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ABSTRACT

Advances in polymer science and nanotechnology have allowed the development of
biomaterials for cell-based applications, such as the delivery of a variety of drugs and genes,
as well as supporting technologies, such as stem cell therapies, tissue engineering and
cryopreservation. The progress in the synthesis of innovative nano-structures such as
liposomes, nanocapsules, polymeric nanoparticles, hydrogels and micelles, have enabled
the potential in active and passive targeting delivery as well as the development of stimuli
responsive matrices. Polymers play a crucial role in this field, nonetheless various
challenges must be addressed such as, improving their loading capacity to enhanced
targeted delivery and controlled release in the case of nanocarriers, and in simulating the
biological microenvironment, supporting cellular differentiation when using as biological
matrices. Complex design of multifunctional polymeric carriers, like stimuli-responsive
glycopolymer-based nanoparticles, hydrogels and nanogels, has been demonstrated as an
outstanding approach for introducing advanced multiresponsive properties and targeting
molecules, triggering target drug/gene delivery and “smart” release. My contributions in
this thesis explored the development of leading-edge strategies for the design of
glycopolymer-based nanomedicines with a central hypothesis that carbohydrate ligand
molecules specific to cell-surface biomarkers will enhance the interaction of these nano-
drug systems with target cells by mimicking lectin ligands and antifreeze glycoproteins
inspired by nature, which will translate into an increased therapeutic index for the

integrated drug/gene and offer enriched cell-therapies capabilities.

In this thesis work, we explored the use of diverse polymer chemistries and architectures

to develop gene, drug delivery systems and cryopreservation agents. To achieve this, first
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we explored the dynamic bond between benzoxaborole and the hydroxyl groups of the
glycopolymer sugars to develop oxaborole-galactose based glycopolymers for the delivery
of epidermal growth factor receptor (EFGR) siRNA to treat cervical carcinomas. This
reversible interaction provided an effective release of the siRNA cargo inside the cancer cells
displaying 60% gene silencing and lower cytotoxicity. Furthermore, we developed dynamic-
sugar benzoxaborole polyplexes with a dual capability: a cationic segment to complex with the
siRNA and an omega-end modified with an oxaborole group via thiol-ene click chemistry that
responds to the acidic tumour microenvironment. This design facilitated the interaction with
multiple polyplexes and release of the siRNA in a mildly acidic environment; showing
enhanced gene silencing (70%) without elevating the system's cytotoxicity. Then, we
decorated a Poly(glycidyl methacrylate) (PGMA)-based polymer with carbohydrate
moieties for its application in gene therapy, where an optimum balance of the sugar content
needed to be maintained to offer both knockdown efficiency and biocompatibility. In
addition, a trehalose-based polyether was developed for cellular cryopreservation
demonstrating high biocompatibility and post-thaw cell membrane integrity in cancer and
normal cell lines under both controlled-rate and ultrarapid freezing protocols as well as the
ability to form hydrogels as 3D cell culture scaffolds. Finally, a hypoxia-activated
carbohydrate-based nanogel was explored for the delivery of lodoazomycin Arabinoside
(IAZA), a hypoxia-activated prodrug (HAP), for hypoxic cancer imaging and treatment. [AZA
is a HAP that possesses structural features that enable its use as both an imaging and
therapeutic agent. Thus, this novel engineered nanoformulation is a beyond state-of-the-
art approach for theranostic management of hypoxic solid tumors. This technology delivers
and provides controlled release of IAZA in physiological conditions, improving the

biavailability of the drug in oxygen-deprived cancer cells and enhanced the theranostic effects
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when using this nanoformulation (nanolAZA) in comparison to the parent drug itself.
Superior therapeutic effects were observed with nanolAZA when used as a chemotoxic
agent (in vivo), and in combination with external beam radiation therapy in vitro (as a
radiosensitizer). NanolAZA described here shows the promise to release IAZA selectively
inside hypoxic cancer cells over a longer period, attributing to enhanced drug dose build-

up, resulting in further enhancement of therapeutic effects.

The glyco-nanomedicines systems explored in this thesis, have proved to facilitate targeted
delivery combined with potential chemotherapeutic treatment — in the case of nanolAZA
as well as novel cryopreservation scaffolds with the trehalose-based hydrogels, thus
offering effective multimodal vectors for biomedical management of diseases like cancer.
Based on our proof-of-principle studies and results, I have made an attempt to unfold the
pluripotential capability of these glyco-nanomedicines that legitimates and encourages the
future design of non-viral glycopolymer-based delivery and scaffolds systems with clinical

translation potential capabilities.
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Chapter 1

1.1 GLYCO-NANOMEDICINES AND THEIR APPLICATION TO CANCER
TREATMENT.

Innovations in the design and development of different nanomaterials for gene/drug
delivery and cell therapy applications are currently one of nanomedicine's emphasis areas.
In the past few years, gene therapies and personalized nanomedicine have gained
momentum as promising successful therapeutics in clinical settings with more examples of
regulatory approvals'. Still, intracellular delivery and development of safe materials have
proved to be the bottlenecks. Multiple hurdles that need to be overcome in transporting
drugs/nucleic acids from the site of administration to the target cell include nuclease attack,
prevention of diffusion by tightly packed cells, drug/nucleic acid instability, biological
membranes, and endocytosis®. Transport of drugs/genetic materials to the intracellular
targets is arduous due to the cargo's unfavourable pharmacokinetic properties. Nucleic
acids are highly susceptible to enzymatic and chemical degradation and are rapidly cleared
by the body; due to their negative charge, they are hindered from crossing cellular
membranes. Controlled release in the target region in therapeutically effective doses is
another challenge faced in delivering pharmaceuticals to bring the desired effect without
causing any unwanted toxic reactions due to overdosing. Owing to their large surface area,
nanosized systems can offer advanced control over drug release rates entering target cells
with greater ease, providing protection and solubility to directed genes or pharmaceuticals,
making them more soluble and resistant to proteolytic degradation in the physiological
environment®. Although viral carriers have been typically used in clinical applications as
delivery systems, a range of limitations, including immunogenicity, limited size of
transgenic materials, packaging difficulties and the risk of recombination, has been
observed*. Polymers, particularly glycopolymers, have been one of the most promising
synthetic biomaterials employed to design efficient delivery vectors. Carbohydrates —the
macromolecules of life—, have attracted researchers for their complex ideal structures.

Main functionality of these macromolecules' in the biological system is the recognition on
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the cell surface by lectins involved in cell activation and differentiation. Mimicking these
units has led to a field of research that first originated in biological sciences but is now

found in polymer chemistry.

Progresses in the design of polymers with different molecular weights, charge densities,
targeting ligands and modifications tailoring to react to certain physiological conditions
have ensured longer circulation times in the body and targeted delivery after

internalization’

. Nonetheless, presently, there is little evidence for an optimum
multifunctional polymeric vector design. The US Food and Drug Administration (FDA)
and the European Medicines Agency (EMA) have approved numerous nanoparticle
therapeutics for clinical use. Still, most of them are liposome-based or iron-oxide colloids®’.
Many of these clinically approved nanoformulations are used in the treatment of various
cancers. Doxil was the first approved (FDA 1995) cancer nanomedicine, and it is a
polyethylene glycol (PEG) functionalized liposomal doxorubicin®. The only non-liposomal
system currently approved is Abraxane, which is an albumin-bound paclitaxel
nanoparticle’. Currently, all of these formulations are passively targeted, with no active
targeting moieties, taking only advantage of the enhanced permeation and retention (EPR)
effect to preferentially accumulate at the tumour sites and limit off-target toxicity’. The
EPR effect states that nanoparticles’ mechanism to enter solid tumours is completed
through the extravasation of gaps in the endothelial lining due to the tumours compromise
perfusion and leakiness. This has created some debate over the last few years due to the
immune cells' potential role in the tumour microenvironment, playing essential parts in
nanomedicines' accumulation, retention, and intratumoral distribution; as well as
alternative nanoparticle internalization routes like active transport. In addition, the study
of small animal xenograft tumour models has shown the extent of tumour heterogeneity in

the EPR effect varying heavily between individuals and tumour types'°(Scheme 1-1).
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Antigen/Ligand '
Recognition

Scheme 1-1. Active and passive targeting mechanism of nanocarriers.

Active-targeting has proved to be advantageous in preclinical settings'' and the use of
polymer-based systems allows the complexation with macromolecules like carbohydrates,
enhancing the function of conjugates by conferring cell recognition. The enhanced
molecular recognition ability of glycoproteins and glycolipids with specific protein
receptors located in the cell membrane, such as lectins, plays a crucial role in many
physiological and pathological events, including cellular proliferation, cancer metastasis,
intra/intercellular communication, virus and bacteria-recognition processes and adhesion.

However, the study of biological phenomena at the molecular level is still in its early stages.

Controlled polymerization techniques like reversible addition-fragmentation transfer
(RAFT) and chemical reactions such as ‘click’ chemistry have allowed tuning the
polymers' architecture with pendant sugar moieties along the polymer backbone or at the

end of the chain, which can interact with lectins through multivalent interactions,
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mimicking natural polysaccharides'?>. Complex glycopolymers have been designed as
delivery vectors with great success in preclinical stages'’. Tumour microenvironment

4 have also been explored to enhance the intra-tumoral

regulated glycopolymers
accumulation and promote drug release at the targeted sites. Tuning the glycopolymers’
structure have proved to develop efficient vehicles for systemic delivery. Cationic moieties
have been reported to achieve higher gene transfection efficiencies. Still, the inherent
cytotoxicity has been subdued with multiple prompt approaches, including acid
degradability, to decrease the cytotoxicity while maintaining high gene knockdown'®.

16-19 and Narain®® groups by

Other types of cationic polymers have been developed by Xu
ring-opening reaction and reversible addition-fragmentation transfer polymerization
(RAFT) showing optimum transfection rates. Theranostic approaches have also been
intended, like branched glycopolymers, developing multi-faceted nanocarriers with several
capabilities for diagnosis and therapeutic effects?!; taking advantage of the tailored design
of complex nanovehicles. Likewise, combinational approaches have been explored to

attack cancer cells from different fronts to confer enhanced cytotoxicity by combining

chemotherapeutic drugs, genes and activation by physical stimuli.

1.2 TYPES OF ANTICANCER NANOMEDICINES IN CLINICAL SETTINGS

As mentioned earlier, most of the applications of nanomedicines have been related to
cancer treatment. Cancer is a complex disease that encompasses a cascade of dysregulated
gene pathways that leads to a progressive tumorigenesis process’?. To win the "cancer
fight," many novel and combinational therapeutics have matured. Modulation of the
biodistribution and target site accumulation, improving the balance between drug efficacy
and toxicity are some nanomedicine’s main advantages. Passive targeted delivery of
anticancer nano-agents is achieved by exploiting a unique characteristic of the leaky
tumour cells — the enhanced permeation and retention effect — (EPR effect), as
mentioned before?>. Solid tumours are characterized for extensive angiogenesis,

hypervasculature (overexpression of the vascular endothelial growth factor (VEGF)),
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defective vascular architecture, impaired lymphatic drainage and increased permeability
factors such as bradykinin, nitric oxide, and peroxynitrite?*. All of these microenvironment

changes have been exploited to our advantage in tailoring anticancer medicines.

In addition to the passive targeting achieved through the EPR effect— based on size and
physical properties— the nanoparticle surface can be modified with various ligands that
could interact with specific receptors overexpressed on the surface of the tumour cells,

revealing specificity for active targeting®*

, as well as the ability to respond to physical
stimuli (temperature, pH, etc.) to release the cargo conferring physical targeting.
Nanomedicines have been used in combination with conventional pharmacological and
physical treatments like chemotherapy and radiotherapy, in multimodal combination
therapy regimens. Still, the relatively small number of nanomedicine products approved
for clinical use and the discrepancy between the increasing number of preclinical studies
has become the focus of intense debate?’. Understating molecular cancer pathways has
emerged new openings for nanomaterials aside from drug/gene delivery, including
bioimaging, regulation of the immune system and the tumour microenvironment,

radiosensitizers and precision medicine (Scheme 1-2). Better treatments and early

diagnosis are the challenges®®.

PEGylated liposomal formulation of doxorubicin (Doxil®/Caelyx®)® was the first
nanomedicine that received approval in 1995 for ovarian Cancer, HIV-associated Kaposi's
sarcoma, and multiple myeloma. Abraxane® is another approved nanomedicine comprised
of an albumin-nanoparticle-bound paclitaxel for treating advanced non-small cell lung
cancer, metastatic breast cancer, and metastatic pancreatic cancer’. Vyxeos is a liposome-
based formulation approved in 2017 by the FDA for the treatment of acute myeloid
leukemia and Marqibo® is a sulfate liposomal vincristine for Philadelphia chromosome-
negative acute lymphoblastic leukemia®. It simultaneously delivers two drugs, cytarabine
and daunorubicin, to increase treatment efficacy with a lower cumulative dose*. In some

cases these nanomedicines have become the active therapeutic ingredients®’, not merely

6
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the delivery system; a recently approved (in 2019) radiosensitizer nanomedicine, Hensify®,
is a hafnium oxide nanoparticle excited with external radiation to enhance tumour
cytotoxicity for locally advanced squamous cell carcinoma. Since 1995 more than 15
nanodrugs have been developed and tested for cancer treatment that have entered the

market. All of them are passive, targeting nanoparticles.

:* Chemotherapy

Tumour
Microenvironment

Antigen
Recognition

Radiation
A,

devam, Heat
e,

pH changes

Temperature
changes

Scheme 1-2. Nanomedicine design based on physical and chemical stimuli.

1.3 OVERVIEW OF GENE DELIVERY

Almost 20 years ago, the understanding of gene regulation was revolutionized by
discovering RNA interference (RNAi) in Caenorhabditis elegans®' and the subsequent
discovery of silencing RNA (siRNAs) in plants?; these two events opened a new platform
for gene therapeutics. Gene therapy is the intracellular delivery of genomic materials

(transgene) into specific cells to generate a therapeutic effect by correcting an existing
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abnormality or providing the cells with a new function. Transfection is a method that
introduces foreign nucleic acids into cells to produce genetically modified cells. The
foreign nucleic acids (DNAs and RNAs) can either be transiently or stably express
depending on the nature of the genetic material. For stable transfection, the transgenes are
integrated into the host genome and maintain the expression after the host cells replicate.
In contrast, transiently transfected genes are only expressed for a limited period of time
and are not integrated into the genome™*. Since then, target silencing of a specific gene has
become a widely used technique to study gene function, and gene expression regulation
has shown remarkable therapeutic potential. RNAi regulation of expression is based on the
cells' defence mechanism against double-stranded RNA viruses. The process relies on
blocking the translation of proteins encoded in viral messenger RNAs (mRNAs). siRNAs
(silencing RNAs) are incorporated into a complex called RNA Induced Silencing Complex
(RISC) that facilitates cleavage of the foreign mRNAs in the cytoplasm complementary to
the built-in siRNAs, halting the target protein from being produced at a translational level.
In theory, it is possible to design siRNAs (or vectors encoding them) to target any gene of

t34

interest** to drug the "undruggable" genome™.

Gene silencing therapy has evolved from bench to clinic. The elucidation of the molecular
pathways governing cancer development, and the encounter of RNAi— a natural post-
transcriptional gene silencing mechanism— provided a new tool in the fight against
cancer*® and other diseases. Tumorigenesis is the consequence of multiple genetic and
epigenetic occurrences that lead to uncontrollable cell proliferation®”. Aberrant activation
of many oncogenes due to overexpression or oncogenic mutations is often associated with
cancer phenotypes, and behind this rationale is the use of silencing gene therapy.
Knockdown of cancer-causing genes that compromise the malignant genetic origin has
been the reasoning to develop agents that can specifically silence target genes. However,
significant delivery challenges, specificity and transfection efficacy need to be overcome

before nucleic acids could be used as effective therapeutic agents*®. Naked siRNAs are
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degraded in human plasma within a half-life of approximately 30 minutes*°. Therefore, to
convert siRNAs into an efficacious therapeutic, chemical modifications that prolong
siRNA half-life or the design of carriers to deliver siRNA without compromising its

biological activity have been implemented.

1.4 siRNA AND CANCER THERAPY

Gene expression profiling has identified distinct signatures of cancer gene expression
associated with metastatic capacity and cancer prognosis. Overexpression and/or aberrant
activation of specific oncogenes and tumour suppressor genes makes them suitable
candidates for nucleic acid-based gene silencing therapies*®. There are several potential
strategies currently being used for targeting cancer using gene therapy including (a)
expressing a gene to induce apoptosis or enhance tumour sensitivity to conventional
drug/radiation therapy; (b) inserting a wild-type tumour suppressor gene to compensate for
its loss/deregulation; (c) blocking the expression of an oncogene by using an antisense
(RNA/DNA); and (d) enhancing the immunogenicity of the tumor to stimulate immune
cell recognition®”. Unregulated proliferation is a hallmark of cancer cells; siRNA
techniques can be employed against cancer targets that govern uncontrolled cell
proliferation. Some examples of these targets are cyclin-dependent kinases (CDKs)*!,
insulin growth factors (IGF)**, epidermal growth factors (EGF)*** (which regulate cell
cycle and cell proliferation), vascular endothelial growth factors (VEGF)*** (which
regulated blood vessels formation) and a large number of tumor suppressor genes including
p53*7 (which regulates cell cycle and apoptosis) retinoblastoma gene Rb*® (which regulates
cell cycle and differentiation) and PTEN* (which regulates cell survival). Proliferation
signals are generated by growth mediators like the interaction between EGF and the
epidermal growth factor receptor (EGFR), an oncogenic trans-membranous receptor,

30-53 © Somatic

which due to mutations, is overexpressed in multiple human cancers
mutations involving EGFR lead to its constant activation, which triggers intracellular

cascades promoting cell proliferation, division and survival®*. Despite the tremendous
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promises, many questions need to be solved before siRNA therapy can be used to safely
and effectively treat human cancers. One of the biggest defies for siRNAs to work as

therapeutic agents is delivery>*.

