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RESUME

Le cancer du sein est a la fois la forme de cancer la plus diagnostiquée et la deuxiéme cause
de mortalité chez les femmes canadiennes. L’immunohistochimie (IHC) est une technique étalon
pour la caractérisation en profondeur des tissus et le diagnostic précis de la tumeur du cancer du
sein. Cette technique repose sur 1’étude immunologique des tissus, par le biais d’anticorps
chromogenes générant un signal colorimétrique. Toutefois, cette technique a plusieurs
inconvénients, notamment la perte ou la modification d’antigénes ciblés pendant la préparation du
tissu ou encore le risque de photoblanchiment. De plus, I’analyse des résultats peut varier
grandement selon le pathologiste responsable de I’examen du tissu. Ces ¢léments peuvent avoir un
impact négatif sur la sensibilité et la spécificité du diagnostic, et ainsi augmenter la probabilité de
faux positifs et faux négatifs. Ainsi, augmenter la précision des tests de diagnostic du cancer du

sein demeure un enjeu important pour une meilleure prise en charge des patients diagnostiqués.

Ce mémoire présente I'utilisation de nanoparticules d’or (AuNPs) immunoplasmoniques
comme une alternative a I’'IHC pour le diagnostic du cancer du sein. Des anticorps ciblant des
biomarqueurs du cancer du sein sont chimiquement conjugués aux AuNPs par I’intermédiaire de

polyéthylene glycol (PEG) portant en bout de chaine des groupes fonctionnels réactifs.

Dans ce mémoire, d’importantes contributions portant sur le développement d’AuNPs
fonctionnalisées sont, dans un premier temps, passées en revue, afin de mettre en lumiére les enjeux
chimiques et physiques qui entourent la conception de formulations stables, robustes, fiables,
reproductibles et sensibles capables de cibler et de se lier a des cellules cancéreuses de facon
spéecifique. Les travaux expérimentaux présentés dans la suite du mémoire ont pour objectif
principal la comparaison de trois différentes stratégies de fonctionnalisation covalente des AuUNPs
avec des anticorps. Ces stratégies portent sur 1’orientation des anticorps greffés par rapport a la
surface des AuNPs. Pour chacune, les avantages et inconvénients relatifs a la préparation,
I’optimisation, et le comportement des AuNPs lorsque mises en présence de cellules cancéreuses
sont évalués. Les propriétés chimiques et physiques, ainsi que les rendements et 1’activité
biologique sont caractérisés. Enfin, sur la base des résultats expérimentaux rapportés, une

comparaison critique des trois stratégies de fonctionnalisation est proposée. Les bénéfices de la
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conjugaison covalente des anticorps sur les AuNPs, par rapport a leur simple adsorption physique,

sont également discutes.

Les travaux présentes dans ce mémoire permettent de mettre en évidence des différences a
la fois au niveau des propriétés chimiques, optiques, des rendements et de 1’activité lors de la
comparaison de deux stratégies de conjugaison covalentes. Des conditions pour un meilleur
contrdle de la stabilité, fiabilité et reproductibilité des formulations ont été identifiées. De plus, des
différences sont observées dans la capacité des AuNPs a se lier a deux lignées cellulaires
cancereuses, MDA-MB-231 et MDA-MB-453.

Ce mémoire constitue une contribution importante pour le domaine de recherche portant
sur la biofonctionnalisation d’AuNPs a des fins diagnostiques, en apportant une caractérisation
approfondie de chaque étape de différents protocoles de fonctionnalisation. Des travaux futurs,
portant notamment sur la caractérisation de I’activité biologique des anticorps greffés aux AuNPs
ainsi que sur I’applications des AuNPs immunoplasmoniques a des systémes biologiques plus
complexes, restent nécessaires. Néanmoins, les travaux présentés dans ce mémoire ont produit des
résultats prometteurs permettant d’ouvrir la voie vers la conception d’AuNPs
immunoplasmoniques a des fins diagnostiques, avec pour objectif a long terme le développement

de techniques diagnostiques alternatives a I’THC pour le diagnostic du cancer du sein.
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ABSTRACT

Breast cancer is the most diagnosed form of cancer in Canadian women, and is the second
leading cause of death for them. In a histological setting where breast cancer tissue is examined,
immunohistochemistry (IHC) is the go-to technique for providing a more in-depth diagnosis of the
breast cancer tumour. The technique relies upon immunological-based staining of the tissue and
generation of a colorimetric signal from chromogenic antibodies. However, this technique suffers
from several drawbacks, namely loss or modifications of targeted antigens during preparation of
the tissue, variations in skill of the examining pathologist, and photobleaching. These can all reduce
both the sensitivity and specificity of the diagnosis and increase the likelihood of a misdiagnosis
or a failure to detect it. Improving the accuracy of cancer diagnostics is thus an important issue to

address, so as to more appropriately proceed to care management of the diagnosed patient.

In this thesis work, functionalized immunoplasmonic gold nanoparticles (AuNPs) are a
proposed alternative to IHC for breast cancer diagnosis. Herein, breast cancer-detecting antibodies
are chemically conjugated to AuNPs via polyethylene glycol (PEG) linkers containing reactive
functional groups located at the ends of their chains. This thesis work will review important
contributions discovered in developing these functionalized AuNPs, by elucidating the chemical
and physical challenges related to designing stable, robust, reliable, reproducible, and sensitive
formulations that can specifically target and bind to cancer cells. The main goals of this thesis work
were to compare and contrast different strategies for functionalizing AuNPs with antibodies on the
basis of their advantages and disadvantages in preparation, optimization and their ultimate
application to cancer cells. Each part of this thesis will review in turn three different strategies that
would orient antibodies with respect to AuNPs in different ways, such that both the chemical and
physical properties, yield and biological activity could all be characterized. This allowed for a final
head-to-head comparison between all three chemical conjugation strategies, alongside a

comparison to antibodies physically adsorbed to AuNPs in a non-specific manner.

Overall, differences in chemical and physical properties, yield and activity were all
observed for two different chemical conjugation strategies, and various parameters influencing
their stability, reliability and reproducibility were optimized. In addition, differences were seen
regarding their abilities to bind to two different cancer cell lines, MDA-MB-231 and MDA-MB-
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453. This thesis work thus constitutes an important contribution to the research field of AuNP
functionalization for diagnostic purposes, by providing a more in-depth characterization of each
step of the process of functionalization. It also provides insight on how various parameters could
be controlled and ultimately influence the ability of each strategy to produce functionalized AuNPs
capable of recognizing and binding to cancer cells. Although further work still needs to be pursued
in order to better characterize the biological activity of the antibodies bound to these functionalized
AUNPs, as well as applying these formulations to more complex biological systems, this work has
produced promising results that should hopefully shed light on designing improved
immunoplasmonic AuNPs for diagnostic purposes. This could lead to breakthroughs in the field

that would ultimately produce an alternative technique to rival IHC in cancer diagnostics.
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CHAPTER 1 INTRODUCTION

1.1 Background on Cancer Diagnosis

Over their lifetimes, nearly 50% of Canadians will be diagnosed with cancer, 50% of whom
will lose their lives [1]. Cancer remains one of the most difficult healthcare problems in our world
to solve. Due to the complexity of treating cancer, with many forms being refractory to any
treatment, diagnosis is one of the key steps in determining the fate of cancer patients. Ideally, an
earlier detection of cancer would increase the chances of survival of the patient, as progression to
treating earlier, less complex stages of cancer would happen sooner. The longer the time between
the onset of cancer and its diagnosis, the more it resists treatment. Due to the rapid deterioration of
cancer as begins to metastasize in Stages Il and 1V, a prompter diagnosis is desirable, as later stage
diagnoses have a poorer prognosis. Any delays in diagnosis could be fatal to patients. Thus, being

able to diagnose the earlier, more treatable stages of cancer is an attractive area of research.

Breast cancer is the most common cancer diagnosed in Canadian women, and is the second
most frequent cause of their death by cancer [2]. Mammography is considered the gold standard
for early breast cancer screening, and takes an X-ray image of the breast tissue [3]. However, it has
one limitation of having a high false negative rate of 15 to 20% [4]. Breast cancer screening will
thus often require follow-up histological diagnostic tests to substantiate any findings from a
mammography, and more closely examine the deeper molecular structure of the tissue, in order to

pinpoint the subtype of breast cancer and determine the best course of treatment for the patient [5].

The main histological test used to further examine the molecular structure of breast tissue
is called immunohistochemistry (IHC) [6]. An explanation of the steps undertaken for performing

IHC are as follows, and an overview of the experimental set up is illustrated in Figure 1-1:

(1) Extraction of the tissue by fine-needle aspiration and fixation with formalin®, rendering

this technique ex vivo, as opposed to in vivo.

(2) Freezing of tissue prior to use, for storage purposes.

L ex vivo: biological tissue is examined outside the body; in vivo: biological tissue is examined inside the body



(3) Retrieval of breast cancer antigens residing in the frozen tissue via heat-induction.

(4) Blocking of background proteins / receptors that adsorb in a non-specific manner to
either the primary or secondary antibodies employed during the staining step (5).

Bovine serum albumin (BSA) is usually employed as a blocking agent [7].

(5) Staining of tissue, which is performed by adding a cocktail of primary antibodies able
to recognize and bind to the cancer receptors (antigens), and secondary antibodies
conjugated to enzymatic chromogens that can interact with the immobilized primary

antibodies. A commonly employed chromogen is horseradish peroxidase (HRP).

(6) Visualization of the stained tissue under a microscope, with an examining pathologist

making the diagnosis.

Stained Tissue

Visualization under a Microscope Substrate Coloured Product
(O
N7
——— Conjugated Chromogen
(ex: HRP)
l L\_——Sﬂ:nndlr] Antibody

Backgrmmd Proteins
{ex: non-specific proteins to primary and secondary antibodies)

Blocking Agents (ex: BSA)

V__—- Primary Antibody

Cancer Receptors (Antigens|

Figure 1-1 Schematic of IHC applied to cancer tissue, with relevant components labelled. In the
interest of simplicity, only the blocking (4), staining (5) and visualization (6) steps explained in the

above paragraph are shown. Breast cancer stained tissue taken from Novusbio [8].

1.2 Limitations of Immunohistochemistry as a Cancer Diagnostic Technique

Despite the power of this technique in detecting overexpressed cancer antigens in breast
tissue, like the human epidermal growth factor receptor 2 (Her2), it suffers from a few notable
drawbacks:



(1) The targeted antigens can be inadvertently lost when the tissue is extracted from the patient,
or if it is not adequately fixed. This can result in them solubilizing and diffusing away from
the examined area during either the epitope retrieval or blocking steps, leading to a decrease
in the sensitivity of the assay [9].

(2) Variations in the duration of the fixation step, as well as the threshold staining signal used
to define a positive test result and distinguish it from background signals, can also be
challenges in terms of reproducibility [10].

(3) Reliance on the skill and experience of the examining pathologist during analysis of the

stained tissue, which can result in a statistical bias known as interobserver variability [11].

(4) The fluorescent chromogens employed in IHC are susceptible to a phenomenon called
photobleaching [12]. This can cause the quality of a tissue’s luminescent signal to degrade
over time, meaning that analysis of the stained tissue must be performed quickly, in order

to prevent the analysis timepoint from adversely biasing the results.

Although recent advances in IHC, such as those in multiplexing and automation, have brought the
technique a long way, inconsistencies in the preparation and assessment of the tissue can increase
the chances of an inaccurate diagnosis [13-15]. In the context of breast cancer survival rates, the
more likely a false negative result occurs, the more likely the cancer stage will deteriorate, which

can dramatically impact the fate of those patients who do not receive a prompt diagnosis.

1.3 Objectives for Designing an Immunological Diagnostic Tool Able to

Address Voids from Immunohistochemistry

The scope of this thesis work was to graft gold nanoparticles (AuNPs) with cancer-detecting
antibodies via a polyethylene glycol (PEG) linker, a process known as biofunctionalization. This
was to be optimized, in order to develop an immunoplasmonic (IP) tool, or a plasmon-generating
formulation for immunological applications, in order to visualize ex vivo breast cancer cells under
a dark-field microscope. Here, the visualization of cancer cells relies upon back-scattering by the
AUNPs bound to them. This would allow for these IP-AuNPs to be compared with the conventional
diagnostic test for breast cancer tissue samples, IHC. The difference between the two techniques is
illustrated in Figure 1-2:
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Figure 1-2 Schematic comparing IHC (left) with biofunctionalized IP-AuNPs (right) for detecting

breast cancer tissue. Image inspired by work of Ciaurriz et. al, 2017 [16] .

AUNPs have been chosen for various reasons as the material of interest for designing a novel
diagnostic tool for cancer. Most importantly, their intrinsic optical properties of absorption and
scattering, as well as their photostability, make them superior to many other luminescent materials,
including the conventional fluorophores used in IHC [17]. These intrinsic optical properties can be
exploited by cancer researchers, in order to increase the sensitivity of localizing cancer cells that
may normally fall out of the limit of detection of IHC [18]. For example, larger AUNPs above 50
nm have proven to be valuable for various imaging applications, such as dark-field microscopy,
due to their advantageous scattering properties, which has allowed them to visualize small
molecules and cells with a high resolution [19]. In contrast, the photostability of AuNPs can
provide researchers with a reliable, consistent signal due to scattering that will not degrade over
time, as AuNPs resist photobleaching [20].

The process of grafting cancer-detecting antibodies to gold nanoparticle AuNPs is known as
biofunctionalization (i.e. conferring biologically functional properties to AuNPs), and will be
henceforth referred to as such for the remainder of this thesis. The chosen antibodies for
biofunctionalization are Trastuzumab (TZM), also commercialized as Herceptin®. TZM is an
antibody conventionally used to treat breast cancer, and based on current knowledge in the field,
has seen limited use in diagnostic tests. TZM has been selected for two reasons as the antibody of

interest for this biofunctionalization: (1) it recognizes and targets the Her2 receptor overexpressed



in 25-30% of breast cancer types [21], and (2) it is easy to produce in mammalian cells, which are

required to produce any humanized antibodies (such as TZM) that are glycosylated [22].

In order to test the diagnostic power of biofunctionalized AuNPs, two breast cancer cell lines
have been selected. These cancer cell lines are MDA-MB-453, which overexpresses Her2 and is
considered the positive control for breast cancer, and MDA-MB-231, which expresses basal levels
of Her2 and is considered the negative control for breast cancer [23]. It is worth pointing out that
basal levels of Her2 are always expressed in healthy breast tissue, due to this receptor belonging to
a family of receptors (epidermal growth factor or EGF) required for maintenance and growth of
epithelial cells. Therefore, the distinction between MDA-MB-453 and MDA-MB-231 lies in the

expression levels of Her2, rather than the outright presence or lack thereof.

Given the scope of this thesis work, three sub-objectives stem from this general objective.
The three sub-objectives represent the workflow of this Master’s thesis, and their respective

chapters in which they will be addressed are also listed. These sub-objectives are:

1. Explore and compare different strategies of biofunctionalization, including randomly
oriented, semi-oriented and oriented grafting techniques, in order to develop and optimize
robust and reproducible methods for functionalizing AuNPs with TZM (Chapter 3).

2. Develop and optimize characterization methods to assess both quantitatively and

qualitatively each step of the process that functionalizes AuNPs with TZM (Chapter 3).

3. Apply TZM-biofunctionalized AuNPs to Her2 positive and negative cancer cell lines
(MDA-MB-453 and MDA-MB-231, respectively) in order to evaluate their ability to
visualize and detect cancer cells, while comparing this diagnostic tool in parallel to IHC
(Chapter 3).



CHAPTER 2

2.1 Immunohistochemistry (IHC)

LITERATURE REVIEW

To be concise with content already discussed in Chapter 1, an overview of the current

challenges faced by breast cancer researchers when using IHC as a diagnostic technique is provided

in Table 2-1. For the reader who wishes to learn more about other visualization tools for imaging

cancer cells, they are invited to consult Appendix M.

Table 2-1 Overview of challenges of IHC as a diagnostic technique for breast cancer

Challenge

Reason(s)

Consequence(s)

(not necessarily aligned

with each reason)

extraction and epitope retrieval [32]

1. Non-specific a. Variations in  blocking  agent i.  Appearance of more
adsorption of efficiencies, as well as durations of aberrant antigens
antibodies protein blocking and staining steps [9] ii.  Decreased signal-to-

b. Inappropriate selection and application noise ratio (SNR)
of primary and secondary antibodies to | iii.  Increased likelihood
tissue sample [24] of false negatives

c. Variations in tissue thickness [25]

2. Photobleaching |a. Interference from the surrounding i. Influence on time at

of fluorophores environment of the chromogen [26] which measurement is
b. Variations in chromogen selected [27] taken post-staining
ii.  Inability to use old
tissue samples as a
benchmark

3. Interobserver a. Lack of standardization of i.  Lack of reproducible
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2.2 Gold Nanoparticle Visualization of Cancer Cells

The field of nanotechnology has exploded in interest in the last 20 years, with nanoparticles
being a focal point of research. Nanoparticles (NPs) are a diverse class of formulations at the
nanometre (nm) scale and can be comprised of various material, including metallic gold (Au).
AuNPs have drawn interest in biotechnological and biomedical applications [17]. Their physical
and optical can be harnessed for applications in therapeutics?, diagnostics and theranostics [33].
The physical and optical properties of AuNPs are provided in the next two sections, which will

rationalize why these NPs were chosen for this IP application.

2.2.1. Optical Properties of Gold Nanoparticles

AUNPs possess free electrons at their surfaces that can collectively oscillate upon
irradiation. These oscillations are called plasmons, and when the natural frequency mode
corresponds to the irradiating field frequency, plasmon resonance occurs [34, 35]. In particular,
surface plasmon resonance (SPR) occurs when this phenomenon originates at the surface of
metallic nanostructures, thereby conferring them with intrinsic optical properties [34, 36]. In the
case of metallic NPs, whose sizes are considered to be much smaller than incident wavelengths in
the ultraviolet to visible (UV-VIS) range of the electromagnetic (EM) spectrum (200 to 800 nm),
the dynamics of interactions between incident light and the metal change [34, 36]. Here, incident
wavelengths can penetrate the metal, causing polarization of conducting electrons. Thus, plasmon
oscillations can occur across the entire volume of the NP, although in a localized manner, rather
than in a propagating or interactive manner [37]. These localized patches of oscillating plasmons

are called localized surface plasmons (LSPs), and can be shown in Figure 2-1:

2 Therapeutic treatments involving AuNPs include induction of hyperthermia in cancer cells, as well as drug delivery.
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Figure 2-1 Schematic representation of the interactions between incident light (A) and a spherical

NP whose size (d) is small enough to generate LSPs. Image reproduced from Amendola et. al [37].

This polarization of plasmons across the entire surface of AuNPs renders the optical
properties of AuNPs very sensitive to their immediate environments [38]. As a result, the SPR
wavelength peak about which the overall NP plasmons oscillate is susceptible to small changes in
its microenvironments, and can be shifted according to changes at the metallic surface: liquid
interface [39]. Various properties of nanoformulations can influence the position of this SPR peak,
including their: (1) size, (2) material composition and (3) geometry [40, 41]:

(1) The larger the size of the NP, the longer the SPR peak wavelength. For example, according to
the NP manufacturer Nanopartz’s website, 50 nm AuNPs have an SPR peak at 531 nm, while
the peaks for 70 nm and 100 nm AuNPs are located at 542 and 569 nm, respectively [42].

(2) For material composition, silver will skew the real part of the extinction coefficient function
towards higher values and thus LSPs at a higher energy [43]. Therefore, gold-silver alloys will
have an SPR peak at a lower wavelength than their equivalent size gold counterparts.

(3) Geometry can change the anisotropy of the NPs resulting in LSPs across its entire volume, and
multiple SPR peaks [44]. For example, nanorods have a second SPR peak that appears in the
near-infrared (NIR) region of the EM spectrum, due to excitation along the longitudinal axis of
the nanorods (Figure 2-2) [39]. This is unlike small, spherical AuNPs (of less than 50 nm),
which only possess one SPR peak. Hence, the presence of asymmetry in the NP, that would
deviate it from a traditional spherical shape, can shift the position of the SPR peak towards
longer wavelengths. One could deduce that for spherical AuNPs, irregularities along their

curved surfaces due to deformities could also shift their SPR peaks towards longer wavelengths.
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Figure 2-2 Spectra of different types of AuUNPs: a) 15 nm nanospheres, b) 40 nm nanocubes, c-e)
nanorods with aspect ratios of 2.4, 3.4 and 4.6, respectively. Image taken from Chen et. al [39].

The last factor influencing the position of the SPR peak is the presence of molecules
attached to the surface of AuNPs. Molecules like PEG can shield incident irradiation and decrease
the effective diameter of plasmons across the NP volume, which causes a shift towards longer
wavelengths [45, 46]. Furthermore, differences in the density and molecular weight (MW) of these
adsorbed molecules shift the plasmon peak towards longer wavelengths as their lowest unoccupied
molecular orbital (LUMO) energies differ from AuNPs and couple with the plasmon conduction
band, causing the width and energy of this band to decrease [47, 48]. A monolayer of PEG covering
the surfaces of AuNPs will thus cause a redshift of the SPR peak.

Other optical properties include absorption and scattering, as both will contribute to the
appearance of AuNPs in visible light. The overall extinction coefficient (g) cross-section, or
effective area that is excited by incident light, is the result of summing the absorption and scattering
terms. AuNPs have a strong absorption cross-section extinction coefficient due to SPR. Absorption
is considered a non-radiative effect as the energy of incident photons can be dissipated into the
AUNPs in the form of heat, while scattering is considered a radiative effect [20]. The weighted sum
of the non-radiative and radiative components of the overall extinction coefficient will determine
how much AuNPs absorb or scatter light, respectively [49]. While absorption predominates at
smaller AuNP sizes, scattering prevails above diameters of 70 nm up to 100 nm, as an extrinsic
size effect will broaden the absorption spectrum and cause a redshift [34, 50]. This extrinsic size

effect means that SPR wavelengths can be modulated in response to changes in size.

Mie theory describes how both absorption and scattering contribute to the shapes of AUNP
UV-VIS absorbance spectra. When incident light reaches homogenous, spherical AuNPs, light

waves at both their surfaces and internally can be approximated as planar waves that fit the sphere’s
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radius [51, 52]. The incident and internal electric fields of these planar waves are expanded to fit a
multipole field with mathematically derived expansion coefficients. This multipole field behaves
normally provided that the waves are internal or at the surfaces of the AuNPs. Beyond the radii of
the AuNPs, this approximation fails, and the waves behave as if they were spheres, which can be
macroscopically attributed to the scattering of incident light by the AuNPs [51, 52]. When applying
this approximation to larger NPs, this multipole field expansion converges at higher orders,
resulting in a greater contribution to the scattering term [53]. Consequently, one can observe the
difference between smaller and larger NPs in their UV-VIS absorbance spectra, where the SPR
peak broadens as size increases, due to the increased contribution of scattering (Figure 2-3). It is
worth noting in this figure that the near-ultraviolet (NUV) tail preceding the SPR peak corresponds
to the interband region of AuNPs, where single electrons are excited within the conduction band,

creating a hole in the deeper lying d-band [54].

A) B)
2.0,

m
3}

Optical Density (¢ ‘)
°

L
3}
T

600 800 400 50 600 700 800
Wavelength (nm) Wavelength (nm)

500

I
S
S

Figure 2-3 Effects of AUNP Size on A) shape of SPR peak and B) weight contribution of scattering

to peak. Images reproduced from nanoComposix [55].

Due to the strong weight contribution from scattering to the extinction coefficient of AUNPS
at larger sizes, AuNPs with diameters between 50 and 100 nm have drawn research interest in
cancer diagnostics, as they can be easily detected by a commercial microscope under dark-field
illumination [56-58]. Alongside their superior photostability, AuNPs in this size range are ideal
candidates for cancer imaging. As scattering increases with size, 100 nm AuNPs will scatter light
more strongly than 50 nm AuNPs, and thus be more easily detectable in dark-field microscopy. For

this reason, AuNPs with a diameter of 100 nm have been chosen as the scaffold for this thesis work.
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2.2.2. Physical Properties of Gold Nanoparticles

Synthesis of AuNPs represents the first step required to confer them with their favourable
optical properties. Traditionally, AUNPs have been synthesized by the Turkevich method, where
sodium citrate is used as a reducing agent [59]. However, due to the presence of citrate, this method
has a limitation of preventing growth of AuNPs larger than 20 nm [60]. For example, larger AUNPs
are more difficult to synthesize, as the growth rates of particles across the population vary
dramatically according to their sizes, with larger particles growing more slowly than smaller ones
[61]. Consequently, there can be dispersion in the final sizes of AuNPs. This can be observed in a
UV-VIS spectrum as the SPR peak of these dispersed AuNPs will broaden more when compared
to ones that have grown more uniformly, which will show a narrower peak. For this reason,
researchers have opted to develop other synthesis strategies to obtain larger AUNPs with finer size
dispersions. One of these strategies is the seeded growth method, which proceeds in a stepwise
manner with smaller NPs serving as intermediates, referred to as seeds [60, 61]. By allowing the
entire population of NPs to collectively grow towards each intermediate size, there is a better
control on the final size dispersion of larger NPs. Given some of the challenges related to
synthesizing AuNPs and controlling their dispersion, many researchers elect to acquire AuNPs

from commercial sources, in order to accelerate their research on functionalized AuNPs [61].

In terms of stabilizing and storing AuNPs, the sodium citrate used to synthesize them also
serves as a capping agent for stabilizing the assembled spheres, resulting in formation of a
monolayer [17, 62]. Despite the presence of citrate, this gold-citrate bond is moderately weak and
citrate ions can be easily displaced, especially when exposed to high ionic strength solutions [63].
Therefore, it is recommended to store AuNPs in low salt solutions, such as deionized water, in
order to store citrate-capped AuNPs over the long-term. One issue related to AUNP destabilization
(ex: under high salt) is aggregation, which results in a flattening and large redshift of their UV-VIS
spectra, as displayed in Figure 2-4. This aggregation can usually be observed by a change in the
colour of the AuNP solution towards a blueish tint or a complete loss of colour, which indicates
irreversible aggregation [64, 65]. For this reason, AuNP stabilization is an important concern to
address throughout their experimental use, during either synthesis, grafting of biomolecules onto
their surfaces, or application to cells and/or tissues for detection [66]. For aggregation, it is

important to distinguish it from dispersion, with the former arising due to agglomeration of
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destabilized AuNPs, and the latter occurring due an irregular size distribution from either synthesis

or functionalization. This difference between dispersion and aggregation is apparent in Figure 2-4:

— Dispersed
— Aggregated

Optical Density

200 500 600 700 800
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Figure 2-4 Comparison between the UV-VIS spectra of dispersed and aggregated AuNPs. Image

reproduced from nanoComposix [55].

By synthesizing and stabilizing AuNPs, their physical properties can be exploited by
researchers to improve their utility as a cancer diagnostic tool. First, IP-AuNPs can be turned into
a multiplexed tool by employing AuNPs of different sizes, shapes and composition (the latter via
silver-gold alloys), for which each type would be functionalized with a different antibody [67]. By
employing a variety of different IP-AuNPs, each type can be resolved visually, such as by colour,
or by the position of its SPR peak. Therefore, multiple cancer antigens could be screened for at
once in a histological setting. In contrast, the large surface areas of AuNPs can be used as scaffolds
to enhance the avidity and selectivity of antibody-antigen binding as more antibodies can be grafted
onto the same AuNP surface. This is unlike IHC for breast cancer, where these interactions are
limited to two antibodies per Her2 receptor (Figure 2-5) [68]. Finally, when functionalized
nanocages are employed, AuNPs can also serve as drug delivery vectors by housing drugs and
releasing them upon binding to their targets [69]. This provides them with duality for cancer
diagnostics and treatment, with applications in the growing field of theranostics. For these reasons,

the range of applications of IP-AuNPs are hot topics in research.
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Figure 2-5 Difference in TZM avidity for Her2 receptors between IHC (left) and functionalized
AUNPs (right), highlighting the potential increase in avidity resulting from functionalization.
Concept of increased avidity of functionalized AuNP conjugates has been demonstrated in past

literature [70, 71].

AUNPs can be diverse in both their shapes and sizes. In Figure 2-6 we can observe the sheer

diversity of NPs that can be synthesized for various applications [33].

Figure 2-6 Diversity of AuNP shapes and sizes: a) nanospheres, b) nanorods, ¢) nanodumbbells, d)
triangular nanoprisms, e) nanowires, f) nanostars, g) nanodendrites, h) nanocubes. Image
reproduced from Elahi et. al [33].

Nanorods, for example, are interesting for therapeutics, due to their strong absorbance in
the NIR, which can be useful for in vivo studies [72, 73].2 Nanocages also share many of the same

applications as nanorods, and are interesting from both therapeutic and theranostic standpoints, due

% The NIR has a range between 650 and 1350 nm, and is the region where light penetration of tissue is the greatest.
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to their ability to act as a drug delivery vector, and strongly absorb and scatter light for detection
[74]. In contrast, nanospheres and nanocubes are interesting for diagnostics and biosensing, due to
their scattering [75, 76]. For this thesis work, nanospheres have been elected as the scaffold for
these IP-AuNPs, instead of other formulations such as nanorods or nanocubes. This is due to their

simplicity in synthesis, their lower cost, and their well-studied physical and optical properties [77].

2.3 Functionalization of Gold Nanoparticles with Biological Molecules

Biofunctionalization is the process of transforming NPs into biologically active
nanoformulations, by conjugating biomolecules onto their surfaces. The reasons for AuNP
biofunctionalization are varied, and entail: (1) conferring them with biological properties, (2)
improving their colloidal stability, (3) improving their half-life in the human body by decreasing
their renal clearance (i.e. improving their stealth to excretion), or (4) targeting cells and/or tissues

in a specific manner [78].

Various terms will be introduced for the sake of clarity in later sections when these terms
will be used again. A description of this vocabulary is provided in a list below in the same sequence
as the experimental methods of this thesis. To provide visual context, Figure 2-7 shows an overview

of these terms and their interrelatedness:

1) PEGylation: the process of covering the AuNP surface with polyethylene glycol (PEG),
usually carried out with two types of PEG, namely: i) heteromonofunctional PEG, which
contains only one functional group, and heterobifunctional PEG, which contains two
different functional groups. Thiol (SH) groups are added to each end of these two forms of

PEG, in order to provide a chemical handle for binding to the AuNP surface.

2) Antibody Conjugation: the process of covalently bonding cancer-targeting antibodies to a
PEG linker already decorated onto the surface of AuNPs as heterobifunctional PEG. The
exposed functional group serves as a chemical handle for attachment to the antibodies. The
bioactive antigen-binding region is the area of interest for recognition and detection of cancer
cells, and is ideally left untouched following conjugation.
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Figure 2-7 Overview of the vocabulary employed to introduce the biofunctionalization of AuNPs
with PEG and cancer-targeting antibodies.

In physiological media that are comprised of complex fluids with various salts, proteins and
other biomolecules that could potentially adsorb to exposed surfaces, it is imperative that AUNPS
are stabilized, in order to retain their physical and optical properties. The mechanism of aggregation
of AuNPs is not well-understood, with some insight suggesting that there is an equilibrium shift
between individual AuNPs and aggregates [79]. Aggregation of AuNPs is likely a cooperative
process, and thus, the more that aggregates are formed, the more complete aggregation of the entire
population of AuNPs occurs [80]. For this reason, AuNP stabilization remains one of the most

important challenges for researchers to optimize throughout the process of biofunctionalization.

