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Abstract

Despite the number of treatment methods currently available, cancer remains one of the leading
causes of death in Canada and worldwide. It is therefore critical that new and more effective
means of combating this disease be developed. Nanoparticles have been extensively investigated
for their use in cancer diagnostics, imaging, and most critically in chemotherapeutic drug
delivery. One such example is starch nanoparticles (SNPs), which can penetrate dense tumour
cores based on their small size and have the capacity to be functionalized and loaded with
different types of chemotherapeutic drugs. The size of SNPs, however, limits their potential to
reach tumours due to their rapid clearance from the body. To address this challenge, we have
fabricated electrostatic complexes — or nanoclusters — composed of cationic SNPs and anionic
charge-switchable polymers that remain stable at physiological pH (7.4) and disassemble to
release the highly penetrable SNPs when exposed to the acidic (6.5) microenvironment
associated with tumours. Furthermore, recent research has indicated that the administration of
certain combinations of chemotherapeutic agents can increase the efficacy of targeted cancer
therapy while reducing the necessary dose to achieve remission. One example of this is the
administration of the relatively hydrophobic EGFR inhibitor erlotinib (Erl), which can synergize
cancer cell apoptosis with the more hydrophilic DNA damaging agent doxorubicin (Dox). Here,
we reveal the ability to engineer two functionalized SNP variants capable of loading either Dox
or Erl that can subsequently be used in nanocluster formation to deliver synergistic antitumour
therapy in vitro and in vivo. Though drug loading and dual SNP carrying nanocluster formation
remain to be assessed, SNP variant synthesis is an important step towards generating multi-drug

delivering nanoclusters.
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Thesis Outline

This thesis has been divided into three parts. Part 1 consists of a literature review discussing the
use of nanoparticles for drug delivery and general challenges associated with this method,
approaches to designing nanoparticle delivery systems, various types of nanoparticles that have
been investigated as well as their strengths and weaknesses, nanoparticle-based multi-drug
therapy, and two types of in vitro experiments that can be used to assess the efficacy of
chemotherapeutics and nanoparticle-based drug delivery. Part 2 of this thesis contains a report of
the research conducted thus far and includes a project introduction, materials and methods,
results, a discussion, and a conclusion based on current findings. Part 3 of this report builds upon
Part 2, discussing the future directions of this research in more detail. This section provides
additional methods and protocols for experiments to be conducted moving forward with this
research in addition to containing sections outlining expected results from these experiments as
well as addressing some of the potential problems that may arise during dual SNP carrying

nanocluster design and evaluation.
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PART 1: LITERATURE REVIEW

1.1 Introduction

Modern medicine is capable of a number of anti-tumour therapeutic approaches, including
surgery, chemotherapy, radiotherapy, and hormone therapy (Bahrami et al., 2017). Even so,
cancer remains one of the leading causes of death worldwide according to the World Health
Organization (2018). It is predicted that in 2020 there will be 225,800 new cancer cases, and
83,300 cancer related deaths in Canada alone (Canadian Cancer Statistics, 2019). With such high
incidence and mortality rates, it is critical that novel and more effective treatment methods be
developed to treat cancer. One mode of treatment currently under intensive investigation is the
use of nanoparticles (NPs) capable of delivering chemotherapeutic drugs directly to tumours and

within cancer cells (L. Li et al., 2015; Y. Li et al., 2015).

NP drug delivery systems have been extensively researched since 1986, when the enhanced
permeability and retention (EPR) effect was first described (Matsumura and Maeda, 1986;
Egusquiaguirre et al., 2012). This ultimately led to the emergence of nanomedicine, described as
the application of nanotechnology to medicine and healthcare (Matsumura and Maeda, 1986;
Wagner et al., 2006). Despite the EPR effect serving as the rationale for many drug-carrier
designs — costing billions of dollars over several decades — it has been shown to only marginally
improve experimental drug delivery (Nichols and Bae, 2014; Danhier, 2016). In spite of this,
there are currently a number of nanoparticle therapeutics as well as imaging agents and
technologies that have been approved for clinical use largely based on their advantages over non-
formulated and free drug administration, such as their ability to deliver therapeutics and treat

areas of the body that other delivery systems cannot reach, to reduce systemic toxicity of the
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drugs administered, and to reduce the overall dosage necessary for achieving therapeutic drug

concentrations in a target area (Anselmo and Mitragotri, 2016).

To serve as an effective method of cancer drug delivery, NPs must overcome several
physiological barriers that impose conflicting requirements on both their size and charge. These
barriers limit a NP’s ability to remain in the blood during circulation, accumulate at the site of
action, and penetrate a tumour to deliver a chemotherapeutic agent (B. Chen et al., 2017). To
accommodate for the variation in requirements for a NPs size and charge at different points in
the delivery process, many researchers are currently working to design particles capable of
undergoing novel surface or structural changes in response to certain stimuli to enhance NP-drug
tolerability, circulation half-life, and therapeutic efficacy (Gao, Chan and Farokhzad, 2010;
Sperling and Parak, 2010). Specifically, it has been found that NPs capable of undergoing either
a physically (temperature, electric field, magnetic field, and ultrasound) or chemically (pH, ionic
strength, redox potential, and enzymatic activity) stimulated change in response to the tumour
microenvironment or an external stimulus when at the site of action display enhanced efficacy in

cancer treatment (Gao, Chan and Farokhzad, 2010).

1.2 Physiological Barriers to Nanoparticle Drug Delivery

1.2.1 Nanoparticle Circulation

In order for NPs to remain in the bloodstream and avoid rapid renal excretion, aggregating with
plasma proteins and being eliminated by monocytes or phagocytes of the reticuloendothelial
system (RES), and off-target cell interactions, their surface must be negatively charged or neutral

(Ma et al., 2005; Hatakeyama et al., 2006; L. Li et al., 2015; B. Chen et al., 2017). Certain
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surface modifications, such as the attachment of polyethylene glycol (PEGylation) also support a
NP’s evasion of removal (in this case, by the RES) (Li and Huang, 2009). The kidney’s filtration
system — glomeruli containing three layers with varying pore sizes — imposes an effective NP
minimum size cutoff for their overall structure of 10 nanometres (hm). (Nie, 2010; Soo Choi et
al., 2007). As well, NPs with a diameter greater than 200 nm activate the body’s complement
filtration system — a component of the body’s innate immune response consisting of a series of
proteins that exist in blood plasma or on cell surfaces as inactive precursors (zymogens) —
causing them to be removed from the bloodstream and accumulate in the liver and spleen (Faraji
and Wipf, 2009; de Barros et al., 2012; Nesargikar, Spiller, and Chavez, 2012; Kulkarni and
Feng, 2013). While 10 and 200 nm represent the absolute size boundaries for NPs to be capable
of circulating throughout the body without being at risk of filtration or removal, studies suggest
that a maximum size limit of 100-150 nm allows them to circulate longer while concurrently
avoiding substantial elimination (Moghimi, Hunter, and Andresen, 2012; Hoshyar, Gray, Han

and Bao, 2016).

1.2.2 Nanoparticle Accumulation in Tumour Tissues

Another challenge with the use of chemotherapeutic carrying NPs is ensuring their accumulation
at the site of a tumour. A number of studies have shown that NPs of around 100 nm accumulate
well at tumours — believed to be caused by the EPR effect stemming from the ‘leaky’ vasculature
associated with tumours (Matsumura and Maeda, 1986; O'Brien et al., 2004; Cabral et al., 2011;
Jingiang Wang et al., 2015). Further investigation into the means through which NPs can

accumulate in tumours, however, has revealed an alternative mechanism involving the use of a
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metabolically active transport process across endothelial cells — transcytosis — is likely

responsible for this phenomenon (Sindhwani et al., 2020).

1.2.2.1 Angiogenesis

Angiogenesis under normal conditions is the process in which endogenous local or systemic
chemical signals induce the formation of new blood vessels or the repair of damaged vessels by
endothelial and smooth muscle cell growth, migration, and differentiation (Risau, 1997;
Carmeliet, 2000; Rajabi and Mousa, 2017). This ensures the movement of oxygen and essential
nutrients to newly forming or reforming tissue (Egusquiaguirre et al., 2012; Rajabi and Mousa,

2017).

1.2.2.2 Tumour Tissues and the Enhanced Permeability and Retention Effect

Cancer cells divide at a rapid and uncontrolled rate compared to most healthy cells leading to the
reduction of oxygen and nutrient flow into a tumour and thus the formation of hypoxic conditions
(Lammers, et al., 2012). To accommodate for these conditions, cancer cells overexpress pro-
angiogenic growth factors, key among them being vascular endothelial growth factor. Such abnormal
proliferation of endothelial cells and growth of the vascular network, however, generates disorganized
vessels possessing incomplete endothelial lining with relatively large pores of 0.1-3 micrometres (pum)
in diameter, leading to significantly higher vascular permeability and hydraulic conductivity
(McDonald, Thurston, and Baluk, 1999; Jain and Stylianopoulos, 2010; Danquah, Zhang, and Mahato,
2011; Azzi, Hebda, and Gavard, 2013). This vascular permeability may subsequently drive tumour-
induced angiogenesis, blood flow disturbances, inflammatory cell infiltration, and tumour cell

extravasation. In addition to generating leaky vasculature, cancer cell proliferation is also capable of
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causing the collapse of intratumoural lymphatic vessels by compression, leaving only outlying tumour
lymphatic vessels functional (Padera et al., 2002). This impaired lymphatic drainage coupled with the

leaky vasculature from abnormal growth is responsible for the so-called EPR effect.

1.2.2.3 Nanoparticle Accumulation in Tumours Based on the Enhanced Permeability and
Retention Effect

Despite the promise that the EPR effect initially presented for supporting small macromolecules
and NPs to accumulate in tumours (Matsumura and Maeda, 1986; O'Brien et al., 2004; Cabral et
al., 2011; Jie Wang et al., 2015), resultant drug delivery was subsequently observed to be limited
since the rate of leakage from the vessels was slow and drugs released at this stage were
susceptible to being excreted or metabolized during the time it takes for the accumulation to
reach therapeutic levels (Prabhakar et al., 2013). Quantitative analysis performed by Prabhakar et
al. (2013) has also indicated that the EPR effect provides a less than two-fold increase in drug
delivery to tumours compared to other organs in the body in mice. While this is insufficient in
most cases for achieving therapeutic levels within a tumour, side effects are still often reduced in

normal tissues which lack EPR (O'Brien et al., 2004).

Failure of the EPR effect to result in significant increases in therapeutic delivery to tumours in
vivo must be considered in the context of experiments themselves. The EPR effect described by
Matsumura and Maeda (1986) was observed in mice, where tumours grow rapidly, which leads
to blood vessels not developing properly and consequently being leaky with endothelial cells
presenting many fenestrations (Lammers, et al., 2012). In humans, however, tumour growth is

less rapid, and fewer tumour vessels form endothelial gaps and become leaky (Jain and
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Stylianopoulos, 2010). As a result, there is a heterogeneous distribution of pore sizes across
tumours, and thus of NP extravasation between tumours, and limited benefit of the EPR effect in

clinical NP-based drug delivery.

1.2.2.4 Nanoparticle Accumulation in Tumours Based on Trans-endothelial Transport

In an effort to determine the mechanism for NP accumulation in human tumours, Sindhwani et
al. (2020) compared the presence of epithelial gaps — responsible for passive accumulation — and
structures related to trans-endothelial pathways — responsible for active accumulation — in several
tumour models. The authors then examined the extent to which each entry method independently
contributes to NP accumulation using a computer model and multiple in vivo analyses. These
aforementioned trans-endothelial pathways are related to transcytosis, which involves endothelial
cells rearranging their cytoskeletons and cell membranes to generate vesiculo-vacuolar
organelles (vacuoles) that can trap and transport nutrients and macromolecules by forming
diaphragms called fenestrae or move directly through the cytoplasm following endocytosis
(Schnitzer, 1992; Feng et al., 1997; Neal and Michel, 1997; Thurston et al., 1998; Feng et al.,

1999; McDonald, 1999; Michel and Neal, 1999; Nagy et al., 2006; Oh et al., 2014).

To assess the presence of endothelial gaps, Sindhwani et al. (2020) first used transmission
electron microscopy (TEM) and three-dimensional (3D) microscopy to determine their
frequency, or density, in tumour blood vessels. Three different tumour models were selected,
including the U87-MG glioblastoma xenograft model due to its prior use to establish gaps as a
potential route for extravasation (Hobbs et al., 1998; Jain, 1999) as well as three other tumour

models selected for their relevance to human tumours: slower growing syngeneic (4T1) breast
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cancer, genetically engineered (MMTV-PyMT) breast cancer, and patient-derived xenograft
breast cancer. Researchers calculated the average overall gap coverage to be 0.048% of the blood
vessel surface area, or 500 gaps/square millimeter (mm?) (an average of 2.8 gaps/mm with
respect to the total major axis length and 1.1 gaps/mm with respect to the total vessel perimeter).
Interestingly, only 7 out of 26 gaps were inter-endothelial, the remaining 19 being transcellular
channels. This data was used to develop a mathematical modelling built using 3D images of
tumour vasculature, results from which were compared to in vivo accumulation of 50 nm
PEGylated gold NPs (AuNPs) using inductively coupled plasma-mass spectrometry (ICP-MS).
Here it was found that simulated NP accumulation in tumours was approximately 40-fold less
than the ICP-MS measurements, and that a gap density of almost 30,000 gaps/mm? would be
required to explain the measured accumulation in vivo. This indicated that such vascular gaps
alone could not account for, and are not in fact a significant contributor to, NP accumulation in

tumours.