1.5 DESIGN CHARACTERISTICS OF VECTORS IN NANOMEDICINE

Colloidal systems and their molecular interactions have been used to create or modify
materials by controlling their physical and chemical properties in the nanometer scale *°.
The basic process of gene therapy involves the transfer of a gene using a carrier known as
a “vector”. Essentially gene transfer vectors can be divided either into non-viral or viral-
based gene transfer systems. Viruses such as adenovirus, adeno-associated virus, and
lentiviruses are the most common types of vectors used in gene therapy. The viruses are
genetically altered to control virulent activity in order to make them safe before their use
as vectors for gene therapy but some immunogenicity and cytotoxicity has been observed
in the past, and concerns about insertional mutagenesis (ectopic chromosomal integration
of viral DNA that disrupts the expression of tumour suppressor gene or activates oncogenes
leading to the malignant transformation of cells) are still encountered. Physical methods
for gene delivery has also been employed, nevertheless, the application of these methods
for gene transfer have been overlooked in the past due to their poor efficiency of delivery

causing a low transient expression of their transgenes>®.

Non-viral vectors have been widely used as effective delivery vehicles. Cationic polymers
and lipids that form nanosized complexes with nucleic acids are the foremost non-viral
vectors use in gene delivery. Polyplexes (polymer complexes) and lipoplexes (lipid
complexes) have excellent biocompatibility, low immunogenicity and have the ability to

deliver large nucleic acids.

Several types of colloidal delivery systems have been developed, including biocompatible
nanocarriers, such as nanoparticles, nanocapsules, micellar systems, liposomes and

branched polymers, to encapsulate drugs and provide effective delivery of genetic material

10
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(Scheme 1-3). The optimal delivery system depends on the target cells and its
characteristics, duration of expression and the size of the genetic material to be
incorporated, so there is no one-size-fits-all solution to gene delivery®®. When designing a
specific vector, several characteristics and functionalities need to be considered. The first
requisite is the biocompatibility; reducing cell cytotoxicity and adequate clearance from
the organism is one of the major challenges. Particle size is also a critical factor in the
internalization process. It has been reported that sizes below 400 nm are the most suitable
for accumulation in tumours through the EPR effect. This effect is based on the higher
permeability of tumour vasculature relative to normal tissue (pore sizes 400—800 nm vs. 5—
10 nm), which, in principle, blocks colloidal systems to enter healthy tissues, and enables
crossing only in the tumour vasculature®’. Cellular uptake of the nano-systems most often
occurs through endocytosis. When the nanoparticles (NPs) reach the exterior membrane of
a cell, they can interact with components of the plasma membrane or extracellular matrix
and enter the cell, mainly through endocytosis. Endocytosis leads to the engulfment of NPs
in membrane-bound endocytic vesicles, which fuse with early endosomes and become
increasingly acidic as they mature into late endosomes. Some delivery materials respond
to the low pH environment in endosomes by becoming membrane-destabilizing, thereby
enabling DNA/RNA to escape from the endosomes into the cytoplasm followed by their
budding and pinching off to form endocytic vesicles. To enhance the rate of cell entry,
many delivery systems incorporate ligands that bind specifically to receptors on target cells
to trigger receptor-mediated endocytosis. Depending on the cell type, as well as the proteins,
lipids, and other molecules involved in the process, endocytosis can be classified into
several types. There are five (5) main mechanisms of endocytosis: phagocytosis, clathrin-
mediated endocytosis, caveolin-mediated endocytosis, clathrin/caveolae-independent
endocytosis, and macropinocytosis. The last four mechanisms are also broadly defined as

pinocytosis.

11
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Scheme 1-3. Examples of different nanocarriers used in the nanomedicine field.

Phagocytosis occurs primarily in professional phagocytes (e.g., macrophages, monocytes,
neutrophils) and dendritic cells. However, some other types of cells (e.g., fibroblasts,
epithelial, and endothelial cells) also have phagocytic activity. Phagocytosis of NPs is
usually initiated by opsonization. Opsonins such as immunoglobulins (i.e., antibodies),
complement proteins, or other blood proteins (e.g., laminin and fibronectin) are adsorbed
onto the NPs’ surface followed by binding to phagocytes and ingestion®®>. Clathrin-
mediated endocytosis is the main mechanism by which cells obtain nutrients and plasma
membrane components such as cholesterol via low-density lipoproteins, (LDLs) and iron
via the transferrin carrier. It is receptor dependent; clathrins assemble together, triggering
the deformation of the membrane into coated pits of 100-150 nm in size. Caveolae-
mediated endocytosis is a receptor-mediated cholesterol pathway. Receptors present on
caveolae such as insulin receptor and epidermal growth factor receptor can also mediate
caveolae-mediated endocytosis. During this process, complexes bind with the cell surface
and move along the plasma membrane to caveolae invaginations. Pinocytosis is the
internalization of extracellular fluid and its content by cells. Depending on the size of the
cell-membrane invagination that traps the extracellular fluid it is called micro- or

macropinocytosis®.

12
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Although these mechanisms have been studied, an improved understanding of both
endosomal release and intracellular trafficking of the polyplexes is still needed and could
help in understanding the molecular mechanisms of cell-nanoparticle interactions and aid

in the design of effective delivery systems.

Another significant parameter that mediates the cellular internalization is the surface
charge and surface chemistry. There are two types of intermolecular interactions among
nucleic acids/drugs and colloidal biological systems: non-specific and specific interactions.
Non-specific interactions are related to van der Waals, structural, hydrophobic and
electrostatic forces. Charged nanocarriers can interact with liquids in the medium, creating
an electric double-layer force. The combination between this electric force and the van der
Waals force is called the DLVO force. This force can be either attractive or repulsive,
depending on the distance and nature of the surfaces. Positively charged particles may
interact electrostatically with negatively charged components of the plasma membrane's
outer leaflet, and subsequently, are internalized by cells, possibly through clathrin-
mediated endocytosis. Negatively-charged vectors may be internalized through the
caveolae-mediated endocytotic pathway>. Specific interactions can be receptor-ligand
interactions, cell-protein interactions and other complex biological interactions that can
cause specific uptake of the nanocomplexes by the cell®!.

Cationic polymers such as Poly L-Lysine (PLL), poly (ethyleneamine) (PEI) and cationic
liposomes such as Lipofectamine, especially the last two, have become gold standards as
non-viral vectors for gene delivery. Electrostatic forces between the cationic primary
amines of polymers or the positively charged nitrogen in the head groups of the liposomes
govern the interactions with the anionic phosphate backbone of the nucleic acids leading
to the formation of condensed polyplexes and lipoplexes®. Interaction of the polyplexes
with the nucleic acid cargo is calculated by the molar ratio of nitrogen's able to be
protonated in the polymer repeated unit divided by the ratio of each nucleotide base

phosphate (typically termed N/P ratio). In the case of primary, secondary, or tertiary amines,

13
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the charged state of the amines varies in the physiological pH range from about 4.5 to 7,
but for polycations whose charge centers remain positively charged throughout this pH
range (i.e., pK a > ~8.5), such as quaternary ammonium, amidine, or guanidinium groups
the charge ratio is more accurate®>. Polymer complexes can address several issues, such as
1) protect the nucleic acids from enzymatic and non-enzymatic degradation®®, 2) ensure
rapid clearance®>%%, 3) modify interactions with blood components®”8, 4) enhance cellular

5869 "and 5) increase the drug/gene's half-life in the cytoplasm®-’’. The efficiency of

uptake
these vectors, among other properties, depends on the degree of polymerization (DP),
molecular weight (MW), branching and charged density. Both PLL and PEI are
synthesized by ring-opening polymerization (ROP), exhibiting poor control over molecular
weights and high polydispersity. PEI has shown a transfection efficiency comparatively
higher than most non-viral carriers, but its non-biodegradability, toxicity and non-specific
interactions pose problems for clinical applications’!. Similarly, Lipofectamine, a
liposome-based delivery system, has provided high transfection efficiencies in vitro and in

vivo, but toxicity and off-target silencing remain significant issues’2.

1.6 GLYCOPOLYMERS TARGETED DELIVERY OF GENES AND
CHEMOTHERAPEUTIC AGENTS.

Recent advances in polymer chemistry have enabled the design of drug/gene delivery
systems using glycopolymers’>’*. The glycopolymer carrier's size and properties affect the
drug/gene delivery behaviour. Desirable functions such as hydrophilicity/water solubility
and biodegradability, confer a significant advantage in terms of safety. Besides, controlling
the degradability have yield glycopolymers with diverse molecular weights, and
conjugation with different ligands have afforded several architectures for precise
applications. This design plasticity allows glycopolymers to be used as carriers to deliver
various drugs (proteins, DNA, RNA, small molecule drugs, and radiotherapeutic drugs) in
multiple formulations. Moreover, anchoring different sugar derivatives on the polymer's

chain allows multivalency interactions between the cell surface lectins and the sugar chains

14
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regulating cell internalization, triggering the activation of metabolic and molecular
cascades regulated by the genes or drugs delivered. These interactions could inhibit cell

differentiation, proliferation and malignant transformation of cancer cells.

The first reported glucose methacrylate derivative (3-O-methacryloxyl-1,2,5,6-di-O-
isoproylidine-D-glucoside glycopolymer was reported by Ohno et al” synthesized by atom
transfer radical polymerization (ATRP). Narain’® and Armes'” groups had synthesized
sugar methacrylate glycopolymers by atom-transfer radical polymerization (ATRP) with
different macroinitiators like poly(ethylene oxide) (PEO), poly (propylene oxide), and poly
(e-caprolactone), enabling to polymerize glycopolymers of 2-lactobionamidoethyl
methacrylate (LAEMA) and 2-gluconamidoethyl methacrylate (GAEMA). Armes group
has synthesized assorted self-assembled glycopolymers with amphiphilic nature and
investigated the glycopolymers' self-assembling properties, using block polymers with
galactose methacrylate and hydrophobic methacrylate segments’’. Hydrophobic segments
in the glycopolymers chain can be used to encapsulate hydrophobic medicines, such as
doxorubicin, a first-line chemotherapeutic agent in treating some cancers, including soft

tissue sarcomas, ovarian, lung and multiple myeloma’®,

McCormick et al.” reported the first synthesis of 2-Methacryloxyethyl glucosides prepared
by reversible-addition fragmentation transfer polymerization (RAFT). Since then, various
bulky monomers have been used for the polymerization of Polyacrylamide,
Polymethacrylate, Polyvinyl ester, Polyacrylate, and Polyvinyl triazole with Galactose,
Mannose, and N- acetylglucosamine, including simple linear glycopolymer structures with
this method. Glycopolymers with well-defined architectures that exhibit enhanced
biocompatibility, tissue-specific targeting, and colloidal stability have been developed by
Reineke®® and Narain®! groups by RAFT. Some of the advantages of this technique are that
various monomers can be used, and easy modification is achieved through the polymer
terminal thiocarbonyl group of the RAFT reagent (Scheme 1-4), allowing useful variations,

including Au—S bond formation®. Glycopolymer carriers with complex architectures pose

15



Chapter 1

essential features to achieve intracellular delivery by mimicking naturally occurring
polysaccharides, enhancing blood biocompatibility and promoting carbohydrate-specific
recognition®*. Diblock copolymer architectures composed of both a cationic block, such as
N-(2-aminoethyl) methacrylamide (AEMA) and a hydrophilic block, such as poly
(ethylene glycol) (PEG), have increased the colloidal stability of the polyplexes to prevent
aggregation. The cationic block encapsulates the DNA/RNA/drug in the core, while the
hydrophilic shell provides a steric repulsion to inhibit aggregation and resist clearance by
the immune system. A delicate balance between the hydrophilic and hydrophobic residues
need to be met to increase the cellular uptake of the nanocomplexes and ensure significant
release of the cargo; in this case, carbohydrate blocks serve as the hydrated shell to enhance
the colloidal stability while allowing the complex to interact with carbohydrate receptors
on the cell surfaces to promote tissue- and organ-specific delivery without hindering the
interaction and binding to the cell membrane®’. Poly(glycoamidoamine)s (PGAAs), a novel
class of carbohydrate-based polymers, have also been manufactured by Reineke ef al. by
step-growth polymerization of linear monosaccharides with linear ethyleneamines,
creating a poly(ethyleneimine) (PEI) analogue with decreased charge density and increased

184

hydrophilic character making it more biocompatible than PEI*". Kiessling studied

glycopolymers' binding to lectins with different DPs showing considerable increase in the

binding affinities with high DP glycopolymers®>3

. Higher DP glycopolymers can
crosslink lectins and showed a larger binding affinity because of the enthalpy gain with
multiple binding, as shown in figure 1-1. Other architectures such as multi-arm star-shaped
glycopolymers composed of D-Mannose acrylamide have been homo- and copolymerized
with Poly(N-isopropylacrylamide) (NIPAAm) showing dendritic cell-specific intercellular

adhesion with two different human lectins (DC-SIGN and MBL)3¢.
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Scheme 1-4. RAFT Process. A dead polymer (Pn") is activated by an initiator. An initial
RAFTagent (1) is converted into a polymeric macro-RAFT agent (3) by sequential
insertion of monomer units into a C=S bond. The effectiveness of a RAFT agent depends
on the monomer being polymerized and is determined by the properties of the radical

leaving group R’ and the activating group Z. Modified from Chem. - An Asian J. 2013, §

(8), 1634-1644%.
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Figure 1-1. Glycopolymer interactions with lectins. Reprinted with permission from (1)
Sapsford, K. E.; Algar, W. R.; Berti, L.; Gemmill, K. B.; Casey, B. J.; Oh, E.; Stewart, M.
H.; Medintz, L L,; Chem. Rev. 2013, 113 (3), 1904-2074.
https://doi.org/10.1021/cr300143v. Copyright © 2013, American Chemical Society.

Wang et al. reported a drug delivery system based on the glycopolymers' interaction with
the asialoglycoprotein receptor (ASGPR) to deliver doxorubicin (DOX) to HepG2 (liver)
cells via ASGPR interaction®. This strategy is used for active targeting to hepatocytes,
which overexpress the ASGPR, which can recognize and bind to galactose or N-
acetylgalactosamine residues®. Morell and colleagues first discovered the ASGPR when
studying the metabolism of ceruloplasmin in 1968. This receptor is conserved across
species and highly expressed in hepatocytes (~ 500,000 copies/cell). The binding of ligands
depends on Ca?*, the position of terminal galactose residues and optimum pH conditions”.
The ligands' interaction mechanism with ASGPR has been thoroughly investigated,

elucidating the facilitated uptake and clearance of circulating glycoproteins with exposed
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terminal galactose and N-acetylgalactosamine, glycans via clathrin-mediated endocytosis®!

(scheme 1-5).
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Scheme 1-5. ASGPR-mediated gene and drug delivery to hepatocytes. Galactose-
decorated nanoparticles and oligonucleotides loading siRNA, miRNA, Plasmid DNA,
small molecules; are recognized by ASGPR, which triggers endocytosis via the clathrin-
mediated pathway. Then, the payloads escape from the endosome/lysosome and further
mediate gene silencing, block the miRNA function, cause mRNA degradation or DNA
integration. Moreover, galactose- conjugates can also be used for liver-targeted delivery of

chemo/cytotoxicity small molecules. The exact mechanism for galactose-conjugate
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escaping from the endosome/lysosome is still under study. Meanwhile, ASGPR will be
recycled to the cell surface to mediate the subsequent internalization. Modified from Huang,
Y. Preclinical and Clinical Advances of GalNAc-Decorated Nucleic Acid Therapeutics.
Mol. Ther. - Nucleic Acids 2017, 6 (March), 116-132.
https://doi.org/10.1016/j.omtn.2016.12.003.

1.7 STIMULI-RESPONSIVE GENE DELIVERY SYSTEMS

Narain and co-workers prepared well-defined cationic glycopolymers of known molecular
weights, narrow polydispersity, and novel architectures by RAFT polymerization. They
studied the effect of small sugars (glucose and galactose residues) on gene expression
efficacies. Various diblocks and random copolymers and hyperbranched glycopolymers
have shown enhanced DNA/RNA transfection. Interestingly, gene expression is less
dependent on sugar residues and the cationic content, and the degree of polymerization
(DP) of copolymers dominated their biological effect’®. The "proton sponge" effect
suggests that polymers that can buffer against the endosomal pH yield higher transfection
efficiencies by increasing the osmotic enlargement of the endosome, which leads to vesicle
rupture and release of the nucleic acid cargo into the cytoplasm”*. Many proton-accepting
groups, including primary, secondary, and tertiary amines, can achieve endosomal escape
by causing an influx of chloride and water into the endosome upon increased protonation

in an acidified environment.

