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ABSTRACT OF THE DISSERTATION

Novel Materials and Methodologies for Surface-Based Label-Free Analysis of
Biomolecular Interactions

by

Cole Pattric Ebel

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2026
Dr. Quan Cheng, Chairperson

Biosensing technology represents a core and often underappreciated pillar upon
which most of the major discoveries in the life sciences rest. The development of new
biosensing materials and methodologies has continually enabled life-saving advancements
in medical diagnostics, drug discovery, and environmental monitoring, to name only a few
major areas. Surface-based biosensing techniques mark a major subclass of biosensors,
ranging from the simple colorimetric lateral flow assays found in COVID-19 tests to
powerful techniques used for characterizing the binding behavior of a broad range of
biological interactions. Among these is surface plasmon resonance (SPR), a highly
sensitive real-time biosensing modality that has been used extensively in the fields of drug
discovery, vaccine research, toxicology, and fundamental explorations of other biophysical
interactions. The aim of the work presented in this dissertation is the advancement of all

major aspects of the SPR sensing workflow, including the underlying plasmonic materials,

vii



the sensing biointerface, and experimental design. These developments enable, and are
utilized in combination with, numerous other analytical techniques for the exploration of
previously unanswered biophysical questions.

Chapter 2 presents the development and application of the rarely explored metal of
indium for use in thin film plasmonic sensing, thereby expanding the range of available
materials to researchers in the field. Chapter 3 focuses on the methodological
considerations for achieving optimal characterization of the binding kinetics of
therapeutics based on their valency, providing an experimental and analytical framework
for SPR analysis of drugs with non-standard binding behaviors. In Chapters 4 and 5, new
SPR biointerfaces are designed to quantify and correlate the effects of membrane
composition on lateral diffusion and transmembrane protein function. All of these
developments contribute to the overall aim of this dissertation, which is to provide tools
that inform our understanding of biological systems and enable both identification and

treatment of human disease.
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List of Figures

Figure 1.1. General scheme depicting the core components of a biosensor. Recognition
events occurring between the biointerface and analyte result in a response in the
transducing element that is converted to an electrical signal. This signal is then captured
and processed by a computer and converted to readable data.

Figure 1.2. Depiction of how incident angle affects the behavior or light when passing
between two materials with different refractive indices. Past the critical angle light
undergoes total internal reflection, generating a decaying evanescent field at the interface.

Figure 1.3. Illustration of the propagation of surface plasmon polaritons along a metal-
dielectric interface after surface plasmons are coupled to incoming light.

Figure 1.4. Illustration of the two most common setups for Kretschmann configuration
SPR sensing. A) Mechanical setup in which the entire prism and sensing surface is rotated
on a goniometer. B) Stationary setup where a linear CCD can sample all angles
simultaneously, including the change in resonant angle shown in yellow.

Figure 1.5. Illustration of how surface binding events are translated into real-time analysis
during an SPR spectroscopy experiment. The angle of minimum reflectivity is extracted
from reflectivity curves and plotted against time, with the change being roughly
proportional to the refractive index change at the surface.

Figure 1.6. Demonstration of the importance of reference subtraction for acquiring high
quality kinetic curves with SPR. Single reference subtraction (B) removes the influence of
bulk refractive index change on the sensorgram. Double reference subtraction (C) corrects
for ligand rinse off and differences in bulk refractive index response between channels.

Figure 1.7. A) Localized surface plasmon resonance of gold nanoparticles. Incident light
(blue) cause rapid oscillation of conduction band electrons, greatly increasing free electron
density around the surface of the particles. B) Illustration of an FDTD simulation showing
the strong field enhancement created in the gap between two nanoparticles — the basis of
SERS.

Figure 1.8. Plots comparing the real (A) and imaginary (B) components of the dielectric
functions for gold, silver, and aluminum from 200-1600 nm. C) Plasmonic tuning ranges
of gold, silver, and aluminum.

Figure 1.9. Demonstration of the effects of film thickness on simulated SPR reflectivity
curves. A) SPR curves of gold films at different thicknesses in water (n = 1.33), coupled
with a BK-7 prism (n = 1.51). When too thin (20 nm), the films demonstrate a very broad
resonance, while it becomes shallow then too thick (80 nm). B) Demonstrates effects of
the oxide layer (Al2O3) on a 12 nm aluminum film with increasing thicknesses shifting and
broadening the reflectivity dip.
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Figure 1.10. An overview of the structural diversity of gangliosides. Gangliosides are
composed of an oligosaccharide headgroup containing at least one sialic acid attached to a
ceramide tail. Headgroup structure determines ganglioside nomenclature. Sialic acid
structure also varies depending on the source.

Figure 1.11. Overview of the three most common methods for bilayer formation on sensing
surfaces. A) Supported lipid bilayers can be spontaneously formed on hydrophilic surfaces
such as silica through incubation of vesicle suspensions. B) Tethered lipid bilayers can be
formed on pre-functionalized surfaces (usually through gold-thiol bonds), creating a sub-
membrane hydration layer that accommodates transmembrane proteins and diffusion
across the membrane. C) Incorporation of large polymers such as polyethylene glycol
(PEG) can allow for single-step bilayer formation on hydrophobic substrates and provides
a hydration layer similar to tethered bilayers.

Figure 1.12. Schematic illustration of fluorescence recovery after photobleaching on a
supported lipid bilayer containing fluorophore labeled lipids. Top-down views of the
surface and corresponding intensities within the bleach area are plotted against time. The
time points correspond to pre-bleach (1), immediate post-bleach (2), half-time recovery
(3), and final recovery (4).

Figure 2.1. Schematic illustration of fabrication of plasmonically active indium thin films
using e-beam physical vapor deposition (left). After deposition, a passivating oxide layer
quickly forms upon exposure to air (middle). A conductive chromium adhesion layer
between the glass and indium layers rescues propagating surface plasmon resonance
response from interruptions caused by gaps between indium grains (right).

Figure 2.2. Calculated reflectivity curves of 20 nm and 40 nm indium films after oxidation.
The 20 nm film was determined to be optimal for SPR and SPRi applications. The 40 nm
film still promises a usable plasmonic response while achieving better surface coverage.

Figure 2.3. SEM images at 30 kx magnification (scale bars = 2 um) of a 40 nm In film on
glass (A) and 2 nm of chromium (B). C) Histogram showing the particle size distributions
of the two films. D) Comparison of a 2/40 nm Cr/In film reflectivity spectrum with that of
a typical gold SPR film. Curves were acquired on the same SPRi instrument with water (n
= 1.33) in the flow cell.

Figure 2.4. Surface XPS analysis comparison of the two films showing a reduction in gaps
and complete coverage of non-conductive Si (A and B). The bottom curves show In 3d
orbital XPS depth profiles of C) 20 nm In film on glass and D) 2/40 nm Cr/In film.

Figure 2.5. Compositional analysis of A) 20 nm In film and B) 2/40 nm Cr/In films during
XPS depth profiling.

Figure 2.6. A) Refractive index response of 2/40 nm Cr/In film using sucrose solutions
(0.5-10.0% w/v). B) Refractive index response of 2/50 nm Cr/Au film using sucrose
solutions (0.5-10.0% w/v). C) Comparison of the angle shift response to refractive index
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change for 2/40 nm Cr/In and 2/50 nm Au. D) Comparison of sensitivity between the two
films represented as °/RIU.

Figure 2.7. A) GIXRD scans of ~26 nm In»Os films sputtered on silicon wafers and glass
slides compared to the bare substrates. B) GIXRD scan of 40 nm In film deposited on a
glass slide. All ordered crystalline peaks correspond to metallic indium, but a broad
amorphous peak corresponding to those observed on the sputtered films is also observed
(top right).

Figure 2.8. A) Refractive index vs. wavelength for sputtered In,O; films at varying
thicknesses and SE-calculated thicknesses. The data was collected by spectroscopic
ellipsometry with a transparent film model (k = 0). B) Refractive index at A = 382 nm vs.
film thickness plot showing the transition from bulk to thin film properties around 40 nm.
C) Real (n) and imaginary (k) refractive index vs. wavelength for the ~150 nm In>0O3 film
collected by ellipsometry with an absorbing film model.

Figure 2.9. Comparison of SPR reflectivity curve models utilizing best available refractive
index values from literature** at 650 nm (n = ~2.10, k = ~0.009) and values we acquired
experimentally (n = 1.964, k = 0.0024). The model uses an optimized metallic indium
thickness at 16 nm, with varying oxide thicknesses to illustrate the increasing importance
of accurate optical constants as film thickness increases.

Figure 2.10. A) 2D AFM and B) 3D image of a 3x3 um section of a 40 nm indium film on
glass with a resolution of 1024x1024 pixels. A 1x1 pm section of this image was used for
FDTD simulations.

Figure 2.11. A) Top-down image of 40 nm In/In,O; films obtained by AFM (scale bar =
200 nm) that was converted to an STL. B) Film model imported to FDTD software and
placed on a 1x1x1 um glass cube. C) Example of a frequency-domain field profile of a Z-
plane on the oxidized film under 382 nm excitation. D) Maximum Ejoc/Einc for oxidized
and unoxidized films under 382 nm and 532 nm excitement and the corresponding EF
determined by the EF = |E|* law. The oxide positively effects the enhancement under near-
UV excitation, but not at 532 nm.

local

Figure 2.12. Heatmaps of the z-planes where the highest observed 2

incident
each simulated film. A) 382 nm excitation with oxide. B) 382 nm excitation without oxide.

C) 532 nm excitation with oxide. D) 532 nm excitation without oxide.

was found for

Figure 3.1. Demonstration of NTA capture and regeneration consistency for the ligand
used in this work. A) Left axis shows ligand capture is extremely consistent across the all
cycles of the experiment. Right axis shows the raw SPR response before ligand capture
across each cycle, with no drift up indicating complete regeneration. B) Overlayed
sensorgrams showing cycle to cycle consistency for ligand capture and rinse, indicating
highly accurate blank subtraction.
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Figure 3.2. Kinetic SPR plots for the MA1 (A), MA2 (B), and MA3 (C) acquired under
the same conditions on sensor chip NTA. Strong overlap between the experimental data
and the kinetic fits can be observed along with distinct kinetic profile differences between
the novel analytes in this work (MA1 & MA?2) and the literature analyte (MA3).

Figure 3.3. A) Double reference subtracted sensorgrams for BA1 on sensor chip NTA. B)
Sensorgram without blank subtraction, showing clearly that injections of the bivalent
analyte reduce ligand rinse off compared to a buffer blank, explaining the lack of
dissociation observed after blank subtraction.

Figure 3.4. Potential mechanisms for reduced ligand dissociation from sensor chip NTA
when using bivalent analytes. A) Illustrates a doubly-bound analyte decreasing the
likelihood of ligand dissociation by keeping it in proximity to the surface. B) Free-floating
dissociated ligand may be recaptured by free warheads on the singly-bound bivalent
analytes.

Figure 3.5. A) Labelled full sensorgram of the process for covalent capture on sensor chip
NTA. The use of an NTA chip allows for preconcentration of ligand near the surface
without needing to induce negative charge through the use of low pH buffers. B) Initial
testing of BA1 on the covalently linked NTA surface showed artifacts such as negative
shifts at low concentrations and upward drift during dissociation, making kinetic insights
unreliable.

Figure 3.6. Results of initial testing of CA1 on sensor chip NTA. At 25 °C (A), clear
covalent binding shifts are apparent, particularly at higher concentration. At 37 °C (B), the
experiment completely fails due to accelerated ligand rinse off.

Figure 3.7. A) Ligand capture shift plotted vs the dilution factor of the cap-tagged ligand
stock. Single cycle kinetic sensorgrams of BA1 (B) and BA2 (C) at concentrations of 0.2 -
125 nM in 5-fold dilutions.

Figure 3.8. A) 800 second injections of BA1 at different concentrations demonstrating
how it may be impossible to reach steady state below Rmax for analytes with very slow
dissociation. B) Single cycle kinetic sensorgram of BA1l from 0.33 — 81 nM in 3-fold
dilution steps. Three distinct Rmax values can be observed as higher concentrations favor
the bivalent analyte being singly bound to the ligands.

Figure 3.9. Single cycle kinetic sensorgrams of BA1 (A), BA2 (B), and MA1 (C) with
concentration ranges of 8 pM to 25 nM in 5-fold dilution steps. Fitted line (black) was

generated using a bivalent binding model for BA1 and BA2, and a 1:1 fitting model for
MAL.

Figure 3.10. Single cycle kinetic sensorgrams of CAl at 25 °C (A) and 37 °C (B) with
concentrations between 15.625-1000 nM in 2-fold dilutions, showing clear covalent
binding. Higher temperatures seem to drive higher rates of covalent binding despite less
affinity for the initial reversible interaction.
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Figure 4.1. Illustration of the structural modifications incorporated into the diverse
ganglioside library utilized in this study. Key variations include glycan headgroup
composition, sialic acid structure, ceramide chain length, and the position of fluorescent
tags. These synthetic gangliosides are incorporated into biomimetic lipid bilayers for the
investigation of their effects on the diffusion properties of membrane lipids and the binding
affinity of membrane-associated proteins.

Figure 4.2. Synthesis of (A) N-hydroxysuccinimidyl 18-[(9-
fluorenylmethoxycarbonyl)amino]octadecanoate, (B) 2-azido-octadecanoic acid, and their
use in the preparation of ganglioside derivatives (C) 18-NBD-GM3 (d18:1; 18:0) and 18-
NBD-GM1 (d18:1; 18:0), as well as (D) 2-NBD-GM3 (d18:1; 18:0) and 2-NBD-GM1
(d18:1; 18:0).

Figure 4.3. FRAP recovery curves (left) and fluorescence images (right) of
POPC:CH:SP:DGS-NTA membranes containing 1% A) NBD-PE, B) 2-NBD-GM3, and
C) 18-NBD-GM3.

Figure 4.4. Comparison of diffusion coefficients of NBD-PE, 2-NBD-gangliosides, and
18-NBD-gangliosides on 58:30:10:1:1 POPC:CH:SP:DGS-NTA:NBD SLBs before and
after incubation with EGFR-ECD.

Figure 4.5. Tail group effects on NBD-PE lateral diffusion in POPC:CH:SP SLBs. A)
Synthetic GM3s with fatty acyl chain lengths between 14 and 22 carbons show an inverse
relationship between length and diffusion. The 22:0 GM3 containing membrane has similar
diffusion to a membrane containing bovine milk derived GM3. B) Increasing the length of

the sphingosine from 18 to 20 carbons results in a substantial reduction in membrane
diffusion.

Figure 4.6. High-resolution mass spectrum (HRMS) of bovine milk ganglioside GM3
purchased from Avanti Polar Lipids (Cat. # 860058). The labelled peaks correspond to
GM3 (d18:1) with varying fatty acyl chain lengths.

Figure 4.7. Membrane effects of GM3 sialic acid modifications. A) Differences in
diffusion of NBD-PE in 58:30:10:1:1 POPC:CH:SP:NBD-PE:GM3 SLBs containing 1%
GM3 (d18:1; 18:0) with different sialic acids. B) Comparison of the zeta potentials of 95:5
POPC:GM3 vesicles and plain zwitterionic POPC vesicles.

Figure 4.8. Diffusion coefficients of NBD-PE in 59:30:10:1 POPC:CH:SP:GM3
membranes containing 1% NeuSAc, Neu5Gc, and fluorinated GM3 plotted versus the zeta
potentials of vesicles composed of 95:5 POPC:respective GM3. Larger zeta potentials
appear to be correlated with lower membrane diffusion, but the trend is not perfectly linear,
indicating other factors other than charge may be affecting ganglioside cluster formation.

XVvi



Figure 4.9. Single cycle kinetic SPR data for the EGFR-EGF interaction on an NTA sensor
chip. The injected EGF concentrations were 0.33—81 nM in generated through 3-fold serial
dilutions.

Figure 4.10. A) Sensorgram showing the capture of 55:30:10:5 POPC:CH:SP:DGS-NTA
vesicles on sensor chip L1. B) Reference subtracted sensorgram showing each step in the
cycles of EGFR capture and regeneration. NiCl, in water is loaded on the active channel
followed by EGFR, with extremely stable capture observed afterwards. Injection of EDTA
fully removes the captured EGFR, restoring the surface for the next kinetic cycle.

Figure 4.11. A) Schematic illustration of surface functionalization, kinetic analysis, and
regeneration of the membrane-captured EGFR SPR platform. B) Representative single-
cycle kinetic sensorgrams and corresponding fits for the EGFR-EGF interaction measured
on a supported lipid bilayer (SLB) and an NTA chip interface. C) Comparison of affinity
values (Kp) for the EGFR-EGF interaction obtained using lipid bilayers with varying
ganglioside compositions and a commercial dextran-based NTA chip. The captured
vesicles were composed of a molar ratio of 50:30:10:5:5 POPC:CH:SP:GM3:DGS-NTA
(55:30:10:5 for membranes lacking GM3). No statistically significant differences in
affinity were observed among the membrane compositions tested, but they all exhibited
substantially lower Kp values than those measured using the commercial NTA chip.

Figure 4.12. Triplicate SPR single cycle kinetic sensorgrams for the EGFR-EGF
interaction on a 55:30:10:5 POPC:CH:SP:DGS-NTA membrane surface. The EGF
concentrations are between 0.33 and 81 nM made through 3-fold serial dilution.

Figure 5.1. Scheme showing the formation of cell blebs, their isolation from the cellular
media, and their reconstitution on a solid substrate for biosensing applications.

Figure 5.2. Overlayed brightfield and fluorescence images of annexin V-stained HelLa
cells. A) Untreated control (no annexin V). B) Healthy cells. C) 3-hour serum-starved. D)
3-hour chemical treatment.

Figure 5.3. Brightfield images of HeLa cells at different stages of the osmotic shock
blebbing process. A) Pre-treatment. B) In hypotonic PBS. C) In vesiculation buffer after
shaking.

Figure 5.4. Western blot of HeLa cell lysates and blebs samples. No EGFR was observed
for the serum starved or chemical treated blebs. Samples for loading into the lanes were
prepared either in the maximum possible concentration of lysate/bleb solution or with one-
half of that amount.
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Figure 5.5. Overlayed brightfield and fluorescence images of A431 cells treated with
annexin V. A) No annexin V control. Cells after 2 hours (B), 4 hours (C), and 6 hours (D)
of serum starvation. E.) Healthy cells. Cells after 2 hours (F), 4 hours (G), and 6 hours (H)
of chemical treatment.

Figure 5.6. Brightfield images of A431 cells at different stages in the osmotic shock
process. A) Pre-treatment. B) Hypotonic PBS. C) Vesiculation buffer. D) Vesiculation
buffer after shaking.

Figure 5.7. Nanoparticle tracking analysis results comparing the size of A431 blebs
generated through A) serum starvation, B) chemical treatment, C) and osmotic shock. Note
the osmotic shock blebs were extruded through a 200 nm filter prior to analysis, and table
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Figure 5.8. A) Sensorgram showing the capture of A431 osmotic shock blebs on a Biacore
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detection of anti-EGFR binding.
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Chapter 1: Introduction and Background
1.1 Introduction

Over the past century, there have been tremendous improvements in the
identification, understanding, and treatment of all manner of human diseases. Crucial and
perhaps underappreciated in all of these areas are the numerous concurrent advancements
that have been achieved in biosensing technology. This chapter provides background on
biosensing as a whole, along with the foundational knowledge needed to understand the
subdomains and biological systems relevant to subsequent chapters. Here we will cover a
range of techniques relevant to the biosensing workflow, including those involved in the
fabrication, characterization, and deployment of new biosensing platforms, with particular
emphasis placed on surface plasmon resonance (SPR). Finally, background will be
provided on the development of biomimetic lipid bilayer biointerfaces along with some

systems in which their deployment helps to elucidate fundamental biophysical interactions.
1.2 Biosensing Overview

At their most fundamental level, a biosensor is a device that utilizes a biological
recognition element along with a transducing unit to convert a biorecognition event into a
measurable signal (Figure 1.1). Given this relatively broad definition, there exist an
incredible diversity of biosensing devices in terms of not just the utilized biorecognition
and transduction elements, but also the formfactor, accessibility, and the clinical,
environmental, and industrial contexts in which they’re deployed. The main broad areas of

biosensor deployment include medical diagnostics,! drug development,”> and



environmental monitoring.®> Each specific application within these areas requires careful
design and optimization of the biosensing platform to achieve the required sensitivity and
limit of detection without compromising on needed practical elements such as portability,
cost, and needed user expertise. Meeting these requirements demands careful selection of

the sensing and detection modalities, as well as the biorecognition element.
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Transducer Output Data

Figure 1.1. General scheme depicting the core components of a biosensor. Recognition
events occurring between the biointerface and analyte result in a response in the
transducing element that is converted to an electrical signal. This signal is then captured
and processed by a computer and converted to readable data.

The three major classes of biosensor transduction/detection elements are optical,
electrochemical, and mass-based, with multiple subdivisions within each. Mass-based
sensors rely on changes in mechanical or oscillatory behavior after binding events, and
include those based on piezoelectric effects such as quartz crystal microbalance (QCM)
and surface acoustic wave (SAW), as well as cantilever-based sensors with sensing
resulting from beam deflection caused by mechanical stress changes after binding events.*
The primary advantages of these mass-based detection methods are their universal
applicability. Detection is not dependent on, or affected by, the chemical or optical nature
of the analyte, thereby allowing for consistent real-time detection across a range of analyte

classes without the need for labelling, specific electrochemical properties, or complex



optical setups. Mass-based sensors have been deployed for numerous applications
including detection of exosomes,’ microbial monitoring,® and enzymatic processes’ to

name a few.

Electrochemical biosensors are extremely popular and have long been utilized, with
many compelling advantages. First, they generally offer higher sensitivity than mass-based
sensors and can often match or exceed the sensitivity of optical sensors depending on the
sensing scheme and analyte.® Furthermore, with recent developments in nanofabrication
techniques, they can be easily scaled down to allow for multiplexing and high portability
without sacrificing sensitivity.” Direct electrical readouts also contribute to their
compactness by avoiding the need for multiple lasers, alignment, and detectors to convert
incoming light to an electrical signal. Finally, electrochemical sensors are far less sensitive
to interference from non-specific binding and light absorption, making them often superior
to optical sensors, but almost universally superior to mass-based sensors for biosensing in
complex matrices.!® For these reasons, electrochemical sensors are the most commonly
utilized biosensor subdivision for point-of-care and commercial diagnostics. The most
well-known example of their deployment is in glucose sensors for diabetics, but they’ve
also seen extensive use in the monitoring of various other disease-related metabolites in

humans as well as the study of various bacterial toxins.!!

Optical biosensing, which is the primary modality discussed in this work, is the
most diverse and widely utilized biosensing methodology in modern research, particularly
in the fields of cell and molecular biology.!? This subdivision can be further broken into

the categories of labelled and label-free biosensing. Of the two methods, labelled
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techniques are utilized far more commonly in both research and commercial settings owing
primarily to their high sensitivity and specificity, ability to be multiplexed, and the diversity
of methods for signal generation and detection.!® Labelled biosensing techniques can
generate signals through fluorescence, luminescence, or absorbance changes as binding

events occur.

Absorbance, also often referred to as colorimetric, biosensors are valued for their
simplicity and ability to be integrated into commercially available devices in which analyte
binding events can be observed with the naked eye. The most common examples of these
types of sensors are pregnancy and COVID lateral flow assays in which antibodies
conjugated to a colorimetric reporter are captured on the test line in the presence of an
antigen. While inexpensive and rapid, they have many notable downsides in terms of the
sensitivity (false negatives), reusability, quantification (only provide yes or no binding),
and specificity (false positives).!*!> Luminescence-based assays offer substantially
improved sensitivity, quantification, and specificity, but the more complex reagent
requirements generally limit their usage primarily to professional settings.' The well-
established and robust horseradish peroxidase (HRP) detection methods are utilized
extensively in the detection of clinical biomarkers as well as environmental and food
contaminants, primarily through antibody sandwich assays. Despite these many positive
qualities, luminescence assays are fundamentally limited by the transient nature of their
enzyme-based signal generation, with depletion of the substrate often precluding use in

longer experiments.



Fluorescence-based biosensing combines many of the advantages of luminescence,
with improved compatibility with experiments requiring multiplexing and long observation
times.!” The rapidly expanding library of fluorescent molecules offers researchers
numerous options in terms of excitation and emission wavelengths, brightness,
photostability, and biocompatibility, enabling highly tailored sensing strategies for a wide
range of analytes and biological environments.'® Though many fluorescence techniques
carry complex and expensive instrumental requirements, their distinct advantages often
justify their use in research and clinical contexts where the infrastructure is available. The
uses of fluorescence biosensing are extensive with some examples including clinical

diagnostics,'? drug discovery,?® cell imaging,?' and environmental monitoring.??

However, all fluorescence-based methods carry one fundamental quality that may
or may not have an effect on experimental results — the fluorescent label. While incredibly
difficult to identify, the size, structure, and location of the fluorescent tag on an analyte or
biorecognition molecule can perturb the conformation, binding affinity, and/or biological
activity of the labelled molecule.?*?* This effect is particularly important to consider when
measuring the binding affinity of small molecule drugs where the fluorescent tag may be
comparable in size to the drug it is attached to. Furthermore, the use of fluorescent tags can
introduce other complications to the measurement of biorecognition events through
increased assay complexity and cost introduced by the labelling process. Additionally,
temporal changes in fluorescent intensity via photobleaching can lead to substantial run-
to-ruin variability. These limitations create a need for techniques that provide many of the

benefits of optical biosensing without the need for labels.



Many label-free optical biosensing techniques are utilized extensively across
industrial (particularly pharmaceutical) and academic research to fill roles where the
aforementioned limitations of labelled techniques may make them unsuitable.?> Label-free
optical biosensors generally achieve sensing through two phenomena — refractive index
change and interference change. Interferometric biosensors measure the constructive
and/or destructive interference patterns that arise on functionalized surfaces after binding
events, compared to a reference. Some examples of techniques utilizing this effect include
Mach-Zehnder, Fabry-Pérot, and biolayer interferometry (BLI), with BLI being routinely
utilized in drug discovery pipelines.?® As an alternative to interferometric sensing, many
techniques have emerged to elucidate binding events on a substrate based on the
accompanying refractive index change. Some examples include SPR spectroscopy,
localized SPR (LSPR), waveguide, and ring resonator sensors, which all operate on the
principle of total internal reflection (TIR) and the resulting evanescent field generation —
an optical phenomenon that will be reviewed in more detail in the next section. These
techniques are able to achieve exceptional sensitivity, with SPR specifically seeing
widespread adoption into drug discovery processes due in part to its reproducibility and

reliability.?**’



1.3 Surface Plasmon Resonance Fundamentals

Put very generally, surface plasmon resonance sensing operates at the nanoscale,
where it is achieved by measuring the change in matching conditions of light with the
substrate as binding events occur. At both the fundamental and practical level, however,
there exists considerable diversity in how the SPR effect is physically realized and
translated into a biosensing measurement. Thus, the SPR biosensing developments
reported in this thesis must first be understood in the context of a solid theoretical

framework, which is therefore established here before proceeding.
1.3.1 Evanescent Field Theory

The fundamental optical phenomenon that underpins the usage of SPR as a sensing
methodology is the total internal reflection of incident light and the accompanying
generation of an evanescent field that extends into the sensing medium. Though it is
important to note that while TIR is not a necessary condition for achieving evanescent field
excitation, having a clear angle of minimal light reflection is crucial for the most common
SPR spectroscopy and imaging setups.?® In TIR configurations, incident light is passed
through one medium into another medium with a different refractive index, with these

refractive indices commonly denoted as n; and no.
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Figure 1.2. Depiction of how incident angle affects the behavior or light when passing
between two materials with different refractive indices. Past the critical angle light
undergoes total internal reflection, generating a decaying evanescent field at the interface.