2.3.1. Decoration of Gold Nanoparticles with Polyethylene Glycol (PEGylation)

PEG is a polymeric chain of C2H4O ether repeats (Figure 2-8). It is amphiphilic and has
numerous applications in the medical and industrial fields. Varying chain length repeats are
possible giving them MWs on the order of magnitude of thousands of Daltons (Da). Given the need
to cover the surfaces of AuNPs to prevent their aggregation, PEG is usually selected as the
stabilizing molecule for AuNPs under physiological conditions, where they are confronted with
solutions of high ionic strength [78, 81]. When stored in low ionic strength solutions, AuNPs tend
to stay apart due to electrostatic repulsion. However, this repulsion is overcome by high ionic
strength solutions due to salt screening, resulting in aggregation of AuNPs [82]. PEG therefore

imparts AuNPs with a packed monolayer that covers their surfaces, contributing to both steric and
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hydrophobic stabilization. It has been more widely accepted that steric effects caused by packing
of their chains are the most effective way in which PEG stabilizes AuNPs, as it helps prevent salt
permeation across this layer [82-87]. A hydrophobic effect conferred by PEG packing is very much

akin to how the cell membrane repels simple diffusion of ions.

Aot

Figure 2-8 Structure of PEG. Image reproduced from Sigma Aldrich [88].

PEGylation of AuNPs occurs by taking advantage of free thiol (SH) groups chemically
added to the ends of PEG chains. The strength of the Au-SH bond is between 40 and 50 kilocalories
per mole (kcal/mol) [89, 90]. As SH groups show the strongest affinity for gold, and the bond
formed between them is stronger than the one formed with citrate ions capping its surface, PEG
molecules with free thiols can easily displace citrate ions, without triggering aggregation of
AuUNPs [91, 92].

To adequately shield PEGylated AuNPs from high concentrations of salt present in
physiological media (on the order of magnitude of mM), a minimal density of thiolated PEG is
required to adequately cover the surface so that lipophilic shielding effects can be ensured. A few
estimations of this minimal density per nm? of AuNP surface have been performed by past research
and have shown that a minimum of three thiolated PEG molecules per nm? of AuNP surface is
required [93, 94]. When applying a PEGylation strategy to larger AuNPs, the same calculation of
PEG density per surface area needs to be considered. Larger AuNPs tend to have more surface
defects and heterogeneities than their smaller counterparts, as their synthesis and dispersion are not
as easily controlled , meaning that the surfaces of these spheres are not smooth, but rather contain
hills and valleys [95]. This means that in certain spots along their surfaces, a larger density of PEG
may be required, as the binding affinities of thiolated PEG molecules can be altered in these spots,
resulting in their diffusion away from these surface defects [96]. These surface defects can also
impact the minimum concentration of PEG required to ensure adequate surface coverage, as their

presence increases the surface area of AUNPs. These irregularities present in larger AuNPs can
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pose many challenges for efficient PEGylation, as well as characterization [62]. Figure 2-9 shows

this phenomenon of AuNP surface defects and their related PEGylation challenges.

Less densely packed

More densely packed region of SH-PEG
region of SH-PEG

Gold Nanoparticle

Figure 2-9 Schematic showing how surface defects hamper the PEGylation efficiency of AuNPs

by varying the densities of PEG able to pack along irregular surfaces, such as hills and valleys.

Heterobifunctional PEG molecules can be manufactured to incorporate a SH group at one
end for binding to AuNPs, and a reactive functional group on the other end, allowing for PEG to
serve a role in bioconjugation, such as binding to antibodies [97]. PEGylation of AuNPs thus
accomplishes two goals: (1) stabilize AuNPs to prepare them for physiological conditions
experienced in biomedical applications, (2) serve as an intermediate link for conjugation to
biomolecules. While antibodies could be simply adsorbed onto the surfaces of AuNPs via
electrostatic interactions, without using PEG, this adsorption can randomly orient antibodies and
decrease their biological activity, and even trigger aggregation of AuNPs [98]. For this reason,
PEG is an important linker molecule needed to control the conjugation chemistry and orientation
of antibodies over AuNPs, while also stabilizing them. Table 2-2 shows the sheer diversity of

heterobifunctional PEG that could be used as a linker for bioconjugating antibodies to AuNPs.

Table 2-2 Example of commercially available, heterobifunctional PEG containing a SH group at
one end. List of PEG drawn from several vendors labelled as: 1 — Nanocs, 2 — Sigma-Aldrich, 3 —
JenKem, 4 — Creative PEGWorks, 5 — Polyscience, 6 — Pure PEG, 7 — Boc Sciences [99].
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Name Vendor(s) Functional Reactivity of Non-Thiol End
Groups

Aldehyde PEG Thiol -CHO, -SH Diamines, Hydrazides,
Hydroxyls, Phenolates

Amine PEG Thiol 1-7 -NH3, -SH Anhydrides, NHS Esters,
Phenolates

Biotin PEG Thiol 1,3 -biotin, -SH Streptavidin

Carboxyl PEG Thiol 1,2,4,5 7 |-COOH,-SH Diamines and Diimides, NHS
Esters

Hydrazide PEG Thiol 1,4 -(C=0)N2Hg4, Aldehydes, NHS Esters

-SH

Hydroxyl PEG Thiol 3,6,7 -OH, -SH Acylating and  Alkylating
Agents, Aldehydes

N-Hydroxysuccinimide 1 -NHS, -SH Amines, Hydrazides

PEG Thiol

Succinimidyl 3,7 -SPA, -SH Amines, Hydrazides

Propionate PEG Thiol

To ensure sufficient coverage of the surfaces of AUNPs, and an adequate density of reactive

functional groups exposed, most PEGylation strategies recommend using a mixture of both
heteromonofunctional PEG containing a SH group able to bind to the Au surface (methoxy-PEG-
thiol) and heterobifunctional PEG containing a SH group at one end and a functional group on

the other end that serves as a chemical handle for bioconjugation.

2.3.2. Characterization of PEGylation

Various techniques are used to characterize both qualitatively and quantitatively the
PEGylation efficiency. These techniques evaluate: (1) the size of the PEG-decorated AuNPs, (2)
their surface charge, (3) the number of all PEG molecules attached to their surfaces, (4) the number

of heterobifunctional PEG molecules attached.

The first way to evaluate PEGylated AuNPs looks at approximating their size and

dispersion. The following information can be provided:
(1) Average size of PEGylated AuNPs, which can be compared to bare AuNPs of known sizes.

(i)  Average dispersion of PEGylated NPs, which can provide insight on any aggregation that

may have occurred during PEGylation.
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One technique employed to measure changes in size and dispersion is dynamic light
scattering (DLS). DLS analyzes incident light scattered by NPs by measuring their Brownian
motion on the receiving end of this scattered light [100]. This motion depends on the hydrodynamic
size of NPs, as well as the viscosity and temperature of the solvent in which the NPs are suspended
[101]. NPs of varying shapes and sizes are capable of scattering light. The larger a NP is, the
more efficiently it can scatter light (Section 2.2.1). Thus, via appropriate calibration, and by
knowing the refractive index of the material, the size of a NP can be estimated [102]. It is worth
noting that this size information is not absolute, but rather relative, and should be compared with
internal references of the same material that are suspended in the same solution, such as bare
AuNPs [100].

By measuring size, DLS measurements can also provide information on the dispersion and
aggregation of NPs. There is a correlation between the full width at half-maximum (FWHM) of
the peaks measured by DLS and the extent of dispersion of AuNPs. The greater the dispersion,
the greater the size distribution of that NP (Section 2.2.2). Consequently, the extent of dispersion
could hint at the aggregation state of functionalized AuNPs, with wider peaks indicating
aggregation, while narrower peaks are desirable as they suggest a better control of functionalization
[103]. By comparing to an internal reference standard of the same material suspended in the same
solution, FWHM can estimate the extent of aggregation relative to a control. The second and more
obvious indicator of aggregation is the sudden appearance of a second peak at any size greater than
the size of the bare AuNPs. This would occur when larger agglomerates are formed, whose
Rayleigh scattering properties vary considerably from individual NPs and smaller NP aggregates,

due to a sixth power dependence of scattering on size (d), as seen in Equation 1 [104]:

_2715d6 n? —1\*
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Equation 1 Rayleigh scattering cross-section of particles, where d=diameter, A=wavelength,

n=refractive index. Equation taken from Siegel and Howell [105].

Despite the power of DLS in measuring the size and dispersion of AuNPs, it has one
shortcoming that must be considered. When factoring in the six power dependence of size on

scattering (Equation 1), a size bias can introduced by averaging across all NPs, including
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aggregates and individual particles, resulting in a z-value being generated that does not necessarily
reflect on the true state of the population of NPs. For this reason, it is recommended to consult the
polydispersion index (PDI) so as to get a more accurate illustration of the make-up of the population
of NPs on the basis of their dispersion in size [100].

Another technique employed for analyzing PEGylated AuNPs is measuring their surface
Zeta Potential (ZP). ZP is the electric potential of colloidal AuNPs as they move across an electric
field, and reflects on the potential difference between the electric double layer of mobile particles
and the amount of solution surrounding them along their slipping plane [106]. In essence, it
corresponds to the surface charge of AuNPs [107]. In this thesis work, AuNPs are normally
negatively charged, due to the gain in electrons upon reduction of gold cations. Hence, positively
charged ions in solution will be drawn towards them. PEGylation can thus shield the negatively
charged surface, as gold atoms present in the NPs will be re-oxidized to gold cations when they
form a dative bond with negatively charged sulfide groups from the thiolated PEG molecules [108].
Consequently, PEGylation will make AuNPs less negative. By comparing PEGylated AuNPs to
an internal reference of bare AuNPs, one can correlate the change in ZP with the extent of PEG
covering the surfaces of AuNPs. Logically, this correlation means that a more efficient PEGylation

would decrease the negatively charged surfaces of AuUNPs by a greater amount.

The next way to characterize PEGylated AuNPs is by UV-VIS spectroscopy. Here, the
average size of the PEGylated AuNPs can be approximated by fitting their UV-VIS spectra to the
Mie theory-predicted spectra for nanospheres [109]. As was seen in Section 2.2.1, the position of
the SPR peak of AuNPs is susceptible to changes in their microenvironments. PEGylation can
partially shield the effective diameter of LSPs in AuNPs, and cause a redshift of the SPR peak
[47, 48]. Additionally, the width of the SPR peak is related to the dispersion of the AuNPs, and
thus, the FWHM of this peak can be related to the size distribution of AuNPs, and estimate the
degree of aggregation. Finally, the concentration of PEGylated AuNPs can be measured by

evaluating their spectra and comparing them to bare AuNPs of known concentrations [110].

The concentration of heterobifunctional PEG bound to the surfaces of AuNPs can also be
measured. Here, specific tests targeting the reactive functional groups present on heterobifunctional
PEG are employed to approximate the number of exposed, reactive PEG molecules. For example,

the concentration of hydrazides or amines can be measured by reacting PEGylated AuNPs with
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trinitrobenzenesulfonic acid (TNBS), which recognizes and reacts with these functional groups in
a colorimetric assay [111]. Similarly, the concentration of biotinylated PEG molecules grafted onto
AuUNPs can be quantified by employing fluorophore 4’-hydroxyazobenzene-2-carboxylic acid
(HABA), which competes with streptavidin for biotin [112]. In addition, to quantify the number of
PEG molecules bound to AuNPs, Hsieh et. al [113] generated anti-PEG bioparticles combined with

anti-PEG antibodies for a quantitative enzyme-linked immunosorbent assay (ELISA).

Finally, to evaluate the successful clean-up of excess, unbound thiolated PEG molecules,
an Ellman’s test can be done, which uses the colorimetric reagent 5,5’-dithio-bis-(2-nitrobenzoic
acid) (DTNB) to measure the concentration of free thiols [114]. However, this test can only be
conducted under one condition where thiolated PEG molecules must be in their reduced
formed, as opposed to oxidized form where they form disulfide bridges with each other. Adapting
this assay to characterize PEGylation, a decrease in the colorimetric response of DTNB reacted
with excess PEG in the supernatants can indicate a better PEGylation, but drawing any definitive
conclusions is difficult as this response could also be due to increased oxidation of thiolated PEG
molecules. In contrast, an Ellman’s test can be conducted on thiolated PEG molecules bound to

AUNPs to provide a more direct quantification, and requires dissolving AuNPs in aqua regia [115].

2.3.3. Conjugation of PEGylated Gold Nanoparticles to Antibodies

Before introducing antibody conjugation strategies, an explanation of the structure of
antibodies is needed. A typical antibody is shown in Figure 2-11. Antibodies are Y-shaped
molecules comprised of four peptide chains named the heavy and light chains (two each), which
refer to their respective MWs. Their arrangement makes the antibody molecule symmetrical. The
heavy chains span the length of the Y, while the light chains are located on the branches of the Y.
These peptide chains are linked by inter-chain disulfide bridges, of which there are four. Two
are found in the middle region where the heavy chains bend, while the other two join the heavy
and light chains. This middle region is called the hinge region. The region where only the heavy
chain can be found is the fragment-crystallizable region, or Fc region, while the region where both
chains can be found is the fragment antigen-binding region, or Fab region for short. The Fab region

confers antibodies with the ability to specifically recognize and bind to antigen receptors, while the
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Fc region is conserved across all antibodies of the same immunoglobulin family. In contrast, the

Fc region has one unique feature, which is that it is post-translationally glycosylated.

There are many approaches to conjugating antibodies to AuNPs. Conjugating antibodies to
AUNPs can be accomplished by adsorbing them directly onto the surfaces of AuNPs, or indirectly
conjugating them to a reactive functional group (to form a covalent bond) on a PEG linker bound
to AuNPs [116]. Only covalent conjugation strategies involving PEG as a linker will be discussed.
Irrespective of the conjugation strategy, challenges with the chemistry include reaction yields, non-
specific adsorption (NSA), aggregation of either AuUNPs or antibodies, purification, and the
orientation and activity of the Fab region [62, 117-121]. It is especially important that the
biological activity of antibodies is conserved by keeping the Fab region unimpaired, so that
their affinity for their antigens is not adversely affected [121-124]. Each approach has its pros and
cons, which should be taken into account when optimizing the conjugation strategy, in the interest
of finding the right balance between the yield of antibody conjugation products and their biological

activity [125]. An overview of possible antibody conjugation strategies is shown in Figure 2-10:

Figure 2-10 Antibody conjugation strategies: (1) natural amino acids, (2) disulfide bridges, (3)
engineered cysteines, (4) non-natural amino acids, (5) glycosylated region, (6) N-termini of heavy
and light chains, (7) engineered tags, (8) strong non-covalent interactions via Fc binding domains,

(9) nucleotide binding site, (10) receptor-binding region. Image taken from Dennler et. al [125].

The main strategies explored in this thesis work for covalently conjugating antibodies to
PEGylated AuNPs can be categorized into three overarching approaches. Each of these orients
differently the antibodies with respect to the AuNPs: (1) a randomly oriented approach, which
involves functional groups distributed throughout the antibody, (2) a semi-oriented approach,

which targets the two disulfide bridges of the hinge region, and (3) an oriented approach, which
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targets either the sugar chains located in the Fc region or amino acids artificially overexpressed in

this region. Differences between these three approaches are shown in Figure 2-11:
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Figure 2-11 Schematic of the three main approaches explored in this Master’s thesis for covalent
conjugation of antibodies: (1) randomly oriented, (2) semi-oriented, (3) oriented.

a) Randomly Oriented Approach

The first approach targets any region of the antibody that could act as an anchoring point to
a reactive PEG linker. For this approach, researchers usually take advantage of the abundant amine
(NH2) groups present in antibodies. These amine groups normally come from lysine residues, or
from the N-termini of the heavy or light chains. Each immunoglobulin G (IgG) (the antibody family
for TZM) contains roughly 80 lysine residues that are potential attachment points [126]. Hence,
any conjugation chemistry that targets these lysine residues will generate a large heterogeneity of
products, potentially altering the physicochemical properties of these antibodies to their antigens
or partner molecules that can interact with their Fc regions [127, 128]. As these lysine residues
are randomly located throughout the 1gG backbone, conjugation could result in a random
orientation and their activity potentially altered. Most solvent-accessible lysine residues are
located in the CHz domain® of the Fc region though, which decreases this randomness [129].

One functional group used to realize this conjugation strategy is called N-
hydroxysuccinimide (NHS). NHS functional groups react with nucleophiles, such as free amine
groups, to generate stable amide bonds (Figure 2-12) [98]. These NHS groups can be introduced
by either PEG linkers on their end chains, or by converting PEG linkers with an end chain carboxyl

4 Fc domain adjacent to the hinge region of antibodies
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(COOH) functional group into an NHS group by reacting them with NHS and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (Figure 2-12). NHS/EDC chemistry is a well-studied
and popular conjugation chemistry technique, and has advantages being efficient and generating
stable products by forming amide bonds [98]. An overview of NHS/EDC chemistry and their

ensuing reaction with amine groups present in antibodies is shown in Figure 2-12.

NPs+PEG+COOH

EDC T e

H,0 |  NPs+PEG+Antibodies
NHS y oA

i) ( NPs+PEG+NHS

— —
Vi)

Antibodies with Amine Groups

Figure 2-12 Schematic of the randomly oriented approach, whereby NHS/EDC chemistry is

employed to conjugate PEGylated AuNPs to antibodies via their amine groups.

NHS/EDC chemistry has been widely used to biofunctionalize AuNPs with antibodies. For
example, two studies synthesized either 6 or 10 nm AuNPs with exposed carboxyl and alcohol
groups provided by a thiolated fatty acid, before conjugating them to monoclonal antibodies via
NHS/EDC [130, 131]. On the contrary, Loo et. al [132] reacted monoclonal antibodies with a
heterobifunctional linker with an NHS group on one end, before conjugating them to gold
nanoshells. Wilson et. al [133] chose a similar strategy to this previous one, except that gold

nanospheres replaced gold nanoshells.

Despite the widespread use of NHS groups to biofunctionalize AuNPs, this conjugation
strategy has some drawbacks. First, NHS groups have a half-life of a few hours under physiological
conditions, and are susceptible to hydrolysis over time, even if EDC is employed to reactivate the
NHS groups [97, 134]. This can deplete the number of reactive NHS groups available in solution.
Therefore, optimizing this conjugation approach requires quickly reacting any NHS-containing

PEG molecules, in order to generate higher yields from this strategy.

Furthermore, NHS groups are not selective to just amine groups, as they can react with

stronger nucleophiles present in the IgG backbone [134, 135]. This primarily concerns serine,
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threonine and tyrosine residues who have hydroxyl (OH) groups that are exposed and accessible
from the 1gG backbone. Thus, a larger heterogeneity of bioconjugate products can be generated,
due to a lack of control over the specificity of this reaction. One way to circumvent these concerns
about NHS selectivity is to alter the reaction pH. Under more neutral and alkaline pH conditions,
NHS groups will preferably react with lysine residues over other amino acids, although some serine
and tyrosine residues may inevitably react with NHS esters [134-137].

Other concerns related to reacting NHS groups is the formation of cross-linked AuNPs
conjugated to the same antibody [135]. As their kinetics are well-known, these groups will quickly
react with any accessible nucleophile or amine group, and cross-linking can arise when the ratio of
antibodies to available NHS groups is skewed in favour of NHS, resulting in antibodies being the
limiting reagent, and multiple NHS groups reacting in excess with the same antibody. Avoiding
cross-linking of AuNPs can prove to be a challenge with this conjugation strategy, as any cross-
linked AuNPs can lead to the generation of clusters, potentially causing aggregation. For this
reason, it is recommended to react antibodies in excess to the number of available NHS groups, in
order to minimize the extent of cross-linking [138].

b) Semi-Oriented Aproach

The second approach relies on targeting SH groups of the disulfide bridges that link the
heavy and light chains of antibodies. Several functional groups chemically added to PEG can target
these exposed thiols, including maleimide (Mal), as depicted in Figure 2-13 [97]. Unlike the
randomly oriented approach, this will be considered a semi-oriented approach as the number of
cysteine residues in the 1gG backbone is much less than the number of lysine residues targeted by
NHS ester groups, and these cysteine residues are more uniformly distributed in specific regions
of 1IgG molecules, particularly in their hinge regions. For each IgG, there are 16 cysteine pairs that
form disulfide bridges, with 4 of these inter-chain and the remaining 12 being intra-chain [126].
Usually though the 4 inter-chain disulfide bridges are targeted by conjugation strategies, as they

are more solvent accessible than the intra-chain disulfide bridges [139].

This approaches requires the reduction of disulfide bridges in order for the SH groups to
be exposed (Figure 2-13). This must also be done in a controlled fashion to preserve the overall

integrity and biological activity of the antibodies. Several reducing agents can target these disulfide
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bridges, two of them being B-mercaptoethanol (BME) and dithiothreitol (DTT). There are some
notable drawbacks to using these two reagents. First, DTT can lead to cross-linking of antibodies
or intramolecular antibody reactions, as it contains two reactive SH groups that can reduce two
subsequent disulfide bridges [126]. BME, on the other hand, is considered a strong reducing agent
and its reactivity cannot be as easily controlled, which can lead to a heterogeneity of reduced
antibody products [140]. For these reasons, milder reducing agents that more selectively target the
inter-chain disulfide bridges of the hinge region of IgG molecules are desired.

One milder reducing agent that has been successfully employed for reducing the inter-chain
disulfide bridges of the hinge region of IgG is tris(2-carboxyethyl)phosphine hydrochloride
(TCEP). Advantages of TCEP include it lacking SH groups that could participate in intramolecular
reactions, being water-soluble and stable under physiological conditions, and working over a wide
pH range [141]. TCEP typically generates half-antibody fragments whose intrachain disulfide
bridges remain untouched, as depicted below in Figure 2-13 [141-143]. Thus, these half-antibody-
generated products keep the Fc and Fab regions intact. Although half-antibody fragments are not
seen under physiological conditions, this method has demonstrated that disulfide bridge reduction
does not impair the ability of these half-antibody fragments to bind to their antigens [144]. In fact,
it has even been shown that this conjugation method can improve the sensitivity of biosensing
assays [142]. Moreover, by lowering the pH of the reaction, this method can improve the yield of
half-antibody fragments, which demonstrates the high selectivity imparted by TCEP [144].

Disulfide Bridges of Hinge Region Exposed Free Thiols

Antibody Half-Antibody Fragments

A
N

NPs+PEG+Maleimide

r
Al BN
o \u /L/

NPs+PEG+Half-Antibody

Figure 2-13 Schematic of the semi-oriented approach, assuming covalent conjugation to

maleimide-exposed, PEGylated AuNPs that can react with exposed free thiols.
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This conjugation strategy has been successfully employed before. Chen et. al [145] reduced
antibodies in excess to TCEP, before conjugating them to a drug. In comparison, Strachan et. al
[146] employed TCEP to reduce antibodies while preserving their biological activity, before
conjugating them to biotin for a chromatography application. Lastly, Groysbeck et. al [147]
reduced antibodies by TCEP, before conjugating them to DTNB-transformed AuNPs, which could
then react with the reduced disulfide bridges of the hinge region of these antibodies, in a similar
fashion to how DTNB works in an Ellman assay to detect free thiols. However, it is worth noting
that this group did not use a PEG linker to span between the AuNPs and the half-antibody
fragments. Based on current knowledge of the literature, TCEP reduction of antibodies for the

purposes of conjugation to PEGylated AuNPs has never been published.

One challenge related to this conjugation approach includes low reaction yields due to the
limited number of disulfide bridges that can react, with only two interchain bridges at the hinge

region of each 1gG being targeted [139, 148, 149]. However, optimizing the reaction has been

shown to improve this yield [144]. On the flip side, employing TCEP could be beneficial by
reducing the heterogeneity of conjugation products. Thus, researchers should ideally find a balance

between optimizing yields and minimizing product heterogeneities in their conjugation strategies.

c) Oriented Aproach

The last approach revolves around targeting the Fc region of antibodies (Figure 2-11). By
targeting this region, the antigen-binding Fab region remains untouched, reducing the risks of

impairing the activity of the antibodies. To carry out this oriented approach, there are a few options:

(1) Engineer overexpressed, reactive amino acids like cysteine into the Fc region, to react with SH-
targeting functional groups on PEG linkers [125]. Some drawbacks include: (i) the high costs
of genetic engineering and production of recombinant glycosylated antibodies, and (ii)
antibody aggregation due to disulfide bridges forming between cysteine residues [150, 151].

(2) Incorporate a tag into the Fc region that can be targeted by an enzyme that can add a chemical
or biological handle, such as biotin, for attachment to other mediator molecules like streptavidin
[125]. This strategy has high costs associated with: (i) genetic engineering and production of
recombinant glycosylated antibodies, and (ii) enzymatic processing of the Fc region tag [125].
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For economical and practical reasons, more cost-effective strategies for targeting the Fc
region of antibodies have been sought out. Most often, the sugar moieties that are post-
translationally added to human antibodies in their Fc regions can be targeted. Glycosylation of
antibodies plays many roles in the body, including modulating the activity of other proteins as an
effector, and participating in specific immune responses [152, 153]. Normally, monoclonal
antibodies have two oligosaccharide chains following glycosylation, one for each side of the 19G
molecule. To target these chains, antibodies are oxidized by adding sodium periodate (NalOa) in
excess, which targets sialic acid moieties in these oligosaccharide chains, yielding aldehydes that

can in turn react with amines or hydrazides, the latter preferred due to antibody cross-links less

likely forming [125, 154, 155]. Thus, PEG molecules with either amine or hydrazide functional
groups can react with oxidized antibodies to form stable amide or hydrazone bonds, respectively.

An overview of this chemistry is shown in Figure 2-14:
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Figure 2-14 Schematic of periodate oxidation of glycosylated antibodies and their ensuing
conjugation to hydrazide-exposed, PEGylated AuNPs. Image adapted from Hermanson et. al [97].

Previous research has demonstrated the oriented approach as a viable conjugation strategy.
Kumar et. al [156] showed that they could target the glycosylated region of monoclonal antibodies
via periodate oxidation, before conjugating them to hydrazide-PEG-thiol (Hyd-PEG-SH), and
subsequently decorating these conjugates onto 20 nm AuNPs. Their protocol showed that the
process of oxidizing antibodies is very fast, and if kept to a short incubation time under milder
conditions, it can produce a high yield of oxidized antibodies. In comparison, Kubota et. al [157]

adopted the same conjugation strategy as this previous work, except this time they generated 50
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nm AuNPs conjugated to TZM. Finally, Zhou et. al [158] further controlled the oxidation process
via glycoengineering by enzymatically transforming glycan residues into sialic acids, which are
more selectively targeted by periodate oxidation than other carbohydrate moieties. By doing this,
they were able to generate site-specific oxidized antibodies which were then conjugated to a drug.
Despite the findings from these studies, none were performed on larger AuNPs, and none explored

into further depth the effects of oxidation on the affinities of antibodies to their antigen receptors.

One of the major challenges with this strategy is controlling the oxidation conditions.
Periodate oxidation is considered a harsh treatment that can lead to overoxidation of the
glycosylated regions and impact the biological activity of these regions, or provoke the formation
of cross-links between antibodies through their glycosylated chains, triggering their aggregation
[159]. In addition, periodate oxidation has been shown to target certain amino acids, notably
tyrosine, tryptophan, cysteine, methionine and serine [155].° If this oxidation of amino acid
residues were to occur in the Fab region, this could negatively impact the affinities of antibodies
to their receptors. For these reasons, researchers have explored the optimization of milder oxidation
conditions, noting that control over temperature, incubation time, pH, periodate concentration and

molar ratio to antibodies can minimize the extent of undesirable side effects due to oxidation [160].

2.3.4. Characterization of Antibodies Conjugated to PEGylated AuNPs

In order to evaluate the success of conjugating antibodies to PEGylated AuNPs, a
characterization by qualitative and quantitative means is needed. The common goal of both set-ups

is to evaluate the biological activity of antibodies grafted to AuNPs.

a) Quantitative Assays for Characterizing Antibody-Functionalized AuNPs

The first type of assay that can be conducted is an ELISA. Van der Heide and Russell [161]
evaluated their functionalized AuNPs of 16 nm by incubating HRP-labelled antigens with them,
and found a concentration in the range of nM translating to 1 to 35 antibodies per NP. One

advantage with ELISA assays is its low limit of detection (pM), which allows for a larger range of

5 Tyrosine and serine have -OH groups, tryptophan has indole rings, and methionine and cysteine have sulfur groups
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bound antibody concentrations to be determined [162]. For larger AuNPs that have lower
concentrations than smaller NPs, an ELISA could be more suitable due to its higher sensitivity.

Another way to quantify functionalized AuNPs is to compare absorbance of the
supernatants before and after each step of their preparation and relating these values to
concentrations by knowing the right extinction coefficient. One group performed a Bradford assay
on the supernatants before and after functionalization and purification [163]. However, there are
notable limitations with the Bradford assay, including its low sensitivity which may prevent it from

accurately measuring concentration values or detecting any differences between each step [164].

Finally, the number of antibodies bound to AuNPs can be estimated by analyzing the UV-
VIS spectra of bare and functionalized AuNPs. Mustafaoglu et. al [165] analyzed these spectra pre-
and post-functionalization, and identified any shifts in the location and shape of the SPR peak,
providing them with a validation of antibodies bound to AuNPs. This was followed by a DLS
characterization of their functionalized AuNPs versus bare AuNPs. However, it is worth
mentioning that their AUNPs were about the same size as their antibodies, which allowed them to
easily measure a doubling in their size upon functionalization. In the case of larger AuNPs
however, any increases in their radii upon functionalization attributable to grafting antibodies are
harder to detect, especially if the AuNPs dwarf the antibodies in size. For this reason, DLS
measurements need to be interpreted cautiously, as it is subjected to errors that are strongly
influenced by factors such as concentration, solvent, temperature and aggregation [101].

b) Characterization of the Bioactivity of Antibody-Functionalized AuNPs

Overall, characterization of functionalized AuNPs, with respect to the quantification of
the number of bound and active antibodies, can be challenging and represents the largest gap in
knowledge in this research area. First, Tripathi and Driskell [166] have pointed out the challenge
of discerning between loaded and active antibodies. For loaded antibodies, some assays fail to
detect their activity as readings simply measure a higher loader density, which may not be
indicative of their biological activity. On the other hand, active antibodies bound to AuNPs may
actually be at much lower concentrations than inactive antibodies, due to either a low conjugation
yield or NSA that may have impaired the activity of other bound antibodies. Thus, it is important

that the limitations of these characterization techniques be noted in terms of their interpretative
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power, and should be instead used to validate the presence of active loaded antibodies, until more

sensitive and specific techniques for quantitative purposes have been developed [166].

c) Application of Antibody-Functionalized AUNPs to Cells for their Characterization

As the previous two sections have shown, characterization methods evaluating both the
quantity and activity of antibodies functionalized onto AuNPs can be challenging. Therefore, the
best way to assess the success of a functionalization strategy is to apply the antibody-AuNP
conjugates to their target cells, for the purposes of visualizing them under a microscope.

Several works have shown the power of AuNPs as a visualization tool for imaging cells.
Research on dark-field microscopy has shown that AuNPs incubated with cells can produce a bright
signal on a dark background at a 5-fold order of magnitude higher than conventional fluorophores
[167]. This owes to the scattering properties of larger AuNPs of greater than 50 nm. Consequently,
many applications involving functionalized AuNPs have spun off from this observation, including
measuring their cellular uptake [168], monitoring attachment of viral particles to cells [169], and
measuring interactions between partner biomolecules with SPR thanks to shifts in the interparticle
distance between NPs [170].