A cationic segment's conjugation to the glycopolymer is important for complexation with
DNA and RNA for gene delivery>®. Delivery of smaller polynucleotides like siRNA is
more defiant than larger nucleic acids (DNA) due to the possible formation of non-stable
complexes that can dissociate upon contact with the polyanionic cell surface. Some
amphiphilic polymers, such as poly-alkyl-carboxylic acids and polyvinyl ethers, seem to
enhance endosomal escape due to their hydrophobic nature. Galactose-based

glycopolymers P(LAEMA-b-AEMA) have shown high transfection efficiencies and
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specific epidermal growth factor receptor (EGFR) knockdown in HeLa cells>®?2. But one
95

limitation seen is cell toxicity, which increases as the AEMA block lengths decrease
Hyperbranched cationic glycopolymers bearing pendant glucose and galactose residues
have succeeded in glycotargeting —a technique for delivering nucleic acids via receptor-
mediated endocytosis due to the interactions between cell-surface lectins and carbohydrate
vectors—®. The nucleic acids' complexation with the glycosylated polymers can be
achieved either directly by a covalent linkage or by non-covalent immobilization (H-
bonding, electrostatic interactions)’’. Zhang et al. prepared a hyperbranched poly[2-(a-D-
mannopyranosyloxy)  ethyl  methacrylate-co- N,  N'-methylenebisacrylamide]
(HPManEMA-co-MBA), showing affinity to Concanavalin A and demonstrating low
cytotoxicity, thus exhibiting potential for biomedical applications as drug/gene delivery
systems®®. Redox-sensitive and pH-dependent chemical groups have also enhanced the
proton sponge effect when added to polymers®. Peng et al. manufactured acid degradable
cationic galactose-based hyperbranched polymers with an acid degradable cross-linker,
2,2-dimethacroyloxypropane (DEP), to allow the breakdown of the polymer in an acidic
environment to lower the cytotoxicity. The addition of DEP cross-linker'® —a pH-
sensitive ketal-based cross-linker— has shown to endorse lower cytotoxicity and high gene
silencing (95%)'> (Figure 1-2). Complexation of nucleic acids with a reducible cationic,
disulphide-containing polymer such as poly (disulphide amine) can improve transfection
and gene silencing compared with non-redox sensitive analogues as a result of the quick
disassembly of the complexes under reductive intracellular conditions'?!. Thioketal-based
nanoparticles have also been formulated due to their sensitivity to reactive oxygen species
in inflammatory tissues. These oxidative-responsive vectors have exhibited the capability

to deliver TNFa—siRNA to the sites of intestinal inflammation'°’.
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Figure 1-2. Redox-Responsive Galactose-based and Cationic Hyperbranched polymers
(P(LAEMA-st-AEMA-st-BMAC) via RAFT polymerization; (b) Formation of polyplexes
via electrostatic interaction between redox-responsive Galactose-based Cationic
Hyperbranched polymers and siRNA; (c) Intracellular release of siRNA via degradation of
polyplexes due to the cleavage of disulphide bonds in the presence of GSH in the cytoplasm.
Reprinted with permission from Bioconjug. Chem., 30, 405-412 (2019)
http://pubs.acs.org/doi/10.1021/acs.bioconjchem.8b00785. Copyright © 2019, American

Chemical Society.
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Many recent reports described the use of sugars, proteins, or antibodies attached to the
polyplexes' surface binding to upregulated receptors on cells!??. Research is being focused
on modifying existing structures with these molecules to lower the toxicity. Lactose
moieties bind to hepatocytes through ASGPRs receptors, improved transfection efficiency
in glyconanogels and nanoparticles of LAEMA/AEMA®. Targeting polyplex delivery to
liver hepatocytes has been examined by Kunath et a/. by substituting B-PEI with galactose
groups to target ASGPRs. The PEI amino groups had a galactose substitution degree of
3.5%, 9.7% and 31%, and at N/P of 5 (3.5%), the expression was nearly the same as that
obtained with unsubstituted PEI. However, some expression was still noticed in ASGPR-
negative cells, suggesting that this system is not yet optimized for hepatocyte targeting'®.
Poly(lysine)-PEG vehicles have also been studied in hepatocellular carcinomas!®*,
Hydrophilic PEG moieties sterically hinder interactions with the neighbouring NPs or
serum proteins and blood components by creating a hydrated cloud around the NP.
Unfortunately, the use of PEG to enhance circulation time has other consequences. The
steric hindrance and stealth properties can prevent intended cellular uptake and reduce
transfection efficiency. Furthermore, there is still a fraction of serum proteins that can

adhere to the vehicle even after PEGylation.

1.8 STIMULI-RESPONSIVE DRUG DELIVERY SYSTEMS

Some polymeric materials exhibit a temperature transition state, where they become
hydrophilic or hydrophobic depending on the temperature. These thermoresponsive
systems are generally made of poly(N-isopropyl acrylamide) (PNIPAAm), and other
amphiphilic block copolymers with AB type or ABA type, whose thermosensitive behavior
is adjusted by shifting the hydrophilic/hydrophobic balance in its backbone such as
Poly(EVEOVE): poly(2-ethoxy) ethoxyethyl vinyl ether (EOEOVE); PDMA: poly(N,N-
dimethylaminoethyl methacrylate); PCIPAAm: poly(2-carboxyisopropylacrylamide);
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PEO: poly(ethylene oxide); PPO: poly(propylene oxide); DM-b-CD: heptakis (2,6-di-
Omethyl)-b-cyclodextrin; PHB: Poly[(R)-3-hydroxybutyrate]; PLGA: poly(DL-lactic

acid-co-glycolic  acid)'®

and  poly(y-2-(2-(2-methoxyethoxy)-ethoxy)ethoxy-¢-
caprolactone)-b-poly(y-octyloxy-e-caprolactone)'®!.  Stenzel group has investigated
glycopolymer brushes composed of N-acryloyl glucosamine (AGA) and NIPAAm using
RAFT polymerization showing temperature-responsive properties for drug delivery!'%.
Tuning the nature and the composition of the copolymers so that the transition temperature
is close to body temperature has proved useful for local administration. Designed at the
molecular level, the lower critical solution temperature (LCST) of PNIPAAm can be
adjusted to around the physiological temperature of 37°C by introducing a hydrophilic co-
monomer, such as dimethylacrylamide (DMAAm) or acrylic acid (AAc)'®. Encapsulation
of the drugs can be made through electrostatic interactions or to avoid limitations related
to physical drug entrapment like uncontrolled burst release or poor drug loading; some
drugs can be covalently linked to the nanoparticles or nanogels. The release of the
encapsulated drug can be modulated by the degree of crosslinking of the polymer network

and the hydrodynamic size'"’.

Another type of stimuli-responsive polymers responds to changes in environmental pH.
Glycopolymers having an amino group or carboxylic acid group can react to pH
fluctuations. The ionic strength of those groups varies between amine and ammonium ion
or carboxylic acid and carboxylate. Two main strategies are used: the first one is by using
polymers (polyacids or polybases) with ionizable groups that undergo conformational
and/or solubility changes depending on the pH, and the second one is to add acid-sensitive
bonds to the polymeric design systems whose cleavage enables the release of molecules
and the modification of the charge of the polymer or the exposure to ligands. Anticancer
drug-delivery systems have exploited a slight difference in pH between healthy tissues
(~7.4) and solid tumours' extracellular environment (6.5—7.2). This pH difference is mainly
a consequence of dysregulated angiogenesis in fast-growing tumours, shifting towards a

glycolytic metabolism due to lack of oxygen, leading to acidic metabolites'®®. Liu et al.
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reported a pH-responsive micelle formed in acidic condition with a block copolymer of
poly (2-(diethylamino)ethyl methacrylate)-co-(3-O-methacryloy-glucopyranose)) via

109 A galactose-based glycopolymer, poly(N-(prop-2-enoyl)-p-D-

RAFT polymerization
galactopyranosylamine)-b-poly(N-isopropyl acrylamide) pGal-b-pNIPAA/doxorubicin
(DOX) (GND NPs) showed enhanced cellular uptake to HepG2 cells mediated by the
ASGPR, resulting in anti-tumour efficacy in vitro and were observed to be rapidly
disintegrated under acidic conditions resulting in an increased release of DOX. Moreover,
GND NPs exerted higher anti-tumour effects than free DOX on a transgenic zebrafish

TO(KrasG12V) model in vivo''°.

Tumour microenvironment-regulated polymers have also been developed to interact with
the different molecules involved in cell metabolism. Jin et al. reported glucose-responsive
carriers with phenylboronic acid form particles for insulin delivery in diabetic patients'!!.
Polymer redox-sensitivity can be attained using disulphide bonds, prone to rapid cleavage
by glutathione (GSH). The different concentrations of GSH can then trigger the cytosolic
release of drugs found in extracellular (~2—10 pM) and intracellular (~2-10 mM)
compartments and in tumour tissues. Wu et al. proposed (GSH)-responsive core
crosslinking galactose-based glycopolymer-drug conjugates (GPDs) NPs with both redox-
responsive and pH-sensitive characteristics to target DOX release in cancer cells with high
GSH concentrations. A disulphide bond was introduced to the side-chain via a dynamic

covalent boronate ester bond between galactose moieties and phenylboronic acid, which

exhibits pH-regulated characteristics'!.

1.9 NANOGELS AS NOVEL DELIVERY VEHICLES

Nanogels are one of these “smart” delivery systems due to their stimuli-responsive
properties, loading capacity, high stability, cationic/anionic functionalization, and
responsiveness to environmental factors (ionic strength, pH, and temperature sensitivity).

Nanogels are defined as an aqueous dispersion of hydrogel particles formed by physically

25



Chapter 1

and/or chemically cross-linked, hydrophilic and hydrophobic polymer networks of

nanoscale size'!3.

Loading biological agents to these vehicles is usually achieved
spontaneously through electrostatic, van-der Waals and/or hydrophobic interactions
between the agent and the polymer matrix. Nanogels are thermoresponsive materials; they
become either soluble or insoluble at a specific transition temperature. When the transition
is from a soluble to a less soluble state, this temperature is the LCST. The first phase of
this separation is when individual polymer chains undergo an intramolecular collapse due
to the loss of water molecules and increased intramolecular hydrogen bonding and
hydrophobic forces. This is followed by intermolecular aggregation of collapsed chains
and phase separation. Thermo-responsive nanogels with an LCST closed to 37-39°C have
been developed such that in the normal tissues, they are in their hydrophilic swollen state,
but in the tumour environment (which is often 1-2°C warmer than normal tissue), they
collapsed and become hydrophobic releasing the encapsulated agent effectively (Scheme
1-6). This thermal change has been functional to enhance drug delivery by improving drug

release and higher tumoral uptake'!* .

Addition of stimuli-sensitive monomers or functional biomolecules can lead to versatile
macromolecules use as delivery vehicles. For instance, to reduce interaction with serum
proteins and extend circulation times, the nanocarrier surface can be modified with
hydrophilic inert polymers, such as poly(ethylene glycol) PEG!!>. To enhance site-specific
delivery, the nanogel surface can also be decorated with biospecific targeting groups, such
as glycopolymeric gold nanoparticles'!®, galactose or N-glucosamine molecules that
mediate cellular interactions with lectins such as asialoglycoprotein receptors'!” improving

cellular uptake in targeted cells.
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Scheme 1-6. Synthesis of Galactose-Decorated Nanogels and the Encapsulation of

pharmaceuticals within the Thermosensitive Nanogel Core.
1.10 NANOTHERANOSTIC GLYCOPOLYMER COMPOUNDS

Nanotheranostic agents combine the advantages of treatment and diagnosis in a single
nanoscale carrier. Identifying small tumours requires whole-body imaging techniques that
are sometimes not feasible. The major therapeutic challenge is to ensure early clinical
diagnosis, to determine tumour heterogeneity and phenotypic diversity due to the cell
expansion process and the presence of cells with metastatic potential and multidrug
resistance!'®1!?. The integration of imaging methods with nanomedicine have led to more

efficient preclinical developments, clinical translation and improved therapeutic outcomes.

Polymers such as polyethylene glycol (PEG), poly(D, L-lactic acid), poly(D, L-glycolic
acid), and poly(e-caprolactone) have been approved for clinical use in nanoformulations?,
Labelling nanomedicines to be tracked using nuclear imaging techniques requires the
incorporation of different agents: magnetic resonance imaging (MRI) contrast agents,

radioactive agents for radionuclide imaging via positron emission tomography (PET) or
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single-photon emission computed tomography (SPECT), fluorescent agents for fluorescent
imaging, and nano/microbubbles for ultrasound imaging. Photodynamic therapy (PDT)
offers potential applications in the clinic for the treatment of deep-seated tumours.
Proposed PDT nanoparticles have a diagnostic capability under Computed Tomography
(CT) or MRI'?®®. Lu ef al. designed a glycopolymer-porphyrin conjugate via a thiol-ene
coupling reaction of poly(2-(methacrylamido) glucopyranose) (PMAG) and
protoporphyrinogen. Porphyrin compounds are one of the most common photosensitizers
used in PDT. The glyco-modification of porphyrin proved to increase its water solubility
and enable targeted PDT against tumour cells, due to the specific interaction of
glycopolymers with lectin receptors, over-expressed in malignant cells. The glyco-particles
showed enhanced affinity toward ConA lectin and in vitro studies showed enhanced
cytotoxic effects against chronic myelogenous leukemia (CML) K562 cells that over-
expressed GLUTs (GLUT1) receptors'?!. Another glycopolymer architecture evaluated for
PDT therapeutics is a star-shaped glycopolymer bearing galactose residues modified with
5,10,15,20-Tetrakis[4-(2-hydroxyethoxy)phenyl] porphyrin photosensitizer by atom
transfer radical polymerization (ATRP). This construct has proved to be an effective
photosensitizer for potential use in photodynamic therapy'?>. A cathepsin B-responsive
biodegradable branched glycopolymers designed as theranostic nanomedicines have
significantly enhanced therapeutic indexes and strengthened contrast of MRI at tumour
sites. A degradable gadolinium-based branched glycopolymers conjugated to paclitaxel
through a cathepsin B responsive linker had shown an extended circulation time, enhanced
accumulation in tumours, and excellent biocompatibility enhancing imaging contrast up to
24 h post-injection and showing superior antitumor efficacy with more than 90% tumour

inhibition®!.

Optical imaging-guided chemo-photothermal combination therapy has recently emerged
as a potential treatment strategy—this non-invasive and high sensitivity personalized
precision treatment— aids in diagnostic accuracy and synergistic effects with

chemotherapeutic drugs. NIR-II, a longer-wavelength of 1300—1400 nm, has been reported
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to achieve a higher signal-to-background ratio. Combination therapy to achieve excellent
physiological stability, high drug loading and controlled drug release by exploiting boronic
acid-catechol conjugates has been widely used. Chen et al. designed a NIR-II dye-based
multifunctional telechelic glycopolymers conjugate displaying stimuli-responsive
properties with inherent stability under neutral conditions and acid-induced cleavage in the
acidic tumour microenvironment for controlled drug release, which not only exhibits strong
fluorescence emission for NIR-II but also serves as a photothermal agent for photothermal

therapy (PTT)!%.

1.11 NANOPARTICLE-BASED COMBINATIONAL THERAPY OF DRUGS AND
GENES

Cancers are treated mainly with a combination of surgery, radiotherapy, chemotherapy and/
or immunotherapy depending on their location, stage and grade. However, clinical trials
are generally designed for evaluation in monotherapy settings. At first gene therapy was
focussed on monogenic diseases, more than 1,500 diseases are known to be caused by a
single defective gene — hereditary diseases such as severe combined immunodefficiency
(SCID), hemophilia, or cystic fibrosis. However as gene therapy has evolved, it has shifted
away from monogenic diseases, toward diseases like cancer, where multiple genes are
dysregulated'?*. In 2003, Gendicine in China became the world’s first gene therapy to treat
head and neck cancer approved for commercial production. After 12 years, more 30,000
patients have exhibited significantly higher response rates when combined with
chemotherapy and radiotherapy. In addition, Gendicine has been successfully applied to

treat various other cancer types and different stages of disease®’.

Sometimes synergistic effects are observed in nanomedicines when combined with
conventional anticancer drugs or other treatment modalities. Using the pharmacological
distribution of nanomedicines depends more on vascular perfusion and permeability than
small molecule drugs, delivering higher amounts of drugs and for prolonged periods,

thereby beneficially affecting locally applied physical combination therapies or been able

29



Chapter 1

to specifically respond to locally applied physical triggers'?®>. Cancer nanomedicines
combined well with locally confined treatment modalities, such as radiotherapy, ultrasound
and hyperthermia, increase accumulation and penetration, improving radio/chemotherapy
outcomes. Co-delivery of two drugs with different biodistribution profiles has also been
exploited in combination therapy. Combination therapy with nanoparticle albumin-bound
paclitaxel (Abraxane) has induced unprecedented therapeutic responses enhancing

126

accumulation at the tumour site in triple-negative breast cancer patients = when adding

targeting ligands like CD44 receptor 2712 folate!*!3°  or epidermal growth

14,51,131,132

factor , among others.

Zhang and colleagues developed a co-delivery system based on a N-succinyl chitosan—
poly-L-lysine—palmitic acid (NSC-PLL-PA) polymer. The hydrophilic chitosan-based
shell was designed to increase the micelle's half-life and decrease the cationic backbone's
toxicity, PLL. The hydrophobic core was used to encapsulate DOX, and the cationic moiety
was designed to entrap the negatively charged siRNA electrostatically. The triblock
polymer micelle co-delivering DOX and siRNA (DOX-siRNA-micelle) was devised to
downregulate P-glycoprotein expression, one of the major energy-dependent efflux
transporters that contribute to multidrug resistance to help exert synergistic therapeutic

effects'.

The combination of nanomedicines with immune checkpoint inhibitors has been of
particular interest for immunomodulation since nanoparticle formulations of cytotoxic
drugs tend to be less toxic to the bone marrow than free drugs'**. Filipova et al. developed
a multivalent poly-LacNAc (Galp4GIcNAc)-derived oligosaccharides with N-(2-
hydroxypropyl) methacrylamide (HPMA) copolymers to act as potential inhibitors of
extracellular and intracellular galectin-3 (Gal-3). This lectin has a vital role in cancer
development and progression by interacting with immune cells (T lymphocytes and
macrophages), leading to apoptosis. In macrophages, higher expression of Gal-3 is related

to M2-like form activation, which supports tumour growth and angiogenesis. Moreover,
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intracellular Gal-3 can increase tumour cells' resistance to chemotherapeutic treatment with

apoptosis-inducing agents such as arsenic trioxide, cisplatin and doxorubicin'*.
1.12 GLYCO-POLYMER CONJUGATES

Poor pharmacokinetics is a particular problem for many drugs. Ringsdorf introduced in the
mid-1970s a simple model for the polymeric development of drugs. According to his model,
a polymer backbone should contain three types of groups: a targeting moiety, a solubilizing
moiety and, a cleavable linker to attach the drug to be delivered. Combinations of polymer-
bound drugs or polymer conjugates that contain drugs covalently linked is a recent strategy
employed in the field. In the case of glycopolymers, the carbohydrate moieties may act as
both the solubilizing and targeting moiety by specific targeting to a lectin on the surface of

the tissue'3¢

Targeted delivery of a drug payload to cancer cells is mediated via the EPR effect, but in
some cases, active targeting is used to mediate ligand-receptor specific interactions. Every
cell's surface contains carbohydrates in the form of polysaccharides, glycoproteins,
glycolipids, and/or other glycoconjugates. These naturally occurring glycoconjugates have
been found to play essential roles as recognition sites involved in biological functions!*’.
Coupling of ligands to the nanoparticle's surface for active targeting of nano-based drugs
is a biomimetic approach with similar (or even superior) functions to those of natural
glycoconjugates. Complex carbohydrates and carbohydrate-based polymers require sugar
ligands to be anchored on the nanoparticle's external surface by chemical modification.
Developments in controlled polymerization have made possible to design glycopolymers
with precise structures. Amphiphilic glycopolymer conjugates are capable of assembling
into well-defined nanostructures such as micelles. The valency and architecture defined the
lectin binding to complex polyvalent glycopolymers. Due to their structure, linear
glycopolymers can produce intra- and intermolecular clusters caused by the hydroxyl

groups' hydrogen bonding on the carbohydrate moieties and/or hydrophobic interactions
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from the polymer backbone!3®

. Hashida et al. synthesized galactosylated poly[L-glutamic
acid] (PLGA) polymers by reaction with ethylenediamine, followed by 2-imino-2-
methoxyethyl 1-thiogalactoside. This polymer was reacted with vitamin K5 to generate a
galactosyl-PLGA-vitamin K conjugate, which showed anti-hemorrhagic effects and a
significant reduction in prothrombin 2, 3 and 4 h after treatment in comparison to a 4-hour
treatment with vitamin K5 alone!!”. DOX, has also been conjugated in a biocompatible
glycoblock copolymer onto multi-walled carbon nanotubes (CNTs) with two different ends
functionalized poly(1-O-methacryloyl-b-D- fructopyranose-b-(2-
methacryloxyethoxy))benzaldehyde glycoblock copolymers, which were synthesized via
RAFT polymerization, by either non-covalent or covalent tethering. CNTs were coated
with the glycoblock copolymers and folic acid to obtain an efficient drug delivery platform
for dual-targeting'*®. Haddleton et al. and Stenzel et al. synthesized different
glycomonomers utilizing copper-catalyzed azide-alkyne cycloaddition (CuAAC) click
reaction for receptor-mediated targeting to specific tissues or cells for the delivery of
therapeutics including glucose transporter protein (GLUTS) and folic acid receptors (FR)

in breast cancer'’.

