak wavelength, peax, for NP labels in solution before and after incubation with
cells. (b) peak histograms for NP labels bound to MDA-MB-468 and HeLa ( EGF).
Error bars in (a,b) are  standard error of the mean (S.E.M). (¢) Histograms of R =
Is70/ 1540 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 - ¢) were collected from 50 cells (3 independent experiments). Reprinted with
permission from reference™, = 2019 American Chemical Society.
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Rav Cluster diameter (nm)
MDA-MB-468 ( EGF) 144 035 172 99
MDA-MB-468 (+EGF) 1.49 0.25 155 91
HeLa ( EGF) 1.84 049 150 90
HeLa (+EGF) 2.03 0.82 145 90

Table 2.1: Ry, (hyperspectral PCM) and Cluster diameter (dSTORM) Values

The histogram in Figure 2.7c 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,y is the average R value of the distribution. The di erences in R between the
cells as well as between the cells and the NP controls are signi cant with P values <
0.001 (unpaired two-sample t-test). The di erences between the individual cell lines
( =+) EGF are weaker than between the cell lines but still statistically signi cant
with P values < 0.001 (unpaired two-sample t-test). The R,, values provide a metric
that can be compared with the e ective cluster diameters determined by dSTORM.
The corresponding values obtained from both imaging methods are summarized in
Table 2.1. We determined a correlation coe cient of 0.8454, con rming a nega-
tive correlation between R values and EGFR cluster size (Figure 2.8). Overall, the
spectral analysis in Figure 2.7 con rms that NP binding to EGFR results in a spa-
tial clustering of the labels with su ciently small interparticle separation to induce
signi cant 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 di erences 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 di erence alone is insu cient to

account for the di erence in R,, between HeLa and MDA-MB-468 ( =+) EGF.

35



Figure 2.8: Correlation plot of R,, (hyperspectral PCM) and average EGFR cluster
size (ASTORM) for MDA-MB-468 ( =+) EGF and HelLa ( =+) EGF. The corre-
lation coe cient is 0.8454. Reprinted with permission from reference™®, = 2019
American Chemical Society.

2.5 Probing Changes in EGFR Clustering Induced by Dis-
solution of Cortical Actin Network

EGFR is an actin binding protein and its distribution and clustering tendency can
be in uenced by the structural organization of the actin cytoskeleton. > To test
the sensitivities of hyperspectral PCM and dSTORM for detecting potential di er-
ences in EGFR clustering after perturbation of the actin network, MDA-MB-468 cells
were pretreated with Latrunculin A (Lat A), which sequesters free G-actin monomers
and depolymerizes F-actin.*® Confocal imaging of Lat A-treated cells in Figure 2.9a
demonstrated that the activity of the inhibitor while cells maintained their overall
shape. Figure 2.9 summarizes the R = ls79/ls40 distributions for NP labels targeted
at EGFR, as determined by hyperspectral PCM of samples without and with Lat A
treatment. We observed a signi cant 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
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two-sample t-test). The detected increase in R = Is70/ls40 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 treat-
ment. Furthermore, uorescence superresolution images acquired by dSTORM also
show a trend of a small decrease in average cluster size from 0.034 0.009 to 0.029
0.009 m? after actin perturbation, but the change is statistically not signi cant 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.

Figure 2.9: Hyperspectral PCM and dSTORM analysis of Lat A-treated cells. (a)
Representative confocal images of untreated and 1 M Lat A-treated MDA-MB-468
cells. Scale bar: 10 m. (b) Histograms of R = ls70/ls4 for untreated and Lat A-
treated MDA-MB-468 cells obtained from hyperspectral PCM. (c) Average cluster
area for untreated and Lat A-treated MDA-MB-468 cells obtained from dSTORM.
Each data point represents the average cluster area fortwo4 m 4 m regions per
cell. Lines represent average  SD. NS by unpaired two-sample t-test. Reprinted
with permission from reference™, = 2019 American Chemical Society.
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2.6 Throughput Comparison of dSTORM Imaging and Hy-
perspectral Plasmon Coupling Microscopy for Analysis
of Single Cells

Although spectral imaging of plasmon coupling between NP labels does not allow for
a direct quanti cation of EGFR cluster size, as in the case of dSTORM, our data
con rm that the hyperspectral PCM approach can reliably detect di erences and
changes in EGFR cluster size. Considering the size of the NPs used in this work, it is
clear that PCM 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 di er, however, greatly in experimental throughput (Figure 2.10).
In hyperspectral PCM, all the required information to quantify the spectra of the
NPs bound to EGFR were collected 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.
To obtain su cient localizations to reconstruct a dSTORM image, at least 10,000
frames needed to be recorded over a total acquisition time of 600 s. Importantly, in
the time it takes to record 10,000 frames in dSTORM for 1 eld of view, data can be
acquired for roughly 500 eld of views using hyperspectral PCM, 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.
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Figure 2.10: Comparison of hyperspectral PCM and dSTORM applied for optical
mapping of NP labels and uorescence labeling of EGFR on independent5 m 5

m area of HelLa cell, respectively. At the same 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 dASTORM, only 16 localizations have been localized leading to an
incomplete cluster map. A complete cluster map for dSSTORM requires thousands of
frames for su cient localizations (approximately 600 s). Reprinted with permission
from reference™, = 2019 American Chemical Society.

2.7 Conclusion

In conclusion, hyperspectral PCM and uorescence superresolution dSTORM mi-

croscopy were both applied to investigate EGFR clustering in MDA-MB-468 and

39



HeLa cells. The comparative studies suggest that a systematic spectral analysis of
the distance-dependent plasmon coupling between NP facilitates a sensitive detection
of di erences in the size of EGFR clusters in both cell lines as well as changes induced
by the addition of EGF or dissolution of cortical actin network as indicated by the
dSTORM data. The successful distinctions of changes in clustering patterns under
di erent experimental conditions using bright and easy to image NP labels emphasizes
the potential of this approach for achieving rapid characterization of receptor clus-
tering in a large cell population with single cell resolution in a conventional wide eld
microscope. Spatial clustering of EGFR warrants increased interaction frequencies
between EGFR (and coreceptors) and favors their association into dimers=~°" and
higher oligomers™>"-*°°, Given the role of EGFR oligomerization in enhancing recep-
tor phosphorylation, receptor clustering could be a regulation mechanism to control
and modulate ligand binding-induced receptor signaling.**° The putative regula-
tory role of receptor clustering creates a need for tools that can characterize receptor
clustering with adequate throughput. This work con rms hyperspectral PCM 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 quanti cation of expression levels of a cell
surface receptor in a cell population, such as ow cytometry. The NP-based imaging
tool paves a path toward including large-scale receptor clustering on the single cell

level as a biomarker in the characterization of heterogeneous cell populations.