Applications of dark-field microscopy have been extended to the visualization of cancer
cells incubated with functionalized AuNPs. Qian et. al [171] showed that angled dark-field
illumination systems incorporated into a conventional inverted light microscope allowed for
bioconjugated AuNPs incubated with cancer cells to be imaged, where the AuNPs acted as contrast
agents. They were able to detect cellular uptake of these AuNPs by selectively conjugating peptides
that would target specific organelles. Another research group chemically conjugated EGF
antibodies to 17 nm AuNPs, which were then used to target and detect cancer cells under a dark-
field microscope [172]. Surprisingly, the AuNPs were much smaller than larger spherical AuUNPs
known to scatter light more effectively under dark-field condition. Thus, this demonstrated that
smaller AuNPs do scatter light to a certain degree and can still provide contrast under dark-field
illumination. Nonetheless, larger AuNPs will still provide a better contrast from the background
than these smaller AuNPs, for reasons previously discussed in Section 2.2.1.
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CHAPTER 3 CHEMICAL CONJUGATION OF POLYETHYLENE
GLYCOL AND ANTIBODIES TO GOLD NANOPARTICLES

Preamble Explaining the Outline to Chapter 3:

This chapter will explore the different chemical and analytical strategies to biofunctionalize
and characterize AuNPs conjugated to heterobifunctional PEG linkers and antibodies, and visualize
them with cancer cells under a microscope. This chapter constitutes the research work conducted
in this thesis, and will tackle Objectives 1, 2 and 3 outlined in Section 1.3. As a reminder, these

objectives are:

1. Explore and compare different strategies of biofunctionalization, including randomly
oriented, semi-oriented and oriented grafting techniques, in order to develop and optimize
robust and reproducible methods for functionalizing AuNPs with TZM.

2. Develop and optimize characterization methods to assess both quantitatively and

qualitatively each step of the process that functionalizes AUNPs with TZM.

3. Apply TZM-biofunctionalized AuNPs to Her2 positive and negative cancer cell lines
(MDA-MB-453 and MDA-MB-231, respectively) in order to evaluate their ability to

visualize and detect cancer cells, while comparing in parallel this diagnostic tool to IHC.
The outline of this chapter and the thought process of this structure is as follows:

3.1. Methods and Materials for Characterization of Biofunctionalized AuNPs: this section will
introduce the materials used to carry out biofunctionalization, including the various forms of
PEG and antibodies used. It will then go over the different characterization techniques

employed to analyze each step of biofunctionalizing AuNPs with antibodies.

3.2. PEGylation of AuNPs: this section will present and discuss results collected from the
decoration of AuNPs with PEG and their characterization. This will discuss the first step of

biofunctionalization, namely covering the surface of AUNPs with mono- and bifunctional PEG.

3.3. Randomly Oriented Strategy for Antibody Conjugation: this section will cover the most
important results obtained from the first biofunctionalization strategy targeting in a non-

oriented manner amine groups in antibodies.
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3.4. Semi-Oriented Strategy for Antibody Conjugation: this section will review the most
important results acquired from the second biofunctionalization strategy targeting the hinge
region disulfide bridges of antibodies.

3.5. Oriented Strategy for Antibody Conjugation: this section will go over the last strategy for

biofunctionalization targeting the oxidized Fc region of antibodies.

3.6. Comparison Between Antibody Conjugation Strategies: this section will compare each
biofunctionalization strategy explored during this thesis work based on the results from the
above sections. Further characterization of biofunctionalized AuNP samples prepared via each

strategy, and their application to cells, will also be discussed.

Please note that in the interest of brevity, this chapter will focus on key techniques and
results employed during this thesis work, rather than go over in detail the methods used to come to
these results. For the reader who wishes to delve further into these details, they can consult the

appendices, whose respective references will be highlighted in each section of this chapter.

3.1 Materials and Methods for Characterization of Biofunctionalized Gold

Nanoparticles
This section will review the materials and most important techniques used to characterize
each step of the biofunctionalization of AuNPs with PEG and antibodies.
3.1.1. Materials for Biofunctionalization

Note: details on this section regarding their purchase, preparation and storage are in Appendix A.

a) Source of AUNPs

Spherical AuNPs with a diameter of 100 nm, dispersed in Milli-Q water (MQ) and capped
with sodium citrate were consistently used. This diameter was selected due to its optimal scattering
properties for this particular diagnostic application, as was discussed in Section 2.2.1. The
concentration of AuNPs corresponded to 4.96x10° NPs/mL, or 8.30 pM.
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b) Sources of PEG

Various forms of PEG (mono- and bifunctional) were employed in this thesis work to carry
out each biofunctionalization strategy. They are outlined below:

Table 3-1 Overview of different PEG molecules used during this Master's thesis project.

Biofunctionalization strategies are labelled as follows: (1) random, (2) semi-oriented, (3) oriented.

Full Name Short Form Length Functional Strategy(-ies)
(kDa) Groups
methoxy-PEG-Thiol mMmPEG-SH 5 Thiol 1,2,3
N-Hydroxysuccinimide- NHS-PEG-SH 5 NHS, Thiol 1,2
PEG-Thiol
Boc-Hydrazine-PEG-Thiol | Hyd-PEG-SH 5 Hydrazide 3
(protected),
Thiol

An Ellman’s test was performed on PEG aliquots to measure their free thiol concentration (2 mM).

c) Source of Antibodies

The antibodies used for this thesis were Trastuzumab (TZM), and were chosen as they could
target the antigen of interest in breast cancer, Her2. Freezer stock aliquots of 27 pM were used. To

keep language clear in this thesis, the terms antibodies and TZM will be used interchangeably.

3.1.2. Characterization Methods for Biofunctionalization

The general objectives of the various characterization techniques employed during this
thesis were to: a) evaluate the state of the functionalized system after each step, and b) assess
its stability. A table below summarizes these different characterization techniques and their

specific goals, and provides their respective appendix reference:

Table 3-2 Overview of the techniques used to characterize the biofunctionalization of AuNPs.

Name Biofunctionalization Goal(s) Stability Goal(s) Appendix
Reference
Dynamic Light e Measure changes in size e Monitor changes B
Scattering (DLS) after each step in dispersion/
aggregation
Zeta Potential e Measure changes in surface | o Irrelevant B
(ZP) charge after each step
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Uv-vIS
Absorbance

Measure shift in SPR peak
wavelength

Measure changes in
concentration of AuUNPs by
comparing to reference

Measure changes
in SPR peak width
(FWHM) to track
destabilization
Measure losses of

Cancer Cell Lines

biofunctionalized AuNPs to
cancer cells to determine
their biological activity

standard of bare NPs AUNPs from SPR
peak amplitude
Ellman’s Test Quantify free thiol Irrelevant
concentration of dissolved
AUNPs or PEG in solution
Enzyme-Linked Indirectly quantify the Irrelevant
Immunosorbent concentration of antibodies
Assay (ELISA) on AuNPs by measuring
their washed supernatants
NanoOrange™ Directly quantify the Irrelevant
Assay concentration of antibodies
on AuNPs
Incubation with Measure the attachment of Irrelevant

Note that following acquisition of all results in this thesis work, data analysis was

performed on sample measurements obtained in triplicate (for three separate runs). Student’s t-tests

were performed on these triplicates to identify statistically significant differences, which were

present when the p-value was less than 0.05 and/or 0.01.

3.2 PEGylation of Gold Nanoparticles

Note: details on the methods employed to prepare PEGylated AuNPs can be found in Appendix E.

The goal of PEGylation of AuNPs was to: (1) cover their surfaces with a molecule (PEG)

that conferred them with stability against physiological conditions (preventing their aggregation),

and (2) decorate them with mono- and bifunctional molecules, the latter acting as a linker for

antibody conjugation. Here, extensive characterization will assess the PEGylation of AuNPs and

compare two forms of PEG employed to decorate the surfaces of AuNPs, namely: (1)
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monofunctional MPEG-SH, as well as bifunctional (2) NHS-PEG-SH.® These forms of PEG and
their respective biofunctionalization strategies were discussed in Section 3.1.1. To carry out
PEGylation, PEG was incubated with AuNPs at a total final concentration of 10 uM, with varying
percentages of NHS-PEG-SH, while adjusting the concentration of mPEG-SH accordingly.
Details on the methods used to prepare these PEGylated AuNPs are in Appendix E. Upon
preparation of PEGylated AuNP samples, characterization was performed by a) DLS and b) ZP.

3.2.1. Characterization of the Decoration of Gold Nanoparticles with PEG

a) DLS Measurements

Upon PEGylating AuNPs with varying percent compositions of mMPEG-SH and NHS-PEG-
SH (samples summarized in Table 3-3), DLS measurements that would measure the average
hydrodynamic diameter (z-value) and dispersion of the samples were obtained. This would allow
for an estimation of the approximate increase in size of the AuNPs upon PEGylation, as well as
identify any signs of aggregation or clustering between PEGylated AuNPs. The rationale behind
testing different percent compositions of each form of PEG was to see whether a particular
percentage of NHS groups would result in a better yield when conjugated to antibodies, while also
providing optimal stability. The results for DLS measurements can be seen in Figure 3-1:

Table 3-3 Overview of different samples tested for DLS characterization of PEGylated AuNPs.

Sample Percent Composition Percent Composition
mPEG-SH (%) NHS-PEG-SH (%)
Bare AuNPs (Control) None None
AUNPs+PEG 100 0
AUNPs+PEG-NHS 3% 97 3
AuNPs+PEG-NHS 10% 90 10
AUNPs+PEG-NHS 30% 70 30

¢ Bifunctional Hyd-PEG-SH only had stability assays done on it. Its results can be seen in Appendix I, Section IV.
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Figure 3-1 Effect of NHS- and methoxy-PEGylation (m-PEGylation) on (A) hydrodynamic
diameter, (B) dispersion of AuUNPs compared to bare AuNPs, and (C) size increase relative to bare
AUNPs. Values represent averages of three replicates and error bars show their standard deviation.
Asterisks * and ** indicate statistically significant differences of p<0.05 and 0.01, respectively,

and brackets compare the two samples for which this difference is significant.

Interesting observations can be seen when examining the results for the DLS
characterization. First, there is a significant increase in size compared to bare AuNPs for all
percentages of m- and NHS-PEGylated AuNPs when compared to bare AuNPs (p=0.002,
0.003, 0.005 and 0.009 for PEG, 3% NHS, 10% NHS and 30% NHS, respectively), suggesting that
the 5 kDa-long chain of PEG is enough to introduce a detectable increase in the size of AuNPs
(Figure 3-1 A). Furthermore, based on the dispersion results in Figure 3-1 B, the dispersion of
PEG, 3% NHS and 10% NHS AuNPs is slightly reduced when compared to bare AuNPs (Figure
3-1 B). Although this decrease could suggest that PEG confers a stabilizing effect to bare AuNPs,
it is important to note that the polydispersion index (PDI) values are around 0.1 and below, which
according to the literature, would correspond to monodisperse AuNPs [173, 174].
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In addition, Figure 3-1 C shows noticeable differences between NHS- and m-PEGylated
AUNPs. For all percent compositions of NHS-PEGylated AuNPs, there is a significant increase in
their size when compared to m-PEGylated AuNPs (p=0.03, 0.04 and 0.04 for 3% NHS, 10% NHS
and 30% NHS, respectively). Given the low PDI values in Figure 3-1 B, this could suggest that
NHS-groups are slightly larger than methoxy-groups in term of their hydrodynamic diameter.
Given that there is a sixth power dependence (Equation 1 in Section 2.3.2) between the
hydrodynamic diameter and the scattering term that is detected by the DLS machine, this slight
variation in size between NHS and methoxy-groups could explain their differences [105]. Thus, it
would be logical to conclude that as the initial percent composition of NHS-PEG-SH increased,
more molecules of this heterobifunctional PEG could bind to the surfaces of AuNPs thereby

increasing their hydrodynamic size, when compared to lower percent compositions.

These initial results showed that different make-ups of PEGylated AuNPs could be
differentiated. However, a technique with a higher sensitivity for size, such as transmission electron

microscopy (TEM), could further resolve samples [175, 176].

b) ZP Measurements

Similarly, ZP measurements were obtained for the same samples characterized by DLS. It
is important to note that for all ZP measurements conducted during this thesis work, the
same solvent was used, namely MQ with 5 mM NacCl. This solvent was consistently used for ZP
measurements to ensure that comparisons could be made between samples, as the salt concentration
can influence the conductivity and surface charge of ZP-measured samples [173, 177]. For these
initial ZP measurements, changes in the surface charge of PEGylated AuNPs relative to bare
AuNPs were measured., to provide information on the coverage of AuNP surfaces. A similar
rationale behind testing different percent compositions of each form of PEG was also adopted, in
order to determine which percentage would result in the most distinguishable change in surface

charge upon conjugating antibodies. ZP results can be seen in Figure 3-2:
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Figure 3-2 Effect of NHS- and m-PEGylation on ZP (surface charge) of AuNPs, compared to
control of bare AuNPs. Abbreviations of samples are the same as those measured for DLS. Values
represent averages of three replicates and error bars show standard deviation. Asterisks * and **
indicate statistically significant difference at p<0.05 and 0.05, respectively, and brackets compare

the two samples for which this difference is significant.

Interesting trends can be observed regarding changes in the surface charges of both m- and
NHS-PEGylated AuNPs. Unsurprisingly, there was a significant increase in positive charge (or
decrease in negative charge) across the entire set of PEGylated AuNPs when compared to bare
AUNPs (p=1x107°, 1x10*, 1x10°, and 2x10° for PEG, 3% NHS, 10% NHS, and 30% NHS,
respectively) (Figure 3-2). PEG likely has a shielding effect on negatively charged bare AuNPs,
thereby reducing the extent by which the ZP machine detects this negative charge. These results
are consistent with the literature [178]. This would validate that these PEGylated AuNP samples
have thus been covered with a layer of PEG, although the extent of this coverage is unknown.

Moreover, significant differences between m-PEGylated AuNPs and NHS-PEGylated
AuUNPs of different percent compositions can be noted (p=0.02, 0.002 and 0.000 2 for 3% NHS,
10% NHS and 30% NHS, respectively), with the smallest increase in positive charge being for 3%
NHS-PEGylated AuNPs, and the largest increase being for 30% NHS-PEGylated AuNPs (Figure
3-2). In fact, a positive trend between the percent composition of NHS and the increase in positive
charge can be clearly seen, with there even being significant differences between different percent
compositions of NHS-PEGylated AuNPs (p=0.02 for 3% NHS vs. 10% NHS, 0.002 for 3% NHS
vs. 30%, and 0.009 for 10% NHS vs. 30%) (Figure 3-2). These results would suggest that different
percent compositions of NHS-PEGylated AuNPs can be distinguished via ZP. It also implies that
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a greater percentage of NHS-groups can contribute to an overall increase in the surface charge of
PEGylated AuNPs. These findings are curious, as NHS groups have a neutral charge [97]. In this
case, it would most likely suggest that NHS groups result in the screening of negative charge that
can normally interact with PEG and AuNPs, essentially causing a partial neutralization, and
therefore, an apparent increase in the positive charge of NHS-PEGylated AuNPs. Screening of
negative charge along the surfaces of, bare and PEGylated AuNPs has been well characterized and
understood in the literature, although an extensive characterization of the effect of NHS groups on
the resultant ZP of PEGylated AuNPs has not been found [179].

3.2.2. Stability of PEGylated Gold Nanoparticles

Note: Details on the methods for this section can be found in Appendix F.

The goal of the stability assays conducted at each step of the functionalization process,
whether it followed PEGylation of AuNPs, or conjugation of antibodies to PEGylated AuNPs, was
to monitor changes in their UV-VIS absorbance spectra, in order to identify conditions and
timepoints at which samples began to destabilize and aggregate. In order to track destabilization,
various elements were extracted from the UV-VIS absorbance spectra measured at each timepoint
of the assay, and attention was drawn towards the: a) relative amplitudes and b) widths (FWHM)
of the SPR peak of each sample. In order to clarify these different spectral elements extracted and
analyzed, Figure 3-3 highlights them:
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Figure 3-3 Illustration of a typical 100 nm AuNP UV-VIS absorbance spectra and its various
elements extracted and analyzed from the stability assays.
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To generate time course stability curves for each sample, and account for variations between
samples, the relative amplitudes and widths were normalized. This was accomplished by: (1)
extracting the relevant spectral elements from the raw absorbance values (following the method
in Appendix F), (2) dividing that extracted element at each timepoint by the value extracted at
the initial timepoint, in order to obtain either a percentage or percent change (for relative
amplitudes and widths, respectively) and (3) dividing that percent value at each timepoint by the
equivalent timepoint-calculated percent value for the positive control of bare AuNPs.

Note that for these stability assays, AUNP samples were either: (1) pre-washed with fresh
citrate (800 uM, pH 7), or (2) left in the storage conditions of the manufacturer (3 mM, pH 7)
which would be considered unwashed. This washing step was done before PEGylation, and was
implemented to assess whether replacing the manufacturer’s older citrate capping the stored AuNPs

with fresh citrate could result in gains in stability.

The two main conditions compared for assessing the stability of PEGylated AuNPs were
the presence and absence of salt. Phosphate-buffered saline (PBS) was chosen in order to mimic
physiological conditions of high salt, to which these functionalized AuNPs would be ultimately
exposed to in their clinical applications. High salt can provoke aggregation of AuNPs due to
interference with the surface charge of neighbouring AuNPs that would normally experience
electrostatic repulsion from each other [86, 180-182]. Thus, each PEGylation strategy would be
evaluated on the extent of its coverage of AuNPs and ability to stabilize them against physiological
conditions. On the other hand, Milli-Q (MQ) represents a condition of no salt, a condition that has
been well reported as stable for AuNPs either capped with citrate or PEGylated [182]. Finally, to
compare stability results to benchmarks of either stable or aggregated AuNPs, a positive control of
bare AUNPs in MQ or a negative control of bare AuNPs in PBS, respectively, were also tested.

To outline the various conditions tested on PEGylated AuNP samples during these stability
assays, an overview is provided in Table 3-4. Results for both normalized percent values of AuNPs
remaining (extracted from relative amplitudes) and percent change in widths of SPR peaks
(extracted from FWHM) can be found in Figure 3-4, Figure 3-5 and Figure 3-6 for controls,
PEGylated samples and NHS-PEGylated samples, respectively.
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Table 3-4 List of monofunctional methoxy- and bifunctional NHS-PEGylated AuNP samples and

their respective conditions tested during the stability assay.

Sample Citrate Washed (W) / PEG Composition Final Solvent
Normal or Unwashed (N) (MQ /PBS)
(+)-N Unwashed None MQ
(+)-W Washed None MQ
() Washed None PBS
PEG-N-MQ Unwashed 100% mPEG-SH MQ
PEG-W-MQ Washed 100% mPEG-SH MQ
PEG-N-PBS Unwashed 100% mPEG-SH PBS
PEG-W-PBS Washed 100% mPEG-SH PBS
NHS-N-MQ Unwashed 10% NHS-PEG-SH, MQ
90% mPEG-SH
NHS-W-MQ Washed 10% NHS-PEG-SH, MQ
90% mPEG-SH
NHS-N-PBS Unwashed 10% NHS-PEG-SH, PBS
90% mPEG-SH
NHS-W-PBS Washed 10% NHS-PEG-SH, PBS
90% mPEG-SH
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Figure 3-4 Stability curves for controls: (A) normalized percentage of AuNPs remaining, calculated

from relative amplitudes of their SPR peaks, and (B) normalized percent change in FWHM of

AUNP SPR peaks. Values represent averages of six replicates from two repeats of this experiment

(2x3 data points), and error bars show standard deviation. Symbols in legend are depicted as: (+) —

positive control, (-) — negative control, N — unwashed, W — washed.

The control curves for stability displayed above in Figure 3-4 show several important features:
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In Figure 3-4 A, the y-axis shows the percent of AuNPs remaining normalized’ to the
unwashed positive control, while the x-axis shows the hours elapsed. The negative control shows
complete instability, as its percent normalized value drops close to zero within the first 24 hours,
which would be indicative of the SPR peak amplitude flattening. The instability of the negative
control would suggest that the exposure of bare AuNPs to PBS results in a fast destabilization. On
the other hand, the curves of the positive controls establish the benchmark for complete stability,
with their curves practically flat for the duration of the assay, which would be indicative of their
SPR peak amplitude values staying consistent. Interestingly, the washed positive control slightly
outperforms the unwashed positive control, which could hint at some extra stabilization conferred

by the replacement of citrate during the pre-PEGylation washing step.

In Figure 3-4 B, the y-axis shows the percent change in the widths® normalized to the
unwashed positive control, while the x-axis shows the hours elapsed. Regarding the negative
control, one can clearly observe the effect of PBS on bare AuNPs, as the percent change in width
of its SPR peak increases considerably, which would be indicative of an increase in dispersion over
time resulting from aggregation of AuNPs. Once again, most increases in widths of the negative
control occurred in the first 24 hours of exposing bare AuNPs to PBS, which is consistent with the
conclusion drawn from Figure 3-4 A indicating a fast destabilization. In contrast, the positive
control shows stability as the percent change in widths of its SPR peaks remain constant, which
would indicate their dispersion remaining consistent over time. This time however, unlike the case
in Figure 3-4 A, the washed positive control has a slightly larger increase in the width of its SPR
peaks. This could likely be attributed to the extra washing step, where the centrifugation step used

to replace the manufacturer’s citrate may have provoked partial aggregation of bare AuUNPs.

7 Calculated from normalizing relative amplitudes, see Appendix F-I11 for more details.

8 Calculated from normalizing percent change in widths of SPR peaks, see Appendix F-I11 for more details.
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Figure 3-5 Stability curves extracted from the relative amplitudes and percent-normalized to the
positive control of unwashed, bare AuNPs, for either: (A) 100% mPEG-SH and (B) 10% NHS-
PEG-SH and 90% mPEG-SH. Values represent averages of six replicates from two repeats of this
experiment (2x3 data points), and error bars represent standard deviation. Symbols in legend are
depicted as: (+) — positive control, (-) — negative control, N — unwashed, W — washed, PEG —
MPEG-AUNPs, NHS — NHS-PEG-AuNPs, MQ — Milli-Q incubation, PBS — PBS incubation.
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Figure 3-6 Stability curves extracted from the FWHM and percent-normalized to the positive
control of unwashed, bare AuNPs, for either: (A) 100% mPEG-SH and (B) 10% NHS-PEG-SH
and 90% mPEG-SH. Values represent averages of six replicates from two repeats of this
experiment (2x3 data points), and error bars represent standard deviation. Symbols in legend are
depicted as: (+) — positive control, (-) — negative control, N — unwashed, W — washed, PEG —
MPEG-AUNPs, NHS — NHS-PEG-AuNPs, MQ — Milli-Q incubation, PBS — PBS incubation.

The above two figures (Figure 3-5 and Figure 3-6) show interesting general trends:

For Figure 3-5, most loss of PEGylated AuNPs (whether they were containing mPEG-SH
or a mixture of MPEG-SH and NHS-PEG-SH) in PBS appeared to arise in the first 48 hours of the
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experiment, after which point fluctuations in the percentages of PEGylated AUNPS remaining were
minimal. This would suggest that the initial exposure of the PEGylated AuNPs to the high salt
concentration of PBS may have caused aggregation of some AuNPs due to a screening of their
charge, thereby reducing the degree of electrostatic repulsion that would normally keep these
individual AuNPs apart. Thus, it would be logical to conclude that an increased exposure to salt
would result in more aggregation and an ensuing decrease in the number of individual AuNPs
contributing to the SPR peak amplitude, and a decrease in their percent normalized curves. This
explanation would be consistent with the literature whereby the phenomenon of salt-screening of

AUNPs can result in their clustering and/or aggregation [179] .

For Figure 3-6, similar trends were seen for the percent changes in widths of the PEGylated
AuNPs in the first 48 hours of the experiment, where samples re-suspended in PBS saw their
absorbance peaks widen initially, after which point this widening ceased. These observations could
also be explained by salt screening as was seen in Figure 3-6 A. The minimal fluctuations in percent

widths after 48 hours would suggest a stabilization of the PEGylated AUNP samples.

Regarding both figures, differences between the stability curves of mPEG-SH AuNP
samples and NHS-PEG-SH AuNP samples appear to be minimal for both percent remaining and
percent change in width. The order of magnitude of difference between mPEG-SH samples and
NHS-PEG-SH containing samples both re-suspended in MQ is almost negligible, suggesting little
destabilization of PEGylated AuNPs occurs even at a final composition of 10% NHS groups.

Interestingly, NHS-PEGylated AuNPs saw their widths of their SPR peaks decrease relative
to the positive control, and by a greater extent than AuNPs containing solely mPEG-SH (Figure
3-6). There may have been a greater loss of larger AUNP aggregates (resulting from salt screening)
for the NHS-PEGylated samples, that could have narrowed the widths of the spectra by decreasing
their dispersion. A possible explanation for the destabilization of NHS-PEGylated AuNP samples
relative to m-PEGylated AuNP samples is that the introduction of NHS groups decreased the extent
of PEG-corona formation around AuNPs. In the literature, it is known that mPEG-SH confers
protection to the surfaces of bare AUNPs via steric stabilization [85]. By having more NHS groups
introduced into this PEG monolayer covering bare AuNPs, this corona would not be 100%
comprised of mMPEG-SH, and thus NHS-PEGylated AuNPs would be more vulnerable to being lost

due to their destabilization. This decrease in the extent of corona formation resulting from NHS-
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PEGylation would also be consistent with the salt screening explanation from the literature [179].
As aresult, non-specific adsorption (NSA) of aggregated NHS-PEGylated AuNPs against the walls
of the 96-well plate may have decreased the number of NHS-PEGylated AuNPs measured by the

spectrophotometer when absorbance measurements were being taken.

3.3 Randomly Oriented Strategy for Antibody Conjugation

Note: Further details on the methods used for this strategy can be found in Appendix G.

This section will examine the results obtained from characterizing biofunctionalized AuNPs
prepared by a randomly oriented strategy, before reviewing results obtained from stability assays
(designed very similarly to the stability assays in Section 3.2.2). This strategy for antibody
conjugation to PEGylated AuNPs served to take advantage of the naturally occurring amine groups
in the antibodies, by using NHS/EDC chemistry. An overview of the general sequence of steps
employed to prepare biofunctionalized AuNPs via the randomly oriented strategy can be

summarized as follows (a schematic to show this methodology can also be seen in Figure 3-7):
(1) Preparation of NHS- and m-PEGylated AuNPs of varying percent compositions
(2) Reactivation of hydrolyzed NHS groups via the addition of EDC (a) and NHS (b)

(3) Grafting of antibodies to re-activated NHS-PEGylated AuNPs
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Figure 3-7 Schematic showing a stepwise overview of the chemistry employed to biofunctionalize

AUNPs via a randomly oriented strategy.
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3.3.1. Characterization of Antibody Conjugation

a) DLS Measurements

Similar to the previous characterization of NHS-PEGylated AuNPs, measurements were
obtained for antibody-conjugated, NHS-PEGylated AuNPs. However, before these
biofunctionalized samples could be characterized via DLS measurements, controls of m-PEGylated
AUNPs put into contact with antibodies via physical adsorption were prepared. These controls
served to evaluate the extent of NSA that could arise between m-PEGylated AuNPs and antibodies,
as physical adsorption between these two was initially observed, despite the fact that methoxy-
groups exposed from PEGylated AuNPs are not able to covalently conjugate to antibodies.

Thus, to test for physical adsorption between AuNPs and PEG, preparation of controls put
into contact with antibodies occurred in two different solvents, either PBS or PBS+Tween-20
(0.5% v/v). PBS was chosen as a solvent as it mimics the physiological conditions that these final
biofunctionalized AuNP samples would be exposed to when added to cells. PBS is also a solvent
that can increase the half-life of antibodies compared to other solvents, such as MQ, by preserving
their quaternary structure, keeping them stable for a longer period of time (albeit they will still end
up aggregating over time) [183]. In contrast, the addition of Tween-20 served to reduce the extent
of NSA of antibodies against the walls of the tubes used to prepare the biofunctionalized AuNP
samples. The ability of Tween-20 to reduce NSA of proteins is well-known in the literature [184].
It is posited that the loss of antibody-conjugated, PEGylated AuNPs can be reduced in the presence
of Tween-20. An overview of the controls tested is provided in Table 3-5. Results for the DLS
characterization of m-PEGylated AuNP controls, showing their evolution in size and dispersion
following PEGylation on Day 1 to following addition of antibodies and their re-suspension in the

final incubation solvent on Day 2 (denoted as “solvent change”), can be seen in Figure 3-8:

Table 3-5 Overview of different samples tested for DLS characterization of m-PEGylated AuNPs

put into contact with antibodies.

Sample Percent Composition Incubation Antibodies
PEG Solvent
AuNPs+PEG (PBS) 100% mPEG-SH PBS No
AuUNPs+PEG 100% mPEG-SH PBS+Tween-20 No
(PBS+Tween-20)
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AUNPs+PEG+TZM (PBS) 100% mPEG-SH PBS Yes
AUNPs+PEG+TZM 100% mPEG-SH PBS+Tween-20 Yes
(PBS+Tween-20)
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Figure 3-8 DLS results for m-PEGylated AuNP controls: (A) change in size pre- and post-addition
of antibodies, (B) change in dispersion pre- and post-addition of antibodies. Values represent
averages of three replicates and error bars show standard deviation. Asterisks * and ** indicate

statistically significant differences at p<0.05 and 0.01, respectively, and brackets compare the two

samples for which there is a statistically significant difference.

In Figure 3-8 A, significant increases in the size of m-PEGylated AuNPs were seen upon
incubating them with antibodies, compared to their PEGylated counterparts (p=0.004 for PEG-
TZM+PBS vs. PEG+PBS and 0.01 for PEG-TZM+Tween-20 vs. PEG+Tween-20), regardless of
the incubation solvent. This shows that despite the PEGylation (and no exposed reactive functional
groups from m-PEG), NSA of antibodies to PEGylated AuNPs still occurs. This suggests that there
may be a partial formation of a corona between m-PEGylated AuNPs and antibodies, which would
agree with the literature that NSA between protein and PEGylated AuNPs cannot be completely
reduced, although PEG plays a role in reducing the extent of this adsorption [185-187].

However, by considering the results in Figure 3-8 B, it appears that this NSA of
antibodies onto m-PEGylated AuNPs does not greatly impact the final dispersion of the AuNPs,
with their PDIs still between 0.1 and 0.15, which is considered monodisperse according to the
literature [174]. Albeit these antibody-adsorbed PEGylated AuNPs showed a statistically
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significant increase in dispersion from their antibody-absent counterparts, this increase could likely
be attributed to the formation of AuNP-antibody clusters that slightly skew the dispersion profile
of AuNPs measured. Considering that DLS samples the entire population of AuNPs and calculates
an average dispersion and size based on this population, these clusters could be outliers that have

an impact on these values due to the sixth power dependence of DLS scattering signal on size [100].