Sindhwani et al. (2020) then sought to determine the density of trans-endothelial pathways in the
same tumour models assessed for gap density. Using TEM, it was found that fenestrae had an
average frequency of 60 fenestrae/mm with respect to the total major axis length and

24 fenestrae/mm with respect to the total vessel perimeter. Vacuoles occurred at a frequency of
290 vacuoles/mm with respect to the total major axis length and 111 vacuoles/mm with respect to
the total vessel perimeter. Together these structures occurred much more frequently than
endothelial gaps. TEM of in vivo models after administering various sizes of AuNPs (15, 50, and

100 nm) also revealed NP presence in vesicles and cytoplasm and along the membrane of the
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endothelial cells of tumour vessels, providing evidence that NPs could indeed enter and traverse

endothelial cells in a transcytosis-based manner.

Finally, to directly compare NP accumulation in tumours resulting from both endothelial gaps
and trans-endothelial pathways, Sindhwani et al. (2020) developed a ‘zombie’ model, where
tumour-bearing mice were perfused with a fixative to deactivate any cellular activity while
preserving vessel architecture. This allowed researchers to separate the contribution to NP
accumulation of passive gap diffusion and active transendothelial transport to determine which
was the dominant mechanism, since here the active mechanism was deactivated. ICP-MS
analyses revealed that endothelial gaps only accounted for the accumulation of up to 3% and
25% of AuNPs of 50 and 100 nm in vivo respectively compared to control mice, indicating that
active transport was a major contributor to NP accumulation in tumour tissues. This finding was
further confirmed using spatial analyses evaluating the endothelial features that were closest to
extravasated NPs in both the zombie and control mice and testing for correlations between the
location of these NPs with either active transendothelial or passive gap-based transport
pathways. This component of the investigation revealed that correlation between extravasated
AUNPs and endothelial features was strongest with tight junctions, which was speculated to be
the result of the regions surrounding tight junctions possessing the thinnest part of the lumen and
thus allowing for NP transport through invaginations that form vesicles and fenestrae (Dvorak et
al., 1988; Michel and Neal, 1999; Feng et al., 2002; Sindhwani et al., 2020). Extravasated
AUNPs also significantly correlated with vesicles and other components of active
transendothelial transport pathways, suggesting they most likely followed one of these routes as

they entered the tumour microenvironment; and did not correlate significantly with any type of
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endothelial gaps. Ultimately this study provided evidence that a metabolically active transport
process across endothelial cells was responsible for heightened NP accumulation in tumour
tissues. This represented a major paradigm shift in NP research away from the belief that passive
gap-based transport pathways were responsible for the phenomenon of NP accumulation in
tumours — a viewpoint that was held for over 30 years. With that said however, the extent to
which this active transport mechanism and others contribute to NP accumulation in tumours
must be assessed for each type of NP proposed for use in chemotherapeutic drug delivery. This
will allow researchers to advance their specific designs and tailor experimental research towards

enhancing their suitable clinical application and efficacy.

1.2.3 Tumour Penetration

Once NPs have accumulated at the site of a tumour, they must then penetrate it in order to
effectively deliver their chemotherapeutic drug. The size of the NP that best allows for tumour
penetration, however, is much smaller than that for accumulation. Tumor core penetration, and
by extension high therapeutic efficacy, is achieved by NPs of 30 nm or less due to the extremely
small interstitial space between tumour cells (Cabral et al., 2011; Jie Wang et al., 2015). As well,
while possessing a negative charge or remaining neutral supports circulation in the bloodstream,
positively charged NPs electrostatically bind with negatively charged tumour cell membranes,
leading to improved cellular uptake (Ma et al., 2005; Hatakeyama et al., 2006; L. Li et al., 2015;

B. Chenetal., 2017).

10



B.Sc Thesis — Coulter Montague  McMaster University — Honours Integrated Science Program

1.3 Approaches to Designing Nanoparticle Drug Delivery Systems

1.3.1 Multistage Drug Delivery Systems

Multistage drug delivery systems (Ms-DDS) are designed around the use of NPs that
demonstrate different characteristics and behaviors between systemic circulation and the external
tumour microenvironment (B. Chen et al., 2017). Stimuli for Ms-DDS are divided into
extracorporeal physical stimuli, the endogenous tumour microenvironment, and intracellular
biological stimuli. These forms of stimulus have the potential to cause changes to NP size,
charge, hydrophobicity, and even cause carrier degradation or disassembly. Here, the focus will
be placed on the roles of the acidic tumour microenvironment, charge reversal, and size

shrinkage.

1.3.2 Acidic Tumour Microenvironments

The pH of the extracellular tumour microenvironment (6.5-7.2) and intracellular endosomes and
lysosomes (4.5-5.5) are the most common triggers for stimuli-responsive NP drug-delivery
(Cardone, Casavola and Reshkin, 2005; B. Chen et al., 2017; W. Chen et al., 2017; Zhou et al.,
2018). This is largely due to the universality of these characteristics in most solid tumours. The
decrease from the physiological pH (7.4) in the region around the tumour is due to the Warburg
effect, first proposed by Otto Warburg in the 1930s (VVander, 2009; L. Li et al., 2015). This
phenomenon illustrates the increase in glucose uptake and aerobic glycolysis in cancer cells,
leading to higher lactate production even under normoxic conditions (Gatenby and Gillies, 2004;
He et al., 2013). pH-sensitive nanocarriers are capable of a number of physicochemical changes
to their material structure and surface characteristics that can be based on chemical groups

becoming ionized, chemical bond cleavage revealing buried functional groups, pH-sensitive

11
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peptides, gas-generating systems, and pH-responsive polymers that may undergo structural
degradation or disassembly (Gao, Chan and Farokhzad, 2010; B. Chen et al., 2017). Despite
extensive research and verification, however, the exploitation of the acidic tumour
microenvironment remains a challenge. In many instances the acidic pH is located away from
blood vessels, meaning nanocarriers must penetrate the tumour to experience a stimulus, and that
there is a limited response by pH-stimulated NPs in the perivascular regions of the tumour. In
addition, the pH difference between normal and cancerous tissue may in some cases only differ
slightly, preventing a sufficient nanocarrier response. This necessitates the design of more
sensitive nanocarriers that can respond to these small pH variations, but still remain safe for

systemic administration.

1.3.3 Nanoparticle Charge Reversal

The surface charge of NPs is another key factor that influences their stability, tumour targeting,
and cellular uptake and is often manipulated to overcome the challenge of conflicting
requirements for NP-based chemotherapeutic drug delivery (B. Chen et al., 2017). Research into
this NP delivery mechanism has ultimately led to the creation of charge-switchable Ms-DDS,
which possess a negative or neutral charge in the bloodstream but convert to being positively
charged in the tumour microenvironment. This charge reversal is usually done through the
inclusion of ionizable chemical groups or pH-cleavable chemical bonds (amide bonds between a
hydrazide and dimethyl maleic anhydride for example) (B. Chen et al., 2017; Ooi et al., 2020).
Charge reversal also supports lysosomal escape after cellular uptake allowing for enhanced

intracellular drug delivery (B. Chen et al., 2017).
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1.3.4 Nanoparticle Size Shrinkage

A critical aspect of NP chemotherapeutic drug delivery is tumour penetration (B. Chen et al.,
2017). Physical resistance to NP distribution may be caused by a number of factors, including
tumour heterogeneity (Denison and Bae, 2012; Junttila and de Sauvage, 2013), cross-linked
extracellular matrix, aberrant tumour vessels (Miao, Lin and Huang, 2015), and abnormally
elevated interstitial fluid pressure (Heldin et al., 2004). Two strategies have been devised to
counter the issue of restricted distribution (B. Chen et al., 2017). One such method is the
generation of NPs with size-changeable abilities. These systems are usually made up of large
(~100 nm) ‘mothership’ carriers and encapsulated or bound small (~10 nm) ‘babyship’ carriers.
These allow for the mothership carriers to remain stable during systemic delivery and
accumulate in tumour tissues, as well as for the delivery of drugs into the deep regions of

tumours after a stimulus, typically chemical in nature, causes the release of the babyship NPs.

A more frequently used approach to enhancing tumour penetration and NP drug delivery is
referred to as ‘tumour priming’, where the microenvironment of the tumour is modulated (B.
Chen et al., 2017). This may be done using cytotoxic drugs intended to decrease cell density
(Alvarez et al., 2013; Jie Wang et al., 2015; Chen et al., 2016), hyperthermia therapy to improve
vascular perfusion (Frazier and Ghandehari, 2015), or other methods that will allow for better NP
penetration of the tumour (Fan et al., 2013; Kohli, Kivimée, Tiffany and Szoka, 2014). Such
tumour priming methods, however, are often used alongside other drug-loaded NPs, meaning a
great effort is required to balance or determine multiple drug dosages, administration sequence,

and inter-dose intervals (B. Chen et al., 2017). In addition, the separate administration of the
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tumour priming system from the tumour-therapy system often results in poor compliance and

higher overall toxicity.

1.4 Nanoparticle-based Multi-drug Therapy

1.4.1 Nanocarrier Synergistic Therapy

In order to enhance the efficacy of chemotherapy-based cancer treatment, researchers have
begun to examine the effects that administering multiple drugs in succession or simultaneously
has on the therapeutic potential of chemotherapy and drug delivery systems (Lee et al., 2012;
Morton et al., 2014). While seeking to identify new strategies to enhance the initial
chemoselectivity of triple-negative breast cancers, Lee et al. (2012) explored whether
manipulating the interface between growth factor and deoxyribonucleic acid (DNA) damage
signaling pathways in tumor cells could modulate the therapeutic response of this tumor type.
Researchers were ultimately able to determine that pretreatment with epidermal growth factor
receptor (EGFR) inhibitors, such as the hydrophobic drug erlotinib (Erl), can synergize with the
apoptotic response of cancer cells to DNA-damaging chemotherapy, such as with the hydrophilic
drug doxorubicin (Dox). This observed synergy is believed to have occurred through a ‘rewiring’
of oncogenic signaling networks and ‘unmasking’ of apoptotic pathways involving caspase-8, a
member of the cysteine proteases that are implicated in apoptosis and cytokine processing
(Barnhart, Alappat and Peter, 2003; Lee et al., 2012; Morton et al., 2014). It should be noted that
while these findings indicate the possibility of increasing the efficacy of chemotherapeutic
treatments, synergism between the EGFR inhibitors and DNA-damaging agents was observed to
be both dose- and schedule-dependent (Lee et al., 2012). With regards to the time-dependency of

drug administration, it has been found that when Erl is administered at least 4 hours prior to Dox,
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the unmasking of suppressed proapoptotic pathways occurs, as seen in Figure 1. In order to
maximize the synergistic effects of the combination chemotherapy, however, it has been found
that there needs to be a specific time lag of 24 hours between the administration of each drug,
also seen in Figure 1. Further, the enhanced sensitivity of cancer cells to Dox was observed to
require sustained inhibition of EGFR, since it was the activity of the EGFR pathway rather than
simply EGFR expression that determined whether time-staggered inhibition resulted in a
synergistic cytotoxic effect. The different pharmacokinetic parameters of each drug, along with
poor penetration and distribution in solid tumors, cause difficulties with their targeting to the
same tumor cells and limit their adequacy as chemotherapeutic agents in vivo (Primeau et al.,
2005; Huber et al., 2014). There also remain the issues of compliance, and toxicity when
administering multiple drugs in sequence (B. Chen et al., 2017). Nevertheless, the findings from
Lee et al. (2012) have spurred further research into the synergistic effect of EGFR inhibitors and
cytotoxic drugs, a subject of growing interest in the field of nanomedicine involving NP-based

drug delivery.
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Figure 1: Apoptosis in BT-20 cells. Cleaved-caspase 3/cleaved-PARP double-positive cells
were quantified using flow cytometry (bottom). In cells treated with DMSQO, erlotinib (Erl), or
doxorubicin (Dox), apoptosis measurements were performed 8 hr after drug exposure or at the
indicated times. D/E, Erl—Dox, and Dox—Erl refer to Dox and Erl added at the same time, Erl
given at the indicated times before Dox, and Dox given at the indicated times before Erl,
respectively. For each, apoptotic measurements were made 8 hr after the addition of Dox.
Erlotinib and doxorubicin were used at 10 uM. Mean values £SD of three independent
experiments, each performed in duplicate, are shown (top) (Lee et al., 2012).