2.8 Materials and Methods

Cell Culture and Treatments. MDA-MB-468 cells were cultured in advanced Dul-

becco’s modi ed Eagle medium (DMEM) with 10% fetal bovine serum, L-glutamine,
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penicillin, and streptomycin at 37 C with a humidi ed atmosphere containing 5%
CO,. HelLa cells were cultured under the same conditions. Prior to experiments,
MDA-MB-468 and HeLa cells were maintained in serum-free DMEM for 16 h. Cells
to be imaged under dSTORM and hyperspectral PCM were cultured in glass bot-
tom petri dishes to approximately 80% con uency for experiments. EGF-stimulated
cell samples were serum-starved for 16 h and incubated with 10 nM EGF (Thermo
Fisher Scienti c) for 10 min at 37 C before washing with 1 phosphate-bu ered saline
(PBS) and xation with 4% paraformaldehyde. Cell samples in which actin was de-
polymerized were serum-starved for 16 h and incubated with 1 M of Latrunculin A
(Sigma-Aldrich) for 10 min at 37 C before washing with PBS and xation with 4%

paraformaldehyde.

dSTORM Sample Preparation. Cells were immunostained after xation with
an Alexa-Fluor 647-conjugated antibody against EGFR (0.5 ¢g/mL, Thermo Fisher
Scienti ¢) in the dark for 20 mins and then washed three times with PBS for 5 min
each. For dASTORM imaging, the oxygen-scavenging bu er (50 mM Tris and 10 mM
NaCl solution to pH 8) contained 0.5 mg/mL glucose oxidase, 40 g/mL catalase,
10% glucose (w/v), and 10 mM mercaptoethylamine. The bu er 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 (CCD) were used (Andor iXonEM+ 897 back-illuminated EM-
CCD). dSTORM imaging was performed on a Zeiss ELYRA PS.1 microscope using
an Plan-Apochromat 100 oil objective with numerical aperature (NA) 1.46. Sam-
ples 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 of 50 ms for the reconstruction

of superresolution images. One single reconstructed dSTORM image was acquired in
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less than 10 mins. The average localization precision and spatial resolution was 27 nm
and 62 nm, respectively. Single-molecule localizations were tted 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 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 identi ed with a minimum SNR of 2.
The x-y drift was corrected post-acquisition using a cross-correlation method via
SharpViSu''* software on MATLAB. The drift-corrected x-y coordinates were im-
ported into ClusterVisu '~ MATLAB software for further quantitative cluster analy-
sis as described by Owen et al*">"*. Avoiding cell edges, two non-overlapping regions
of 4 4 m? 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 Eq. 2.1

xXnoxn . if ij <Tr

K(r)=A # where ; =1 (2.1)

i=1j=1 ~ otherwise 0
where K (r) is the K -function, A is the area of the region being analyzed, ;; is the
distance between points i and j, n is the total number of localizations within that
area, and r is the spatial scale. In this analysis, concentric circles of radius r is 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 Eq. 2.2:
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H(r) = P K= r=L(r) r (2.2)

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-o value of 120 - 130 to best de ne 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-coated NPs were prepared as de-
scribed previously.“>° The liposome mixture contained 55 mol % DPPC, 2 mol %
1,2-dioleoyl-sn-glycero-3- phospho-L-serine (DOPS), 4 mol % of DSPE-PEG(2000)-
Biotin, and 39 mol % cholesterol in chloroform. This lipid mixture was tethered to the
Au NP via octadecanethiol by incubating for 17 h on a shaker. The lipid-coated NPs
were subsequently dialyzed overnight in Milli-Q water with nuclepore track-etched
membranes (Whatman, pore size 0.015 m). 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 0.1 PBS to make a 150 pM NP solution.

Immunolabeling. To functionalize the anti-EGFR antibody (Sigma-Aldrich, clone
102618), 4 L of biotin N-hydroxysuccinimide ester (100 mg/mL in DMSO) was
mixed with 200 L of 100 g/mL anti-EGFR antibody solution (1 PBS, pH 7.2)
and kept on ice 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 until

further use. For labeling, cells were brie y rinsed with prewarmed 1 HBSS bu er and
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then xed by immersion in 4% paraformaldehyde for 10 mins at room temperature,
followed by three washes with 1 PBS for 5 mins each. Subsequently, the cells were
incubated in 1  PBS bu er containing 1% BSA for 30 mins at room temperature to
block nonspeci ¢ binding. Cells were then washed three times with ice-cold 1 PBS
for 5 min each and then incubated with biotin-functionalized anti-EGFR antibody
(diluted 1:10 in 1  PBS) overnight at 4 C. The cells were then washed three times
with 1 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
1 PBS for 5 mins each and 0.1 PBS was used for the last wash. In the subsequent
immunolabeling step, the petri dish was covered with 300 L of 150 pM of lipid-coated
NPs in 0.1 PBS for 30 mins at 4 C and then washed three times with 0.1 PBS
for 5 mins each. The glass bottom petri dishes can then be transferred to a dark eld

microscope for hyperspectral PCM imaging.

Hyperspectral Plasmon Coupling Microscopy. All optical imaging experiments
were performed with an Olympus IX71 inverted microscope. For whitelight dark-

eld 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 60 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 Iter was added in front of the dark eld 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 tting the PSF of randomly selected NP emitters with
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a 2D Gaussian and determining the FWHM of the t. 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 tted 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 back-
ground and excitation pro le. For analysis, 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 ,eak 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 = Is70/1s49 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 pro-
cedures were identical to the sample preparation for hyperspectral plasmon coupling
microscopy except the cells were plated on a1 1 cm? silicon substrate. After xa-
tion and NP labeling, the silicon substrates containing NP labeled cells were washed
three times with ice-cold 0.1 PBS and then brie y 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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Chapter 3

Multivalent Ligand-Nanoparticle
Conjugates Amplify ROS Second
Messenger Generation and Enhance
Epidermal Growth Factor Receptor
Phosphorylation

EGFR is heterogeneously distributed on the cellular surface and enriched in clusters
with diameters of tens to hundreds of nanometers (Chapter 2). Multivalent presenta-
tion of EGF ligand on NPs provides an approach for controlling and amplifying the
local activation of EGFR in these clusters. Signal activation®""">*° can be tuned
and ampli ed through multivalent ligand presentation on NPs by increasing binding
a nity and in uencing ligand-receptor interactions. A previous study by Reynolds
et al. found for 0.8 micron diameter beads functionalized with di erent EGF ligand
densities that EGF-induced ROS formation plays a role in the lateral propagation
of EGFR activation.”™ Although it is established that multivalent presentation of
EGF on smaller NPs can enhance EGFR activation and signaling,”“>°’ it remains
untested whether multivalent EGF presentation on NPs also a ects the intracellu-
lar EGFR-mediated ROS generation and how potential changes in the concentration
of this second messenger acts back on EGFR activation in response to nanoconju-

gated EGF. The goal of this chapter is to characterize the multivalent enhancement
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of EGF-induced ROS formation and to test its e ect on EGFR phosphorylation.
To that end, Au NPs with a diameter of 81 1 nm were functionalized with two
di erent EGF ligand densities (12 7 EGF/NP (NP-EGFy;) and 87 6 EGF/NP
(NP-EGFg;)) and NP-EGF-induced ROS generation and EGFR phosphorylation were
quanti ed in three breast epithelial cell lines: non-tumorigenic MCF10A cells, and
EGFR-overexpressing MDA-MB-231 and MDA-MB-468 cells. In the EGFR over-
expressing cell lines, NP-EGFg; achieved a measurable multivalent enhancement of
ROS, with peak ROS levels obtained for NP input concentrations ¢ ROS,ax 25 pM
(2175 pM EGF), that was EGFR and nicotinamide adenine dinucleotide phosphate
oxidase (NOX) dependent. NP-EGF, failed to generate comparable ROS levels as
NP-EGFg; in the investigated NP input concentration range (0-100 pM). In cells with
nearly identical numbers of bound NP-EGFg; and NP-EGF;;, the ROS levels for NP-
EGFg; were systematically higher, indicating that the multivalent enhancement is not
exclusively related to avidity but also to a stronger stimulation per NP. Importantly,
the increase in EGF-induced ROS formation associated with EGF nanoconjugation
at c ROSax resulted in a measurable gain in EGFR phosphorylation, con rming that
ROS generation contributes to the multivalent enhancement of EGFR activation in

response to NP-EGFyg;.