In terms of comparing PBS against PBS+Tween-20, Tween-20 slightly reduces the size of
antibodies adsorbed to m-PEGylated AuNPs, with a statistically significant difference between it
and antibodies adsorbed to m-PEGylated AuNPs in PBS (p=0.02) (Figure 3-8 A). This suggests
that Tween-20 can partially mitigate the extent of undesired NSA, although not completely
minimize it, as there is still a significant increase in size from m-PEGylated AuNPs incubated on
their own with PBS+Tween-20 (p=0.01). The effectiveness of Tween-20 in reducing NSA, albeit
not completely, is thus shown [184]. Issues related to the effectiveness of the PEGylation (i.e.
insufficient density of PEG covering the surfaces of AuNPSs) or the molar ratio of antibodies to
AUNPs (i.e. possible saturation of antibodies above the PEG monolayer covering AuNPs) could
explain the extent of NSA observed. Despite efforts made in this thesis work to reduce NSA by
adding Tween-20 to the incubation solvent between antibodies and PEGylated AuNPs, NSA of

antibodies cannot be completely eliminated.

Following the DLS characterization of these controls, DLS characterization of
functionalized AuNP samples prepared via the randomly oriented strategy was carried out. It is
important to note that based on the results from the controls experiment (Figure 3-8),
PBS+Tween-20 (0.5% v/v) was chosen as the final incubation solvent when adding antibodies
to the various PEGylated AuNP samples and controls, as this solvent was determined to be the
most effective in reducing the extent of NSA. Hereon for the remainder of this thesis work (unless
stated otherwise explicitly), PBS+Tween-20 was the final solvent in which PEGylated AuNP

samples were re-suspended in prior to incubating them with antibodies.

DLS measurements performed for samples prepared by the randomly oriented strategy
would hopefully differentiate between varying percent compositions of NHS-PEG-SH on the basis
of their size and dispersion, while being compared to m-PEGylated controls. At the same time,
controls of blocked NHS groups were prepared by reacting ethanolamine with NHS-PEGylated
AuUNPs, so that NSA between deactivated NHS-PEGylated AuNPs and antibodies could be



50

examined. Ethanolamine is an effective blocking agent for NHS-groups that hydrolyzes them to

carboxyl groups, preventing them from covalently reacting with antibodies [188].

It is worth noting that the ratio of antibodies relative to theoretically active NHS groups
exposed from PEGylated AuNPs (8, 30 or 80 nM for 3%, 10% and 30% NHS-PEG-SH,
respectively) ® was held consistent at 10:1. This excess of antibodies was chosen so as to minimize
cross-linking that could occur at lower concentrations of antibodies, whereby diffusion could limit
the number of antibodies in close proximity of NHS-PEGylated AuNPs, resulting in multiple
AUNPs reacting with the same antibody [97]. Previous research has reacted antibodies in a molar
excess with PEGylated AuNPs, and hence a similar excess was justified for this functionalization,

S0 as to minimize the extent of any cross-linking [165].

As for the m-PEGylated AuNP control put into contact with antibodies, the same
concentration used for 10% NHS was arbitrarily chosen here (same concentration in Figure 3-8),
as this corresponded to the middle of the range of different antibody concentrations incubated with
NHS-PEGylated AuNPs. The results for this DLS characterization of samples prepared by the
randomly oriented strategy, showing their evolution from Day 1 of the experiment following
PEGylation to Day 2 following re-suspension in PBS+Tween-20 (denoted as “solvent change”)
and antibody incubation, can be seen in Figure 3-9. A table summarizing the different samples

characterized by DLS measurements is also provided in Table 3-6:

Table 3-6 Overview of different samples tested for DLS characterization of antibody-conjugated,
NHS-PEGylated AuNPs.

Sample Percent Composition Final Presence /
PEG Incubation Absence of
Solvent Antibodies
AUNPsS+PEG 100% mPEG-SH PBS+Tween-20 No
AUNPs+PEG+TZM 100% mPEG-SH PBS+Tween-20 Yes
AUNPs+PEG-NHS 3% 3% NHS-PEG-SH, PBS+Tween-20 Yes
Blocked+TZM 97% mPEG-SH
AUNPs+PEG-NHS 30% 30% NHS-PEG-SH, PBS+Tween-20 Yes
Blocked+TZM 70% mPEG-SH

® The calculation of the number of theoretical NHS groups can be seen in Appendix G-II.
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70% mPEG-SH

AUNPs+PEG-NHS 3%+TZM 3% NHS-PEG-SH, PBS+Tween-20 Yes
97% mPEG-SH

AUNPs+PEG-NHS 10%+TZM 10% NHS-PEG-SH, PBS+Tween-20 Yes
90% mPEG-SH

AUNPs+PEG-NHS 30%+TZM 30% NHS-PEG-SH, PBS+Tween-20 Yes
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Figure 3-9 Randomly oriented strategy DLS results for: (A) change in size pre- and post-addition

of antibodies and re-suspension in PBS+Tween-20, (B) change in dispersion pre- and post-addition

of antibodies and re-suspension in PBS+Tween-20, and (C) overall change in size for

functionalized AuNPs subtracting post-PEGylation size (pre-block for controls) from post-

antibody addition size. Values represent averages of three replicates, and error bars show standard

deviation. Asterisks * and ** in (A) and (B) indicate statistically significant differences at p<0.05

and 0.01, respectively, and brackets compare the two samples for which there is a statistically

significant difference. For (C), # and ™ depict statistically significant differences at p<0.05 and

0.01, respectively comparing subtracted size post-PEGylation to final size post-antibody addition.
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To unpack the results from the DLS characterization of antibody-conjugated, NHS-

PEGylated AuNPs, samples and controls of a similar make-up will be compared one after the other:

(1) PEG+TZM vs. PEG-NHS+TZM AuNPs: only a significant increase in size and dispersion
was observed between 30% NHS-PEGylated AuNPs conjugated to antibodies and antibodies
adsorbed to m-PEGylated AuNPs (p=0.04) (Figure 3-9 A), with the increase in the dispersion
being moderate and in the realm of monodisperse AuNPs (PDI<0.2) (Figure 3-9 B). This
suggests that the highest percentage of NHS groups exposed from PEGylated AuNPs could
generate a high enough yield of grafted antibodies detected by the DLS machine, and that the
grafting was controlled as the dispersion is low. For 10% and 3% NHS-PEGylated AuNPs,
there is a slight increase in the size and dispersion when compared to antibodies adsorbed to
m-PEGylated AuNPs, but these differences are not significant (Figure 3-9 A and B). Thus, at
lower concentrations of NHS groups, the yield of grafted antibodies is likely lower than for the
highest percent composition of 30%, possibly due to diffusion that could predominate at lower
concentrations of active NHS groups. The slight increases in size between antibodies adsorbed
to m-PEGylated AuNPs versus NHS-PEGylated AuNPs bound to antibodies (either attached
or adsorbed) show however, that antibodies can change their hydrodynamic diameter due to a
possible outwardly orientation of the antibodies (Figure 3-9 A). The slight increases in
dispersion between NHS- and m-PEGylated AuNPs incubated with antibodies could be due to
variations in the yields of antibodies bound to individual AuNPs (Figure 3-9 B).

(2) PEG-NHS Blocked+TZM vs. PEG-NHS+TZM AuNPs: minimal differences in size and
dispersion between the two for both 3% and 30% NHS (Figure 3-9 A and Figure 3-9 B). This
suggests that despite blocking the NHS groups of these PEGylated AuNPs, some background
NSA of antibodies still occurred. It is unlikely that there are still stray active NHS groups for
the blocked samples, as ethanolamine blocked these and is considered a harsh treatment that

can very quickly deactivate NHS groups via hydrolysis [97, 188].

(3) Set of Different PEG-NHS+TZM AuNPs: significant increases in size, with a partial increase
in dispersion, when comparing results on Day 2 post-antibody-conjugation to results on Day 1
post-PEGylation (p=0.03, 0.01, and 0.03 for 3%, 10% and 10% NHS, respectively) (Figure 3-9
C). This suggests that antibodies can increase the overall size of PEGylated AuNPs. In contrast,

there are some statistically significant increases in size (p=0.003 for 3% NHS vs. 30% NHS
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and 0.02 for 10% NHS vs. 30% NHS), with minimal variance in dispersion, between NHS-
PEGylated AuNPs of different percent compositions (Figure 3-9 A and B). Here, the percent
composition of NHS-PEG-SH can be likely played with to acquire a better yield of antibodies
conjugated to PEGylated AuNPs. To be cautious however, it is likely that NSA could be
changing their size and dispersion, due to the minimal differences between the blocked NHS-

PEGylated and m-PEGylated controls, and their respective NHS-PEGylated counterparts.

b) ZP Measurements

Similar to the DLS measurements for controls, ZP measurements were obtained for m-
PEGylated AuNP controls put into contact with antibodies, which served to characterize NSA and
evaluate any differences between incubation solvents (PBS versus PBS+Tween-20) for antibodies
and m-PEGylated AuNPs. Samples prepared by the conditions in Table 3-5 had their changes in
surface charge pre- and post-addition of antibodies (and re-suspension in their respective solvent,

denoted as solvent change) measured. This characterization can be seen in Figure 3-10:
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Figure 3-10 ZP results pre- and post-addition of antibodies to m-PEGylated controls in PBS or
PBS+Tween-20. Samples are abbreviated as previously during DLS characterization. Values
represent averages of three replicates and error bars show standard deviation. Asterisks * and **
indicate statistically significant differences at p<0.05 and 0.01, respectively, and brackets compare

the two samples for which there is a statistically significant difference.

ZP results for the m-PEGylated AuNP controls incubated with antibodies show that despite
adding Tween-20, positive charge still increases when compared to m-PEGylated AuNP samples

incubated with antibodies in PBS (Figure 3-10). It is worth mentioning that the antibodies chosen
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for this thesis work are positively charged at the physiological pH employed for their incubation
with AuNPs, and thus antibodies should skew the trend in surface charge of PEGylated AuNPs
once they chemically conjugate or physically adsorb [189]. However, by adding Tween-20 to m-
PEGylated AuNPs in the absence of antibodies, there is a roughly equal gain in positive charge
compared to the antibody-adsorbed samples (Figure 3-10). Given the significant increases from
Day 1 to Day 2 for both samples re-suspended in PBS+Tween-20 (p=0.002 for PEG+Tween-20
and 0.004 for PEG-TZM+Tween-20), Tween-20 likely impacts the surface charge of these AUNPs
(Figure 3-10). Furthermore, significant increases in positive charge for both Tween-20 incubated
samples (in the absence or presence of antibodies), when compared to m-PEGylated AUNPs in PBS
(p=0.002 for PEG-TZM+PBS and 0.006 for PEG-TZM+Tween-20), demonstrate the effect of
Tween-20 on PEGylated AuNPs (Figure 3-10). This impact of Tween-20 on the decrease in
negative charge of PEGylated AuNPs may suggest screening of this charge normally present in m-
PEGylated AuNPs, although this phenomenon would need to be further explored to confirm this
hypothesis. Previous research showed that surfactants like Tween-20 can reduce the negative
charge of bare AuNPs, although it is worth noting that these AuNPs did not contain PEG [190].

Based on the results involving the m-PEGylated AuNP controls, further characterization
via ZP measurements was performed on the same samples prepared in Table 3-6, in order to
evaluate changes in the surface charge of antibody-conjugated, NHS-PEGylated samples before
and after the addition of antibodies, and their final re-suspension in PBS+Tween-20. The same
controls were also selected in order to evaluate NSA. The results of this characterization can be

seen in Figure 3-11:
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Figure 3-11 Randomly oriented strategy ZP results for: (A) change in surface charge pre- and post-
addition of antibodies, and (B) overall change in surface charge for functionalized AuNPs
subtracting post-PEGylation size (pre-block for controls) from post-antibody addition size.
Samples are abbreviated as previously during DLS characterization. Values represent averages of
three replicates and error bars represent show standard deviation. Asterisks * and ** in (A) indicate
statistically significant differences at p<0.05 and 0.01, respectively, and brackets compare the two
samples for which there is a statistically significant difference. For (B), # and ™ depict statistically
significant differences at p<0.05 and 0.01, respectively comparing subtracted surface charge post-
PEGylation to final surface charge post-antibody addition.

Regarding ZP measurements, the following interpretations can be made:

(1) PEG+TZM vs. PEG-NHS+TZM AuNPs: Differences in the surface charge of these various
NHS-PEGylated AuNPs are minimal when compared to the control of antibodies adsorbed to
m-PEGylated AuNPs, which could be attributed to the lingering presence of Tween-20 in the
solvent used to measure the ZP of these samples (MQ plus 5 mM NaCl) (Figure 3-11 A). It is
possible that there are remnants of Tween-20 from the solvent employed to incubate antibodies
with PEGylated AuNP samples. Despite thoroughly washing these antibody-grafted samples
with MQ, Tween-20 may have intercalated or adsorbed with either the bare AuNPs or PEG
monolayer, although this hypothesis remains untested and more work would need to be done

to explore how Tween-20 can impact the ZP of antibody-bound, PEGylated AuNP samples.

(2) PEG-NHS Blocked vs. PEG-NHS+TZM AuNPs: for the same reasons discussed in (1) little

conclusions can be drawn between these samples on the basis of their ZP measurements.
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(3) Set of Different PEG-NHS+TZM AuNPs: for the same reasons discussed in (1) little

conclusions can be drawn between these samples on the basis of their ZP measurements.

Regarding overall changes in surface charge between Day 1 and 2 of the experiment, either
following PEGylation or the addition of antibodies, respectively, the control of antibodies adsorbed
to m-PEGylated AuNPs had the largest overall increase in their surface charge, when compared to
NHS-PEGylated samples conjugated to antibodies (Figure 3-11 B). Although few interpretations
can be drawn due to the likely interference from Tween-20 screening their charge (resulting in
difficulties resolving between samples), there is a trend of a decrease in the amount of charge
gained from PEGylation as the initial percent composition of NHS-PEG-SH increases (Figure 3-11
B), which suggests that NHS-PEG-SH may be able to counteract any effects of Tween-20 on

surface charge, although this hypothesis remains untested.

3.3.2. Stability of Antibody-Conjugated, PEGylated Gold Nanoparticles

Similar to before in Section 3.2.2, a stability assay was set-up to monitor changes in the
number of stable AuNPs and the widths of their peaks, in order to assess their stability, after adding
antibodies to m- or NHS-PEGylated. Like before, bare AUNPs were pre-washed with citrate, before
undergoing the same steps shown in Figure 3-7 (details on these methods can be found in Appendix
F). Different conditions of PBS, PBS+Tween-20 and MQ were also tested, in order to determine
the optimal solvent for incubating antibodies with PEGylated AuNPs, and subsequently storing
them. Changes in the relative amplitudes and FWHM of the UV-VIS absorbance-measured SPR
peaks were measured in order to track changes in the stability of samples tested under different
conditions. It is important to note that the first timepoint for UV-VIS absorbance
measurements occurred after an overnight incubation between antibodies and PEGylated
AUNP samples, which deviates from when these first measurements were made for the stability
assays involving PEGylated AuNP samples without antibodies. A summary of the different
samples and their conditions is provided in Table 3-7. The results for the amplitude and width

stability curves can also be seen in Figure 3-12.

Table 3-7 List of monofunctional m- and bifunctional NHS-PEGylated AuNP samples incubated

with antibodies, with their respective conditions tested during the stability assay.



57

Sample PEG Composition Solvent Presence / Absence of
Antibodies (TZM)
(+) None MQ None
(-) None PBS None
PEG+PBS 100% mPEG-SH PBS None
PEG+Tween-20 100% mPEG-SH PBS+Tween-20 None
PEG+TZM+PBS 100% mPEG-SH PBS Yes
PEG+TZM+Tween-20 100% mPEG-SH PBS+Tween-20 Yes
PEG+TZM+MQ 100% mPEG-SH MQ Yes
NHS+PBS 10% NHS-PEG-SH, PBS None
90% mPEG-SH
NHS+TZM+PBS 10% NHS-PEG-SH, PBS Yes
90% mPEG-SH
NHS+TZM+Tween-20 | 10% NHS-PEG-SH, PBS+Tween-20 Yes
90% mPEG-SH
NHS+TZM+MQ 10% NHS-PEG-SH, MQ Yes

90% mPEG-SH
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Figure 3-12 Stability curves of NHS- and m-PEGylated AuNPs bound (conjugated or adsorbed) to

antibodies for: (A) normalized percentages of TZM-mPEG-AuUNPs remaining relative to positive

control, as calculated from the relative amplitudes of SPR peaks, (B) normalized percent changes
in FWHM of TZM-mPEG-AuUNP SPR peaks relative to positive control, (C) normalized
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percentages of TZM-NHS-PEG-AuUNPs remaining relative to positive control, as calculated from
the relative amplitudes of SPR peaks, and (D) normalized percent changes in FWHM of TZM-
NHS-PEG-AUNP SPR peaks relative to positive control. VValues represent averages of six replicates
from two repeats of this experiment (2x3 replicates each), and error bars show standard deviation.
Symbols in legend are depicted as: (+) — positive control, (-) — negative control, N — unwashed, W
—washed, PEG — mPEG-AuUNPs, NHS — NHS-PEG-AuUNPs, MQ — Milli-Q incubation, PBS — PBS
incubation, Tween-20 — PBS+Tween-20 incubation.

For Figure 3-12 A and C, MQ results in a greater loss of both m- and NHS-PEGylated
AUNP samples incubated with antibodies, respectively, in terms of normalized percentage of
AUNPs remaining, as the curves of PEG+TZM+MQ and NHS+TZM+MQ are around the same
level as the negative control. In contrast, the addition of PBS, and even more so PBS+Tween-20,
to antibody-incubated samples appeared to reduce the loss of these samples, when compared to
MQ, as the curves for PEG+TZM+Tween-20 and NHS+TZM+Tween-20 are higher in terms of
normalized percentages of AuNPs remaining, when compared to their counterpart AUNP samples
incubated in MQ (Figure 3-12 A and C). The higher values of the relative-amplitude normalized
curves of the samples incubated in Tween-20 can be likely explained by the fact that Tween-20
reduces NSA of protein and thus helps to reduce the amount AuNP:antibody conjugates lost upon
adsorption to the walls of the 96-well plate, which would decrease the loss in the SPR relative
amplitude value measured [191]. In fact, previous work has shown that Tween-20 can improve not
only the stability and preservation of bare AuNPs, but even more so PEGylated AuNPs, when they

are allowed to come into contact with biomolecules such as antibodies [192].

In contrast, the normalized percent loss of NHS-PEGylated AuNPs conjugated to antibodies
was less prominent than for unconjugated, NHS-PEGylated AuNPs (Figure 3-12 C). A similar
conclusion as was drawn in Section 3.2.2 can be made here, by explaining that the initial exposure
of the NHS-PEGylated AuNPs to the high salt of PBS may have caused aggregation of these
AUNPs due to charge screening, which reduced electrostatic repulsion between individual AUNPs
[179]. As a result, the SPR relative amplitude value measured for these NHS-PEGylated AuNPs
may have dropped due to NSA of AuNPs against the walls of the 96-well plate (which would have
increased their loss). Once antibodies were added to these NHS-PEGylated AuNPs, non-specific

interactions between these antibody-conjugated, NHS-PEGylated AuNPs and the walls of the 96-
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well plate may have been reduced (although this hypothesis remains untested and unexplained by

the literature), which would have improved the SPR relative amplitude value measured.

For Figure 3-12 B and D, the most considerable changes in the state of aggregation of the
conjugated system occurred for NHS-PEGylated AuNPs in MQ, with up to a 40% gain in the width
of their absorbance peaks. For these antibody-conjugated, NHS-PEGylated AuNPs incubated in
MQ, it suggests that there more aggregation and/or dispersion may have occurred in this solvent,
which corroborates the conclusions in the amplitude curves (Figure 3-12 C). On the other hand,
Tween-20, while initially stabilizing antibody-conjugated, NHS-PEGylated AuNPs, later results in
an increase in the widths of their peaks the longer the storage time, which suggests some partial
dispersion and/or aggregation (Figure 3-12 D). Despite an exhaustive literature review, there is no
explanation for the widening of the SPR peaks of NHS+TZM+Tween-20 over time. This would
partially contradict the literature suggesting that the stability of PEGylated AuNPs, when put into

contact with biomolecules such as antibodies, is enhanced in the presence of Tween-20 [192].

In contrast, antibody-adsorbed, m-PEGylated AuNPs in MQ, as well as antibody-
conjugated, NHS-PEGylated AuNPs in PBS, show similar degrees of increase in their widths in
Figure 3-12 B and D, which is consistent with the findings of the amplitude curves in Figure 3-12
A and C, as well as observations in the laboratory when this experiment was conducted, when their
wells became clearer in colour and resembled the negative control. According to the literature, a
change or loss in the colour of AuNP solutions is a sign of aggregation [64, 65]. Finally, the percent
change in width curves of antibodies adsorbed to m-PEGylated AuNPs in Figure 3-12 B are smaller
than the changes observed for their relative amplitude, percent normalized curves in Figure 3-12
A, with an approximate 10% increase in the widths of their peaks, compared to a 10% recovery,
respectively. This could hint at more NSA of these antibody-adsorbed, m-PEGylated samples,

which would have decreased the SPR amplitude value measured by the spectrophotometer.

Regardless of how aggregation or loss of antibody-conjugated, NHS-PEGylated AuNPs
arose, the most important conclusions from these two figures are that PBS+Tween-20 should be
the chosen as the solvent for conjugating antibodies to NHS-PEGylated AuNPs, while PBS should
be chosen as the solvent for storage, so that any aggregation and dispersion caused by the long-
term storage of antibody-conjugated, NHS-PEGylated AuNPs in PBS+Tween-20 is minimized.
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3.4 Semi-Oriented Strategy for Antibody Conjugation

Note: Further details on the methods used for this strategy can be found in Appendix H.

This section will examine the results obtained from characterizing biofunctionalized AUNPs
prepared by the semi-oriented strategy, before reviewing results acquired from stability assays.
This strategy was adapted from the work of Makaraviciute and Ramanaviciene (2013) [155] to this
system of PEGylated AuNPs. This strategy focused on targeting the hinge region disulfide bridges
of TZM antibodies via TCEP reduction to reduce them into half-antibody fragments, before
conjugating them to PEGylated AuNPs. By targeting this region, risks of impairing the activity of
the receptor-binding Fab region of antibodies were minimized. To realize this strategy, the

following steps were carried out and are shown in Figure 3-13:

(1) NHS-PEGylated AuNPs with active NHS groups were prepared in the same way as in the

randomly oriented strategy

(2) The reagent N-e-maleimidocaproic acid hydrazide (EMCH) was used to transform the
active NHS groups into maleimide (Mal) groups. These Mal groups can target free, exposed
thiols located on the reduced antibodies (transformed PEG denoted as Mal-PEG-SH).

(3) (a) TCEP-reduced antibodies were prepared and characterized, before (b) incubating them
with Mal-transformed PEGylated AuNPs.
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Figure 3-13 Schematic showing a stepwise overview of the chemistry employed to biofunctionalize

AUNPs via a semi-oriented strategy.
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3.4.1 Characterization of Antibody Conjugation

a) DLS Measurements

Antibody-conjugated, Mal-PEGylated (Mal-PEG-SH) AuNPs were prepared for this
strategy, and were then characterized by DLS measurements. For controls, Mal-PEGylated AuNPs
in the absence of reduced antibodies were measured, and 30% Mal-PEGylated AuNPs had their
Mal groups blocked by adding cysteine, before putting them into contact with non-reduced
antibodies. Finally, Mal-PEGylated AuNPs of varying compositions were incubated with non-
reduced antibodies. Similar to before, prior to incubating antibodies with PEGylated AuNP
samples and controls, a solvent change occurred by re-suspending them in PBS+Tween-20
(same solvent seen in Section 3.3.1). A summary of the samples and controls tested is provided in

Table 3-8. The results of this DLS characterization can be seen in Figure 3-14:

Table 3-8 Overview of different samples tested for DLS characterization of antibody-conjugated,

Mal-PEGylated AuNPs.

70% mPEG-SH

Sample Composition of PEG Type of Antibodies
AUNPs+PEG 100% mPEG-SH None
AUNPS+PEG+TZM 100% mPEG-SH Non-Reduced

AUNPs+PEG-Mal 3% 3% Mal-PEG-SH, None
97% mPEG-SH

AuNPs+PEG-Mal 10% 10% Mal-PEG-SH, None
90% mPEG-SH

AUNPs+PEG-Mal 30% 30% Mal-PEG-SH, None

AUNPs+PEG-Mal 30% Blocked+TZM
Non-Red

30% Mal-PEG-SH,
70% mPEG-SH

Non-Reduced

AUNPs+PEG-Mal 3%+TZM Non-Red

3% Mal-PEG-SH,
97% mPEG-SH

Non-Reduced

AUNPs+PEG-Mal 10%+TZM Non-Red

10% Mal-PEG-SH,
90% mPEG-SH

Non-Reduced

AUNPs+PEG-Mal 30%+TZM Non-Red

30% Mal-PEG-SH,
70% mPEG-SH

Non-Reduced

70% mPEG-SH

AUNPs+PEG-Mal 3%+TZM Red 3% Mal-PEG-SH, Reduced
97% mPEG-SH

AUNPs+PEG-Mal 10%+TZM Red 10% Mal-PEG-SH, Reduced
90% mPEG-SH

AUNPs+PEG-Mal 30%+TZM Red 30% Mal-PEG-SH, Reduced
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Figure 3-14 Semi-oriented strategy DLS results for: (A) change in size pre- and post-EMCH
reaction, (B) change in dispersion pre- and post-EMCH reaction, (C) change in size of EMCH-
transformed AuNPs pre- and post-addition of antibodies, (D) change in dispersion of EMCH-
transformed AuNPs pre- and post-addition of antibodies, and (E) overall change in size for
functionalized AuNPs subtracting post-PEGylation size (pre-EMCH reaction) from post-antibody
addition size. All sub-figures have controls of methoxy- and/or Mal-PEGylated AuNPs. Values
represent averages of three replicates and error bars show standard deviation. Asterisks * and ** in

(A-E) indicate statistically significant differences at p<0.05 and 0.01, respectively, and brackets
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compare the two samples for which there is a statistically significant difference. For (E), ™ depicts
statistically significant increases (p<0.01) comparing subtracted size post-PEGylation (pre-EMCH
reaction) to final size post-antibody addition, and brackets compare final sizes (in C), rather than

increases.

To analyze the results from the DLS characterization of antibody-conjugated, Mal-

PEGylated AuNPs, samples and controls of a similar make-up will be compared one after the other:

(1) PEG+TZM vs. PEG-Mal+TZM (non-reduced and reduced) AuNPs: generally there were
no statistically significant increases in size following the addition of antibodies to Mal-
PEGylated AuNPs, when compared to m-PEGylated controls, although there is still a
noticeable increase in their size (Figure 3-14 C and E). This suggests that the EMCH linker
used to introduce the Mal groups to NHS-PEGylated AuNPs increased the size of the AuNPs,
albeit by a small amount. In comparison, there were minimal differences in dispersion between
Mal-PEGylated AuNPs put into contact with antibodies (reduced or non-reduced) versus the
m-PEGylated controls, with all of these samples showing PDI values on the order of magnitude
of 0.2, which would suggest monodisperse AuNPs (Figure 3-14 D).

(2) PEG-Mal (no antibodies) vs. PEG-Mal+TZM (non-reduced and reduced) AuNPs:
regardless of which antibody was added to Mal-PEGylated AuNPs, significant increases in size
were reported for all of these Mal-PEGylated AuNP samples (p=0.03 for Mal 3% vs. Mal
3% TZM-Non Red, 0.04 for Mal 3% vs. Mal 3% TZM-Red, 0.006 for Mal 10% vs. Mal 10%
TZM-Red, 0.04 for Mal 30% vs. Mal 30% TZM-Non Red, 0.04 for Mal 30% vs. Mal 30%
TZM-Red), except for 10% Mal-PEGylated AuNPs incubated with non-reduced antibodies
(Figure 3-14 C). As ethanolamine was added to the Mal-transformed PEGylated AuNPs to
block any NHS groups that did not react with EMCH, these consistent increases in size, even
in the presence of non-reduced antibodies, could suggest two things. First, partial NSA
between PEG and non-reduced antibodies may have occurred, similar to before when
characterizing by DLS randomly oriented-prepared functionalized AuNPs (Figure 3-9).
Second, a partial opening of the hinge region disulfide bridges of intact non-reduced
antibodies may have occurred (due to an equilibrium exchange releasing free thiols), which
could have temporarily exposed SH groups from hinge region, allowing Mal groups on

PEGylated AuNPs to react with them. There is a partial equilibrium between oxidized disulfide
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bridges and free thiols, which can be altered by their microenvironment, such as pH [193]. In
contrast, the PDI values of 3%, 10% and 30% Mal-PEGylated AuNPs in the absence of
antibodies were significantly reduced (by a significant degree for two samples, namely p=0.03
for 10% Mal vs. 10% Mal TZM-Non Red and 0.04 for 10% Mal vs. 10% Mal TZM) once
reduced or non-reduced antibodies were added to them (Figure 3-14 D). This suggests NSA of
Mal-transformed PEGylated AuNPs to the walls of the polystyrene tubes (used for incubation)
via hydrophobic interactions mediated by either the Mal groups or the EMCH linker.
Hydrophobic interactions between biomolecules and labware has been shown in research,
where Goebel-Stengel et. al (2012) [194] demonstrated the need to choose the right labware to

work with more hydrophobic biomolecules that can more readily adsorb to polystyrene.

(3) PEG-Mal Blocked+TZM (non-reduced) vs. PEG-Mal+TZM (non-reduced and reduced)
AuUNPs: significant difference in size were reported for 30% Mal-PEGylated AuNPs
conjugated to either reduced or non-reduced antibodies (p=0.04 and 0.03, respectively), when
compared to antibodies adsorbed to cysteine-blocked 30% Mal-PEGylated AuNPs (Figure
3-14 E). This shows that cysteine was adequate for blocking Mal groups, and confirms that
antibodies (non-reduced or reduced) could only have adsorbed to PEG or covalently conjugated

to Mal groups via their reduced disulfide bridges, hence confirming what was discussed in (2).

(4) PEG-Mal+TZM Non-Reduced vs. PEG-Mal+TZM Reduced AuNPs: as was discussed in
(2), minimal variations in size were observed between PEGylation and post-addition of
antibodies (Figure 3-14 E). Despite the possible equilibrium exchange between oxidized
disulfide bridges and reduced free thiols leading to covalent conjugation of non-reduced
antibodies to Mal-PEGylated AuNPs, it appears that the increases in size of Mal-PEGylated
AUNPs conjugated to reduced antibodies are slightly higher (Figure 3-14 C). The differences
in resultant size between reduced and non-reduced antibodies conjugated to Mal-PEGylated

AuUNPs are logical given their huge difference in reduced antibody concentrations.

(5) Set of PEG-Mal+TZM Non-Reduced AuNPs: minimal differences in size and dispersion
were observed after putting non-reduced antibodies into contact with 3% or 10% Mal-
PEGylated AuNPs (Figure 3-14 E). This suggests either a saturation in the yield of conjugated
antibodies at 3% Mal-PEGylated AuNPs, or a roughly equal contribution to the overall size

change of AuNP samples from both NSA and covalent conjugation via partial reduction of non-
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reduced antibodies. In comparison, 30% Mal-PEGylated AuNPs put into contact with non-
reduced antibodies saw a significant difference in their overall size change when compared to
both 3% and 10% Mal-PEGylated AuNPs (p=0.04 and 0.04, respectively) (Figure 3-14 E).
This could suggest more NSA, or more covalent conjugation via partial reduction, both of them

resulting in a higher yield.