Crossing the blood-brain barrier (BBB) is another major impediment. This highly selective
semipermeable endothelial cell layer prevents non-selective crossing of solutes from the
circulating blood into the central nervous system's extracellular fluid, allowing only small
molecules to diffuse between the bloodstream and the cerebral tissues. Anticancer drugs
are usually cytotoxic; thus, targeted delivery and accurate dose control is required to
destroy the tumour without disrupting healthy cells. Glycosylation has recently been shown
to effectively enable peptides, proteins, and nanoparticles to cross the BBB selectively '°.
Gliomas have been found to have intact BBB during the first stage, which allows for the
design of nanocarriers to exploit active transport using targeting ligands on the surface. A
hybrid, peptide decorated Glycol chitosan-based nanomicelle conjugated to a

biocompatible aliphatic long-chain fatty acid (stearic acid) to impart amphiphilicity and a
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specific brain targeting short peptide sequence with BBB targeting ability; has
demonstrated efficacy in crossing the BBB for delivering a hydrophobic drug (Curcumin)
model in brain; with the potential of these nanomicelles to be used as drug delivery vehicles

in glioma therapy'.

Covalent conjugation of carbohydrates, peptides, and polyamines to oligonucleotides for
nucleic acid therapeutics targeted delivery has also been reported. Nair et al. described
siRNA's conjugation to N-acetylgalactosamine (GalNAc), a highly efficient ligand for the
ASGPR receptor. This was done by solid-phase oligonucleotide synthesis in deprotection
conditions. This siRNA-conjugate achieved a 5-fold improvement in efficacy over the
parent design in vivo in hepatocyte carcinomas. As mentioned earlier, galactose and
GalNAc glycans are internalized via clathrin-mediated endocytosis through the ASGPR
receptor overexpressed in hepatocytes. This result showed that conjugates improved the
pharmacokinetics and systemic stability relative to the unconjugated siRNAs'*!. This
nanoformulation is currently studied in multiple clinical trials by Alnylam Pharmaceuticals
as a promising siRNA drug development for genetic medicines, cardio-metabolic diseases,

and hepatic infectious diseases’’.

A new class of nanosized polymeric nanoparticles called single-chain nanoparticles
(SCNPs) has been developed. A readily accessible technique that intramolecularly
crosslinks a single polymer chain to form nanoparticles below 10 nm in diameter'#? has
proved to be effective in viral mimicry. Light-induced fluorescent glyco single-chain
nanoparticles (glyco-SCNPs) coated onto nanodiamonds were developed from single-
chain acetylated mannose-based methacrylate monomers'+. These SCNPs had fluorescent,
water-soluble, and bioactive properties inspired by glycoprotein spikes on viruses.
Glycopolymers for biomimicry of virus capsid proteins, conjugated with click chemistry
and novel architectures — like glycodendrimers prepared dendritic sialosides with poly

(amidoamine) (PAMAM) dendrimer backbones'* have provided a novel glyco-synthetic
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platform for viral mimicry use in cancer immunotherapy to activate viral defence signalling

in cancer'*?

Crosslinked 3D network structures have also been developed as novel nanocarriers.
Hydrogels and nanogels offer homogeneous encapsulation of cells and bioactive molecules
by mirroring their native extracellular matrix (ECM) microenvironment. The use of "click"
chemistry has been employed as a powerful and advantageous strategy to provide high
selectivity and specificity. Wu et al. developed a dual-crosslink network hydrogel
composed of 5-methacrylamido-1,2-benzoxaborole (MAAmMBO), with poly(ethylene
glycol) methyl ether methacrylate (PEGMA). The binding affinity of MAAmMBO with
nopoldiol and a range of diols (LAEMA, GAEMA, D-glucose, D-fructose, Cathecol and
Capecitabine) was studied. This design involved benzoxaborolate formation with both
sugar and nopoldiol to confer bioorthogonality, acid/polyol resistance, fast gelation, mild
crosslinking reaction, and self-healing properties under a wide pH range of the hydrogel
network (Figure 1-3)!%®. Soft carbohydrate-modified "clickable" nanogels composed of
poly(N-vinylcaprolactam), PNVCL, were surface-functionalized with different glucose
and maltose ligands by Siirild et a/'’. The glucose and maltose bearing nanogels were
thermoresponsive, and a study of the interactions with a model lectin, Con A, was done to

address the carbohydrate recognition for thermoresponsive drug delivery applications.
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Figure 1-3. Graphic illustration of the design and preparation of benzoxaborolate-based
single and dual-cross-link network (DCN) hydrogels for doxorubicin delivery. Reprinted
with  permission from  Chem.  Mater., 2019, 31, 11, 4092-4102.
https://doi.org/10.1021/acs.chemmater.9b00769. Copyright © 2019, American Chemical

Society.

1.13 TYPES OF ANTICANCER NANOMEDICINES IN CLINICAL SETTINGS

The first therapeutic clinical trial of a gene therapeutic agent was in 1990 in two patients
with adenosine deaminase (ADA) deficiency where transfection was conducted ex vivo. In
1999 some challenges were faced in the gene therapy field when a patient with a deficiency
of ornithine transcarbamylase, died in a clinical trial after administration of an adenoviral
vector to the liver'®®. Later, a few patients with severe combined immunodeficiency
developed leukemia due to mutagenic retroviral insertion. These incidents have laden the
broad clinical application of gene therapy'* and have driven the development of safer non-
viral gene transfer vectors. As of March 2018, almost 2600 gene therapy clinical trials have
been completed, are ongoing or have been approved worldwide. The majority are in phase

I and phase I/II but an increasing proportion of trials are now entering later stages. There
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were also reports of the first successful clinical trials using immunotherapy approaches,
using chimeric antigen receptor (CAR) T cells to target tumour-associated cell-surface
antigens and new genome editing technologies like clustered regularly interspaced short
palindromic repeats, (CRISPR). The approval of Glybera, a nanomedicine for the treatment
of hereditary lipoprotein lipase deficiency (LPLD), a rare genetic disease and posterior
withdrawal, showed the higher cost of the development of personalized medicine. In the
past few years, nanomedicines with a more widely and sustainable applicability have found
broader interest. In Table 1-1, we showed the undergoing clinical trials in 2020 using
nanomedicines for cancer treatment and their applications. It is worth noting that
combinational therapies are being explored extensively by using current chemotherapeutic
agents combined with gene therapy and other pharmaceuticals. Metallic/Carbon
nanoparticles have also received some interest in combination with polymers; quantum
dots carrying PEG amine (Qdots-PEG-NHz) conjugated with somatostatin (SST) and

loaded with Cetuximab for breast cancer are currently explored!*.

Albumin-bound Paclitaxel, an FDA recently approved solvent-free formulation of
paclitaxel for the treatment of metastatic breast cancer, has now been the most investigated
nanoparticle in multiple controlled studies (Table 1-2). In patients with non-squamous non-
small cell lung cancer (NSCLC) (NCT00616967), in combination with Pertuzumab and
Trastuzumab, in HER-2 positive breast cancer (NCT01730833), in combination with
Gemcitabine and Wee inhibitor in pancreatic cancers (NCT02194829) and hepatobiliary
tumours (NCT04060472).

Table 1-1. Nanoparticle Clinical Trials until 2020 divided by their application—data

obtained from ClinicalTrials.gov.

Topical Fluorescent Nanoparticles Conjugated

https://Clinical Trials.gov

Imaging NCT04138342 Somatostatin  Analog for Suppression and | Phase 1
Bioimaging Breast Cancer

/show/NCT04138342
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Combination with Gene
therapy

Metallic/ Carbon

Nanoparticles

Combination with

Chemotherapy/

Radiotherapy

Dose Escalation and Efficacy Study of mRNA

NCT03323398 2416 for Intratumoral Injection Alone and in | Phase 1 | https:/ClinicalTrials.gov
Combination With Durvalumab for Patients With | Phase 2 /show/NCT03323398
Advanced Malignancies
A Study to Evaluate the Safety, Tolerability and
Immunogenicity of EGFR(V)-EDV-Dox in https://Clinical Trials.gov
NCT02766699 et it Recnrrent® WG licblasiomatl e L2t AR e N e 02766650
Multiforme (GBM)
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. . . Phase - .
Neoadjuvant Chemoradiotherapy With CRLX- https://Clinical Trials.gov
LICALAIRET) 101 and Capecitabine for Rectal Cancer ;|Phase /show/NCT02010567
A Trial of NS/GEMOX Chemotherapy in Patients hitos://Clinical Trials.gov
NCT03825328 With Untreated Pancreatic Cancer ( HZ- | Phase2 /shr(;;;f /I\I/CT()3825(32A§-§}1
NS/GEMOX-PC ) =
Nanoparticle Albumin-Bound Rapamycin and Phase
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Testing the Addition of the Pill Chemotherapy,
Cabozantinib, to the Standard Immune Therapy https://Clinical Trials.gov
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Cancer or Renal Cell Carcinoma (MARIO-3) -
Neoadjuvant MPDL3280A, Nab-paclitaxel and https://Clinical Trials.gov
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/show/NCT02930902
That Can Be Removed by Surgery
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Gastroesophageal, or Biliary Cancer
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Combination with

Immunotherapy

Polymeric

Nanoparticles

NCT03907475

Durvalumab in Combination With Chemotherapy
in Treating Patients With Advanced Solid

Phase 2

https://Clinical Trials.gov

Tumors, (DURVAStudydy) B
Liposomal  Irinotecan,  Fluorouracil  and
Leucovorin in Treating Patients With Refractory https://Clinical Trials.gov
NCT03736720 Advanced High Grade Neuroendocrine Cancer of Phase 2 /show/NCT03736720
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Apatinib With albumin-bound Paclitaxel in https://Clinical Trials.cov
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Treatment of Triple-negative Breast Cancer With https://Clinical Trials.co

NCT04137653 | albumin-bound ~Paclitaxel as  Neoadjuvant | Phase 3 - 0V
. /show/NCT04137653

Therapy: a Prospective RCT

Paclitaxel ~ Albumin-Stabilized  Nanoparticle https://ClinicalTrials.gov
NCT00609791/N | Formulation in Treating Patients of Different Phase 2 /show/NCT00609791/
CT01620190 Ages With Metastatic Breast Cancer and Treated https://Clinical Trials.gov

Advanced Non-small Cell Lung Cancer /show/NCT01620190

Nab-Paclitaxel in Treating Older Patients With https://Clinical Trials.gov
WISV SEN Locally Advanced or Metastatic Breast Cancer A2 /show/NCT01463072

Table 1-2. Some of the NAB-Paclitaxel applications in clinical trials 2020. Data obtained

from ClinicalTrials.gov.

Application Type of Cancer Phases NCT Number URL
Breast Phase 4 I\/{\g(;l::")gg7999966799 https://CIl\iInCi%%l;F;(i;z)lz.%q; v/show/
Pancreatic Phase2 | NCTO3636308 | !MPs/Clmcatinials.eovishons
Pancreatic Phase | | NCT02336087 | 1UPs:/ Cg‘g%‘gg‘zgé‘?/ show
HER-2 (+) Breast | Phase2 | NCT01730833 | https:/ Cg‘g%‘g%"‘ol;f;"/ —
IIIB;IIéICCLOCr v Phase 3 NCT00616967 httDs://Cll\i]rg%ez)lzgée;l;?fv/show/
NAB-Paclitaxel in combination with Breast Phase 2 NCT01525966 %&wmﬂ
chemotherapeutic agents
Melanoma Phase 1 NCT02020707 httDsz//ng?ggg%;g? vishow/
Pancreatic 1};11122212 NCT02194829 | 2tps:/ClinicalTrials.gov/show) Cg‘g%ggﬂg'zg‘)w show/
HeadandNeck | Phasel | NCTO1847326 | LiPs/iChnieatinials.govishows
Oropharyngeal LI WIGI22R A I;Ité;g/zglsigig;;“ials- oot
Iﬁ;ﬁ;};ﬁiﬂdn Phase 1 NCT03003546 ;tg);gg%ggisc:éTrials.gov/show/
ey | | oTowcn: | BB
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The field of nanomedicines has had numerous advances over the past few decades, shifting
towards personalized approaches that are sometimes highly resource-demanding and time-
intensive. In preclinical settings, nanomedicines have inhibited tumour growth and
prolonged survival in increasing amounts compared to conventional drugs, but only
reduced side effects improvements have been seen in clinical practice. However, reducing
the devastating side effects has become equally important to improve patients' quality of
life during treatment!>!. The first clinical trial that used a targeted glyconanoparticle-
delivery system (clinical trial NCT00689065) was a PEGylated cyclodextrin-based
polymer (CDP) with a human transferrin protein (TF) targeting ligand and RNA M2
subunit of ribonucleotide reductase protein (RRM2) siRNA called CALAA-01'5? in 2010.
Several glycopolymer-based vectors have been developed since then. Still, the FDA has
approved none for gene/drug therapy applications because most of these systems have been

less efficient than viral vectors or parent drug counterparts.

1.14 SUCCESSFUL DELIVERY/APPLICATION: FUTURE POTENTIAL
CANDIDATES

1.14.1 Exploiting Immunomodulation

Cancer immunotherapy is a rapidly evolving treatment modality that generates more
sustanined and robust anticancer effects'>>. The delivery of molecular adjuvants and
cancer-associated antigens or cancer-specific neoantigens, immunostimulatory agents to
antitumour immune cells and gene therapeutic oligonucleotides like DNA, short hairping
RNA (shRNA) or silencing RNA (siRNA); seems to be a far more efficient tactic to

154

eradicate cancerous tumours than delivery of conventional cytotoxic drugs'~*. Co-delivery

of multiple nucleic acid and peptide therapeutics for cancer immunomodulation is the new

5

venture in the battle against cancer'*. Engineering cancer immunotherapies using

nanomaterials (immunoengineering) delivers a remarkable platform that could potentially
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avoid autoimmunity against healthy tissues (due to target delivery), and provide synergistic
effects due to co-delivery of adjuvants and neoantigens of interest to stimulate the tumour

immune-environment'**(Scheme 1-7).

Cancer immunotherapy attempts to exploit the specificity of the immune system to treat
tumours'®’. The molecular identification of human cancer-specific antigens has allowed
the development of antigen-specific immunotherapies!'*8. Dendritic cells (DCs) are known
to act as adjuvants and after decades of research, it is now clear that DCs are key for the
immune system, owing to their ability to control both immune tolerance and immunity'*°.
Vaccination strategies involving DCs have been developed due to these special properties;
the goal of DC vaccination is to induce tumour-specific effector T cells that can reduce the

tumour mass and can induce immunological memory to control tumour metastasis and

159 160.

relapse’””. Activation of DCs is critical for the stimulation of immunity ®; a promising
strategy for reprogramming DC function is through the use of silencing RNA
(siRNA)"*?16! - Oligodeoxynucleotides (ODN) containing unmethylated CpG motifs has
been utilized as a potent adjuvant due to the activation of immature DCs via Toll-like
receptor (TLR) 96216 This adjuvant is reported to play an essential role in both the
initiation of an immune response and ending the pre-existing immune tolerance',
Therapeutic targeting of the immune system has marked successes in cancer treatment.
Blockade of checkpoint inhibitors, like the programmed cell death 1 (PD1) pathway, co-
treatment with antibodies that target immune cells like cytotoxic T lymphocyte antigen 4
(CTLA4) and CAR T cell therapy for leukemias and lymphomas, has shown some modest
progress. New immune therapeutics have focussed on enhancing the adaptive responses

through immunostimulatory pathways, but safety issues have hindered successful

therapeutic implementation.

42



Chapter 1
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Scheme 1-7. Immunomodulation through nanomedicines.