3.1 NP-EGF design and characterization

The design scheme of the NP-EGF used in this chapter is depicted in Figure 3.1a.
The NP surface was passivated with two di erent thiol polyethylene glycol (PEG)
molecules, (HS-CH,CH,-(C,H40)77-N3, PEG 1) and (HS-(CH,)1:-(C,H40)s-COOH,
PEG 2). The NPs were grafted with azide-containing PEG 1 molecules to enable
the covalent attachment of alkyne-functionalized EGF through the Cu(l) catalyzed

1,3-dipolar cycloaddition reaction '°. The negatively charged and shorter PEG 2
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molecules were incorporated to stabilize the NPs. NP-EGF with two distinct EGF
ligand densities of 12 7 EGF/NP (NP-EGFy,) and 87 6 EGF/NP (NP-EGFg;),
as quanti ed through a human EGF enzyme-linked immunosorbent assay (ELISA)
(Figure 3.1b), were prepared by adjusting the concentration of alkyne-functionalized
EGF and catalyst mixture as well as the incubation time for the cycloaddition reac-
tion. The EGF surface loadings of NP-EGF;, and NP-EGFg; correspond to average
EGF surface densities of 6.0 10> m 2 and 43 10° m 2, respectively. SEM
images of the prepared NP-EGF show a monodisperse distribution of spherical NPs

(Figure 3.1c).

Figure 3.1: Schematic of NP-EGF design. (a) 81 1 nm diameter spherical Au
NPs are functionalized with PEG 1 (HS-CH,CH,-(C,H;0),7-N3) and PEG 2 (HS-
(CH5)11-(C,H40)6-COOH) in a nominal ratio of 10:1. Alkyne-functionalized EGF
was tethered to the azido group of PEG 1 through Cu(l) catalyzed 1,3-dipolar cy-
cloaddition reaction. (b) Number of EGF bound per NP as quanti ed using Human
EGF ELISA. (c) Representative SEM images of citrate-stabilized Au NP, NP-PEG,
NP-EGFy,, and NP-EGFg;. Scale bar: 200 nm. (d) UV-Vis spectra, (e) hydro-
dynamic diameters, and (f) zeta potentials for citrate-stabilized Au NPs, NP-PEG,
NP-EGFy,, and NP-EGFg;. The data shown in b, e, f are from at least 3 indepen-
dent experiments. All values are means, and error bars are  s.e.m. Signi cance was
measured using student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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The peaks in the UV-Vis spectra of NP-EGF are red-shifted by up to 2 nm for
NP-EGF, and NP-EGFg; relative to pegylated NPs (Figure 3.1d), and the size
distributions as determined by DLS show less than 20 nm increase in the hydro-
dynamic diameter after EGF attachment (Figure 3.1le). The zeta potential of the
NPs increases after pegylation and then slightly decreases by up to 5.58 mV after
binding of the negative EGF """ to the pegylated NPs (Figure 3.1f). Overall, the ob-
served spectral shifts and changes in the hydrodynamic diameter and zeta potential
are consistent with a successful EGF functionalization of the NPs; the small mag-
nitude of the observed changes in the average hydrodynamic diameter and UV-Vis
spectra con rm that the NPs show no systematic agglomeration in the process of the

functionalization.

3.2 EGF-mediated ROS generation is EGFR and NOX de-
pendent

Three breast epithelial cell lines (MCF10A, MDA-MB-231, MDA-MB-468) with vary-
ing EGFR expression levels were chosen for the studies in this chapter (Figure 3.2a).
The advanced TNBC cell lines, MDA-MB-231 and MDA-MB-468 overexpress EGFR
and show much higher EGFR surface concentrations than the non-tumorigenic MCF10A.
EGFR overexpression in breast cancer cell lines has been reported to correlate with
elevated H,O, levels.""” Indeed, the detection of the intracellular cytoplasmic ROS
using CellROX Deep Red demonstrates that MDA-MB-231 and MDA-MB-468 have
signi cantly higher baseline ROS levels compared to MCF10A (Figure 3.3).

Next, the e ect of free EGF on the cellular ROS levels was assessed to establish a
benchmark for subsequent NP-EGF experiments. In Figure 3.2b, the cytoplasmic
ROS levels generated as a function of exogenous EGF concentration (0.16, 1.6, 16,

80 nM) was measured after 10 min of stimulation because the peak in EGF-induced
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ROS generation is known to occur within 15 min~>*. EGF concentrations 1.6
NM resulted in a signi cant increase of the cytoplasmic ROS levels for all 3 cell
lines compared with the non-treated cell control. For MCF10A and MDA-MB-231,
the cytoplasmic ROS increases in a concentration-dependent manner throughout the
tested concentration range, but for MDA-MB-468, the increase in ROS levels 0 at
an EGF concentration of 1.6 nM. Pretreatment of cells with the ROS scavenger, N-
acetylcysteine (NAC) prior to EGF stimulation at 1.6 nM reduced the cytoplasmic
ROS concentration for all 3 cell lines (Figure 3.2c). Likewise, the H,O, scavenger,
PEG-catalase, also resulted in a decrease in EGF-mediated H,O, generation for all
cell lines. Importantly, the EGFR-speci ¢ RTK inhibitor, AG-1478, also reduced the
EGF-induced cytoplasmic ROS, which con rms that EGF-mediated ROS generation
is EGFR dependent. EGFR-dependent ROS generation after EGF treatment is con-
sistent with previous reports.””"~“> NOX activation associated with EGFR activation
as a result of EGF-mediated ROS generation has also been described.”>“" NOX are,
however, not the only potential source of EGF-induced cytoplasmic ROS. The elec-
tron transport chain in the mitochondria is another major source of ROS production
in many di erent cell types due to electron leakage into the cytosol "**“". Since a
priori, it is unclear what the relative contributions from NOX and mitochondria are
to the detected ROS levels, di erent inhibitors were used to identify the origin of the
EGF-induced cytoplasmic ROS. Inhibition of NOXs with either diphenyleneiodoium
(DPI) or apocynin led to a reduction in EGF-mediated ROS, whereas blocking the
mitochondrial electron transport chain with rotenone did not inhibit EGF-mediated

ROS production for any of the investigated cell lines (Figure 3.2c).
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Figure 3.2: EGF-mediated ROS generation is EGFR and NOX dependent. (a) Rel-
ative EGFR expression level for MCF10A, MDA-MB-231, and MDA-MB-468 (from
left to right) measured by ow cytometry. (Gray histogram is unlabeled cells and blue
histogram is cells labeled with Anti-EGFR FITC) (b) Cytoplasmic ROS detected by
CellROX Deep Red as a function of EGF concentration after 10 min stimulation.
(¢) EGF-mediated ROS generation detected with CellROX Deep Red. Cells were
pretreated with NAC, PEG-catalase, AG-1478, DPI, apocynin, and rotenone where
speci ed, prior to EGF stimulation (1.6 nM) for 10 min. The data shown are from 3
independent experiments. All values are means, and error bars are  s.e.m. Signif-
icance was measured using student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001,
ns (not signi cant) when compared against non-treated cell control in (b) and cells
treated with EGF only (1.6 nM) in (c).
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Figure 3.3: Basal intracellular ROS levels for breast cancer cell models for
EGFR-overexpressing MDA-MB-231 and MDA-MB-468 relative to non-tumorigenic
MCF10A as measured by CellROX Deep Red uorescence. The data shown are from
3 independent experiments. All values are means and error bars are  s.e.m. Signi -
cance was compared to MCF10A using the student’s t-test, ***P < 0.001, ****P <
0.0001.