(6) Set of PEG-Mal+TZM Reduced AuNPs: statistically significant increases in size were
observed between 30% Mal-PEGylated AuNPs and 3% or 10% Mal-PEGylated AuNPs
(p=0.04 and 0.01, respectively) (Figure 3-14 E). These significant differences at 30%
maleimide follow the trend seen in (5) for non-reduced antibodies, and could be explained by
more NSA or covalent conjugation of antibodies. However, given the statistically significant
increase for 3% Mal-PEGylated AuNPs conjugated to reduced antibodies between PEGylation
and addition of antibodies (p=0.001) (Figure 3-14 E), it is possible that a saturation in yield

(based on size increase) may already have occurred at this lower percent composition of Mal.

b) ZP Measurements

To characterize the changes in surface charge of antibody-conjugated, Mal-PEGylated
AUNPs, ZP measurements were obtained for the same set of samples previously prepared for DLS

characterization. The results of this characterization can be seen in Figure 3-15:
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Figure 3-15 Semi-oriented strategy ZP results for: (A) change in surface charge pre- and post-
EMCH reaction, (B) change in surface charge of EMCH-transformed AuNPs pre- and post-
addition of antibodies, (C) overall change in surface charge for functionalized AuNPs between
post-PEGylation (pre-EMCH) and post-addition of antibodies. Controls of methoxy- and/or Mal-
PEGylated AuNPs are included. Samples are labelled as previously. Values represent averages of
three replicates and error bars show deviation. Asterisks * and ** in (A—C) indicate statistically
significant differences at p<0.05 and 0.01, respectively, and brackets compare the two samples for
which the difference is significant. For (C), # and ™ depict statistically significant increases (p<0.05
and 0.01,

reaction) to final surface charge post-antibody addition.

respectively) comparing subtracted surface charge post-PEGylation (pre-EMCH

To analyze the results from the ZP characterization of antibody-conjugated, Mal-PEGylated
AUNPs, samples and controls of a similar make-up will be compared one after the other:

(1) PEG+TZM vs. PEG-Mal+TZM (reduce AuNPs: No statistically significant differences in
surface charge were observed between these two (Figure 3-15 A and C). Knowing the effect

of Tween-20 on screening the ZP of PEGylated AuNP samples in the presence of antibodies
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(as discussed in Section 3.3.1 b)), minimal conclusions can be drawn here as it is difficult to

discern between different samples on the basis of surface charge.

(2) PEG-Mal (no antibodies) vs. PEG-Mal+TZM (non-reduced and reduced) AuNPs: for both
percent compositions of 3 and 10% Mal, there are statistically significant increases in positive
charge upon conjugating either non-reduced or reduced antibodies to them (p=0.03 for 3% Mal
vs. 3% Mal+TZM Non-Red, 0.04 for 3% Mal vs. 3% Mal+TZM Red, 0.004 for 10% Mal vs.
10% Mal+TZM Non-Red, and 0.006 for 10% Mal vs. 10% Mal+TZM Red) (Figure 3-15 B).
However, knowing the effect of Tween-20, and based on the lack of differences in surface
charge for 3 and 10% Mal-PEGylated samples conjugated to reduced or non-reduced antibodies

(Figure 3-15 B), minimal conclusions can be drawn here.

(3) PEG-Mal Blocked+TZM (non-reduced) vs. PEG-Mal+TZM (non-reduced and reduced)
AUNPs: only significant increase in positive charge was seen for 30% Mal-PEGylated AuNPs
incubated with non-reduced antibodies relative to cysteine-blocked 30% Mal-PEGylated
AuNPs (p=0.02), but few conclusions can be drawn here, as Tween-20 likely screened the
surface charge of Mal-PEGylated AuNPs incubated with antibodies (Figure 3-15 C).

(4) PEG-Mal+TZM Non-Reduced vs. PEG-Mal+TZM Reduced AuNPs: same conclusions

drawn in (1).
(5) Set of PEG-Mal+TZM Non-Reduced AuNPs: same conclusions drawn in (1).

(6) Set of PEG-Mal+TZM Reduced AuNPs: same conclusions drawn in (1).

3.4.2 Stability of Antibody-Conjugated, PEGylated Gold Nanoparticles

A stability assay similar to the one conducted for the randomly oriented strategy was also
set up to evaluate the stability of antibody-conjugated, PEGylated AuNPs prepared via the semi-
oriented strategy. These results can be seen in Figure 3-16. Based on the results of DLS and ZP
characterization, 30% Mal-PEGylated AuNPs were chosen. MQ was also not tested as an
incubation buffer for addition of antibodies to PEGylated AuNPs, and this decision was made based
on the results of the stability assays for the randomly oriented strategy (Section 3.3.2). An overview

of the samples and conditions tested is provided in Table 3-10:
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Table 3-9 List of monofunctional methoxy- and bifunctional Mal-PEGylated AuNP samples
incubated with their respective antibodies, alongside controls and incubation conditions tested
during the stability assay. Please note that all samples were washed with citrate prior to PEGylation.

Sample PEG Composition Solvent Type of Antibody
(+) None MQ None
(-) None PBS None
PEG+PBS 100% mPEG-SH PBS None
PEG+Tween-20 100% mPEG-SH PBS+Tween-20 None
PEG+TZM+PBS 100% mPEG-SH PBS Non-Reduced
PEG+TZM+Tween-20 100% mPEG-SH PBS+Tween-20 Non-Reduced
Mal+TZM+PBS 30% Mal-PEG-SH, PBS Reduced
70% mPEG-SH
Mal+TZM+Tween-20 30% Mal-PEG-SH, PBS+Tween-20 Reduced
70% mPEG-SH

>
W

t of AuNPs Rem:
d to Positive Control (%)
@ ®
3 3
z . 4
—_— Rl
L= =l
—
15
8 5 &
Pt
—_—
_
—_—

151
a
1
@
a

aining

Normalized to Positive Control
b

——(+#)
)
PEG+PBS
—e—PEG+Tween-20
{ l —e—PEG+TZM+PBS

——(+)

)

PEG+PBS
—e—PEG+Tween-20
—e—PEG+TZM+PBS

PEG+TZM+Tween-20
40 —e—Mal+TZM+PBS
20 —e—Mal+TZM+Tween-20
0 » &
2
-20

Figure 3-16 Stability curves of Mal- and m-PEGylated AuNPs conjugated to antibodies for: (A)
normalized percentage of AuUNPs remaining calculated from the relative amplitudes of their SPR
peaks, and (B) normalized percent change in FWHM of AuNP SPR peaks. Values represent

averages of six replicates from two repeats (2x3 replicates), and error bars show standard deviation.
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Based on the results from these stability assays, the following observations can be made:

(1) Amplitude Curves in Figure 3-16 A: for all three samples (PEG, PEG+TZM, Mal+TZM)
incubated in PBS+Tween-20, there is a noticeable increase in the number of AuNPs retained
in the first 24 hours of the experiment, when compared to the same three samples incubated in
just PBS. This suggests that Tween-20 helped reduced AuNP loss resulting from NSA against
the walls of both the plasticware used to prepare these samples, as well as the walls of the 96-




69

well plate used for the absorbance measurements. Tween-20 stabilized AuNP:antibody

conjugates in solution, preventing aggregates from forming against the walls of this labware.

(2) Width Curves in Figure 3-16 B: there is a larger initial increase in the widths of the SPR
peaks of the three samples (especially PEG+TZM) incubated in just PBS compared to the same
set incubated in PBS+Tween-20. This observation could likely be explained by the same reason
suggested in (1). However, over time there is a considerable increase in the widths of
PEG+TZM and Mal+TZM incubated in PBS+Tween-20, similar to what was seen in Section
3.3.2. This may suggest that prolonged exposure of these AuNPs to Tween-20 in the presence
of antibodies could have caused their aggregation. One explanation, besides Tween-20
interacting with the AuNPs, is antibody aggregation from Tween-20 could have resulted in a
downstream chain of events causing further aggregation of AUNPs. As Tween-20 did not affect
the dispersion of PEGylated AuNPs in the absence of antibodies, this latter explanation would
be more logical. Therefore, it would be advisable to avoid prolonged storage of antibody-

conjugated, PEGylated AuNPs incubated in Tween-20 following their incubation reaction.

3.5 Oriented Strategy for Antibody Conjugation
Note: Further details on the methods used for this strategy can be found in Appendix I.

This section will examine the oriented strategy. An overview of the procedure employed to
PEGylate AuNPs, prepare them for antibody conjugation, and conjugate them to oxidized
antibodies is shown in Figure 3-17. This strategy targeted the sugar moieties of the Fc region of
antibodies for functionalizing PEGylated AuNPs. This approached looked to selectively target the
Fc region, in order to minimize the risks of the conjugation strategy impairing the activity of the
Fab region. To realize this strategy, the following steps were carried out:

(1) Boc-hydrazine-PEGylated (Hyd-PEG-SH) AuNPs were prepared similarly to previous
PEGylation protocols

(2) Boc-groups removed by acid deprotection to expose hydrazide groups

(3) (a) Periodate oxidation of glycosylated region of antibodies followed by (b) their
conjugation to hydrazide-PEGylated AuNPs



70

P 5
% \ s M
o mPEG-SH  _ ¥k
Boc-Hydrazine-PEG-SH Acetic Acid
es {8 Deprotection
_ont®? {4 ‘.
o - .
o P > \
war' ! . '
1. \
NPs+Boc-Hydrazine-PEG-SH \
+MPEG-SH ¥
c

Bare AuNPs Oxidized

NPs+Hydrazide-PEG-SH
+mPEG-SH

< N
Glycosylated ot
Antibodies \

E \

NPs+SH-PEG-Antibodies (Oxidized)
+mPEG-SH

Figure 3-17 Schematic showing a stepwise overview of the chemistry employed to biofunctionalize
AuNPs via an oriented strategy.

For this strategy, preliminary results obtained from characterizing oxidized antibodies will
be solely discussed. Due to time constraints, as well as several concerns related to the oxidation of
antibodies (which will be discussed in more detail in this section), the final conjugation of oxidized
antibodies to hydrazide-PEGylated AuNPs was not explored.

3.5.1. Oxidation of Antibodies

To oxidize antibodies, periodate was used to target the glycosylated region of the
antibodies, by following a procedure similar to that conducted by and Kumar et. al (2008), as well
as Hermanson (2013) [156]. Due to concerns of over-oxidizing this region (as was discussed in
Section 2.3.3 ¢)) resulting in cross-linking between antibodies, only mild conditions were
employed (10 mM, room temperature, 30 min incubation). Following oxidation, antibodies were
purified by size-exclusion chromatography (SEC), to: (1) characterize the number of stable
oxidized antibodies retained, (2) separate excess, unreacted periodate on the basis of differences in

size between salt and antibodies. They were then re-concentrated, and further characterized.

3.5.2. Characterization of Oxidized Antibodies

Oxidized antibodies were characterized by four different techniques: (1) absorbance 280

nm (A280) measurements from the SEC chromatograms, (2) A280 measurements following their
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re-concentration, (3) Purpald® assay measuring the number of free aldehydes generated from their

oxidation, and (4) SPR sensorgrams measuring the affinity for their receptor Her2.

a) Chromatograms of Oxidized Antibodies Compared to Standards

The reason for characterizing oxidized antibodies as they eluted from the SEC column was
to identify any losses of antibodies by quantifying their eluted concentration via integration of their
A280 peaks (compared to a standard curve of non-oxidized antibodies), in order to compare with
the starting concentration used for periodate oxidation. The overlayed chromatograms of oxidized

antibodies compared to these standards can be seen in Figure 3-18:
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Figure 3-18 Chromatograms (A280 curves) of collected fractions for TZM standards and oxidized
TZM (prepared at 27 uM) that eluted from the SEC column.

It is worth noting that a starting concentration of 27 uM was employed for periodate
oxidation. Thus, based on Figure 3-18, there is already a reduction in the height of the A280 peak
for oxidized antibodies compared to their non-oxidized counterpart. As it would be implausible to
suggest that nearly half of these antibodies were lost over during their oxidation and purification,
it would be more sensible to suggest that other factors could explain the drop in the A280 peak

height of oxidized antibodies compared to their non-oxidized counterpart.

b) UV-VIS Absorbance Measurement of Re-Concentrated Oxidized Antibodies

To further characterize these oxidized antibodies, re-concentration of the SEC-eluted
fraction collected was performed by centrifuging the eluate, and measuring the absorbance spectra
of the re-concentrated retentate (compared to a standard). As SEC dilutes protein samples as they
pass through the column, this step served to backcheck with the A280 chromatograms to look for
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similar observations seen in a), and provide another data point for measuring and comparing

between the two [195]. The results of these absorbance spectra can be seen in Figure 3-19:
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Figure 3-19 UV-VIS absorbance curves of oxidized TZM SEC fraction re-concentrated with an
Amicon™ centrifuge filter (30 kDa MWCO), and compared to stock TZM (27 uM).

Based on a reduction in the peak height of the spectra of oxidized antibodies, a similar
observation to A280 SEC chromatograms can be made (Figure 3-19). This suggests that other
factors, such as the harshness of the oxidation conditions employed, may have resulted in a
reduction in the height of the spectra of oxidized antibodies. In fact, literature has shown that under
periodate oxidation conditions, factors such as concentration, length of reaction and ratio of
periodate to antibodies can result in an over oxidation of antibodies, by not only targeting the sugar
moieties of the glycosylated region, but also amino acid residues susceptible to oxidation, such as
serine, threonine and tyrosine [155]. It is particularly oxidation of tyrosine residues that could
explain the drop in the heights of the A280 peaks. Although this would imply that not as many
antibodies have been lost as previously presumed, there is a possibility that the biological activity
of these oxidized antibodies has been reduced due to an impairment of amino acid residues that

could be responsible for binding to the receptor of this antibody.

Compiling the concentrations of oxidized antibodies calculated by: (1) A280 chromatogram
peak height, (2) A280 chromatogram peak integration, and (3) A280 of re-concentrated fraction,
the concentration of oxidized antibodies retained was calculated in Table 3-10:

Table 3-10 Concentrations of oxidized TZM recovered calculated either by: (A) linear regression

analysis of integrated chromatograms from TZM standard curves in Appendix | (Figure 5-6),
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following injection and elution from SEC column, and (B) UV-VIS A280 measurement following

re-concentration of the SEC fraction collected.

Method Concentration (uM)
Standard Curve Height 13.0
Standard Curve Area under the Curve 15.1
UV-VIS Absorbance of Re-Concentrated Fraction 20.3
Average: 16.1
Percent Yield Relative to Stock TZM: 60%

¢) Purpald Assay to Quantify Oxidized Antibodies

Purpald®’s reagent (4-amino-3-hydrazino-5-mercapto-1,2,4-triazole) is a reagent that
forms a purple colour upon reacting with free aldehydes. It can react with oxidized antibodies
containing free aldehydes, in order to provide a quantification of the number of oxidized sugars per
antibody. A protocol outlined by Quesenberry and Lee (1996) was used for this assay [196].

Unfortunately, due to several issues related to this procedure, desirable results were not
acquired for this assay to be able to accurately quantify the number of oxidized sugars per antibody
following periodate oxidation. First, due to concerns over the toxicity of the formaldehyde standard
employed in this assay by Quesenberry and Lee [196], benzaldehyde was chosen instead, and
behaved sub-optimally, likely due to precipitation between it and Purpald®’s reagent. It is worth
noting that both structures have aromatic rings, which could likely explain their precipitation due
to the formation of n-m interactions with each another. A decrease in the solubility of aromatic
complexes formed via =-m interactions (in certain solvents) and its interference with
spectrophotometric measurements, have been previously noted by other researchers, and could thus
partially explain the issues related to using benzaldehyde with Purpald®’s reagent [197]. Although
acetaldehyde was then chosen as a standard to replace benzaldehyde, Purpald®’s reagent did not
react readily with the oxidized antibodies, suggesting that either further modifications to the
procedure would be needed, in order to optimize its reaction kinetics, or a better reagent for
detecting free aldehydes from oxidized antibodies would be needed [198]. Contrary to what was
noted by Kumar et. al (2008) [156], who also employed a Purpald® assay to quantify oxidized
antibodies, the reagent reacted very slowly (>24h) with oxidized antibodies. Due to time constraints
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with the remainder of this thesis work, alternative strategies for quantifying the number of oxidized

sugars per antibody, or troubleshooting the existing protocol, were never attempted.

d) SPR Sensorgrams to Evaluate Activity of Oxidized Antibodies

Considering the results from the chromatograms and absorbance measurements of oxidized
antibodies, concerns were raised over a decrease in activity resulting from periodate-targeting of
amino acid residues. Thus, to quantify any changes in activity of oxidized antibodies, SPR was
chosen to evaluate the binding affinity between oxidized antibodies (TZM) and their receptor,
Her2, and compare them with non-oxidized antibody standards. Closely following a procedure
outlined in Analytical and Bioanalytical Chemistry (2018) [199], oxidized antibodies were injected
over a layer of Her2 receptors immobilized to a dextran-covered gold surface, and the response
change upon binding allowed for an estimation of the activity of oxidized antibodies to be
compared with non-oxidized antibody standards. Between each injection, antibodies were
dissociated from the receptors by adding 10 mM glycine-HCI (pH 1.5). Oxidized antibodies were
also tested at different concentrations in order to take into account any diffusive effects that could
impact the binding affinity between oxidized antibodies and Her2, as well as to provide more data

points for the sake of averaging. The results from this experiment can be seen in Figure 3-20:
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Figure 3-20 (A) Sensorgrams of antibody standards vs. oxidized antibodies and (B) percent
response of oxidized antibodies retained relative to equivalent antibody standard, based on the first
240 s of injection, for SPR experiment injecting antibodies onto Her2 receptors immobilized on a
dextran-covered gold surface. Curves in (A) represent average of three separate measurements,
with error bars omitted for clarity. Bars in (B) represent average of 2400 data points in 240 s

interval, and error bars represent standard deviation of these data points.
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Based on the sensorgrams in Figure 3-20 A and the percent response of oxidized antibodies
relative to antibody standards in Figure 3-20 B, there appears to be a slight reduction in the binding
affinity between oxidized antibodies and their receptor, at least in terms of initial binding kinetics.
Based on the linear response in the first 100 s for oxidized and standard antibodies at 10 pM in
Figure 3-20 A, the activity of these oxidized antibodies is roughly 60% of standard antibodies,
based on Figure 3-20 B, as its response is more proportional to the antibody concentration bound
to Her2. Linear responses for SPR can be more easily observed at lower concentrations of analyte
being injected above a surface, as diffusion will limit the rate at which antibodies bind to Her2,
thereby preventing the surface from being saturated too quickly and generating a non-linear
response [200, 201]. Regardless of a precise determination of the binding affinity constant, it
appears that periodate oxidation impacted the binding affinity of oxidized antibodies for their
receptors. This would be most likely explained by the same factors previously discussed regarding
the chromatograms and UV-VIS absorbance spectra. It is most probable that the periodate
oxidation conditions employed were not as mild as had been conceived, as harsh conditions can
impact the biological activity of antibodies [202].

3.6 Comparison Between Antibody Conjugation Strategies

Four techniques, namely: (1) UV-VIS absorbance spectra measurements, (2) indirect
quantification of number of antibodies per AuNP, (3) direct quantification of number of antibodies
per AuNP, and (4) quantification of number of functionalized AuNPs per cancer cell, served to
compare between the randomly oriented and semi-oriented strategies, while evaluating in parallel
NSA of antibodies to m-PEGylated AuNPs. These four respective techniques will be discussed in

the same order as above for this section.

3.6.1. Functionalized AuNP Concentrations Measured via UV-VIS Absorbance

Following preparation of either antibody-conjugated, heterobifunctional PEGylated AuUNPs
or antibodies adsorbed to m-PEGylated AuNPs, their UV-VIS absorbance spectra were acquired
and compared to controls of bare AuNPs and m-PEGylated AuNPs, in order to estimate their
concentrations by comparing their peak heights to one another. The results of these measurements

can be seen in Figure 3-21:
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Figure 3-21 Characterization of the number of antibody-functionalized AuNPs recovered following
incubation with antibodies based on their: (A) UV-VIS absorbance spectra and (B) calculated
concentrations extracted from their SPR peak maxima and divided relative to a reference standard
of bare AuNPs. Abbreviations mean the following: PEG — 100% mPEG-SH, NHS — 30% NHS-
PEG-SH and 70% mPEG-SH, Mal — 30% Mal-PEG-SH and 70% mPEG-SH, TZM - incubation
with 800 nM TZM antibodies (non-reduced or reduced). Concentration and curve values represent
average of three replicates, and error bars represent standard deviation. Standard deviations for

UV-VIS absorbance curves are omitted for clarity.

Moreover, these absorbance results were used to calculate the concentrations of
biofunctionalized AuNPs by comparing their SPR peak values to the standard of bare AuNPs,
which provided a yield and allowed for losses of biofunctionalized AuNPs (from all the steps
required to prepare them) to be quantified. This SPR peak value-calculated concentration was also
used to estimate the number of theoretically available PEG functional groups (NHS or
maleimide) that could covalently conjugate with non-reduced or reduced antibodies, based on the
two formulas shown in Equation 2 and Equation 3. Note that the ratio of PEG molecules per NP
surface area was assumed to be 1 PEG per nm? (based on literature), and was thus fixed at 31 416

PEG molecules per AuNP, which corresponds to the surface area of 100 nm AuNPs [93].

PEG NPs
(# NP ) * (C mL) x 1000 * 10° = (% HBF PEG)
Ny

Cre (M) =

Equation 2 Formula employed to estimate the number of theoretically available PEG functional

groups (NHS or maleimide) on the surfaces of (concentration-measured) PEGylated 100 nm
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AUNPs. Acronyms mean: FG — functional groups, C — concentration, HBF — heterobifunctional,

Na — Avogadro’s number.

3.6.2. Indirect Quantification of Functionalized NPs via ELISA
Note: Further details on the methods used for this technique can be found in Appendix J.

An ELISA was performed on the supernatants withdrawn from washed antibody-
conjugated, PEGylated AuNPs. Antibody-conjugated, PEGylated AuNPs at an initial percentage
of 30% NHS-PEG-SH were prepared by both the randomly oriented and semi-oriented strategies,
and were compared to m-PEGylated AuNPs non-specifically adsorbed to antibodies. Incubation
buffers of PBS with or without Tween-20 were also compared in order to evaluate the extent of
NSA of antibodies to AuNPs under both conditions. This assay allowed for the concentration of
excess free antibodies remaining in the supernatant to be calculated, and compared with the starting
incubation concentrations of antibodies. This thus provided an indirect quantification of the
total number of antibodies bound per AuNP (whether conjugated or non-specifically adsorbed) to
be determined. At the same time, based on the estimated concentration of functional groups able
to covalently conjugate with antibodies in these biofunctionalized AuNPs (based on Equation 2),
the extent of covalent conjugation of antibodies to AuNPs could be calculated via Equation 3, by
assuming each antibody could only covalently conjugate to one functional group. This
estimation of covalent conjugation of antibodies to biofunctionalized AuNPs allowed for a ratio to
non-specifically adsorbed antibodies (calculated by subtracting estimated number of covalently
conjugated antibodies from total number measured by ELISA) to be determined. The results of this
indirect quantification via ELISA can be seen in Figure 3-22 and Figure 3-23, respectively:

Crg *107°% % N,

# Covalently Conj ted TZM AuNP =
ovalently Conjugate per Au (C of Func NPs/mL) * 1000

Equation 3 Formula employed to calculate number of covalently conjugated antibodies per AuNP,
based on Equation 2-calculated concentration of functional groups available, and SPR peak-
measured concentration of biofunctionalized AuNPs. Acronyms mean: C — concentration, FG —

functional groups, Na — Avogadro’s number, Func — biofunctionalized.
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Total Number of Antibodies

Figure 3-22 Indirectly calculated number of antibodies conjugated and/or adsorbed to various
functionalized and PEGylated AuNPs, as obtained through ELISA assays performed on the
supernatants collected from functionalized samples incubated overnight. Averages represent
triplicates, and error bars represent standard deviation. Asterisks * and ** indicate statistically
significant differences at p<0.05 and 0.01, respectively, and brackets compare the two samples for

which there is a statistically significant difference.
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Figure 3-23 Estimated ratio of non-specifically adsorbed antibodies to conjugated antibodies based
on ELISA-mediated indirect quantification of total number of immobilized antibodies on antibody-
functionalized, PEGylated AuNPs. Averages represent triplicates, and error bars represent standard
deviation. Asterisk * indicates a statistically significant difference at p<0.05 and brackets compare

the two samples for which there is a statistically significant difference.

Regarding Figure 3-22, the presence of Tween-20 in PBS for incubating antibodies with
either NHS- or maleimide-PEGylated AuNPs had a statistically significant effect on the number of
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antibodies bound to AuNPs (p=0.04 for NHS-TZM+Tween-20 vs. NHS-TZM+PBS and 0.03 for
Mal-TZM+Tween-20 vs. Mal-TZM+PBS). Thus, the presence of Tween-20 in the incubation
solvent could have resulted in a reduced loss of antibodies due to NSA with the labware used to
incubate them with PEGylated AuNPs. Hence, a greater retention of antibodies that could have
interacted with the PEGylated AuNPs would have resulted in a higher yield of antibodies per AUNP
(as per the indirect calculations) based on a lower ELISA-measured signal from the supernatants.
In comparison, the lower indirectly calculated numbers of antibodies per AuNP for the three
samples in PBS in the absence of Tween-20 (PEG+TZM, NHS+TM and Mal+TZM) would
suggest a greater loss of antibodies from solution during incubation with AuNPs, due to NSA
against the labware (Figure 3-22). Hydrophobic interactions between antibodies and polystyrene
(the material of which the labware is comprised) have been demonstrated in previous studies, and
thus the lower indirectly calculated ratios of antibodies per AuNPs (i.e. higher ELISA signal for
supernatants) in PBS lacking Tween-20 are explainable [203].

For the set of samples incubated in PBS+Tween-20, significant differences in the number
of antibodies per AuNP were reported between Mal+TZM and PEG+TZM (p=0.001), as well as
NHS+TZM and PEG+TZM (p=0.009) (Figure 3-22). In this case, the addition of Tween-20 to the
incubation solvent used to conjugate antibodies to m-PEGylated AuNPs therefore likely reduced
the extent of NSA of antibodies to them. Alongside the significant differences between the
Mal+TZM samples in the presence or absence of Tween-20 (p=0.03) and the NHS+TZM samples
in the presence of absence of Tween-20 (p=0.04), this demonstrates the advantage of using Tween-
20 to incubate antibodies with PEGylated AuNPs, as there are no detectable differences (via this

indirect ELISA assay) between any of samples incubated in PBS without Tween-20 (Figure 3-22).

In contrast, Figure 3-23 highlights similar differences between biofunctionalized samples
Mal+TZM and NHS+TZM incubated in the presence and absence of Tween-20 observed in Figure
3-22. Given that Figure 3-23 displays a theoretical estimation of the degree of NSA relative to
covalent conjugation, based on Equation 2 and Equation 3, it is important to note the limitations of
this method in distinguishing between non-specifically adsorbed and covalently conjugated
antibodies, as an assumption was made that only one antibody could react with each available
functional group (when it could have reacted with two neighbouring functional groups on the same

AUNP or on separate AUNPs). Nevertheless, the same trend of PBS+Tween-20 improving the yield
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of all antibodies (adsorbed and conjugated) bound to PEGylated AuNPs holds true, which would
have likely skewed the adsorbed values towards higher numbers, due to a saturation of covalent
conjugation sites. Given the order of magnitude of the total number of bound antibodies per AUNP
indirectly calculated from the ELISA measurements of the supernatants (Figure 3-22), these higher

skewed values of physically adsorbed antibodies are unsurprising.

For maleimide-PEGylated AuNPs conjugated to reduced antibodies, it is important to
note that the presence of reduced half-antibody fragments in the ELISA assay may have skewed
the results in favour of a higher indirect quantification of the number of immobilized antibodies.
This is because the designed ELISA assay relied upon a sandwich of capture and detection
antibodies lying underneath and above the antibodies recovered from the supernatants of samples.
As half-antibody fragments contain one less Fc region to interact with other antibodies (antibodies
interact with each other via this region), the affinity of reduced antibodies to both the capture and
detection antibodies may have been reduced, resulting in a lower absorbance measurement for their
respective supernatants, and thus an abnormally higher-calculated concentration of AuNP-bound
antibodies indirectly quantified. An antibody with a lower binding affinity to either the capture or
detection antibody is known in ELISA to reduce the signal generated, and for this reason higher
affinity antibodies are preferred [204]. Although a reduced antibody standard curve was generated
in order to improve the accuracy of characterizing functionalized AuNPs prepared via the semi-
oriented strategy (see Appendix J-I1), it had a minimal impact on the final calculated ratios of

antibodies either non-specifically adsorbed to specifically conjugated to AuNPs.

3.6.3. Direct Quantification of Functionalized NPs via NanoOrange Assay
Note: Further details on the methods used for this technique can be found in Appendix K.

Based on the indirect quantification results, a more direct quantification assay was opted
for in order to better estimate the number of antibodies bound to AuNPs. For this direct
quantification assay, the colorimetric dye NanoOrange™ was chosen. A procedure described by
Filbrun and Driskell was closely followed to carry out this assay [205]. Prepared antibody-
functionalized AuNPs (incubated in PBS+Tween-20) were dissolved with potassium iodide (KI)

and iodine (I2), which helped to liberate antibodies immobilized onto the surfaces of these AuUNPs.
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This dye could then couple with free antibodies and generate a colorimetric signal based on

fluorescence. The results of this quantification are shown in Figure 3-24:

*
—

1

Antibodies per AUNP

Figure 3-24 NanoOrange™ results quantifying the number of antibodies bound to AuNPs via: (1)
adsorption onto m-PEGylated AuNPs, (2) conjugation to 30% NHS-PEGylated AuNPs, and (3)
conjugation to 30% maleimide-PEGylated AuNPs Values represent averages of three samples each
measured in triplicate on a 96-well plate (3x3 data points), and error bars show standard deviation.
Asterisk * indicates a statistically significant difference at p<0.05 and brackets compare the two

samples for which there is a statistically significant difference.

Interesting observations can be drawn from this assay. First, it appears that the randomly
oriented strategy with NHS-PEGylated AuNPs had a higher yield of antibodies detected by the
NanoOrange™ dye, when compared to the semi-oriented strategy with Mal-PEGylated AuNPs
(Figure 3-24). Given that NHS groups can freely react with any amine group located on each
antibody, these results are not surprising [126]. As Mal groups are restricted to reacting with the
limited number of free thiols exposed from the hinge region of reduced antibodies, a lower yield
of antibodies able to successfully conjugate to these groups is more likely [139]. Furthermore, re-
oxidation of reduced half-antibody fragments may also pose a problem by reducing the number of
reduced antibodies that could covalently bond to Mal groups, thereby further reducing the yield of

antibodies functionalized to AuNPs via this semi-oriented strategy [144].

Despite these results for the two biofunctionalization strategies, it is worth noting that there
was one deviation from the procedure described by Filbrun and Driskell [205]. Due to limitations
with access to a fluorimeter, the fluorescence of the NanoOrange™-stained functionalized AuNPs

was not measured, but instead two absorbance measurements were acquired at both the excitation
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and emission wavelengths suggested by Filbrun and Driskell [205]. As AuNPs strongly absorb at
both of these wavelengths (see reference spectra in Figure 3-21), fluorescence measurements would
allow for the overlapping UV-VIS absorbance spectra of AuNPs and NanoOrange™ dye to be
deconvoluted, as the emission spectra resulting from AuNP-dye complexes would only be
measured by applying an emission wavelength filter, instead of measuring both AuNP and
NanoOrange™ absorbance spectra at both wavelengths. In terms of mathematical processing of

this spectral data, fluorescence measurements would thus be much simpler to analyze.