The behavior of the light upon reaching the interface between the two media is
highly dependent on its incident angle (Figure 1.2). Snell’s law defines the critical angle
(0¢) as the minimum angle at which light no longer enters the second medium, instead being
refracted perpendicular to the interface. The critical angle can be derived mathematically

from Snell’s law using the following equation:
0 = sin’! (3) (1.1)

Beyond the critical angle, light is considered to be entirely reflected back into the
first material with no refraction into the second medium or perpendicular propagation.
However, while the reflection is complete it does not mean that nothing is occurring past
the interface, with the oscillating electrical and magnetic fields of the incoming light still
extending a short distance into the second material. This phenomenon is known as an

evanescent field, with its strength decaying exponentially as the distance from the interface



increases. The wave vector of the field (kev) in nondispersive media can be determined by

the following equation:

kev =

ale

nsing (1.2)

The terms @ and ¢ denote the angular frequency and speed of light (in a vacuum)
respectively. The refractive index of the medium that the light is traveling through (n; in
equation 1.1) is denoted simply as #. This equation can be modified for easier use with the

following relationship:
2mc = w (1.3)

Integrating this relationship into equation 1.2 provides the final wave vector equation in
terms of the wavelength of incoming light (1), which is a more relevant parameter in

experimental and instrumental design:

key = ZTnsin® (1.4)

Similar to the wave vector, the wavelength of incoming light also affects the
distance into the second medium that the evanescent field can extend, commonly referred
to as the penetration depth. The approximate value can be determined quite simply by
dividing 4 by two (4/2), with depths between 100-300 nm common in typical SPR setups.
However, it can be determined more accurately through more complex mathematical
relationships.?” This is relevant to sensing because it defines the maximum distance into
the second medium where the refractive index (n2) will affect the critical angle. To explain

more clearly how the evanescent field is used in SPR biosensing applications, changes in



the local refractive index within the evanescent field (e.g. during binding events near the
substrate) can be indirectly identified from changes in the detected reflectance profile of

the incident beam.
1.3.2 Surface Plasmons and Polaritons

To utilize this sensing methodology effectively in practice, the change in the profile
of reflected light must be highly distinct, behave consistently, and provide high sensitivity.
Unfortunately, simple critical angle/reflectance tracking on a glass slide, for example, is
not able to fulfill these requirements, with broad reflectance curves making minimum angle
identification difficult, thereby increasing baseline noisiness.?**° Luckily, these limitations
have long been resolved through the integration of metal films as the sensing substrate.
Conduction band electrons in metals form a free electron gas at their surface that is subject
to fluctuations from equilibrium, with the restoring forces from the positively charged
metal ions causing coherent oscillations along the interface known as surface plasmons.>!
Important for biosensing, these surface plasmons are able to couple with incoming light,
provided proper matching conditions are satisfied, leading to strong absorption of the light

and a characteristic plasmonic dip.

The exact conditions by which coupling can be achieved are dependent on a
multitude of factors. From a material perspective, the reflectance behavior of different
metals can be predicted based on the real and imaginary components of their refractive
indices®? (n and k respectively) at single light wavelengths and polarizations using two

Fresnel equations:
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n,cosfj — n,cosb

T = 1.5
P n,cosfi + nycosb ( )

n,cosf; — npcosO

(1.6)

S =
n,cosf; + nycosH

It is important to note that the values n1 and n> shown here correspond to the complex
refractive indices of the materials whereby n1, for example, is equal to n; + ik;. These
equations also represent a simplified two-layer scheme that is not directly applicable to
plasmonic systems because the absorption of incoming light is dependent on momentum

coupling of the surface plasmons and the incident light.

Predicting plasmonic/reflective behavior of a film in these setups requires more
complex mathematical modelling that integrates the Lorentz-Drude electron transport in
materials model. The refractive indices of the material determine the reflectivity coefficient

(R), with the relationship represented mathematically below:

_ (n—-1)%+k2
(n+1)2+k2

(1.7)

Using this formula, software packages are able to generate reflectivity curves for defined
metal thin films at specified wavelengths with high accuracy based on experimentally
determined n & k values.>** However, identification of why particular metals are
plasmonically active and their optimal coupling wavelengths requires a deeper
understanding of the properties of the material. Every metal has a unique frequency for the
oscillations of its conduction band electrons known as the metal plasma frequency (wp),
which is dependent on the free electron density (n¢), determined based on the following
equation:
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_ NAZpm
ne = 2aZPm (1.8)

Here Na is equal to Avogadro’s constant, Z is the number of free electrons, and pm is the
density of the metal. With this value determined, the plasma frequency can then be

calculated using the following equation, where e and m are the charge and mass of an

electron respectively, and o is the permittivity of free space.

w2 =T (1.9)

P me

With the plasma frequency now determined, understanding the plasmonic response
requires understanding how, based on the w,, the metal responds to an applied
electromagnetic field. The quantitative measure of this relationship is denoted by the
dielectric constants, broken down into their real (¢) and imaginary (&;) parts, calculated
with the metal’s damping frequency (/") at a particular frequency of incident light (w) as

follows:

2

_ @p
a=1- Irr? (1.10)

1 wir
& —w(w2+F2) (1.11)

These calculated dielectric constants can next be converted into the real and imaginary

refractive indices for non-ferromagnetic metals using:

(1.12)
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(1.13)

These refractive index values can be used in conjunction with equation 1.7, thus completing
the process for generating reflectivity curves based on the fundamental electronic and
physical properties of the metal. This provides a method for understanding or predicting
plasmonic behavior in situations where experimentally obtained » and k& values are

unavailable or unreliable.

\{/ \’/ \1/ \’/ Metal

Coupling Element

hv

Figure 1.3. Illustration of the propagation of surface plasmon polaritons along a metal-
dielectric interface after surface plasmons are coupled to incoming light.

These mathematical modelling techniques allow for the assessment of optimal film
materials for plasmonic sensing without costly fabrication and experimentation, but this
gives rise to the question of what photonic behavior makes for an optimal substrate for
biosensing. As was alluded to earlier, the coupling of incident light and the surface plasmon
wave is the critical process. These coupled photonic and electronic waves, referred to as
surface plasmon polaritons (SPPs), are quasiparticles that propagate perpendicular to the

metal surface at the interface with a dielectric material (Figure 1.3). The formation of SPPs
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is accompanied by the generation of a strong evanescent field and can be visualized
experimentally as a drop in reflectance resulting from light being tightly confined to the
surface. Generally, an optimal surface should show a significant drop in reflectance at a
narrow range of incident angles, with the shape and magnitude of this drop having large

implications on sensing performance.”
1.3.3 Surface Plasmon Resonance Spectroscopy

With a solid understanding of what surface plasmons and evanescent fields are, and
the photophysical or electromagnetic processes dictating their formation established, the
obvious question that arises is how they’re harnessed together to achieve sensing in SPR
setups. Standard SPR configurations are composed of a plasmonic thin metal film, light
source, detector, fluidic channels, and a coupling element. Beginning with the coupling
element, if generation of SPPs is the goal, the frequency and momentum of incident light
must match those of the surface plasmons. To achieve this experimentally requires the use
of a coupling element such as a high refractive index prism or grating, with prisms being
used most commonly.*® Just as critical as the presence of the coupling element are the angle
and wavelength of the incident light, with the optimal values determined by the metal film
and its thickness, as well as the refractive index and geometry of the coupling element.
Given the need to balance all these factors to obtain a strong response within an
experimentally feasible angle and wavelength range, the value of computationally

modelling the reflectivity curve becomes more apparent.
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A) Mechanical B) Stationary

Figure 1.4. Illustration of the two most common setups for Kretschmann configuration
SPR sensing. A) Mechanical setup in which the entire prism and sensing surface is rotated
on a goniometer. B) Stationary setup where a linear CCD can sample all angles
simultaneously, including the change in resonant angle shown in yellow.

For spectroscopic SPR, the Kretschmann configuration where the plasmonic metal
film is in contact with the prism is often the first choice, though other options such as the
Otto configuration were utilized historically.’”® In these configurations, light passes
through the prism at an angle, comes into contact with the metal film, and is reflected back
to the detector. In angular systems, a plot of angle vs. light intensity (reflectivity curve) to
identify an angle of minimum reflectivity can be done by physically rotating the prism and
attached film across a range of angles (Figure 1.4A). Alternatively, and more commonly
in commercial systems, the entire system is held static by using a linear detector that can
measure reflected light across multiple angles simultaneously (Figure 1.4B). This allows
for significantly higher sampling rates and improves reliability by minimizing mechanical
elements in the system, with the downside of limiting the accessible angle ranges. In these
systems, real-time label-free sensing is achieved by simply monitoring the change in the

angle of minimum reflectivity as binding events at the surface change the local refractive
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index. Wavelength scanning is another method for spectroscopic SPR, commonly utilized
in more portable fiber optic SPR systems, where a range of wavelengths isolated from a
white light source are used to identify changes in resonant wavelength as the refractive

index changes at the surface.*

Binding events are visualized and monitored in SPR spectroscopy as a plot of
resonant angle or wavelength vs. time, also referred to as a sensorgram (Figure 1.5). In
angle scanning SPR, binding near the surface will appear as a positive shift in the resonant
angle, with the magnitude being correlated to the refractive index change. With the
instrumentation and underlying mechanisms established, the main question remaining is
how to functionalize the surface to allow for clear observation of the interaction of choice.
Here lies the greatest challenge and diversity of options in generating data that most closely
resembles the reality of the biological system being investigated. The main hurdle to
overcome in SPR is how to tease out real binding from non-specific binding and bulk

refractive index changes.
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Figure 1.5. Illustration of how surface binding events are translated into real-time analysis
during an SPR spectroscopy experiment. The angle of minimum reflectivity is extracted
from reflectivity curves and plotted against time, with the change being roughly
proportional to the refractive index change at the surface.
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Reduction of non-specific binding requires many factors to be considered
simultaneously to achieve a good result. First and foremost, the surface must be passivated
through functionalization or blocking steps prior to analysis.* Most commercial SPR
surfaces are functionalized with carboxymethylated dextran chains of varying lengths,
forming dense hydrogels that prevent non-specific binding through both charge repulsion
and steric blocking of access to the often-hydrophobic metal film below. However, while
work has been done to make replicating these films accessible to individual researchers,
many of their syntheses are complex and guarded industrial processes. This has led
researchers to seek out simpler, more accessible, and less expensive alternatives. A few
examples include covalently attached self-assembled monolayers,*! zwitterionic polymer
or lipid coatings,** and passivation with polyethylene glycol (PEG).**** Beyond surface
functionalization, non-specific binding during analysis is often reduced through surface
blocking after ligand capture, with bovine serum albumin (BSA) being the most common
option. Finally, optimizations to the running buffer can further reduce non-specific binding
through either introduction of carrier proteins and/or surfactants, along with changes to pH

or ionic strength.

Beyond experimental considerations, data processing and method development can
aid in extracting the wanted binding signal from the raw sensorgrams (Figure 1.6A).
Absolutely necessary to obtain high quality data is the use of a reference channel that is
otherwise identical to the active channels beyond the absence of the capture molecule. This
allows for subtraction of shifts resulting from non-specific binding and bulk refractive

index differences between the running buffer and analyte solutions (Figure 1.6B). While
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this massively improves data quality, perfect subtraction relies on both channels behaving
identically during analyte injections. However, both channels having identical sensitivity
to refractive index change is unlikely, particularly with high ligand immobilizations on the
active channel actively dampening the sensitivity of that channel. Additionally,
components in the analyte solution may interact differently on the active channel, or ligand
may rinse off the active channel, leading to an altered response. To resolve these issues,
more recent instrumentation, aided by highly consistent injection systems, are capable of
performing blank cycles that can be subtracted from analysis cycles (Figure 1.6C).
Combining these techniques generates double reference subtracted sensorgrams that allow
for high-quality analysis, particularly in systems where the analyte solutions have
compositions very different from the running buffer (e.g. small molecule analytes that

require high concentrations of DMSO for solubility).
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Figure 1.6. Demonstration of the importance of reference subtraction for acquiring high
quality kinetic curves with SPR. Single reference subtraction (B) removes the influence of
bulk refractive index change on the sensorgram. Double reference subtraction (C) corrects
for ligand rinse off and differences in bulk refractive index response between channels.

The final step in SPR spectroscopy is analysis of the data, with both the shapes and
magnitudes of the curves providing valuable insights. Endpoint data, or the total shift from
baseline after long incubations or injections have been utilized in biophysical studies to

understand how properties of the ligand affect analyte binding.**** However, SPR’s main
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value over many other biosensing techniques is its ability to extract dissociation (kq or kofr)
and association (k. or kon) kinetic constants, along with the overall affinity of the interaction
(Kp). The relationship between the kinetic constants and the affinity in 1:1 binding system

1s as follows:

— ka _ kot
Kp=:t=2 (1.14)

While other techniques such as isothermal titration calorimetry (ITC), fluorescence
polarization (FP), and enzyme-linked immunosorbent assays (ELISA) can provide ratios
of the kinetic parameters (equilibrium affinity), the individual values can have significant
implications on drug efficacy in living systems.*’*® Residence time (which is dependent
on the kq) of a drug in its binding site is increasingly being recognized as the most relevant
parameter in vivo, meaning two drugs with the same Kp may perform very differently

depending on their kinetics.*

Furthermore, observation of the binding kinetics can open the door for improved
mechanistic understandings of interactions. Kinetic values are extracted from sensorgrams
through the use of sophisticated fitting algorithms built for specific binding models (e.g.

)'50

1:1 Langmuir binding model).”” Significant deviations from the expected fits of a model

can indicate different mechanisms, such as 2:1 (bivalent) interactions or more complex

two-state reactions where one interaction is dependent on another.’!

Beyond just
identifying these interactions, purpose built binding models can extract the secondary rate

constants, further adding to the utility of SPR spectroscopy.
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1.3.4 Nanostructures and Localized SPR

To this point we’ve only examined the role of SPR in the thin film or propagating
regime, but numerous other morphologies are capable of plasmonic coupling to incident
light, with some key differences. More specifically, metal nanostructures or nanoparticles
have been utilized extensively for plasmonic applications, with the primary requirement
being that the structure is much smaller than the wavelength of the incident light. When
these structures are exposed to light, their conduction band electrons do not form a
propagating wave. Instead, the electron cloud is pulled to one side of the structure before
being subjected to the restoring force of the now positively charged metal ions, causing
frequent oscillations and strong enhancement of the electric field at the surface (Figure
1.7).°2 Compared to propagating SPR, the confinement of this field is an order of magnitude
smaller (10-30 nm vs 100-300 nm), giving rise to the name of localized surface plasmon
resonance (LSPR). Similar to propagating SPR, LSPR is sensitive to refractive index
changes at the surface, but the tight confinement limits sensitivity with certain analytes
such as large proteins.>® However, the confinement does aid in reducing sensitivity to bulk

refractive index changes.**

Additionally, LSPR carries the advantage of simpler
instrumentation owing to there being no need to satisfy angle and momentum matching

conditions.
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Figure 1.7. A) Localized surface plasmon resonance of gold nanoparticles. Incident light
(blue) cause rapid oscillation of conduction band electrons, greatly increasing free electron
density around the surface of the particles. B) Illustration of an FDTD simulation showing

the strong field enhancement created in the gap between two nanoparticles — the basis of
SERS.
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The uses of LSPR are not limited to sensing analogous to propagating SPR, and the
effect has been harnessed for many other purposes, both inside and outside of the realm of
biosensing. Most frequently for sensing, the nanostructures are not used as the vehicle for
signal generation, but rather as signal enhancement mechanisms. For example,
nanoparticles conjugated to biomolecules (most commonly antibodies) can substantially
increase signal in mass-based sensing techniques, with this effect further enhanced through
plasmonic coupling if used with standard spectroscopic SPR.>> The LSPR effect also forms
the basis of surface enhanced Raman spectroscopy (SERS), where the structures’ surfaces
act as electromagnetic hotspots that improve Raman signal by as much as 11 orders of
magnitude.’® Beyond sensing, LSPR has been harnessed by humans since at least the 4"
century, with the distinct absorption profiles of nanoparticles being used to stain glass. In

modern industry and research, the effect is used extensively in catalysis, solar energy
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conversion,”’ microscopy,>® and cancer treatment>® to name just a few major areas, though

these applications are not relevant to this work.
1.4 Plasmonic Metals

With the broad range of applications for propagating and localized SPR, it stands
to reason that there would also be a great diversity of plasmonic metals, but the field is
actually quite limited due to both practical and theoretical limitations.”® From the
standpoint of the metal’s optical qualities, certain dielectric functions lend themselves to
high sensitivity (S) and the sharp resonances defined by the full width at half maximum
(FWHM) of the plasmonic dip. The sensitivity is defined as the sine of the change in the
angle of maximal surface plasmon resonance (sinfs,) proportional to the change in

refractive index in the sensing area (s):

_ Asinfgp

S (1.15)

ng

The quality of SPR substrates can be quantitatively compared using the figure of merit
(FOM), which can be calculated in a few ways,® with the following method being the most

common:

S _ Asinfgp
FWHM FWMHAng

FOM = (1.16)

The primary fundamental qualities of a metal that dictate its FOM for SPR sensing are the
dielectric constants. As a general rule, large negative real and small imaginary dielectric

constants lend to improved performance:
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FOM o ! (1.17)

1

However, it’s crucial to note that the performance of a particular metal substrate is heavily
dependent on the wavelength of the incident light. For a metal to be practical to use, the
resonance must be achievable in an experimentally feasible wavelength range, which

generally restricts it to the visible and very near infrared (IR) ranges.®!

At high frequencies, such as in the ultraviolet (UV) and deep ultraviolet, while some
metals satisfy the plasmonic matching conditions well, multiple practical issues begin to
arise. For example, optical components and detectors compatible with UV light are
generally more specialized and expensive. Furthermore, high frequency light has the
potential to damage biomolecules, optics, and detectors over long exposures. On the other
side of the visible spectrum is IR light with its own challenges in acquiring proper optical
materials and detectors. Additionally, and more importantly, absorptive losses to both the
film and water in the sensing area becomes a growing issue as the wavelength increases.
For these reasons, the typical wavelengths used in commercial instruments, and

consequently, the compatible metals are quite limited.®

The group 11 “noble” metals of gold and silver are the favored materials for visible
to near-IR plasmonic sensing (~400-850 nm), with silver performing optimally in the lower
end of that range and gold performing better at the higher end.®® Between the two, silver
offers better sensitivity and a more narrow (smaller FWHM) plasmonic dip, owing to its
higher plasma frequency and more favorable dielectric constants in the visible range.

However, plasmonic response must not be the only consideration as, among these two,
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gold is much more widely used, with the commercially standard SPR substrate being a gold

film of approximately 40-50 nm.

This leads into the practical considerations when identifying what metal should be
used for a specific application. From a commercial standpoint, where quality control and
consistent performance are key, gold is unmatched due to its exceptional chemical stability.
Unlike silver, gold does not oxidize and is much less likely to have its surface layers fouled
by other trace gases in the air.®* Because of this, surface modification to gold films,
particularly if done shortly after fabrication, can be made highly consistent. Gold is most
often functionalized through its very well characterized reactivity with thiol groups, with
carboxymethyldextran hydrogels attached through this chemistry being the commercial
standard. Silver, however, does enjoy some popularity in research contexts, where maximal
sensitivity is the goal of the work, or necessary for the application. Additionally, much
work has been done to harness the sensitivity of silver while improving the surface stability

through surface coatings, alternating gold and silver layers, or alloying.®¢®

1.4.1 Group 13 Plasmonic Metals

In recent years, there has been growing exploration of the use of alternative metals
for SPR, thereby expanding the range of available applications. Particular interest has been
drawn towards metals capable of coupling with UV excitation, where the high energy and
absorption by biomolecules could serve to improve performance. Aluminum has arisen as
a promising candidate, with nanostructure-based techniques such as SERS being popular

choices due to simplified optical setups reducing the practical limitations of using UV light.
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Aluminum, along with other metals in its periodic group, has three conduction band
electrons compared to gold and silver, which have one. This difference leads to some
distinct changes in the electronic and photonic behavior of the material with implications
for plasmonic response and coupling conditions. The higher electron density results in a
higher w,, with associated changes in the dielectric functions that facilitate better
performance at shorter wavelengths. For example, at 380 nm, the || for aluminum is
roughly an order of magnitude larger (Figure 1.8 A), and the &; is approximately three times
smaller (Figure 1.8B) than that of gold.®” However, aluminum and other metals in its group
(namely indium), are not limited to short wavelengths, and actually have useable plasmonic
response across a much-expanded range when compared to gold and silver (Figure 1.9).7

This leads to interesting potential applications in multiwavelength SPR methodologies.”!
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With the benefits established, these metals do carry certain downsides when
compared to the noble metals. First and foremost, they lack the chemical stability of gold,
with rapid formation of a thin oxide layer occurring shortly after exposure to air, which can
broaden SPR dips, dampen sensitivity, and/or shift the resonant angle (Figure 1.9B).”>"
Additionally, these oxide layers are generally less stable in both water and air, making them
prone to corrosion in the long term.” However, some recent work has demonstrated that
aluminum SPR chips are stable in buffer over a reasonable experimental time course.”

Another downside to these metals is that they show quite broad resonance peaks,
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particularly at longer wavelengths. Despite this, aluminum films at an optimal thickness
have shown competitive performance with gold films in angle scanning SPR, and superior
performance in SPR imaging with a 650 nm excitation source.” Regarding other group 13
metals, investigation of the performance as well as the optical and physical properties of
indium forms the basis of the following chapter, while gallium and thallium are unsuitable

for SPR primarily due to their melting points and toxicity respectively.
1.5 Optimizing Thin Films for SPR Sensing

To achieve good plasmonic response, with well-defined dips and high sensitivity
for an SPR substrate, demands a few conditions are satisfied. For example, the thickness
of films must be carefully optimized based on the specific metal being used and the
excitation wavelength. When films are too thin, the ability of the evanescent field to couple
properly is compromised, resulting in broad and shallow resonant peaks. When the films
become too thick, the evanescent field generated at the interface between the prism and the
film decays too much by the time it reaches the outer surface of the film, again leading to
poor coupling (Figure 1.9).”® While the most impactful, film thickness is not the only factor
that can lead to reduced sensitivity and broadened resonances, with some examples
including surface roughness, crystallinity, and grain boundaries.”’ Popular methods to
characterize the morphology of thin films, as well as fabrication considerations for
minimizing undesirable features will be presented in the following subsections, with

particular focus on the methods utilized in future chapters.
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Figure 1.9. Demonstration of the effects of film thickness on simulated SPR reflectivity
curves. A) SPR curves of gold films at different thicknesses in water (n = 1.33), coupled
with a BK-7 prism (n = 1.51). When too thin (20 nm), the films demonstrate a very broad
resonance, while it becomes shallow then too thick (80 nm). B) Demonstrates effects of
the oxide layer (Al2O3) on a 12 nm aluminum film with increasing thicknesses shifting and

broadening the reflectivity dip.
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1.5.1 Importance and Characterization of Film Morphology

Because the previously outlined morphological factors have such tremendous
implications on the SPR performance of a film, it becomes necessary to have an appropriate
toolset to characterize every relevant parameter. For standard materials that form well
understood and uniform films (such as gold), the film thickness can generally be accurately
monitored in real time during deposition using piezoelectric mass measurements.
Characterization beyond this requires additional techniques and processes, with each
providing unique and oftentimes orthogonal information about film morphology. The
degree of necessary characterization is dependent on material and application, with
nonstandard, nanostructured, multilayered, and/or oxidizing films usually requiring

additional steps for comprehensive understanding.

Beginning with the more macroscopic film characteristics such as film thickness,
roughness, and surface feature sizing, microscopy techniques are extremely powerful and
most broadly utilized. Scanning electron microscopy (SEM) is a rapid, non-destructive,
and high-resolution method for generating 2D images of the film surface. By bombarding
the film with a focused electron beam, surface features such as grain sizes, grain
boundaries, and film continuity can be examined in great detail. Most modern instruments
are also equipped for energy dispersive x-ray spectroscopy (EDX), which can be used to
identify the chemical makeup of the imaged material. However, high penetration depths
risk observation of the substrate below thin films, limiting its usefulness in these

applications.”®
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For more quantitative assessments of film surfaces, atomic force microscopy
(AFM) is nearly unmatched, providing 3D characterization of films with potential for sub-
nanometer resolution. AFM is indispensable for development of SPR substrates, primarily
due to its ability to provide quantitative assessment of film roughness, which is a highly
relevant parameter for sensing performance.’”” Surface roughness is negatively correlated
with performance for a few different reasons. SPR fundamentally relies on wave vector
matching, and different thicknesses across a surface introduces spatial variations in optimal
matching conditions, thereby causing more shallow and broad dips. Furthermore, high
roughness can lead to spatial variations in surface area, potentially leading to inconsistent
surface functionalization, binding response, and/or nonspecific binding, thereby increasing

run-to-run variability.

AFM works by sweeping a small tip, generally composed of silicon or silicon
nitride, on a flexible cantilever across the surface. A laser is focused on the cantilever, and
as the tip interacts with the surface, corresponding bends to the cantilever cause the beam
to slightly deflect. By tracking the change in the angle of the beam, heights of structures
across the surface can be monitored. The tip interaction with the surface of metal films is
generally conducted in two different modes: contact and tapping. Contact mode operates
by simply dragging the tip across the surface, allowing for quick and accurate analysis of
hard and flat surfaces. However, it is less ideal for softer and rough surfaces, where material
can be scraped away or the tip can be quickly damaged. Tapping mode is more gentle, but
slower, making it more appropriate for softer metals such as gold if throughput is not a

concern.®®
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Gold and silver, with their long and widespread usage in the thin film regime, are
well characterized. However, nonstandard materials are generally less well understood and
require additional forms of characterization to properly optimize their performance.
Crystallinity of SPR films is a generally overlooked parameter due to the high performance
and strong preference of evaporated gold and silver films to form (111) planes.””8! The
refractive index and resulting plasmonic behavior of a material are highly dependent on
crystallinity, and nonstandard materials may need specific deposition or post-deposition
treatments to achieve optimal sensing performance.®? Characterization of crystallinity
under different conditions and identification of corresponding refractive indices can inform
simulations of reflectivity curves and sensitivity, forming a strong methodology for

optimization.