Furthermore, at 1.6 nM EGF, detection of mitochondrial superoxide, the main source
of mitochondrial ROS, was not signi cantly higher than for non-treated cell controls
for all 3 cell lines (Figure 3.4). Overall, the inhibitors used in Figure 3.2c reveal that

EGF-induced ROS formation depends on both EGFR and NOX activity.

Figure 3.4: Mitochondrial superoxide ROS generation after 10 min incubation with
1.6 nM EGF as measured by MitoSOX Red uorescence for MCF10A, MDA-MB-231,
and MDA-MB-468. The data shown are from 3 independent experiments. All values
are means and error bars are  s.e.m. Signi cance was compared to untreated cells
(basal) using student’s t-test, ns (not signi cant).
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3.3 Multivalent Enhancement of EGF-mediated cytoplasmic
ROS Generation

Cytoplasmic ROS levels generated by NP-EGF;, and NP-EGFg; were quanti ed after
a 10 min incubation of cells with NPs in the concentration range of 0-100 pM. NP-
PEG (no EGF) was included as a control. The global intracellular ROS generation
was measured as a % change of CellROX Deep Red uorescence signal relative to the

non-treated cell control (dashed black line) as shown in Figure 3.5.

Figure 3.5: Cytoplasmic ROS generation of NP-PEG and NP-EGF. (a) Cytoplasmic
ROS generation after 10 min incubation of NP-PEG (gray squares), NP-EGF, (blue
triangles), and NP-EGFg; (purple circles) with MCF10A, MDA-MB-231, and MDA-
MB-468 (top to bottom). Black dashed line shown at 100% is used to indicate the non-
treated cell control. The second x-axis corresponds to the e ective EGF concentration
(NP input concentration multiplied by EGF ligand density). (b) Cytoplasmic ROS
generation for NP-EGF,, NP-EGFg7, and free EGF at e ective EGF concentration
corresponding to ¢ ROS,.x for MCF10A, MDA-MB-231 and MDA-MB-468 (from
top to bottom). The data shown are from 3 independent experiments. All values are
means, and error bars are  s.e.m. Signi cance was measured using student’s t-test,
*P < 0.05, **P < 0.01.

For NP-EGF, and NP-EGFg7, the x-axis is given both as NP input as well as e ective
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EGF concentration. ROS generation in response to NP-PEG control was negligible
for almost all concentrations, except at 5 pM in MCF10A, and 50 pM for both MDA-
MB-231 and MDA-MB-468. In these cases, there was a small but signi cant increase
in ROS. For NP-EGF,,, statistically signi cant increases in cytoplasmic ROS were
only detected for MDA-MB-468 at 1, 15, and 25 pM. NP-EGFg; had a substantially
larger e ect on ROS generation. For MCF10A, a peak increase in ROS of 22% (P =
0.1404) was obtained for 10 pM of NP-EGFg7, and for MDA-MB-231 an increase of
27% (P = 0.0286) was detected at 25 pM. For MDA-MB-468, the peak occurred at an
even lower input concentration of 5 pM NP-EGFg; (56% increase, P = 0.0123). The
NP input concentrations that yield the highest ROS level (ROSnax) for the di erent

conditions are referred to as ¢ ROSy,ax throughout Chapter 3.

The ROSax Values for the 3 investigated types of NPs are summarized in Figure 3.6.
In the highly EGFR overexpressing MDA-MB-468 cell line, the maximum ROS gen-
eration shows a signi cant increase with increasing EGF multivalency in the order
NP-PEG < NP-EGF;; < NP-EGFg;. Intriguingly, the ROS,ax values for NP-EGFg;

occurred at NP input concentrations 25 pM in all investigated cell lines.

Figure 3.6: ROS\ax values for NP-PEG, NP-EGF;,, NP-EGFg7, and supernatant
from the last NP-EGF wash as detected by CellROX Deep Red uorescence for (a)
MCF10A, (b) MDA-MB-231, and, (c) MDA-MB-468. The data shown are from 3 in-
dependent experiments. All values are means and error bars are  s.e.m. Signi cance
was measured using student’s t-test, *P < 0.05, **P < 0.01, ns (not signi cant).
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After peaking at ¢ ROS ., the ROS generation decreased again with increasing
NP input concentration. This behavior di ers from what was observed for the free
EGF in Figure 3.2b, where the respondent ROS levels either continuously increase
or converge. The decrease observed for the nanoconjugated EGF at increased input
concentrations may be related to an adjustment of the cellular redox milieu in response
to the NP-EGF-mediated ROS formation. The redox capacity of the cell is regulated
by reduced glutathione (GSH) that is oxidized to its disul de form (GSSG) by ROS.
The GSH/GSSG ratio, which is an indicator of oxidative stress, was measured for
MCF10A, MDA-MB-231, and MDA-MB-468 cells after a 10 min incubation with
NP-EGFg; in the NP input concentration range of 0 - 100 pM (Figure 3.7). For
both MDA-MB-231 and MDA-MB-468, there is a decrease in the GSH/GSSG ratio
at the NP input concentration corresponding to the respective ¢ ROS,,x Vvalues.
At NP input concentrations above ¢ ROS.x, the GSH/GSSG ratio is increased
again, indicative of the re-establishment of a more reductive cellular environment.
For MCF10A, the GSH/GSSG ratios remain constant across the entire NP-EGFg;

concentration range.

Figure 3.7: GSH/GSSG ratio after 10 min incubation with NP-EGFg; in the input
concentration range of 0 - 100 pM for (a) MCF10A, (b) MDA-MB-231, and (c) MDA-
MB-468. The NP input concentration corresponding to ¢ ROS,,ax is indicated on the

gure. The data shown are from 3 independent experiments. All values are means
and error bars are  s.e.m. Signi cance was measured compared to GSH/GSSG ratio
at ¢ ROSax using student’s t-test, *P < 0.05.
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Despite higher ROS levels detected for NP-EGFg; under some conditions, the NP-
associated cytotoxicity was overall low unless at high NP-EGF input concentrations.
In the case of MDA-MB-468, NP-EGFg; concentrations above 50 pM (e ective EGF
concentration = 4.35 nM) resulted in signi cant changes in cell viability as measured
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide (MTT) assay (Fig-
ure 3.8). For MCF10A and MDA-MB-231, signi cant changes in cell viability were
only detected at NP-EGFg; concentrations 75 pM (e ective EGF  6.53 nM). Over-

all, cytotoxicity was detected only for concentrations higher than ¢ ROSax.

In the next step, the ROS generation associated with NP-EGF, and NP-EGFg; was
directly compared to that of free EGF at ¢ ROSax (Figure 3.5b). For NP-EGFy,,
there were no signi cant di erences in the ROS levels compared to free EGF at the
same e ective EGF concentration for all 3 cell lines. However, in the case of NP-
EGFg; in the EGFR overexpressing cell lines MDA-MB-231 and MDA-MB-468, the
ROS concentrations generated at ¢ ROS,ax Were signi cantly higher than those of
free EGF. This demonstrates that at the same e ective EGF concentration, a higher
EGF density on NPs results in a multivalent enhancement of ROS generation that

cannot be achieved with free EGF.