3.6.4. Quantification of Number of Functionalized NPs Bound to Cancer Cells
Note: Further details on the methods used for this technique can be found in Appendix L.

In order to evaluate the biological activity of these functionalized AuNPs, their ability to
bind to cancer cells was tested by incubating them with fixed cells, and visualizing them under
a microscope by back-scattering. This protocol was adapted from co-supervisor Michel
Meunier’s group, where AuNPs attached to cells were counted as bright white spheres hovering
above demarcated cells (images are provided in Appendix L) [206]. It is important to note that
the same initial ratio of AuNPs incubated with cells, as well as the total number of cells, was
held constant. This was to prevent variables like diffusion from introducing any discrepancies in

the results, and thus ensure that each functionalization strategy could be compared head-to-head.

Once again, antibodies adsorbed to m-PEGylated AuNPs were also prepared to compare
their ability to bind to cancer cells. A control of bare AuUNPs which are known to bind to cells in
high numbers due to NSA [207], and a control of m-PEGylated AuNPs in the absence of antibodies
(to assess a successful PEGylation), were both tested. Finally, functionalized AuNP samples were
tested for their ability to bind to two different breast cancer cell lines, namely MDA-MB-231 and
MDA-MB-453 (or 231 and 453 for short, respectively). These two respective cell lines are cited in
the literature as expressing basal and enhanced levels of the Her2 receptor which is recognized and
targeted by the antibodies bound to AuNPs (TZM) [23]. For the sake of simplicity, 231 and 453
will be designated as Her2 (-) and Her2 (+), respectively. The results of this AuNP:cell incubation

experiment and the counting of AuNPs attached to cells can be seen in Figure 3-25:
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Figure 3-25 Average number of AuNPs bound per cancer cell for: (A) Her2 (-) (MDA-MB-231),
and (B) Her2 (-) vs. Her2 (+) (MDA-MB-453). Averages represent two repeats of same experiment,
each with a sample size of 30 imaged cells, and error bars indicate standard deviation. Asterisks *
and ** indicate statistically significant differences at p<0.05 and 0.01, respectively, and square

brackets compare the two samples for which there is a statistically significant difference.

Regarding controls, bare AuNPs unsurprisingly bind at a higher level to both Her2 (-) and
(+) cancer cell lines, which indicates a lack of specificity between these AuNPs and cells, while
the control of m-PEGylated AuNPs shows a nearly complete lack of binding between AuNPs and
cells (Figure 3-25 A and B). The high binding of bare AuNPs to cells is consistent with the literature
[207]. The lack of binding between m-PEGylated AuNPs and cells would be indicative of the
protective effect of PEG against NSA of AuNPs to cells [185].

Regarding samples in Figure 3-25 A, biofunctionalized AuNPs prepared by the randomly
oriented strategy (NHS-PEGylated) show a slightly increased ability to bind to the Her2 (-) cell
line when compared to functionalized AuNPs prepared by the semi-oriented strategy (Mal-
PEGylated). This observation is consistent with the results from the NanoOrange™ assay (Figure
3-24), indicating that there are likely more antibodies bound to NHS-PEGylated AuNPs than Mal-
PEGylated AuNPs. The significant differences between covalently conjugated NHS+TZM or non-
specifically adsorbed PEG+TZM (p=0.02) also suggest that there is a higher yield of biologically
active antibodies bound to these biofunctionalized AuNPs (as previously shown in Figure 3-24).
As Her2 (-) cell line is not a true Her2 negative control (as it expresses basal levels of it), the fact
that there are noticeable differences at basal levels of Her2 expression between NHS-PEGylated
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AUNPs and their two other antibody-bound PEGylated counterparts is promising for the potential

applicability of these functionalized AuNPs to clinical settings involving breast cancer tissue [23].

In contrast, Figure 3-25 B shows significant differences in binding between Her2 (-) and
Her2 (+) for all three antibody-bound PEGylated AuNP samples (p=0.02, 0.006 and 0.005 for
PEG+TZM, NHS+TZM and Mal+TZM, respectively), with the largest differences being for
covalently conjugated NHS- and Mal-PEGylated AuNPs, versus physically adsorbed m-PEGylated
AUNPs. This is unsurprising given knowledge about the expression profiles of the Her2 (-) and (+)
cell lines [23]. These antibody-conjugated, PEGylated AuNP samples prepared by the randomly
oriented and semi-oriented strategies also show significant increases in their abilities to bind to the
Her2 (+) cell line when compared to antibodies adsorbed to m-PEGylated AuNPs (p=0.003 and
0.01, respectively) (Figure 3-25 B). This observation would likely confirm that there is a higher
yield of biologically active antibodies bound to PEGylated AuNPs prepared by these two strategies.

In contrast, the antibody functionalization strategies for AuNPs showed no differences in
their ability to bind to the Her2 (+) cell line (Figure 3-25 B). However, when compared to the
control of bare AuNPs, these two biofunctionalized AuNPs showed significant improvements in
binding to the Her2 (+) cell line more specifically (p=5x10"° for Mal+TZM vs. bare AuNPs and
2x10* for NHS+TZM vs. bare AuNPs), which indicates a greater control in specificity in binding
to Her2. In addition, after considering the 4-fold higher yield of antibodies via the non-oriented
strategy versus the semi-oriented strategy in the NanoOrange™ assay (Figure 3-24), these similar
levels of binding to cancer cells for both functionalization strategies show that both succeeded

in yielding a similar number of biologically active AUNPs.

To reiterate, the low binding between cells and m-PEGylated AuNPs without antibodies
show that the PEGylation reduced NSA between AuNPs and cells. In contrast, significant
differences for the Her2 (+) cell line between m-PEGylated AuNPs bound to antibodies and these
two biofunctionalized AuNPs (p=0.01 for Mal+TZM vs. PEG+TZM and 0.003 for NHS+TZM vs.
Mal+TZM) show an improved sensitivity compared to simply attaching PEGylated AuNPs to cells
(Figure 3-25 B). This is promising in terms of potential applicability of these functionalized AuNPs
to a clinical setting, where not only specificity in binding will be critical, in order to provide the
most accurate diagnosis of breast cancer by these Her2-targeting AuNPs, but sensitivity in

generating a signal that could be resolved from background noise such as autofluorescence [9] .
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CHAPTER 4 GENERAL DISCUSSION

A general discussion of the major findings and takeaways from this thesis work will be
provided, while drawing from the literature to make comparisons and justify the novelty of this

work. Finally, an evaluation of the original thesis objectives in Chapter 1 will be provided.

4.1. Summary of Important Results

During this thesis work, two covalent conjugation strategies (randomly oriented and semi-
oriented) for functionalizing AuNPs with cancer-detecting antibodies were explored in detail and
optimized. A summary comparing these two types of antibody-bound, PEGylated AuNPs is
provided in Table 4-1. This will provide a head-to-head comparison between these two on the basis
of: (1) orientation of bound antibodies, (2) relative difficulty level for preparation, (3) length of
time required for preparation, (4) optimal initial percent composition of heterobifunctional PEG
according to characterization results, (5) relative stability, and (6) relative efficacy in terms of yield

and activity according to quantification and cell experiment results.

Table 4-1 Overview of the two biofunctionalization strategies explored with a relative comparison

of different parameters.

NHS-PEGylated

Maleimide-PEGylated

Antibody orientation

Random via covalent
conjugation

Semi-oriented via covalent
conjugation

Relative difficulty level Simple Slightly harder
(number of steps)
Preparation time ~34h ~36h

Optimal percentage

30% (Figure 3-9)

3% (Figure 3-14)

Relative stability

For incubation: PBS+Tween-20
For storage: PBS
(Figure 3-12)

For incubation: PBS+Tween-20
For storage: PBS
(Figure 3-16)

Relative efficacy
(Figure 3-21 for yield,
Figure 3-25 for activity)

Slightly higher yield;
High activity

Slightly lower yield,;
High activity

During this thesis work, several takeaways resulted from this research. First, non-specific

adsorption was identified as a key challenge in generating stable, well-characterizable
functionalized AuNPs that were discernable from each other, as was shown during the DLS and

ZP characterization of the controls of antibodies adsorbed to m-PEGylated AuNPs (Figure 3-8 and
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Figure 3-10). Despite efforts to employ Tween-20, this NSA of antibodies could not be avoided,
although it was reduced by a large extent once antibodies were incubated with PEGylated AuNPs
during the conjugation steps (Figure 3-9 and Figure 3-14). However, these levels of non-
specifically adsorbed antibodies seemed to have minimal impact on the final biological activity of
the functionalized AuNPs (Figure 3-25). Stability assays also showed the advantages of employing
Tween-20, and these experiments showed consistently that it could improve the stability of
functionalized AuNPs (Figure 3-12 and Figure 3-16). Thus, for this particular application, it does
not appear that the presence of non-specifically adsorbed antibodies on functionalized AuNPs is a

pressing concern in terms of their biological activity and short-term stability.

In addition, development of the randomly oriented strategy showed that parameters
influencing the activity and stability of biofunctionalized AuNPs could be controlled for during
their preparation. These parameters included the initial percent composition of NHS-PEG-SH,
which increased the size of the AuNPs (Figure 3-9), and selecting the optimal incubation solvent
(by adding Tween-20) for antibodies, which minimized NSA of antibodies to labware or AUNPs
(Figure 3-12). Additionally, employing a longer period of PEGylation with a higher concentration
of PEG (Section 3.2) ensured that PEG could stabilize AuNPs and protect them against aggregation
and/or NSA to labware (Figure 3-5 and Figure 3-6). Other details, like a re-activation step for NHS
groups (Figure 3-7), also refined their development. By controlling all of these factors impacting
the stability and biological activity of these functionalized AuNPs, their specificity in binding to
cancer cells was improved (Figure 3-25). Although their yield decreased as per their UV-VIS
absorbance spectra (Figure 3-21), this sacrifice of AuNPs (due to steps required to prepare them
such as washing) for gains in their activity shows the importance of controlling the development
of these nanoformulations. For breast cancer diagnostic applications, it is important to produce
formulations that are stable, well-characterized and possess higher specificity [208]. Progress here

thus is a good sign moving forward.

In comparison, the semi-oriented strategy was also optimized. To further develop these
biofunctionalized AuNPs from re-activated NHS-PEGylated AuNPs, similar results were achieved
in both stability and minimizing NSA (Figure 3-16), while improving their biological activity
(Figure 3-25). Various parameters were optimized to achieve these results. First, Tween-20 was

again identified as optimal for reducing NSA (Figure 3-16). Moreover, the initial percent
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composition of NHS-PEGylated AuNPs transformed into Mal-PEGylated AuNPs could be lowered
to 3%, as the resultant size of reduced antibodies per PEGylated AuNP ended up being higher at
this percentage, indicating saturation of antibodies on AuNPs at higher percent compositions
(Figure 3-14). There was even a yield of non-reduced antibodies that could graft to PEGylated
AuUNPs (albeit lower than reduced antibodies) at each percent composition (Figure 3-14). This
observation hints at an alternate avenue for developing functionalized AuNPs that would be cost-
effective and attractive from a commercial standpoint, as it would not require the purchase of the
TCEP gel used to reduce antibodies (Appendix H-I1). Although the yield of these functionalized
AUNPs decreased as per UV-VIS absorbance results (Figure 3-21), no considerable losses in both
stability (Figure 3-16) and specificity in biological activity (Figure 3-25) were detected. These
results show that researchers should be controlling the development of biofunctionalized AuNPs.
By optimizing the activity of antibodies functionalized to AuNPs to enhance their specificity and

sensitivity, researchers can improve the clinical applicability of these nanoformulations [209].

Overall, the functionalized AuNPs prepared via both strategies were successful in
terms of their efficacy and stability, while also being relatively easy to prepare. While it is worth
noting that the stability of these functionalized AuNPs is short-term (<24h), as per the stability
assays (Figure 3-12 and Figure 3-16), in the context of this particular application, these
functionalized AuNPs could be prepared the day before their use, and applied to cells immediately
after their preparation. Despite this constraint, yields of antibodies per AuUNP for both strategies
were high, as per the ELISA assays, showing that the chemistry was successful (Figure 3-22). In
addition, their ability to bind to cancer cells in a specific manner, and improve sensitivity compared
to m-PEGylated AuNPs, shows their promise as a clinical application for diagnosing breast cancer
(Figure 3-25). As AuNPs are a popular material for diagnostic applications, this thesis work should

help provide fundamental research related to developing them in a controlled manner [210].

4.2. Comparison to Literature

Functionalizing AuNPs with antibodies, whether it be for diagnostic or therapeutic end
goals, is not a novel idea in research. However, this thesis work advances the field of AuNP

functionalization in four key ways, namely:
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(1) Optimizing the biofunctionalization of larger AUNPs of 100 nm here, while past research
has focused on smaller AUNPs whose surface properties are better understood and who can
more easily be covered with PEG to confer protective steric effects against aggregation and
NSA of biomolecules such as antibodies [98, 211, 212].

(2) Providing a more in-depth characterization of the physical and chemical properties of
biofunctionalized AuNPs, which allowed for their effects on yield and biological activity
to be established. In contrast, past literature did not explore as exhaustively these inherent
properties for each functionalization strategy, and instead focused on applications of
biofunctionalized AuNPs by comparing different strategies head-to-head [78, 213, 214].

(3) Minimizing NSA of antibodies to AuNPs by optimizing the PEGylation and incubation
conditions, and showing how this can adversely impact biological activity and yield of
antibodies per AuNP (Figure 3-22, Figure 3-24 and Figure 3-25). In comparison, past
literature has studied the physical adsorption of antibodies against AUNPs (without PEG)
via electrostatic interactions, and showed that the biological activity for their particular
application was not adversely impacted [116, 213, 215]. This contradiction suggests the

need to carefully examine the goals of the biofunctionalization strategy and whether a
greater yield of active antibodies can be achieved via physical adsorption, especially when
AUNPs are PEGylated. For example, in the context of this thesis, the biological activity of
functionalized AuNPs with covalently conjugated antibodies was greatly enhanced when

compared to physically adsorbed antibodies (Figure 3-25).

(4) Improving existing procedures from a collaborator’s lab (Pr. Michel Meunier’s group) for
developing antibody-functionalized AuNPs (100 nm), by extending the procedure time,
minimizing NSA by introducing Tween-20 to the incubation solvent for conjugating
antibodies, and controlling the chemistry by carrying out PEGylation before antibody
conjugation [133, 216]. In addition, a new strategy, the semi-oriented targeting of the hinge
region of antibodies, was also introduced and presents an alternative way to produce
biofunctionalized AuNPs that can simultaneously rival the other strategy (randomly
oriented) (Figure 3-25). Despite an exhaustive literature review, the semi-oriented strategy

for functionalizing PEGylated AuNPs with antibodies has never been done before.
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4.3. Evaluation of Thesis Objectives

To review the main objectives of this thesis work outlined in Chapter 1, and provide a

commentary on the success of this work in achieving these objectives, they are highlighted below:

1. Explore and compare different strategies of biofunctionalization, including randomly
oriented, semi-oriented and oriented grafting techniques, in order to develop and optimize
robust and reproducible methods for functionalizing AuNPs with TZM - this objective

was explored for two strategies, but not fully developed for the oriented strategy.

2. Develop and optimize characterization methods to assess both quantitatively and
qualitatively each step of the process that functionalizes AUNPs with TZM — this objective

was achieved for both the randomly oriented and semi-oriented strategies.

3. Apply TZM-biofunctionalized AuNPs to Her2 positive and negative cancer cell lines
(MDA-MB-453 and MDA-MB-231, respectively) in order to evaluate their ability to
visualize and detect cancer cells, while comparing in parallel this diagnostic tool to IHC —
this objective was achieved with fixed cancer cell lines, but due to constraints related
to the pandemic and accessing the appropriate facility to conduct this work, a parallel

comparison with IHC was not achieved.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

Overall, this thesis work has made encouraging progress in the field of biofunctionalizing
AUNPs. A list of recommendations for future directions in this research field will be explained in

detail below, along with a rationale. This will be followed by some concluding remarks.

5.1. Recommendations

(1) Further characterization of antibodies bound to AuNPs:

A preliminary characterization of antibodies bound to functionalized AuNPs was performed
in this thesis work, by both indirect and direct absorbance-based methods. While the
NanoOrange™ assay can be a developed into a fluorescence-based measurement, the biological
activity of bound antibodies still needs to be explored. This would require a more extensive
characterization of them by measuring their Fab region binding affinity towards Her2 receptors.
Although the cell experiments suggest some success with regards to the biological activity of these
functionalized AuNPs, questions remain about quantifying their biological activity towards their
receptors. It is plausible that the binding affinity of many of these antibodies towards Her2 was
impaired, either due to the orientation of their Fab regions, or conformational changes. Tripathi
and Driskell [166] discussed the importance of characterizing the activity of antibodies bound to
functionalized AuNPs, ass many techniques do not distinguish between loaded and active

antibodies

Several techniques could characterize the biological activity of antibodies bound to
functionalized AuNPs. One is side-illumination, and examines shifts in the SPR peak as molecules
approach the surfaces of AuUNPs and light is scattered. As the SPR of AuNPs is largely influenced
by their microenvironment, side-illumination takes advantage of the intrinsic optical properties of
AuNP to provide a more extensive characterization of all molecules bound to the surfaces of
functionalized AuNPs. This could allow for antibodies above a layer of PEG to be characterized
(by measuring their plasmon shift when their receptor is injected above), while also evaluating the
PEGylation. Side-illumination can also scan through more focal planes of cells bound to
functionalized AuNPs, which can overcome some of the limitations of the AuNP:cell incubation
experiment tested in this thesis work that was limited to one focal plane scan. This technique is still
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novel however, and is being currently developed by co-supervisor Michel Meunier’s group, who

previously worked on a similar technology to image AuNPs bound to cancer cells [206].

Alternative spectrophotometric techniques to the NanoOrange™ and ELISA assays in this
thesis could also quantify the activity of bound antibodies on functionalized AuNPs. Previous work
by Tripathi and Driskell [166] injected horseradish peroxidase (HRP) over top of antibodies
conjugated to AuNPs, and examined their binding characteristics due to Fc region-based
interactions. There are still questions though with regards to the activity of the Fab region of bound
antibodies. One interesting alternative would be to chemically conjugate HRP to Her2 receptors,
and examine the ensuing absorbance signal. One challenge with this technique is that AuNPs
strongly absorb in the same part of the UV-VIS region as HRP. Thus, deconvoluting these two
spectra would need to be done in order to resolve any spectral differences.

(2) Further development of oriented strategy and controlling the oxidation of antibodies:

Although the oriented strategy for functionalizing AuNPs with antibodies was briefly
attempted in characterizing oxidized antibodies, the procedure that would conjugate oxidized
antibodies to AuNPs was never realized. Due to concerns over the impaired activity of periodate-
oxidized antibodies, this strategy was abandoned. Although previous work has been done with this
strategy, by both a research group in Texas, and the more recent work by Master’s student Audrey
Nsamela, questions still remain regarding control of the oxidation conditions to preserve the
biological activity of bound antibodies [156, 216]. Additionally, issues with the Purpald assay for

quantifying oxidized antibodies need to be troubleshooted.

(3) Applying functionalized AuNPs to more complex biological systems, such as tissues:

Ultimately, these functionalized AuNPs will be applied to more complex cellular systems
such as tissues, where these formulations will be compared with IHC, an important diagnostic
technique for breast cancer. As these cellular environments have their own challenges, (previously
discussed in Section 2.1), the specificity and sensitivity of these functionalized AuNPs will be put
to the test when applied to these environments. As the end goal is to accurately imitate in vivo and

ex vivo conditions for diagnosing cancer, further work in this field will need to be pursued.
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5.2. Concluding Remarks

Overall, this thesis work explored the optimization of chemical and physical conditions
required to functionalize AuNPs with antibodies by two covalent conjugation strategies, while
comparing them to non-specifically adsorbed antibodies. Differences between the two strategies
were noted in terms of yield, activity, stability, and reproducibility, thanks to an in-depth
characterization of each step of their functionalization. Although further work still needs to be
pursued with regards to characterizing the activity of these bound antibodies, as well as ultimately
applying these formulations to more complex biological systems, this thesis work should hopefully
pave the way for future breakthroughs in the field of nanotechnology-based cancer diagnostics.
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APPENDIX A - MATERIALS

I. AuUNP Product Information

AUNPs of a 100 nm diameter, dispersed in MQ water and capped with citrate, were ordered
from Nanopartz®. The product number of the AuNPs was A11-100-CIT-DIH-1-100-CS.
According to Nanopartz® data sheets, the concentration of the AuNPs at an optical density (OD)
of 1 was 4.96x10° NPs/mL, which corresponded to a molar concentration of 8.30 pM. With respect
to its spectral data, these AuNPs showed an SPR peak at 569 nm, corresponding to a molar
extinction coefficient of 1.21x10* M cm™ at its maximal concentration. The decision to opt for
commercially synthesized AuNPs was made by identifying that controlling their size distribution
(when synthesizing them in the lab) would be a considerable challenge, and that manufacturer-
synthesized AuNPs would boast a smaller size dispersion (for example, Nanopartz® claims that
their 200 nm AuNPs have a dispersion of less than 4%). Moreover, turning our attention towards
AUNP synthesis would ultimately fall out of the scope of the objectives of this Master’s thesis in

functionalizing AuNPs with antibodies.

1. PEG Product Information and Preparation of Stocks

An overview of the different heteromono- and bifunctional PEG molecules employed
during the entirety of this Master’s thesis project, as well as their sources, are highlighted below.

Table 5-1 Overview of different PEG molecules (heteromono- and bifunctional) used during this

Master's thesis project.

Full Name Short Form | Manufacturer | Product Number
methoxy-PEG-Thiol mPEG-SH JenKem® A3029-1/M-SH-5000
methoxy-PEG-Thiol mPEG-SH Nanocs® PG1-TH-5k
N-Hydroxysuccinimide-PEG-Thiol | NHS-PEG-SH Nanocs® PG2-NSTH-5k
Boc-Hydrazine-PEG-Thiol Hyd-PEG-SH | Polyscience® 26220

Due to complications related to the use of mMPEG-SH from Nanocs®, all experiments
conducted after discovering this faulty stock of PEG employed mPEG-SH from JenKem®. The

results that confirmed the faulty stock of PEG from Nanocs® can be seen in Appendix F.

Prior to their addition to AuNP samples, PEG freezer stocks were prepared at a
concentration of 2 mM. To 1 mL of solvent, 10 mg of powder was weighed out and dissolved. MQ
was used to dissolve mPEG-SH, while dimethyl sulfoxide (DMSO) was used to dissolve NHS-
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PEG-SH and Hyd-PEG-SH. From these stock solutions, 50 uL aliquots were prepared, and unused
aliquots were stored at -80°C. To quantify the concentration of free thiols present in the prepared
stocks (for the purposes of calculating the amount of PEG to add to AuNP samples), an Ellman’s
test was performed (details on this assay can be found in Appendix D). The thiol concentrations
determined from an Ellman’s test are provided below (note that mPEG-SH from Nanocs® is not

shown):

Table 5-2 Summary of concentrations of free thiols determined from an Ellman’s test performed

on each PEG stock.

Name PEG Concentration Free Thiol Concentration (mM)
(mM)
MPEG-SH (JenKem®) 2 1.74
NHS-PEG-SH 2 1.64
Hyd-PEG-SH 2 1.84

I11. Antibody Product Information and Preparation of Stocks

Aliquots of the selected antibody, Trastuzumab (TZM), were used for the entirety of this
Master’s research project. The decision to work with TZM was made based on the desired
diagnostic application that would target the Her2 receptor overexpressed in some breast cancer cell
lines. Additionally, these antibodies were easy to produce in mammalian cell lines such as CHO,

as glycosylation could be better controlled.

These antibodies were produced and expressed in Chinese hamster ovary (CHO) cell lines
and produced at the National Research Council of Canada-Mont Royal. A titer of 500 mg at a
concentration of 4.04 mg/mL (approximately 27 uM) was acquired and antibodies were stored in

PBS. From this titer 100 pL aliquots were prepared and stored at -80°C.
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APPENDIX B - DYNAMIC LIGHT SCATTERING AND ZETA
POTENTIAL

DLS and ZP measurements were acquired for each step of biofunctionalization of AuNPs.
They were acquired following a wash of AuNP samples incubated with PEG, as well as after a
wash of PEGylated AuNPs grafted to antibodies.

I. Protocol for Taking DLS Measurements

To measure the hydrodynamic radius of the PEGylated AUNP samples, DLS measurements
were taken. These were performed on a Zetasize Malvern ZEN3600™ Instrument (from Malvern
Panalytical, Inc.). To prepare the samples for DLS, and its subsequent ZP measurements on the
same instrument, sodium chloride (NaCl) was added to the samples at a final concentration of 5
mM. Samples were injected into a folded capillary cell (Malvern Panalytical, Inc. DTS1070) with
a 1 mL Luer-Lok™ syringe. Parameters were set as follows on the instrument prior to launching
the standard operating procedure (SOP): (1) dispersant was MQ, (2) material was gold, (3)
refractive index was 0.181, (4) number of scans was 15, (5) scans per second was 1, (6) number of
replicates was three. To reuse the folded capillary cells between different samples, the samples
were first carefully aspirated from the cells with a fresh syringe, before thoroughly flushing the
cells with MQ to wash away any salt or gold residue, and drying them out with an air inlet. Finally,
to compare the PEGylated AuNP samples to a standard size, DLS measurements were also taken
for a control of bare, 100 nm AuNPs. Data acquired for analysis of samples and controls included
the raw intensity measurements relative to the hydrodynamic size logarithmic scale, the Z-average
size, the polydispersion index (PDI), and the PDI width. To illustrate the instrumental set-up
required to obtain DLS measurements on the Zetasizer Malvern ZEN3600™, a figure is provided

below:
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measurements. Image reproduced from Bhattacharjee et. al, 2016 [173].

I1. Protocol for Taking ZP Measurements

A similar set-up to DLS measurements (i.e. adding NaCl) was done to prepare the samples
for ZP measurements on the same Zetasizer Malvern ZEN3600™ Instrument as previously This
time, the only parameters that changed for the SOP were: (4) number of scans was 20, (5) scans
per second was 2. Folded capillary cells were washed and dried the exact same way as for DLS, in
order to reuse them for other samples. To compare the ZP measurements acquired for each sample,
a control of bare, 100 nm AuNPs was used as a standard for the ZP surface charge. Data acquired
for analysis of samples and controls included the ZP surface charge, the electrophoretic mobility
(Mob) and the conductivity. A figure below provides a theoretical explanation to how the ZP

surface charge is generated:
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Figure 5-2 Schematic illustration depicting how the ZP surface charge is acquired. Image
reproduced from Bhattacharjee et. al, 2016 [173].
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APPENDIX C - UV-VIS ABSORBANCE

To prepare samples for UV-VIS absorbance measurements of the spectra of AUNP samples,
150 uL of each sample were pipetted in triplicate to the wells of a 96-well plate. Blanks
corresponding to the solvents used to disperse the AuNPs, such as MQ or PBS, were also added to
this plate. A control of bare, 100 nm AuNPs was also added. The plate was covered with plastic
film in order to minimize evaporation during measurements. The plate was then placed inside a
EPOCH™ Microplate Spectophotometer (from BioTek™). The SOP launched had the following
parameters sets: (1) interval between scans — 1 nm, (2) range — 300 to 800 nm, (3) scanning speed
— 4 nm/s. Upon acquisition of data, the raw absorbance values as a function of each wavelength
were extracted for each sample, and the replicates of each sample and control were then averaged.

The blank curves were then subtracted from each sample and control, and the data was plotted.

To determine the concentration of AuNP samples recovered after each step of
functionalization, whether it was post-PEGylation or antibody incubation, the concentrations were
calculated by dividing the peak absorbance value (absolute amplitude) of each sample by the peak
absorbance value of the control of bare AuNPs. As the concentration of bare AuNPs was known
based on the manufacturer’s data sheets (4.96x10° NPs/mL), the concentrations of other AuNP
samples were determined by multiplying the ratio between the peak absorbance values of

sample:bare AuNPs by the concentration of bare AuNPs.
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APPENDIX D — ELLMAN’S TEST

In order to quantify the number of free thiols present in PEG samples, Ellman’s tests were
conducted. First, a buffer of PBS containing ethylene diamine tetraacetic acid (EDTA) (100 mM
phosphate and 1 mM EDTA) was prepared at a pH of 7.4. This buffer was used to dissolve Ellman’s
reagent (5,5’-Dithiobis-(2-Nitrobenzoic acid) or DTNB) at a concentration of 1 mg/mL (2.5 mM),
as well as to dilute any thiol samples into the dynamic range of this assay (between 5 and 150 uM).

A quenching solution of 0.5% (v/v) Tween-20 in MQ was also prepared.

For the assay, 60 pL of DTNB was added to 140 pL of sample (in triplicate) in PBS-EDTA
buffer in a 96-well plate. A blank of 140 uL of PBS-EDTA buffer (in triplicate) was also incubated
with the same volume of DTNB. Incubation was then allowed to proceed for 1 min, before the
reaction was quenched by adding 10 pL of Tween-20. The absorbance was read on a Victor™ plate

reader (from Perkin Elmer, Inc.) at 405 nm, and at 630 nm as a correction.

To process the data, first absorbance values at 630 nm were subtracted from the values at
405 nm. The averaged blank absorbance values were then subtracted from the samples. To calculate
the concentration of free thiols, an approximation of 0.00963 absorbance units (AU) per uM of free
thiol (an experimentally determined ratio previously found in the lab) was used, while also taking
into account the D=1.5 dilution factor of the assay volume as well as any possible dilutions required
to bring the sample into the dynamic range of the assay. Concentrations calculated for each sample
were then averaged amongst its replicates, and standard deviations were calculated, prior to plotting
the data.
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APPENDIX E - PEGYLATION OF GOLD NANOPARTICLES

I. Calculation of PEG Concentrations and PEGylation Protocol

To calculate the minimal concentration of thiolated PEG that could completely cover the
surface of AuNPs, the footprint of each thiolated PEG was approximated to be 3 molecules per
nm? of AuNP surface. Based on a total surface area of 31 416 nm? for 100 nm spherical AuNPs at
a concentration of 4.96x10° NPs/mL, a minimal final concentration of 740 nM of free thiolated
PEG was determined. In order to take into account the possibility of oxidation between PEG
molecules, as well as diffusion effects, all of which could reduce the number of thiolated PEG
molecules that could successfully bond to the gold surface, an excess concentration of 14x PEG
relative to this minimal concentration was added to the samples. This excess concentration
corresponded to 10 uM total PEG. To achieve varying percentages of heterobifunctional PEG,
whether it was NHS-PEG-SH or Hyd-PEG-SH, the volumes from PEG freezer stock aliquots with
a free thiol concentration of 2 mM were altered, while changing the volume of
heteromonofunctional MPEG-SH accordingly. A summary of these freezer stock aliquot volumes

required to achieve different compositions of each form of PEG is provided below.

Table 5-3 Overview of 2 mM thiolated PEG freezer stock aliquot volumes required per 600 pL of
AuUNPs, for PEGylating at different percentages of either NHS-PEG-SH or Hyd-PEG-SH (NHS
and Hyd for short, respectively) relative to mMPEG-SH, in order to achieve a final total thiolated

PEG concentration of 10 uM.