1.4.2 Multi-drug Delivery Systems

Among the goals of designing ‘Trojan-Horse’ like NP drug-delivery systems was to achieve the
loading of multiple chemotherapeutic agents in tandem in a controllable and quantifiable manner
to allow for their enhanced tumour targeting and to reduce overall dosages of drugs required for

cancer treatment. Seeking to apply the concept of small molecule EGFR inhibitor synergism with
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DNA-damaging agents in clinical practice using nanocarriers, Morton et al. (2014) developed
folate-functional liposomes capable of a ‘shell first, core second fashion’ drug release. Here, the
lipid envelope was used for storage of Erl, and the aqueous interior was used to house Dox
during NP administration and accumulation, as seen in Figure 2. Researchers were able to
demonstrate the sequential release of Erl followed by core unloading of Dox, resulting in an
increase in treatment cytotoxicity as measured in vitro and in vivo. This particular design of
liposome, however, could not control the sequenced release of drugs precisely. As well, a
challenge inherent to the use of liposomes as a tumour targeting system is that, despite extensive
surface ‘decoration’, shown in Figure 3, their success is still in part dictated by protein

heterogeneity and the numbers of biomarkers on the cancer cell surfaces (Zhao et al., 2013).

Erlotinib

Doxorubicin

Z,ody=130nm

avg

Figure 2: Schematic of dual loading of a small-molecule inhibitor (erlotinib, blue) into the
hydrophobic, vesicular wall compartment and of a cytotoxic agent (doxorubicin, green) into the
aqueous, hydrophilic interior (Morton et al., 2014).
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Figure 3: Schematic of addition of DSPE-PEG2K (0.5 mol% ratio) to minimize nonspecific
protein binding, DSPE-PEG2KCy5.5 (0.1 mol% ratio) for fluorescent tracking, and DSPE-
PEGS5K-folate (0.5 mol% ratio) for cell-targeted delivery (Morton et al., 2014).

Compared to active targeting ligand decoration used in liposomal NP cancer-drug delivery,
nanosystems using the lower pH of the tumour microenvironment to enhance cancer cell
internalization can be more specific for drug delivery, avoid off-target effects, and can be
exploited for the treatment of any tumour (Lee, Gao and Bae, 2008; Ge and Liu, 2013; He et al.,
2016; Riaz et al., 2018). To this end, He et al. (2016) used a pH-sensitive lipid bilayer
(HHG2C1s-L) to coat amino-functionalized mesoporous silica NPs (MSN-NH:) loaded with both
Erl and Dox (M-HHG2C1s-L(E + D)) to test drug delivery against lung cancer models in vitro
and in vivo, the design of which is illustrated in Figure 4. In these NPs, HHG2C1s-L contained
1,5-dioctadecyl-L-glutamyl 2-histidyl-hexahydrobenzoic acid (HHG2C1s), which displayed a

negative charge at physiological pH and reversed from negative to positive when exposed to the
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acidic tumour microenvironment (Mo et al., 2013; He et al., 2016). Upon entering cancer cells,
Erl was sequestered in the exterior of the lipid bilayer for release (He et al., 2016). Within the
cells, HHG2C1s-L would become even more positively charged, inducing a coulombic repulsion
with MSN-NHz2, leading to destabilization and the sequential release of Dox. Despite the
enhanced synergistic effect between Dox and Erl on cancer cell cytotoxicity demonstrated
through this method of NP drug-delivery, the quantification of accumulating in vitro drug
concentrations revealed the time lag between the release of these two agents was relatively
imprecise. Specifically, while Erl release was observed immediately following NP
administration, Dox was recorded to accumulate between 20-30 minutes post administration.
This has led other researchers to believe that both endogenous and exogenous stimuli should be
considered together to better control the order and delay between multi-drug release in tumours

(Feng et al., 2019).
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Figure 4: Schematic illustration of preparation of erlotinib/Dox combination co-delivery
nanocarriers and synergistic therapy of erlotinib and Dox. The surface of mesoporous silica
nanoparticles (A) were modified with 3-aminopropyltriethoxysilane (APTES) to form MSN-NH:
(B). MSN-NH?: were then loaded with Dox to obtain Dox-loaded MSN-NH: (C), followed by
support with erlotinib-loaded lipid bilayer (D) to yield M-HHG2C1s-L(E + D) (E). After injection
of M-HHG:Cis-L(E + D), the nanoparticles accumulated at the tumor site through the EPR effect
in tumor blood vessels. M-HHG2Cis-L(E + D) were positively charged in the extracellular
environment (F) leading to easy internalization by tumor cells. After cell uptake, as erlotinib was
loaded in the exterior lipid bilayer and the controlled release ability of MSN-NHz2, erlotinib
released faster than Dox. Additionally, the lipid bilayer was more positive and induced a strong
repulsion with MSN-NH: in intracellular environment (G), enhancing sequential staggered
release of erlotinib and Dox, which was pretreated and staggered to inhibit kinase domain of
EGFR in cell membrane (H) and was targeted to cell nucleus (1) respectively, thus maximized
the synergistic therapy. Effect of extracellular and intracellular pH (pHe and pHi), respectively on
the HHG2C1s (J) (He et al., 2016).
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1.5 In Vitro Assessments of Chemotherapeutic Agents and Nanoparticles

1.5.1 2D Cell Viability and Cytotoxicity Assays

Cell viability and cytotoxicity assays are widely used to test chemicals and approved or potential
drugs against various cell types, particularly in oncological research since they allow an
assessment of compound toxicity and tumor cell growth inhibition (Aslantirk, 2018). These
assays also serve as a means of analyzing NP cytotoxicity (Stone, Johnston, and Schins, 2009),
and comparing the therapeutic efficacy of free and NP-based drug delivery (Patra et al., 2018;
Jain and Thareja, 2019). Cell viability and cytotoxicity assays can be based on a variety of cell
functions such as enzyme activity, cell adherence, ATP production, co-enzyme production,
nucleotide uptake activity, organelle function, and cell membrane permeability (Ishiyama et al.,
1996; Aslanturk, 2018). More generally, however, such assays can be divided into those that

assess either metabolic functionality or membrane viability (live/dead assays).

Cell viability and cytotoxicity assays focused on metabolic functionality, such as the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, are commonly used to
examine drug and chemical toxicity, though each has innate advantages and disadvantages based
on the specific mechanisms on which they rely (Angius and Floris, 2015; Aslantlrk, 2018). One
common disadvantage amongst these assays is that molecular uptake — and by extension efficacy
and toxicity — often occurs based on interactions with receptors and is therefore dependent on
receptor expression and chemical specificity and selectivity (Kell and Oliver, 2014; Salatin and
Khosroushahi, 2017). As well, in terms of NP-based drug delivery, metabolism-based assays
used to determine NP toxicity in vitro may experience interference due to sub-lethal cellular

changes that can alter certain functions of the cell but do not result in cell death (Kong et al.,
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2011). Despite the limitations of in vitro viability assays that rely on cellular metabolic
pathways, they remain important in interpreting the effects of chemicals and NPs on cellular

pathways and overall cellular viability.

Many cell assays are also used specifically to perform live versus dead cell counts, a simple
example being Tryptophan blue exclusion, as a means of assessing cellular toxicity (Stone,
Johnston, and Schins, 2009). The premise for assays such as this is that cells with an intact
membrane are able to resist uptake of an indicator and therefore appear normal upon examination
using light microscopy. Dead cells, on the other hand, are unable to maintain an intact plasma
membrane and would appear stained after exposure. While dye exclusion itself may be a rapid
measure of cell viability or toxicity, it is subject to error since viability is being determined
indirectly from cell membrane integrity and thus may incur false positives or negatives (Strober,
2015). It should be noted that other means of employing dye exclusion exist, such as the use of
flow cytometry, though this method also faces its own challenges with accuracy (Strober, 2015;
Aslantirk, 2018). As with assays that rely on metabolic pathway assessment, membrane viability
assays cannot themselves completely reveal a chemical’s toxicity. A combination of these two
categories of assays, however, may provide a much more thorough understanding of both free

chemical, and bare and drug-loaded NP-based toxicity.

1.5.2 3D Cell Spheroid Assays
Over time there has been a distinct decline in the discovery of novel medications, which has put
pressure on researchers to re-evaluate the efficacy and even validity of the modern drug

discovery process (Allison, 2012; Scannell, et al., 2012; Horvath et al., 2016). A proposed cause
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for this failure is the reliance on ‘reductionist’ biological models involving the use of
immortalized cell lines cultured in an unnatural 2D setting for preclinical drug trials. It is
increasingly well understood that cell monolayers have little in common with the complex 3D
multicellular structures and organization found in living organisms (Horvath et al., 2016). As a
result, many researchers have sought to develop more appropriate cell models that better
represent human and disease physiology for drug screening. One such example is the
multicellular cell spheroid model (Hirschhaeuser et al., 2010; Weiswald, Bellet and Dangles-
Marie, 2015). This model is particularly favoured because it is relatively easily standardized yet
provides enough complexity to represent certain aspects of human healthy and diseased tissues
such as 3D geometry, physical, chemical, and biological gradients, cell stratification, and
functional differentiation (Hirschhaeuser et al., 2010; Nath and Devi, 2016; Thoma et al., 2014).
There also exist a number of techniques that can be used for generating spheroids, such as the

use of hanging drops (Kelm et al., 2003) or levitation (Haisler et al., 2013).

The principal behind the use of the spheroid model for drug screening is that the 3D structure
will allow for more efficient identification of anti-cancer therapeutics and demonstrate more
accurately the risk of such drugs to normal cells (Mittler et al., 2017). As such, spheroids have
become widely used as a means of testing cytotoxicity. Due to their larger size, spheroid assays
allow for cytotoxicity to be followed over time by measuring the size and shape of spheroids
(Vinci et al., 2012; Baek et al., 2016; Zanoni et al., 2016). As well, complex processes like
tumour penetration and angiogenesis can be modeled with cancer cell spheroids, and the effects
of chemotherapeutic drugs can be studied in this context with simple bright-field microscopy

(Vinci et al., 2012; Vinci, Box, and Eccles, 2015). The effects of drugs on cell composition,
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localization, and functional status within the spheroids can also be analyzed using different
means of fluorescent observation (Weiswald et al., 2010; Dufau et al., 2012; Smyrek and Stelzer,

2017).

Spheroid assays can also be used to specifically examine the toxicity of bare and drug-carrying
NPs to healthy and diseased tissues (Lee et al., 2009; De Simone et al., 2018; Tchoryk et al.,
2019). As the use of spheroid assays has become more common, it has been revealed that they
provide relevant insight into NP and drug delivering NP toxicity and therapeutic efficacy,
particularly for cancer treatment (De Simone et al., 2018; Tchoryk et al., 2019). Such studies
have even shown that in some cases NP toxic effects are significantly reduced in healthy cell
spheroid culture when compared to the equivalent 2D cultures (Lee et al., 2009). In light of these
benefits, it is crucial moving forward to assess previously implemented and newly designed NP
drug-delivery systems using 3D cell assays and cancer models in order to identify and
progressively overcome the challenges they will face under physiological conditions, thereby

improving their viability and efficacy during clinical application.
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PART 2: REPORT

2.1 Introduction

2.1.1 Cancer Incidence, Mortality, and Treatment

Cancer is currently the leading cause of death in Canada (Statistics Canada, 2020), and the
second leading cause of death worldwide (World Health Organization, 2018). Over the past
several years, the number of new cancer diagnoses as well as cancer-related deaths has increased
annually both nationally and internationally, and this trend is expected to persist. Modern
medicine is capable of a number of antitumour therapeutic approaches, including surgery,
chemotherapy, radiotherapy, hormone therapy, and immunotherapy (Bahrami et al., 2017),
though each treatment option faces its own unique challenges that hindered its clinical benefit
(Perez et al., 2008; Ross et al., 2000; Keereweer et al., 2013; Schaue and McBride, 2015; Sambi,
Bagheri and Szewczuk, 2019). With such persistently high incidence and mortality rates, it is
critical that new and more effective means of combating this disease be developed. One mode of
diagnosis, imaging, and most critically chemotherapeutic drug delivery currently under intensive
investigation is the use of nanoparticles (NPs). In the context of cancer treatment, NPs are
capable of delivering chemotherapeutic drugs directly to tumours and within cancer cells, and
have been shown to enhance treatment efficacy while reducing the severity of side effects
commonly observed with traditional ‘free’ small-molecule chemotherapeutics (Davis, Chen, and

Shin, 2008; L. Li etal., 2015; Y. Li et al., 2015).

2.1.2 Nanoparticle-based Drug Delivery Research
NP drug delivery systems have been extensively researched since 1986 when the enhanced

permeability and retention (EPR) effect was first described (Matsumura and Maeda, 1986;
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Egqusquiaguirre et al., 2012). Using mouse models, researchers observed that macromolecules
and NPs accumulated in tumour tissue more readily than in normal tissue, supposedly due to
leaky vasculature present within tumours. This finding ultimately led to the emergence of
nanomedicine, described as the application of nanotechnology to medicine and healthcare
(Matsumura and Maeda, 1986; Wagner et al., 2006). Despite the EPR effect serving as the
rationale for many drug nanocarrier designs — the development of which have cost billions of
dollars over several decades — data suggests that this phenomenon only marginally improves
experimental NP-based drug delivery (Nichols and Bae, 2014; Danhier, 2016). In spite of this,
there are currently a number of nanoparticle therapeutics as well as imaging agents and
technologies that have been approved for clinical use largely based on their advantages over non-
formulated and free drug administration, such as their ability to deliver therapeutics and treat
areas of the body that other delivery systems cannot reach, to reduce systemic toxicity of the
drugs administered, and to reduce the overall dosage necessary for achieving therapeutic drug

concentrations in a target area (Anselmo and Mitragotri, 2016).