Figure 3.8: Cell viability assessed by the MTT assay after 10 min incubation with
NP-PEG or NP-EGF;, or NP-EGFg; for (a) MCF10A, (b) MDA-MB-231, and (c)
MDA-MB-468 in the NP input concentration range of 0 - 100 pM. The data shown
are from 3 independent experiments. All values are means and error bars are  s.e.m.
Signi cance was measured compared to the untreated cell control (0 pM) using the
student’s t-test, **P < 0.05.
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To determine the source of NP-EGF mediated ROS generation, cells were pretreated
with di erent inhibitors before addition of NP-EGF at ¢ ROS,ax. Pretreatment of
cells with ROS scavengers (NAC, PEG-catalase), RTK inhibitor AG-1478, or NOX
inhibitors (DPI and apocynin) resulted in a decrease in NP-EGFg;-mediated ROS

generation at ¢ ROS,,,ax for all 3 cell lines (Figure 3.9).

Figure 3.9: Source of NP-EGF-mediated ROS generation. CellROX Deep Red u-
orescence as a measure of cytoplasmic ROS generation in cells pretreated with NAC,
PEG-catalase, AG-1478, DPI, apocynin, and rotenone before stimulation with NP-
EGF1, or NP-EGFg; at ¢ ROSax for MCF10A, MDA-MB-231, and MDA-MB-468
(from left to right). The data shown are from 3 independent experiments. All values
are means, and error bars are  s.e.m. Signi cance was measured using student’s
t-test. #P < 0.05, ##P < 0.01, ns (not signi cant) when compared against NP-
EGF,, treatment only. *P < 0.05, **P < 0.01, ***P < 0.001, ns (not signi cant)
when compared against NP-EGFg; treatment only.

In contrast, pretreatment with the mitochondrial inhibitor, rotenone did not lead
to a signi cant decrease in ROS generated by NP-EGFg; at ¢ ROSax. Overall,
the inhibitor studies show that NP-EGFg;-induced ROS formation depends on both
EGFR and NOX activation. Interestingly, even though the ROS increase induced by
NP-EGFg; at ¢ ROS,ax for MCF10A did not reach statistically signi cant levels in
Figure 3.5, Figure 3.9 reveals that NP-EGFg; triggers ROS generation that is EGFR
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and NOX dependent in this case as well. In the case of NP-EGF,,, PEG-catalase, AG-
1478, NOX inhibitors, and rotenone did not result in any reduction of ROS, consistent
with a weak ROS generation associated with low EGF ligand densities. Only the GSH
precursor NAC achieved a measurable reduction in ROS levels, due to a change in
the global cellular redox state. The ROS levels detected after inhibitor pretreatment
at ¢ ROSax for NP-EGF;, were in some instances higher than the ROS detected for
NP-EGFy, in the absence of any inhibitors, but these increases were not signi cant

at the 95% con dence level except for the PEG-catalase in MDA-MB-231.

The multivalent enhancement of cytoplasmic ROS generation associated with NOX
activation observed for NP-EGFg; can have contributions from i.) an increased bind-
ing avidity that increases the number of bound and subsequently uptaken nanocon-
jugated EGF relative to that of free EGF at the same input concentration, and ii.) a
more potent activation provided by the multivalent NPs. To better understand the
mechanisms underlying multivalent ampli cation, the Au content per cell for NP-
EGF1,, NP-EGFg7, and NP-PEG control after 10 min of incubation with NPs in the
concentration range of 0 - 150 pM was measured using microwave plasma atomic
emission spectroscopy (MP-AES). Figure 3.10 shows the amount of Au associated
with the cells as function of NP input concentration. For all 3 cell lines, the Au
content per cell at any given input concentration increases in the order of NP-PEG <
NP-EGF;, < NP-EGFg7, con rming EGF-EGFR-mediated multivalent binding for
NP-EGF that increases with EGF loading (Figure 3.10a). The di erences between
the NPs are more pronounced in the EGFR overexpressing cell lines and somewhat
less distinct for MCF10A. Knowledge about the amount of gold associated with the
cells, facilitates an analysis of the ROS levels as function of the number of NPs associ-
ated with the cells (Figure 3.10b). The plots in Figure 3.10b show that the ROS levels
for NP-EGFg; in MDA-MB-231 and MDA-MB-468 lie systematically above those of
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NP-EGF;, and NP-PEG at comparable cellular NP concentrations. Higher ROS lev-
els for NP-EGFg; than for NP-EGF,, at the same NP concentration provide evidence
for an additional ampli cation mechanism of ROS generation that complements a

multivalent increase in binding and uptake.

Figure 3.10: Multivalent enhancement of NP-EGF mediated ROS generation as
measured by cellular uptake. (a) Au content per cell as a function of NP input con-
centration for NP-PEG (gray squares), NP-EGF;, (blue triangles), and NP-EGFg;
(purple circles) for MCF10A, MDA-MB-231, and MDA-MB-468 (from left to right)
(b) Cytoplasmic ROS as measured by CellROX Deep Red as function of NP deliv-
ered per cell for NP-PEG (gray squares), NP-EGF, (blue triangles), and NP-EGFg;
(purple circles) for MCF10A, MDA-MB-231, and MDA-MB-468 (from left to right).
Inset shows cytoplasmic ROS as a function of NP delivered per cell for NP-PEG and
NP-EGFj,. The data shown are from 3 independent experiments. All values are
means, and error bars are  s.e.m.

We attribute the observed higher ROS levels for NP-EGFg; than for NP-EGF,, at
identical cell-associated NP concentrations to the spatial clustering of EGFR
High local concentrations of receptors facilitate multiple EGF per NPs to bind to

spatially co-localized EGFR receptors. NP-EGFg; are expected to bind and activate
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more EGFR within the NP footprint than NP-EGF,, and this stronger activation
can account for a higher EGFR-dependent ROS generation for NP-EGF with higher
ligand density. Together, Figure 3.5 and Figure 3.10 indicate that a high EGF density
on the NPs leads to a multivalent ampli cation of both the average number of NPs
associated with a cell for any given NP input and the EGF-EGFR binding mediated

ROS generation per particle.

3.4 NP-EGF-induced ROS generation and EGFR phospho-
rylation

The global EGFR tyrosine 1068 (Y1068) phosphorylation levels induced by NP-EGF,
and NP-EGFg7 in the NP input concentration range of 0 - 100 pM (Figure 3.11a)
shows that for all cell lines, the maximum phosphorylation level was dependent on
the multivalency of the NPs, with NP-EGFg; generating higher levels of Y1068 phos-
phorylation than NP-EGF,. The di erence in Y1068 phosphorylation between NP-
EGFy, and NP-EGFg; was most pronounced for the EGFR overexpressing MDA-
MB-468 cell line. Next, Y1068 phosphorylation at ¢ ROS,ax obtained for NP-PEG,
NP-EGF1,, and NP-EGFg; were compared to each other and to free EGF at the same
e ective concentration as for the NP-EGF using western blotting (Figure 3.11b). In
Figure 3.11c, the intensity of phosphorylated EGFR (pEGFR) measured at Y1068
was normalized by the intensity of total EGFR protein. For all 3 cell lines, densit-
ometric analysis revealed that the ratio of pPEGFR/EGFR was signi cantly higher
after treatment with NP-EGFg; than for the non-treated cell control and free EGF.
In contrast, NP-EGF;, did not yield a signi cant increase over the non-treated cell
control. The gain in phosphorylation for NP-EGFg; compared with NP-EGF, and
free EGF con rms a multivalent enhancement of EGFR activation. The multivalent

enhancement of EGFR activation through NP-EGF indicated in Figure 3.11 is con-
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sistent with the ndings of previous study into EGFR activation through NP-EGF.
The prior work analyzed the e ect of multivalency on EGFR activation primarily in
the context of direct EGF-EGFR binding mediated receptor phosphorylation, without

evaluating a potential contribution of EGF-induced ROS.