Form of PEG
Sample Volume of Volume of
mMPEG-SH (uL) NHS/Hyd-PEG-SH (uL)
Control 3.0 N/A
3% NHS / Hyd 2.7 0.3
10% NHS / Hyd 2.4 0.6
30% NHS / Hyd 2.1 0.9

Upon addition of these respective volumes to AUNP samples, the mixtures were allowed to
incubate at room temperature overnight for 16 hours on a shaker platform running at 100 rpm.

Samples were covered with aluminium foil to protect them from light exposure.
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Il. Centrifugation and Washing Protocol for PEGylation and Antibody-Conjugation
Strategies

Following incubation between PEG and AuNP samples, washing was carried out in order
to remove excess, unbound PEG. First, they were centrifuged at 5 000xg for 5 min in a benchtop
centrifuge, so as to pellet the AuNPs bound to PEG, and separate it from unbound PEG in the
supernatant. While being careful not to disturb the pellets, 500 uL of supernatant was withdrawn
per 600 puL of sample, and placed in a separate Eppendorf™ tube for further analysis by an Ellman’s
test (to quantify the number of thiolated PEG removed). Samples were re-suspended in 500 pL of
MQ. Upon addition of MQ, samples were thoroughly mixed by first vortexing them at the highest
speed, before sonicating them in a water bath at room temperature for brief 5 second intervals. This
cycle of vortexing and sonicating was repeated until the walls of the sample tubes were completely
clear from any AuNP adsorption (samples were held up to the light to ensure that the Eppendorf™
walls were completely transparent). This mixing step during re-suspension was important in
ensuring that any losses of AuNPs due to NSA against the walls of the Eppendorf™ tubes would
be minimized. After re-suspending and mixing the samples, the above sequence of steps for

washing was repeated once more, and restoring the final volume to 600 pL.

As removal of AuNPs during their washing is unavoidable, losses were quantified by re-
centrifuging the supernatants at 5 000xg for 5 min, in order to first validate qualitatively if a pellet
was formed, before re-suspending the pellets and measuring the UV-VIS absorbance spectra of the

supernatants.
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APPENDIX F — STABILITY ASSAY DETAILS FOR EXPERIMENTAL SET-
UP AND DATA ANALYSIS PROCEDURE

I. Set-Up of Assay and Differences from PEGylation and Antibody Conjugation

Protocols

This Appendix will discuss the protocol employed to test and monitor the stability of both
PEGylated and antibody-conjugated AuNPs, in order to determine the optimal conditions for
storage. Several deviations from the traditional PEGylation protocol (see Appendix E) were

introduced for this stability assay and will be discussed below:

(1) Washing of AuNP samples with citrate: all bare AUNP samples were washed with fresh
800 uM sodium citrate prior to PEGylation, by centrifuging them for 5 min at 5 000xg,
withdrawing supernatant (and reserving it to quantify any losses of AuNPs), and re-

suspending it in an equivalent volume of 800 uM sodium citrate, pH 7.

(2) Re-suspension conditions for PEGylated AuNP samples: AuNP samples were re-
suspended in equivalent volumes of either PBS or MQ (i.e. replacing equivalent volume of
supernatant with re-suspension solution), upon completion of the second centrifugation step
for washing, in the case of stability assays with PEGylated AuNP samples. For stability
assays involving antibody-conjugated, PEGylated AuNP samples, the solvents for re-
suspension were either PBS, PBS+Tween-20 (0.5% v/v) or MQ.

(3) Re-suspension conditions of antibody-conjugated, PEGylated AuNP samples:
following washing of PEGylated samples, various treatments were performed on the
functional groups exposed from these samples, in order to prepare them for conjugation
to antibodies by any of the three different strategies (further details on these treatments can
be found in the Appendix section of each strategy). As a result, it was important to uphold
consistency in the solvents used initially following re-suspension of washed PEGylated
AUNP samples, and subsequently used to re-suspend samples following this treatment step
(whether it be during a washing step or prior to conjugation). For example, a sample re-
suspended initially in PBS following washing of PEGylated AuNPs would need to be
consistently re-suspended in PBS for all remaining steps (treatment, conjugation and

washing).
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(4) Preparation of positive and negative controls for stability: citrate-washed, bare AuNPs
in MQ were established as the positive control for stability, while citrate-washed, bare
AUNPs re-suspended in PBS (after centrifuging for 5 min at 5 000xg and withdrawing

supernatant) were set as the negative control for stability.

(5) No further processing of the exposed functional groups of PEGylated AuNPs was
performed, so only three variants of PEGylated AuNPs were tested, either: (1) solely
MPEG-SH, (2) mixture of mPEG-SH and Hyd-PEG-SH, or (3) a mixture of mPEG-SH and
Hyd-PEG-SH.

Upon re-suspending PEGylated AuNP samples in their respective solvent (PBS,
PBS+Tween-20, MQ) following the second centrifugation step in the standard PEGylation
protocol, timing for the assay began (re-suspension of the negative control in PBS was also timed
to line up with other samples re-suspended in their respective solvents). In the case of antibody-
conjugated, PEGylated AuNP samples, however, this initial time point began when antibodies
were first added to the treated PEGylated AuNP samples.

For all samples, they were added to a 96-well plate in triplicate by pipetting 150 uL into
each well. Blanks of MQ, PBS, PBS+Tween-20 and citrate were also added to this plate (whose
curves would be subtracted from their sample counterparts in order to account for differences
between solvents). The plate was then covered with plastic film in order to minimize losses of
AuUNPs due to evaporation. The UV-VIS absorbance spectra were then acquired (following the
same procedure in Appendix C), and the timepoint for each measurement was noted and set
relative to initial timepoint of re-suspension. Summary tables outlining the different PEGylated
AUNP samples, different antibody-conjugated, PEGylated AuNP samples, and controls tested with

their respective conditions are provided below in Tables 5-5 and 5-6.

Table 5-4 List of heteromonofunctional mMPEG-SH and heterobifunctional NHS-PEG-SH or Hyd-
PEG-SH AuNP samples and their respective conditions tested during the stability assay. In the

interest of simplicity, only mixed PEGylated AuNP samples with a 10% composition are included.

Sample Type(s) of PEG PBS/MQ
Solvent
Positive Control None MQ
Negative Control None PBS
PEG+MQ mPEG-SH MQ
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PEG+PBS mPEG-SH PBS

NHS+MQ NHS-PEG-SH, MQ
mPEG-SH

NHS+PBS NHS-PEG-SH, PBS
mPEG-SH

Hyd+MQ Hyd-PEG-SH, MQ
mPEG-SH

Hyd+PBS Hyd-PEG-SH, PBS
mPEG-SH

Table 5-5 List of heteromonofunctional mPEG-SH and heterobifunctional NHS-PEG-SH, Mal-
PEG-SH or Hyd-PEG-SH AuNP samples adsorbed or conjugated to antibodies, and their respective

conditions tested during the stability assay. In the interest of simplicity, mixed PEGylated AUNP

samples of different percent compositions of each form of PEG are not included. Antibody

conjugation approaches are numbered as follows: (1) randomly oriented, (2) semi-oriented, (3)

oriented. Controls for all strategies are labelled as such.

Approach(es) Sample Type(s) of PEG PBS/ MQ Presence /
Solvent Absence of
Antibodies
Control Positive Control None MQ None
Control Negative Control None PBS None
Control PEG+PBS mPEG-SH PBS None
Control PEG+Tween-20 mPEG-SH PBS+Tween- None
20
Control PEG+TZM+PBS mPEG-SH PBS Yes
Control PEG+TZM+Tween- mPEG-SH PBS+Tween- Yes
20 20
Control PEG+TZM+MQ mPEG-SH MQ Yes
1 NHS+PBS NHS-PEG-SH, PBS None
mPEG-SH
1 NHS+TZM+PBS NHS-PEG-SH, PBS Yes
mPEG-SH
1 Mal+TZM+Tween- NHS-PEG-SH, | PBS+Tween- Yes
20 mPEG-SH 20
1 NHS+TZM+MQ NHS-PEG-SH, MQ Yes
mPEG-SH
2 Mal+PBS Mal-PEG-SH, PBS None
mPEG-SH
2 Mal+TZM+PBS Mal-PEG-SH, PBS Yes
mPEG-SH
2 Mal+TZM+Tween- Mal-PEG-SH, PBS+Tween- Yes
20 mPEG-SH 20
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3 Hyd+PBS Hyd-PEG-SH, PBS None
mPEG-SH
3 Hyd+TZM+PBS Mal-PEG-SH, PBS Yes
mPEG-SH
3 Hyd+TZM+Tween- Mal-PEG-SH, PBS+Tween- Yes
20 mPEG-SH 20

Il. Handling of Samples between Measurements on a Day-to-Day Basis

The stability of the AuNP samples was monitored over one week, with one UV-VIS
absorbance spectra measurement taken every day. Between UV-VIS absorbance spectra
measurements, the plate was stored at 4°C, and a correction factor taking into account any
potential loss of AuNPs due to evaporation and loss from adsorption to plasticware (ex: pipette
tips, walls of 96-well plate) was calculated by pipetting the volume of the blanks remaining in their

wells.

As bare AuNPs have a tendency to sediment while being stored at lower temperatures
(Figure 5-3), the wells containing the controls were gently pipetted up and down to re-suspend the
AUNPs. Furthermore, in order to take into account any losses of AUNPs due to evaporation or
NSA against the walls of the wells, the volumes of the blanks remaining in the wells were
measured and used to approximate the percent loss of AuNPs. For example, if only 140 pL of blank
was recovered at a certain timepoint, this volume would be divided by the initial volume of 150 pL

in order to calculate a percent loss correction factor for all the other samples.

Figure 5-3 Example of AuNPs sedimented in the wells of a 96-well plate, in order to illustrate the
importance of re-suspension of AuUNPs between absorbance measurements over the course of the

stability assays.
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I11.Data Analysis Procedure

I. Calculating Relative Amplitudes

To extract relative amplitudes, first the baseline of the near-UV (NUV) tail region preceding
the SPR peak was averaged between 409 and 499 nm. This window for the baseline was selected
as it was determined empirically that the SPR peak of the positive control would always begin
shortly after 500 nm, and at wavelengths below 400 nm, the NUV tail region would begin to deviate
from a flat curve, mostly due to non-radiative effects in AuUNPs. After averaging the baselines of
each sample (in triplicate), these were subtracted from each absorbance value of the SPR peak
between 500 and 700 nm. Once again, this SPR peak window for the subtraction of each sample’s
baseline had been empirically determined from the spectra of the positive control. This subtraction
would thus allow for the relative amplitude of the SPR peak to be identified for each sample. This
procedure for extracting the relative amplitude was repeated in triplicate for each sample, before
the relative amplitudes were averaged across all three replicates of each sample, and standard

deviations were calculated.

ii. Calculating Full-Width at Half-Maximum (FWHM)

To extract FWHM, the non-averaged relative amplitudes previously determined were first
divided by two to calculate their half-maxima. Next, the baseline-subtracted absorbance values in
the same window of 500 to 700 nm were subtracted from each sample’s half-maximum. This
subtraction of the half-maxima would allow for the start and end points of the width of the baseline-
subtracted SPR peak to be identified, based on at which points the half-maxima subtracted values
would change sign. The FWHMs were then calculated from these start and end points for each
sample (in triplicate), before averaging their widths and calculating their standard deviations.

iil. Further Processing of Spectral Elements
To further process acquired UV-VIS absorbance data of the AuNP samples:

(1) A correction factor taking into account any losses of AuNPs during their storage (either
due to evaporation or NSA) was also determined. This was calculated by measuring the
volumes of liquid remaining in the wells of the blanks, and comparing it to the starting
volume of 150 pL, allowing for a percent loss factor to be calculated. As this percent loss
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factor would decrease the baselines of the samples’ UV-VIS absorbance spectra, it was

applied to the relative amplitudes calculated in order to increase their values.

(2) A normalization of the UV-VIS absorbance spectra of each sample relative to the
positive control’s spectra was also calculated. To achieve this, the three elements extracted
from each sample’s UV-VIS absorbance spectra (SPR peak position, relative amplitude and
FWHM) were converted into percentages by either: (i) dividing the data value at the first
measured time point (not t=0) by the positive control’s value or (ii) fixing the data value
obtained at the first measured time point to 100%, and calculating percentages for all
subsequent data values relative to this value at the first time point. The former was applied
to the two controls, while the latter was applied to each PEGylated AuNP sample. Upon
obtaining these percent values for all samples, the percentages were normalized to the
positive control by dividing each percent value at a particular time point by the positive
control’s percent value. This would thus always set the positive control’s percentage to
100%, and allow for a direct comparison of the stabilities of the negative control or

PEGylated samples with the positive control.

(3) Percent deviation of the percent values was also calculated. This was done by simply
subtracting the non-normalized percent values from the percent values of the positive
control for the same timepoint, and then dividing this difference by the same percent value

of the positive control.
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APPENDIX G - RANDOMLY ORIENTED STRATEGY METHODS

I. Protocol for Re-Activating NHS Groups on NHS-PEGylated AuNPs

To account for any hydrolysis of the NHS groups of PEG that occurred during
PEGylation or washing of AuNPs, reactivation of these groups was required, by adding NHS and
EDC to the NHS-PEGylated AuNPs (dispersed in MQ), and letting them incubate.

To achieve re-activation of NHS groups, 50 uL each of EDC and NHS at stock
concentrations of 400 and 100 mM, respectively (aliquots previously prepared and stored at -80°C),
were added to 600 pL of hydrolyzed, NHS-PEGylated AuNP samples. EDC and NHS were thus
incubated with the samples at a final concentration of 33 and 8.3 mM, respectively. Incubation was
carried out for 15 min at room temperature on a shaker platform running at 100 rpm. To remove
excess NHS and EDC, the samples underwent two washing cycles, where they were centrifuged at
5 000xg for 5 min, before 600 uL of their supernatants were withdrawn and the samples were re-
suspended in 500 pL of MQ, restoring the final volume of the samples to their initial volume of

600 L.

Il. Calculations for Antibody Molar Excess Added to NHS-PEGylated AuNPs

Reactivated NHS-PEGylated AuNPs containing percentages of NHS-PEG-SH relative to
mMPEG-SH of either 3%, 10% or 30% were first prepared, and re-suspended in PBS+Tween-20
0.5% v/v) following completion of the re-activation step.'® To minimize NHS-mediated cross-
linking, a 10x molar excess of antibodies relative to the theoretical concentration of NHS-
PEGylated AuNPs was added. These theoretical concentrations were calculated to be 8, 30 and 80
nM for 3%, 10% and 30% NHS-PEG-SH initially added to the AUNP samples, respectively. These
antibody concentrations for incubation would thus be 80, 300 and 800 nM, respectively. A table
summarizing the volumes of antibody stocks added to samples is shown below in Table 5-6.
Incubation was carried out overnight for 16 hours at room temperature on a shaker platform running
at 100 rpm. At the same time, a methoxy-PEGylated AuNP sample in PBS+Tween-20 (0.5% v/v)

was prepared, and incubated with a molar excess of antibodies equivalent to the amount added

10 For stability assays, these re-activated NHS-PEGylated AuNPs were also re-suspended in MQ or PBS.
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to the AUNP samples PEGylated with 10% NHS-PEG-SH, thus 300 nM. This sample would act as
the control in order to evaluate the extent of NSA that could arise between PEG and antibodies.
The next morning, the samples underwent centrifugation and washing to eliminate excess

antibodies. The samples were stored at 4°C until further characterization.

Table 5-6 Volumes of -80°C freezer stock aliquots of TZM antibodies added to each re-activated

NHS-PEGylated AuNP sample for the sake of the antibody-conjugation reaction.

Sample Incubation Volume of TZM Aliquot
Concentration of TZM | (27 pM) to add to 600 pL
(nM) of AUNP sample (pL)
PEG (Control) 300 6.7
3% NHS 80 1.8
10% NHS 300 6.7
30% NHS 800 17.8

I11.Centrifugation and Washing Protocol for Antibody-Conjugated, PEGylated AuNPs

The next morning, excess antibodies were removed by two centrifugation and washing
cycles. Samples were centrifuged at 7 000xg for 5 min, 500 uL of supernatants were withdrawn,
and pellets were re-suspended in PBS (to wash away any remaining Tween-20 from incubation)*?,
to ensure that the initial volume of 600 pL was restored. At the conclusion of these two
centrifugation and washing cycles, samples and controls were stored at 4°C until they were to be

used for characterization or experiments involving cells.

11 For the stability assays, samples were always re-suspended in their buffer of choice (PBS, MQ or PBS+Tween-20).
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APPENDIX H — SEMI-ORIENTED STRATEGY METHODS

I. Protocol for Transforming NHS Groups on PEGylated AuNPs into Maleimide

Groups

In order to be able to target the hinge region of reduced antibodies, re-activated NHS groups
of PEGylated AuNPs (see Appendix G for reactivation protocol) had to be transformed into
maleimide groups. This was performed by adding the reagent N-g-maleimidocaproic acid
hydrazide (EMCH), a heterobifunctional cross-linker capable of reacting with NHS groups via its

hydrazide moiety, and introducing a maleimide functional group on its other end.

To 600 pL of re-activated NHS-PEGylated AuNPs with 10% NHS-PEG-SH, 6 uL of 100
10 mM N-g-maleimidocaproic acid hydrazide (EMCH) in DMSO (stored at -20°C) was added, to
achieve a final concentration of EMCH of 100 uM, which represented an amount far in excess to
the concentration of NHS groups available at any initial percentage. Upon addition of EMCH to
the AuNP samples, incubation was carried out for 30 min at room temperature on a shaker platform
running at 100 rpm. To ensure that any stray, unreacted NHS groups would not react with the
antibodies in a non-specific manner, these groups were then deactivated by adding 1 pL of 1 M
ethanolamine, pH 7 to each sample. Deactivation of these NHS groups was then allowed to proceed
for 15 min at room temperature. Following this step, excess EMCH and ethanolamine were before
simultaneously removed by subjecting the samples to two washing cycles, where they were
centrifuged at 5 000xg for 5 min, 500 uL of their supernatants were withdrawn and an equivalent
volume of MQ was added to restore the original volume of each sample. Prior to addition of
antibodies, samples were centrifuged once more at 5 000xg for 5 min, and the supernatant was
replaced with PBS+Tween-20 (0.5% v/v).

I1. Reduction of Antibodies

i. Protocol for Reducing Antibodies by TCEP

In order to successfully conjugate maleimide-PEGylated AuNPs to the hinge region of the
antibodies, a tris(2-carboxyethyl)phosphine hydrochloride (TCEP) reduction of these antibodies
had to be performed. A gel (ThermoScientific™ Pierce™ Immobilized TCEP Disulfide Reducing
Gel, Product Number P177712) with an active concentration of 8 mM TCEP was used to reduce a
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batch of 6.8 uM TZM in PBS with 10 mM EDTA. EDTA served the purpose of preventing re-
oxidation of the thiol groups of antibodies once reduced.

By assuming that TCEP selectively targets the two disulfide bridges of antibodies found in
their hinge region (as reported in the literature), upon diluting the antibodies down to 6.8 uM, a
concentration of free thiols as high as 27 uM could be liberated once they were reduced by TCEP.
As per the guidelines of the manufacturer of the TCEP gel, the optimal incubation time for 1 mg/mL
of antibodies (6.8 uM) would be 1 hour.

Prior to incubation with antibodies, a slurry of the gel was washed to prepare it for
incubation with the antibodies, by first vortexing 250 uL of it with 750 uL of PBS with 5 mM
EDTA, before centrifuging the mixture at 1 000xg for 1 minute, discarding the supernatant, and re-
suspending the pellet in an equivalent volume of PBS with 5 mM EDTA. This washing of the slurry
was repeated twice more, before withdrawing 750 uL of supernatant a final time and adding 150
uL of 27 uM antibodies and 200 uL of PBS with 5 mM EDTA to the remaining 250 pL of washed
slurry. This would bring the final volume for incubation up to 600 uL, and would thus dilute the
antibodies down to 6.8 uM, the desired concentration for incubation. The mixture was vortexed,
and incubation was allowed to proceed for 60 minutes at room temperature on a shaker platform
running at 100 rpm. Upon concluding the incubation, the tube containing the mixture was
centrifuged at 1 000xg for 1 minute, and as much of the supernatant was recovered (while recording
the volume recovered). To calculate an average volume of supernatant recovered from the
incubation, a second tube of washed slurry incubated with antibodies was prepared at the same
time. This average volume was found to be roughly 600 uL, the same volume originally used for

incubation between the slurry and antibodies.

ii. Characterization of Reduced Antibodies

After recovering the supernatant, an Ellman test (Appendix D) was performed on it in
order to quantify the concentration of reduced antibodies with exposed thiol groups, making
sure to take into account any dilutions that would arise during the prior incubation and washing
steps (i.e. an initial dilution of 4 of freezer stock antibodies). After performing the above sequence
of incubating and washing the antibody-slurry mixture in triplicate, an average free thiol

concentration of 27 uM was measured for an incubation period of 60 min for 6.8 uM antibodies,
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which corresponded to roughly 4 free thiols per antibody resulting from the TCEP reduction. It is
worth noting that initially this incubation was also carried out for shorter and longer time intervals,
in order to determine the optimal time point at which reduction of the disulfide bridges of the hinge
region could be achieved. These results can be seen below in Figure 5-4. In order to calculate the
ratio of free thiols per antibody upon reduction, a UV-VIS absorbance measurement at 280 nm was
conducted, and an extinction coefficient of 1.47 L g! cm? was used to convert to mass
concentration via Beer’s Law [189]. To convert to molar concentrations, the average empirically-
determined molecular weight of glycosylated TZM was used (150 kDa). This allowed for the molar
concentration of free thiols detected by an Ellman’s test to be divided by the measured
concentration of reduced antibodies recovered from the TCEP gel.
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Figure 5-4 Number of free thiols per TZM over time, as measured from an Ellman’s test of the
supernatants collected from a TCEP-gel slurry at discrete time intervals. Values represent averages

of three 96-well plate measurements per sample, and error bars represent standard deviation.

Finally, the performance of the TCEP gel over time was evaluated, in order to see whether
re-using the gel between reduction experiments would negatively impact its ability to effectively
reduce the gel. As it can be seen below in Figure 5-5, re-using the gel over time does result in a
slight decrease in the efficacy of the gel in liberating free thiols from the hinge region of the

antibodies, when the incubation time is held constant at 60 min.
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Figure 5-5 Performance of TCEP gel to reduced TZM antibodies over time, as determined by the
number of free thiols per TZM detected based on an Ellman’s test. Values represent averages of

three 96-well plates measurements per sample, and error bars represent standard deviation.

I11.Calculations for Reduced Antibody Molar Excess Added to Maleimide-PEGylated
AUNPs

Maleimide-transformed PEGylated AuNPs were prepared, and were re-suspended in
PBS+Tween-20 (0.5% v/v). A sample of methoxy-PEGylated AuNPs was also prepared and re-
suspended in the same buffer. In order to minimize the extent of cross-linking between AuNPs, a
10x molar excess of antibodies was reacted relative to the theoretically highest concentration of
maleimide groups (either 8, 30 or 80 nM) that could be yielded from NHS-PEGylated AuNPs
initially prepared at either 3%, 10% or 30% NHS-PEG-SH. This antibody excess translated into
the same incubation concentration seen for the randomly oriented strategy, thus either 80, 300 or
800 nM of reduced antibodies, respectively, were reacted with these maleimide-PEGylated AuNP
samples. Methoxy-PEGylated AuNPs were reacted with the same incubation concentration of
antibodies seen in the randomly oriented strategy (300 nM). An overnight incubation of 16 hours
at room temperature on a shaker platform running at 100 rpm was then allowed to proceed, and the
samples underwent two centrifugation and washing cycles in order to remove excess antibodies,

once again following the same procedure as employed for the randomly oriented strategy.
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APPENDIX I - ORIENTED STRATEGY METHODS

I. Protocol for Deprotecting Boc-Hydrazine Groups on PEGylated AuNPs to Expose
Hydrazide Groups

Protected hydrazide groups of Boc-hydrazine-PEGylated AuNPs (prepared according to
Appendix E) needed to be deprotected in order to expose the hydrazide groups that could react with
oxidized antibody sugars. Although this step was never attempted, an acid work-up had been
envisioned. Acetic acid was to be added to the washed Boc-hydrazine-PEGylated AuUNP samples

in order to achieve this.

To achieve this, 50 pL of 5% (v/v) acetic acid, pH 5 (874 mM) would be added to 600 uL
of Boc-Hydrazine-PEGylated AuNP samples, to achieve a final concentration of acetate of 67 mM.
Incubation would be carried out for 15 min at room temperature on a shaker platform running at
100 rpm. Excess acetate would be removed by two washing cycles, followed by centrifugation of
the samples at 5 000xg for 5 min, withdrawal of 550 uL of supernatant, and re-suspension of the

samples in 500 uL of PBS+Tween-20 (0.5% Vv/V) to restore the initial volume of 600 uL.

I1. Oxidation of Antibodies

To carry out oxidation of the glycosylated region of the antibodies for allow for the Fc
region to be selectively targeted by deprotected, hydrazide-PEGylated AuNPs , sodium periodate
(NalOs4) was used, which selectively targets hemiacetals and acetals present in the sugar chains,
transforming them into aldehyde groups that can react with hydrazide groups. A batch of antibodies
was oxidized by periodate, and then purified by size exclusion chromatography (SEC), and re-
concentrated with Amicon® centrifuge filter tubes with a 30 kDa MWCO.

i. Protocol for Oxidizing Antibodies

First, a stock of 100 mM periodate was prepared in MQ and wrapped with aluminum foil
to prevent exposure to the light, as periodate is light-sensitive. A stock solution of 200 mM sodium
sulfite was also prepared in MQ. The sulfite solution would be responsible for quenching the

oxidation reaction.

Oxidation of antibodies was carried out by reacting a 1 mL of the antibody freezer stock (at
27 uM) with 100 puL of 100 mM periodate, to obtain a final periodate concentration of 10 mM. The
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aluminum foil-wrapped mixture was allowed to incubate for 30 minutes at room temperature on a
shaker platform running at 100 rpm, at which point, a 2x molar excess of sulfite was added by

adding 200 pL of 100 mM sulfite. The mixture was vortexed well to ensure complete quenching.

ii. Purification of Oxidized Antibodies

The oxidized antibodies were purified and separated from excess sulfite and periodate by
resorting to size exclusion chromatography (SEC). For this, a Superde® 200 HiLoad® 16/600
column (GE Healthcare™) with a resin of cross-linked agarose and dextranﬂ[KEl] was chosen to separate
and purify the mixture. The column was hooked up with tubing to a System Fast Protein Liquid
Chromatography (FPLC) AKTA™ Explorer whose parameters could be controlled by an AKTA™
Explorer Unicorn software. The tubing lines were first equilibrated with MQ by setting the software
to a flow rate of 5 mL/min and bypassing the column, allowing the lines to equilibrate for 5 min.
The column was then equilibrated with MQ at a flow rate of 1.5 mL/min (by redirecting the tubing
path to the column) until 0.25 column volume (CV) had flowed through. For this column, had a
CV of 120 mL, this was equal to 30 mL. Next, the column was equilibrated with PBS at a flow rate
of 1.5 mL/min until 2 CV had flowed through (equal to 240 mL).

The entirety of the oxidized antibody mixture (1.3 mL) was then aspirated with a fine-tip
needle and injected through a separate valve connected to a loop on the System FPLC AKTA™
Explorer. The following parameters were set based on a previously established SOP for purifying
TZM antibodies: (1) Column Position — 3, (2) Compensation Volume — 6 mL, (3) Pre-Injection
Volume of Buffer — 3 mL, (4) Fractions — 0 (this was to ensure the fraction collector would not
run), (5) Elution CV — 1 (i.e. 120 mL), (6) Flow Rate — 1.5 mL/min. The SOP was launched, and
the sample was eluted via the column with PBS. At approximately 45 min after starting the run,
TZM had been previously determined in the lab to exit the column, which corresponded to an
elution volume centered around 68 mL at its peak. Absorbance at 280 nm (A280) was monitored
on the display screen of the software. At the beginning of the A280 peak, the exit line was
redirected from the waste towards a Falcon tube, and a 10 mL fraction corresponding to the
antibodies was collected (this fraction volume of 10 mL had also been previously determined in
the lab).
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iii. Re-Concentration of Oxidized Antibodies

Upon collection of the fraction, the sample was re-concentrated in an Amicon™ ultra
centrifugation tube with a 30 kDa MWCO, by centrifuging it at 3 000xg for 10 min. The volume
of the retentate collected in the filter was measured, and was re-suspended in a volume of PBS

allowing for the original volume of 1 mL of antibodies to be restored.

iv. Characterization of Oxidized Antibodies

Quantification of the total concentration of antibodies, as well as the concentration of

oxidized antibodies, was carried out by three different characterization methods:

(1) Standard curve of antibodies injected and detected by the AKTAT™ Explorer: the
concentration of oxidized TZM antibodies purified by SEC and collected in the 10 mL
fraction was measured by comparing the integrated area under the curve of its A280
peak to a series of standard TZM solutions of known concentrations. These standards
were injected onto the column and were subjected to the exact same operating
conditions for the column as previously described. A 10 mL fraction with its elution
peak centered around 68 mL was once again collected. Standards in PBS at
concentrations of 27, 9, 3, 1, 0.3 uM (injected in triplicate) were used to generate two
standard curves of either integrated area vs. injected concentration or peak height vs.
injected concentration. Integrated areas were acquired using the AKTA explorer
software, whereby the same start and end points for the eluted peak were set to fix an
elution peak with a baseline volume of 10 mL. This allowed for a line of best fit to be
determined for the linear regression model, which was used to calculate the
concentration of injected, oxidized TZM. The results of this standard curve can be seen

below in Figure 5-6:
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Figure 5-6 Standard curves of integrated chromatograms for: (A) area under the curve and
(B) peak height for TZM standards injected onto SEC column and recovered at the same
elution volume. Values represent average of two replicates, and error bars represent

standard deviation.

(2) UV-VIS absorbance measurement at 280 nm for re-concentrated antibodies: re-
concentrated antibodies were placed in a quartz cuvette for an A280 measurement, using
PBS as a blank. Its concentration was determined via Beer’s Law by using the mass
extinction coefficient for TZM, which is 1.47 L g *cm™ [189].
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(3) Purpald® assay: the concentration of aldehyde groups yielded upon antibody
oxidation was determined by carrying out a Purpald® assay. Although this protocol was
never optimized, this was the protocol attempted by following that described by
Quesenberry and Lee [196]. Due to concerns over the toxicity of formaldehyde,
benzaldehyde was used instead. A 34.2 mM solution of Purpald’s reagent, or 4-amino-
3-hydrazino-5-mercapto-1,2,4-triazole (Sigma-Aldrich™, product number 162892),
which preferentially reacts with free aldehydes, was prepared in 0.5 M sodium
hydroxide (NaOH). Note that this solution was always prepared fresh. Standards of
benzaldehyde (ACS grade, 99.5% from Sigma-Aldrich™, product number 402788)
diluted in PBS were first prepared in parallel under the fume hood at concentrations of
300, 100, 30, 10, and 3 puM. For each standard and oxidized antibody sample, 100 puL.
(in triplicate) was first incubated for 10 min at 37°C. To each standard and sample, 100
pL of Purpald’s reagent was added and the solution was vigorously vortexed and
exposed to air between vortex cycles, to ensure adequate oxygenation. These mixtures
were then incubated for 30 min at 37°C on a shaking platform running at 100 rpm,
before adding the entire volume to the wells of a 96-well plate, and measuring their
absorbance at 550 nm. The line of best fit was determined for the standard curve, and

linear regression was used to calculate the concentration of oxidized antibodies.