X-ray diffraction (XRD) is the most common method for determining crystallinity
of materials. However, in the standard Bragg-Brentano geometry, the penetration depth of
the X-ray beam is in the low micron range, making it less than ideal for characterizing thin
films.® In this geometry, measurement of the crystallinity of the substrate beneath the films
can overwhelm any signal generated by the material of interest. Glancing incidence XRD
(GIXRD), where the X-rays are focused on the surface at a very narrow angle, allows for
much shallower penetration depths as low as the single nanometer scale, providing clearer
analysis of surface layers.*** There are a multitude of methods to alter and potentially
improve crystallization of films for SPR. When fabricating the films, choice of deposition
method (thermal evaporation, sputtering, etc.), substrate temperature, deposition rate, gas

pressure, and the substrate can all have substantial effects.®® Additionally, post-deposition
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treatments such as thermal, electrical, or chemical treatments are used to alter the surfaces
of thin films.?”-%® There is not one optimal method for SPR substrate fabrication, and each
material will differ both in its response to treatment and its optimal crystallinity for a

specific application.

Another important step for informing modelling and optimization of thin films for
SPR is quantification of the thicknesses of individual material layers. In nonstandard
metals, the specific chemical structure and thickness of oxide layers may not be known or
reliably reported in literature. There are many methods for performing chemical analysis
of a surface, with X-ray-based methods being a particularly powerful and widely available
option. Amongst these methods, X-ray photoelectron spectroscopy (XPS) provides the best
surface sensitivity and lowest penetration depths.®’ It works by bombarding the sample
with X-rays, causing ejection of photoelectrons with binding energies characteristic of both
the atoms themselves and their chemical state. Furthermore, this method can be coupled
stepwise with etching processes to create depth profiles of films, allowing for rough

quantification of layer thicknesses.”

The final crucial information that must be extracted to inform SPR optimization is
the refractive indices of each layer of the material. Here again there are many techniques
for determining these values, but ellipsometry is the most informative and commonly used.
By measuring the change in the polarization of light as it travels through/reflects off a
material, ellipsometry can quickly determine the refractive indices across a large spectral
range.’! This works best for systems where all layers excluding the one for measurement

are well defined. The substrate the film is deposited on should also be highly reflective
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across the measurement range, usually requiring that the films be deposited on a silicon
wafer instead of glass, as is typical for SPR. For multilayered films (such as those that
oxidize), where neither material is well characterized, it may be necessary to deposit and

analyze each layer individually to obtain accurate measurements.””
1.6 Ganglioside-Protein Interactions

Gangliosides are a class of glycolipids in the membranes of cells that play numerous
roles throughout much of the human body. They’re composed of two primary components,
with each carrying a great deal of structural diversity (Figure 1.10). The first is the ceramide
group, composed of a sphingosine tail and a fatty acyl chain, that is inserted primarily into
the outer leaflet of cell membranes. Here, each tail can vary substantially in length,”*°
with certain profiles being disease associated.”® The ceramide is attached to an
oligosaccharide headgroup that extends into the extracellular space. What distinguishes
gangliosides from the general class of glycosphingolipids is the presence of at least one
sialic acid moiety on their headgroup. The number of sialic acids and other
monosaccharides, as well as their linkages, determines their naming, with mono-, di-, and
tri- sialic acid gangliosides denoted as GM, GD, and GT respectively. Human cells contain
primarily the neuSAc form of sialic acid, but other forms such as neu5Gce can be integrated

from dietary sources, with higher incidence noted in certain forms of cancer.”’

34



Oligosaccharide Headgroup Ceramide

| Acidic Hydrogen |
OH OH Sphingosine d18:1

wmmw

0 Fatty Acid 18:0
OSlallc Acid O6al @Glc

GM3 - GM1\ ~ GD1a GTla
(@ OH Fi—. ‘ - P‘)_. iﬂ_{.

Neub5Ac Neub5Gc

H
HOOC HOOC

OH o
N
Hoj— HO

Figure 1.10. An overview of the structural diversity of gangliosides. Gangliosides are
composed of an oligosaccharide headgroup containing at least one sialic acid attached to a
ceramide tail. Headgroup structure determines ganglioside nomenclature. Sialic acid
structure also varies depending on the source.

Gangliosides have been observed to cluster into microdomains such as caveolae’
or lipid rafts,” with other membrane components such as cholesterol and sphingomyelin,
where they are implicated in a wide range of biological processes including cell-to-cell
communication, adhesion, growth signaling, immunogenic response, and
neuroprotection.'?’ Because of their ubiquity and importance, many pathologies are also
associated with aberrant expression of the gangliosides, mutations to ganglioside-
interacting proteins, or the introduction of exogenous toxins that recognize them.’%101-103
Exploring these broad and often difficult-to-elucidate ganglioside-mediated processes has

required the development of new biosensing methodologies that will be the subject of

future chapters.
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1.6.1 Canonical Ganglioside-Binding Proteins

Many classes of proteins directly recognize sialic acid moieties or specific
ganglioside structures. Lectins are a general class of carbohydrate-recognizing proteins
with roles in cellular adhesion, recognition, and immune response.!®* They exist as
transmembrane proteins, where they can bridge neighboring cells or participate in the
internalization of glycosylated cargo in the extracellular space. Alternatively, many soluble
lectins also exist with roles in immune response by binding to sugars on pathogen surfaces,

along with roles in cellular adhesion and crosslinking.

Many lectins also specifically recognize sialic acid moieties and/or individual
classes of gangliosides. The most relevant example is sialic acid binding immunoglobulin-
type lectins (siglecs), with many forms residing in the membranes of B cells, mast cells,
macrophages, and other immune cells, where they play critical roles in biomolecular
recognition.!% Additionally, myelin-associated glycoprotein (MAG) is a siglec believed to
strongly influence myelination and myelin repair, offering one explanation for the high
prevalence of gangliosides in neuronal tissue as well as their association with
neuroprotection.'% Gangliosides also act as recognition sites for numerous viral and
bacterial toxins preceding entrance into cell membranes. Influenza hemagglutinin
specificity for different sialic acid linkages (e.g. a2-6 for human respiratory tract and 02-3
for birds), determines which hosts can be infected, and mutations here are critical for
jumping host species.!?” Bacterial toxins including cholera, tetanus, and botulinum have
extremely high affinity for specific ganglioside structures, with the cholera toxin-GM1

interaction affinity values in the picomolar range reported.'”® Direct measurement of
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ganglioside binding by recognizing molecules has long been conducted by a variety of

methods, leaving few novel and/or valuable avenues of research remaining in this area.
1.6.2 Ganglioside-Regulated Membrane Proteins

Much harder to characterize and less explored are the effects of membrane
ganglioside composition on neighboring transmembrane proteins. Often referred to as
ganglioside lateral interactions, they’ve long been recognized as critical for cellular
regulatory processes across a variety of different protein classes. The importance of
understanding these regulatory mechanisms has become clear as changes resulting from
altered ganglioside profiles have been increasingly associated with numerous pathologies.
For example, accumulation of GM3 in adipose tissue has been recognized as having an
inhibitory effect on insulin receptor signaling, thus leading to insulin resistance and
downstream metabolic disease.'” Additionally, gangliosides have been demonstrated to
have complex roles in cellular Ca*" homeostasis through plasma membrane Ca**-ATPASE
(PMCA) and sarco/endoplasmic reticulum Ca®’-ATPASE (SERCA), with tremendous
implications on neuronal and vascular health respectively.!!%!! Interestingly, this system
shows that different ganglioside structures can have completely opposite effects on protein
activity, with poly-sialogangliosides having a positive effect and mono-sialogangliosides

greatly reducing it.

Regulatory effects of gangliosides on receptor tyrosine kinases (RTKs), with
specific emphasis on growth factor receptors, have been of particular interest due to their

relevance to the proliferation of cancer. Gangliosides have been demonstrated to enhance
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or retard downstream signaling of vascular epidermal, platelet-derived, and fibroblast
growth factor receptors (VEGFR, PDGFR, and FGFR respectively), as well as every
member of the ErbB family of proteins, depending on the particular protein and the
ganglioside structure.!'> The ErbB family is one of the most widely researched groups of
proteins due to their aberrant expression or activation being linked to uncontrolled cell
growth and cancer.''*> Amongst this family is epidermal growth factor receptor (EGFR,
HERI, ErbB1), with a long-known regulatory association with gangliosides. Specifically,
the monosialoside GM3, in its most common biological form, has been shown to cause the

greatest degree of inhibition for ligand-induced phosphorylation of EGFR.!'*

There are many different explanations for this inhibitory relationship that have been
proposed including steric or conformational inhibition through direct binding,
sequestration by lipid rafts, or regulation of endocytosis to name just a few.!!>"1!® Despite
decades of research, the multifaceted mechanism of this regulation is not fully understood,
and the relative impacts of these factors have not been established. In other words, the
relationship between ganglioside structure, protein function, and downstream signaling has
not been clearly and concisely established to show clear agreement between computational
analysis and experimental results. The current understanding of EGFR’s signaling
mechanisms in relation to direct interactions with GM3 is largely reliant on computational
modelling due primarily to the challenges of controlling for the many variables in a cellular
system experimentally. For example, experimentally it has been shown that treating cells
with GM3 reduces ligand-induced phosphorylation of EGFR,!'* but it is challenging to

compare the relative effects of different GM3 structures. The difficulty arises from
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assessing relative uptake and incorporation of the GM3, as well as how the structural
differences can influence cellular enzymatic processes that degrade or modify the
gangliosides. Furthermore, genetic drift of cell lines as well as experimental factors such
as cell culture medium, fetal bovine serum choice, and treatment times can introduce
significant variability. For these reasons, there is a growing need for platforms that allow
for more precise control of the membrane environment, ganglioside structures, and other

experimental conditions.
1.7 Lipid Bilayer Biointerfaces

From a biosensing perspective, there are a number of reasons to utilize a lipid
membrane as the basis of the sensing platform. The first use case does not seek to elucidate
lipid interactions, but rather the exact opposite. Lipid bilayers can act as excellent
antifouling layers that greatly reduce nonspecific binding to the underlying substrate.** In
the case of SPR, they can act as effective and more biologically relevant alternatives to the
common carboxymethyl dextran surfaces, though with a reduced stability under certain
buffer and regeneration conditions.!!*!2% Furthermore, they can be formed through a huge
variety of methods — each with particular benefits and drawbacks that can be selected based

on the experimental needs and sensing modality.

Our group has demonstrated methods for the fabrication and application of silica-
coated gold sensing chips for SPR generated through calcination or plasma-enhanced
chemical vapor deposition (PECVD).!?!"123 Hydrophilic surfaces such as silica, mica, and

titanium dioxide can cause small lipid vesicles to spontaneously rupture, easily forming a
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continuous supported lipid bilayer (SLB) that retains some lateral fluidity.!** Other
(hydrophobic) substrates such as gold can also achieve bilayer coverage, though often with
more difficulty. Some examples of alternative deposition methods include Langmuir-
Blodgett deposition,'? solvent-assisted lipid bilayer formation,'?® and spin coating.'?’” One
large limitation of these methods that makes them poorly suited to use with SPR is that it
is difficult or impossible to form the membranes in-line in the flow system, hurting
reproducibility and precluding real-time monitoring of the membrane formation. It is also
worth noting that lipid bilayers are also often captured on polymer cushions or tethers that
offer a sub-membrane hydration layer that better accommodates diffusion studies and the

incorporation of transmembrane proteins (Figure 1.11).4+128
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Figure 1.11. Overview of the three most common methods for bilayer formation on sensing
surfaces. A) Supported lipid bilayers can be spontaneously formed on hydrophilic surfaces
such as silica through incubation of vesicle suspensions. B) Tethered lipid bilayers can be
formed on pre-functionalized surfaces (usually through gold-thiol bonds), creating a sub-
membrane hydration layer that accommodates transmembrane proteins and diffusion
across the membrane. C) Incorporation of large polymers such as polyethylene glycol
(PEQG) can allow for single-step bilayer formation on hydrophobic substrates and provides
a hydration layer similar to tethered bilayers.
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Bilayer interfaces are commonly used with electrochemical methods such as
impedance spectroscopy to explore diffusion of molecules (drugs, ions, etc.) through the
membrane either in the presence of or without channel proteins.!? Additionally, they’ve
been used extensively for the examination, disruption, and detection of pore-forming
bacterial toxins such as streptolysin O (SLO) and cholera toxin (CT).!*%!3! Other uses for
lipid biointerfaces include mechanistic studies of proteins that directly interact with lipids
based on their curvature or composition such as bridging integrator 1 (BIN1) and alpha
synuclein (a-syn).!?* Another growing area of interest is in exploring how the presence of
a membrane or its composition affects the binding properties of membrane-associated
proteins through mechanisms such as lateral interactions and diffusion. Determining these
correlations, however, requires methods that allow for thorough characterization of the

lipid bilayer.
1.7.1 Characterization of Membrane Properties

There are a great deal of membrane properties that may be of interest depending on
the scientific question being explored. Some important ones include membrane formation
dynamics, electrical sealing, lateral diffusion, protein incorporation, bilayer thickness,
presence of lipid subdomains (rafts), and membrane charge. As it is not feasible to cover
every technique used for characterizing this vast swath of membrane properties, we will
focus on those most relevant to the goals of this work — namely those for quantification of
lateral diffusion, lipid subdomain formation, and protein incorporation. Amongst these

areas, microscopy techniques are the most relevant and informative.
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In living membrane systems, as well as specifically formulated artificial systems,
certain membrane components have a propensity to be sequestered into microdomains
often referred to as lipid rafts. These domains are generally enriched in cholesterol,
sphingomyelin, and other specialized membrane components such as gangliosides. These
domains are both dynamic and transient, and act as important terminals for numerous
cellular processes.'*? Most important for this work is their role in signal transduction
regulation, where they can act to either concentrate or isolate cell surface receptors that are
dependent on proximity to other receptors and coreceptors for function. EGFR is one of
these receptors, with many studies indicating that clustering in these low-fluidity domains
after ligand-binding is crucial for downstream signaling.'* Furthermore, computational
studies have also shown clustering of GM3 around EGFR in lipid rafts, offering potential

insights into GM3’s inhibitory mechanisms.!!’

Due to their small size and transient nature, direct imaging of lipid rafts has been
difficult to achieve with optical methods. However, imaging of these domains has been
achieved in solution using liquid AFM, thereby allowing for both quantification and
analysis of their interactions with proteins such as a-syn.'**!%> The downside of this option
is that it requires specialized instrumentation, probes, and procedures to achieve high
quality imaging. However, raft formation through their general effects on lipid diffusion
can be indirectly inferred using a more accessible method, possible on most modern
fluorescent confocal microscopes, called fluorescence recovery after photobleaching

(FRAP).!3¢
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Figure 1.12. Schematic illustration of fluorescence recovery after photobleaching on a
supported lipid bilayer containing fluorophore labeled lipids. Top-down views of the
surface and corresponding intensities within the bleach area are plotted against time. The
time points correspond to pre-bleach (1), immediate post-bleach (2), half-time recovery
(3), and final recovery (4).
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This technique works through the introduction of a small percentage of
fluorophore-tagged lipids to the membrane. To determine fluidity, a small region of the
membrane can be bleached under intense illumination, followed by monitoring of the
recovery of fluorescence within that region (Figure 1.12). Because the entire imaged area
will slowly bleach during measurement, the fluorescence intensity within the bleach area

(Foleach) must be corrected ratiometrically with the intensity in a reference area (Freference)-

F, = —bleach_ (1.17)

Freference

These values, taken at many time points over the recovery period, can be used to the
fluorescence fractional recovery (Frr), otherwise describable as the intensity of the

bleached reason normalized to the pre-bleach intensity (o).

Fc—Fy
1-Fy

Frr = (1.18)

Next, the Frr values are plotted vs time and fitted the plot with the following first-order

exponential equation:
y=a(l - et (1.19)

Taking the determined variable b from the best fit of the recovery curve, the half-time

recovery (t12) can then be calculated:

_ In(2)

t (1.20)
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Finally, the ti> can be used to determine the diffusion coefficient (D), typically presented
in units of um?s!. Where w is equal to the radius of the bleach spot, the following

equation is used:

2
D=-"2 (1.21)

4t1/2

It should be noted that these equations only hold for uniform (flat) bleaching profiles that
can be easily achieved on modern confocal microscopes, rather than the gaussian profiles
that might be expected in the past. If the bleach profile is gaussian, the beam profile and a
correction factor must be considered as was proposed in early FRAP by Axelrod in 1976.'%7
While we have only presented FRAP in the context of measuring the diffusion of lipids,
and that application is the only one demonstrated later in this work, please note that it is
often used to determine the diffusion of membrane proteins as well. This could be of
particular interest when evaluating the effects of membrane lipids on protein diffusion,

with implications on their regulatory mechanisms. !
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1.8 Aims and Scope of Dissertation

The overall goal of this dissertation is to expand the range of applications that can
be explored with biosensing technologies. Across this work, developments across every
major aspect of SPR biosensing will be reported. This begins with the transduction element,
where fundamental explorations in the characterization and utilization of new plasmonic
materials will be conducted. Next, we explore methodological considerations for collection
and analysis of high quality SPR data for drugs with non-standard binding behaviors.
Finally, we focus on the development of biointerfaces that allow for the exploration of
entirely new biological phenomena with SPR. The primary value of these innovations is
the broad applicability of the methods to address any number of material or biological

systems.

Chapter 2 presents an exploration of the physical, optical, and plasmonic properties
of indium thin films. In this chapter we provide the first ever example of Kretschmann
configuration SPR sensing with these substrates, thereby expanding the range of accessible
metals. Furthermore, characterization of previously unavailable optical and morphological
information about indium and its oxide layer should aid future researchers in optimizing
indium films for SPR, as well as other applications. Finally, a new workflow for generating
models of thin film surfaces obtained from AFM and importing them into finite-difference

time domain (FDTD) for simulations of electronic field enhancement was demonstrated.
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Chapter 3 changes gears to consider methodology and data analysis for protein-
drug interactions on commercially available SPR chips. Here high-quality SPR data is
generated for monovalent, bivalent, and covalent inhibitors by determining the optimal
experimental parameters for each class of drug, with a particular focus on the choice of
immobilization method. Furthermore, we present the importance of the choice of fitting
model based on drug class, as well as how to extract and compare the wanted kinetic and
affinity information from those fits. From this information it was determined that the
bivalent analytes here have affinities that far outperform their monovalent counterparts,
mainly owing to greatly reduced dissociation rates. It was also found that the covalent
inhibitors showed slightly higher inactivation efficiencies at higher temperatures, driven
by much faster rates of inactivation and dampened by lower binding affinity. The ability
of SPR to provide these individual parameters and guide future optimization of the

inhibitors is presented as particularly valuable.

Chapter 4 focuses on the development of a lipid bilayer biointerface for
interrogating the effects of ganglioside structures on both lipid diffusion and EGFR
regulation. Implementing synthetically pure gangliosides with artificial membrane mimics
allows for high control of membrane composition that is not possible in cell studies. In this
chapter we screen the diffusion coefficients of membranes containing gangliosides with
different fatty acyl chains, sphingosines, and headgroup compositions. Additionally, with
new chemoenzymatic synthetic methods, fluorophore-tagged gangliosides were
synthesized and examined for their membrane diffusion. Finally, a new bilayer-based

platform and methodology was developed to examine how the presence and composition
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of the membrane affects EGFR’s affinity for EGF. This dual synthetic and bioanalytical
study provides valuable information about how ganglioside structure affects biological

function and provides a platform with broad applicability to numerous protein systems.

Chapter 5 details our attempts to isolate full-length membrane-bound EGFR for
implementation into biosensing platforms. We achieved this by inducing the release of
membrane fractions from EGFR-containing HelLa and A431 cells. We optimized and
compared three different methods for forming these cell membrane fractions using nano
tracking analysis and western blot quantification. Through these experiments we identified
osmotic shock as the most optimal in terms of both EGFR yield and experimental
feasibility. Finally, we detail initial testing to capture the membrane fractions on a
commercial lipophilic SPR chip, thereby laying the groundwork for future surface-based

biosensing explorations of ganglioside effects on the function of full-length EGFR.
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Chapter 2: Indium Plasmonic Thin Films as Substrates for SPR Sensing and FDTD

Analysis of Oxide-Enhanced UV-SERS
2.1 Introduction

The field of plasmonic surfaces utilized in applications such as surface plasmon
resonance (SPR) spectroscopy and surface enhanced Raman spectroscopy (SERS) is
currently dominated by gold and silver, with less frequent interest being directed towards
other materials such as copper!', aluminum?, and indium.? Similar to aluminum, indium has
higher conduction band electron density and resulting dielectric functions that have been
indicated as favorable for plasmonic response across a larger range of wavelengths than
seen with noble metal films.** Indium and its oxides have a long history of implementation
across a range of scientific applications, in part due to its plasmonic activity. Some recent
examples of indium-containing compound use include catalysis® and solar-energy
conversion’®, as well as a range of gas, biological, and environmental sensors.”! However,
indium is very rarely explored in its pure metallic state, with most studies instead focusing

)11—13 and

on polyatomic indium-containing compounds such as indium tin oxide (ITO
indium nitrides.'*!> Moreover, these materials are most often reported in complex
configurations and/or morphologies meant to push the limits of sensitivity at the cost of
accessibility and applicability to other systems. We have previously demonstrated the
overlooked potential of comparatively simple aluminum thin films as highly sensitive and
accessible substrates for plasmonic sensing.'® These fundamental explorations of

underrepresented materials can add more metallic films to the library of options for

plasmonic sensing.
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Indium, like aluminum, differs from the “noble”” metals in its rapid oxidation upon
exposure to air, forming a passivating oxide layer composed primarily of In>Os.!” However,
unlike aluminum’s insulating Al,O3 oxide layer, In>O3 is a well-known semiconductive
material with predominant usage in the form of doped films such as ITO.!®!° The natural
formation of InoO3 on indium films is of particular interest to the field of plasmonic sensing,
which has seen a rise as conductive and semiconductive materials in recent years. Some
applications explored the addition of graphene, black phosphorus, and MXenes as exterior
layers on SPR substrates that serve to improve sensitivity, surface stability, and surface
chemistry options.?* 2 However, studies exploring the plasmonic and photonic properties
of indium metal and its natively forming oxide layer are limited. Our search of literature
only returned one example of the application of In/In,O; thin films for plasmon-related
sensing®*, but they largely ignored the role of the native oxide layer. This is likely due to
the absence of reliable optical parameters that are vital for computational models such as
finite-difference time-domain* and Fresnel equation-based modeling.?®?" It is clear that
further characterization and consolidation of both the optical and morphological properties

of indium and its oxides is necessary to advance their use in plasmonic applications.

In this work, we employed cleanroom nanofabrication techniques including
electron beam physical vapor deposition (EBPVD) and RF magnetron sputtering to
fabricate indium and indium oxide thin films with varied thicknesses for plasmonic
property characterization. The refractive index responses of the indium films were
examined using a series of sucrose solutions and compared to those obtained from the gold

films. A suite of surface techniques was employed to obtain structural and optical
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information on the metal and oxide layers. Finally, the collected data was utilized to study
the effects of the oxide layer on SERS performance. Our results provide new insights that
could enable more accurate modeling and optimization of indium substrates in plasmonic

sensing applications.

2.2 Experimental Methods

Materials

Indium pellets with purity of 99.99% were purchased for EBPVD from Kurt J. Lesker
Company (Jefferson Hills, P.A.). An indium oxide (In203) target with 99.99% purity and
a size of 2.00” diameter x 0.125” thickness was also purchased from Kurt J. Lesker
Company for sputtering. Standard 1mm thick glass microscope slides purchased from
Fischer Scientific (Pittsburg, PA) were used as the substrate for EBPVD and some
sputtering. Other sputtering was performed on <100> undoped silicon wafers purchased

from University Wafer (South Boston, M.A.).

Fabrication of In/In203 and In203 Thin Films

Glass microscope slides were prepared by first being submerged in boiling piranha solution
for 1 hour. They were then rinsed 5 times with large volumes of Milli-Q water before
sequential rinsing with ethanol, water, and ethanol. The slides were then dried with
nitrogen and stored under vacuum until deposition. Indium films were deposited by an
Airco Temescal CV-8 EBPVD system at a voltage of 7.2 kV and current of ~0.015 A.
Three different films were prepared using this method; 20 nm and 40 nm indium films

deposited directly on glass, as well as 40 nm indium films prepared with a 2 nm chromium
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adhesion layer. To heat the indium target and ensure that In,O3 was removed from the
surface prior to deposition, the target was exposed to the electron beam for 3 minutes before
the shutter was opened. To avoid excess oxidation, the slides were allowed to cool inside
the chamber for 30 minutes after deposition was complete. The films were stored in air at
room temperature (~25 °C) to allow for the passivating oxide layer to form on the outermost

layer of the films.

Sputtering of InO3 films was performed on an AJA ORION 5 Sputtering System
(Hingham, MA) using an RF source. Deposition was performed with a substrate
temperature of 25 °C, Ar as the process gas (flow = 10 sccm, pressure = 4.4 mTorr), and a
power of 60 W with a 600 second ramp time. Deposition rate was roughly determined with

a Veeco Dimension 3100 AFM (Plainview, NY) using a photopatterned Si chip.
Surface Characterization

Scanning electron microscope (SEM) images were collected using a TESCAN Vega3 SBH
system (Kohoutovice, CZ) at 5 kV and 30 kx magnification. AFM images in In/In,O3 chips
were collected with a Horiba LabRam/Aist-NT AFM system (Irvine, CA) and processed
using Gwyddion 2.6.1 data analysis software. X-ray photoelectron spectroscopy was
conducted by University of California Riverside XPS analytical facility using a Kratos
Analytical AXIS ULTRAP™P XPS system (Manchester, UK) with an Al Ka X-ray source.
Depth profiles were acquired using an Ar ion beam at 4 keV on an area of 3 mm?. GIXRD
measurements were performed with a Rigaku (Tokyo, JP) Smartlab Automated

Multipurpose X-ray Diffractometer. The incident angle () was set to 0.3° for all
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measurements, with a speed of 1 °/min, and a step height of 0.05°. Refractive index,
extinction coefficient, and thicknesses of sputtered films were determined by spectroscopic
ellipsometry using a J. A. Woollam (Lincoln, NE) Alpha-SE ellipsometer. Fitting of
ellipsometry data was performed using the transparent Cauchy dispersion model and

absorbing film data was collected with a B-spline model.

SPR Analysis

All SPR refractive index sensitivity measurements were performed using a NanoSPR6
(Chicago, I.L.) with a 650 nm GaAs semiconductor laser source. PBS (pH = 7.4) was used
as the running buffer with a flow rate of 5 mL/h. The coupling component was a BK-7
prism with a refractive index of ~1.51 for 650 nm light. 100 uL. of PBS solutions containing
between 0.5% and 10% sucrose (w/v) were injected over the 2/50 nm Cr/Au and 2/40 nm
Cr/In chip surfaces and the resonant angle shifts from baseline to peak were monitored and

compared.