Figure 3.11: Multivalent enhancement of NP-EGF-mediated EGFR phosphoryla-
tion. (a) NP-EGF;, and NP-EGFg;-induced Y1068 phosphorylation as quanti ed by

ow cytometry in the NP input concentration of 0 - 100 pM. (b) Western blots for
Y1068 and EGFR after a 10 min incubation of NP-EGF,,, NP-EGFg,, free EGF at
the same e ective EGF concentration (at ¢ ROSax) and supernatant of last NP-
EGF wash. -actin was included a loading control. (¢) Densitometric quanti cation
of pEGFR relative to total EGFR for the indicated conditions. All values are means,
and error bars are  s.e.m. Signi cance was compared to the non-treated cell control
using student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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To address this potential additional mechanism, the contribution of EGF-induced
ROS on the multivalent enhancement of Y1068 phosphorylation by NP-EGFg; at ¢
ROSax Was quanti ed using ROS-speci c¢ inhibitors, RTK inhibitor AG-1478, NOX
inhibitors (DPI and apocynin), as well as the mitochondrial inhibitor rotenone (Fig-

ure 3.12).

Figure 3.12: NP-EGF-mediated EGFR activation is modulated by cellular ROS lev-
els and NOX activity. (a) Western blots for Y1068 and EGFR. Cells were pretreated
with NAC, PEG-catalase, AG-1478, DPI, apocynin, and rotenone where speci ed,
prior to NP-EGFg; stimulation (at ¢ ROSax). -actin was included a loading con-
trol. (b) Densitometric quanti cation of pEGFR relative to total EGFR for the
indicated conditions. All values are means, and error bars are  s.e.m. Signi cance
was compared to NP-EGFg; treatment only (at ¢ ROSax) using student’s t-test, *P
< 0.05, **P < 0.01, ***P < 0.001, ns (not signi cant).

The densitometric analysis of the pPEGFR/EGFR ratio in Figure 3.12b revealed that
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in all 3 cell lines, pretreatment with NAC, PEG-catalase, and NOX inhibitors, as well
as with AG-1478 resulted in a decrease in Y1068 phosphorylation, whereas the mito-
chondrial inhibitor had no e ect. The inhibition pattern revealed by the densitometric
analysis of the western blots in Figure 3.12b provide evidence that EGFR phospho-
rylation at ¢ ROS,,x after NP-EGFg; treatment is modulated by cellular ROS levels
and NOX activity. This nding directly relates the multivalent enhancement of ROS
generation through NP-EGFg; with a gain in EGFR activation and suggests that NP-
EGFg;-induced ROS generation provides a measurable contribution to the receptor
activation obtained at ¢ ROS,,.x. Overall, the data con rm that multivalent NP-
EGF binding induces ROS generation which can in turn enhance EGFR-mediated

signaling.

3.5 Conclusion

The studies shown in this chapter investigated the e ect of multivalency on EGF-
induced ROS generation and its contribution to EGFR activation using NP-EGF
with an 81 1 nm diameter Au NP core and EGF densities of 12 7 EGF/NP
(NP-EGFy,) and 87 6 EGF/NP (NP-EGFg;) in three breast cancer cell models
(MCF10A, MDA-MB-231, MDA-MB-468). NP-EGF with input concentrations of
¢ ROSmax 25 pM (1 2175 pM EGF) induced a signi cant increase in cellular
ROS levels in the EGFR-overexpressing cell lines MDA-MB-231 and MDA-MB-468.
Importantly, this ROS generation was both EGFR- and NOX-dependent. NP-EGFg;
achieved stronger EGF-dependent ROS generation than free EGF or NP-EGFy,. The
multivalent enhancement of ROS generation observed for NP-EGFg; was driven by
an increase in NP-EGF binding as well as a higher density of EGF-EGFR binding
interactions within the footprint of the individual NPs. Importantly, the NP-EGF-

induced gain in ROS for NP-EGFg; was correlated with a measurable increase in
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EGFR phosphorylation, con rming that EGF-induced ROS formation contributes to
the multivalent enhancement of EGFR activation through NP-EGF. More generally,
our ndings support a feedback mechanism in which NOX enhance EGFR activation

through the ROS generated in response to EGF binding to EGFR.

3.6 Materials and Methods

Cell culture. MCF10A, MDA-MB-231, and MDA-MB-468 breast epithelial cell
lines were obtained from American Type Culture Collection (Manassas, VA, USA).
MCF10A cells were maintained in DMEM/F12 (Invitrogen) supplemented with 5%
horse serum (Invitrogen), 0.5 mg/mL hydrocortisone (Sigma-Aldrich), 20 ng/mL hu-
man EGF (Invitrogen), 10 g/mL insulin (Sigma-Aldrich), 100 ng/mL cholera toxin
(Sigma-Aldrich), 100 units/mL penicillin and 100 g/mL streptomycin (Invitrogen).
MDA-MB-231 and MDA-MB-468 were maintained in DMEM supplemented with 10%
fetal bovine serum (Invitrogen), 100 units/mL penicillin and 100 g/mL streptomycin
(Invitrogen). All cells were maintained at 37 C in a humidi ed atmosphere contain-
ing 5% CO,. For experiments, cells were plated (0.15  10° cells/mL) in 12-well

plates overnight and then serum starved for 18 h prior to experiments.

Inhibitor Treatments. Unless otherwise speci ed, all inhibitors were purchased
from Sigma-Aldrich. The inhibitors were rst dissolved in the speci ed solvents and
then freshly diluted in serum free media prior to experiments. NAC (250 mM in
1 PBS) was used at a nal concentration of 5 mM. PEG-catalase (40,000 U/mL in
diH20) was used at a nal concentration of 500 U/mL. Tyrphostin AG-1478 (1 M in
DMSO) was used at a nal concentration of 250 nM. DPI (0.02 M in DMSQO) was used
at a nal concentration of 20 M. Apocynin (0.05 M in DMSO) was used at a nal
concentration of 20 M. Rotenone (0.1 M in DMSO) was used a nal concentration

of 10 M. For inhibitors dissolved in DMSO, the nal % v/v of DMSO in serum free
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media did not exceed 0.1% . Where speci ed, cells were pretreated with inhibitors for

30 mins rst and then during the last 10 mins, free EGF or NP-EGF was added.