Further investigation into the means through which NPs can accumulate in tumours has revealed
an alternative mechanism involving the use of a metabolically active transport process across
endothelial cells — transcytosis — is likely responsible for this phenomenon (Sindhwani et al.,
2020). In fact, with NPs of certain sizes, this active means of transport can account for 75-97%
of total NP accumulation in tumours. While active transport may be the primary means of NP
accumulation based on this research, it is important for current and future nanocarrier designs

and applications in cancer treatment that the specific mechanisms of systemic circulation, tumour
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accumulation, and tumour penetration be investigated for each drug delivery system to develop

their clinical efficacy.

2.1.3 Barriers to Nanoparticle-based Drug Delivery

To serve as an effective method of cancer drug delivery, NPs must overcome several physiological
barriers that impose conflicting requirements on both their size and charge. These barriers limit a NP’s
ability to remain in the blood during circulation after intravenous (1) administration, accumulate at

the site of action, and penetrate a tumour to deliver a chemotherapeutic agent (B. Chen et al., 2017).

In order for NPs to remain in the bloodstream and avoid rapid renal excretion, aggregating with plasma
proteins and being eliminated via the reticuloendothelial system or off-target cell interactions, their
surface must be negatively charged or neutral (Ma et al., 2005; Hatakeyama et al., 2006; L. Li etal.,
2015; B. Chen et al., 2017). The kidney’s filtration system — glomeruli containing three layers with
varying pore sizes — also imposes an effective NP minimum size cutoff for their overall structure of 10
nanometres (nm) (Soo Choi et al., 2007). As well, NPs with a diameter greater than 200 nm activate
the body’s complement filtration system, causing their removal from the bloodstream and
accumulation in the liver and spleen (Faraji and Wipf, 2009; de Barros et al., 2012; Nesargikar, Spiller,
and Chavez, 2012; Kulkarni and Feng, 2013). While 10 and 200 nm represent the absolute size
boundaries for NPs capable of circulating throughout the body without being at risk of filtration or
removal, studies suggest that a maximum size limit of 100-150 nm for most NPs allows them to
circulate longer while concurrently avoiding elimination (Moghimi, Hunter, and Andresen, 2012;

Hoshyar, Gray, Han and Bao, 2016).
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Another challenge with the use of chemotherapeutic carrying NPs is ensuring their accumulation at the
site of a tumour. Studies have shown that NPs of around 100 nm accumulate well at tumours — either
due to the EPR effect (Matsumura and Maeda, 1986; O'Brien et al., 2004; Cabral et al., 2011, Jingiang
Wang et al., 2015) or more likely due to active transendothelial transport (Sindhwani et al., 2020) — at
therapeutic concentrations. Once NPs have accumulated at the site of a tumour, they must then
penetrate it in order to effectively deliver their chemotherapeutic drug; however, the size of the NP that
best allows for tumour penetration is much smaller than that for accumulation. Tumor core penetration,
and by extension high therapeutic efficacy, is achieved by NPs of 30 nm or less due to the extremely
small interstitial space between tumour cells (Cabral et al., 2011; Jie Wang et al., 2015), or 100 nm or
less based on trans-endothelial transport mechanisms (Sindhwani et al., 2020). Furthermore, while
possessing a negative charge or remaining neutral supports their circulation in the bloodstream and
minimizes off-target effects, positively charged NPs have superior electrostatic interactions with
negatively charged tumour cell membranes, leading to improved cellular uptake (Ma et al., 2005;

Hatakeyama et al., 2006; L. Li et al., 2015; B. Chen et al., 2017).

2.1.4 Multi-drug Cancer Therapy

In order to enhance the efficacy of chemotherapy-based cancer treatment, researchers have
examined the effects that administering multiple drugs in succession or simultaneously have on
the therapeutic potential of chemotherapy and drug delivery systems (Lee et al., 2012; Morton et
al., 2014). While seeking to identify new strategies for enhancing the initial chemosensitivity of
triple-negative breast cancers, Lee et al. (2012) explored whether manipulating the interface
between growth factor and DNA damage signaling pathways in tumor cells could modulate the

therapeutic response of this tumor type. Researchers were ultimately able to determine that

28



B.Sc Thesis — Coulter Montague  McMaster University — Honours Integrated Science Program

pretreatment with epidermal growth factor receptor (EGFR) inhibitors, such as the hydrophobic
drug erlotinib (Erl), can synergize with the apoptotic response of cancer cells to DNA-damaging
chemotherapy, such as with the hydrophilic drug doxorubicin (Dox). This observed synergy is
believed to have occurred through a ‘rewiring’ of oncogenic signaling networks and ‘unmasking’
of apoptotic pathways involving caspase-8, a member of the cysteine proteases that are
implicated in apoptosis and cytokine processing (Barnhart, Alappat and Peter, 2003; Lee et al.,
2012; Morton et al., 2014). It should be noted that while these findings indicate the possibility of
increasing the efficacy of chemotherapeutic drugs, synergism between the EGFR inhibitors and
DNA-damaging agents was observed to be both dose and schedule-dependent (Lee et al., 2012).
Specifically, it has been found that when Erl is administered at least 4 hours prior to Dox,
synergism can be observed in vitro (Lee et al., 2012). However, in order to maximize the
synergistic effects of this combination chemotherapy, it has been found that there needs to be a
specific time lag of 24 hours between the administration of each drug. Further, the enhanced
sensitivity of cancer cells to Dox was observed to require sustained inhibition of EGFR, since it
was the activity of the EGFR pathway rather than simply EGFR expression that determined

whether time-staggered inhibition resulted in a synergistic cytotoxic effect.

2.1.5 Starch Nanoparticle Clusters

Previous work in our lab has demonstrated the ability to fabricate starch NP (SNP)-based
electrostatic complexes, or nanoclusters, of 100-160 nm in size that are composed of slightly
cationic SNPs (~20 nm diameter) bound to anionic poly(oligoethylene glycol methacrylate)
(POEGMA) functionalized with 2,3-dimethylmaleic anhydride (POEGMA-Hyd-DMA), which

possesses charge-switchable properties. The method through which these nanoclusters are
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formed also allows for the manipulation of the material mass ratio combinations, providing
opportunity for the customization of nanoclusters to achieve appropriate sizes for circulation in
the bloodstream, and effective SNP-bound chemotherapeutic drug concentrations for therapeutic

efficacy.

2.1.6 Nanocluster Circulation, Disassembly, and Starch Nanoparticle Release

Nanoclusters possess therapeutic efficacy in vitro and in vivo based on their ability to remain
stable at physiological pH (7.4) and disassemble to release the highly penetrable SNPs when
exposed to the acidic microenvironment associated with tumours. The initial size of these
clusters ensures they are able to circulate through the bloodstream upon IV administration
without being removed by the kidney’s filtration system or being targeted for removal by the
complement filtration system (Soo Choi et al., 2007; Faraji and Wipf, 2009; Kulkarni and Feng,
2013). Their size range also meets most recommendations for maximum size limits of NPs that
allow them to circulate longer and avoid elimination (Moghimi, Hunter, and Andresen, 2012;
Hoshyar, Gray, Han and Bao, 2016). The polymer used in these nanoclusters possesses a
hydrazide group conjugated with DMA via an amide bond. The DMA contains an outer
carboxylic acid group which, under physiological pH conditions at which the amide is relatively
stable, imparts a negative charge (Ooi et al., 2020). Given that the polymer is the dominant
material, the nanoclusters as a whole then possess a negative charge, which allows them to avoid
rapid renal excretion, aggregating with plasma proteins and being eliminated via the
reticuloendothelial system and off-target cell interactions (Ma et al., 2005; Hatakeyama et al.,

2006; L. Li et al., 2015; B. Chen et al., 2017).
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Upon accumulation at the site of a tumour, likely by active transendothelial transport, these
nanoclusters undergo a low pH-stimulated disassembly. The extracellular environment of most
tumours is acidic compared to normal tissues, with a pH range of 6.5-7.2 (Cardone, Casavola and
Reshkin, 2005; W. Chen et al., 2017; Zhou et al., 2018). As well, a low pH range of 4.5-5.5 also
exists in organelles such as endosomes and lysosomes (Liu et al., 2014). At these lower pH
ranges, the cleavage of the amide bond linking the DMA group to the polymer backbone
becomes significantly more hydrolytically labile and the DMA group is released, exposing the
buried hydrazide group. This results in the polymers developing a more neutral charge, which
causes a loss of electrostatic interactions with the embedded cationic SNPs and ultimately
disassembly. This disassembly step then releases the SNPs that possess the appropriate size to
subsequently penetrate tumour cores (Cabral et al., 2011; Wang et al., 2015). The use of these
nanoclusters in this case enhances the ability of the drug loaded onto the SNPs to be delivered
intratumourally as opposed to only the surface of the tumour, raising the overall cytotoxic

impact.

2.1.7 Starch Nanoparticle Versatility

Cationic SNPs are extremely versatile with an ideal size for tumour penetration and an ability to
be functionalized with various functional groups that allow for direct interactions with different

chemotherapeutic drugs. In addition, depending on their functionalization, cationic SNPs can be
made to possess different magnitudes of charge, either directing them more towards tumour core

penetration (‘penetrable’ less cationic SNPs) or cancer cell uptake (‘sticky’” more cationic SNPs).
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2.1.8 Multi-drug Loaded Starch Nanoparticle Clusters

The objective of this research was to generate SNP clusters loaded with both hydrophilic and
hydrophobic drugs in tandem. The procedure to develop these dual drug-loaded SNP clusters
involved exploiting the versatility of SNPs to generate hydrophilic and hydrophobic SNP
variants capable of loading the hydrophilic drug Dox and the hydrophobic drug Erl respectively,
which have been chosen based on their previously reported cytotoxic synergism against cancer
cells. These SNP variants could then be used to generate dual SNP carrying nanoclusters with
different ratios of Dox- and Erl-loaded SNPs to examine their synergistic effect using 2D and 3D

cell assays in vitro, and eventually in vivo using a transgenic mouse model.

2.2 Materials and Methods

2.2.1 Materials

Experimental grade cationic SNPs (waxy starch with 100% amylopectin and a fully amorphous
internal structure, lot number unavailable!) were provided by EcoSynthetix Inc. (Burlington,
ON). Sodium periodate (NalOa4), (>99.8%), 4-bromobenzaldehyde (99%), oligoethylene glycol
methacrylate (OEGMAu47s), acrylic acid (AA, 99%), thioglycolic acid (TGA, 98%), 2,3-
dimethylmaleic anhydride (DMA, 98%), N,N-dimethylformamide (DMF, 99.8%, anhydrous), 2-
octen-1-ylsuccinic anhydride (OctSAn, mixture of cis and trans, 97%), and sodium bicarbonate
(NaHCOs, >99.7%) were all received from Sigma Aldrich (Oakville, ON). 2,2-azobisisobutryic
acid dimethyl ester (AIBMe, 98.5%) was received from Wako Chemicals. Adipic dihydrazide
(ADH, 97%) was received from Alfa Aesar, and 1-(3-dimethylaminopropyl)-carbodiimide

hydrochloride (EDC, commercial grade, 99%) was received from AK Scientific. All chemicals

! Lot number available on the cationic SNP (EcoSynthetix Inc.) container stored in the Hoare Lab.
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were used as received. For all experiments, Millipore Milli-Q grade distilled deionized water

(MQW, 18.2 MQ cm resistivity) was used.

2.2.2 Synthesis of Aldehyde-functionalized Starch Nanoparticles

Two different methods of synthesizing aldehyde-functionalized SNPs (Ald-SNPs) were
examined in this work, one using NalO4, and the other using 4-bromobenzaldehyde. The latter of
these two methods was added to accommodate for a drawback of the NalOas-functionalization

based SNPs revealed during later testing, which is discussed in section 2.3.1.

2.2.2.1 Sodium Periodate-based Aldehyde Functionalization of Starch Nanoparticles

For the NalOs-based Ald-SNP synthesis, a 30 g aqueous dispersion of cationic SNPs (12.5% w/v
in MQW) was reacted with a 55 mL solution of NalOa4 (dissolved at a mass of between 1.820 g
to 9.102 g depending on the desired degree of substitution between 0.10-0.50 of anhydrous
glucose units). Both solutions were added to a 250 mL round-bottomed flask that was darkened
with tinfoil to minimize radical formation. The flask was placed under magnetic stirring for 4
hours, at which point an equimolar amount of ethylene glycol was added to quench any
remaining periodate ions. The sample remained under magnetic stirring overnight (15-24 hours),
at which point the Ald-SNPs were dialyzed against MQW for three days — during which time the
water was changed six times, once every 12 hours (6 x 12 dialysis cycles) — using a 3.5 kDa
molecular weight cut-off membrane. The sample was then lyophilized to dryness and stored in
the dark. Ald-SNPs from this synthesis were then characterized by *H NMR spectroscopy (data

unavailable?).