1.14.2 Exploiting Tumour Hypoxia

Exploiting hypoxia features is another strategy implemented to develop novel therapeutics
that turn malignant tumour cell characteristics into an advantage. Hypoxic-cancerous
tumours are invasive and metastatic. Genetic changes associated with hypoxia impair
oxygen and drug delivery (chemotherapy), leading to ineffective targeting and undesirable
resistance to radiotherapy, causing therapy failures'®® (Scheme 1-8). Radiation-resistant
cells might arise from differences in the distributions of the initial ionization events,
leading to variances in spatial clustering of damage from the free radicals that are the
ultimate cause of cell death!®6. Hypoxia is one of the main biological factors that has been

167

shown to affect the outcome of radiotherapy'®’. Clinical use of adjuvant chemotherapeutic

agents concomitant with radiotherapy has proved to be successful against malignant
tumours by aiding in the destruction of radio-resistant populations acting as

168

radiosensitizers “°. Nonetheless, a synergistic combination of therapies could suffer major
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drawbacks —one being the lack of selectivity, which leads to severe side effects and

169

limited efficacy, the other is the occurrence/selection of drug resistance'®”. Radiotherapy

remains one of the most important cancer management modes to date, with approximately
50% of patients undergoing radiotherapy for treatment or palliative purposes'’.
Radiotherapy is the use of ionizing-radiations to eradicate any malignant tumours simply
by delivering suitably high doses of radiation. In practice, the total dose administered is
limited by the biologic consequences for normal tissues irradiated along with the tumour
tissue. A balance between radiation-induced complications in normal tissue and the tumour
control must be met for an effective therapeutic outcome. Therefore, in planning a course
of radiation therapy, the goal is to optimize the therapeutic ratio as much as possible by
shifting the tumour control towards lower radiation doses for the same biological effect!”!.
The biggest challenge and limitation of radiotherapy is toxicity caused to healthy cells
around and near the tumour due to the exposure to high energy radiation beams. Therefore,
radiosensitizers are intended to solve this problem by enhancing sensitivity of tumour cell
to the killing effects of external beam radiotherapy while having minimal effect on normal
healthy tissues. One approach for radiosensitizing cells explores the elimination of tolerant
DNA damage-induced cell death via inactivation of pro-survival signalling cascades (e.g.
phosphatidylinositol-3 kinases (PI3K/AKT), nuclear factor-kB (NF-kB), and mitogen-
activated protein kinase (MAPK))!”2. DNA repair mechanisms maintain the genomic
stability of an organism. Tumour-specific DNA repair defects drive genomic instability
and ultimately radiation-resistant; loss of function mutations in gene modulating DNA
damage response (DDR), precisely double-stranded breaks (DSBs) provide a number of
rare, syndromic conditions including ataxia-telangiectasia (ATM), Bloom’s syndrome,
Fanconi anemia, Rothmund-Thomson syndrome, Werner syndrome and Nijmegen
breakage syndrome, all of which cause extreme radiosensitivity; a feature currently
explored as an opportunity for radioresistant cells therapeutics'’?. Poly(ADP-ribose)
polymerase (PARP) protein inhibitors involved in single-stranded base repair (SSB) are

potent radiosensitizers. The absence of PARP-1 and PARP-2 results in hypersensitivity to
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ionizing radiation and alkylating agents; however, whether this is due exclusively to
impaired DNA damage responses or whether tumour re-oxygenation contributes to this
radiosensitization via the vasoactive effects of the PARP inhibitors remains to be
determined!’*. The combination of chemotherapeutic drugs with radiotherapy has been
seen as beneficial in the treatment of many solid tumours. Integration of cisplatin into DNA
or RNA in close proximity to a radiation-induced single-strand break can act
synergistically to make the defect significantly more challenging to repair, and agents that
affect nucleotide metabolism, such as fluoropyrimidines and gemcitabine, among others,
inhibit the repair of radiation-induced DNA damage, producing cytotoxicity to tumour

cells'®,

Distance from vessels limits drug
diffusion

Hypoxia

[ d d filux Protei :
nereased diug Stk Frotens v;"’ Decreased Cellular Proliferation

(quiescence)

Increased mutations rates
Insensitivity to p53-mediated
apoptosis

Oxygen is required for cytotoxicity
of drugs

Scheme 1-8. Tumour Hypoxia and the consequences. Adapted from Muz, B.; de la Puente,
P.; Azab, F.; Azab, A. K. The Role of Hypoxia in Cancer Progression, Angiogenesis,
Metastasis, and Resistance to Therapy. Hypoxia 2015, 3, 83.
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Oxygen is the ultimate radiosensitizer; it acts as a radiosensitizer by forming peroxides in
different biomolecules such as DNA, “fixing” the radiation damage. Evidence of the high
efficacy of oxygen required low oxygen concentration to achieve maximum sensitization
of fully anoxic cells (about 0.5% pO2 compared to physioxic conditions). Cells situated

beyond the diffusion distance of oxygen (70 um)'”!

within tumours exhibited a clonogenic
and radioresistant phenotype. Aberrant tumour vasculature, and rapid growth of solid
tumours facilitates the creation of regions with low oxygen tensions. Hypoxia is known to
alter cancer cell metabolism and contributes to therapy resistance by inducing cell
quiescence and stimulating complex cell signalling networks, including the HIF, PI3K,
MAPK, RAS, mTOR and NFkB pathways involved in tumour blood vessel formation,
metastasis, and development of resistance to chemo/radio therapy'”®. Tissue normoxia or
physoxia is the oxygenation in healthy tissues, which varies widely between the organs due
to the extent of the blood vessels network and metabolic activity. Oxygen concentration in
humans ranges between approximately 9.5% pO: in the renal cortex to 3.4% pO: in the

brain. It is generally accepted that hypoxic tumour tissues are, on an average, between 1%-—

2% pO; and below physoxia levels in that particular tissue'’S.

The potential gain of radiosensitizing hypoxic cells is huge: severely hypoxic cells
typically require two to three times higher radiation doses for a killing effect when
compared with well-oxygenated cells; this is referred to as the oxygen enhancement ratio
(OER). A way to modulate the microenvironment to improved radiotherapy is by targeting
hypoxia using prodrugs to induce tumour-specific toxicity, which are selectively activated
under bioreductive conditions. Hypoxia-exclusive cytotoxicity requires one-electron
reduction of a prodrug to a radical much toxic than superoxide. Electron mimicking
radiosensitizers such as nitroimidazoles have been studied since the 1960s. The most
popular nitroimidazole-based compound is misonidazole; however, in Phase I clinical trials
it was found to cause dose-limiting efficacy neuropathies'”’. Pimonidazole was another

drug that showed enhanced efficacy in vitro and good tumour uptake, but despite these
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features is was not found effective in clinical trials as a radiosensitizer and was later used
as a tracer for hypoxia diagnosis!’®. 5-Nitroimidazoles, like nimorazoles, are effective in
several clinical trials and have been used for the treatment of head and neck cancers in
Denmark!”. Several positron emission tomography (PET) tracers, including fluorine-18-
fluoromisonidazole (['*F]JFMISO)'®® and fluorine-18-fluoroazomycin arabinoside (['8
FJFAZA)'81182 and the single-photon emission computed tomography (SPECT) agent
iodine-123-iodoazomycin arabinoside (['>*I]IAZA)!83134 have found extensive clinical use
in hypoxia detection in cancer imaging'®®>. Nonetheless, poor performance of
nitroimidazoles as in vivo radiosensitizers, when used in conjunction with X-ray treatment,
has been attributed to their inability to achieve radiosensitizing concentrations at dose-
limiting neurotoxicities'®. Additionally, agents that allow tumour shrinkage has been
explored for treating resistant hypoxic regions by increasing perfusion and oxygenation in
these areas; for examples paclitaxel'®’, and EGFR inhibitors!®® have shown remarkable

benefits as a synergistic combination for hypoxic targeted therapies.

Nanotechnology can potentiate radiotherapy by specifically delivering radionuclides or
radiosensitizers into novel nanoparticles (NPs) designed to reach target tumours, therefore
enhancing the efficacy while alleviating radiotherapy's toxicity. NPs have proven to be
ideal delivery vehicles due to adjusting the kinetics, body distribution, and drug release of
these particular drugs'®. A noteworthy approach is some of these NPs themselves have a
radiosensitizing nature; apart from contributing to therapeutic efficacy, they can also be
used as diagnostic agents, therefore, being used in both therapy and diagnosis, giving scope
for theranostic application. The abnormal vasculatures in tumours help extend the
radiotherapeutics' retention time through the enhanced permeation retention effect (EPR).
Aberrant blood vessels branching and leaky arterial walls allow nanoparticles to penetrate
the tumour and easily disrupt lymphatic vessels, making tumours inefficient in drainage
enhancing nanoparticle retention time**'”°, Many radiopharmaceuticals exhibit fast renal
clearance causing short circulation time in blood for tumor dose build up, thus

compromising its therapeutic effect. Opsonization by the mononuclear phagocyte system
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(MPS) is another elimination mechanism observed. Conversely, through loading or
conjugation to nanocarriers, radioisotopes can escape from these biological purging.
Nanoparticles such as liposomes, micelles, or polymeric complex are usually more
than >10 nm, which significantly decreases the renal clearance, and the surface of
nanoparticles produces steric hindrance, which prevents the adsorption of opsonins. These
particular characteristics help prolong the half-life of radiotherapeutic agents in the

physiological environment'!,

1.15  GLYCOPOLYMERS USED FOR CELL THERAPIES AND
CRYOPRESERVATION

Understanding the behaviour of cells and the water-ice interphase has led to the ability to
cryopreserve cells'??. Despite these advances, the use of “conventional” cryopreservation
approaches are not always optimum, as new challenges are faced. The requirement for even
higher post-thaw cell viabilities is becoming imperative, particularly in cases where a
limited number of valuable cells are available such as hematopoietic stem cells for the
treatment of patients with hematologic cancers, such as leukemia and lymphoma, and
congenital or acquired diseases of the hematopoietic system such as sickle cell disease !>
197 Mazur developed the two-factor hypothesis of freezing injury to explain cells' survival
when subjected to cryogenic temperatures (Fig. 1-4); very fast cooling rates supercool the
intracellular environment, typically causing intracellular freezing. Cooling cells slower
than the optimal rate in the presence of ice results in the osmotic dehydration of cells and

198

solute toxicity °, as originally argued by Lovelock (Fig. 1-5A). These osmotic stresses

alone may be severe enough to cause lethal injury changes, such as Meryman's stated in

his “minimal critical volume” hypothesis'®.

Moreover, mechanical action of the
extracellular ice is likely to “seed” nucleation within cells and to directly injure cell
membranes by compressing cells together (unfrozen fraction hypothesis)*® (Fig. 1-5B).
During optimal cooling, cells experience a hypertonic environment and have time to

sufficiently dehydrate before irreversible injury appears. Difficulties in designing
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cryopreservation protocols may arise from these variables' complex interactions; thus,
cooling rates that are low enough to avoid intracellular ice formation (IIF) may be slow
and induce damage from solution effects (Fig. 1-5C). Many of the cryobiology successes
derive from manipulating these variables, using controlled freezing and rewarming
protocols, along with cryoprotective agents (CPAs)*°"?%2. Successful cryopreservation
depends mainly on the permeability of cells to water and CPAs and their tolerance
concentration limits®®*. In essence, based on our understanding of the established principles

192,198

of cell injury and survival during the freezing process , macromolecular antifreezers

are designed to modulate ice formation and growth?%*,

£ Stem cells

Survival (%)

0.1 1 10 100 1000 10000
Cooling Rate (°C/min)

Figure 1-4. Survival of mouse marrow stem cells, yeast, mouse sperm, and human red cells
as a function of cooling rate. We pointed out that cell survival plots vs. cooling rates usually
exhibit an inverted U, which indicates that an injury occurring at high cooling rates has a
different genesis than that occurring during slow cooling. Mazur explains this with the two-
factor hypothesis theory; in general, solution effects are responsible for injury when
cooling is slower than optimal and intracellular freezing is responsible for injury when
cooling is faster than optimal. The optimum rate is the one that its slow enough to prevent
IIF and yet is rapid enough to minimize the amount of time that the cells are exposed to

solution effects'*3.
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Figure 1-5. Survival of human red cells (percentage unhemolyzed) (A) as a function of the
molality of NaCl to which they are exposed after being frozen at 1.7 °C/min to various sub-
zero temperatures while suspended in solutions of 0.5 or 1.0 M glycerol in isotonic saline,
and (B) as a function of the fraction of water that remains unfrozen at those temperatures.
Thawing was rapid. (C) Kinetics of water loss from mouse ova as a function of the cooling
rate during freezing in 1 M dimethyl sulfoxide (DMSO) or glycerol. The vertical solid line
at —33°C is the median ice nucleation temperature observed by Rall ez al. (1983) for eight-
cell mouse embryos. It is proposed that a cell that enters the nucleation zone still containing
10% or more of its isotonic water volume and with that water supercooled 2°C or more

will undergo IIF. Modified from 2%52%,

A more recent cryopreservation approach involves the use of polymers mimicking
antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs). Custom-tailored mono-
and disaccharides have exhibited moderate ice recrystallization inhibition (IRI) activity,
and this has ultimately facilitated the discovery of several carbohydrate-based ice
recrystallization inhibitors with IRI activity?®’. The accumulation of internal sugars or
mixtures of sugars, such as trehalose, sucrose, and raffinose, is one of the complex
physiological adaptations that allow some organisms to survive drying stress?’!208-210,

These sugars are believed to play a significant role in stabilizing membranes, proteins, and

other key cellular structures. One of the major advantages of these sugars is their high glass
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transition temperature (Tg) compared with conventional cryoprotectants (CPAs), such as
dimethyl sulfoxide (DMSO), ethylene glycol (EG), and 1,2-propanediol (PROH). Sugars
also deliver their protection by stabilizing lipid membranes through hydrogen bonding
(water replacement hypothesis); by preventing aggregations of intracellular proteins, and
acting as osmolytes against osmotic stresses’'!. Besides, its non-toxic nature has the
potential to infuse freeze-thawed cells directly into patients without the requirement of

further steps involved in the removal of traditional CPAs?!2,

Until recently, sugars have been used as extracellular additives due to the cell membranes'
impermeability. In recent years, several groups overcame this barrier by using different
approaches such as thermotropic lipid-phase transition?!’, reversible poration®',
transfection?!®> and microinjection?'®. Gibson and Knight et al. studied the IRI activity of
various synthetic polymers like poly-L-histidine, poly-L-hydroxyproline, poly(2-
aminoethyl methacrylate), poly-L-lysine, poly-L-glutamic acid, polyethylene glycol (PEG)
and polyvinyl alcohol (PVA)?”. Glycopolymers have been recently used as
cryoprotectants. Gibson and coworkers have synthesized amphipathic glycopolymers that
mimic the three-dimensional structure of AFGPs. The hydrophobic/hydrophilic
arrangement of the carbohydrate-based glycopolymers is known to influence their IRI

activity and ice nucleation®!’

. Addition of different sugars into the polymer backbone has
also been studied. Carbohydrate hydration has a strong effect on IRI activity. Galactose is
a highly hydrated carbohydrate that allows the disruption of water molecules in the quasi-
liquid layer from a more disordered to an ordered ice crystal lattice, resulting in ice
recrystallization inhibition?*’. C-linked methyl esters conjugated to galactose have also
been explored as cryoprotectants®!®. Inclusion of trehalose for cryopreservation has
displayed enhance cell viability of fetal skin cells, fibroblasts and mammalian germ cells,
spermatozoa and oocytes after cryopreservation?!%2!?. The mechanism of trehalose action
is to stabilize cell membranes by interacting with the phospholipids, reducing cell osmotic

stress on the cryopreserved cells. Multiple studies have confirmed the effectiveness of

trehalose in cryopreservation or drying of mammalian cells, including primary human
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hepatocyte cryopreservation®?® as well as preservation of red blood cells?*!, hematopoietic
cells and embryonic stem cells?'?, but its high molecular weight limits its permeability.
This is why designing glycopolymers that improve the permeability properties of trehalose

is of great interest.

1.16 CONCLUSION

In conclusion, designing complex synthetic linear and branched glycostructures to mimic
naturally existing glycans is the main reason why glycopolymers have been exploited as
carbohydrate-based systems in biological and medical applications. Even though
considerable advances in recent years have brought hope to the carbohydrate field and
many research groups have contributed to innovations in the synthesis of complex
architectures, biological research on glycopolymers' interactions lags far behind other
synthetic polymers. There are still intricated mechanisms that need to be elucidated to
understand the low-affinity binding of carbohydrate-selective interactions to provide
sufficient target cell recognition and to improve the engineering of these glyco-

nanomedicines.

1.17 PROJECT OVERVIEW AND RATIONALE.

This thesis pursued the central hypothesis that novel glycopolymer architectures can
enhance the therapeutic index of chemotherapeutic drugs and genes when using as delivery
vehicles, as well as improve cell therapy strategies for cryopreservation by taking
advantage of the specific cell-surface interactions with the carbohydrate moieties and the

mimetic capability with natural glycoproteins and glycans.

In this project, we have developed glycopolymer vectors for siRNA therapy for the
treatment of cervical carcinomas, exploiting the dynamic oxaborole-diol interactions of

methacrylamide benzoxaborole (MAAmBO) and exploring the biocompatibility and effect
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of sugar decoration degree in poly(glycidyl methacrylate) (PGMA), 2-
methacryloyloxyethyl phosphorylcholine (MPC) and 2-hydroxyethyl methacrylate
(HEMA) polymers with 2-lactobionamidoethyl methacrylamide (LAEMA) and 2-amino-
ethyl methacrylamide hydrochloride (AEMA) glycopolymer designs. These delivery
systems have demonstrated effectiveness in the knockdown of epidermal growth factor
receptors (EGFR) —an overexpressed oncogene in cervical cancers— offering improved
target-oriented delivery, bio-distribution and biocompatibility enhancing the therapeutic
efficacy. Furthermore, to our knowledge, the use of oxaborole-glycopolymer combination

is novel and has not been used as gene targeting agents.