NP-EGF preparation. EGF recombinant human protein (1 mg/mL in 1 PBS,
pH 7.4) (Thermo Fisher Scienti c¢) was functionalized by adding 2 L of propargyl-
N-hydroxysuccinimidyl (NHS)) ester (Peptides International) solution (100 mg/mL
in anhydrous DMSO) and incubated on ice for 6 h at 4 C. The alkyne-functionalized
EGF was then dialyzed in 1  PBS using D-tube Dialyzer Midi (EMD Millipore) with
a molecular weight cut-o of 3.5 kDa for at least 24 h to remove excess NHS ester.
The alkyne-functionalized EGF was then stored at 20 C until further use. To func-
tionalize Au NPs, two thiol polyethylene glycol (PEG) molecules were used. PEG
1 (HS-CH,CH,-(C,H40)77-N3) (Nanocs Inc.) and PEG 2 (HS-(CHj)11-(C,H40)6)
(ProChimia Surfaces) were added to 24 mL of 80 nm Au NP colloidal solution (syn-
thesized via Turkevich method“") to give a nal concentration of 50 M for PEG 1
and 5 M for PEG 2. This mixture was incubated for 17 h at room temperature on
a shaker. Following the incubation period, the pegylated Au NPs were centrifuged
three times (2.4 krpm, 10 min) and washed with diH,O. After the last centrifugation
cycle, 10 L of the NP pellet was resuspended to 770 L 0.1 PBS. Then, 5 L of
alkyne-functionalized EGF was added to this mixture. To catalyze the click reaction,
8 L of catalyst solution was added. The catalyst solution was prepared by mixing
(1:1, v/v) ascorbic acid (17.6 mg/mL in diH,0) and CuSO, 5H,0 (5 mg/mL in
diH,0). The solution containing NPs, alkyne-functionalized EGF and catalyst was
incubated overnight at 4 C to make NP-EGFg;. To prepare NP-EGF,, the proce-
dural steps were identical to NP-EGFg;, except, 0.1 L of alkyne-functionalized EGF
and 1 L of catalyst solution was used and incubated at 4 C for 1.5 h only. After
the indicated incubation period, NP-EGF were cleaned three times by centrifugation

(2.4krpm, 10 min) and after the last centrifugation cycle, the NP-EGF pellet was
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resuspended with 0.1 PBS.

NP characterization. To determine the number of EGF per NP, a Human EGF
ELISA kit (Thermo Fisher Scienti c) was used following the protocol provided by the
manufacturer using 1 pM of NP (NP-PEG, NP-EGF). For SEM sample preparation,
a 30 |sample of NPs diluted in diH,O was added to a 0.5 0.5 cm? silicon wafer and
evaporated overnight. SEM imaging was performed on a Zeiss Supra 55VP at 5.00 kV
and a working distance of 7.0 mm. UV-Vis spectra were obtained on an Agilent Cary
5000 and diH,O was used for baseline correction. The hydrodynamic diameters and
zeta potentials of NPs were measured using a Malvern Zetasizer Nano ZS90. Deion-
ized water was used to dilute the NPs for hydrodynamic diameter measurements. To

measure the zeta potential, the NPs were diluted in 10 mM NaCl solution.

Cytoplasmic ROS detection. Cells were plated as described above. To detect
cytoplasmic ROS, cells were incubated with 1 M CellROX Deep Red Reagent (In-
vitrogen) in phenol red free medium for 30 mins at 37 C. For cell experiments, NPs
(NP-PEG, NP-EGF;,, NP-EGFg;) were added during the last 10 mins of CellROX
Deep Red incubation. Then, cells were rinsed 3 times with PBS and harvested. The
cell suspension was then centrifuged for 5 mins to obtain a cell pellet. Subsequently,
the cells were xed with 4% paraformaldehyde for 10 mins at room temperature. Af-
ter xation, cells were centrifuged and the cell pellet was resuspended in 500 L PBS
for ow cytometry. Flow cytometry acquisition was performed on a BD FACSCalibur

(BD Biosciences) and analysis was done using Flowing software 2.

Relative EGFR expression level using ow cytometry. Cells were plated as
described above. The cell culture media was removed and cells were detached with
500 L enzyme free cell dissociation solution (EMDMillipore) for 5 mins at 37 C for
MDA-MB-231 and MDA-MB-468. For MCF10A, a cellstripper solution (Corning)

was used to detach the cells for 20 - 30 mins at 37 C. Cells were subsequently
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quenched with 500 L resuspension media and collected by centrifugation. The cells
were xed with 4% paraformaldehyde solution at room temperature for 10 mins and
then centrifuged once. The supernatant was removed and 500 | of Anti-EGFR
A body FITC (abcam, ab81872) in 2% BSA solution was incubated with the cell
pellet for 1 h at room temperature. After that, the cells were centrifuged three times
and washed with 2% BSA solution. At the end of the last centrifugation cycle, the
supernatant was removed, and the cells were resuspended in 500 L of PBS for ow
cytometry. Flow cytometry acquisition was performed on a BD FACSCalibur (BD

Biosciences) and analysis was done using Flowing software 2.

Quanti cation of EGFR phosphorylation using ow cytometry. Cells were
plated as described above. The cells were washed once with 1  PBS and then incu-
bated with NP-EGF at the indicated concentrations for 10 mins in serum free media.
The NP solution was removed, and cells were rinsed several times with 1  PBS. Cells
were then harvested and collected by centrifugation. The cells were xed with 4%
paraformaldehyde solution at room temperature for 10 mins and then centrifuged.
Cells were then permeabilized with 0.1% Triton X-100 for 10 mins at room tempera-
ture and centrifuged. Next, the supernatant was removed and 50 L of phosphor-EGF
Receptor (Tyr1068) rabbit monoclonal antibody (PE conjugate) (Cell Signaling Tech-
nology, 1:75) was incubated with the cell pellet for 1 h at room temperature. After
an incubation period of 1 h, the cells were centrifuged three times and washed with
2% BSA solution. At the end of the last centrifugation cycle, the supernatant was
removed, and the cells were resuspended in 500 L of PBS for ow cytometry. Flow
cytometry acquisition was performed on a BD FACSCalibur (BD Biosciences) and

analysis was done using Flowing software 2.

Quanti cation of GSH/GSSG. The cellular GSH/GSSG was measured using the

GSH/GSSG ratio detection assay kit Il (Fluorometric green) following the manufac-
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turer’s protocol (Abcam, ab205811). Cells were plated as described above. After
incubating NP-EGF with cells for 10 mins at the indicated concentration, cells were
rinsed brie y with PBS. Then, cells were detached and centrifuged twice and washed
with ice cold 1 PBS. Ice cold 1 Mammalian Lysis Bu er (Abcam, ab179835) was
then added to the cell pellet to prepare the cell lysates. Lysates were deproteinized
using the TCA deproteinizing sample preparation kit (Abcam, ab204708) following
the manufacturer’s protocol. After deproteinization, the samples were ready to use.
After a 30 min incubation of lysates with the appropriate assay mixture in the dark,

uorescence (Excitation/Emission = 490/520) was measured using a uorescence mi-

croplate reader (Spectramax Mb).

Quanti cation of Au NP cellular uptake. Cells were plated as described above.
The cells were rinsed once with 1 PBS and then incubated with NPs (NP-PEG,
NP-EGF) for 10 mins in serum free media. After an incubation period of 10 mins,
the NP solution was removed, and the cells were rinsed 3 times with PBS before
harvesting. Cells were then pelleted by centrifugation and 30 L of 1 PBS was
added to the cell pellet. Aqua regia (600 L) was added to the 30 L cell solution
to dissolve the Au NPs. The mixture was then dried at 65 C for several hours and
then re-dissolved in HCI solution (2%, v/v). The Au content in the cell samples was

quanti ed using MP-AES (4200 MP-AES, Agilent).