Computational Modelling of Plasmonic Response

Idealized SPR reflectivity curves were modelled using Winspall software (Resonant
Technologies GmbH). All Winspall models were generated using a 650nm p-polarized
source laser, coupled with a triangular BK-7 prism (n = 1.5145). Water (n = 1.33) was
chosen as the dielectric material contacting the indium films. FDTD simulations were
performed using Lumerical FDTD (Ansys, Inc.). To render the indium surface, high
resolution AFM images were converted to grayscale, and imported to Blender 4.2 software

(Blender Foundation). A 1x1 micron image was subdivided and extruded with UV
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mapping. Next, a base was added and the object was converted to a solid body before being
exported as an STL. The STL was then imported into the Lumerical FDTD software. The
4 nm oxide layer was added by simply reimporting the same object and shifting it up 4 nm
vertically. Electric field strength was measured at different Z-planes under excitation from

532 nm and 382 nm monochromatic planewave sources.
2.3 Results and Discussion

Plasmonic Properties of the Indium Thin Films

.
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Figure 2.1. Schematic illustration of fabrication of plasmonically active indium thin films
using e-beam physical vapor deposition (left). After deposition, a passivating oxide layer
quickly forms upon exposure to air (middle). A conductive chromium adhesion layer
between the glass and indium layers rescues propagating surface plasmon resonance
response from interruptions caused by gaps between indium grains (right).

Preliminary SPR reflectivity modelling under the Kretschmann configuration
suggested that an indium film thickness of 20 nm may be optimal for SPR sensing (Figure
2.2). Additionally, a 40 nm film was fabricated for morphological comparison and due to
the higher electric field strength demonstrated under typical SPR source wavelengths.?®
EBPVD was selected for its throughput and uniform film deposition, whereas thermal

evaporation was avoided due to the risk of residual indium oxide vaporizing in subsequent
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runs, potentially contaminating future non-indium depositions.?’ Previous studies have
shown that indium thin films deposited by thermal evaporation, electron beam, or
sputtering tend to form non-continuous films at room temperature, regardless of vacuum
pressure or deposition rate.?**° As expected, both the 20 nm and 40 nm films exhibited
coalescence of distinct particles, with particle size dependent on the deposition thickness.
Refractive index testing with a NanoSPR6 (NanoSPR, Chicago, IL) instrument revealed
no response to the sucrose gradient, likely due to gaps between surface structures disrupting
the propagation of surface plasmon polaritons. Additionally, high surface roughness
creates a large range of matching conditions, which broadens the reflectivity curve dip,

thereby complicating minimum angle tracking.®!
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Figure 2.2. Calculated reflectivity curves of 20 nm and 40 nm indium films after oxidation.
The 20 nm film was determined to be optimal for SPR and SPRi applications. The 40 nm
film still promises a usable plasmonic response while achieving better surface coverage.
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To enhance the plasmonic response, we hypothesized that reducing film
discontinuities could be an effective strategy. Previous studies have demonstrated that
depositing indium thin films on certain metals enhances nucleation and improves film
uniformity.’?> Additionally, an underlying metallic layer may serve as a conductive bridge
between isolated surface structures. Figure 2.3 shows an SEM image of a 40 nm indium
film deposited directly on glass as well as one of a 40 nm film deposited onto a 2 nm
chromium base layer. Although the size and spacing of the larger surface structures were
similar to those of the film deposited directly on glass, a higher-resolution image of the
film on the chromium layer was obtained under the same parameters, indicating improved
overall conductivity. Grain size distribution was quantified through image thresholding and
particle analysis using ImageJ]*® software (Figure 2.3C). Despite the loss of very small
particles (<50 nm) during the thresholding process, the analysis clearly showed a reduction
in average particle size with the addition of the chromium base layer. The 2/40 nm Cr/In

t**, where the

film was then transferred to a homebuilt SPR imaging (SPRi) instrumen
reflected light intensity from a red LED (~648 nm) was measured as a function of incident
angle, revealing a dip attributable to the film’s plasmonic activity. This reflectivity curve
can then be compared to that of a typical gold film acquired on the same instrument (Figure
2.3D). While the steepness of the reflectivity dip indicates that the indium film will have

poor sensitivity for fixed angle SPRi measurement when compared to gold, it appears to

be sufficient for SPR instrumentation relying on minimum angle tracking.
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Figure 2.3. SEM images at 30 kx magnification (scale bars = 2 um) of a 40 nm In film on
glass (A) and 2 nm of chromium (B). C) Histogram showing the particle size distributions
of the two films. D) Comparison of a 2/40 nm Cr/In film reflectivity spectrum with that of
a typical gold SPR film. Curves were acquired on the same SPRi instrument with water (n
= 1.33) in the flow cell.

To investigate the effect of film nonuniformity on plasmonic response, surface
analysis using X-ray photoelectron spectroscopy (XPS) was performed (Figure 2.4). With
a surface composition of approximately 5% Si, significant disruptions to conductivity, and
consequently to the propagation of surface plasmon polaritons, was expected in the 20 nm
film. Increasing the film thickness to 40 nm reduces the presentation of the sub-indium
layer to only approximately 3%. However, these values are likely underestimated, as the
presence of an adventitious carbon layer is known to obscure XPS results.*> XPS depth
profiling, involving layer-by-layer ablation of a film cross-section followed by elemental
analysis, was also performed to better assess film continuity.>® Both depth profiles exhibit
an initial sharp decline in oxygen composition as the passivating oxide layer is removed,

followed by a recovery corresponding to the exposure of underlying SiO- (Figure 2.5).
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Figure 2.4. Surface XPS analysis comparison of the two films showing a reduction in gaps
and complete coverage of non-conductive Si (A and B). The bottom curves show In 3d
orbital XPS depth profiles of C) 20 nm In film on glass and D) 2/40 nm Cr/In film.

This trend is inversely correlated with indium content in both films; however, the
40 nm film displays a significantly higher maximum indium atomic percentage, further
indicating improved surface coverage. Given the confounding effects of adventitious
carbon and differing substrates (Cr vs. Si07), a more reliable approach is to compare the
intensities of the In 3d peaks (Figures 2.4C & 2.4D). During XPS analysis, the In 3d32 and
3ds orbitals exhibit binding energy shifts that depend on the chemical state, with an
approximate 1 eV difference between metallic indium and In»O3.3” As the surface is etched,
differing proportions of the In 3d peaks are observed between the two films. After
approximately one minute of etching, by which time the surface In2Os layer is expected to
be largely removed, residual InoO3 remains due to the core-shell-like morphology of the
surface structures. At this point, the metallic indium signal is proportionally stronger in the

40 nm film, indicating greater metallic indium coverage despite the apparent coalescence
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observed in SEM images. While 20 nm films were determined as more optimal for sensing
applications by simulation, the additional indium coverage and the presence of a chromium

base layer appear to be critical for achieving a plasmonic response.
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Figure 2.5. Compositional analysis of A) 20 nm In film and B) 2/40 nm Cr/In films during
XPS depth profiling.

With the reflectivity curve established for minimum angle tracking, the refractive
index response of the indium thin film was evaluated. Sucrose solutions ranging from 0.5—
10.0% w/v in water were flowed over the surfaces of the 2/40 nm Cr/In film (Figure 2.6A)
and the 2/50 nm Cr/Au film (Figure 2.6B), while shifts in the angle of minimum reflectivity
were monitored. To the best of our knowledge, this represents the first demonstration of
SPR sensing using an indium thin film, although it does not exhibit any clear advantage

over a standard gold film. Plotting the angle shift against the refractive index (Figure 2.6C)
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reveals a sensitivity of 44.95°/RIU for the indium film, which is only 77% of that observed
for the gold film (58.65°/RIU) (Figure 2.6D) using the same optical setup. Additionally,
the indium film exhibits a noisier baseline and a negative shift at low sucrose
concentrations. This behavior may be attributed to the hydrophilicity of the oxide layer,
which promotes the formation of an ordered hydration layer that can be easily disrupted.
General flow-through could introduce slight variations in the local refractive index,
contributing to baseline noise. Furthermore, the negative shifts observed at low sucrose
concentrations are likely due to pressure fluctuations, which become most apparent when

injecting solutions with refractive index differences near or below the limit of detection.
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Figure 2.6. A) Refractive index response of 2/40 nm Cr/In film using sucrose solutions
(0.5-10.0% w/v). B) Refractive index response of 2/50 nm Cr/Au film using sucrose
solutions (0.5-10.0% w/v). C) Comparison of the angle shift response to refractive index
change for 2/40 nm Cr/In and 2/50 nm Au. D) Comparison of sensitivity between the two
films represented as °/RIU.

72



Sputtered Films for Determining Oxide Layer Refractive Indices and Informing Film

Optimization

While simulating theoretical reflectivity curves to determine the optimal film
thicknesses, it became evident that certain characteristics of the passivating oxide layer are
inadequately represented in the literature. The thickness of the oxide layer is well
established to depend on the temperature and composition of the local atmosphere during
formation, typically reaching approximately 4 nm at 25°C in air.’® The electrical and
optical properties of In,O3 thin films deposited directly from In,O3 sources are highly
dependent on their crystallinity, which in turn is influenced by the deposition
temperature.’®*® However, as a naturally forming oxide layer, comprehensive optical
constant data across a broad spectral range remains unavailable. The combination of
multilayered, rough film morphology and the thin native oxide layer makes it, to our
knowledge, impractical to obtain this information directly from the films. Alternatively,
we have previously demonstrated that optical constants from amorphous oxide films
exhibiting bulk-like properties*! (e.g., >40 nm for Al,O3) can be reliably used to simulate

the plasmonic dip of oxidizing metal films.®
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Figure 2.7. A) GIXRD scans of ~26 nm In2O; films sputtered on silicon wafers and glass
slides compared to the bare substrates. B) GIXRD scan of 40 nm In film deposited on a
glass slide. All ordered crystalline peaks correspond to metallic indium, but a broad
amorphous peak corresponding to those observed on the sputtered films is also observed

(top right).

To obtain this information, In,O3 films were deposited by RF magnetron sputtering
with a 99.99% purity In,O3 source at estimated thicknesses of 4 nm, 30 nm, 50 nm, and
200 nm. These films were deposited on <100> silicon wafers and amorphous glass slides
to determine the effects of substrate crystallinity and composition on the formed films. To
verify the suitability of the sputtered films as analogues for the native oxide layer, glancing
incident X-ray diffraction (GIXRD) was performed on both 30 nm sputtered films (Figure
2.7A) and a 40 nm In/In,O3 film (Figure 2.7B). The sputtered films exhibited completely
amorphous crystallinity, regardless of the substrate, with a broad peak observed between
28-36°. A similarly positioned amorphous peak is also observed on the 40 nm In/In20;
film, though it is less pronounced due to the comparatively thin oxide layer. This peak is
absent in unoxidized indium films,** and all other visible peaks correspond to metallic

indium, indicating that the observed peak is representative of amorphous In>Os.
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Figure 2.8. A) Refractive index vs. wavelength for sputtered In.O3 films at varying
thicknesses and SE-calculated thicknesses. The data was collected by spectroscopic
ellipsometry with a transparent film model (k£ = 0). B) Refractive index at A = 382 nm vs.
film thickness plot showing the transition from bulk to thin film properties around 40 nm.
C) Real (n) and imaginary (k) refractive index vs. wavelength for the ~150 nm In>O3 film
collected by ellipsometry with an absorbing film model.

Given that both the sputtered and natively formed InO3 exhibit similar
crystallinity, the sputtered films were deemed acceptable analogues for optical analysis. To
determine the thickness at which bulk-like optical properties emerge, spectroscopic
ellipsometry (SE) measurements of the refractive index (n) of the sputtered InoO3 films
were collected over the 382—900 nm spectral range. Due to the low absorbance of light in
this wavelength range, extinction coefficients (k) could not be determined for any film
except the thickest one. For this reason, the ellipsometry data was processed and compared
using a Cauchy transparent film model in which £ = 0 (Figure 2.8 A). For the thicker film
(~151 nm), the absorption becomes significant enough that the mean squared error (MSE)
becomes substantial, causing the curve to deviate from the trend (Table 2.1). Nevertheless,
when the refractive index at a particular wavelength for each film is plotted against film
thickness, a plateau representing the transition to bulk optical properties can be observed
beginning around 40 nm (Figure 2.8B). The transition occurs as the number of voids

approaches zero and the film becomes continuous.*
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Estimated Thickness @ Deposition Tabulated Thickness A B c MSE

4 nm 5.61 £0.023 nm 1.612+0.0143 0.00420 + 0.005552 0.00384 + 0.0006297 0.814
30 nm 26.07+ 0.020 nm 1.850+0.0173 0.04077 £ 0.007859 0.00214 + 0.0008455 3.87
50 nm 42.09 £ 0.131 nm 1.908 + 0.0513 0.05297 + 0.021138 0.00108 = 0.002100  35.187
200 nm 150.86 = 0.676 nm 1.822 £ 0.0107 0.08319 + 0.006589 -0.00100 £ 0.00077780 46.651

Table 2.1. Fit variables and mean squared errors for ellipsometry on sputtered InO3 films
using a transparent Cauchy model.

Though the native oxide layer of indium is only ~4 nm in thickness, the void
percentage is determined by the continuity of the underlying metal, making the bulk
refractive index values appropriate for computational modelling and optimization of
In/In20s5 films. As extinction is a highly relevant parameter for these models, the use of an
SE absorbing model of the bulk material becomes necessary. An absorbing B-spline model
SE of the ~150 nm In2O; film (Figure 2.8C) revealed a very low extinction coefficient
across all but the lowest wavelengths of the visible range. Given the low extinction and the
thinness of the oxide layer, its effect on the SPR response at typical wavelengths (~650
nm) is expected to be minimal (Figure 2.9). However, in other types of plasmonic
applications such as UV-SPR, the presence of the oxide is likely to have a more significant

impact and cannot be as simply neglected.
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Figure 2.9. Comparison of SPR reflectivity curve models utilizing best available refractive
index values from literature** at 650 nm (n = ~2.10, k = ~0.009) and values we acquired
experimentally (n = 1.964, k£ = 0.0024). The model uses an optimized metallic indium
thickness at 16 nm, with varying oxide thicknesses to illustrate the increasing importance
of accurate optical constants as film thickness increases.

Theoretical Assessment of In/In203 Films as SERS-Active Substrates

Though not as commonly utilized for plasmonic sensing as noble metals, so-called
“poor” metals such as indium and aluminum carry qualities that make them attractive
alternative substrates. Arising from their high plasma frequencies (wp) and resulting quasi-
static surface plasmon frequency (ws), both indium and aluminum are able to achieve
plasmonic coupling with higher-frequency radiation.* This provides access to an expanded
spectral range of plasmonic response, leading to widespread use in plasmonic techniques
utilizing UV illumination. Between the two metals, aluminum is more widely reported,
likely owing to its better understood optical and chemical properties. With further
investigation of these properties, such as has been provided in this work, indium

implementation may begin to rival aluminum more closely.
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Following the characterization of the In,Os films and the determination that the
surface was not ideal for SPR in its current state, we sought to apply this information to
investigate other plasmonic sensing modalities. The most apparent alternative is SERS,
which relies on sub-excitation-wavelength sized nanostructures that produce localized
SPR. While gold and silver nanostructures are the prototypical SERS substrates, an
immense variety of shapes, sizes, and materials have also been successfully employed for
SERS sensing.*® In/In,Os films may prove to be effective for Raman enhancement,
particularly in the UV-range.***® Beyond the optical qualities, the highly hydrophilic
nature of the exterior oxide layer may also promote distinct analyte packing compared to
hydrophobic substrates such as gold, potentially giving rise to unique chemical
enhancement mechanisms.*” While aluminum carries the same qualities outlined above,
indium may show some unique effects, owing primarily its differing oxide layer and
surface morphology. The oxide layer of indium is thicker (~4 nm vs ~3 nm), conductive,
and less prone to corrosion.’®>! Additionally, while most SERS substrates rely on complex
lithography or chemical methods to create nanostructures, In/InoO3 films can be fabricated

rapidly and reproducibly through single-step deposition.
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Figure 2.10. A) 2D AFM and B) 3D image of a 3x3 um section of a 40 nm indium film on
glass with a resolution of 1024x1024 pixels. A 1x1 pum section of this image was used for
FDTD simulations.

SERS enhancement of adenine on 25nm indium thin films was previously explored
with FDTD computational methods by Kumamoto et al.>* However, the modeled surface
was simplified by excluding the oxide layer, flattening surface structures, and assigning a
single height to all features. To more accurately represent our surface, a 3D model was
generated by converting an atomic force microscopy (AFM) image (Figure 2.10) into a
stereolithography (STL) file (Figure 2.11A). This file was then imported into Lumerical
FDTD (Ansys, Inc) software and placed on a 1x1x1 pm glass base (Figure 2.11B) and was
then used to determine the electromagnetic field strength under illumination from a
monochromatic plane wave sources at various wavelengths. Figure 2.11C shows an
example of the electromagnetic field enhancement at a particular Z-plane under 382nm

excitation, with the hotspots visible along the surface of the structures. The outputted

.. . E
heatmap reports as E, which is equivalent to —2<21—

incident

, or the electromagnetic field amplitude

at a point divided by the field amplitude of the incident light.
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The enhancement factor (EF) can be roughly determined using the following:
EF = |E(w)P|E(w”)] 2.1)

With @ equal to the frequency of incident light and ®’ equal to the Stokes-shifted

frequency, the equation can be simplified by equation 2.2:
[E()| = |E(w”)] (2.2)
This assumption then provides the following:

EF = |E[* (2.3)
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Figure 2.11. A) Top down image of 40 nm In/In,0O3 films obtained by AFM (scale bar =
200 nm) that was converted to an STL. B) Film model imported to FDTD software and
placed on a 1x1x1 um glass cube. C) Example of a frequency-domain field profile of a Z-
plane on the oxidized film under 382 nm excitation. D) Maximum Ejoc/Einc for oxidized
and unoxidized films under 382 nm and 532 nm excitement and the corresponding EF
determined by the EF = |E|* law. The oxide positively effects the enhancement under near-
UV excitation, but not at 532 nm.
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The EF = |E[* “law” is a well-established method for estimating and comparing the
enhancement of SERS substrates.>? This method was used to evaluate the role of the oxide
layer in the SERS effect by simulating the film at two excitation wavelengths (532 nm and
382 nm), both with and without a 4 nm oxide layer. The 532 nm source was chosen due to
its ubiquitous availability in Raman spectroscopy instruments, while the 382 nm source

was chosen as it was the smallest wavelength (deepest into the UV) that In,O; optical

local

) : ) E
constants had been obtained in our SE data set. The maximum observed

incident

value for

each film under the different excitation conditions was obtained by manually searching
through each Z-plane of the film (Figure 2.12), and these values were plotted along with
their corresponding EF (Figure 2.11D). As expected, substantially higher EF was observed
under the 382 nm incident light regardless of oxide presence. However, the oxide layer
only significantly affected the EF under 382 nm illumination, with a >50% increase from

4.9 x10% to 7.5 x 103 observed.
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2.4 Conclusion

In this work, an experimental and theoretical investigation of the plasmonic
properties and applications of indium thin films is presented. Films deposited on glass at
thicknesses of 20 nm and 40 nm produced by EBPVD do not show a propagating SPR
response under 650 nm illumination despite theoretical backing. SEM and XPS analyses
suggest this incongruity stems from the rough, discontinuous film morphology caused by
droplet coalescence during deposition. The addition of a conductive chromium base layer
to the 40 nm indium film partially restored the plasmonic response, but it did not
demonstrate any clear advantage over conventional gold SPR films. To fabricate indium
thin films more suitable for spectroscopic SPR applications, these challenges must be
addressed through specialized deposition techniques or equipment. In future work, film
uniformity may be improved during thermal or electron beam evaporation by depositing
under very low vacuum and high deposition rates.>® Alternatively, employing low-
temperature deposition on a liquid nitrogen cooled sample stage could yield some
improvement in film uniformity, though subsequent high temperature annealing while
sandwiched between carbon layers is required to achieve a more highly uniform film.*
While these methods could theoretically generate a film more appropriate for SPR analysis,
increased sample handling and switching to sputter deposition present downsides in the

areas of potential contamination as well as fabrication throughput and consistency.
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During our investigation of indium thin films as SPR substrates, it became apparent
that the crystallinity and optical properties of In,O3 as a passivating oxide layer were
neither well-understood nor readily accessible. The oxide layer was subsequently
investigated due to its potential impact on the performance of both indium films and
nanoparticles. The crystallinity of sputtered and passivating InoO3 films was examined and
compared using GIXRD, which confirmed their amorphous morphology. With the
sputtered films verified as structural analogues to the passivating oxide, optical constants
were obtained and incorporated into computational FDTD simulations to assess the
In/In205 system for SERS applications. Results from this investigation revealed that the
oxide layer plays a significant role in the enhancement effect, particularly at lower
wavelengths, where a greater than 50% increase in enhancement was observed under 382
nm illumination. Due to the limitation of SE-derived optical constants to the near-UV
range, assessment of potential enhancement from the oxide layer in the deep-UV was not
possible. However, we speculate that the effect could be significantly greater at these
shorter wavelengths. While further investigation is needed to obtain accurate optical
constants in this wavelength range, these results have provided clear evidence for the
importance of oxide layer inclusion for accurate simulation-based determination of UV-

SERS signal enhancement for both thin film and nanoparticle substrates.
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Chapter 3: Methodological Considerations and Optimizations for Surface Plasmon

Resonance Analysis of Monovalent, Bivalent, and Covalent Binding Interactions

3.1 Introduction

Over the past three and a half decades, surface plasmon resonance has established
itself as a critical technology for characterization of biomolecular interactions.!” The
substantial adoption and importance of SPR in drug development can be accounted to its
label-free, real-time, and multiplexable measurements of both binding kinetics and affinity,
thereby making it the gold standard in the field. Despite its widespread adoption and the
many advantages it holds over alternative methods such as isothermal titration calorimetry
(ITC),? reliable collection and interpretation of SPR data can prove more challenging as
they are highly dependent on proper experimental design, material quality, and choice of
analytical model.* Furthermore, as the field of drug development continues to advance,
new drugs demonstrating more complex binding behaviors have necessitated similar
advancements in SPR methodology, both experimentally and computationally.

Biomolecular interactions are frequently more complex than the traditional 1:1
Langmuir binding model would reflect, with from vastly different behaviors and drug
effectiveness resulting from multivalency, avidity effects, analyte rebinding, and
irreversible covalent binding.>® While the kinetics of monovalent interactions can be easily
identified with traditional biosensing techniques and models, higher-order interactions can
obscure kinetic rate constants by introducing coupling between binding events.’
Furthermore, as covalent inhibitors are being increasingly recognized as an important and

powerful class of drugs, there has been increasing need for systems that can quickly and
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accurately quantify and characterize the rate of covalent binding events.® Because these
covalent binding events are typically secondary events that occur after induced proximity
by a primary affinity between drug and protein, identifying the intrinsic rate constants can
prove challenging to identify, particular in a manner that is high-throughput.® !

The focus of this chapter is on both the experimental and analytical considerations
of performing robust SPR analysis, and how those considerations change along with the
valency of the analyte. Particular emphasis is placed on the choice of immobilization
method, but the influence of many other factors including flow-rate, analyte contact times,
immobilization levels, flow-cell temperature, buffer composition, and data analysis on SPR
data quality are reported. Through systematic improvements, systems of increasing
complexity are explored, with important pitfalls and data analysis choices identified.
Through this process, the goal of this chapter is to identify the unique challenges of each

binding modality and provide guidance in the development and interpretation of SPR

assays that are both reliable and biologically relevant.
3.2 Experimental Methods
Materials and Reagents

A 6x hist-tagged protein (ligand) and all but one analyte for testing were synthesized and/or
provided by the Pellecchia research group in the Biomedical Sciences Department at UC
Riverside. In total, five of the provided analytes were synthesized by the Pellecchia group
and one (monovalent analyte #3, MA3) was purchased. The ligand stock was provided at

207 uM in 1x TBS. All analyte stocks were provided at millimolar concentrations in
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DMSO. All SPR measurements were conducted using a Biacore 1K SPR system (Cytiva,
Uppsala, SE) with Biacore Insight Control Software Version 6.0.7.1750. Data fitting and
analysis was performed using Biacore Insight Evaluation Software Version 6.0.7.1750.
Sensor chip NTA, NTA reagent kits, and a Biacore Cap-Tag Capture Kit were purchased

from Cytiva.

Multicycle Kinetics on Sensor Chip NTA

All measurements were conducted on a Series S Sensor Chip NTA (Cytiva) with a data
collection rate of 10 Hz and a flow cell temperature of 25 °C. Ligand was diluted from the
stock to 100 nM in the running buffer composed of 1x PBS (pH = 7.4) with 0.5% DMSO
and 0.05% tween-20, freshly prepared and filtered through a 0.22 pm aPES vacuum filter.
Analytes were diluted in running buffer down to 125 nM before working concentrations
were prepared by serial dilution (1:5) in running buffer down to the lowest concentration

of 0.2 nM.

Multicycle kinetic measurements were conducted at a flow rate of 50 pL/min, with a
contact time of 120 seconds and a dissociation time of 180 seconds. Ligand capture levels
were targeted to achieve a maximal response (Rmax) of approximately 20 RUs at steady
state. Prior to an experiment the surface was prepared with three 30 second injections of
350 mM EDTA at a flow rate of 30 pL/min. Nickel was captured on the NTA groups with
a 60 second injection of 0.5 mM NiCl; at a flow rate of 10 pL/min. After washing the flow
system with 3.5 mM EDTA in running buffer, the ligand was captured the appropriate level

at a flow rate of 10 uL/min. Immediately after capture, the analyte would be injected

92



followed by regeneration with 350 mM EDTA as outlined above. This process was
repeated for each analyte concentration as well as with buffer blanks for use in double-
reference subtraction. Data was fitted to determine kinetic constants using a 1:1 (Langmuir)

binding model.

Covalent Capture and Single cycle Kinetics on Sensor Chip NTA

To capture the ligand covalently on a Series S Sensor Chip NTA (Cytiva), the surface was
first prepared with 350 mM EDTA followed by capture of nickel as outlined above.
However, before injection of the 100 nM ligand solution, the surface was activated with a
7-minute injection of a 1:1 mixture of 0.1 M N-hydroxysuccinimide (NHS) and 0.4 M 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Ligand was captured to target an
analyte injection Rmax of approximately 20 RUs. Single cycle kinetics were then conducted
with a 120 second contact time and 1800 second dissociation time at a flow rate of 50
pL/min and a flow cell temperature of 25 °C. The running buffer was 1x HEPES-buffered
saline (HBS) with 0.5% DMSO, 0.05% tween-20, and 50 uM EDTA. The analytes tested
using this method include bivalent analytes 1 and 2. Data was collected at a sampling rate
of 10 Hz and was double reference subtracted before being fitted using a bivalent analyte

model.

Protein Functionalization, Capture, and Kinetics with Cap-Tag Capture Kit

The ligand was conjugated to the cap-tag oligomers using standard procedures
recommended by Cytiva, starting with a ligand solution at a concentration of 1 mg/mL.