The versatility of colloidal systems has been implemented as a current strategy to
revolutionize pharmaceutical therapy. Its high biocompatibility and sustained-release
properties make them excellent candidates for drug delivery and imaging, used for early
diagnosis of various diseases. The lack of successful approaches has long impeded the use
of non-viral drug delivery systems in cancer treatment. Clinically relevant biomedical
applications of bioconjugates to deliver anticancer drugs offer a highly innovative
opportunity for multimodal (imaging, chemotherapy, radiosensitization and molecular
radiotherapy [MRT]) molecular theranosis (therapy+diagnosis) of solid hypoxic tumours.
Developing novel stimuli-responsive carbohydrate-based nanogels with statistical
glycopolymers of 2-lactobionamidoethyl methacrylamide (LAEMA) with 2-
aminoethylmethacrylamide hydrochloride (AEMA) and thermosensitive di(ethylene-
glycol) methyl ethyl methacrylate (DEGMA), —where glycotargeting abilities,
hydrodynamic size and core composition have played key roles in enhancing drug-loading
capacity and time-controlled release of anticancer drugs— provides a unique platform to
address this problem. Alongside, proof-of-principle studies in our group have confirmed

y*22 —a clinical

that the encapsulated form of Iodoazomycin Arabinofuranoside (IAZA
radiopharmaceutical for imaging and diagnosis of hypoxic tumors'®® that in hypoxic
microenvironment initiates bioreductive activation generating cytotoxic intermediates to

facilitate hypoxia-specific chemotherapeutic effects- improved the bioavailability of IAZA
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in hypoxic cancer cells and enhanced its radiosensitization potential in vitro''*. The
proposed research evaluated an engineered nanoformulation of this encapsulated form
(nanolAZA) to deliver IAZA in oxygen-deprived cancer cells and evaluated the
enhancement in theranostic effects from nanolAZA by exploring its chemo-sensitizing
effect on hypoxic cancerous tumours and showing enhanced pharmacokinetic distribution
over a more extended period which would further enhance the therapeutic effects of IAZA
in vivo. This study led to an innovative opportunity for nanocarriers in treating hypoxic
solid tumours by optimizing drug target delivery, combined with potential treatment and
imaging features of IAZA overcoming chemotherapy resistance problems, and offering
effective multimodal management of hypoxic cancerous tumours. This could translate into
improved patient care, reduction in mortality and reduced health care costs associated with
the management of hypoxic cancer>®. To date, there is no report on the development of
nanolAZA and its use as a potential multimodal nanotheranostic in hypoxic cancer

management.

Likewise, a novel cryoprotective agent for cell therapy cryopreservation applications has
been developed. The capability to slowdown ice growth and recrystallization is compulsory
in the cryopreservation of cells and tissues to avoid injuries associated with the physical
and chemical responses of freezing and thawing. Cryoprotective agents (CPAs) have been
used to restrain cryoinjury and improve cell survival. Still, some of these compounds pose
greater risks for the clinical application of cryopreserved cells due to their inherent toxicity.
Trehalose is known for its unique physicochemical properties and its interaction with the
plasma membrane phospholipids, reducing cell osmotic stress and stabilizing the
cryopreserved cells. Nonetheless, there has been a shortage of relevant studies on the
synthesis of trehalose-based CPAs. We hereby report the synthesis and evaluation of a
trehalose-based polymer and hydrogel and its use as a cryoprotectant and three-
dimensional (3D) cell scaffold for cell encapsulation and organoid production. High post-

thaw cell membrane integrity and post-thaw cell plating efficiencies were achieved after
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24 h of incubation with skin fibroblast, HeLa (cervical), and PC3 (prostate) cancer cell
lines under both controlled rate and ultrarapid freezing protocols. Furthermore, the ability
to form hydrogels as 3D cell scaffolds encourages the use of these novel polymers to
develop cell organoids and cryopreservation platforms.

In summary, this thesis demonstrates the design and characterization of complex
glycopolymer architectures for the safety and anti-tumour delivery efficacy of EGFR
siRNA and a radiosensitizer pharmaceutical IAZA in cervical, prostate and head & neck
cancer in vitro models as well as the chemosensitizing in vivo therapeutic potential of
nanolAZA in a head & neck tumour xenograft. Negligible additional toxicity was seen with
the novel glycopolymer vectors both in vitro and in vivo, which would encourage us to
pursue further pharmaceuticals and gene encapsulation strategies to better target diseases
with these nanomedicines and reduce the concomitant normal tissue toxicity of these

therapeutics.
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CHAPTER 2. EFFECTIVE AND SPECIFIC
GENE SILENCING OF EPIDERMAL
GROWTH FACTOR RECEPTORS
MEDIATED BY CONJUGATED
OXABOROLE AND GALACTOSE-BASED
POLYMERS.
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2.1 INTRODUCTION

Gene silencing therapy has evolved from ‘bench-to-clinic’ due to innovative advances in
nanotechnology. The elucidation of molecular pathways governing cancer growth in
combination with the discovery of RNA interference (RNAi) —a natural mechanism of
post-transcriptional gene silencing— provided a new tool in the fight against cancer by
targeting the undruggable genome!. Tumorigenesis in humans is the consequence of
multiple genetic and epigenetic events that lead to uncontrollable cell proliferation®.
Aberrant activation of many oncogenes due to overexpression and/or oncogenic mutations
is often associated with cancer phenotypes, and behind this rationale is the use of silencing
gene therapy. Knockdown of cancer-causing genes that compromise its malignant state has
prompted the development of agents that can specifically silence target genes; nonetheless,
major challenges of delivery, specificity and efficacy need to be overcome before siRNAs
can be used as an effective therapeutic agent. Naked siRNAs are degraded in human plasma
with a half-life of approximately 30 minutes®. To transform siRNAs into a successful
therapeutic agent, two main strategies are used: 1) perform chemical modifications that
prolong siRNA half-life, and 2) design of carriers to deliver siRNA without threatening its
biological activity. Narain and co-workers have synthesized glycopolymers and nanogels
of 2-lactobionamidoethyl methacrylamide (LAEMA) and 2-aminoethyl methacrylamide
hydrochloride (AEMA) that demonstrate efficient siRNA knockdown in vitro, however
some toxicity challenges in these nanocarriers have yet to be overcome. Studies have
demonstrate that high dosages of silencing molecules could have a toxic effect, probably
due to the associated toxicity of the delivery system; highlighting the importance of finding
a biocompatible vehicle that is safe and effective*’. Current research explored the
feasibility of delivering siRNA using an oxaborole and galactose-based polymeric complex
to downregulate epidermal growth factor receptor (EGFR) proteins that cause aberrant cell
growth in cervical cancer cells®.

Gene expression profiling has identified distinct signatures of gene expression that are
associated with metastatic capacity and prognosis of cancer. Overexpression and/or

aberrant activation of specific oncogenes and tumor suppressor genes makes them suitable
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candidates for nucleic acid-based gene-silencing therapies'. siRNA systems can be
employed against cancer targets that govern uncontrolled cell proliferation. Some
examples of these targets are cyclin-dependent kinases (CDKs), insulin growth factors
(IGF), vascular endothelial growth factors (VEGF), protein kinase N3 (PKN3), polo-like
kinase 1 (PLK1) and epidermal growth factors (EGF)’. Lipid nanoparticle-based delivery
system containing therapeutic siRNA targeting PLK 1 and PKN3 are currently in phase I/I1
clinical trial for the treatment of neuroendocrine and pancreatic cancers tumors,
respectively'®!!. Unregulated proliferation is a hallmark of cancer cells; proliferation
signals are generated by growth mediators, as the interaction between epidermal growth
factors (EGF) and EGFR (an oncogenic tyrosine-kinase trans-membranous receptor) which

1213 These somatic

due to mutations are overexpressed in multiple human cancers
mutations associated with EGFR, lead to its constant activation, stimulating various
signaling pathways, including Ras-MAPK, PI3K-AKT, Src, and STAT3, which promote

1'415 and radioresistance!'®. Increased

cell proliferation, differentiation, cell motility, surviva
EGFR expression was found to act as a strong prognostic indicator, associated with reduced
remission or overall survival rates in head and neck, ovarian, esophageal, bladder and
cervical cancers . Therefore, EGFR-targeting shows great potential in the treatment of the
latter types of cancer. Despite the tremendous promises of siRNA therapy, many
challenges need to be addressed before it can be used to treat human cancers safely and
effectively; the biggest task is to find an appropriate mode for its effective delivery'®!,
Electrostatic forces between the cationic primary amines of polymers or the
positively charged nitrogen in the head groups of the liposomes governs the interactions
with the anionic phosphate backbone of the nucleic acids, thus controlling the formation of
condensed polyplexes (polyionic complexes) or lipoplexes®®. siRNA molecules are too
large and strongly hydrophilic to diffuse across cell membranes alone. The complexation
with these materials have proved to enhance cellular uptake and increase half-life in
cytoplasm of the nucleotides by guarding them against enzymatic and non-enzymatic

degradation, evading the immune system, and avoiding non-specific interactions with

serum proteins; thus preventing rapid clearance and allowing extravasation from blood
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vessels?!. The efficiency of these polymeric vectors depends on the degree of
polymerization (DP), molecular weight (MW), branching and charged density, among
other properties. Cationic polymers such as polyethylenimine (PEI) and cationic liposomes
such as Lipofectamine have become gold standards as non-viral vectors for gene delivery.
PEI has shown relatively higher transfection efficiencies than most non-viral carriers, but
its non-biodegradability, toxicity and non-specific interactions pose problems for clinical
applications?>??. Analogously, lipofectamine has provided high transfection efficiencies in
vitro and in vivo but still toxicity at higher doses and off-target silencing remain to be
significant concerns’*?. Delivery of smaller polynucleotides like siRNA is more defiant
than larger nucleic acids (DNA) due to the possible formation of non-stable complexes that
can dissociate upon contact with the polyanionic cell surface. Alternative carriers that pose
important features to achieve this purpose are glycopolymers which mimic naturally
occurring polysaccharides, increasing blood biocompatibility and promoting carbohydrate-
specific recognition’. Reineke and Narain’s groups have evaluated cationic glycopolymers
gene delivery efficacy in relation to synthetic parameters, such as molecular weights,
cationic content, degree of polymerization and architectures. It has been reported that an
increase in amine content at a fixed DP leads to increase in gene expression?*?’. Galactose-
based glycopolymers of 2-aminoethyl methacrylamide hydrochloride (AEMA), 2-
lactobionamidoethyl methacrylamide (LAEMA), P(LAEMA-b6-AEMA) have shown high
transfection efficiencies and specific EGFR knockdown in HeLa cells®’. Longer AEMA
block length has shown to promote higher binding affinity and stable polyplex formation
at higher weight/weight (w/w) ratios (=1007), but one limitation is cell toxicity which
increases as the AEMA block lengths of the copolymer increases?®. Therefore, we proposed
a biocompatible and efficient nanocarrier from the conjugation of an oxaborole polymer
poly(N-isopropylacrylamide-s#-5-methacrylamido-1,2-benzoxaborole) P(NIPAm-st-
AAm-s-MAAmBO) and a galactose-based polymer P(LAEMA-b-AEMA) that displayed
minimal cytotoxicity, while providing a stable complex to protect siRNA from dissociation

and bestowing higher transfection efficiencies (Scheme 2-1).
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Scheme 2-1. (a) Representation of the polyplex formation by the interactions between the
pOxaborole and glycopolymer with EGFR siRNA and its use for gene therapy. (b)
Synthesis of pOxaborole (P(NIPAAm-st-AAm-s--MAAmBOQO)) and glycopolymer
(P(LAEMA-b-AEMA)) by RAFT polymerization®. (c) Complexation of pOxaborole and

glycopolymer via boronic-diol interaction.

2.2 MATERIALS & METHODS

2.2.1 Materials. The organic solvents were purchased from Caledon Laboratories Ltd.
(Georgetown, Canada). 2-Aminoethyl methacrylamide hydrochloride (AEMA), 2-
lactobionamidoethyl methacrylamide (LAEMA), and the chain transfer agent,
cyanopentanoic acid dithiobenzoate (CTP), were synthesized in the laboratory according
to previously reported protocols'. The initiator, 4,4’-azobis(cyanovaleric acid) (ACVA),
was obtained from Sigma-Aldrich (Oakville, Canada). DMEM media, Opti-MEM
(OMEM), 0.25% trypsin—EDTA, fetal bovine serum (FBS) and Streptomycin (5000 ug
mL™!)-Penicillin (5000 U mL™") were obtained from Gibco. Lipofectamine was purchased
from Invitrogen Control EGFR siRNA—FITC conjugate, human EGFR-specific small
interfering RNA (EGFR siRNA) sc-29301 Sense: CUCUGGAGGAAAAGAAAGU.
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Antisense: ACUUUCUUUUCCUCCAGAG; and primary antibody (rabbit polyclonal
EGFR specific IgG sc-03-G) and FITC-conjugated control siRNA were purchased from
Santa Cruz Biotechnology. (HRP)-conjugated secondary antibody (Anti-rabbit IgG,
W4011) was purchased from Promega Corporation.

2.2.2 Synthesis of pOxaborole-Glycopolymer complexes.

2.2.2.1 Cationic Glycopolymers Synthesis. Cationic glycopolymers were prepared as
described in a previously reported procedure 2 In a typical synthesis of a block copolymer,
AEMA macroCTA is synthesized using 4,4'-azobis(4-cyanovaleric acid) (ACVA) as the
initiator and 4-cyanopentanoic acid dithiobenzoate (CTP) as the chain transfer agent
(CTA). AEMA monomer was first dissolved in double distilled water followed by the
addition of CTP and ACVA in N,N’-dimethylformamide (DMF) solution. After degassing
with nitrogen for 30 min, the polymerization was carried out at 70°C for 6 h. The reaction
was stopped in liquid nitrogen and the resulting polymer was isolated after precipitation in
acetone. The residual monomer was removed by washing twice the solids with 2-propanol.
The macroCTA, P-(AEMA), was used to prepare the P(LAEMA-b-AEMA) copolymer.
LAEMA was first mixed with PCAEMA) solution in double distilled water and ACVA in
DMEF solution was subsequently added. After purging with nitrogen, the polymerization
was achieved in an oil bath at 70°C for 24h. The diblock copolymer P(LAEMA-b-
LAEMA) was obtained after precipitation in acetone followed by three washes with
methanol to remove residual monomer. Gel permeation chromatography (GPC) and
nuclear magnetic resonance (NMR) was used to determine molecular weight and
composition of the glycopolymers respectively.

2.2.2.2 Synthesis of MAAmBO. 5-Amino-2-hydroxymethylphenylboronic acid HCI salt
(5.0 g, 26.95 mmol) was dissolved in 2N NaOH aqueous solution (20 mL), and the mixture
was cooled down to 0 °C. After 15 min stirring, methacryloyl chloride (5.5 mL, 56.5 mmol)
was added dropwise to the solution, and the reaction mixture was stirred for 3h, and
following neutralized by dripping 1N HCI aqueous solutions with an ice bath. The pale
pink precipitate was collected by filtration and washed with 0.01N HCI aqueous solution
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twice, the liquid components were removed by high vacuum pumping and finally, a white
powder was obtained (96% yield).

2.2.2.3 Synthesis of P(NIPAAm-st-AAm-st-MAAmBQO). Varying molar ratios of NIPAAm,
AAm, MAAmMBO, CTP, and ACVA were dissolved in N,N-dimethylformamide (DMF).
After degassing with nitrogen gas for 30 min in an ice/methanol bath (-30°C), the mixture
was allowed to polymerize for 24 h at 70 °C. The resulting P(NIPAAm-st-AAm-st-
MAAmBO) was purified by re-precipitation using diethyl ether.

2.2.3  Preparation of pOxaborole-Glycopolymer-siRNA  Polyplexes. =~ EGFR-
siRNA/control-siRNA (25 pg) was diluted in 250 pL. of OMEM and complexed with
pOxaborole- glycopolymers (in OMEM media) at a weight/weight (w/w) ratio of 10. The
mixture was incubated at room temperature (23 °C) for 30 min.

2.2.4 Characterization of Polymers and pOxaborole-Glycopolymer-siRNA complexes. The
hydrodynamic size and charge of the pOxaborole-Glycopolymer-siRNA complexes were
determined wusing ZetaPlus-Zeta Potential Analyzer (Brookhaven Instruments
Corporation). The pOxaborole-Glycopolymer-siRNA complexes were formulated at w/w
ratio of 10 in water and OMEM media. The polyplexes stability of oxaborole-
glycopolymer-siRNA polyplexes was also evaluated in the presence and absence of serum
proteins in OMEM after 48 h. The net charge of the polyplexes was determined in nanopure
water.

2.2.5 Agarose Gel Electrophoresis. The polyplexes were formulated in OMEM at varying
polymer/siRNA ratios, as described above. The polyplexes were loaded in 1% agarose gel
containing 1pug/mL ethidium bromide in 1X Tris Acetate/EDTA (TAE) buffer. The gel was
run for 45 minutes at 130 V and illuminated with UV light and the DNA bands were

visualized using UV transilluminator.

2.2.6 In vitro polyplexes evaluations for EGFR knockdown

2.2.6.1 Cell Culture. HeLa cells (cervical cancer) were cultured in DMEM medium
containing 10% fetal bovine serum (FBS) and 1% antibiotic (50 units of penicillin, 50 ug
streptomycin) in a humidified atmosphere at 37°C and 5% CO.. At about 80% confluency,
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the cells were subcultured by detaching with 0.25% trypsin-EDTA and were cultured twice
per week.

2.2.6.2 Cytotoxicity of the pOxaborole-Glycopolymer complexes. Proliferation (MTT)
assay was performed to determine the inherent toxicity of the complexes in HeLa cells by
staining with dimethyl thiazol dyes for metabolically viable cells. ICso values will be
calculated with GraphPad Prism software. Cytotoxicity post-transfection will be done by
Janus Green assay after 48 h of incubation.

2.2.7 Transfection of EGFR-siRNA. HeLa cells were seeded into 60 mm plates at a cell
density of 10° cells per plate. The polyplexes were prepared in OMEM (in the
absence/presence of serum proteins), and 500 pL of the polyplexes/lipofectamine mixture
(EGFR siRNA/control siRNA) was added per plate. After incubation for 6 h, the media
was removed and replaced with 2 mL of DMEM media containing with 10% fetal bovine
serum (FBS). The EGFR knockdown efficacy was characterized after 48h of cell growth.

2.2.8 EGFR Knockdown Western Blot Evaluation. Harvesting of cells was done in RiPa
buffer supplemented with a protease inhibitor and the protein concentrations were
determined using a Bradford protein assay kit (Bio-Rad). Eluates were then run on a SDS-
PAGE denaturing gel, transferred to a nitrocellulose membrane (0.45 um), and visualized
by probing with EGFR-1005 sc-03 antibody (Santa Cruz) and a streptavidin horse radish
peroxidase (HRP) anti-rabbit conjugate. The amount of EGFR protein expression was
quantified using ImageJ image analysis.