2 Analysis incomplete at this time.
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2.2.2.2 4-bromobenzaldehyde-based Aldehyde Functionalization of Starch Nanoparticles
For the 4-bromobenzaldehyde-based Ald-SNP synthesis, the pH of a 20 g aqueous dispersion of
cationic SNPs (10% w/v in MQW) inside a 250 mL round-bottomed flask was raised to 9.0 or
above with the addition of 1 M sodium hydroxide (NaOH) as required. 8 g of 4-
bromobenzaldehyde was dissolved in 40 mL of DMF and subsequently added to the SNP
solution. The flask was immediately partially submerged in an oil bath set to 70 °C with the
solution under magnetic stirring for 24 hours. The pH of the solution was monitored for a
minimum of 4 hours using pH test paper and kept above 9.0 with the addition of 1 M NaOH as
required. The solution was then allowed to cool and underwent air purging for 12 hours or until
completely dry to remove DMF. The Ald-SNPs were then re-dissolved in 150 mL of MQW and
dialyzed against MQW over 6 x 12 dialysis cycles using a 3.5 kDa molecular weight cut-off
membrane. The sample was then filtered to remove any SNP aggregates, dialyzed for two more

12-hour cycles to ensure trace DMF was removed, and lyophilized to dryness for storage.

2.2.3 Synthesis of Octenyl Succinic Anhydride-functionalized Starch Nanoparticles

To begin generating the OctSAn-functionalized SNPs (OctSANn-SNPs), a 100 g aqueous
dispersion of cationic SNPs (5% w/v in MQW) inside a 250 mL round-bottomed flask was
mixed with 0.074 g of NaHCO3 and placed under magnetic stirring. The pH of the solution was
monitored for 1 hour using a pH probe and kept between 10 and 11 (10.4 was ideal) by adding
1.0 M NaOH as required. 0.649 g of OctSAn was then added dropwise over the course of 1 hour
while a pH of 10-11 was maintained. The pH was then monitored for an additional 30 minutes

before the sample was neutralized to pH 7 with the addition of 1.0 M hydrochloric acid (HCI).
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The OctSAN-SNPs were then dialyzed against MQW over 6 x 12 dialysis cycles using a 3.5 kDa

molecular weight cut-off membrane and lyophilized to dryness for storage.

2.2.4 Synthesis and Characterization of POEGMA-Hyd-DMA Polymers

Unfunctionalized polyOEGMA (POEGMA)-AA was prepared by first adding 115 mg of
AlIBMe, 1.517 g of AA, 10.00 g of OEGMAu47s, and 30-40 pL (depending on the desired degree
of polymerization) of TGA (previously diluted to 10% in 1,4-dioxane) to a 250 mL round-
bottomed flask in sequence. 40 mL of 1,4-dioxane was then added to the flask, and the solution
was purged with nitrogen for 40 minutes at room temperature. The flask was then sealed and
submerged in a preheated oil bath at 75 °C for 4 hours under magnetic stirring. After
polymerization, the solvent (1,4-dioxane) was removed by rotary evaporation and the remaining
POEGMA-AA was dialyzed against MQW over 6 x 12 dialysis cycles using a 3.5 kDa molecular
weight cut-off membrane, and subsequently lyophilized to dryness. The polymer was then
dissolved in MQW at 10% w/v and stored at 4 °C. The number-average molecular weight (Mn)
of the POEGMA-AA was determined using gel permeation chromatography (GPC), and the
degree of carboxylic acid functionalization was assessed by conductometric base-into-acid
titration (data and subsequent calculations can be found in Supplementary Files 1 and 2
respectively). POEGMA-Hyd was prepared following the dissolution of the POEGMA-AA
copolymer by adding 18.3 g of ADH (corresponding to 5 times the moles of AA added) to the
flask, at which time the pH was adjusted to 4.75 using 1.0 M HCI, as well as 8.17 g of EDC
(corresponding to 2 times the moles of AA added), after which the pH was maintained at 4.75 by
the dropwise addition of 1.0 M HCI over 4 hours as required. The solution was left to stir

overnight, dialyzed against MQW over 6 x 12 dialysis cycles using a 3.5 molecular weight cut-
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off membrane and lyophilized to dryness. The polymer was again redissolved in MQW water at
10% w/v and stored at 4 °C. The Mn of the POEGMA-Hyd was determined using GPC (data
unavailable®). The degree of hydrazide functionalization was assessed using conductometric
base-into-acid titration comparing the carboxylic acid content before and after ADH conjugation
(0.1 M NaOH titrant, 50 mg polymer in 50 mL of 3 mM sodium chloride (NaCl) solution,
ManTech automatic titrator) (data and subsequent calculations can be found in Supplementary
Files 1 and 2 respectively). POEGMA-Hyd-DMA was prepared by first adding 4.84 g of DMA
to the POEGMA-Hyd at 10% w/v (0.55 g of DMA per gram of dried POEGMA-Hyd) under
magnetic stirring. The pH of the solution was raised to 9.0 with the addition of 1.0 M of NaOH
as required. The pH was then monitored using litmus paper for 4 hours, and the reaction was
allowed to run for a total of 24 hours. The sample was then dialyzed against MQW over 6 x 12
dialysis cycles using a 3.5 kDa molecular weight cut-off membrane and lyophilized to dryness.
Additional characterizations involving *H-NMR and size exclusion chromatography were also

conducted for the POEGMA polymers (see Supplementary File 3).

2.2.5 Size Measurements of Starch Nanoparticles

The sizes of SNPs were determined using a Brookhaven 90Plus particle size and zeta potential
analyzer with dynamic light scattering (DLS). For each sample, DLS measurements were run
using a light beam of 659 nm and had particle sizes read at 37 °C for 60 seconds six times with 1
second intervals between readings and an initial equilibration time of 120 seconds. Prior to DLS
analysis, SNP solutions of 100 mg/mL in MQW were prepared (2-4 mL per sample), vortexed

for 20 seconds, and subsequently placed in an incubator for 24 hours at room temperature.

3 Data collected and stored in the Hoare Lab.
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Samples were then centrifuged at 10,000 rotations per minute (RPM) for 10 minutes at 20 °C.
The supernatants were transferred to 20 mL glass wells, and the pellets (consisting of SNP
aggregates) were discarded. 0.5 mL of the sample SNP supernatants were then added to 10 mm
cuvettes along with 1.5 mL of MQW and underwent mixing by inversion 5 times before being
measured. SNP measurements were examined using the ‘log’ and ‘number’ outputs

where graphical peaks represented the number of readings of a particular particle size, which
were normalized to the most common reading. The number average for each peak was used

when interpreting the data.

2.2.6 Zeta Potential Measurements of Starch Nanoparticles

The zeta potentials of each SNP sample were determined using a Brookhaven 90Plus particle
size and zeta potential analyzer. Each sample had its zeta potential measured six times at 37 °C
for 30 cycles with a 1 second interval between readings and an initial 180 second equilibration
time. Prior to zeta potential readings, SNP solutions of 200mg/mL in MQW were prepared and
vortexed for 20 seconds (2-4 mL per sample), and subsequently placed in an incubator for 24
hours at room temperature. Samples were then centrifuged at 10,000 RPM for 10 minutes at 20
°C. The supernatants were transferred to 20 mL glass wells, and the pellets (consisting of SNP
aggregates) were discarded. 0.5 mL of the sample SNP supernatants were then added to 10 mm
cuvettes along with 1.5 mL of a 5 mM sodium chloride (NaCl) solution and underwent mixing
by inversion 5 times before being measured. Zeta potential outputs were analyzed using the

Smoluchowski zeta potential model.
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2.2.7 Zeta Potential Measurements of POEGMA-Hyd-DMA Polymers

The zeta potentials of POEGMA-Hyd-DMA were determined using the same technical
specifications as were used for SNP readings. Prior to zeta potential readings, POEGMA-Hyd-
DMA samples were dissolved at 10% w/v. 0.5 mL of the polymer sample supernatants were then
added to 10 mm cuvettes along with 1.5 mL of a 5 mM NaCl solution and underwent mixing by
inversion 5 times before being measured. Zeta potential outputs were again analyzed using the

Smoluchowski zeta potential model.

2.2.8 Doxorubicin Loading onto Aldehyde-functionalized Starch Nanoparticles

To prepare Dox loaded SNPs (Dox-Ald-SNPs), Ald-SNPs were dissolved at 10 weight
percentage (10 wt%) in MQW and Dox was dissolved at a concentration of 10 mg/mL in
dimethyl sulfoxide (DMSO). The Ald-SNP and Dox solutions were mixed at a mass ratio of 10:1
Ald-SNP:Dox, and left to stir for 24 hours in the absence of light. The solution was then dialyzed
against MQW over 6 x 12 dialysis cycles using a 3.5-5 kDa molecular weight cut-off membrane,

after which time the sample was lyophilized to dryness for storage.

2.2.9 Generating Single Starch Nanoparticle Carrying Nanoclusters

To start, SNPs and POEGMA-Hyd-DMA were dissolved separately in 15 mL Falcon tubes with
MQW and 1.0 M NaOH respectively to generate material concentrations of 100 mg/mL.
Samples were then centrifuged at 10,000 RPM for 10 minutes at 20 °C, after which the
supernatants were transferred to 20 mL glass wells and the pellets (consisting of SNP and
polymer aggregates respectively) were discarded. In these nanoclusters, a 10:90 mass ratio of

SNPs to POEGMA-Hyd-DMA was used. Here, 0.9 mL and 8.1 mL of the SNP and POEGMA-
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Hyd-DMA supernatants respectively were added to a 20 mL glass sample jar. All samples were

subsequently kept under high magnetic stirring for 24 hours before storage at 4 °C.

2.2.10 Quantification of Doxorubicin Loading in Aldehyde-functionalized Starch
Nanoparticle Carrying Nanoclusters

In order to quantify the loading efficiency of Dox into Ald-SNP containing nanoclusters, solid
Dox-Ald-SNPs were used in the nanocluster synthesis method described in 2.2.8. Dox
concentration was then measured using fluorescence intensity (emission signal at 595 nm upon

excitation with a 470 nm laser) and determined using a standard curve.

2.3 Results and Discussion

2.3.1 Starch Nanoparticle Characterization

To characterize the three types of SNPs synthesized, the first analyses conducted were of the
sizes and zeta potentials of SNPs in pure samples, shown in Figure 5. In the case of the NalOs-
based Ald-SNPs, DLS revealed a single peak with an average of approximately 19 nm using a
number distribution (Figure 5A), representing the predominant particle diameter. The mean zeta
potential for the 6 measurements of these SNPs was determined to be approximately 12
millivolts (mV), as seen in Table 1, These findings indicate that the NalOs-based Ald-SNPs
possess the appropriate size and charge for interactions with, and loading of, the hydrophilic drug

Dox and use as an ionic building block to form SNP-based nanoclusters.

In the case of the OctSAN-SNPs, a single peak was observed with an average of approximately

22 nm using a number distribution (Figure 5B), again representing predominant particle
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diameter. The mean zeta potential for the 6 measurements of these SNPs was determined to be
approximately 5 mV, as seen in Table 1. Given the similarity in size and size distribution of the
OctSAN-SNPs to the NalO4-based Ald-SNPs (Figure 5C), it is likely that they are suitable for use
in generating SNP-based nanoclusters. The low positive zeta potential also suggests that these
OctSAN-SNPs are ‘hydrophobized’ compared to the NalOs-based Ald-SNPs, possessing a nearly
neutral but still cationic charge, which may both benefit and hinder the use of these SNPs in
therapeutic nanoclusters. The lower cationic charge of the OctSAN-SNPs is likely to allow for
their interaction with and loading of the hydrophobic drug Erl; however it may also lower the
loading efficiency of these SNPs into nanoclusters due to weakened electrostatic interactions
with the negatively charged polymers, thereby reducing overall nanocluster loading efficiency of
Erl. To examine this further, OctSAn-SNP-based nanoclusters and dual-SNP loaded nanoclusters
must be examined under both physiological and acidic conditions to assess SNP loading,

disassembly and SNP release.

Repeated DLS analyses revealed that the NalOs-based Ald-SNPs undergo unexpected
degradation in storage over a relatively short time period (data unavailable?). This motivated the
design of a second method of synthesizing Ald-SNPs using 4-bromobenzaldehyde as described
in 2.2.2.2. DLS of the 4-bromobenzaldehyde-based Ald-SNPs revealed two peaks, one with an
average of approximately 230 nm and another with an average of approximately 3,500 nm using
a number distribution (Figure 5D). Based on the size and variability of DLS readings, it is
believed that this particular Ald-SNP sample underwent functional degradation and structural

aggregation due to prolonged storage in and exposure to DMF after the sample was allowed to

4 Data collected and stored in the Hoare lab.
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cool to room temperature prior to drying. A zeta potential analysis of this sample was not
conducted, and resynthesis is necessary before it can be determined if SNPs 4-
bromobenzaldehyde-based Ald-SNPs are suitable for loading Dox and use in SNP-based
nanoclusters. It should be noted that other attempts to synthesize 4-bromobenzaldehyde-based
Ald-SNPs of the appropriate size and zeta potential for use in single SNP-based nanoclusters in
our lab have been successful, and as such they are promising for use in Dox loaded single and

dual SNP carrying nanoclusters.
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Figure 5: Dynamic light scattering (DLS) number average size distributions of variably
functionalized starch nanoparticles (SNPs) at pH 7. (A) The size distribution of sodium periodate
(NalO4)-based aldehyde-functionalized SNPs (Ald-SNPs). (B) The size distribution of octenyl
succinic anhydride-functionalized SNPs (OctSAn-SNPs). (C) A comparison of DLS size
distributions for NalOas-based Ald-SNPs and OctSANn-SNPs. (D) The size distribution of 4-
bromobenzaldehyde-based Ald-SNPs.
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Table 1: Overview of DLS and zeta potential readings of the three variably functionalized SNPs
and the POEGMA-Hyd-DMA polymer.