Due to the lower-than-recommended molecular weight of the protein, bicinchoninic acid
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(BCA) assays were conducted using a Pierce™ BCA Protein Assay Kit to determine
protein yield after each column purification step. Ligand activator and cap-tag solution
volumes were adjusted to account for lost protein. After cap-tagging and capture scouting,
a 1:160 dilution in running buffer was selected for use with bivalent analytes and a 1:80
dilution was selected for the covalent analyte. Regenerations between cycles were
performed as recommended with a 3:1 mixture of 8M guanidine HCI and 1M NaOH for

120 seconds at 10 puL/min

The single cycle kinetic experiments were carried out with a data collection rate of 10 Hz,
double reference subtraction, and a running buffer of 1x HBS with 1% DMSO, 0.05%
tween, and 3 mM EDTA. For the bivalent analytes, concentration ranges of 0.2 — 125 nM
and 0.04 — 25 nM (1:5 dilutions) were used with analyte injection flow rates of 30 pL/min.
For the 0.2 — 125 nM range, a contact time of 60 seconds and dissociation time of 1800
seconds were selected. For the 0.04 — 25 nM range, a contact time of 180 seconds and a
dissociation time of 1800 seconds were selected. For the covalent analyte, a 1:1 dilution
series were used, with a concentration range of 15.625 — 1000 nM. For these kinetic
experiments a contact time of 180 seconds and dissociation time of 1800 was used with a
flow rate of 50 pL/min. The flow cell temperatures of either 25°C or 37°C depending on
the experiment. Bivalent analytes were fitted using a bivalent analyte binding model and
the covalent analytes were fitted using a two-state binding model with the second rate of

dissociation (kq2) manually set to 0.
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3.3 Results and Discussion
Sensor Chip NTA for Monovalent Analytes

Monovalent analytes were first chosen for analysis first due to their comparatively
simple experimental and analytical requirements. Due to the presence of the 6x histidine
tag on the ligand, an NTA capture motif was selected for initial testing. We often prefer
this as a default capture method for compatible ligands due to the high degree of surface
regenerability permitting extensive reuse of the chip with low-cost surface preparation
solutions.!>!* However, NTA capture does carry some limitations that serve to reduce the
popularity of the capture method amongst many industrial and academic users. First and
foremost, NTA capture is predictably less stable than the more popular covalent or biotin-
streptavidin based capture motifs. This results in a steady reduction in captured protein that
is itself dependent on the total amount of captured material, as well as the accessibility and
length of the histidine tag.'*' However, this ligand was found to attach with sufficient
consistency, regenerability, and stability (Figure 3.1) to attempt analysis of analyte binding

kinetics.
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Figure 3.1. Demonstration of NTA capture and regeneration consistency for the ligand
used in this work. A) Left axis shows ligand capture is extremely consistent across the all
cycles of the experiment. Right axis shows the raw SPR response before ligand capture
across each cycle, with no drift up indicating complete regeneration. B) Overlayed
sensorgrams showing cycle to cycle consistency for ligand capture and rinse, indicating
highly accurate blank subtraction.

The two monovalent analytes were first tested for their kinetic and affinity values
using NTA capture (Figures 3.2A & 3.2B). Because both analytes contained the same
warhead, similar affinity (Kp) values were observed as expected, but sensorgram quality
control parameters, particularly the uniqueness value (U-value) were less ideal for
monovalent analyte 1 (MA1) compared to monovalent analyte 2 (MA2) (Table 3.1). This
high measure indicates poor reliability of kinetic parameters for this analyte, although the
overall affinity value (ratio between the kinetic values) is likely reliable. There are two
potential explanations for this result, with the first being that it is caused by the noticeable
downward drift observed at steady state. This is an artifact that commonly arises with NTA-
capture, where inconsistent ligand capture or rinse-off rates lead to inaccurate blank
subtraction. Alternatively, this issue can arise from mass transport limitations. Though a

theoretical maximal response (Rmax) 0f 20 RUs is a common starting point for what ligand
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attachment level (Rp) to target, analytes with particularly fast rates of association (ka)
maybe require less ligand attachment or faster flow rates to accurately gauge kinetic values.
However, the similar molecular weights, warheads, and SPR method parameters indicate
that mass transport effects were likely not the primary cause of the discrepancy in the

measured kinetic constants between the two analytes.

=
]
]
S5
5

0.2nM 0.2nM
[——1nM —— 1nM

3]

0.2nM
——1nM

o
8
n
8
n
8

&

Response Units (RU)
3
Response Units (RU)
5
Response Units (RU)
3

@

o
o

o

T T T T T T . T T T T T T y M A S e S s e S e s
L] 50 100 150 200 250 300 o 50 100 150 200 250 300 0 50 100 150 200 250 300 350 400 450 500 550 60O
Time (s) Time (s) Time (s)

Figure 3.2. Kinetic SPR plots for the MA1 (A), MA2 (B), and MA3 (C) acquired under
the same conditions on sensor chip NTA. Strong overlap between the experimental data
and the kinetic fits can be observed along with distinct kinetic profile differences between
the novel analytes in this work (MA1 & MA2) and the literature analyte (MA3).

Moving forward with the NTA capture motif, binding kinetics of a previously
reported monovalent analyte was collected for comparison to the analytes novel to this
work (Figure 3.2C). Compared to the other monovalent analytes, substantially different
kinetics were observed, with slower rates of association and dissociation. Despite this, the
Kp value of 2.19 nM was comparable to monovalent analytes 1 and 2 (MA1 & MA2), with
values of 12.3 nM and 14.4 nM respectively. Overall, the NTA capture motif proved to be

acceptable for acquiring quality kinetic and affinity data for this ligand and class of analyte.
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Analyte |k, (1/Ms)| kq (1/s) | Kp (nM) [Chi? (RU?) tc U-Value
MA1 1.41x10" | 1.74x 10" 12.3 222x10" | 6.86x10° 95
MA2 7.07x10° | 1.02x 10" 14.4 1.16x 10" | 1.01x 10’ 7
MA3 5.83x10° | 1.28x 107 2.19 464x10?% | 7.30x10° 1

Table 3.1. Table of kinetic, affinity, and quality control values for the three monovalent
analytes. Chi® is a measure of the closeness of the fit to the experimental data with <1 RU?
being ideal. The transport coefficient (tc) is a measure of the mass transport to the surface.
The uniqueness value (U-Value) indicates if kinetic values can be determined consistently
from independent injections with an ideal value < 15.

Challenges and Limitations of NTA Capture for Bivalent and Covalent Analytes

Next moving to acquisition of kinetics and affinity parameters for the bivalent
analytes, it was immediately clear that the system was not performing optimally. Initially
obtained kinetic curves obtained for bivalent analyte 1 (BA1) showed unusual shapes, with
linear increases during the association phase, and upward drift during dissociation (Figure
3.3A). This issue can be visualized through comparison of the unsubtracted analyte
injection curves to those of the buffer blanks (Figure 3.3B). The buffer injection showed
no change or a slight acceleration of the downward drift that is expected from ligand
dissociation on sensor chip NTA, whereas the bivalent analyte injections instead showed a
reduction in the slope of this dissociation. Hence, blank subtraction will result in the lack

of a visible dissociation phase in the final sensorgrams.
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Figure 3.3. A) Double reference subtracted sensorgrams for BA1 on sensor chip NTA. B)
Sensorgram without blank subtraction, showing clearly that injections of the bivalent
analyte reduce ligand rinse off compared to a buffer blank, explaining the lack of
dissociation observed after blank subtraction.

The best explanation for this behavior is that the analytes are reducing the
dissociation of the ligand. The most likely mechanism is that by having two high affinity
binding sites for the ligand, the bivalent analytes can reduce rinse off of the ligand from
the flow cell. If the analyte is doubly-bound, it may keep detaching ligand molecules in
proximity to NTA groups for long enough to enable rebinding (Figure 3.4A). Additionally,
it is reasonable to assume that singly-bound analytes could pull down detached ligand
molecules from solution, thus further reducing the observed rinse off rate (Figure 3.4B).
However, due to the limited insights that can be drawn from SPR data alone, it is impossible
to conclude which of these mechanisms is playing the larger role. Furthermore, if this could
be identified, there is not a practical method to correct it. Instead, the most feasible method

for improving data quality is to switch capture motif entirely.
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Figure 3.4. Potential mechanisms for reduced ligand dissociation from sensor chip NTA
when using bivalent analytes. A) Illustrates a doubly bound analyte decreasing the
likelihood of ligand dissociation by keeping it in proximity to the surface. B) Free-floating
dissociated ligand may be recaptured by free warheads on the singly bound bivalent
analytes.
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If the previously outlined theories are correct, more stable capture of the ligand
should entirely resolve the issue. We first attempted to remove ligand rinse off by
covalently capturing the ligand on an NTA sensor chip using EDC-NHS linkage (Figure
3.5A). However, initial results were not promising, with upward drift occurring during
dissociation (Figure 3.5B). Due to the need for troubleshooting and the high cost associated
with covalent capture, it was decided to use an entirely different method offering stable

capture with higher regenerability of the surface for future bivalent analyte experiments.
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Figure 3.5. A) Labelled full sensorgram of the process for covalent capture on sensor chip
NTA. The use of an NTA chip allows for preconcentration of ligand near the surface
without needing to induce negative charge through the use of low pH buffers. B) Initial
testing of BA1 on the covalently linked NTA surface showed artifacts such as negative

shifts at low concentrations and upward drift during dissociation, making kinetic insights
unreliable.

To conclude our investigation of the feasibility of NTA capture for this system, we
next tested an analyte modified with a warhead allowing for covalent attachment to the
ligand after extended contact within the binding pocket. Theoretically NTA capture is a
practical and cost-effective option for covalent drugs because, unlike typical
carboxymethyl dextran sensor surfaces that rely on covalent attachment of the ligand, the
ligand can be easily stripped between analyte injections. Therefore, kinetics for multiple

concentrations of the covalent analyte (CA) can be collected rapidly without previously
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captured analyte interfering with the following injection. This allows for rapid multicycle
kinetic characterization of both transient and permanent binding that would not be possible

with more traditional capture motifs.
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Figure 3.6. Results of initial testing of CA1 on sensor chip NTA. At 25 °C (A), clear
covalent binding shifts are apparent, particularly at higher concentration. At 37 °C (B), the
experiment completely fails due to accelerated ligand rinse off.

Initial testing was moderately successful with some covalent binding apparently
visible after higher concentration injections (Figure 3.6A). However, NTA capture still
shows some limitations when it comes to collecting and reliably interpreting the results.
Firstly, it difficult to say with certainty that the observed change is a result of real covalent
binding, as opposed to the drug causing a reduction in the rinse off rate of the ligand. If,
for example, some conformation change to the protein reduces rinse-off, and this effect
ceases upon dissociation, it would give the appearance of covalent binding. A secondary
issue is that NTA capture does not perform well at physiological temperatures, with
substantially increased dissociation of the ligand observed at 37 °C, resulting in poor blank
subtraction (Figure 3.6B). Some experiments conducted at 25 °C may underestimate the

rate of covalent bond formation relative to physiological temperature, necessitating
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methods that are compatible with quantifying covalent binding at a range of temperatures.'’
Clearly a more stable capture method is needed to reliably characterize the binding

behavior of covalent analytes as well as bivalent analytes.
Cap-Tag Capture Kit and Considerations for Calculating Bivalent Analyte Kinetics

To resolve the aforementioned limitations, we selected a new method recently
developed and commercialized by Cytiva named cap-tag. By functionalizing their
traditional carboxymethyl dextran sensor chips with DNA oligomers, a ligand conjugated
the complementary strand can be immobilized with high stability. Furthermore, the
complementary strands can be easily cleaved with a mixture of guanidinium chloride and
sodium hydroxide, thereby allowing for regeneration of the surface. Their ready-made cap-
tag conjugation kit was used to add the DNA oligomer to our ligand non-specifically at
either lysine or cysteine residues that are solvent exposed. While the exact mechanism is
proprietary, the attachment is likely achieved through nucleophilic attack of a maleimide
conjugated to the oligomer by free thiols on the protein.'® Traut’s reagent is included in the
formulation, where it is likely used to convert free primary amines on the lysines to thiols
in cases where there is no pre-existing thiol available.!”?* Despite the ligand having a
molecular weight below what is recommended for the provided spin columns, it was able

to be tagged and purified from the free oligomer, though with some loss of yield.
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Figure 3.7. A) Ligand capture shift plotted vs the dilution factor of the cap-tagged ligand
stock. Single cycle kinetic sensorgrams of BA1 (B) and BA2 (C) at concentrations of 0.2 -
125 nM in 5-fold dilutions.

With the cap-tagged ligand prepared, we first scouted the capture level of the
protein at a set injection time with a range of dilutions as recommended. By plotting capture
level vs. dilution factor (Figure 3.7A), it was determined that a 1:160 dilution was ideal for
testing the bivalent analytes. Next, kinetic experiments were conducted for BA1 and BA2
with concentrations ranging from 0.2-125 nM in 5-fold dilution steps (Figure 3.7B & 3.7C).
The results were significantly improved when compared to NTA, owing to the enhanced
stability of the capture allowing for clear observation of analyte dissociation without
interference from ligand dissociation changes. Compared to the monovalent analytes,
substantially slower dissociation was observed, heavily indicating improved drug efficacy.
However, a measure that acts as a point of comparison between analytes is necessary to

quantitatively compare them and estimate their effectiveness in real systems.

The overall binding affinity (Kp) is the most commonly reported value for
comparing drug effectiveness, calculated in simple monovalent systems by dividing the kq
by the k. In bivalent systems, however, affinity must be decomposed into two distinct
components that reflect different binding states: Kpi, which represents the initial binding

event between the analyte and a single ligand, and Kp> which instead quantifies the
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secondary binding event of the unbound analyte warhead to a nearby unoccupied ligand.

This system can be more clearly represented by the following equation:

ka1 ka2
JL+A 2 LA+L 2 LAL (3.1)
ka1 ka2

Because the secondary association (ka2) is not driven by analyte concentration, it cannot

be reported in the traditional units of M!s™!, and is reported as units of RU!s! 21:22
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Figure 3.8. A) 800 second injections of BA1 at different concentrations demonstrating
how it may be impossible to reach steady state below Rmax for analytes with very slow
dissociation. B) Single cycle kinetic sensorgram of BA1l from 0.33 — 81 nM in 3-fold
dilution steps. Three distinct Rmax values can be observed as higher concentrations favor
the bivalent analyte being singly bound to the ligands.

Though there have been attempts to convert the units of kg from RUs to molarity,
there is no widely accepted method that would allow for meaningful comparison across
different experiments or publications.?* A simple potential method is to determine the shift
at a steady state below the Rmax for an analyte concentration, and to simply divide that shift
by the injected concentration, yielding a conversion factor in terms of RU/M that can be

multiplied by the ka. There are a few limitations to this approach, with the first being that
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for interactions with particularly slow dissociation, it may not be possible to reach a steady
state below the Rmax, even with a maximal injection time (800 seconds for Biacore™
systems at a flow rate of 30 uL/min), and a low concentration of analyte (Figure 3.8A).2*
The second major limitation is that standard steady state assumptions do not hold beyond
monovalent systems, with the shift at steady state being heavily dependent on analyte
concentration.?® Figure 3.8B helps to illustrate how it is difficult to assign a true Rmax value
when higher analyte concentrations can begin to favor the formation of singly-bound
ligands, thus gradually pushing the Rmax higher. Thus, to find a true Rmax, a very high
concentration of analyte, far beyond the ligand-analyte affinity, would need to be injected
to reach near to 100% formation of the singly bound state, likely leading to inaccurate

assessment of kinetic values in the process.

A)15 B)ZD c)

2
B

B

Response Units (RU)
- =

Response Units (RU)
Response Units (RU)

o
o
o

T T T T T T T T T T T T T T T T T T
[ 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (s) Time (s) Time (s)

Figure 3.9. Single cycle kinetic sensorgrams of BA1 (A), BA2 (B), and MA1 (C) with
concentration ranges of 8§ pM to 25 nM in 5-fold dilution steps. Fitted line (black) was
generated using a bivalent binding model for BA1 and BA2, and a 1:1 fitting model for
MAL.

The second, and more common method for finding the RU to M conversion factor
relies on the relationship between mass on the sensor surface and the response in terms of
RUs, which has been assessed experimentally as approximately 1 RU for a surface mass

concentration of 1 pg/mm? (or 10 g/m?).26 From this value, the concentration of analyte
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(in molarity) at the surface can be determined based on the shift and the molecular weight
of the ligand. Unfortunately, this method relies on many assumptions that, when taken in
their totality, cast much doubt on its ability to allow for accurate comparison of Kp> values
between different systems, sensor surfaces, and instruments. First, the calculated value for
the relationship between RUs and surface mass was determined on a single type of sensor
chip (CM5), which does not have a widely agreed upon thickness of its dextran layer, with
that value having substantial implications on the concentration of analyte at the surface.
With estimates between 100-200 nanometers, the concentration of analyte within the
dextran could vary by a factor of 2, depending on what thickness was selected for
calculations.?”?® These concerns taken with others such instrument to instrument variations
in sensitivity, as well as ligand immobilization and the sensor chip surface affecting ligand
proximity, further reinforces the idea that comparison between Kp> values in different
systems is not accurate or feasible.? Instead the drop in shift during a set dissociation time,
normalized to the Rmax 1s likely a somewhat acceptable but imperfect method for comparing
bivalent analyte dissociations, while the k.2 and Kp> values are best treated as a qualitative
measure of avidity. With these considerations in mind, final measurements were collected
for BAl and BA2 (Figure 3.9A & 3.9B) and compared to those taken for the
aforementioned literature monovalent analyte (MA1l) under the same experimental
conditions (Figure 3.9C). The collected kinetic values after fitting, with ka2 in units of RU"

I-1, and Kp> in RU, as well as the quality of the fits are reported in Table 3.2.
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Analyte |k, (1/Ms)| kg1 (1/5) | Kps (nM) | kaz (1/RUS) | kyz (1/5) | Ko, (RU) | Chi? (RU?)
BA1 |338x10°|2.62x10%| 7.77 8.34x10° |6.94 x 10%[8.32x10?|1.25 x 10
BA2 |434x10°|1.04x102| 23.9 245x%x10° |3.33x10*|1.36x10"|6.15x 107
MA1 |[139x10°|6.92x10*| 0.498 N/A N/A N/A  |6.35x102

Table 3.2. Kinetic and affinity values obtained from fits of single cycle kinetic data of
BA1, BA2, and MA1 with concentrations ranging from 8 pM to 25 nM. Chi? denotes the
closeness of the fit to the experimental data with a value <1 considered ideal.

Determination of Covalent Analyte Kinetics and Rate of Inactivation

With the cap-tag capture approach showing positive results for the bivalent system,
we next reattempted characterizing the binding kinetics of the covalent analyte. The
improved capture stability should allow for accurate and measurement of covalent binding
with no concern about ligand dissociation obfuscating results. Two experiments were
conducted with the same parameters except for temperature, with the first set at the
standard 25 °C (Figure 3.10A), and the second at the physiological temperature of 37 °C
(Figure 3.10B). Some distinct differences between the two sensorgrams are immediately
noticeable. The height of the shift is lower at 37 °C, indicating lowered overall binding
affinity, and despite this difference, the degree of covalent binding is significantly higher.
The difference is particularly stark when considering that the height of the shift is indicative
of the total amount of ligand in contact with the analyte at steady state. Thus, even with
less contact between ligand and analyte, the rate of covalent binding is higher, establishing
clearly that SPR measurements taken at 25 °C would substantially underestimate the

effectiveness of CAl in living systems.
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Figure 3.10. Single cycle kinetic sensorgrams of CAl at 25 °C (A) and 37 °C (B) with
concentrations between 15.625-1000 nM in 2-fold dilutions, showing clear covalent
binding. Higher temperatures seem to drive higher rates of covalent binding despite less
affinity for the initial reversible interaction.

While these observations are useful for qualitative comparisons, accurately
quantifying binding interactions is essential for comparing the effectiveness of different
covalent analytes and evaluating how experimental conditions influence their performance.
The recent explosion of interest in the development of covalent drug modalities has drawn
much attention towards achieving this in a reproducible and high throughput manner.
While the effectiveness of covalent inhibition has traditionally been reported as a half-
maximal inhibitory concentration (IC50), due to the time-dependent nature of the reaction,
the second-order inactivation efficiency rate constant (kinac/K1, inactivation efficiency) is
now considered a better metric.!®** Breaking the inactivation efficiency into its
components, Kinact is simply the rate of covalent binding with units of s™!. The inactivation
constant (Kj) is an equilibrium constant, with units of molarity, that can be determined

using the following equation:

kofr + ki kg, +k
K= off inact _ Xd1 az (32)
kon ka1
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With SPR, the values for k41, ka1, and k.2 are determined from a two-state reaction model
fit of the experimental data, where ka1 and kq1 denote the non-covalent association of the
analyte to the ligand, and k. denotes the rate of covalent binding.>!' Because the secondary
rate of dissociation (ka2) is approximately equal to zero in a covalent system, it is often
manually set to that value prior to fitting and is not a factor in determination of inactivation

efficiency.’

Before the more recent adoption of SPR as a method for determining kinact/K1, there
existed many established methods for assessing covalent binding, each with some notable
limitations. Enzymatic activity assays, such as the Kitz-Wilson method, which was first
reported over 60 years ago, determine kinact/ K1 by monitoring the loss of enzymatic activity
over time with various inhibitor concentrations.’! However, they are inherently limited to
enzymes with well-established substrates.>> ITC can also be used to determine these
parameters, but with clear limitations in terms of throughput (particularly with non-
enzymatic systems), sample usage, and reliability of obtained kinetic data.>*** Intact
protein mass spectrometry (IP-MS), which operates by quantifying the ratios of covalently
bound and unbound ligand at different time points, is a highly robust and label-free method
of determining inactivation efficiency, but it lacks in both throughput and accessibility.
Additionally, it has poor time resolution and lacks measurement of the non-covalent
binding kinetics (ka1 and ka1).>*? Finally, endpoint competition assays offer improved
throughput, but require fluorescent labels, well characterized competitive probes, and are

unable to determine K and Kinaet individually.*
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With SPR-based analysis of inactivation efficiency first reported in 2017, it has
quickly become a premier method for characterizing covalent drug interactions.’® As a
label-free, direct binding technique, SPR doesn’t require any enzymatic activity or
substrate for the ligand, thus making is compatible with a broad range of targets.
Additionally, real-time measurement of binding allows for both reversible and irreversible
binding rates to be determined independently, thereby providing Ki and kinact individually
instead of only their ratio. This can serve to guide optimization of drug design by
identifying which step in the process is rate-limiting. kinact/K1 values obtained with SPR
have also been compared to, and shown good agreement with, those obtained from
alternative methods such as IPMS and enzyme assays.*® Finally, the recent developments
of highly stable and regenerable SPR surfaces, such as cap-tag, have served to further

improved the viability of SPR as a method for assessing covalent inhibitors.

Returning to the our acquired SPR data for the covalent analyte more quantitatively,
we’re able to better compare and understand the differences between the two different
temperatures (Table 3.3). First looking at Ki/kinact, there was an ~34% increase when
changing the flow cell temperature from 25 °C to 37 °C, which while significant, does not
indicate a large change in the analyte’s overall effectiveness at different temperatures.
However, as mentioned earlier, because SPR is able to resolve Ki and kinact individually,
the changes in their individual contributions to the overall inactivation efficiency are able
to be determined. First looking at K, which can be most simply explained as the general
binding affinity before a covalent bond is formed, it can be seen that the analyte binds

approximately twice as effectively at 25 °C. However, at 37 °C, there is an ~2.5-fold
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increase in the kinact, Or more simply put, the rate at which covalent binding occurs after the
initial interaction takes place. Hence, by breaking the inactivation efficiency into its
components, we’re able to identify that, while the kinact may be quite sufficient at
physiological temperature, the comparatively poor affinity of the analyte for the ligand
(~561 nM), may prevent the analyte from remaining in the necessary proximity to

efficiently catalyze the reaction.

Analyte | Temp (C) |kaq (1/Ms)| kyq (1/5) | Kos (NM) | Kinaet (1/MS) |Kgz (178)] Ky (M) | KipacdK; (1/MS)

CA1 25 359x10°1.01x10% 280 |429x10* 0 |2.81x107 1524.9
CA1 37 9.09x 10°/5.09x 10" 560 | 1.15x10° 0 |561x107 2049.1

Table 3.3. Kinetic and affinity values acquired from fitting experimental data with a two-
state binding model with k> manually set to 0. K7 and kinact Were calculated from the
obtained kinetic values.

3.4 Conclusion

High quality kinetic characterizations of a broad range of analyte binding
modalities were successfully obtained. Through careful consideration and comparison of
different surface immobilization strategies, optimal methodology was identified for each
ligand class. The simple monovalent analytes utilized here could be reliably characterized
with a range of capture techniques, making the most time and cost effective approach
(NTA), the obvious choice. With this approach we determined that both monovalent
analytes showed fast association and moderate dissociation rate, still leading to overall high
affinities for the ligand between 12-15 nM. These were compared to an existing analyte
targeting this ligand under identical conditions which was found to have slower association

and dissociation, leading to a slightly better Kp of approximately 2 nM.
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Bivalent analytes, with their more complex binding modes proved more difficult to
characterize. We determined that NTA capture was unsuitable for monitoring their
dissociation due to the second warhead recapturing dissociated ligand resulting in poor
blank subtraction. Additionally, it was determined that NTA capture, while seeming
acceptable for covalent analytes, is not reliable with higher temperatures in particular.
Switching to the cap-tag capture approach resolved all of the issues with both the bivalent
and covalent systems without compromising regenerability of the surface, thus allowing
for efficient collection of high-quality kinetic data. With this system, it was first found that
bivalent analytes showed substantially reduced dissociation when compared to the
monovalent analytes, potentially indicating substantial improvements to inhibition in living
systems. Finally, characterization the individual Kj and kinact values of a covalent analyte
was achieved for the first time, to our knowledge, with the cap-tag system revealing that
while the analyte had relatively quick rate of inactivation at 37 °C, a low reversible affinity

limited the overall inactivation efficiency.
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Chapter 4: Ganglioside-Mediate Membrane Diffusion and Effects on EGFR
Regulation in Highly Controlled Biomimetic Systems Enabled by Chemoenzymatic

Synthesis
4.1 Introduction

The dense layer of glycoproteins and glycolipids that coat cell membranes, known as
the glycocalyx, plays an important role in numerous biological processes. Disruption or
damage to cell surface glycans has been implicated in health impairments ranging from
cardiovascular disease to sepsis.!> The incredible diversity of glycan structures found on
cell endothelia’® makes the contributions of specific glycans exceptionally difficult to
elucidate. Exploration of the effects of a glycan structure on a specific biological process
is often predicated on their acquisition in a purified form. However, identification and
isolation from biological sources is complicated by the number of highly similar molecules
often differing by only a single monosaccharide, or in the case of glycolipids, slight
changes in tail length or saturation.*> Beyond those difficulties, the development of the
platforms and techniques necessary to elucidate the roles of specific glycans also presents

a significant challenge that needs to be addressed.