(4) SPR assay: a procedure adapted from Analytical and Bioanalytical Chemistry (2018)
was employed to characterize the binding affinity between oxidized TZM antibodies
and their receptors Her2, compared to a series of TZM standards [199]. The experiments
were performed on a Biacore™ instrument (GE Healthcare Life Sciences®). Briefly,
recombinant human ErbB2/Her2 Fc chimera protein (R&D Systems, Novusbio) (Her2
receptor for short) as injected for 10 min at a flow rate of 10 pL./min at a concentration
of 20 pg/mL in 10 mM sodium acetate (pH 4) onto a carboxymethyl dextran (CMD)
hydrogel gold sensor chips (GE Healthcare) activated surface (equilibrated with
immobilization buffer of 10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.005%
Tween-20 (v/v) for 10 min,). This CMD surface was activated by a 7 min injection with
0.4 M EDC and 0.1 M NHS. After immobilization of Her2 onto the activated CMD
surface, remaining active NHS-esters were deactivated by adding 1 M ethanolamine

(pH 8) two times for 7 min with 1 min buffer flow (with PBS) in between each injection.
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Following this deactivation step, the surface was regenerated with a buffer of 10
mM glycine-HCI (pH 1.5), resulting in stripping of any non-covalently bound Her2
receptors. Following this loading and regeneration of the gold surface, standards of
TZM (ranging from 10 to 1000 pM) in HEPES buffer (pH 7) were injected at 50 uL./min
for 3 min over top of the Her2-loaded surface, and the ensuing relative response units
(RU) were measured (baseline subtraction of prior measured RU from Her2 and
NHS/EDC injection was also performed). This was followed by a dissociation step of 6
min to look for the formation of a stable plateau. In between each sample measurement,
the surface was regenerated with the glycine buffer injected for 1 min. Similar to the
standards of TZM, oxidized antibodies over the same range of concentrations in HEPES
were also prepared, and subsequently injected onto the Her2-loaded surface following
completion of the standard curve. All injections for each sample and standard were done

in triplicate.

Data was analyzed by plotting the average change in response (ARU) vs. injection
time for the 9 min duration over which sample or standard was injected. To calculate
the percent affinity retained for the oxidized antibodies, each sample’s respective time
point RU value was divided by the equivalent TZM standard counterpart at the same
time point, in order to generate a series of values of percent RU retained. These percent
values were then averaged over the first 240 s (when the RU values of each curve
peaked) to acquire a rough estimate of the percent activity of oxidized antibodies

relative to their TZM standard counterparts.

I11.Calculations for Oxidized Antibody Molar Excess Added to Hydrazide-PEGylated
AUNPs

The protocol described in Hermanson was used to conjugate hydrazide-PEGylated AuNPs
to oxidized antibodies [97]. Based on the determined concentration of re-concentrated, oxidized
antibodies, a 10:1 molar excess of antibodies relative to the theoretically highest number of
available hydrazide groups on PEGylated AuNPs was added. For compositions of 3, 10 and 30%
Hyd-PEG-SH during the PEGylation of AuNPs with a total PEG concentration of 10 puM, this
would correspond to maximal theoretical concentrations of 8, 30 and 80 nM, respectively. Hence,

the same volumes used for the randomly oriented strategy (see Appendix G) were used to incubate
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oxidized antibodies with their respective counterparts of deprotected, hydrazide-PEGylated AuNPs
(re-suspended in PBS+Tween-20) at varying percent compositions of Hyd-PEG-SH. Incubation
was then allowed to proceed overnight for 16 hours at room temperature on a shaker platform
running at 100 rpm. The next morning, a ratio of 10 uL of 5 M sodium cyanoborohydride
(NaCNBH) in 1 M NaOH (solution in this existing condition from Sigma-Aldrich™, product
number 296945) per mL of reacted solution was added to the mixture under the fume hood.
NaCNBH ensures that the hydrazone bond formed between the hydrazide groups and exposed
aldehydes is stabilized. This mixture was allowed to react for 30 min at room temperature on a
shaker platform running at 100 rpm. To quench the reaction by preventing any stray hydrazide
groups from reacting, a ratio of 50 uL of 1 M ethanolamine, pH 9 (ACS grade, 99.0% from Sigma-
Aldrich™, product number 398136) per mL of reacted solution was added to the mixture, and this

mixture was then incubated for 30 min at room temperature once again.

Excess antibodies, ethanolamine and NaCNBH were removed from the reacted antibody-
PEG-AUNP conjugates by two washing cycles, where the mixture was centrifuged for 5 min at
7 000xg, 550 pL of supernatant was withdrawn, and an equivalent volume of PBS was used to re-
suspend the pellets and wash away any remaining Tween-20. At the conclusion of the second re-

suspension, the samples were stored at 4°C until they were characterized or applied to cells.

IV. Stability Assays for Boc-Hydrazine and Methoxy-PEGylated AuNPs

As was previously seen for the stability assays involving NHS-PEGylated AuNPs, stability
assays were also conducted for Boc-Hydrazine-PEGylated AuNPs compared to methoxy-
PEGylated AuNPs, in order to evaluate their stability in MQ and PBS. The exact same procedure
employed for preparing samples and extracting UV-VIS absorbance spectral elements were
followed to analyze Boc-Hydrazine PEGylated AuNP samples prepared at an original percent
composition of 10% Hyd-PEG-SH. The percent-normalized stability curves for both relative

amplitudes and FWHM can be seen below:
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Figure 5-7 Stability curves of Boc-hydrazine- and methoxy-PEGylated AuNPs conjugated to
antibodies for: (A) normalized percentage of AuNPs remaining, as calculated from the relative
amplitudes of their SPR peaks, and (B) normalized percent change in FWHM of AuNP SPR peaks.
Sample abbreviations are labelled as follows: (+) — positive control, (-) — negative control, PEG —
mPEG-SH AuNPs, Boc-Hydrazine — 10:1 mPEG-SH:Hyd-PEG-SH AuNPs, MQ — re-suspended
in MQ, PBS — re-suspended in PBS.
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APPENDIX J - METHODS FOR INDIRECT QUANTIFICATION OF
FUNCTIONALIZED ANTIBODIES

I. Set-Up of ELISA Assay

An ELISA sandwich assay was performed on the supernatants collected from the
centrifuged, antibody-conjugated AuNP samples, in order to indirectly quantify the number of
antibodies immobilized (either via NSA or molecular conjugation) onto the surfaces of the AuNP
samples. These supernatants were collected in triplicate from the following antibody-incubated
samples: AUNPS+PEG, AUNPs+PEG+TZM, AuNPs+NHS 30%+TZM and AuNPs+Mal
30%+TZM. These supernatants were stored at -20°C when they were not immediately used for this

assay.

An ELISA protocol previously developed and optimized in the lab for the quantification of
Rituximab was used as a guide for this protocol involving unbound TZM antibodies remaining in
the supernatants [217]. Standards of unmodified TZM ranging from 0 to 50 ng/mL (0 constituting
the blank), as well as reduced TZM ranging from 0 to 500 ng/mL, were prepared in PBS+Tween-
20 (0.5% v/v). Considering the rather high concentrations of antibodies incubated with the
PEGylated-AuNP samples (on the order of magnitude of 300 to 800 nM, or 45 to 120 ug/mL), the
supernatants collected from methoxy-PEGylated, NHS-PEGylated and maleimide-PEGylated
AUNP samples were diluted in PBS+Tween-20 by 1000-, 1500- and 150- fold, respectively, in
order to get the supernatant antibody concentrations within the linear dynamic range of ELISA (10
pg/mL to 100 ng/mL). Note that the maleimide-PEGylated AuNP supernatants were not diluted as
much as the other two samples, despite having the same starting antibody concentration for
incubation. This was because after conducting the assay the first time, it was discovered that the
maleimide-PEGylated AuNP supernatants generated a weak absorbance signal, which suggested
poor affinity between the reduced antibodies and either the primary or detection antibodies. Given
that these reduced antibodies were in fact half-antibody fragments, it is not surprising that the

affinity for the Fc-region of these other antibodies was impacted.

Following this initial dilution of the PEGylated AuNP supernatants, one additional dilution

of D=3 was done, in order to provide a set of two different dilutions that would both fall within the
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linear dynamic range of ELISA, and thus allow for a more accurate concentration of free antibodies
in the supernatant to be determined by averaging the absorbance values of the two dilutions.

All samples (at both dilutions) and standards were pipetted (100 uL each) in triplicate into
the wells of a 96-well plate previously covered with primary antibodies (AffiniPure™ Goat Anti-
Human 1gG, 2 mg, Jackson ImmunoResearch® from Cedarlane®, product number 109-005-008)
diluted to 8.8 ug/mL, and blocked with 1% (v/v) bovine serum albumin (BSA) in PBS. Primary
antibodies (100 pL per well) had been previously incubated overnight to allow for adsorption to
the walls of the plate. Following removal of excess, unbound antibodies remaining in the solution
of each well (i.e. antibodies unbound to the walls of the plate), washing steps with PBS+Tween-20
(3 cycles, 150 pL per well) were carried out, prior to adding the next layer of either antibodies or
BSA.

Incubation between supernatant antibodies and the blocked primary antibodies was carried
out for 1 hour at room temperature on a shaking platform running at 100 rpm. Excess, unbound
supernatant antibodies were then removed from the wells of the plate, washed with PBS+Tween-
20 as before, prior to adding 100 uL per well of secondary antibodies (Peroxidase-conjugated
AffiniPure™ Fragment Goat Anti-Human I1gG, 2 mL, Jackson ImmunoResearch® from
Cedarlane®, product number 109-035-003) diluted to 0.8 mg/mL. Incubation between secondary
antibodies and the underlying layer of supernatant antibodies was carried out for 30 min at room
temperature in the dark on a shaking platform running at 100 rpm. A final washing step (as before)
was then performed after removing excess, unbound secondary antibodies, prior to adding 100 uL
per well of the substrate for peroxidase, which was 3,3”,5,5’-Tetramethylbenzidine (TMB) (Sigma-
Aldrich™ product number T0440). This substrate was diluted by a factor of 2 from its stock
solution. The substrate was allowed to react in the dark for 8 min. At this point, 50 uL per well of
a stop solution of 1 M HCI was added to end the blue-colour generating reaction mediated by
peroxidase. Absorbance measurements were then taken by a Victor™ plate reader (Perkin-Elmer,
In.) at both 450 and 531 nm.

I1. Data Analysis

Absorbance measurements at 531 nm were first subtracted from each sample’s absorbance

value measured at 450 nm. Triplicates were averaged for each sample and standard, before
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subtracting the reference blank from each sample and standard in order to correct for any

background absorbance. A standard curve was then plotted for both unmodified and reduced TZM,

to generate two lines of best fit. These standard curves can be seen below in Figure 5-8:
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Figure 5-8 ELISA standard curves of: (A) unmodified TZM and (B) TCEP-reduced TZM used to

perform linear regression analysis on supernatants of antibody-functionalized AuNP samples.

Values represent average of three replicates, and error bars represent standard deviation.

To calculate the concentrations of antibodies residing in the supernatants of each sample,

linear regression analysis was used to determine the diluted concentration for each sample’s set of

two dilutions. The appropriate dilution factors were then applied to calculate the actual antibody
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supernatant concentration, before averaging between the two dilutions for each sample.
Background absorbance values from PEGylated AuNPs lacking antibodies were then subtracted
from each sample, in order to generate a corrected absorbance value. Finally, to indirectly calculate
the concentration of immobilized antibodies on the AuNP samples, these measured and corrected
supernatant absorbance values were subtracted from the starting concentrations used to incubate
antibodies with each PEGylated-AuNP sample. A table summarizing these starting concentrations
is shown below in Table 5-7. The indirectly calculated concentrations of antibodies immobilized

onto each PEGylated AuNP sample can also be seen below in Figure 5-9.

Table 5-7 Overview of starting concentrations of antibodies (unmodified and reduced) used during
incubation with PEGylated-AuNP samples.

Sample Incubation Incubation
Concentration of Concentration of
Unmodified TZM (nM) Reduced TZM (nM)
PEG (Negative N/A N/A
Control)

PEG+TZM 300 N/A
30% NHS+TZM 800 N/A
30% Mal+TZM N/A 800

U
—

=
n
=]

Indirect Concentration of Antibodies
Immobilized ono AUMPs (ni)

._.
—

A A A, B Ao 4.
&g Vise a4, e, ¥k

<Hy ‘s Sy o <y P <Ay o N N
g, Hi, Hi, &5y ] 0]



143

Figure 5-9 Concentrations of antibodies immobilized onto functionalized AuNPs, as obtained
indirectly from the ELISA assays performed on the supernatants collected from functionalized
AUNP samples incubated overnight. Concentrations determined via linear regression analysis of
either unmodified or reduced TZM standard curves. Values represent averages of three samples
acquired in triplicate, with each respective sample measured at two different dilution factors (3x2

data points), and error bars represent standard deviation.

Finally, to calculate the ratio of antibodies per PEGylated AuNP, these indirectly calculated
immobilize antibody concentrations were compared to the calculated AuNP concentrations
determined via UV-VIS absorbance (following the standard method by comparing their SPR peak
values with bare AuNPs of a known concentration).

In contrast, to estimate the ratio of NSA to covalent conjugation, a few steps were used to
process the data. First the number of active functional groups was calculated based on the AuNP
concentration values, in order to estimate the number of covalently linked antibodies per AuNP.
This value was then subtracted from the total number of antibodies per AuNP calculated above,

allowing for a ratio between the extent of NSA versus covalent conjugation to be estimated.
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APPENDIX K - METHODS FOR DIRECT QUANTIFICATION OF
FUNCTIONALIZED ANTIBODIES

I. Set-Up of NanoOrange Assay

The procedure described by Filbrun and Driskell [205] was followed for preparation of
samples and standards, and dissolving AuNP samples in potassium iodide (KI) / iodine (I2).
However, a few modifications to the procedure were introduced due to a lack of access to the
appropriate equipment. First, instead of measuring the fluorescence of the NanoOrange dye (due
to a lack of access to a fluorimeter), the absorbance of the samples was measured at the same two
wavelengths described, namely 490 and 595 nm. Second, due to a lack of availability of an
appropriate resin (in a desalting column) to remove excess Kl / 1> from dissolved AuNP samples,
this excess was kept, and a correction factor was applied in order to take into account any

absorbance from Kl / I, that could interfere with analyzing the samples.

Il. Data Analysis

To correct for these two modifications to the procedure, first the absorbance measurements
at 490 nm were subtracted from the absorbance measurements obtained at 595 nm, which still
allowed for some fluorescence to be detected, given that 490 nm was considered the excitation
wavelength for the NanoOrange dye. Next, a blank of bare AuNPs lacking antibodies had its
averaged absorbance values subtracted from each sample and standard, in order to calculate a
reference absorbance value. This allowed for a standard curve to be generated from the bare AuUNPs
adsorbed to antibodies from a range of 0.6 nM to 60 nM, which was considered to fall within the
linear dynamic range of the assay. However, upon plotting, a non-linear relationship between
standard concentration and their reference absorbance value (rather a logarithmic relationship was
seen), and thus a linear transformation was applied to the data by taking the reciprocal of both the
standard concentrations and their reference absorbance values, in order to generate a linear line of
best fit. The non-linear standard curve, as well as its linear transformation, can be seen below in
Figure 5-10.
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Figure 5-10 Antibody:AuNP standard curves for NanoOrange assay for: (A) untransformed data
and (B) reciprocal transformation of data (the latter was used to calculate the concentrations of
antibodies immobilized on functionalized AuNP samples). Values represent average of three

replicates, and error bars represent standard deviation.

In order to calculate the concentration of immobilized antibodies on AuNP samples, a
second correction factor was applied (for the same reasons as described above, to essentially correct
for any background absorbance or interference from KI / 12). A sample of PEGylated AuNPs
lacking antibodies was used as a blank against the PEGylated AUNP samples containing antibodies.

From each respective reference absorbance value (calculated following the same procedure used
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for the standard curve), a reciprocal transformation was applied to each antibody-containing
sample’s absorbance value, as well as the PEGylated AuNP sample. Then, through linear
regression analysis, the reciprocal concentration of antibodies was calculated, before subtracting
the value calculated for PEGylated AuNPs lacking antibodies from each antibody-containing

sample. The results of this linear regression analysis can be seen below in Figure 5-11:
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Figure 5-11 Determination of concentration of antibodies immobilized onto functionalized AUNP
samples via the NanoOrange assay from: first (A) reciprocal transformation of reference
absorbance data then (B) calculation of antibody concentrations via regression analysis of
reciprocally-transformed standard curve (Figure 5-10 B). For the sake of simplicity, the antibody-
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lacking PEGylated AuNP sample values are omitted and have already been subtracted from each
antibody-containing sample. Values represent averages of three samples each measured on 96-well

plate in triplicate (3x3 data points), and error bars represent standard deviation.

Finally, to calculate the number of antibodies immobilized onto each AuNP sample, the
directly measured immobilized antibody concentrations were divided by the measured AuNP
concentrations (following the same procedure of measuring the absorbance values of antibody-

conjugated, PEGylated AuNP samples).
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APPENDIX L - METHODS FOR QUANTIFICATION OF
FUNTIONALIZED GOLD NANOPARTICLES BOUND TO CANCER
CELLS

I. Cell Culturing and Fixation of Cancer Cell Lines

Frozen vials of cancer cell lines MDA-MB-231 and MDA-MB-453 were acquired from
American Type Culture Collection (ATCC). According to the literature, these cell lines can be
considered to express Her2 receptors at basal and enhanced levels [23]. Additionally, ATCC data
sheets indicate that these cell lines are epithelial and adherent in nature, and were extracted from

an adenocarcinoma tumour from breast tissue.

For the entirety of cell culturing, Dulbecco’s Modified Eagle Medium (DMEM)
supplemented was 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (PS)
was chosen as the culture medium. The cell culturing procedure closely followed what was
recommended by ATCC data sheets. Prior to using this culture medium with cells, it was always
first pre-warmed for 30 min in a 37°C water bath.

To inoculate cells, the frozen vials were unthawed for 2 to 3 min in this same water bath,
before decanting under a biosafety cabinet (BSC) the entirety of their volumes (1 mL each) in 9
mL of culture medium in a 15 mL conical centrifugal tube. The mixture was gently mixed via
pipetting, before spinning down cells via centrifugation for 5 min at 200xg. The supernatant
containing medium was carefully aspirated (without disturbing the cell pellets), before 10 mL of
fresh culture medium was added to re-suspend the pellets. The entirety of this re-suspension
mixture was then transferred to a T-75 flask and placed in a 37°C incubator supplemented with 5%
carbon dioxide (CO). The cells were then allowed to grow for a couple of days, with periodic

checks to monitor for any signs of contamination.

To maintain cells on a day-to-day basis (or as often as needed, even if that meant every two
to three days), cells were passaged. All of the culture medium was removed from each T-75 flask,
before replacing the contents with 5 mL of sterile PBS, in order to gently rinse the cells. This PBS
was discarded, and then 1 to 2 mL of Trypsin was added, before placing the flasks in the 37°C
incubator for 5 to 10 min. The goal of Trypsin was to detach cells that had adhered to the walls of

the flask. To monitor for this detachment, the flasks were placed under a standard light microscope
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to look for signs of cells floating in the Trypsin broth. Once cells had detached, 4 mL of fresh
culture medium was added to each flask, and the cells were gently mixed via pipetting. The entirety
of each flask was then placed in a 15 mL conical centrifugal tube, and centrifuged for 5 min at
200xg. Supernatant containing medium was carefully aspirated without disturbing the cell pellets,

and replaced with 4 mL of fresh culture medium to re-suspend the pellets.

From this volume, 100 puL was withdrawn and used to count cells and assess their viability.
To this, 50 uL of Trypan blue (which stains the nuclei of dead cells whose cell membranes are
permeable to it) was added, and 10 puL was added to the chamber of a hemocytometer. Live and

dead cells were then counted under a standard light microscope set to a 10x objective.

Based on these cell counts, an appropriate volume of seeded cells was added to 10 mL of
fresh culture medium in a new T-75 flask. According to the ATCC data sheets, both of these cell
lines have an approximate seeding density of 40 to 50 000 cells/cm?. From experience with
culturing these two cell lines, this meant adding roughly 1 mL of seeded cells to fresh culture

medium each time a passage was done, if two to three passages per week were consistently done.

Cells were allowed to continue growing (passaging as often as needed), until a count of
approximately 1 000 000 cells/mL was obtained. At this point, fixation of cells was done in order
to ensure that cells would remain adherent. To 1 mL of cells, 4 mL of paraformaldehyde was added
and the mixture was incubated for 5 min. The mixture was then centrifuged for 5 min at 200xg,
before replacing the supernatant with 5 mL of fresh, sterile PBS. Two more washing cycles, each
time replacing supernatant with PBS, were then done before the cells were stored at 4°C prior to
being used for the experiment. A small volume of fixed cells was also withdrawn from this larger
volume in order to count cells and calculate the appropriate volume of cells needed for the

incubation experiment with AuUNP samples (set to 150 000 cells per sample).

I1. AuNP Sample and Cancer Cell Incubation Experiment

Functionalized AuNP samples were prepared following the same procedures described for
the randomly oriented and semi-oriented strategies. The concentrations of these antibody-
conjugated, PEGylated AuNP samples were calculated from measuring their UV-VIS absorbance
spectra. Based on the measured cell counts, the number of cells for this experiment were set to

150 000, and a volume of AuNP samples allowing for a ratio of 500 NPs:cell to be obtained was
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calculated. An example of the different samples tested for these incubation experiments, as well as

their respective volumes incubated with each cell line, are shown below:

Table 5-8 Overview of latest AuNP:cell incubation experiment conducted between antibody-
conjugated, PEGylated-AuNP samples and cancer cell lines MDA-MB-231 and MDA-MB-453
(abbreviated as 231 and 453), with the calculated volumes required to achieve 500 NPs:cell and
150 000 cells, respectively.

Sample Cancer Cell | Volume of AUNP AUNP Sample AUNP
Name Line Cells to Sample Concentration Sample
Achieve (NPs/mL) Volume to
150 000 (uL) Achieve 500
NPs:Cell
(uL)
231-Bare 231 138 Bare 4.96x10° 15
AUNPs
231-PEG 231 138 PEG 4.07x10° 18
231- 231 138 PEG+TZM 2.79x10° 27
PEG+TZM
231- 231 138 NHS+TZM 2.01x10° 37
NHS+TZM
231- 231 138 Mal+TZM 1.59x10° 47
Mal+TZM
453-Bare 453 83 Bare 4.96x10° 15
AUNPs
453-PEG 453 83 PEG 4.07x10° 18
453- 453 83 PEG+TZM 2.79x10° 27
PEG+TZM
453- 453 83 NHS+TZM 2.01x10° 37
NHS+TZM
453- 453 83 Mal+TZM 1.59x10° 47
Mal+TZM

After adding the appropriate volumes of AuNP samples to each line cell in an Eppendorf
tube, the mixtures were allowed to incubate at room temperature for 30 min on a shaker platform
running at 100 rpm. At the conclusion of incubation, mixtures were spun down in a centrifuge for
5 min at 200xg, supernatants were carefully withdrawn, and 100 uL of PBS was added to re-

suspend each cell:NP pellet.
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I11.Visualization of Cancer Cell: AUNP Mixtures Under a Microscope

To visualize the mixtures containing AuNP samples attached to each cancer cell line, a
compound laser-transmission microscope (Ti Eclipse Nikon®) with a halogen lamp source (also
from Nikon®) was relied upon to detect the back-scattering of AuNPs attached to cells under dark-
field settings. In order to obtain the right optical configuration for this experiment, Petri dishes
containing an optical centre consisting of a thin layer of glass (as opposed to plastic) were used to
place each cell: AUNP mixture. This optical centre was chosen instead of using a standard plastic
Petri dish as it would allow for the optical distance to be decreased, thus optimizing the extent of

back scattering that could be detected by the camera of the transmission microscope.

This optical centre was first layered with 200 pL of 4% (v/v) Poly-L-Lysine (Sigma-
Aldrich™) in PBS. Poly-L-Lysine is a polymer known for creating an adherent layer upon which
cells can more easily attach, which prevents them from being stacked upon each other, but can be
instead spread out along the Poly-L-Lysine surface. Once Poly-L-Lysine had been allowed to set
on top of the optical centre for 30 min, 50 uL of each cell: AUNP sample was added to the centre

of the plate above the Poly-L-Lysine layer.

Each Petri dish containing a cell: AUNP mixture was placed at the centre of the stage of the
laser-transmission microscope above a 60x immersion oil objective (also from Nikon®).
Immersion oil (Olympus®) was carefully added to this objective between each sample visualized.
The objective was carefully rotated until it brushed the underside of the optical centre, creating an
immersion oil:glass interface that would reduce the optical distance and allow for the extent of
back scattering detected to be optimized. The fine knob focus was then adjusted while looking
through the ocular lens (with the laser redirected via a beam splitter). A schematic showing this

overall optical set-up required to visualize each cell: AUNP sample is shown below:
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Figure 5-12 Schematic showing a similar optical set-up to the one used to image cells incubated
with AuNPs via back scattering under a dark-field microscope. Note that the helium-neon lamp
source is not the same as the halogen one used for this experiment, but the same principle for the
rest of the set-up still applies. Elements of this optical set-up are abbreviated as follows: HWP —
halfway plate to divide path into two, PBS1 and PBS2 — beam splitters 1 and 2, L1, L2 and L3 —
focal lengths 1, 2 and 3 to collimate the beam, QWP — quarter-wave plate for circular polarization
modulation, RM — small rod mirror used to focus light onto back focal plane of sample, CCD —
camera used to take images and record videos, CMOS — sensor of high-speed camera (not used),

QPD - quartz polarization device (not used). Image reproduced from Sowa et. al, 2010 [218].

The software used to visualize the cells was downloaded from proprietary software
developed on LabView™. An optical camera (QIClick™ from QImaging in Surrey, BC, Canada)
was used to record videos and capture images of each cell: AUNP sample. To scan through the entire
range of the droplet of cells and AuNPs added to each Petri dish, a toggle was carefully adjusted
to move between different fields of view, and ensure that no cells were being counted twice. Images
or videos were thus acquired for each new field of view containing a fresh set of AuNPs attached

to cells. To acquire either videos or images, a Z-scan within each separate field of view was
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obtained by slowly adjusting the fine knob focus and either recording a video throughout the entire
scan, or acquiring an image every time new NPs appeared on the software screen (appearing as
bright, spherical white dots). An example of the images acquired through this Z-scan is shown

below:

Artefact

Figure 5-13 Example of image captured with optical camera while proceeding via Z-scan of one
field of view containing AuNPs attached to cells. AuNPs are circled in white and highlighted as

white dots, while an example of an artefact encountered during visualization is also shown.

IVV. Counting of AuNPs Attached to Cancer Cells

Based on the images and videos acquired from the camera for each separate field of view,
a simple procedure of counting AuNP samples attached to cells was carried out for each NP:cell
mixture. Bright, spherical dots were considered as AuNPs while blurry, smeared images were
considered as artefacts. The number of AuNPs per cell were counted across each Z-scan for each
cell within one single field of view, before averaging amongst all of the cells in this particular field
of view, and proceeding to the next field of view, where the same counting procedure was repeated
for a new set of AuNPs attached to cells. The entirety of all separate fields of views and their
respective averaged number of AuNPs per cell were then pooled and averaged, and standard

deviations were then calculated. The data was then graphed, whereby the averaged pooled number
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of AuNPs per cell was plotted against each sample, and T-tests at both significance levels of p<0.05

and 0.01 were conducted to identify any statistically significant differences between samples.
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APPENDIX M - REVIEW OF MULTIPLEXING FOR IMAGING CANCER
CELLS

Ultimately one of the goals of researchers designing biofunctionalized immunoplasmonic
AUNPs is to be able to decorate different types of nanoparticles (NPs) with an array of antibodies,
with each NP containing a different antibody. This would allow for multiple cancer biomarkers
and/or antigens to be recognized and targeted simultaneously, while using different types of NPs
to resolve, such as by colour, the visualized cells and/or tissue. This process of using different
formulations of the same material to generate an assay with multiple, simultaneous functions is

referred to as multiplexing.

The advantage of multiplexed IHC techniques is the enhanced ability to detect more than one
cancer biomarker and/or antigen within the same assay set up, which can increase the power of
IHC cancer diagnostics by allowing more antibody-antigen pairs to be screened, potentially
lowering the chances of a false negative result [14]. Multiplexed IHC techniques even have the
power to assess different tissues simultaneously [219]. Multiplexed IHC techniques can be roughly
divided into three categories, namely: (1) differential staining techniques, (2) signal amplification
techniques, and (3) mass spectrometry imaging techniques [220]. All of these are compatible with

and can be streamlined into traditional IHC platforms.

Differential staining techniques (1) incorporate steps of photobleaching and subsequent
staining to be able to target multiple antigens within the same assay set up, by proceeding in a
stepwise manner with each antibody-antigen pair that is to be screened. These techniques include
multiepitope-ligand cartography (MLC) [221] and sequential immunoperoxidase labelling and
erasing (SIMPLE) [222]. Limitations to these techniques include, the time-consuming nature of
the photobleaching and staining steps (mostly due to the stepwise experimental set up), (being
limited to a small field of view that prevents examining the greater tissue area, and complicated

image reconstruction algorithms required to overlay each stained image [220].

Signal amplification techniques (2) typically serve a purpose in targeting low-abundance
biomarkers by either enhancing the fluorescent signal or replacing it with an internally generated
luminescent signal. These techniques include modified-hapten based technologies [223], tyramide
signal amplification platforms [224], and quantum dots (QDs) [225]. QDs are interesting as they

have excellent photostability, possess narrow absorbance and emission spectra, and have well-
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studied, intrinsic optical properties that can overcome issues related to background fluorescence
from tissues in traditional IHC [226, 227]. However, their toxicity is well-known as they are
typically comprised of heavy metals that are not biocompatible, which therefore prevents their use
in in vivo settings [228]. Additionally, QDs are extremely small (less than 10 nm in diameter) which
can present challenges with regards to optimizing their biofunctionalization with antibodies for
immunological diagnostic purposes [229].

Finally, mass spectrometry (3) can be streamlined into IHC set-ups has attracted research
interest. Here, mass spectrometry can target in a multiplexed setting different chemical
compositions, such as various antibody-antigen pairs, from specific regions of tissue, and
iteratively scan across the entire tissue, in order to evaluate the spatial distribution of these
compositions resolved by mass [230]. By resolving by mass each localized region containing a
specific antibody-antigen pair, any background noise resulting from non-specific interactions in
that same area is practically eliminated, as its signal is distinguishable from specific interactions
on the basis of mass [231, 232]. To achieve further specificity of antibody-antigen pairings, Di
Palma and Bodenmiller [233] demonstrated that mass spectrometry can be combined with flow
cytometry to allow for targeted channeling of each desired interaction, while reducing the effects
of NSA due to spillover. Despite the promise of mass spectrometry in IHC applications, its
limitations include slow acquisition time for data, the loss of tissue architecture upon its
vaporization, and the inability to quantitatively compare signals from different antibody-antigen

pairs due to their varying degrees of ionization [234, 235].