2.2.9 Fluorescent Labeling of pOxaborole-glycopolymers. The polyplexes are
fluorescently labeled with fluorescein isothiocyanate (FITC) control-siRNA. After
overnight incubation, the media was removed and replaced with FITC-labeled siRNA-
pOxaborole-glycopolymer at a w/w ratio of 10 in OMEM and subsequently incubated for
3 h in a humidified atmosphere at 37°C and 5% CO:..

2.2.10 Cellular uptake of polyplexes. Confocal Fluorescence Microscopy and Flow
cytometry. HelLa cells were cultured as mentioned above, trypsinized, and seeded onto
glass coverslips in 10 mm plate at a density of 1000 cells per plate. After overnight

incubation, the media was removed and replaced FITC-control siRNA polyplexes at a w/w
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ratio of 10 in OMEM and subsequently incubated for 3 h in a humidified atmosphere at
37°C and 5% COaz. After removal of the media and washing with 1x PBS (three times), the
cells were stained with (1:10000) DAPI dye dissolved in PBS for 1h and fixed with 4%
Paraformaldehyde for 15 min at 37°C. Visualization using a confocal microscope at 490
nm emission spectra for FITC was done. For flow cytometry, HeLa cells were trypsinized
and subsequently seeded into 60 mm well plate at a density of 1x10° cells per plate. After
incubation overnight, the cells were treated with the oxaborole-glycopolymer-FITC-
labeled control siRNA complexes for 3 h at a w/w ratio of 10 in OMEM. After the media
was removed and washed with 1 x PBS at pH 7.4 (three times), the cells were trypsinized
and centrifuged at 1200 rpm. The pellet was re-suspended in 1 X PBS buffer and cells were

characterized using a BD FACS dual laser flow cytometer (Cross Cancer Institute).

2.3 RESULTS & DISCUSSION

Oxaborole based copolymer, P(NIPAAm29o-st-AAmes-s--MAAmMBO9) (MAAMBO
content: 9 mol %, M, = 90,000 gmol !, My/M, = 1.54) was synthesized by the RAFT
polymerization, a technique that is capable of synthesizing well-defined polymers with
advanced architectures and allowing design customization of complex carbohydrate
groups?®2°, Varying molar ratios of NIPAAm, AAm, MAAmBO were used. P(NIPAAm)
shows temperature-responsive properties with a lower critical solution temperature (LCST)
of 32 °C and interactions of the MAAmMBO residues with hydroxyl groups of the sugars
that allowed cross-linking of the polymer chains in a reversible manner as a function of
temperature, and the presence of free glucose. Copolymerization of NIPAAm with
MAAmMBO leads to the formation of a copolymer with temperature, pH and glucose-
responsive properties’!. Synthesis of P(LAEMA-b-AEMA) polymers was carried out using
the same conditions as previously reported®?. The properties of these polymers are shown
in Table 2-1. Polymer compositions were evaluated by '"H-NMR (Figure 2S1, 2S2, 253,
254), P(LAEMA»o-b-AEMA47) was denoted as Glycopolymer 1 (G1) and P(LAEMAg-b-
AEMA24) as Glycopolymer 2 (G2). Boron NMR (Figure 2S5) was run to confirm the

presence of boron ('!B) in the conjugated polymers. As illustrated in Figure 2S5,
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pOxaborole P(NIPAAmaos-st-AAmes-st-MAAmMBOy) revealed a single ''B peak at 19.5
ppm, the binding between pOxaborole and the glycopolymers was indicated by the two
small peaks at 10.9 and 10.5 ppm as previously reported*. Molecular weights (MW) were
determined by gel permeation chromatography (GPC) displaying molecular weights of 17
and 8 kDa for the glycopolymers and 90 kDa for the oxaborole polymer with low MW
distributions.

Table 2-1. Characterization of oxaborole and galactose-based polymers by Gel Permeation

Chromatography and Zeta Potential analysis.

Polymer M., (g/mol) Myw/M, Zeta Potential (mV)
G1
17K 1.15 +36.52+ 1.5
P(LAEMA»-b-AEMA47)
G2
8K 1.43 +52.95 £ 1.06
P(LAEMAg-b-AEMA4)
pOxaborole
P(NIPAAmygs-st-A Amgs-st- 90 K 1.54 -6.39 £ 0.55
MAAmMBOy)

Our group has previously reported that mixing of P(NIPAAm-s--MAAmBO) with
glycopolymers such as P(GAPMA) and P(LAEMA) spontaneously form cross-linked
structures®’. Due to the interesting biological properties of glycopolymers
(biocompatibility, target specificity, solubility and ability to facilitate receptor-mediated
uptake), conjugated oxaborole-glycopolymer complexes could be excellent vehicles for
delivering drugs and genes, while minimizing cell toxicity. Preparation of oxaborole
polymer-glycopolymer-siRNA polyplexes was achieved by complexing 10 nM siRNA in
OMEM media (in the absence and presence of serum). At a w/w ratio of polymer to siRNA
of 10 complexations were evidenced by agarose gel electrophoresis (Figure 2S6).
Electrostatic interactions between the cationic glycopolymers and the negative charge
siRNA guarantee the complex formation and the addition of the oxaborole polymer

provides a superior level of stability, assuring nucleic acid protection and increasing
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physiological stability. Analysis by dynamic light scattering (DLS) and Zeta potential
revealed small hydrodynamic sizes (~200 nm) and almost neutral charge of these
conjugated polyplexes (Figure 2-1a). These diameters assure high potential for prolonged
blood systemic circulation since they are large enough to avoid uptake in the liver but small
enough to avoid filtration in the spleen®*. Nanoparticle surface charge can be tailored to
prolong circulation lifetime and selectively enhance accumulation at specific sites; neutral
and slightly negative surface charges have been shown to reduce the adsorption of the
serum proteins resulting in longer circulation half-lives®*. The nearly neutral charge of the
complexes seems to be the influence, perhaps by a higher density of sugar motifs on the
polyplex surface, enhancing biocompatibility and potentially promoting targeted uptake.
The presence of serum seemed to have an impact on the size of the nanoparticles making
them relatively smaller in comparison to the polyplexes formed in the absence of serum,
as has been previously reported**S. Stability analysis of the polyplexes was performed in a
time-dependent manner. The size of polyplexes with both statistical glycopolymers
increased after incubation in media (in the presence and absence of serum proteins) at 22
°C for 6 h due to possible aggregation of polyplexes, but its size remained nearly unaffected

after 6 h (~300 nm) showing stable complexes (Figure 2-1b).
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Figure 2-1. (a) Characterization of the oxaborole polymer-glycopolymer-siRNA
polyplexes size and charges by dynamic light scattering (DLS) and Zeta potential
instrumentation. Electrostatic interactions between the cationic glycopolymers and the
negative charge siRNA guarantee the complex formation and the addition of the oxaborole
polymer provides a superior level of stability. (b) Polyplexes sizes and stability as
evidenced by DLS analysis in OMEM media in the absence (*) and presence (**) of serum.
Gl: P(LAEMA2-b-AEMA47), G2: P(LAEMAs-b-AEMA24) and  pOxaborole:
P(NIPA Am2gs-st-AAmes-st-MAAmMBOy).

One major impediment to the development of siRNA therapeutics is the delivery of the
drug into the cytoplasm; avoidance of many challenges such as phagocytic uptake,
enzymatic degradation by nucleases, triggering of the immune response and the
hydrophobic plasma membrane barrier need to be overcome. Several transporters in the
plasma membrane are able to internalize small molecule therapeutics however for larger
oligonucleotides, such as siRNA being negatively charged and prone to degradation,

requires a delivery vehicle’’. Due to the high metabolic demands stimulated by rapid
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proliferation, cancer cells overexpressed sugar receptors>*, potentially enhancing targeted
uptake of nanoparticles decorated with sugar motifs such as glucose and galactose. Cellular
uptake of nanoparticles has been hypothesized to be mediated by numerous pathways of
endocytosis as well as direct penetration through the membrane?3; the buffering capacity
of nanoparticles activates the proton pump raising the osmotic pressure inside the
endosome allowing the escape of the siRNA*. Regardless of the uptake mechanism,
imaging studies with fluorescently labeled fluorescein isothiocyanate (FITC)-control
siRNA have shown that oxaborole-glycopolymers complexes are being localized towards
the cytoplasm (Figure 2-2). To further measure cellular retention and siRNA uptake
efficacy, flow cytometry was implemented. The greater fluorescence intensity of siRNA
labeled-oxaborole glycopolymer 2 conjugate (green) compared to the control (orange)
(Figure 2-3) corroborates that this gene delivery vehicle successfully prevents
polynucleotides from enzymatic degradation by avoiding rapid clearance by the
reticuloendothelial system and degradation by cytosolic enzymes?®. This demonstrates the
competence of this nanovector in delivering siRNA without compromising its integrity and
revealing its ability to boost endosomal escape, or possibly non-endocytic unidentified

mechanisms of intracellular uptake.

A)  DAPI FITC WGA RHOD BRIGHT MERGED
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Figure 2-2. Cellular uptake of pOxaborole+Glycopolymer 2 complexed with FITC-control
siRNA at w/w ratio of 10 after 3 h incubation; imaged using confocal fluorescence
microscopy. Cellular membrane was stained with wheat germ agglutinin,
tetramethylrhodamine (WGA-Rhodamine) dye and the cell’s nucleus was stained with 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI).

Polymer % Gated Mean
Cells Fluorescence
Intensity
Untreated Cells 67.6 263
G1+pOxaborole 64.2 277
G2+p0Oxaborole 64.8 1906

Count

1 1 T rrrrry I I T T TTrrrg
108 10 108
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Figure 2-3. Flow cytometry analysis of cellular uptake of FITC-labelled complexes as
compared to untreated cells (orange color); Gl+pOxaborole (blue color) and

G2+pOxaborole (green color). HeLa cells were incubated for 3 h.

Expression of EGFR is significantly related to chemosensitivity in many cancers®.
Preclinical studies have suggested that blockade of EGFR results in a setback of
chemoresistance in many tumor types*!. To determine if our nanocomplex exerts targeted
delivery of EGFR siRNA to cervical cancer cells, knockdown efficiencies were evaluated
by immunoblotting and effective silencing of EGFR was seen for G2+pOxaborole polymer
(Figure 2-4 a, b, ¢). On the other hand, glycopolymer 1 complex was also evaluated, but
lower gene knockdown was observed (<30%) (Figure 2S7). We hypothesized that lesser

cellular retention of G1+pOxaborole complex could translate to inferior gene silencing due
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to stronger interactions between the AEMA residues and the polynucleotides that prevent

disassembly of the complex hampering siRNA release in the cytosol.
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Figure 2-4. EGFR knockdown with G2 and G2+pOxaborole complex in HeLa cells in the
(a) presence and (b) absence of the serum. HeLa cells were transfected with either control
or EGFR siRNA for 48 h and cell lysates were subjected to immunoblot analysis using
indicated antibodies; (c) Western Blot quantification was done by ImagelJ analysis (d) Cell
viability was assessed by Janus Green assay 48h post-transfection, with error bars

representing S.D. (versus control siRNA *P<0.01).

Interestingly, the presence of serum proteins seems to promote off-target knockdown of
EGFR proteins control siRNA (ctrl-siRNA) in both the glycopolymer alone (G2) and the
conjugated complex (G2+pOxaborole) however gene knockdown efficiency of EGFR

siRNA remains unaffected as evidenced in previous studies done with glycopolymer-based
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carriers’’. Although Lipofectamine shows lower EGFR expression (<20%) than the
conjugated complex (40%), off-target silencing was observed in the presence and absence
of serum proteins.

Cell toxicity seems to be related to the glycopolymer composition; higher AEMA content
appears to be linked with higher toxicity, but the conjugation with oxaborole polymers
appears to significantly decrease glycopolymer intrinsic toxicity at higher concentrations
(Figure 2S8); probably by sheltering the amine residues on the nanoparticle surface
preventing direct contact with the cell membrane. For the oxaborole-glycopolymer
complexes, lower toxicity was exhibited 48 h post-transfection (Figure 2-4d and 2S7d). It
is hypothesized that the higher cell viability may be associated with the charge shielding
along the statistical galactose-polymer surface conferred by the oxaborole polymer,
likewise this could offer further benefits in its pharmacokinetic profile in vivo. Decreased
cell viability with Lipofectamine (<40%) was observed in contrast, and the cell toxicity
was negligible for the G2+pOxaborole complex (<15%) (Figure 2-4d).

This novel oxaborole-galactose-based polymer has attested to be an effective vehicle for
siRNA delivery by enriching gene knockdown in the presence and absence of serum
proteins. Moreover, incorporation of oxaborole polymer increases the biocompatibility of
the delivery system, nonetheless higher molar ratios of the AEMA residues in the statistical
glycopolymers have shown to contribute to lower EGFR silencing and higher cellular
toxicity as compared to lower AEMA ratios. The versatility of this therapeutic property,
which appears to be due to the sequence-specificity of siRNA formulations, shows the
potential use of this conjugate to silence the expression of additional targeted proteins.
Further studies will focus on targeting different oncogenes and evaluating their biological
response in vivo for the successful clinical implementation of nanoparticle-mediated

siRNA silencing.
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CHAPTER 3. ONCOGENIC EPIDERMAL
GROWTH FACTOR RECEPTOR (EGFR)
SILENCING IN CERVICAL CARCINOMA
MEDIATED BY DYNAMIC SUGAR-
BENZOXABOROLE POLYPLEXES.
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3.1 INTRODUCTION

Worldwide, one of the most common malignancies in women with respect to both
incidence and mortality is cervical carcinoma. Nearly half of Canadians are expected to
receive a diagnosis of cancer in their lifetime'. Decades of cancer research have contributed
to the elucidation of some of the complex molecular mechanisms implicated in the
pathogenesis of this disease. Shifting of cancer therapies towards novel genetic treatments
against cancer that include counteracting or replacing a malfunctioning gene within the
affected cells. The identification of different driver genes of cancer has been possible due
to wide-ranging genomic profiling. Some of these “target” genes are successfully
deactivated by small inhibiting molecules but the majority (70-80%) are considered to be
“non-druggable” on the protein level. Additionally, when using protein inhibitors some
negative side effects are seen due to off-target responses. As a result, increasing interest
has been shown in the potential application of silencing RNAs (siRNAs) and other small
regulatory RNAs in the treatment of cancer?. In cervical carcinoma, overexpression of the
epidermal growth factor receptor (EGFR) gene has been detected in 70-90% of patients
and has also been associated with poor prognosis of the disease’. EGFR is encoded by the
c-ErbB1 proto-oncogene on chromosome 7p and is a member of a class of cell cycle
regulatory molecules, the growth factor receptor family of protein tyrosine kinases (TKSs).
The glycoprotein receptor is activated when its ligand binds to the extracellular domain
and it has the capability to interact with several ligands such as EGF, transforming growth
factor (TGF)*, amphiregulin®, and heparin-binding EGF®. Activation of EGFR cues into
cell growth, differentiation, resistance to apoptosis, cell cycle progression and angiogenesis.
EGFR-based therapy is now being used for head and neck squamous cell carcinoma,

colorectal carcinoma and non-small-cell lung carcinoma’.

Delivering new genetic information into the target cell without disrupting other
important molecular regulatory mechanisms is still highly challenging due to the intricate
cellular and tissue barriers. To drive proficient therapeutic effects, the number of targeted
cells must be large enough to setback the disorder, escape the immune system and be able
to transmit the gene modification to their progeny to withstand some benefits. In the past

two decades, numerous gene-therapy trials have been conducted targeting inherited
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diseases, cancer and chronic infections, nonetheless only a few testified clinical benefits
have been observed; the main reason being severe adverse events related to the vectors®.

Narain and collaborators have made significant contributions to the synthesis of several
glycopolymer-based vectors, by reversible addition—fragmentation chain transfer (RAFT)

polymerization®!!

. Carbohydrate-based polymers have shown unique characteristics
supporting specific cell recognition and high stability in physiological environment
enhancing blood biocompatibility!>!3. It has also been reported that cationic moieties are
needed to achieve the targeted outcome, but they cause inherent cytotoxicity. Therefore,
multiple approaches have been explored, including acid degradability in galactose-based
hyperbranched cationic polymers composed of 2-lactobioamidoethyl methacrylamide
[LAEMA] and 2-aminoethyl methacrylamide hydrochloride [AEMA]'4, that were able to
reduce the cytotoxicity while maintaining high gene knockdown (60%). Along the same
lines, the use of 2,2- dimethacroyloxy-1-ethoxypropane (DEP) cross-linker'>, a lower
molecular weight (MW), pH sensitive ketal-based cross-linker, has been suggested to
demonstrate lower cytotoxicity and high gene silencing (95%). Furthermore, tumour
microenvironment regulated vectors have also been explored to enhance intra-tumoral
accumulation and promote drug release at the targeted sites. Glutathione (GSH) regulated
galactose-based hyperbranched polymers (HRRP) composed of LAEMA and AEMA'®
showed 85% EGFR silencing in cervical (HeLa) cancer cells without compromising the
biocompatibility of the system'®. Likewise, PGMA polymers have been studied by Xu'’2°
and Narain?! groups by developing cationic polymers by ring-opening reaction of PGMA
with ethanolamine and a lactobionic acid-derived aminosaccharide (Lac-NH>). It has also
shown that higher sugar content improved the biocompatibility of the polymers, but it also
seemed to be detrimental for the knockdown capability. Oxaborole-based polymers are
another class of gene delivery vectors owing to their stimuli-responsive features, where the
methacrylamide benzoxaborole (MAAmMBO) residues with the hydroxyl groups of the
glycopolymer sugars allowed reversable cross-linking of the polymer chains as a function
of temperature, pH and the presence of free glucose. This reversible interaction has shown
to provide effective release of the siRNA cargo inside the cancer cells displaying 60% gene
silencing?. In this study, a different approach has been pursued by using boron chemistry.