One subset of glycoconjugates with well-established relevance to a range of biological
activities are glycosphingolipids (GSLs). GSLs are glycolipids composed of a glycan
headgroup glycosidically linked to a ceramide consisting of a sphingosine and fatty acyl
chain. They are primarily found in the outer leaflet of cell membranes where they

participate in extracellular interactions as well as lateral interactions with neighboring
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lipids and membrane proteins.® Gangliosides are a subset of GSLs that contain at least one
sialic acid moiety on their glycan headgroup. They are found nearly ubiquitously
throughout the human body with the more complex gangliosides containing multiple sialic
acids being particularly abundant in brain tissue.” Gangliosides participate in numerous
cellular processes such as protein activity modulation,® viral docking,” immune response, '’
and cell-cell adhesion and signaling.!! Among structurally diverse glycolipids,

monosialogangliosides GM1 and GM3 are the most well studied due to their high

prevalence in neuronal and non-neuronal tissues respectively.

Within the ganglioside component of the glycocalyx, there exists a great deal of
diversity with significant variations to the length and the degree of unsaturation of the fatty
acyl chain being reported.!? Developments in chemoenzymatic synthetic methods have
enabled structurally-controlled production of gangliosides with desired molecular
structures.'*'* We have recently demonstrated efficient chemoenzymatic methods for the
synthesis of gangliosides ranging from monosialosides such as GM3 to highly sialylated
brain gangliosides.'® Additionally, we have shown that this method can be applied for the
production of low abundance gangliosides including those containing N-
glycolylneuraminic acid (Neu5Gc), a sialic acid form produced by non-human animals,'®!7
which have been associated with cancer progression and inflammation.'®!” Using these

synthetic methods, investigations into biological mechanisms and potential therapeutic

benefits of gangliosides can be realized.
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Numerous studies have demonstrated the neuroprotective effects of gangliosides, with
exogenously administered gangliosides arising as potential treatments for
neurodegenerative disorders such as Huntington’s Disease and Parkinson’s Disease.?’ %
However, ganglioside treatments have shown inconsistent results, in part due to the limited
availability of structurally defined gangliosides. Beyond neurodegenerative diseases, there
is strong evidence for their use as therapeutics or immunotherapy targets for certain forms
of cancer.”® In particular, certain forms of cancer with proliferation dependent on
overactivation of membrane receptor proteins such as epidermal growth factor receptor
(EGFR) seen as candidates for ganglioside treatments. EGFR mutations or overexpression
are found in a variety of cancers, where they drive abnormal cell growth and division.
Ganglioside GM3 has a well-established inhibitory effect on EGFR,** and aberrant

expression of GM3 has observed in the majority of certain EGFR-positive cancers,?

though the exact mechanisms of this relationship debated and not fully understood.

EGFR, along with many other transmembrane receptors, has often been found to be
sequestered in low-diffusion lipid microdomains, also commonly referred to as lipid rafts.
Related to this, EGFR dimerization and phosphorylation have been shown to be highly
dependent on their lateral diffusion out of low-mobility membrane regions after exposure
to epidermal growth factor (EGF).2® Gangliosides, along with cholesterol and
sphingomyelin,?” are core components of lipid rafts, with diffusion studies demonstrating
substantially reduced overall lipid mobility in both living cells and artificial
membranes.’®* Computational studies have demonstrated the importance of membrane
composition and structure on the electrostatic interactions that stabilize inactive EGFR
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dimers.>® The electrostatic interactions between negatively charged GM3 and the positively
charged lysine 618 residue located in the juxtamembrane domain may be critical to the
sequestration of resulting inhibition of EGFR in lipid rafts.>! Further complicating the
picture, direct interactions between EGFR’s N-glycans and GM3 have been observed
experimentally, indicating possible relevance of extracellular glycosylation in this

inhibition mechanism.?*>2

To our knowledge, no studies have comprehensively compared individual GM3
structures for their effects on their clustering, conformation, interactions with EGFR
components, and inhibition of kinase activity. Here we report integration of synthetically
produced gangliosides with artificial membrane mimics to help elucidate the mechanisms
of EGFR modulation by GM3. This biomimetic platform enables precise control over
membrane composition and experimental conditions while minimizing confounding
variables that is not possible otherwise due to the heterogeneity of both cell membranes
and biologically derived gangliosides. Figure 4.1 illustrates the ganglioside library and the
biomimetic system employed to investigate how structural variations in gangliosides affect
membrane properties relevant to EGFR activation, including lateral lipid diffusion and
direct electrostatic interactions. Additionally, we demonstrate a surface plasmon resonance
(SPR)-based platform and methodology for examining the effects of membrane

composition on ligand-analyte interaction kinetics.
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Figure 4.1. Illustration of the structural modifications incorporated into the diverse
ganglioside library utilized in this study. Key variations include glycan headgroup
composition, sialic acid structure, ceramide chain length, and the position of fluorescent
tags. These synthetic gangliosides are incorporated into biomimetic lipid bilayers for the
investigation of their effects on the diffusion properties of membrane lipids and the binding
affinity of membrane-associated proteins.
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4.2 Experimental Methods
Materials and Reagents

1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-
3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid) succinyl] (nickel salt) (DGS-Ni-
NTA), octadecanoyl sphingomyelin N-octadecanoyl-D-erythro-
sphingosylphosphorylcholine N-(octadecanoyl)-sphing-4-enine-1-phosphocholine (18:0
sphingomyelin), cholest-5-en-3B8-ol (cholesterol), monosialoganglioside GM1 (Ovine
Brain), monosialoganglioside GM3 (Bovine Milk), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE),
mini stainless steel extruder kit, and 100 nm polycarbonate thin film membranes were
purchased from Avanti Polar Lipids (Alabaster, Al). Premium plain BK-7 glass microscope
slides were purchased from Fisher Scientific (Pittsburgh, PA). Micro cover glass slides
were purchased from VWR international (Radnor, PA). Polydimethylsiloxane (PDMS)
films were made using a SYLGARD™ 184 Silicone Elastomer Kit purchased from Dow
Chemical Company (Midland, MI). Recombinant human EGFR protein (ECD, His Tag)
was purchased from Sino Biological US Inc. (Paoli, PA). Recombinant animal-free human
EGF was purchased from PeproTech (Cranbury, NJ). Sensor chip L1, sensor chip NTA,
and NTA capture reagents (350 mM EDTA & 0.5 mM NiClz) were purchased from Cytiva
(Uppsala, SE). Fatty acid free bovine serum albumin (BSA) was purchased from Fisher
Bioreagents (Waltham, MA). Low retention 1.5 mL microfuge tubes were purchased from
Fisher Scientific (Waltham, MA). Chemicals for ganglioside synthesis were obtained

from commercial suppliers were used without further purification.
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Purification and Characterization of Ganglioside Library

'"H NMR spectra were recorded on a Bruker 600 MHz Spectrometer at the
University of California, Davis NMR Facility. High-resolution electrospray ionization
(ESI-Orbitrap) mass spectra were obtained from a Thermo Scientific Q Exactive HF
Orbitrap Mass Spectrometer at the Mass Spectrometry Facilities in the University of
California, Davis. Silica gel 60 A (230400 mesh, Sorbent Technologies) was used for
flash column chromatography. Thin-layer chromatography (TLC, Sorbent Technologies)
was performed on silica gel plates using anisaldehyde sugar staining or 5% sulfuric acid in
ethanol staining for detection. GM3 (d18:1; 18:0) containing different sialic acids' and
GMI (d18:1; 18:0)* were synthesized as described previously. Other gangliosides were

synthesized as described in the Supporting Information.

Lipid Vesicle Preparation

Lipid vesicle suspensions of various compositions were prepared as reported in
prior work.>** Lipid stock solutions of POPC, sphingomyelin (SP), cholesterol (CH),
DGS-Ni-NTA, and the various natural and synthetic gangliosides were made by diluting
the powders in 9:1 chloroform methanol at concentrations between 5 mg/mL and 40
mg/mL. These solutions were stored at -80 °C and removed briefly to mix at appropriate
volumes in glass vials before drying under nitrogen. After drying, all solutions were stored
loosely capped in a vacuum desiccator for at least 24 hours to ensure complete removal of
the organic solvents. On the day of use, the lipids were resuspended in 1 mL of a 1 X running

buffer to a total lipid concentration of 1 mg/mL. To ensure full resuspension and mixing,
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the solutions were vigorously vortexed before being sonicated at 50 °C for 1 hour. Finally,
to clean up the solutions and ensure uniform size of lipid vesicles, they were extruded (15

passes) through 100 nm polycarbonate thin film filters.

SPR Methodology:

All SPR experiments were performed on a Biacore 1K SPR System (Cytiva,
Marlborough, MA) with Biacore Insight Control Software Version 6.0.7.1750 using a
Series S Sensor Chip L1. Data fitting and analysis was performed with Biacore Insight
Evaluation Software Version 6.0.7.1750. HEPES-buffered saline (HBS) containing 10 mM
HEPES and 150 mM NaCl (pH = 7.4) was used as the running buffer with a flow rate of
30 uL/min. For all experiments the sample compartment and flow cell temperatures were
25 °C. The chip surface was first prepared for lipid capture with three 30 second injections
of a 2:3 mixture of isopropyl alcohol and 50 mM sodium hydroxide. The flow cell and
injection system were then washed twice with running buffer before the lipid suspensions
were injected for 1 hour at a flow rate of 2 uL/min. After lipid capture, the flow system
was washed twice with running buffer again to remove additional material and stabilize the
baseline. This was followed by a 20-minute injection of 0.01% BSA in HBS-N at 10

puL/min to passivate the surface, and two additional washes.

Next a custom single cycle kinetic analysis method was run using the following steps
and parameters. First a 70 mM solution of EDTA in HBS was injected for 240 seconds at

30 pL/min to strip any metals chelated to the NTA groups in the membrane. The flow
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system was then washed twice before 0.5 mM NiCl» was injected on the active channel for
60 seconds at a flow rate of 10 pL/min to load the NTA groups for capture of the His-
tagged EGFR extracellular domain. After two additional washes, the EGFR was captured
for 150 seconds at a flow rate of 2 uLL/min and a concentration of 2.5 pg/mL. Next, single
cycle kinetic injections of EGF in running buffer containing 0.01% BSA were performed
for with concentration ranges of 0.33—81 nM. The contact time was 120 seconds for each
concentration, and the dissociation time was 300 seconds. Regeneration between cycles
was performed with another 240 second injection of 70 mM EDTA in running buffer. Data
was collected at a sampling rate of 10 Hz and was double reference subtracted with 0.01%
BSA buffer blanks. Three startup cycles were performed prior to analysis to normalize the
channel responses to BSA injections. Experimental data was fitted to extract kinetic
constants using a 1:1 (Langmuir) binding model. Sensor chip NTA control experiments
were conducted under similar conditions, with the exceptions that no lipids were captured,
the running buffer was HBS with 0.0025% Tween 20, and the regenerations between cycles
were conducted with 60 second injections of 350 mM EDTA. Additionally, EGFR was

instead captured for 200 seconds at a flow rate of 10 uL/min.

Fluorescence Recovery After Photobleaching:

Glass cover slips were cleaned by boiling in piranha solution for 1 hour followed
by rinsing with water and ethanol before being dried under a stream of nitrogen. PDMS
films were prepared by mixing the elastomer base and initiator mixed at a 9:1 ratio before

pouring into petri dishes, degassing in a vacuum desiccator, and baking at 140 °C for at
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least 1 hour. With polymerization complete, films were cut out to the size of the cleaned
cover slips and three small squares were cut out of the films. The films were then adhered

to the cover slips, creating three wells for sample volumes to be added.

FRAP measurements were carried out similarly as was reported in our previous work.>
In brief, lipid mixtures were prepared as described above, with 1% NBD-PE or 1% NBD-
labelled ganglioside added as the fluorescent reporter molecule. After extrusion, 100 pL of
the lipid suspensions were added to each well and incubated for 1 hour in the dark. After
incubation, the wells were thoroughly rinsed with 1x PBS to remove excess material before
sealing them with a glass slide. Experiments were performed using an LSM 880 inverted
confocal microscope (Zeiss, Oberkochen, DE). The fluorophores were excited by a 488 nm
laser and imaged through a 20x dry objective. Bleaching of a 20 x 20 um circular area was
achieved by ~ 2 second focusing of the 488nm laser at 100% power. After bleaching, a
256-by-256-pixel image was acquired every 300 milliseconds for 2 minutes. This was
performed in 12 different positions for each membrane composition, with 4 runs in each of

the 3 wells.

Intensities within bleach and reference regions were measured using the Fiji package
for ImageJ. The data was exported to excel for processing, where the intensity of the bleach
region as percentage of the intensity of the reference region was plotted vs. time. The plots
were exported to Origin 2024 (OriginLab, Northampton, MA) where exponential fits were

performed using the Speed Fit application (Function = BoxLucasl1, Iteration Algorithm =
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Levenburg Marquardt). The output variables a (mobile fraction) and b were recorded. The

variable b is used to determine the half-time recovery value (#12) using the following:

In(2)
b

tp = (4.1)

The recorded ti2 values are then used to determine the diffusion coefficient (D) using:

D= (4.2)

4‘t1/2

Here o is equal to the radius of the bleach spot (~10 um), and the diffusion coefficient is
reported in units of pum?s!. Statistical significance of differences in determined diffusions
for membrane conditions were compared with analysis of variance (ANOVA) and Tukey

as the mean comparison method.

Zeta Potential Measurements:

All zeta potential measurements were conducted using a Zetasizer Nano ZS90
(Malvern Panalytical, Malvern, United Kingdom). Lipid vesicle suspensions at a
concentration of 1 mg/mL in 1x PBS were prepared as previously described. Lipid
solutions were then diluted 1:9 in nanopure water and transferred to a DTS1070 folded
capillary cell for measurement. Measurements were performed in triplicate using
phospholipid material parameters (n = 1.45, k= 0.001) with a 120 s equilibration time and

automatic duration, attenuation, and voltage selection.
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4.3 Results and Discussion

Synthesis of 2-NBD-GM3 and 2-NBD-GM1

The dynamics of membrane lipid components can often be difficult to observe
experimentally. Fluorescence microscopy studies using lipids tagged with a reporter is an
effective approach but is challenged by the limitation in accessing structurally defined
well-designed fluorophore-tagged gangliosides. To overcome this challenge, we have
developed efficient chemoenzymatic total synthetic strategies to access structurally defined
gangliosides containing diverse glycan headgroups, different sialic acid forms, various
sphingosine structures, and numerous fatty acyl chains.!>*¢37 We demonstrate here that the
method can be used to synthesize well-designed gangliosides and analogs with a
fluorophore strategically placed at different locations of the fatty acyl chains.
Nitrobenzoxadiazole (NBD) is chosen as a fluorescent lipid tag due to its small size
assisting its integration into membranes while minimizing its effects on the membrane
system. Tagging gangliosides with NBD at the end of the acyl chain distal to the glycan
headgroup (omega position) or at the fatty acyl chain close to the glycan headgroup (alpha
position) allows the investigation of molecules that interact with gangliosides at different
components while minimizing the effects caused by the structural modification.*® Previous
reported preparation of fluorescently tagged gangliosides often relied on the isolation of
gangliosides from animal organs followed by chemical derivatization.***° The preparations
could cause concerns for potential contamination of molecules from animal viruses*! and

may lead to impurities (e.g. lyso-gangliosides containing different sphingosine lengths)

128



that complicate results interpretation. In comparison, using a chemoenzymatic total
synthesis strategy, we obtained structurally defined lyso-GM3 (d18:1) and lyso-GM1
(d18:1) with high purity without the concerns for the naturally resourced lyso-

gangliosides.!®

To install the NBD at the terminal fatty acyl group distal from the glycan head group
(omega position), N-hydroxysuccinimide (NHS)-activated 9-fluorenylmethoxycarbonyl
(Fmoc)-protected amino octadecanoate was prepared from 18-bromooctadecanoic acid via
the formation of an Fmoc-protected tert-butyl 18-aminooctadecanoate intermediate similar
to that reported previously.!>*? Briefly, the carboxyl group of 18-bromooctadecanoic acid
was protected with a tert-butyl group by reacting with fert-butanol (/BuOH) in THF with
trifluoroacetic anhydride activation. Sn2 substitution of the bromine of the resulting
compound with an azido group, followed by the reduction of the azido group and protection
of the amino group with Fmoc formed the Fmoc-protected tert-butyl 18-
aminooctadecanoate. Removal of its fert-butyl group under an acidic condition using
trifluoroacetic acid (TFA) in triethylsilane (Et;SiH) followed by reacting the resulting
carboxyl group with di(N'-succinimidyl) carbonate (DSC) formed NHS-activated Fmoc-
protected 18-aminooctadecanoate (Figure 4.2A). 18-NBD-GM3 (d18:1; 18:0) and 18-
NBD-GM1 (d18:1; 18:0) were readily obtained by acylation of the corresponding lyso-
gangliosides with NHS-activated Fmoc-protected 18-aminooctadecanoate, followed by
removing the Fmoc using 20% piperidine and the installation of the NBD using NBD-
fluoride in the presence of Hiinig’s base N,N-diisopropylethylamine (DIPEA) in DMF
(Figure 4.2C).
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To install NBD at the fatty acyl chain close to the glycan headgroup, a method similar
to that reported previously was used.*® Briefly, 2-azido-octadecanoic acid was additionally
prepared by Sn2 substitution of the bromine in the commercially available 2-
bromooctadecanoic acid with an azido group (Figure 4.2B). 2-NBD-GM3 (d18:1; 18:0)
and 2-NBD-GM1 (d18:1; 18:0) were obtained by acylation of the corresponding lyso-
gangliosides with 2-azido-octadecanoic acid in the presence of EDC and HOBt in DMF,
followed by reducing the azide to an amino group, and then installing the NBD using NBD-
fluoride in the presence of Hiinig’s base N,N-diisopropylethylamine (DIPEA) in DMF

(Figure 4.2D).
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of (A) N-hydroxysuccinimidyl 18-[(9-

fluorenylmethoxycarbonyl)amino]octadecanoate, (B) 2-azido-octadecanoic acid, and their
use in the preparation of ganglioside derivatives (C) 18-NBD-GM3 (d18:1; 18:0) and 18-
NBD-GM1 (d18:1; 18:0), as well as (D) 2-NBD-GM3 (d18:1; 18:0) and 2-NBD-GM1

(d18:1; 18:0).
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Diffusion and EGFR-interactions of tagged gangliosides in lipid membranes

With ganglioside (d18:1; 18:0) derivatives 18-NBD-GM3 and 18-NBD-GM1, as well
as 2-NBD-GM3 and 2-NBD-GM!1 successfully synthesized, an investigation of the effect
of tag location on their membrane properties was carried out. By comparing the lateral
diffusion between the two tags, the effect of the tag itself on gangliosides clustering and
formation of membrane subdomains may be inferred. FRAP is a powerful method for
observing the diffusion of membrane-bound lipids and protein.** The technique involves
the irreversible bleaching of a small region of a fluorophore-containing artificial or cellular
membranes with a high intensity laser. Recovery of fluorescence within the region of
interest (ROI) can then be monitored as bleached molecules diffuse out and are replaced
by unbleached molecules. The rate of recovery correlates to the diffusion speed of the

tagged molecule and is mostly commonly expressed in units of pm?/s.

The diffusion of two tagged gangliosides (2-NBD-GM3 and 18-NBD-GM3) were
compared against each other and NBD-PE, a common lipid reporter (Figure 4.3). The
membrane mimic vesicles composed of POPC, cholesterol (CH), sphingomyelin (SP),
DGS-Ni-NTA, and the fluorescent reporter were made at molar ratios of 58:30:10:1:1.
POPC is a high abundance phospholipid in eukaryotic membranes and commonly utilized
in artificial membrane mimics, while cholesterol and sphingomyelin along with
gangliosides play important roles in the formation of lipid rafts.***> Analysis of the FRAP
data showed that 18-NBD GM3 had significantly lower diffusion than 2-NBD-GM3 (0.61

+£0.04 vs. 1.20 = 0.08 pum?/s). The location of the NBD moiety closer to the headgroup in
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the 2-NBD-GM3 may sterically hinder the hydrophobic interactions between the ceramides
of neighboring GM3, thereby reducing clustering and increasing membrane diffusion.*®
The location at the end of the ceramide on the 18-NBD-GM3 likely allows for
comparatively better lipid packing. Furthermore, the terminal hydrophobic NBD on the 18-

NBD-gangliosides like is able to interdigit with the distal leaflet, further lowering its

diffusion.
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Figure 4.3. FRAP recovery curves (left) and fluorescence images (right) of
POPC:CH:SP:DGS-NTA membranes containing 1% A) NBD-PE, B) 2-NBD-GM3, and
C) 18-NBD-GM3.
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Next, we examined the effects of EGFR recruitment on membrane diffusion properties
using the NBD-tagged gangliosides (Figure 4.4). The previously described membrane
compositions were compared to the same conditions after incubation of EGFR extracellular
domain (EGFR-ECD). The protein was captured in the proper orientation through DGS-
Ni-NTA capture of the 6xHis-tag located at the C-terminus of the EGFR. Slightly higher
diffusion was observed in the membranes containing 2-NBD gangliosides, for both GM1
and GM3, while the opposite effect was observed for the 18-NBD ganglioside containing
membranes, though the difference is small. Past studies have indicated that ganglioside
phase separation may serve as domains for EGFR concentration and clustering.?® No clear
trend in ganglioside diffusion change being observed after addition of EGFR indicates that
while gangliosides may lower the diffusion of EGFR molecules by isolating them in lipid
rafts, EGFR may not have a diffusion-lowering effect on the gangliosides in return.
However, NBD-PE lipids were observed to have a substantial reduction in diffusion after
EGFR immobilization. This effect is not unexpected, as computational studies have
observed that proteins act as barriers to the lateral diffusion of membrane lipids.*’ Little
observed change for the gangliosides, however, strongly indicates phase separation of
gangliosides without high incorporation of the DGS-Ni-NTA, thereby minimizing EGFR-

ganglioside interactions and their resulting effects on diffusion.

134



—_ -
o [$)]
1 1

Diffusion Coefficient (um?/s)

0.0 -

5|6 5E|E|E ElE|E|E

o | U =R R - o | 2| 9|

E = E = E = 3 = E =
PE GM3 GM1 GM3 GM1
NBD 2-NBD 18-NBD

Figure 4.4. Comparison of diffusion coefficients of NBD-PE, 2-NBD-gangliosides, and
18-NBD-gangliosides on 58:30:10:1:1 POPC:CH:SP:DGS-NTA:NBD SLBs before and
after incubation with EGFR-ECD.

Ganglioside ceramide structural effects on membrane diffusion

The ceramide moiety of gangliosides, composed of a sphingoid base and a fatty
acyl chain, is expressed heterogeneously. In mammals, gangliosides with a fatty acyl chain
between 16 and 24 carbons in length are most common, though they have been observed
outside of this range.'>*®*° The sphingosine structure can also vary, but a length of 18 or

20 carbons is the most abundant.>®

We have previously demonstrated a chemoenzymatic
total synthesis method for the production of a library of GM3 molecules with different

sialic acid forms, varied sphingosine lengths, and various fatty acyl chains.!>!'® Here we

expand the library to include addition of GM3 and GM1 gangliosides with variations on
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the sphingosine lengths (d18:1 and d20:1) and fatty acyl chains. The comprehensive
libraries of GM3 and GM1 gangliosides are then used in membrane mimics to explore the

influences of their structural variations on their functions.
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Figure 4.5. Tail group effects on NBD-PE lateral diffusion in POPC:CH:SP SLBs. A)
Synthetic GM3s with fatty acyl chain lengths between 14 and 22 carbons show an inverse
relationship between length and diffusion. The 22:0 GM3 containing membrane has similar
diffusion to a membrane containing bovine milk derived GM3. B) Increasing the length of

the sphingosine from 18 to 20 carbons results in a substantial reduction in membrane
diffusion.

To test the membrane effects of varied GM3 fatty acyl chain lengths, the diffusion of
NBD-PE in 58:30:10:1:1 POPC:CH:SP:NBD-PE:GM3 membranes was characterized
(Figure 4.5A). An inverse relationship between chain length and NBD-PE diffusion was
observed, with the largest change seen between 18C and 22C. There are two potential
explanations for the observed change. First, longer tails may promote ganglioside clusters
that can act as barriers to the free diffusion of other membrane components.®!' Alternatively,
they can result in interdigitation with the inner leaflet,>? as well as enhanced intermolecular
Van der Waals interactions with neighboring lipids rather than predominantly with other

gangliosides, thereby promoting a more ordered and tightly packed membrane
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environment.>* To further explore this question, diffusion behavior was also compared with
membranes containing naturally sourced GM3 (N GM3) purified from bovine milk. N
GM3 contains a heterogeneous distribution of fatty acyl tail lengths, with C22 and C23
species identified as the most abundant (Figure 4.6). The diffusion behavior observed for
this condition closely matched that of the 22C membrane, indicating that the average fatty
acyl chain length is likely the primary determinant of membrane diffusion, regardless of
the distribution of chain lengths. This supports the hypothesis that increased lipid packing
and enhanced membrane rigidity are responsible for the observed differences. To
determine whether the observed effects of fatty acyl chain elongation also extend to the
sphingosine backbone, diffusion of GM3 (d18:1; 18:0) and GM3 (d20:1; 18:0) containing
membranes were compared under the same conditions (Figure 4.5B). Interestingly, the
reduction in diffusion from this two-carbon extension was approximately equivalent to that
observed for the four-carbon increase in the fatty acyl chain from C18 to C22, suggesting
that sphingosine elongation exerts a greater effect on membrane diffusion on a per-carbon

basis.
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Figure 4.6. High-resolution mass spectrum (HRMS) of bovine milk ganglioside GM3
purchased from Avanti Polar Lipids (Cat. # 860058). The labelled peaks correspond to
GM3 (d18:1) with varying fatty acyl chain lengths.

Modified sialic acids affecting membrane diffusion and charge

The effects of GM3 on EGFR activation are thought to arise from both direct
interactions with the glycan headgroup and the formation of lipid domains that limit EGFR
diffusion.>** The formation of these domains is also partially a result of hydrogen bonding
between the neighboring ganglioside headgroups.>® The presence of sialic acid is the one
of the defining features of gangliosides, and the relatively small modification from the
human form Neu5Ac to the non-human form Neu5Gc has been associated with a range of
cancers.’® Considering these factors, it is important to better understand the effects of
headgroup modifications, particularly those involving sialic acid, given its central
biological significance. Synthetically produced GM3 (d18:1; 18:0) molecules with
Neu5Ac and Neu5Ge sialic acids were selected for comparison, along with a fluorine-
substituted sialic acid variant, as the high electronegativity of fluorine may promote unique

intermolecular interactions. These molecules were synthesized as previously described.'®
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Figure 4.7. Membrane effects of GM3 sialic acid modifications. A) Differences in
diffusion of NBD-PE in 58:30:10:1:1 POPC:CH:SP:NBD-PE:GM3 SLBs containing 1%
GM3 (d18:1; 18:0) with different sialic acids. B) Comparison of the zeta potentials of 95:5
POPC:GM3 vesicles and plain zwitterionic POPC vesicles.