Sample Mean Particle Standard Mean Zeta Potential
Size (nm) Deviation (nm) | Polydispersity (mV)
NalO4-based Ald- 78 4.54 0.327 12
SNPs
OctSAN-SNPs 127 5.60 0.367 5
4- 2,534 245.59 0.343 N/A>

bromobenzaldehyde-
based Ald-SNPs

POEGMA-Hyd-DMA - - - 7
(40 pL of TGA)

2.3.2 POEGMA-Hyd-DMA Polymer Characterization

Following the synthesis of the initial POEGMA polymer (POEGMA-AA) with 30 uL of TGA,
the Mn and weighted average (Mw) were determined to be approximately 19 kDa and 67 kDa
respectively using GPC, as seen in Table 2. While the Mn of this polymer lies within, though at
the upper limit of the acceptable range of 15-20 kDa, the Mw slightly exceeds the maximum
boundary of 60 kDa for polymers commonly used in nanocluster formations. As well, past
experiments have indicated that polymers with Mn less than 40 kDa are ideal for in vitro
application and lie below the renal clearance threshold. POEGMA-AA synthesized with 40 pL
of TGA on the other hand reproducibly generates polymers with Mn and Mw within the
acceptable ranges (data unavailable®, data ranges presented in Table 2). The degree of carboxylic
acid functionalization of the POEGMA-AA formed using 30 pL of TGA was determined to be

approximately 33 mol% using a method of calculation previously established and tested in the

5 Data not collected at this time.
6 Data collected and stored in the Hoare Lab.
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Hoare Lab (see Supplementary File 2). This is in line with the theoretical degree of carboxylic
acid functionalization determined for POEGMA-AA formed using 30 pL of TGA (33 mol%),
and only slightly below that for POEGMA-AA synthesized using 40 pL of TGA (35 mol%). The
degree of hydrazide functionalization of the subsequently generated POEGMA-Hyd (formed
initially using 30 pL of TGA) was determined to be approximately 14 mol% of the total number
of AA groups, again using a method of calculation previously established and tested in the Hoare
Lab (see Supplementary File 2). This is substantially lower than the norm for hydrazide
functionalization of POEGMA-AA polymers (35 mol%) synthesized in the manner presented in
2.2.4 using 40 pL of TGA. Such a difference in hydrazide functionalization also conflicted with
the expectation that functional group conversion was proceeding well based on the detection of a
continual rise in pH above 4.75 for more than 4 hours during the reaction with POEGMA-AA,
ADH and EDC. This ultimately necessitated the addition of 1.0 M HCI at higher quantities than
are usually needed with such low percentage hydrazide functionalizations as was recorded in this
case. Given the excessive My of the POEGMA-Hyd-DMA polymers made using 30 pL of TGA,
polymers synthesized using 40 puL of TGA were examined further exclusively. Moving forward,
however, depending on the physical characteristics of dual-SNP loaded nanoclusters, their
stability under physiological conditions, and disassembly under acidic conditions, the amount of
TGA used (35-45 pL) to generate the POEGMA polymers and the precise degree of
functionalization may serve easily manipulated variables to alter polymer, and by extension dual

SNP carrying nanocluster size, and nanocluster charge reversal sensitivity respectively.

A zeta potential analysis was also conducted for the POEGMA-Hyd-DMA polymer generated

using 40 pL of TGA, which revealed it to possess a potential of approximately -7 as seen in
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Table 1. This reading is in line with expectations based on the polymer’s Hyd-DMA conjugation
and external carboxylic acid group which would be deprotonated in water (pH 7). A negative
zeta potential, particularly of this magnitude, also indicates these polymers will be capable of
electrostatic interactions with more cationic Ald-SNPs like those synthesized using the method
discussed in 2.2.2.1 and presumably those synthesized using the method in 2.2.2.2, as well as the
less cationic OctSAN-SNPs synthesized based on the protocol outlined in 2.2.3. Such
interactions, however, must be verified experimentally once 4-bromobenzaldehyde-
functionalized Ald-SNPs of the proper size and zeta potential have been synthesized. It should be
noted that while this study uses zeta potential to assess polymer charge as an indicator of its
suitability for use in nanoclusters, this type of assessment is not necessarily accurate. As such,
zeta potentials are used here only as a pseudo representation of charge specifically to observe the

sign and changes in magnitude of the polymer’s potential under varying conditions.

Table 2: Overview of GPC data recorded for POEGMA-AA polymers during POEGMA-Hyd-
DMA synthesis.

Volume of TGA Used Mn Mw Polydispersity
in POEGMA Synthesis

30 pL 19,000 66,700 3.438

40 pL’ 15,000-20,000 <40,000 ~2-3

2.3.3 Nanocluster Drug Loading and Theoretical Efficacy
Given the degradation of the NalOs-based Ald-SNPs during even short-term storage, only 4-
bromobenzaldehyde-based Ald-SNPs were examined beyond the preliminary stage for drug

loading and use in nanoclusters. Dox quantification in Ald-SNP carrying nanoclusters (single

7 Data from previous analyses in the Hoare Lab.
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SNP nanoclusters) performed alongside the current project has revealed that Dox has between 1-
2% loading efficiency (0.01-0.02 grams of Dox per gram of nanocluster). While this may seem
minimal, there are two considerations necessary to interpret the potential therapeutic efficacy of
such Dox-loaded nanoclusters. First, the effective local concentration for Dox-induced
cytotoxicity is 2-10 uM (Smith et al., 2006), which translates to 2-10 nmol/mL. A 1-2% loading
efficiency of Dox in a standard sample of Ald-SNP carrying nanoclusters (100 mg/mL) translates
to approximately 1.8-3.6 umol/mL, which is between 1,800 and 3,700 times higher than even the
maximum required local effective concentration. This implies that even with 1 mL of a 100
mg/mL Dox-loaded Ald-SNP carrying nanocluster (designed with a 10:90 mass ratio of Ald-
SNPs to POEGMA-Hyd-DMA), a significant quantity of Dox is contained and can be delivered
to a tumour. The second consideration is that the dose of Dox provided to a patient can be scaled
up simply by increasing the concentration or volume of Dox-loaded nanocluster solution
administered, which is already less toxic than increasing the use of the free drug itself and

ensures a higher proportion of drug delivery directly to tumours.

While the efficiency of Erl loading onto OctSAN-SNPs (Erl-OctSAn-SNPs), and subsequent Erl-
OctSAN-SNP loading into nanoclusters have yet to be assessed, these analyses and their results
should be preceded by the acknowledgment of several factors. The effective local concentration
of Erl necessary for EGFR inhibition is approximately 100 nM (Buck et al., 2006), meaning this
drug is 10-100 times more potent than Dox. As such, substantially less of it is required during
drug delivery. This likely permits a limited Erl loading efficiency onto OctSAn-SNPs for
OctSAN-SNP and dual SNP carrying nanoclusters to remain a suitable method of Erl delivery to

tumours. If Erl loading efficiency is comparable to that of Dox, this also means that the mass
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ratio of Dox-Ald-SNPs and Erl-OctSAn-SNPs used in nanocluster formation can significantly
favour the former (for example, at a 95:5 or 90:10 Ald-SNP:OctSAN-SNP mass ratio
combination) in dual SNP carrying nanoclusters. While some Dox-Ald-SNPs loading efficiency
in these nanoclusters would be sacrificed for Erl-OctSAn-SNP loading, it is expected that the
synergistic effect from the combination of Dox and Erl would ultimately increase the therapeutic
efficacy of these dual SNP carrying nanoclusters compared to Dox-Ald-SNP carrying
nanoclusters at an equivalent nanocluster dose (assuming sufficient drug release from both SNP
variants). As well, if necessary, more dual-SNP nanoclusters could be added in a sample to
equate the Dox dose to that of Dox-Ald-SNPs nanoclusters which should at minimum maintain

the drug’s apoptotic effect.

When examining literature surrounding the synergistic effects of Dox and Erl, two factors
become clear with regard to the timing and sequence of drug delivery. In terms of the time-
dependency of drug administration, it has been found that Erl must be administered at least 4
hours prior to Dox for synergism to occur, and that maximum synergy is observed when Dox is
administered 24 hours following Erl (Lee et al., 2012). In the case of dual SNP carrying
nanocluster-based drug delivery, this would necessitate the sequential release of Erl-OctSAn-
SNPs, followed by the Dox-Ald-SNPs some hours later in order for synergism between the two
drugs to occur. Based on the SNP and polymer zeta potentials listed in Table 1, there lies the
possibility that if weaker electrostatic interactions are observed between the POEGMA-Hyd-
DMA and Erl-OctSAn-SNPs compared to the Dox-Ald-SNPs in dual SNP carrying nanoclusters,
then Erl will be delivered to tumours prior to Dox due to earlier OctSAn-SNP release during

nanocluster disassembly. Furthermore, previous analyses of nanoclusters carrying only Ald-
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SNPs have revealed that they do not immediately undergo disassembly when exposed to an
acidic environment equivalent to that of a tumour’s microenvironment, and in fact require more
than 24 hours to disassemble (Supplementary Figure 1A-C). This indicates the potential for dual
SNP carrying nanoclusters to release Erl-OctSAn-SNPs earlier than Dox-Ald-SNPs with a time
delay long enough to allow for substantial synergistic cancer killing in vitro and in vivo. Finally,
a necessity of the synergistic cancer killing between Dox and Erl is sustained EGFR inhibition
by Erl. In terms of dual SNP carrying nanocluster delivery, this may also be achieved based on
the progressive disassembly of nanoclusters releasing Erl-OctSAn-SNPs over time prior to and in
concert with Dox-Ald-SNPs. It should be noted that while there may not be a 24-hour delay in
successive Erl-OctSAn-SNP and Dox-Ald-SNP release from nanoclusters, continual SNP and
consequent drug release could theoretically generate a synergistic effect as early as 4 hours
following the start of nanocluster disassembly if sufficient concentrations of both Dox and Erl
are reached. A maximum synergistic effect may then be observed either after 24 hours of
sustained release, or when maximum drug concentrations from nanocluster delivery are reached -

should those be lower than their optimal concentrations (Lee, et. al, 2012).

Another interesting aspect of OctSANn-SNP-based Erl delivery to tumours is that following
nanocluster disassembly and Erl-OctSAn-SNP release, the nearly neutral charge of these SNPs
may direct them more towards tumour penetration than cancer cell membrane binding. This is
somewhat opposed to what might be expected with the Dox-Ald-SNPs that are more likely to be
targeted towards binding to the negative cancer cell membranes due to their higher cationic
charge. Whether this variable SNP targeting for either tumour penetration (Erl-OctSAn-SNPs) or

cancer cell membrane interactions (Dox-Ald-SNPs) supports or hinders synergistic cancer killing
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based on the location of drug release remains to be determined, and it is likely that 3D assays,
such as a spheroid model, will be useful for assessing this particular characteristic of dual SNP

carrying nanocluster-based drug delivery.

2.3.4 Considerations for Future Dual Starch Nanoparticle Carrying Nanocluster
Evaluation

In order to begin the formation of dual SNP carrying nanoclusters, an evaluation of OctSAn-SNP
stability must be conducted under physiological and acidic conditions. For these analyses,
OctSAN-SNP samples should be tested that have been synthesized immediately prior to testing
and have been allowed to remain in storage for a prolonged period of time to determine if these
SNPs undergo untimely structural degradation as was the case with the NalOs-based Ald-SNPs.
Similar analyses should also be conducted to confirm the stability of 4-bromobenzaldehyde-
based Ald-SNPs as well. Once stabilities have been confirmed, drug loading efficiency of both
the Ald-SNP and OctSAN-SNP variants can be determined, followed by an assessment of
individual and tandem loading into nanoclusters. From there, the ratio of Dox-Ald-SNPs and Erl-
OctSAN-SNPs necessary to achieve sufficient concentrations of both drugs for synergistic cancer
killing can be determined, and a protocol for therapeutically effective dual SNP carrying
nanoclusters can be fully elucidated. Following these experiments, stability and disassembly
analysis of dual SNP carrying nanoclusters would need to be conducted to verify nanocluster
integrity during circulation and the sequence and time dependence of Ald- and OctSAn-SNP
release during disassembly. Further analysis and quantification of drug release from SNPs after
nanocluster disassembly may also be conducted to determine the actual therapeutic potential of

these nanoclusters. This information will ultimately reveal if further structural modifications are
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necessary for dual SNP carrying nanoclusters and guide the investigation of the therapeutic
efficacy of such nanoclusters based on synergistic drug delivery in vitro using 2D and 3D cell

assays and in vivo using a transgenic mouse model.