Western Blot. Cells were plated as described above. Cells were treated as indicated
and then harvested and washed once with ice cold 1 PBS. The samples were then
boiled in 1 Laemmli sample bu er (BioRad) at 95 C for 5 mins. The protein sam-
ples were then separated by SDS-PAGE using a 10% polyacrylamide gel which ran
for 2 h at 120 V. The gel was then transferred to a nitrocellulose membrane (BioRad)
for 1.5 h at 400 mA. After protein transfer, the membrane was incubated with Pon-

ceau S (Sigma-Aldrich) staining solution to con rm proteins were transferred. The
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membrane was then rinsed a few times with 1 Tris-Bu ered Saline, 0.1% Tween 20
Detergent (TBST). Then, the membrane was cut (upper part for Y1068 and EGFR,
lower part for -actin) and subsequently blocked in 5% (w/v) non-fat dry milk pow-
der in 1 TBST with gentle rocking for 1 h at room temperature. The membrane
was washed several times with 1 TBST (5 min each) and then immunoblotting
was performed with the following primary antibodies overnight with gentle rocking
at 4 C at the indicated dilutions in 1 TBST: Y1068 (Cell Signaling Technology,
#2234, 1:1000) and -actin (Cell Signaling Technology, #4967, 1:1000). After the
overnight incubation, the membranes were washed several times with 1 TBST (5 min
each) and incubated with Amersham ECL peroxidase-conjugated secondary antibody
(Sigma-Aldrich, 1:8000 in 1 TBST) for 1 h at room temperature. The nitrocellulose
membrane was then developed by a chemiluminescent substrate (SuperSignal West
Pico PLUS Chemiluminescent Substrate, Thermo Fisher Scienti c¢) and then imaged
using the ChemiDoc Imaging System (BioRad). Then, the upper part of the full
membrane that was immunoblotted for Y1068 was stripped (Restore Western Blot
Stripping Bu er, Thermo Fisher Scienti c) for 25 mins at 37 C before reprobing for
total EGFR (Cell Signaling Technology, #2232, 1:1000). The intensity of the bands

was quanti ed using ImageJ.

Cell viability. The MTT (Sigma-Aldrich) assay was used to determine cell viability.
Cells were incubated with NPs (NP-PEG, NP-EGF4,, NP-EGFg;) at 37 C for 10 mins
in serum free media and then rinsed a few times with 1 PBS. Afterwards, cells were
incubated with 0.5 mg/mL MTT reagent in serum free media for 1 h at 37 C. Purple
colored formazan crystals were formed by the living cells following the reduction
of MTT by mitochondrial dehydrogenases. The MTT reagent was then removed
from the wells and the crystals were dissolved in a 1:1 solution of DMSO:ethanol.

The optical density (OD) at 570 nm was determined using a spectrophotometric
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microplate reader (Spectramax M5). The OD of the non-treated cells (control) was
considered equivalent to 100% viable cells and the cell viability (%) of NP-treated

cells was calculated from the respective OD values.

Statistical analysis. Unless otherwise noted, all experiments were performed in-
dependently in triplicates and data were expressed as means  s.e.m. Statistical
analysis was performed using student’s t-test. Values of *P < 0.05, **P < 0.01 and

***pP < 0.001 were considered statistically signi cant.
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Chapter 4

Future Directions

In summary, Chapter 2 and 3 demonstrates the versatility of Au NPs as nanoprobes
in investigating large-scale receptor clustering and second messenger mediated acti-
vation. Chapter 2 details the characterization of spatial receptor heterogeneity using
Au NP labels through hyperspectral PCM imaging. The design of Au NPs can also be
tuned to probe mulivalent ligand-receptor interactions, more speci cally, the role of
NP-EGF multivalency in ROS-mediated EGFR activation. Following the work pre-
sented herein in this dissertation, subsequent studies will focus on testing the role of
spatial EGFR clustering in specifying the mode of action of ROS. Furthermore, future
studies will also elucidate the role of proximity e ects in ROS-mediated EGFR sig-
naling enhancement. Previous studies”~“*"~ indicated lateral propagation of EGFR
activation in receptor clusters. However, it remains unclear whether ROS generation
after EGF ligand binding also contributes to lateral propagation mechanisms. The
enhancement in EGFR activation observed in locations of NP-EGF clustering can be
due to an increase in EGF-EGFR binding contacts or can have a contribution from

lateral signal propagation mediated by the formation of local H,O,.

Given the short lifetime of ROS second messenger molecules, it is likely that H,O,
is the predominant ROS generated and probes that can detect H,O, speci cally are
needed. The uorescent dye, CellROX Deep Red, used in Chapter 3 is not speci ¢ to

any ROS. Future work will incorporate a H,O, selective probe such as the commer-

71



cially available H,O, biosensor, HyPer“°>, HyPer probes are genetically encoded
uorescent indicators used for ratiometric detection of intracellular H,O, on the sub-
nanomolar to low nanomolar range. HyPer probes allow for detecting H,O, gradients

(Figure 4.1).

Figure 4.1: Detection of H,O, gradients using HyPer probe. Images of a migrating
cell at di erent time points. Upper and middle rows: uorescent images excited by
405 and 488 nm. Lower row: ratiometric images of the uorescence intensity at 488
and 405 nm. Addition of PEG-catalase reduces the gradient. Scale bar: 10 m.
Reprinted with permission from reference °°, = 2020 Elsevier.

The signal of HyPer probes can be mapped using uorescence microscopy. At the
same time, incorporation of a uorescent dye to Au NPs allows the NPs to be mapped
using uorescence microscopy as well. The comparison of the local H,O, signal for
a given EGF ligand density on the NP provides information about the NP-EGF
clustering levels and insights into whether NP-EGF clustering in receptor clusters
is involved in enhancing H,O, generation. The optical colocalization of NP-EGF
clustering with H,O, formation and EGFR phosphorylation will address the ques-
tion of whether EGFR clusters enhance H,O, generation and if this ampli cation

in turn also increases EGFR phosphorylation. Chapter 3 provided some insights in
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to ROS-mediated EGFR activation using multivalent Au NPs, but the proposed fu-
ture work involves understanding the role of spatial EGFR clustering (Chapter 2) in
ROS-mediated EGFR activation which is currently not well understood. A better
quantitative understanding about H,O,-mediated EGFR activation is important be-
cause, unlike in the case of EGFR phosphorylation through EGF ligand, H,O, does
not induce dimerization of EGFR. Redox signaling may represent a feasible drug

target in overcoming drug resistance in cancer therapies.
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Appendix A

Data Organization and Storage

The data presented in this dissertation can be found on the Boston University Re-

search Drive in the folder for Sandy Zhang in the Reinhard lab:
(U:neng.research _reinhard _Sandy Zhany

Below is a short introduction to the les in that folder. If you have any questions, I

can be contacted through email at szhang16@bu.edu.

Folder: Dissertation
This folder contains the nal thesis version in PDF, gure les, and the nal presen-

tation.

Folder: G2 Oral Exam

This folder contains my G2 oral exam presentation as well as written prospectus.

Folder: Order Forms

This folder contains the order forms for materials ordered for both projects.

Folder: Other
This folder contains conference material (poster + presentation) and SEM training

videos).

Folder: Paper 1

In this folder I have all the raw data and les associated with Chapter 2 in this disser-
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tation. The subfolder labeled as "Data™ is separated by di erent categories (confocal
microscopy, dark eld images, SEM, hyperspectral data, and dSTORM data). The
manuscript folder has all the drafts and nal gures used in the paper corresponding
to Chapter 2. The folder labeled as MATLAB codes contains the codes used for

analyzing data and for generating gures.

Folder: Paper 2

In this folder I have all the raw data les associated with Chapter 3 in this disserta-
tion. They are separated into di erent categories based on the technique or di erent
instruments used ( ow cytometry, MP-AES, ELISA, DLS, SEM, western blot). The
manuscript folder contains all the draft versions and the gures. This folder also

contains the presentations (group meetings, DAC meetings, etc.).

Folder: Review article

In this folder there are drafts and gures for the review article titled "Properties,
Fabrication, Characterization, and Applications of Lipid-coated Plasmonic Nanopar-
ticles: A Review". This folder contains the drafts, gures, and articles related to the

di erent sections of the review article.
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