The modified GM3 molecules were first evaluated for their effects on NBD-PE
diffusion in 58:30:10:1:1 POPC:CH:SP:NBD-PE:GM3 membranes (Figure 4.7). Unlike
with ceramide modifications, changes in NBD-PE mobility in this case are likely to arise
primarily from altered interactions involving the sialic acid or from changes in ganglioside
clustering within the membrane. Lipid diffusion was found to vary significantly among the
different modifications, with the largest change observed between NeuSAc-GM3 and
Neu5Gce-GM3 membranes. Although the relationship between NeuSGce-GM3 and cancer
remains incompletely understood, the effects of GM3 modification on EGFR activation

has been well established. One study reported a reduced inhibitory effect from NeuSGc

supplemented EGFR overexpressing A431 cells when compared to those treated with
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NeuSAc.’” The mechanisms underlying these observations remain difficult to elucidate,
but the most likely explanations involve changes in direct interactions between the sialic
acid and EGFR and/or alterations in EGFR diffusion that affect receptor dimerization.
Comparison of the diffusion and charge effects (Figure 4.7B) of Neu5Gc and fluorinated-
GM3 revealed that these parameters are not perfectly correlated (Figure 4.8). This
distinction may provide an opportunity for future studies to determine whether altered
EGFR activation is driven more strongly by changes in membrane diffusion or by

electrostatic interactions.
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Figure 4.8. Diffusion coefficients of NBD-PE in 59:30:10:1 POPC:CH:SP:GM3

membranes containing 1% NeuSAc, Neu5Gc, and fluorinated GM3 plotted versus the zeta

potentials of vesicles composed of 95:5 POPC:respective GM3. Larger zeta potentials

appear to be correlated with lower membrane diffusion, but the trend is not perfectly linear,
indicating other factors other than charge may be affecting ganglioside cluster formation.
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SPR platform for assessment of protein-ligand interactions in a controlled membrane

environment

Investigating the specific mechanisms underlying ganglioside modulation of EGFR
activity requires new approaches that allow precise control over membrane compositions.
Surface plasmon resonance (SPR) is a highly sensitive, label-free technique for measuring
ligand-analyte interactions. However, conventional SPR experiments are most commonly
performed with ligands immobilized in random orientations through EDC-NHS coupling
to a dextran matrix. To investigate the binding characteristics of membrane components
and the effects of the membrane environment on protein interactions, alternative surface
coatings are required. We have previously reported methods for formation of supported
lipid bilayers (SLBs) on gold sensor surfaces coated with thin silica layers prepared through
PECVD?*® and calcination processes.* The composition of these SLBs can be readily tuned
to incorporate membrane components including phospholipids, cholesterol, and
gangliosides, at defined ratios. In addition, incorporation of DGS-Ni-NTA lipids allows for
capture of histidine-tagged ligands with defined orientations based on the position of the
histidine tag. Commercial platforms for lipid bilayer capture are also available, including
the Sensor Chip L1, which features alkyl-functionalized carboxymethyl dextran and has
been widely used for decades. This surface was selected for our SPR analysis because its
reliability and compatibility with the Biacore 1K system were essential for resolving subtle

differences in kinetic profiles between membrane compositions.
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This approach, combined with synthetically pure gangliosides, has strong potential
for systematically investigating how individual ganglioside structures influence the affinity
of EGFR and other membrane receptor proteins for ligands such as EGF. One previous
study proposed that GM3 inhibits EGFR activation not through modulation of EGF ligand
binding, but rather by suppressing EGFR dimerization following ligand engagement.®
However, this conclusion was based on 4-hour incubations of radiolabeled EGF with living
cells, thereby lacking real time measurement of the kinetics of the interaction. Accordingly,

we believe that reexamining these interactions using modern instrumentation and real-time

analytical methods is warranted.

Run 1 ] Run 2 1 Run 3
¢ @ w0 oo Tii‘i“(s) w0 o w0 20 w0 oo Tii‘i“cs) o o o w0 20 @0 oo Tims'fcs; T S P
Run k, (1/Ms) kq (1/s) Kp (nM) Chi? (RU?)
5.36 x 10° 1.79 x 107 33.3 1.21
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Figure 4.9. Single cycle kinetic SPR data for the EGFR-EGF interaction on an NTA sensor
chip. The injected EGF concentrations were 0.33—81 nM in generated through 3-fold serial

dilutions.
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We began our SPR analysis of the EGFR-EGF interaction by establishing a
baseline affinity for the non-membrane associated EGFR extracellular domain using an
NTA functionalized carboxymethyl dextran sensor chip (Figure 4.9). Across replicates (n
= 3), highly reproducible affinity measurements averaging 33.8 + 3.9 nM were obtained.
This value is notably higher than literature reported affinities, which generally fall in the
range of ~0.1-10 nM, depending on the binding environment and measurement
method.®!*> However, one SPR measurement performed on a similar surface reported a
substantially higher Kp of ~177 nM.%® The relatively low affinity measured on conventional
carboxymethyl dextran SPR surfaces, together with the poor fit of the experimental data to
a 1:1 binding model, suggest that a heterogeneous ligand population likely exists on these
surfaces, with differences in EGFR conformation and/or analyte accessibility. Given the
well-known interactions between the EGFR ectodomain and membrane lipids, it is possible
that the protein adopts an unfavorable conformation in this non-native environment,
thereby reducing accessibility of the binding pocket. Alternatively, because the protein is
captured at relatively low surface densities, some EGFR molecules may exist in sufficiently
close proximity to dimerize while others remain isolated, resulting in two distinct binding
populations. However, the measured Kp was substantially higher than reported affinities

for either the monomeric or dimeric states, suggesting that this explanation is unlikely.%*
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Figure 4.10. A) Sensorgram showing the capture of 55:30:10:5 POPC:CH:SP:DGS-NTA
vesicles on sensor chip L1. B) Reference subtracted sensorgram showing each step in the
cycles of EGFR capture and regeneration. NiCl, in water is loaded on the active channel
followed by EGFR, with extremely stable capture observed afterwards. Injection of EDTA
fully removes the captured EGFR, restoring the surface for the next kinetic cycle.

To determine the EGFR-EGF binding affinity within a membrane system, we first
captured a lipid mixture composed of POPC, cholesterol, sphingomyelin, and DGS-Ni-
NTA at a 55:30:10:5 molar ratio. Under these conditions, a capture level of approximately
6200 RU was obtained. (Figure 4.10A), indicating the formation of a continuous lipid
bilayer rather than captured intact vesicles.®> Following a 20-minute injection of 0.01%
BSA to minimize nonspecific binding, the active channel was treated with NiCl» to load
the NTA groups, followed by capture of histidine-tagged EGFR. Limited stability of
histidine-NTA protein capture in SPR has been previously reported,®® but in this system
the captured protein proved highly stable, with almost no observable dissociation during
rinsing (Figure 4.10B). The analyte solutions were prepared in low retention microfuge
tubes with HBS-N containing 0.01% BSA to prevent absorptive loss of EGF. It should be
noted that using BSA can lead to significant buildup within the SPR fluidics system,

necessitating frequent cleaning to maintain instrument performance.
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Figure 4.11. A) Schematic illustration of surface functionalization, kinetic analysis, and
regeneration of the membrane-captured EGFR SPR platform. B) Representative single-
cycle kinetic sensorgrams and corresponding fits for the EGFR-EGF interaction measured
on a supported lipid bilayer (SLB) and an NTA chip interface. C) Comparison of affinity
values (Kp) for the EGFR-EGF interaction obtained using lipid bilayers with varying
ganglioside compositions and a commercial dextran-based NTA chip. The captured
vesicles were composed of a molar ratio of 50:30:10:5:5 POPC:CH:SP:GM3:DGS-NTA
(55:30:10:5 for membranes lacking GM3). No statistically significant differences in
affinity were observed among the membrane compositions tested, but they all exhibited
substantially lower Kp values than those measured using the commercial NTA chip.

The overall experimental workflow for surface functionalization, passivation,
ligand capture, kinetic analysis, and regeneration is illustrated in Figure 4.11A. Single
cycle kinetic experiments were conducted with EGF over a concentration range of 0.33—
81 nM prepared through 3-fold serial dilutions. The membrane-bound system exhibited
markedly improved fitting to a 1:1 binding model, indicating a more homogeneous
population of binding-competent EGFR conformations on this surface (Figure 4.11B).

Next, we determined the Kp values for the EGFR-EGF interaction on membranes with

three different compositions and compared them with those previously determined on the
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commercial NTA surface (Figure 4.11C). Sensorgrams, kinetic parameters (k. and kq), and
Kp values were obtained in triplicate for each membrane condition. Figure 4.12 show 3

sets of measurements for the no ganglioside membrane and associated affinity and kinetic

parameters.
No Ganglioside Membrane
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Run k, (1/Ms) kq (1/s) Kp (nM) Chi? (RU?)
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3 1.38 x 10° 3.06 x 107 2.22 0.896
Avg | 270%1.04x10° | 549 +2.11x10° 2.06 +0.15 1.14

Figure 4.12. Triplicate SPR single cycle kinetic sensorgrams for the EGFR-EGF
interaction on a 55:30:10:5 POPC:CH:SP:DGS-NTA membrane surface. The EGF
concentrations are between 0.33 and 81 nM made through 3-fold serial dilution.

Regardless of membrane composition, Kp values of approximately 2 nM were
obtained, falling well within the range reported in previous studies. Consistent with prior
findings, no clear differences in affinity were observed as a function of GM3 presence or
structure within the membrane, further supporting the hypothesis that gangliosides do not
inhibit EGFR activation through modulation of EGF binding affinity. However, this result
should be interpreted with caution rather than considered definitive, as our FRAP analysis

suggested that DGS-Ni-NTA lipids, and EGFR by extension, may not preferentially
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partition into ganglioside-enriched membrane domains. Such spatial segregation could

minimize the influence of gangliosides on the observed EGFR binding behavior.

4.4 Conclusion

The work presented here demonstrates the application of new and existing synthetic
and chemoenzymatic strategies for the production and purification of structurally distinct
gangliosides. Structural variations included modifications to ceramide chain length in both
the fatty acyl chain and sphingosine backbone, alterations to the headgroup sialic acid, and
NBD labeling at multiple positions along the lipid tails. These compounds were
subsequently incorporated into artificial membrane mimics to evaluate their effects in
compositionally controlled environments. FRAP analysis revealed that the position of the
NBD label strongly influences ganglioside mobility within membranes, whereas the
presence of EGFR exerts comparatively little effect. In addition, increasing ganglioside
ceramide tail length substantially reduced overall membrane fluidity, with sphingosine
elongation producing a greater effect on a per-carbon basis than fatty acyl chain extension.
Modification of the GM3 sialic acid from Neu5Ac to Neu5Ge, as well as incorporation of
fluorinated fatty acyl analogs, also significantly reduced membrane fluidity, highlighting
the importance of sialic acid structure in regulating ganglioside clustering and membrane

organization.

We also present an SPR platform that utilizes these membrane mimics to
investigate how individual ganglioside structures influence the EGFR—EGF binding

interaction. Using this approach, we found that conventional SPR capture strategies for a
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membrane-associated protein such as EGFR may lead to substantial misestimation of
binding affinity. EGFR captured on conventional NTA surfaces exhibited Kp values at
least an order of magnitude higher than those obtained for membrane-captured EGFR,
regardless of membrane composition. In addition, poor fits to a 1:1 binding model fits and
less-than-expected maximal binding response (Rmax) suggested heterogeneity in EGFR
accessibility and/or conformational state on traditional capture surfaces. In contrast,
membrane-based capture appeared to preserve a more native, binding-competent receptor
conformation, resulting in markedly improved fitting behavior, enhanced binding
responses, and affinity measurements that more closely matched previously reported
values. Collectively, these results demonstrate that the SPR platform developed here
provides a robust and versatile strategy for both the capture of membrane proteins and
quantitative analysis of their ligand-binding interactions within a highly tunable

biomimetic membrane environment.

Future studies should aim to expand the range of synthetic gangliosides evaluated
for their effects on membrane diffusion, lipid raft formation, and EGFR binding activity.
Such efforts could include broader variations in ceramide chain length, additional
headgroup modifications, and incorporation of cancer-associated lyso-gangliosides.
Incorporation of full-length EGFR into a similar biomimetic membrane platform may
further enable investigation of ganglioside-mediated regulation of EGFR activity in a

context that more closely reflects native biological environments.
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Chapter 5: Native Membranes on a Chip for Probing Lateral Interaction Effects on

Transmembrane Protein Binding and Activation

5.1 Introduction

Accurately assessing the binding behavior of transmembrane proteins and gaining
mechanistic insights into their interactions with their membrane environment requires the
examination of the protein at full length and functionality.! Traditionally, studies of full
transmembrane proteins have been primarily limited to cell studies due to the inherent
difficulties to expressing, isolating, and recapturing them on an artificial substrate.” The
main limitation of cell studies is in the isolation of specific experimental variables due to
the heterogeneity of cellular membrane environments.> Additionally, many favored
analytical techniques are incompatible with whole cell studies. For these reasons, there
have been numerous attempts to collect transmembrane proteins and reconstitute them on
biosensing platforms. This is usually done through the solubilization and capture in lipid
vesicles or nanodiscs using detergent-based methods that risk damaging the protein’s
structure.*® These systems also generally lacking the tunability and size for large-scale
diffusivity necessary to examine the effects of lipid environment on protein-protein
interactions.”8

Supported lipid bilayers (SLB) however, lend themselves very well to a range of
analytical techniques,” including SPR,'®!! fluorescence microscopy, quartz crystal
microbalance (QCM),!? and atomic force microscopy (AFM),!? but they struggle with the
functional and fluid integration of large transmembrane proteins due to limited

submembrane spacing”'* and challenges with maintaining protein structure and orientation
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during the rupture process.'* The typical vesicle fusion to hydrophilic substrates, solvent-
assisted lipid bilayer formation, and Langmuir-Blodgett depositions all carry these
fundamental limitations without specific adaptations. Fortunately, there have been many
advancements that have greatly increased the feasibility of building more function cell
membrane mimics on a chip.!> The use of cell-free protein synthesis methods (CFPS) for
direct expression of transmembrane proteins into pre-formed SLBs in the absence of
detergents has been suggested and demonstrated for a considerable amount of time, but
have been generally limited to smaller channel proteins that don’t require a large
submembrane space to accommodate their insertion and function.'®!” More recent works
have utilized tethers and polymer cushions to provide additional space to address these
limitations.'®!” However, these methods come with their own limitations of potentially
poor protein density on the surface and a lack of control of protein orientation, with both
of these factors limiting the viability of this method for SPR analysis.?’

Another alternative for studying the function of membrane proteins is by collecting
cell membrane fractions and reconstituting them on a planar surface for biosensing (Figure
5.1). This field was largely pioneered initially by Hook group?! followed by the Daniel
group at Cornell over the past decade where they’ve demonstrated numerous methods for
the induction, collection, and capture of these cell “blebs”. Furthermore, they’ve examined
and confirmed the orientation and fluidity of capture membrane proteins using fluorescent
methods.?! Capture has been achieved on glass,?? polyethylene glycol (PEG) cushions,?
and polyelectrolyte brushes,?* with each offering distinct advantages in terms of fluidity,

protein function, compositional control, and other experimental considerations.
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Additionally, cells can be induced to produce great amounts of proteins of interest,
including those with modifications useful for downstream applications or mutations

reflecting those found in disease states.

Analyte

Blebbing
Treatment

+ Collection

*
&
g - .4 Purification
—
)

Figure 5.1. Scheme showing the formation of cell blebs, their isolation from the cellular
media, and their reconstitution on a solid substrate for biosensing applications.

Considering the flexibility of this method from these many angles, we determined
that it would be ideal for the generation of an EGFR-integrated lipid bilayer biointerface
for use with SPR. This project is an extension of the work presented in chapter 4 of this
dissertation, and the biointerface will be redeveloped to probe the effects of gangliosides
on the full-length EGFR protein. This is necessary as the lone extracellular domain may
lack the key residues or conformational properties to accurately assess the regulatory
mechanism of gangliosides, a theory that is supported by existing computational
assessments.”> This chapter outlines our preliminary work toward achieving these goals
with a focus on the characterization and optimization of bleb formation, collection, and

composition for eventual integration into a new biosensing platform.
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5.2 Experimental Methods
Materials and Reagents.

HeLa and A431 cell lines were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Cells were cultured in Gibco™ Dulbecco’s Modified Eagle
Medium (DMEM) containing high glucose, GlutaMAX™ supplement, and pyruvate
purchased from Thermo Fisher Scientific (Waltham, MA). The media was supplemented

d™ Research

with 1% penicillin/streptomycin, and 10% fetal bovine serum (Fisherbran
Grade, Waltham, MA). Cells were cultured in 25 mL or 75 mL culture flasks with vented
caps purchased from VWR (Radnor, PA). For Annexin V staining and imaging, cells were
grown on Lab-Tek II Chamber Slides (Grand Rapids, MI). Alexa Fluor 488 conjugated
Annexin V was purchased from Thermo Fisher Scientific. A mini stainless steel extruder
kit, and 200 nm polycarbonate thin film membranes used were purchased from Avanti
Polar Lipids (Alabaster, Al). A Halt™ protease and phosphatase inhibitor cocktail and
EGFR polyclonal antibody (PA1-1110) were purchased from Thermo Fisher Scientific.
For western blotting, an IRDye 800CW goat anti-rabbit secondary antibody was purchased
from LICORbio (Lincoln, NE). Low fluorescence PVDF blotting membranes were

purchased from Bio-Rad (Hercules, CA). For SPR analysis, a series S sensor chip L1 was

purchased from Cytiva Life Sciences (Uppsala, SE).
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Chemical and Serum Starvation Blebbing.

For HeLa cells, 1.5 x 10° cells were passaged to 75 cm? cell culture flasks two days prior
to blebbing and collection. For A431 cells, 1.5 x 10° cells were passaged to T75 flasks four
days prior to blebbing and collection. However, fresh media was added after three days to
ensure the cells were healthy prior to blebbing. On the day of blebbing, the flasks were first
washed once with pre-warmed 1x phosphate buffered saline (PBS). Next, serum starving
flasks were washed twice with serum-free DMEM, before adding 3 mL of serum-free
DMEM and placing back into the incubator for the treatment period. For chemical
blebbing, the same process was carried out with serum-free DMEM replaced by chemical
blebbing buffer (10 mM HEPES, 150 mM NacCl, 2.0 mM CaCl,, 25 mM Formaldehyde
(FA), and 4 mM dithiothreitol (DTT). After the treatment time was completed, flasks were
pulled from the incubator, and the contents were transferred to 1.5 mL microfuge tubes.
These were centrifuged at 200 RPM and 4 °C for 5 minutes to remove large cellular debris

before the supernatant was transferred to fresh tubes and stored at -80 °C.
Annexin V Staining and Imaging.

Two days prior to imaging, 1.5 x 10° cells were passaged to each chamber on the Lab-Tek
IT slides and placed into a CO> incubator at 37 °C. On the day of analysis, chambers were
washed three times with 1 mL of 1x PBS pre-warmed to 37 °C. Chemical blebbing and
serum starving wells were rinsed one time with pre-warmed chemical blebbing buffer or
serum-free DMEM respectively. Next 1 mL of the respective solution was added to each

well and they were placed back in the incubator. Control wells were prepared in a similar
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manner, though using standard DMEM supplemented with fetal bovine serum (FBS). After
the treatment time was completed, wells were rinsed 3 times with room temperature
annexin V binding buffer (10 mM HEPES, 150 mM NaCl, 2.0 mM CaCl,, pH 7.4). Next,
0.5 mL of annexin V binding buffer containing 5 uL of the annexin V conjugate were
added to each well, excluding the negative control which was exposed to no annexin V.
Wells were then wrapped in foil and brought to an LSM 880 inverted confocal microscope
(Zeiss, Oberkochen, DE) for analysis. Prior to imaging, excess annexin V was removed by
rinsing twice with 1 mL of HEPES buffered saline (HBS, pH 7.4). HeLa cells were imaged
only after 3 hours of treatment, while A431 cells were imaged after 2, 4, and 6 hours of
treatment. Brightfield and fluorescence images were processed and overlayed using the Fiji

package for Imagel.

Osmotic Shock Blebbing.

HeLa and A431 cells were passaged into T75 flasks and allowed to grow as was described
for the chemical and starvation treatments. When ready for collection, the cells were
washed once with pre-warmed 1x PBS. Next, they were washed once with a pre-warmed
hypotonic PBS buffer (5% 1x PBS in water), before adding more hypotonic PBS and
incubating for 15 minutes at 37 °C. Next, the cells were washed once with pre-warmed
vesiculation buffer (100 mM NaCl, 50 mM Na HPO4, 5 mM KCIl, and 0.5 mM MgSQOa,
pH 8.5). Vesiculation buffer containing a protease and phosphatase inhibitor cocktail was
added to the flasks before 20 minutes of shaking at room temperature, followed by 1 hour
of shaking at 37 °C. Following this, the flasks were decanted into pre-cooled centrifuge

tubes that were spun at 150 xg for 5 minutes at 4 °C to remove large debris. The supernatant
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was transferred to new tubes, spun down at 17,000 xg for 30 minutes at 4 °C. The pellet
containing the membrane fractions was then resuspended in 1x HBS and centrifuged again
with the same parameters. The pellet was resuspended once more in 1x HBS, aliquoted,

and stored at -80 °C.

HeLa Cell Lysis and Western Blotting.

For lysis, HeLa cells were first grown in a T75 flask to approximately 75% confluency.
The cells were washed three times with ice-cold PBS. Next, 2 mL of cold NP-40 lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 1% NP-40, | mM EDTA) containing the complete
inhibitor cocktail was added to the flask, and the cells were scraped. The solution was
transferred to two ice-cold 1.5 mL centrifuge tubes and placed on ice for 30 minutes with
5 seconds of vigorous vortexing performed every 10 minutes. The samples were then
centrifuged at 16,000 xg for 20 minutes, before the supernatant was collected and stored at

-80 °C prior to analysis.

Lysate and bleb samples were prepared for SDS-PAGE separation by mixing 35
pL of the samples with 12.5 pL of 4x Laemmli buffer, and 2.5 pL of 100 mM DTT for
maximum protein concentration. Additionally, 2 concentration samples were prepared
with 17.5 pL of sample, 17.5 pL of nanopure water, 12.5 pL of 4x Laemmli buffer, and
2.5 uL of 100 mM DTT. Samples were heated at 90 °C for 5 minutes, allowed to cool and
separated at 60 V for the 5% acrylamide stacking gel, and 105 V for the 8% acrylamide
resolving gel. Protein bands were transferred to a PVDF membrane in Towbin buffer (25

mM Tris, 192 mM glycine, 20% MeOH, 0.050% SDS, pH 8.3). After transfer, the
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membrane was washed with distilled water and dried on a filter paper for 10 minutes at 37
°C. After rewetting with methanol followed by rinsing with PBS, the membrane was
blocked with 5% BSA in PBS for 1 hour. The primary rabbit anti-human EGFR antibody
(1:10,000 dilution) in PBS containing 0.2 (v/v) tween-20 (PBS-T) was added and incubated
overnight at 4 °C. The next morning, the membrane was rinsed 5 times with PBS-T and the
goat anti-rabbit secondary antibody (1:20,000 dilution) was incubated for 1 hour prior to
rinsing 5 times with PBS-T. The blot was then imaged using the 800 nm channel of a

LICOR Fc Odyssey imager.

Nanoparticle Tracking Analysis of Blebs

Bleb concentration and size characterization was performed using a Nanosight
NS300 (Malvern Panalytical, Malvern, UK) equipped with a 405 nm laser. A431 chemical
and starvation blebs were diluted 25-fold in 1x HBS prior to analysis. Osmotic shock blebs
were diluted 10-fold, extruded through a 200 nm extrusion filter (15 passes), and further
diluted another 10-fold prior to analysis. Five replicates were collected for each sample,
and the sizing results were averaged. Each measurement was conducted for 30 seconds at

a flow rate of 100 (a.u.) and a flow cell temperature of 25 °C.

SPR Methodology for Osmotic Bleb Capture

The SPR experiment was conducted using a Biacore 1K SPR System (Cytiva,
Marlborough, MA) with Biacore Insight Control Software Version 6.0.7.1750 and a Series
S Sensor Chip L1. Data analysis was performed with Biacore Insight Evaluation Software

Version 6.0.7.1750. The running buffer used was 1x HBS with a flow rate of 30 uL/min.

162



Prior to capture, the surface was cleaned and prepared with three 30-second injections of
20 mM CHAPS. The A431 blebs were diluted 10-fold and extruded to 200 nm before being
captured on the surface for 1 hour at a flow rate of 2 pL/min. After rinsing the flow system
twice with running buffer, the surface was further passivated with 1% (w/v) BSA in HBS
for 5 minutes at a flow rate of 10 pL/min. Anti-EGFR antibodies were injected at a

concentration of 10 pg/mL for 120 seconds at a flow rate of 10 pL/min.

5.3 Results and Discussion

For our initial attempts to generate cell membrane blebs, HeLa cells were selected
due to their quick growth and division allowing for rapid testing of blebbing conditions.
Previous work had also utilized HeLa cells for blebbing, providing a point of comparison.?®
Furthermore, HeLa cells do contain a physiologically average amount of EGFR, with
general estimates placing the density at ~3-5 x 10 receptors per cell.?”? This will provide
another point of comparison for the later use of A431 cells with highly upregulated EGFR
production that have estimated densities of 2-3 x 10° receptors per cell.***! Generation of
cell blebs was first conducted using two common methods. Serum starvation is achieved
by simple removal of fetal bovine serum from media, resulting in cellular stress and
eventual apoptosis coinciding with an increased release of extracellular vesicles from the
plasma membrane.>? Chemical blebbing can be induced in a number of ways including
activation of myosin phosphatase inhibition, disruption of actin structure with cytochalasin
D, or use of apoptosis inducers, but these methods require use of specialized materials.***

The use of formaldehyde (FA) and dithiothreitol (DTT) is a more accessible and

established alternative. These chemicals work synergistically with FA acting to crosslink
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the actin network of the cell cortex and disrupt its interactions with the cell membrane
above.?® The DTT acts as a reducing agent, cleaving the disulfide bonds of the proteins that
link the cortex to the cell membrane. With these forces acting together, the cellular
membrane is greatly destabilized, resulting in a high degree of shedding into the
surrounding media.

These distinct processes were monitored using fluorescence microscopy of an
Alexa Fluor 488-conjugated apoptosis reporter commonly used in flow cytometry called
annexin V. Apoptosis is monitored through changes to membrane composition, as
phosphatidylserine (PS), typically confined to the inner leaflet, migrates to the outer leaflet
and becomes available for binding by annexin V during this process.*® Figure 5.2 shows
overlaid brightfield and fluorescence images of HeLa cells before and after 3 hours of
serum starvation as well as chemical induction, revealing clear differences in the blebbing
process. The serum starved cells show highly localized signal, indicating that only a portion

of the cells have begun apoptosis at the 3-hour mark. By comparison, chemical induction

appears to act quickly and ubiquitously, showing clear annexin V binding to every cell.