2.4 Conclusion

Here, a preliminary assessment is provided for the suitability of 4-bromobenzaldehyde-based
cationic Ald-SNPs and hydrophobized cationic OctSAn-SNPs to be used for Dox- and Erl-
loading respectively and in combination with POEGMA-Hyd-DMA polymers for the formation
of multi-drug loaded dual SNP carrying nanoclusters. The complex and multifaceted process of
single SNP carrying nanocluster-based drug delivery has previously been shown to provide a
suitable means of overcoming the physiological barriers that commonly restrict NP-based drug
delivery. A design for Dox-Ald-SNP and Erl-OctSAn-SNP carrying nanoclusters presents a
novel method for synergistic drug delivery and is likely to well surpass the efficacy of its Dox-
Ald-SNP-loaded predecessor. The material characterizations performed thus far, as well as the
implications of their characteristics, functionalities, and drug-loading abilities suggests that 4-
bromobenzaldehyde-based Ald-SNPs and OctSAn-SNPs are certainly acceptable to be tested
further and utilized alongside POEGMA-Hyd-DMA for synthesizing dual SNP loaded

nanoclusters.

The loading of two or more synergistic drug-carrying SNP variants into nanoclusters poses new
challenges to cluster formation and may necessitate some structural modifications to ensure
integrity during circulation and appropriate disassembly and SNP release at the site of tumours to

achieve synergistic cancer Killing. In terms of the polymers used in nanoclusters, this may entail
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changes in length and the extent or type of functionalization. In terms of the SNPs, this may
require changes in the extent or type of functionalizations of one or both SNP variants to ensure
that each possesses physical and chemical characteristics that allow them to sufficiently load
drugs independently and be loaded together into nanoclusters at effective concentrations.
Ultimately, synthesizing dual SNP carrying nanoclusters loaded with an appropriate quantitative
ratio of synergistic drugs can be expected to prove invaluable for improving chemotherapeutic-
based treatment of tumours throughout the body. Thus, efforts to formulate such a design must
persist in order to strengthen the regimen of treatments available for tumours, and it is imperative
that further investigations into similar NP-based therapeutics be conducted to combat cancer as
the number of new diagnoses and cancer-related deaths continues to rise both in Canada, and

worldwide.
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PART 3: FUTURE DIRECTIONS

3.1 Introduction

In light of the data presented and discussed above, additional experiments must be conducted to
assess the viability of using Ald- and OctSAN-SNPs alongside POEGMA-Hyd-DMA for the
synthesis of dual SNP carrying nanocluster capable of synergistic drug delivery. The following
sections present protocols for several experiments that are required prior to and once dual SNP
carrying nanoclusters have been synthesized to evaluate their drug loading efficiency, stability,
disassembly, and therapeutic efficacy. An alternative hydrophobized SNP synthesis protocol is
also presented that was not previously investigated but may also be examined experimentally in
the future for use in dual SNP carrying nanoclusters. A discussion of the anticipated results of
SNP and nanocluster experiments is provided, and where possible data from previously
examined Ald-SNPs and Ald-SNP carrying nanoclusters will be used as a reference for
experimental analyses. Potential means of troubleshooting or otherwise addressing potential
issues that might arise during experimental SNP and nanocluster analysis are also briefly
outlined. Finally, this section concludes with some general comments on the work developing
dual SNP carrying nanoclusters for synergistic tumour therapy thus far and its potential for future

clinical application.

3.2 Materials and Methods

3.2.1 Materials
Succinic anhydride (SAn, >99%) was obtained from Sigma Aldrich (Oakville, ON). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS) and 1% penicillin were obtained

from Invitrogen. All chemicals were used as received.
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3T3 Mus musculus mouse fibroblast cells were obtained from ATCC Cedarlane Laboratories
(Burlington, ON) and cultured in DMEM supplemented with 10% FBS and 1% penicillin
streptomycin (PS); all of which were received from ThermoFisher Scientific. Trypsin-
ethylenediamine tetraacetic acid (EDTA) and calcein AM/ethidium homodimer live/dead assay

kits were obtained from Invitrogen.

3.2.2 Alternate Hydrophobized Starch Nanoparticle Formulation

An alternative method of adding an anhydride group onto SNPs to the one discussed in 2.2.3 is
through the use of SAn. Outlines that present manipulations of both this and the 2.2.3 SNP
synthesis protocols have been previously designed by the Hoare Lab (see Supplementary Files 4

and 5).

3.2.2.1 Synthesis of Succinic Anhydride-functionalized Starch Nanoparticles

To begin generating the SAn-functionalized SNPs (SAn-SNPs), a 100 g aqueous dispersion of
cationic SNPs (5% w/v in MQW) inside a 250 mL round-bottomed flask was mixed with 0.073 g
of NaHCOs3 and placed under magnetic stirring. The pH of the solution was monitored for 1 hour
using a pH probe and kept between 9-10 by adding 1.0 M NaOH as required. 0.309 g of SAn was
then added dropwise over the course of 1 hour while a pH of 9-10 was maintained. The pH was
monitored for an additional 30 minutes before the sample was neutralized to pH 7 with the
addition of 1.0 M HCI. The SAn-SNPs were then dialyzed against MQW over 6 x 12 dialysis
cycles using a 3.5—5 kDa molecular weight cut-off membrane and lyophilized to dryness for

storage.
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3.2.3 Acidifying Starch Nanoparticle Samples

To determine SNP stability under acidic conditions, SNP solutions of 100 mg/mL in MQW were
prepared (2-4 mL per sample), vortexed for 20 seconds, and subsequently placed in an incubator
for 24 hours at room temperature. Samples were then centrifuged at 10,000 RPM for 10 minutes
at 20 °C. The supernatants were then transferred to a new 15 mL Falcon tube, and the pellets
(consisting of SNP aggregates) were discarded. The pH of the solution was then lowered to 6.4-
6.8 with the addition of 0.1 HCI as required and SNPs had their size and zeta potentials

measured.

3.2.4 Starch Nanoparticle Drug Loading

Given that drug loading was only assessed above in the context of Dox loading into Ald-SNP
carrying nanoclusters, it is important to assess the drug loading efficiency of Dox and Erl onto
Ald- and OctSAN-SNPs respectively and into nanoclusters following SNP mixing with

POEGMA-Hyd-DMA. The protocol for generating Dox-Ald-SNPs is provided in 2.2.7.

3.2.4.1 Quantification of Doxorubicin Loaded onto Aldehyde-functionalized Starch
Nanoparticles

In order to quantify the amount of Dox loaded onto the Ald-SNPs, solid Dox-Ald-SNPs were
dissolved to generate a 2 mg/mL solution. Dox concentration was then measured using
fluorescence intensity (emission signal at 595 nm upon excitation with a 470 nm laser) and

determined using a standard curve.
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3.2.4.2 Erlotinib Loading onto Octenyl Succinic Anhydride-functionalized Starch
Nanoparticles

To prepare Erl loaded SNPs, OctSAn-SNPs were dissolved at 10 wt% in MQW, and Erl was
prepared at a concentration of 10 mg/mL in DMSO. The OctSAn-SNP and Erl solutions were
mixed at a mass ratio of 10:1 OctSAN-SNP:Erl in a 250 mL round-bottomed flask and left to stir
for 24 hours. The solution was then dialyzed against MQW over 6 x 12 dialysis cycles using a

3.5—5 kDa molecular weight cut-off membrane and lyophilized to dryness for storage.

3.2.4.3 Quantification of Erlotinib Loaded onto Octenyl Succinic Anhydride-functionalized
Starch Nanoparticles

There is currently no established protocol known for quantifying the efficiency of loading Erl
onto OctSAN-SNPs, or any equivalent gel-like nanoparticle systems, however there have been a
number of investigations that have sought to develop highly specific and sensitive means of
quantifying Erl in human plasma. Therefore, protocols from such works may be adapted to be
used for both Erl loading efficiency onto SNPs and in single and dual SNP carrying nanoclusters.
One method for quantifying Erl in solution has been described by Svedberg et al. (2015), which
involved the implementation of liquid chromatography tandem mass spectrometry (MS). A
potential issue with this method, however, is that it is challenging to conduct routinely, and as
such Zhang et al. (2005) developed a means of quantifying Erl in solution using reverse phase
high-performance liquid chromatography (HPLC) with ultraviolet (UV) detection. Other
researchers have also adapted the method used by Zhang et al. (2005) by replacing the use of UV
detection with MS. Based on these various works and their successful Erl quantification, it is

likely that a method of HPLC coupled with MS can be used to evaluate Erl loading efficiency
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onto OctSAN-SNPs (or other hydrophobized SNPs) as well as into single or dual SNP carrying

nanoclusters.

3.2.5 Dual Starch Nanoparticle Carrying Nanocluster Formation

To start, both Ald- and OctSAn-SNPs were dissolved in 15 mL Falcon tubes with MQW to
generate material concentrations of 100 mg/mL. POEGMA-Hyd-DMA was also dissolved in a
15 mL Falcon tube using 1.0 M NaOH, again to generate a material concentration of 100
mg/mL. Samples were then centrifuged at 10,000 RPM for 10 minutes at 20 °C, after which the
supernatants were transferred to 20 mL glass wells and the pellets (consisting of SNP or polymer
aggregates) were discarded. In these nanoclusters, a 10:90 mass ratio of SNPs to POEGMA.-
Hyd-DMA was used. Generally, 0.9 mL cumulatively of both SNP variant supernatants
(different volumes for different mass ratio combinations of SNPs) along with 8.1 mL of
POEGMA-Hyd-DMA supernatant was added to a 20 mL glass sample jar. All samples were
subsequently kept under high magnetic stirring for 24 hours before storage at 4 °C. Dox-loaded

nanoclusters were mixed in the absence of light.

3.2.6 Nanocluster Stability and Disassembly Evaluation

Following dual SNP carrying nanocluster synthesis, nanocluster samples were added to separate
12 kDa dialysis bags and sealed using removable clips. These bags were then placed in 100 mL
beakers and submerged in 80 mL of MQW. To assess nanocluster stability, samples underwent
dialysis against MQW, with water being changed twice a day for the duration of observation. To

assess nanocluster disassembly, samples underwent dialysis against MQW that was acidified
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using 0.1 M HCI to achieve a pH of 6.4-6.8, with water being changed and re-acidified twice a

day for the duration of observation.

3.2.6.1 Particle Size Analysis of Nanoclusters

The sizes of nanoclusters were determined using the same technical specifications as were used
for SNP readings. Prior to DLS analysis, 0.5 mL of a nanocluster solution was removed from the
sample’s dialysis bag and added a 10 mm cuvette along with 1.5 mL of MQW. All samples
underwent mixing by inversion 5 times before being analyzed. Nanocluster readings were

examined using the ‘MSD’ and ‘intensity’ outputs.

3.2.6.2 Zeta Potential Measurements of Nanoclusters

The zeta potentials of nanoclusters were determined using the same technical specifications as
were used for SNP and POEGMA-Hyd-DMA readings. Prior to zeta potential readings, 1 mL of
a nanocluster solution was removed from the sample’s dialysis bag and added a 10 mm cuvette
along with 0.5 mL of a5 mM NaCl solution and underwent mixing by inversion 5 times. Zeta

potential outputs were again analyzed using the Smoluchowski zeta potential model.

3.2.7 Quantification of Erlotinib Loading in Octenyl Succinic Anhydride-functionalized
Starch Nanoparticle Carrying Nanoclusters

The quantification of Erl loading in OctSAN-SNP carrying nanoclusters either by itself or in
combination with Dox-Ald-SNPs is likely to be performed in the same manner as the

quantification of Erl loading onto OctSAn-SNPs described in 3.2.4.3.
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3.2.8 Quantification of Drug Release from Nanoclusters

To quantify the amount of drug released from nanoclusters, a comparison can be done between
free drug found in the water used to dialyze nanocluster samples and pellets of nanoclusters
obtained following sample centrifugation at 10,000 RPM for 10 minutes at 20 °C, supernatant
removal, and nanocluster resuspension in MQW. Quantification would be done based on the
method discussed in 2.2.9 and a protocol adapted from previous works discussed in 3.2.4.3. for

Dox and Erl respectively.

3.2.9 Cell Preparation and Passage
The methods described below for preparing media, defrosting and culturing cells new cells,
performing cell passages, and counting cells follow the protocols previously designed by the

Hoare Lab (see Supplementary File 6).

3.2.9.1 Media Preparation
To prepare the cell media, 445 mL of DMEM, 50 mL FBS (10% of overall volume), and 5 mL
penicillin-streptomycin (1% of total volume) were added to a storage flask and mixed by

pipetting the solution up and down multiple times.

3.2.9.2 Defrosting and Culturing New Cells

Briefly, 10 mL of fresh warmed media was added to a flask. A vile of cells was removed from
the liquid nitrogen storage unit, and the bottom of the vile was submerged in a 37 °C water bath
for 1-3 minutes. Defrosting progress was checked by removing the vial from the water and

flipping the vial upside down. Once only a small chunk of ice remained, cells were quickly
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transferred to the flask containing the 10 mL of media. The flask was then placed in an incubator

at 37 °C. Cells were monitored daily for health and confluence.

3.2.9.3 Cell Passage

Briefly, cell flasks were removed from the incubator and checked for media colour change and
under a microscope for confluence. Prior to passage, PBS, DMEM, were warmed in a 37 °C
water bath. First, old media was removed from cell flasks and discarded. 10 mL of PBS was then
added to flasks to rinse cells and was subsequently discarded. 2-3 mL of trypsin was then added
to flasks and moved around to cover all cells. The flasks were subsequently returned to the
incubator for 2-3 minutes. Flasks were then removed from the incubator again and tapped gently
to promote cell detachment, which was confirmed using a light microscope. Following this, 10
mL of DMEM was added to neutralize the effect of trypsin on the cells. The media from each
flask was then transferred to a 15 mL Falcon tube and centrifuged at 500 RPM for 5 minutes.
The media from each Falcon tube was discarded, leaving only cell pellets. 10 mL of media was
added to the 15 mL Falcon tube containing the pellet, along with 1 mL of DMEM which was
pipetted up and down multiple times to resuspend the cells. 40 pL of the resuspended cell
solution was then added to a new Falcon tube containing 10 mL of media and mixed by pipetting
up and down. Both the new cell suspensions were then added to separate flasks and stored in the

incubator. Cells were checked daily or every other day and passaged twice a week.

3.2.9.4 Cell Counting Protocol
Cell counting was performed during cell passage prior to the cell suspensions being transferred

from their 15 mL Falcon tubes to new flasks for incubation. Briefly, 10% dilutions were

58



B.Sc Thesis — Coulter Montague  McMaster University — Honours Integrated Science Program

performed by adding 90 pL of DMEM and 10 pL of cell suspension to an Eppendorf tube, which
underwent mixing by pipetting the solution up and down. 10 pL of this diluted mixture was then
added to each side of a hemocytometer. The hemocytometer was then observed under 10X

magnification, and cells were counted in one quadrant. The total number of cells was determined

by taking the number of cells counted and multiplying it by 10* to account for dilutions.

3.2.10 Cytotoxicity Assays
Both 2D and 3D cell spheroid assays should be used to assess nanoclusters in vitro. The 2D cell
assay described below is adapted from Zhou et al. (2019), and the spheroid assay is adapted from

Mittler et al. (2017).

3.2.10.1 2D Cytotoxicity Assay and Analysis

Briefly, cultured cells were seeded into 96-well plates at a density of 5000 cells per well and
incubated at 37 °C. The growth media was replaced with fresh media after 24 hours. Following
this, control (free drug) and nanocluster samples were added into their designated wells. Cells
were cultured for 24-72 hours. Cell cytotoxicity was determined using CCK-8 assays. The
absorbance of each well was measured using an ELISA plate reader at a test wavelength of 450

nm, and cell growth inhibition was calculated as per the protocol outlined by Zhou et al. (2019):

Cell Viability (%) = -empleZlblank o 100,

Icontrot—Iblank

where lsample and lcontrol represent the intensity determined for cells treated with different samples

and for control cells respectively.
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3.2.10.2 Cell Spheroid Assay and Cytotoxicity Analysis

The method for generating cell spheroids described here is based on the ‘hanging drop’ method
outlined by Mittler et al. (2017). Briefly, to prepare the cell suspension, cell monolayers were
washed with 10 mL of PBS and treated with 1.5 mL of a trypsin—-EDTA solution prior to being
incubated for 5 minutes. At this time, 8 mL of media was added to neutralize the trypsin, and the
cell suspensions were centrifuged at 1000 RPM for 5 minutes. Following supernatant removal,
cell pellets were resuspended with the media at the density of 200000 cells/mL. 10 uL of the cell
suspensions was dropped onto the lids of the petri dishes and incubated at 37 °C. After 1-2
weeks, the cell spheroids were determined to be ready appropriate for use as the in vitro tumor
model to examine tumour penetration by SNPs. Drug-loaded nanoclusters could subsequently be
added to the medium of cell spheroids, after which cells remained in culture for 3-48 hours. The
spheroids were then washed with PBS and fluorescent images at different depths were taken

using confocal microscopy.

3.3 Expected Results

3.3.1 Expected Use of Hydrophobized Starch Nanoparticle Variants in Dual Starch
Nanoparticle Carrying Nanoclusters

The OctSAN-SNPs described in 2.3.1 are expected to maintain their structural integrity both
under physiological conditions as seen in Figure 1B and in acidic conditions similar to the
NalOs-based Ald-SNPs tested previously (Supplementary Figure 2). Some evidence for OctSANn-

SNP stability under physiological conditions already exists since these SNPs were observed to
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have the same DLS readings in MQW at a pH of 7 immediately and several hours after mixing
(data unavailable?).

While the OctSAN-SNPs show great promise for use as the hydrophobized Erl-loading SNPs in
Dox- and Erl-loaded dual SNP carrying nanoclusters, alternative methods of synthesizing SNPs
with anhydride functionalizations exist, of which one — the SAn SNP functionalization method —
is likely to produce anhydride-functionalized SNPs similar to the OctSAn-SNPs based on prior
analyses in the Hoare lab (see Supplementary File 5). Such alternative methods of synthesizing
hydrophobized SNPs can be examined either as a replacement for OctSAn-SNPs should they
ultimately prove insufficient for use in dual SNP carrying nanoclusters. Alternatively, they may
also offer a variety of nanocluster formulations to better improve the clinical therapeutic benefit
of dual SNP carrying nanoclusters depending on specific requirements of a patient’s diagnosis (if
for example alternative combinations of chemotherapeutic drugs to Dox and Erl may improve

treatment efficacy).

3.3.2 Expected Nanocluster Stability and Disassembly

Based on previous assessments of Ald-SNP carrying nanoclusters, and assuming minimal
interference between the Ald- and OctSAN-SNPs, it is expected that dual SNP carrying
nanoclusters would remain stable under physiological conditions and circulate effectively in the
blood stream. A similar change in nanocluster zeta potentials between physiological and acidic
conditions would also be expected for dual SNP carrying nanoclusters compared to previously
examined Ald-SNP carrying clusters given they both use the POEGMA-Hyd-DMA polymer

(Supplementary Tables 1 and 2). Under acidic conditions, however, it is possible that the dual

8 Data collected and stored in the Hoare Lab.
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SNP carrying nanoclusters would disassemble more readily than Ald-SNP carrying nanoclusters
since the more hydrophobic, or less positively charged Erl-SNPs require less of a change in
polymer charge to lose their electrostatic attraction within the clusters. This may lead to
nanocluster disassembly earlier than, or more shortly after 24 hours post exposure to an acidic
environment than was previously seen with Ald-SNP carrying nanoclusters (Supplementary
Figure 1A-C).

It is important to note that while SNPs not loaded with drugs are favoured for initial stability and
disassembly assessments, drug binding to SNPs may affect their loading into nanoclusters as
well as overall nanocluster stability and disassembly. As such, rounds of drug-loaded nanocluster
examinations should be conducted to verify their stability under physiological conditions and

disassembly under more acidic conditions prior to in vitro and in vivo testing.

3.3.3 Expected Starch Nanoparticle and Nanocluster Drug Loading Efficiency

Based on the protocols for nanocluster synthesis, it is expected that Dox loading onto Ald-SNPs
1s greater than the 2% loading efficiency determined for this drug’s final loading efficiency into
Ald-SNP carrying nanoclusters since not all Ald-SNPs embed themselves during cluster
formation. SNP loading efficiency, however, is ultimately far less telling of a nanocluster’s
therapeutic potential, and as such can be considered as a preliminary means of estimating a
nanocluster’s final drug loading efficiency. Further investigations into improving Dox loading
onto Ald-SNPs based on their functionalization, as well as SNP loading into nanoclusters based
on electrostatic interactions (possibly by raising the magnitude of charge difference) may yield

improved efficiencies for both stages of Dox loading.
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At this time, Erl loading efficiency has not been measured for either OctSAn-SNPs or
nanoclusters, and despite the use of the same drug and nanocluster loading protocols as with Dox
and Ald-SNPs, a lack of literature or previous work surrounding Erl loading onto gel-like
nanoparticles or SNPs prevents an accurate prediction for such efficiencies from being made.
Should, however, Erl loading efficiencies be similar to or below that of Dox and Ald-SNPs, it
would be of less concern since the former’s effective local concentration is much lower. Given
the expected suitable interactions between Ald-SNPs and OctSAn-SNPs with POEGMA-Hyd-
DMA, and similar loading efficiencies of drugs into dual SNP carrying nanoclusters, it likely that
the loading protocol for SNPs into the nanoclusters will greatly favour the Dox loaded Ald-

SNPs.

Depending on the loading efficiency of Erl into OctSAn-SNP carrying nanoclusters, varying
ratios of Erl-loaded OctSANn-SNPs and Dox-loaded Ald-SNPs can be mixed together to
determine final nanocluster loading efficiency. From here, a quantification of the total amount of
both Erl and Dox inside dual SNP carrying nanoclusters can be examined, followed by an
assessment and quantification of drug release to determine if enough of both drugs are delivered
to achieve a therapeutic and synergistic effect in vitro and in vivo. The idea here would be to
generate and test nanoclusters carrying predominantly Dox-loaded Ald-SNPs that maximize
cancer cell DNA damage along with a smaller proportion of the Erl bound to OctSAn-SNPs to
unmask pro-apoptotic pathways. Initial ratios to be tested may range from 95:5 to 80:20 Dox-
Ald-SNPs to Erl-OctSAn-SNPs, where volumes of each SNP variant correspond to their percent
representation in the mass ratio combination used in a particular experimental trial multiplied by

0.9 mL — the allotted volume of SNPs in 10:90 SNP:POEGMA-Hyd-DMA nanoclusters. For
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example, in a 95:5 Ald-SNP:OctSAN-SNP mass ratio trial, 0.855 mL and 0.0045 mL of Ald-SNP
and OctSAN-SNP supernatants respectively would be added to 1.8 mL of POEGMA-Hyd-DMA

supernatant to generate the dual SNP carrying nanoclusters.

3.3.4 Expected Nanocluster Cytotoxicity

Previous assessments of Dox-Ald-SNP carrying nanoclusters have revealed that this method of
drug delivery can indeed provide a therapeutic benefit in vitro and in vivo. The increased efficacy
of these nanoclusters carrying two synergistic drugs is heavily dependent on the sequence and
time delay between Erl-OctSAn-SNP and Dox-Ald-SNP release. Given Erl’s effective local
concentration, and assuming similar loading efficiency to Dox, it can be expected that dual SNP
carrying nanoclusters predominantly embedded with Dox-loaded Ald-SNPs will be able to
demonstrate a synergistic effect to some extent during the course of treatment regardless of
sequence or specific time of SNP and subsequent drug release. Should nanoclusters disassemble
over the span of several hours, synergism between Dox and Erl may be observed as early as 4
hours post administration in vitro, with efficacy gradually increasing over the course of
nanocluster disassembly with increased Dox-Ald-SNP release. If nanoclusters can be synthesized
such that Erl-OctSAn-SNPs are released closer to the initial cluster exposure to acidic conditions,
then the 24 hour or longer delay in nanocluster disassembly observed previously (Supplementary
Figures 1A-C) may allow for maximum synergy between Dox and Erl (Lee et al., 2012), and an
increase in Dox-based cancer cell death of approximately 2-fold in 2D cell assays (Morton et al.,
2014). As well, given the expected gradual disassembly of nanoclusters, it is likely that both
drugs will be released gradually, and therefore sustained ERGR inhibition will be present during

Dox-based cancer killing, ensuring chemotherapeutic synergy.
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While several studies investigate the use of NP-based multi-drug delivery using cell spheroid
assays, none of the NPs examined are comparable to the gel-like nanocluster system. Despite
this, it can still be expected that nanocluster-based multi-drug delivery will improve cytotoxicity
in tumour cell spheroids, particularly if deep tumour penetration is achieved for both SNP
variants simultaneously, by generating a synergistic effect that spans both the exterior and
interior regions of tumour spheroids. This penetrating synergistic effect specifically has

important implications for in vivo tumour treatment as well.

3.3.5 Contingencies

Despite the expectations that Ald- and OctSAN-SNPs can be successfully used together to
generate dual SNP carrying nanoclusters with POEGMA-Hyd-DMA based on preliminary
material characterizations, there still lies the potential for their combination to destabilize
nanoclusters. SNPs themselves are extremely versatile and can be synthesized in a variety of
ways to achieve variations with either minutely or vastly different physical properties like size or
charge, as well as different functionalizations. The POEGMA-Hyd-DMA polymer used in
nanocluster formation also presents a range of opportunities for modification in terms of size,
charge, and functionalization based on its multi-stage synthesis. Combinations of modifications
to both the SNPs and the POEGMA polymers therefore provide a rich source of variables that
can be altered in the interest of addressing any of the potential physical or physiological

challenges that arise with nanocluster-based drug delivery.

Should the combination of Ald-and OctSANn-SNPs not provide an effective means of delivering

both Dox and Erl to tumours inside dual SNP carrying nanoclusters, there exists the potential for
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other SNP combinations to be explored for such nanocluster formation. If in fact Dox and Erl do
not demonstrate synergy in vitro despite appropriately timed release of drug-loaded Ald- and
OctSAN-SNPs, one explanation may be that this particular combination of chemotherapeutic
agents is less effective against the cell type used, in this case the 3T3 Mus musculus mouse
fibroblast cells, either in 2D or cell spheroid 3D assays. This may be reasonable to assume, given
suitable drug-loaded SNP delivery, since studies suggest that cert