%y

Figure 5.2. Overlaid brightﬁelad fluorescence iags of annexin V-stained HeLa cells
A) Untreated control (no annexin V). B) Healthy cells. C) 3-hour serum-starved. D) 3-hour
chemical treatment.
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Though bleb formation was more or less confirmed from these methods, each does
present some concerning considerations for its use in downstream applications. The
downside to chemical induction with FA and DTT is obvious — the structure of the EGFR
is likely to be irreversibly altered through crosslinking one of its many interacting nearby
proteins, and through cleavage of important structural disulfide bonds. This would throw
into question the validity of results generated by future sensing experiments. Serum
starvation has other practical limitations, with long starvation times being required to
generate a sizeable amount of membrane blebs being one. During this long starvation, the
EGEFR is also at risk of degradation by extracellular proteases due to the lack of inhibitors
such as 02-macroglobulin found in FBS.?” Furthermore, EGFR in membrane blebs is at

risk of shedding by membrane-associated proteases such as A Disintegrin and

Metalloproteases (ADAMs) and has no pathway for replacement.®

Fire 5.3. Brightfield iages o HeLa cells at different stages of the osmotic shock
blebbing process. A) Pre-treatment. B) In hypotonic PBS. C) In vesiculation buffer after
shaking.

Due to these concerns, we thought it prudent to attempt one additional method that
could produce membrane fractions more rapidly and in higher yields without use of harsh
chemicals — osmotic shock (Figure 5.3). In this method adapted from Cohen et al.,*” cells

are first exposed to a hypotonic buffer, causing a large influx of water to the interior of the
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cell that mechanically stresses and weakens the actin cortex (Figure 5.3B).*® This is
followed with a high pH (8.5) vesiculation buffer that further weakens the actin network,*!
when combined with vigorous shaking causes massive disruption and shedding of the cell
membrane (Figure 5.3C). Not only is this method relatively fast and chemically gentle, but
it also produces larger blebs that can be easily removed from solution through

centrifugation, allowing for buffer exchange and concentration.
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Figure 5.4. Western blot of HeLa cell lysates and blebs samples. No EGFR was observed
for the serum starved or chemical treated blebs. Samples for loading into the lanes were
prepared either in the maximum possible concentration of lysate/bleb solution or with one-
half of that amount.

With blebs collected with all three methods, we next assessed their concentrations
of EGFR compared to a HelLa lysate using a western blot (Figure 5.4). The bleb

measurements were taken agnostic of total protein loading to compare them without use of
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additional challenging purification and concentration steps. The wells were loaded with the
maximum volume of the bleb samples possible as well as half of that concentration.
Unsurprisingly, it was found that EGFR was only detectable in the lysate and the osmotic
shock blebs. The superior results from the osmotic shock blebs are likely from an increase
in total generation of blebs, a substantially reduced total volume of solution from each flask

(100 pL vs 1 mL per T75 flask), and is supported by another study showing blebs produced

by FA/DTT chemical induction do not contain EGFR.*?

e ﬁf‘v . 2 “.v :{D S 5 4 3 y R e 0
Figure 5.5. Overlayed brightfield and fluorescence images of A43 1 cells treated with
annexin V. A) No annexin V control. Cells after 2 hours (B), 4 hours (C), and 6 hours (D)

of serum starvation. E.) Healthy cells. Cells after 2 hours (F), 4 hours (G), and 6 hours (H)
of chemical treatment.

6 4%

With the blebbing methods and the low total yield of EGFR under even ideal
conditions established, all future experiments were changed to use A431 cells. Using these,
apoptosis analysis was repeated with annexin V staining (Figure 5.5). Serum starvation
produced a similar result of highly localized staining, but interestingly a substantial

difference in the number of apoptotic cells was not observed between 2 and 6 hours. Some
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studies have indicated that A431 cells are made more resistant to serum starvation
conditions by producing their own transforming growth factor alpha (TGFa), a ligand that
activates their overexpressed EGFR to maintain receptor phosphorylation and promote
cellular survival.** Alternatively, the different origins of the cell lines (epidermoid for
A431 and cervical for HeLa) could result in a different presentation of the PS lipids to the
surface during starvation. Chemical induction, however, produced a much more similar
result to the HeLa cells, with ubiquitous labelling of the cultured cells regardless of
treatment time over the 2—6-hour range. Finally, the osmotic shock procedure was repeated
using the A431 cells (Figure 5.6). The cells showed a strong swelling response to the
hypotonic buffer (Figure 5.6B) and obvious disruption after addition of the vesiculation
buffer and shaking (Figure 5.6D). One intriguing difference from the same treatment of
HeLa cells is that the A431 cells showed formation of long fibrils. Presumably these are
vesicles/blebs that agglomerated due to vigorous shaking inducing trans-interactions of

membrane proteins and glycans that are prevalent in epithelial cells.**
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Figure 5.6. Brigtﬁeld images of A431 cells at different stages in the osmotic shock
process. A) Pre-treatment. B) Hypotonic PBS. C) Vesiculation buffer. D) Vesiculation
buffer after shaking.
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The A431 cell blebs obtained from the three methods were next compared and
characterized for both their concentrations and size distribution using nanoparticle tracking
analysis (NTA). Serum starvation blebs (Figure 5.7A) showed the smallest average size,
very distinct peaks in the distribution, and the lowest overall concentration at 8.53 x 10%
particles/mL. Chemically induced blebs (Figure 5.7B) were larger, more heterogeneous,
and had approximately twice the concentration of particles. Blebs formed by osmotic shock
are almost entirely significantly larger than can be measure by our NTA instrument, which
performs optimally below 1 um, so the osmotic shock blebs were extruded through a 200
nm filter to allow for more accurate comparison to the other methods. Extrusion has the
additional benefit of better compatibility with downstream formation of SLBs, with the
high elastic stress found in small and highly curved vesicles promoting rupture on the
sensing substrate.*> Due to the extrusion, the osmotic shock blebs were the most normally
distributed in size (Figure 5.7C). Additionally, these particles showed a concentration

significantly higher than the chemically induced blebs, as was expected.

A) B) .| C)
£, :
Blebbing Method | Mean(nm) | Mode(nm) | D10(nm) | D50(nm) | D90 (nm) | [Blebs] (Particles/mL)
Serum Starving 1293+45 945+84 771+45 1129434 | 1957+127 8.53x 10°
Chemical 169.2+2.0 986+53 935+23 1404 £ 4.1 2986+4.7 1.54 x 10°
Osmotic Shock 156.1 1.1 130.3+3.3 114708 1490+ 1.8 203.0+26 2.47x10"

Figure 5.7. Nanoparticle tracking analysis results comparing the size of A431 blebs
generated through A) serum starvation, B) chemical treatment, C) and osmotic shock. Note
the osmotic shock blebs were extruded through a 200 nm filter prior to analysis, and table
shows the dilution-adjusted particle concentrations.
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Just as with the HeLa blebs, the osmotic shock blebs were identified as the optimal
choice for downstream sensing with A431 cells. With these, preliminary testing of their
use for biosensing was begun using a commercially available lipophilic SPR chip. The
extruded A431 osmotic shock blebs were immobilized by 1 hour of flow-through on the
surface, achieving a capture level of ~3500 RUs (Figure 5.8A). This is lower than the
expected shift of ~5000 RUs for a fused bilayer and the 10,000 RUs expected for whole
liposomes.*¢ The small shift indicates poor coverage of the lipids that, when tightly packed,
result in greater mass shifts than seen with surface saturation with other biomolecules. It is
possible that the extruded blebs contain a great deal of free proteins, sugars, or DNA that

are blocking lipid binding and preventing formation of a continuous, densely packed, lipid

bilayer.
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Figure 5.8. A) Sensorgram showing the capture of A431 osmotic shock blebs on a Biacore
L1 chip, followed by passivation with BSA that showed very little binding. B) Unstable
capture of the blebs leads to consistent rinse-off during injections, potentially obscuring
detection of anti-EGFR binding.
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To assess whether the surface was fully saturated as well as to reduce nonspecific
binding in following tests, a solution of 1% bovine serum albumin (BSA) was injected for
5 minutes, showing a small shift of ~100 RUs. However, it appears that the BSA was
largely removed during the following rinsing period, indicating weak attachment.
Furthermore, any injections following this rinsing period, regardless of flow rate, resulted
in a reduction of bound material. This can be observed in Figure 5.8B, where 10 pg/mL
solutions of a polyclonal anti-EGFR antibody were injected over the surface resulting in a
negative net shift. Buffer injections under the same conditions showed a similar downward
shift indicating that the antibodies were not binding to surface-captured EGFR to a
significant degree. Taken in their totality, these results indicate that this capture method
did not result in a significant amount of EGFR immobilization on the surface. In the future,
additional sample cleanup steps and other capture methodologies will need to be explored

to address these challenges.

5.4 Conclusion

In this chapter, preliminary work for the generation of full-length EGFR-containing
cell membrane blebs for use with downstream biosensing techniques is presented. The
formation of blebs using three distinct methods was first explored using HeLa cells due to
their rapid growth rate. Serum starvation and chemical induction of blebbing presented
many concerns in terms of protein quantity and quality as well as ease of purification.
Osmotic shock resolved these potential issues with rapid and thorough disruption of

cellular membranes, gentle chemical conditions, and simple purification schemes. As
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predicted, the EGFR concentration was shown to be below detectable levels in a western
blot for both the serum starvation and chemical induction blebs, but not for the osmotic
shock blebs. With methods established, collection was repeated using A431 cells that show
greatly enhanced production of EGFR. Outcomes were similar to those with HeLa cells,

excluding longer starvation times being necessary for the A431 cells to begin apoptosis.

Collected A431 blebs were next quantified and characterized using nanoparticle
tracking analysis. Serum starvation resulted in the lowest concentration of blebs relative to
the treatment time while chemical induction produced a more uniform distribution of bleb
sizes and approximately twice the concentration. Osmotic shock blebs were extruded to a
comparable size range and had a concentration more than 10 times greater than the
chemical induction blebs, heavily indicating better compatibility with biosensing
applications. This method was then used for preliminary SPR testing for response to the
binding of an anti-EGFR antibody. However, poor attachment of the blebs to a commercial
SPR sensing chip obscured binding results. Furthermore, an unexpectedly low binding shift
for the capture indicated that lipid and EGFR loading to the surface may have been
insufficient. Further work will be needed to optimize the preparation of blebs, and methods
for their attachment to the sensing surface to achieve the desired analysis of the binding
kinetics of full-length EGFR to its natural substrates. Further-reaching goals will include
the integration of synthetic gangliosides into the bleb-derived biointerfaces for

investigation of their effects on the binding behavior of the protein.
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Chapter 6: Conclusion and Future Perspectives

6.1 Summary of Dissertation Work

The work presented in the prior chapters of this dissertation was committed to one
fundamental goal — to expand the frontiers of biosensing through the development of new
materials, biointerfaces, and methodologies. The work was mainly presented through the
lens of surface plasmon resonance (SPR), but many of the developments are more broadly
applicable to the larger field of biosensing. The first project, dedicated to expanding the
range of accessible metals for plasmonic sensing through study of indium thin films nicely
illustrates this theme.

While overall aimed at demonstrating the use of indium thin films for SPR sensing,
the extensive use of various fabrication and characterization methods provided previously
unknown fundamental information about indium that could see more broad application
across other biosensing techniques and beyond. This study provided new information about
the morphology, oxidation, and optical properties of indium thin films. Additionally, it
provided much-needed condensation of the scarce existing information in literature, thus
providing a solid base from which to launch future studies utilizing this material.

In the following chapter, we instead leverage existing instrumentation, interfaces,
and data processing technologies to characterize the binding behavior of novel monovalent,
bivalent, and covalent cancer-targeting therapeutics. SPR is a delicate technique that
requires careful consideration of experimental conditions and parameters, along with data
processing methods, to accurately assess the binding kinetics of biological interactions.

Because of this, there is a strong need for a framework that allows for rapid selection of
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experimental factors based on the nature of the binding interactions being measured.
Chapter 3 aims to provide this framework from the perspective of analyte valency to the
target protein, largely due to the increasing recent recognition of drugs with polyvalent or
covalent binding behaviors as potent alternatives to those demonstrating traditional 1:1
binding.

Finally, novel biomimetic lipid interfaces were developed to enable exploration of
the effects of membrane composition on transmembrane protein function. This is
specifically examined using the well-established regulatory relationship between
gangliosides and the cancer-associated epidermal growth factor receptor (EGFR).
Synthetically produced and structurally defined gangliosides are integrated into lipid
bilayers with highly controlled composition to examine the structure-function relationship
of gangliosides in an environment free of the confounding variables to be expected in
cellular membranes. The effects of the gangliosides on the binding behavior of EGFR to
one of its natural ligands was evaluated using a simplified system whereby the truncated
extracellular domain was captured on the surface of the membrane. Little difference in this
binding was observed, reinforcing previous work indicating a different regulatory
mechanism. However, to confirm these observations, sensing needs to be performed on
membranes integrating the full-length EGFR protein, a challenging proposal with initial

forays into this area making up the final chapter of this work.

179



6.2 Future Research Directions
Improved Fabrication and Application of Indium Thin Films

Throughout the work on this project, it was clear that the sensing performance from
the perspective of Kretschmann configuration SPR sensing was being negatively impacted
by the coarseness of the film. Though we were able to achieve sensitivity approximately
77% that of gold, substantial improvements in both sensitivity and noise could likely be
achieved by determining a method for reducing surface roughness.! This could
theoretically be achieved based on some previous studies that utilized cold substrate
temperatures during deposition and/or high temperature annealing while the film was
sandwiched between carbon layers.> Cold deposition suppresses ordered crystallinity and
favors a smoother amorphous film,* but achieving deposition on cryogenic substrates does
bring practical concerns in terms of instrumental accessibility and throughput.
Additionally, other studies using aluminum have indicated that rapid deposition rates and
reduced vacuum pressure can aid in improving film uniformity.* Despite all of these
potential avenues, the current bulk of literature does not provide clear indications that it is
possible to generate metallic indium films with optimal thicknesses for SPR without
compromising surface roughness.’

While achieving metallic indium films with optimal thickness and surface
roughness might not be possible, we have demonstrated that Kretschmann configuration
sensing is indeed achievable.® Furthermore, there is room for improvement based on the
aforementioned literature, meaning performance that is competitive with gold films may

still be possible. Combining these improvements with SPR excitation by a UV source could
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further improve sensing performance, making indium a genuinely viable plasmonic
material. Due to indium’s ability to achieve SPR response a wide range of excitation
wavelengths, similar to aluminum,”® this would also open the door for use in
multiwavelength SPR optical setups which provide additional information on a variety of
factors such surface layer thickness, bulk refractive index effects, and size of immobilized
extracellular vesicles.”!! Finally, the presence of the indium oxide layer presents another
angle for optimization of films through altering the crystallinity, thickness, or surface
chemistry of this layer.
Cellular Study of EGFR Regulation by Gangliosides

For decades, cellular studies have been used to establish and explore the regulatory
effects of gangliosides on EGFR. This has most often been achieved through western blot
analysis of EGFR phosphorylation before and after cells (most often A431) have been
subjected to a treatment. For example, the Hakomori group demonstrated two decades ago
that ganglioside inhibition of EGFR was largely specific to GM3, concentration dependent,
and likely a result of direct interactions of GM3 with N-glycans on the extracellular domain
of the protein using this method.!*!* However, the many studies conducted in this manner
had a limitation of available material and were restricted to naturally sourced ganglioside
mixtures containing a variety of structures.

With the vast library of structurally defined and pure gangliosides that were
acquired for the studies covered in this work, these methods could be repeated to identify
the inhibitory ability of individual GM3 structures. If a structure with an optimal inhibitory

effect can be identified, it would provide a strong candidate for ganglioside treatment of
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EGFR-positive cancers.!* Ganglioside treatments have long been proposed but were
limited by the availability of pure and defined structures.!>"!7 Furthermore, this system
could provide insights into the inhibitory mechanism by relating reductions in ligand-
dependent phosphorylation to other membrane properties such as lateral diffusion, with
additional support being provided by computational studies simulating ganglioside
clustering and interaction sights on the protein.!®!° If this methodology proves itself
valuable it could logically be extended to other transmembrane proteins regulated by
gangliosides, along with cancer-associated mutations to EGFR such as the exon 19 deletion

or exon 20 insertion,?%?!

providing real avenues to ganglioside treatments of cancer.
Full-Length Transmembrane Protein Platforms

While chapter 5 presented work on collecting full-length membrane-bound EGFR
in the form of blebs from cell membranes, those goals were very much preliminary inroads
toward achieving the ultimate goal of creating an SPR platform that integrates the protein
for sensing experiments. Completing this aim will require a great deal further
experimentation and will open many other avenues for future research directions — some
of which will be related here. Through western blot analysis, it is already clear that the
osmotic shock blebs, which were identified as the most optimal for downstream
applications, contain large amounts of EGFR. However, some questions about the protein
still remain that, when answered, will determine the viability of the method. First and
foremost, the activity must be confirmed from two perspectives. Kinase activity (i.e. the

ability for the protein to perform phosphorylation) can be confirmed through the usage of

commercially available kinase activity kits that operate by measuring the conversion of
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ATP to ADP in the presence of an artificial substrate containing many tyrosine moieties.*?
Furthermore, the protein’s ability to perform transphosphorylation can be determined by
exposing the blebs to EGF and performing a western blot using an antibody specific to
autophosphorylated EGFR tyrosine residues such as Tyr1068.2%24

With the activity confirmed from multiple perspectives, then the SPR platform
integrating the protein will become the goal. There are numerous ways this could be
achieved based on existing literature, but these can be generally narrowed down and sorted
into two practical categories — capture on a tethered membrane system or the use of
polyethylene glycol (PEG) to create a polymer cushioned membrane.?>*® Extensive work
from the Daniel group at Cornell has provided detailed methods for and indicated the
practicality of the PEG capture method for forming polymer cushioned membranes with
integration of transmembrane proteins that retain lateral mobility.?’*° Following these
capture methods as well as their characterization of protein fluidity and orientation is likely
the best starting point for creating the biointerface. Furthermore, some of these methods
introduce opportunities to integrate our ganglioside library through either co-rupture or
sonication of the blebs with artificial liposomes containing PEG and the ganglioside of
choice.

Even if all of these steps can be achieved, there will likely be one major limitation
to the blebbing method as it currently exists that will prevent effective SPR sensing of the
EGFR-EGF interaction. The magnitude of signal that can be generated is dependent on the
ratios of the molecular weights of the ligand and the analyte of interest, as well as the

valency of their interaction.®! Full-length EGFR has a molecular weight in the range of
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170-180 kDa depending on the degree of glycosylation; making it approximately 30 times
larger than EGF.>*3? This means that a substantial amount of functional and properly
oriented EGFR must be immobilized to generate a useable binding signal from EGF. It is
doubtful that the A431 blebs will contain a sufficient concentration of EGFR, meaning that
some form of enrichment will likely be necessary. Due to the lack of affinity tags on the
protein, this will need to be achieved through immunoprecipitation. Fortunately, a
successful method for immunoprecipitation of functional protein from osmotic shock blebs
has been previously reported.** If this is still insufficient, the expression of transmembrane
proteins into membranes using cell-free protein synthesis (CFPS) is an alternative method
we have previous attempted with little success. However, our attempts were made with an
E. coli-based system that may not be compatible with EGFR due to its size and post-
translational modification.*> Future attempts should instead attempt to use insect or
mammalian CFPS methods and materials.*®*” All-in-all, while building this biosensing
platform will certainly present many challenges, integration of existing techniques from

across literature provides many reasonable pathways to future success.

184



6.3 References

1. Agarwal, S., Giri, P., Prajapati, Y. K. & Chakrabarti, P. Effect of Surface
Roughness on the Performance of Optical SPR Sensor for Sucrose Detection: Fabrication,
Characterization, and Simulation Study. /EEE Sens. J. 16, 8865—-8873 (2016).

2. Boulesteix, C., Devant, G., Marraud, A. & Rateau, R. Structure and
Recrystallization of Indium Thin Film. J. Vac. Sci. Technol. 6, 780-783 (1969).

3. Kurt J. Lesker Company | Physical Vapor Deposition (PVD) of Indium Bumps |
Enabling Technology for a Better World.
https://www.lesker.com/newweb/ped/applications/indium-bumps.cfm.

4. He, C. et al. Sensitive Aluminum SPR Sensors Prepared by Thermal Evaporation
Deposition. ACS Omega 8, 43188-43196 (2023).

5. Fan, Z. et al. Hydrogen plasma exposure of In/ITO bilayers as an effective way for
dispersing In nanoparticles. https://arxiv.org/abs/1611.05606v2 (2016).

6. Ebel, C. P., Stuart, D. D., Valiulis, S. N., Van Zant, W. & Cheng, Q. Indium
Plasmonic Thin Films as Substrates for Kretschmann Configuration-Based SPR Sensing
and FDTD Analysis of Oxide-Enhanced UV-SERS. ACS Appl. Nano Mater. 8, 23237—
23246 (2025).

7. Horék, M., Foltyn, M., Bajo, V., Dub, P. & Sikola, T. Plasmonics of non-noble
metals. http://arxiv.org/abs/2603.19996 (2026).

8. Knight, M. W. et al. Aluminum for plasmonics. ACS Nano 8, 834—-840 (2014).

9. Granqvist, N. ef al. Characterizing ultrathin and thick organic layers by surface
plasmon resonance three-wavelength and waveguide mode analysis. Langmuir 29, 8561—
8571 (2013).

10. Rupert, D. L. M. et al. Dual-Wavelength Surface Plasmon Resonance for
Determining the Size and Concentration of Sub-Populations of Extracellular Vesicles.
Anal. Chem. 88, 9980-9988 (2016).

11. Dostalek, J., Vaisocherovd, H. & Homola, J. Multichannel surface plasmon
resonance biosensor with wavelength division multiplexing. Sens. Actuators B Chem. 108,
758-764 (2005).

12. Haga, Y., Hatanaka, K. & Hakomori, S. itiroh. Effect of lipid mimetics of GM3 and
lyso-GM3 dimer on EGF receptor tyrosine kinase and EGF-induced signal transduction.
Biochimica et Biophysica Acta (BBA) - General Subjects 1780, 393—404 (2008).

185



13. Yoon, S. J., Nakayama, K. 1., Hikita, T., Handa, K. & Hakomori, S. I. Epidermal
growth factor receptor tyrosine kinase is modulated by GM3 interaction with N-linked
GlcNACc termini of the receptor. Proc. Natl. Acad. Sci. U. S. A. 103, 18987 (2006).

14.  Hegde, M. et al. Harnessing potential role of gangliosides in immunomodulation
and cancer therapeutics. Life Sci 351, 122786 (2024).

15. Schneider, J. S. GM1 Ganglioside as a Disease-Modifying Therapeutic for
Parkinson’s Disease: A Multi-Functional Glycosphingolipid That Targets Multiple
Parkinson’s Disease-Relevant Pathogenic Mechanisms. Int J Mol Sci 24, (2023).

16.  Alpaugh, M. et al. Disease-modifying effects of ganglioside GM1 in Huntington’s
disease models. EMBO Mol Med 9, 1537-1557 (2017).

17. Fazzari, M., Lunghi, G., Chiricozzi, E., Mauri, L. & Sonnino, S. Gangliosides and
the Treatment of Neurodegenerative Diseases: A Long Italian Tradition. Biomedicines 10,
(2022).

18. Sega, M., Vallauri, R., Brocca, P. & Melchionna, S. Molecular dynamics
simulation of a GM3 ganglioside bilayer. Journal of Physical Chemistry B 108, 20322—
20330 (2004).

19.  Lyu, Y.etal Effect of GMI concentration change on plasma membrane: molecular
dynamics simulation and analysis. Physical Chemistry Chemical Physics 26, 12552—12563
(2024).

20.  Du, Z. et al. Structure-Guided Strategies of Targeted Therapies for Patients with
EGFR-Mutant Non—Small Cell Lung Cancer. Biomolecules 13,210 (2023).

21. Zhang, Z., Stiegler, A. L., Boggon, T. J., Kobayashi, S. & Halmos, B. EGFR-
mutated lung cancer: a paradigm of molecular oncology. Oncotarget 1, 497 (2010).

22.  A. Haubrich, B. & C. Swinney, D. Enzyme Activity Assays for Protein Kinases:
Strategies to Identify Active Substrates. Curr. Drug Discov. Technol. 13,2 (2016).

23. Schulze, W. X., Deng, L. & Mann, M. Phosphotyrosine interactome of the ErbB-
receptor kinase family. Mol. Syst. Biol. 1, MSB4100012 (2005).

24, Carpenter, G. & Cohen, S. Epidermal growth factor. Journal of Biological
Chemistry 265, 7709—7712 (1990).

25.  Andersson, J. & Koper, I. Tethered and Polymer Supported Bilayer Lipid
Membranes: Structure and Function. Membranes 6, 30 (2016).

26. Chiang, P. C., Tanady, K., Huang, L. T. & Chao, L. Rupturing Giant Plasma
Membrane Vesicles to Form Micron-sized Supported Cell Plasma Membranes with Native
Transmembrane Proteins. Scientific Reports 7, 15139 (2017).

186



27. Liu, H. Y. et al. Supported Planar Mammalian Membranes as Models of in Vivo
Cell Surface Architectures. ACS Appl. Mater. Interfaces 9, 35526-35538 (2017).

28.  Richards, M. J. et al. Membrane Protein Mobility and Orientation Preserved in
Supported Bilayers Created Directly from Cell Plasma Membrane Blebs. Langmuir 32,
2963-2974 (2016).

29. Liu, H. Y., Chen, W. L., Ober, C. K. & Daniel, S. Biologically Complex Planar
Cell Plasma Membranes Supported on Polyelectrolyte Cushions Enhance Transmembrane
Protein Mobility and Retain Native Orientation. Langmuir 34, 1061-1072 (2018).

30. Selivanovitch, E., Ostwalt, A., Chao, Z. & Daniel, S. Emerging Designs and
Applications for Biomembrane Biosensors. Annu. Rev. Anal. Chem. 17, 339 (2024).

31. Davis, T. M. & Wilson, W. D. Determination of the Refractive Index Increments

of Small Molecules for Correction of Surface Plasmon Resonance Data. Anal. Biochem.
284, 348-353 (2000).

32. Gregory, H. Isolation and structure of urogastrone and its relationship to epidermal
growth factor. Nature 257, 325-327 (1975).

33.  Ullrich, A. et al. Human epidermal growth factor receptor cDNA sequence and

aberrant expression of the amplified gene in A431 epidermoid carcinoma cells. Nature 309,
418425 (1984).

34, Cohen, S., Ushiro, H., Stoscheck, C. & Chinkers, M. A native 170,000 epidermal
growth factor receptor-kinase complex from shed plasma membrane vesicles. Journal of
Biological Chemistry 257, 1523—-1531 (1982).

35. Zemella, A., Thoring, L., Hoffmeister, C. & Kubick, S. Cell-Free Protein Synthesis:
Pros and Cons of Prokaryotic and Eukaryotic Systems. ChemBioChem 16, 2420-2431
(2015).

36.  Ezure, T. et al. A Cell-Free Translocation System Using Extracts of Cultured Insect
Cells to Yield Functional Membrane Proteins. PLoS One 9, €112874 (2014).

37. Moghimianavval, H., Hsu, Y. Y., Groaz, A. & Liu, A. P. In Vitro Reconstitution
Platforms of Mammalian Cell-Free Expressed Membrane Proteins. Methods in Molecular
Biology 2433, 105-120 (2022).

187