A short benzoxaborole-glycopolymer polyplex composed of AEMA and 2-
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methacryloyloxyethyl phosphorylcholine (MPC) and 2-hydroxyethyl methacrylate
(HEMA) has been synthesized. MPC has a zwitterionic structure, and its polymer
derivatives are known to be highly biocompatible and nontoxic?*. HEMA, like MPC, is a
hydrophilic polymer that resists protein absorption®*; it is biocompatible in nature and
possesses tunable mechanical properties specially used for the elaboration of polymer gels
and matrices. Lower biodegradability of this material limits its application in the biological
field®®, however combining the reversible responsiveness of the oxaborole motifs and the
cationic glycopolymer capabilities seemed to overcome this issue and provided effective

knockdown of the EGFR receptors in cervical carcinomas.
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Scheme 3-1. Dynamic Sugar-Benzoxaborole polymers (PMA-B: (MPC-st-AEMA-
MAAmMBO)) and (PHA-B:(HEMA-st-AEMA-MAAmMBO)) synthesized by RAFT

polymerization.
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3.2 EXPERIMENTAL SECTION

3.2.1 Materials

2-Methacryloyloxyethyl phosphorylcholine (MPC) was a gift from Dr. Ishihara’s lab
(Tokyo University, Japan). Hydroxyl methacrylate (HEMA), 4,4’ Azobis (4-cyanovaleric
acid) (ACVA), l-amino-2-propanol, thiazolyl blue tetrazolium bromide (MTT) and
Alizarin Red S (ARS) were purchased from Sigma-Aldrich (Oakville, Canada). 2-
Aminoethylmethacrylamide hydrochloride (AEMA)!, 5-methacrylamido-
1,2benzoxaborole (MAAmMBO)*?, 2-lactobionamidoethyl methacrylamide (LAEMA)* and
4-cyano-4-(thiobenzoylthio) pentanoic acid (CTP)’ were prepared according to previously
reported procedures). EGFR-specific siRNA sc-29301 Sense:
CUCUGGAGGAAAAGAAAGU. Antisense: ACUUUCUUUUCCUCCAGAG; EGFR-
(A-10) sc-373746 antibody (Santa Cruz) DMEM medium, penicillin, fetal bovine serum
(FBS), and trypsin-EDTA, 0.25% were ordered from Gibco. Methanol, tetrahydrofuran
(THF) and dimethylformamide (DMF) were purchased from Caledon Laboratories Ltd.
(Georgetown, Canada).
3.2.2. Polymer Characterization.

A TSK-Gel G5000PWxI column from Tosoh Bioscience and conventional gel
permeation chromatography (GPC) system were used to obtain the average molecular
weights (M,) and polydispersity (Mw/M,) of the polymers. 0.5 M sodium acetate/0.5 M
acetic acid buffer was used as eluent for the system at a flow rate of 0.5 ml/min.
Monodisperse Pullulan standards (My=5,900-404,000 Da) was utilized to make a
calibration curve. 'H NMR spectra of the copolymers were recorded on a Varian 500 MHz
spectrometer, and CD3OD was used as the solvent. Fluorescence spectrums were measured
by SpectraMax® 13x.

3.2.3 Preparation of P(HEMA-st-AEMA) (PHA) via RAFT polymerization.

In brief, HEMA (413 mg, 3.17 mmole), AEMA (522 mg, 3.17 mmole), CTP (40mg,
0.143 mmole), and ACVA (10mg, 35.7 umole) were dissolved into methanol. The mixture
was degassed with nitrogen gas for a half hour and subsequently heated to 67 °C and

reacted for 20 hours. The polymers were precipitated into THF. The polymer was
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precipitated into acetone and redispersed into THF for three-time for purifying the
polymers.
3.2.4 Preparation of P(MPC-st-AEMA) (PMA) via RAFT polymerization.

592 mg MPC (2.0 mmole), 332mg AEMA (2.0 mmole), 40mg CTP (0.143 mmole), and
10 mg ACVA( 35.7 umole) were dissolved into methanol and the sample was purged with
nitrogen gas for 30 min. Then, the polymerization was conducted at 67°C for 20 hours. The
polymer was precipitated into acetone and redispersed into methanol. The process was
repeated three times. The cleavage of dithioester group was same as PHA.

3.2.5 Preparation of P(LAEMA) (PL) via RAFT polymerization.

921 mg LAEMA was dissolved into 1.5 mL of deionized water and mixed with 0.5 mL
DMEF that pre-dissolved 10 mg CTP and 2.5 mg ACVA. The mixture was degassed with
nitrogen gas for 30 min and subsequently reacted at 67 °C for 20 hours. The resulted
polymers were precipitated into acetone and washed with methanol three times.

3.2.6 Preparation of thiol end-functionalized PHA (PHA-SH) and PMA (PMA-SH) via
aminolysis.

Dithioester group of the RAFT polymer was cleaved via aminolysis by using 1-amino-
2-propanol in methanol under nitrogen environment at 23 °C for 4 hours. The resulted
polymers were purified by precipitated into acetone and washed three times with acetone.
3.2.7 Preparation of oxaborole End-Functionalized PHA (PHA-B) and PMA (PMA-B) via
thiol-ene click chemistry.

The reaction was carried out by adjusting the method that reported in literature®. Briefly,
3.0 equivalent mole of MAAmMBO and 1.0 equivalent mole of ACVA were dissolved into
a minimum amount of DMF and mixed M9-SH/H9-SH (1.0 equivalent mole of thiol group)
that dispersed into a minimum amount of deionized water. The mixture was reacted under
an oxygen-free environment at 70 °C for 20 hours. Acetone was used to precipitate and
wash the modified polymer.

3.2.8 ARS assay for studying Boron-Carbohydrate interaction.

Fluorescence spectrums of samples were measured by SpectraMax® i3x in a standard

96 well plate, and the excitation was set to 475 nm. The different samples used are

summarized in Table 3-1.
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Table 3-1. Samples used for ARS assay.
0.05SmM ARS 10mg/mL PHA- 10 mg/mL PL pH 7.4 PBS

(nL) B/PMA-B (uL) (nL) (nL)
ARS alone 10.0 0.0 0.0 90.0
PMA-B + ARS 10.0 10.0 0.0 80.0
PMA-B + ARS +
10.0 10.0 10.0 70.0
PLAEMA
PHA-B + ARS 10.0 10.0 0.00 80.0
PHA-B + ARS +
10.0 10.0 10.0 70.0

PLAEMA

3.2.9 Polyplex confirmation by Agarose Gel Electrophoresis. The polyplexes were
formulated in OMEM at varying polymer/siRNA ratios of 5, 25 and 50 and loaded in 1%
agarose gel containing 1pg/mL ethidium bromide in 1X Tris Acetate/EDTA (TAE) buffer.
The gel was run for 45 minutes at 130 V and illuminated with UV light and the DNA bands
were visualized using UV transilluminator (Fig. S3).

3.2.10 Cell Culture. DMEM medium containing 10% fetal bovine serum (FBS) and 1%
antibiotic (50 units of penicillin, 50 pg streptomycin) was used to culture HeLa cells
(cervical cancer) in a humidified atmosphere at 37 °C and 5% CO.. The cells were sub-
cultured twice per week when reaching 80% confluency.

3.2.11 Cytotoxicity Evaluation of the dynamic sugar-benzoxaborole polymers and
polyplexes. Cytotoxicity post-transfection was done by Janus Green assay after 48 h of
incubation. A proliferation (MTT) assay was also done to evaluate the inherent toxicity of
the polymers prior to complexation with the siRNA to determine the metabolically viable
cells and if cellular functions were compromised related to metabolic activity after 72 h of
incubation.

3.2.12 Cell Transfection with EGFR-siRNA. Cells were cultured into 60 mm plates at a
cell density of 10° cells per plate. A mixture in OMEM of the polyplexes/lipofectamine
with the EGFR siRNA/control siRNA (w/w:25) was added per plate. After incubation for
6 h, the media was removed and replaced with 2 mL of DMEM media containing with 10%

fetal bovine serum (FBS). Protein quantification was done after 48 h of incubation by
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Western Blot. RiPa buffer supplemented with a protease inhibitor was used to harvest the
cells and the protein concentrations were determined using a Bradford protein assay kit
(Bio-Rad). An SDS-PAGE denaturing gel was run and then transfer to a nitrocellulose
membrane (0.45 um). EGFR-(A-10) sc-373746 antibody (Santa Cruz) and visualized by
probing with and a streptavidin horse radish peroxidase (HRP) anti-mouse conjugate sc-
516102. EGFR protein expression was quantified using ImageJ image analysis.

3.2.13 Fluorescent polyplexes Labeling of sugar-benzoxaborole polymers. The polymers
were incubated with fluorescein isothiocyanate (FITC) control-siRNA. A w/w ratio of 25
in OMEM was used to evaluate the cellular uptake of the polyplexes after 3 h in a
humidified atmosphere at 37 °C and 5% COa.

3.2.14 Cellular uptake of the polyplexes by Confocal Fluorescence Microscopy. The cells
were cultured as mentioned above and seeded onto glass coverslips in a 10 mm plate at a
density of 10° cells per plate. After overnight incubation, the FITC-control siRNA
polyplexes at a w/w ratio of 25 in OMEM were added and subsequently incubated for 3 h
in a humidified atmosphere at 37 °C and 5% CO.. The media was the removed and the
cells were wash three times with 1x PBS. Cell staining was done with (1:10000)
HOECHST dye dissolved in PBS for 1h and fixed with 4% Paraformaldehyde for 15 min
at 37 °C, and WGA Rhodamine for the cell membrane for 7 min. Visualization using a
confocal microscope at 490 nm emission spectra for FITC was done.

3.2.15 Polymer synthesis and modification. RAFT polymerization allows the preparation
of well-defined and low molecular weight distribution polymers, so this technique was
chosen. In here, AEMA was selected for its cationic units to interact with negatively
charged siRNA to form the polyplexes. MPC and HEMA are biocompatible and decreased
the cationic distribution among the resulted polyplexes, therefore they were chosen to
reduce the cytotoxicity of the resulted polymer. The method for preparing benzoxaborole
(MAAmBO) functionalizaed P(HEMA-st-AEMA) (PHA-B) and P(MPC-st-AEMA)
(PMA-B) is shown in Scheme 3-1. Table 3-2 summarized the molecular weight (M,) and
polydispersity (M,/M,) of the prepared polymers. P(LAEMA43) (PL) formed a dynamic
bond with the polyplexes at pH 7.4 via boron-carbohydrate interaction which acts as a

holder of the polyplexes (Scheme 3-2 D).
Table 3-2. Molecular weight (M,), and polydispersity (M,/M,) of PHA, PMA and PL.
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Sample Composition M, (kDa) M,/M,
PHA P(HEMA 12-st- 33 1.39
AEMA 0)
PMA P(MPC;s5-st- 6.5 1.26
AEMA12)
PL P(LAEMA43) 20.2 1.12
3.3 RESULTS & DISCUSSION

Prior to thiol-ene click chemistry, the omega-end of the polymer needed to be thiol-end
functionalized. The thiol group was modified via aminolysis (Scheme 3-2B). The
disappearance of the signal between 7 and 8 ppm in 'H NMR spectrum of the product,
which is the region for benzene group, (Figure 3S1A and 3S1B) confirmed the
modification. ACVA was used as a thermal radical initiator to conduct thiol-ene click
chemistry. Figure 3S2A and 3S2B illustrate the "TH NMR of PMA-B and PHA-B (polymers
modified with oxaborole). The existence of the characteristic peak of benzoxaborole

suggested that the modification was successful.

Boron-carbohydrate interaction. The polyplexes were prepared by incubating PMA-
B/PHA-B with siRNA via electrostatic interaction and subsequent conjugation of the
polyplexes with PL to afford a macromolecule that can interact with multiple polyplexes
and release them in acidic environment. Alizarin Red S (ARS) is a common agent used in
studying boron-carbohydrate interactions®®. ARS alone has a low fluorescence, but after
binding with benzoxaborole the fluorescence significantly increases (Scheme 3-2E). Figure
3-1A and 3-1B clearly showed this behavior as the fluorescence intensity increased
significantly in the presence of (PMA-B) or (PHA-B). Addition of the competitive agent,
PL, led to an increase in amount of free ARS and a reduction of the fluorescence intensity
as PL compete with ARS in forming dynamic bonds with benzoxaborole. LAEMA has
slightly higher binding constant in comparison to catechol group (ARS) as illustrated by
Wu and her colleagues in studying the conversion of benzoxaborolate in the presence of

LAEMA (61.5%) ad catechol (57.3%) at pH 7.4 by '"H NMR?’. Based on the results, it is
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evident that numerous chains of PMA-B and PHA-B can interact with PL to form a
dynamic bond via boron-carbohydrate interaction. Thus, the advantage of this strategy lies
in its facile engineering process to design a non-viral vector that can target various
carcinomas as the system can be divided into two parts: a cationic segment that interacts
with siRNA and a targeting segment; in this case, the targeting segment possesses diol or
sugar units and a cationic segment having the oxaborole group. Cancer cells are known to
display deregulated sugar transporters, augmenting sugar uptake and consumption. EGFR
overexpression revealed a surprising link in maintaining sugar uptake by cells through the
SGLT]1 stabilization, promoted by the EGFR-SGLT1 interaction?®. Moreover, the system
can be combined easily at physiological environment and separated at mild acidic

environment like inside the endosome.
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Figure 3-1. Fluorescence intensity of ARS alone, ARS in the existence of PMA a)/ PHA
b), and competition of PLAEMA in PBS, pH=7.4, excitation: 475 nm.

Successful functionalization of polymers and nanosystems for the targeted delivery of
siRNA against EGFR has a number of advantages such as the protection of the siRNA
cargo from bloodstream degradation, augmentation of gene stability, targeted gene delivery,
decreased toxic side effects, and improved bioavailability of the nucleic acids. Research in
the past few years demonstrate that nanoscale gene delivery systems have boosted gene
therapy specificity, reduced systemic toxicity, provide advance absorption rates, and have
offered protection for active agents from biological and chemical degradation®’. However,
a persistent impediment to the clinical application of RNA therapy is the development of
procedures that can competently target delivery of therapeutic RNAs in vivo. Entry into the
target cells is challenging for many nanomaterial applications. The cell membrane presents
a barrier to macromolecules, where intracellular uptake is orchestrated by a series of events

that coordinates the function of lipids and proteins of the plasma membrane®®. To evaluate
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the cellular internalization of the sugar-benzoxaborole polyplexes fluorescence microscopy
was used. In this case the siRNAs were labeled with a fluorescent probe fluorescein
isothiocyanate (FITC). In Figure 3-2, we observed the cellular uptake of PL, PL+PMA-B
and PL+PHA-B polyplexes. Largely, the transport of nanocarriers such as nanoparticles
from the cell surface to the lysosomal vesicles occurs with a process known as endocytosis.
Other critical parameters controlling the uptake of polyplexes is their surface properties
(Fig. 3S4). Zeta potential and hydrodynamic size affect the opsonization and interactions
with cellular membrane receptors that facilitate endocytosis. Functionalization with
sterically shielding polymers, such as hydrophilic MPC and HEMA, can repel opsonization
by preventing or minimizing protein adsorption to their surface. After 12 h incubation in
DMEM media with serum the polyplexes did not change the hydrodynamic size showing
high stability (Fig. 3S4b). In figure 3-2, we observed the polyplexes being internalized into
HeLa cells after 3 h of incubation. (FITC)-control siRNA polyplexes localization has
shown that the short sugar-benzoxaborole polymer complexes are being internalized and

are located inside the cell cytoplasm.
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HOECHST FITC WGA RHODAMINE MERGED

Control

PL+PMA

PL+PHA

Figure 3-2. Cellular uptake of short dynamic sugar-benzoxaborole polyplexes with FITC-
control siRNA at w/w ratio of 25 after 3 h incubation; imaged using confocal fluorescence
microscopy. Cellular membrane was stained with wheat germ agglutinin,
tetramethylrhodamine (WGA-Rhodamine) dye and the cell’s nucleus was stained with 2'-
[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H- benzimidazole trihydrochloride
trihydrate (HOECHST).

The opportunity to understand key cellular biology pathways involved in the pathogenesis
of cancer and the effective cellular uptake of the polyplexes and their intracellular
trafficking provided a conduit to study the EFGR knockdown efficacies of these
polyplexes. EGFR protein expression was quantified by western blot. In Figure 4-3b, the
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protein quantification was determined after 48 h incubation with the polyplexes in absence
of serum proteins and compared to the standard vector lipofectamine. Based on our results,
both PL+PMA-B and PL+PHA-B exhibit knockdown of EGFR in a range of 60% and 70%
respectively. As observed earlier, off target knockdown was seen with the vector
lipofectamine (30%) and less than 15% with the short sugar-oxaborole polymers.
p(HEMA) have been commercialized as a bulk material for the development and
production of biomedical devices such as catheters, dental adhesives, implantable drug
delivery systems, and contact and intraocular lenses. Some of the attributes of this polymer
include a high-water retention capacity, broad biocompatibility and resemblance with
living soft tissues, which are more inert to normal biological processes. MPC-containing
polymeric materials are used as anti-fouling agents because the external surface of cellular
membranes is rich in phospholipids possessing zwitterion headgroups, particularly
phosphatidylcholine. Hence, MPC-modified biomaterials are likely to mimic cell
membranes and be highly biocompatible. Nonspecific adsorption of protein and other
biomolecules plays a significant part in the development of undesirable biological
responses, including inflammation, blood clotting, biofilm formation, cell adhesion,
bacterial adhesion, and bacterial infection. The functionalization of HEMA or the
biomembrane mimicking zwitterionic polymer (MPC) utilizing a second hydrophilic
monomer such as AEMA which interacts with the polynucleotides through the primary
amine is one tactic to develop such “protein-resistant” materials. The multivalency of
glycopolymers like LAEMA augments the molecular interactions with lectins and cells by
the “glycoside cluster effect”, improving the cellular uptake of the polyplexes. This highly
hydrophilic and uncharged moiety may help to reduce the positive charge density of
AEMA controlling the electrostatic interactions with the cell membrane and increasing the

cellular compatibility®!

. These zwitterionic polymers are recognized as the next-
generation of antifouling biomaterials largely due to their ability to form a hydration shell

via electrostatic interactions>2.
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Figure 3-3. (a) EGFR knockdown of the short sugar-oxaborole complexes in HeLa cells
in the absence of serum. HeLa cells were transfected with either control or EGFR siRNA
for 48 h and cell lysates were subjected to immunoblot analysis using indicated antibodies.
(b) Western Blot quantification was done by ImagelJ analysis. (c) Polymer cytotoxicity
related to metabolic activity with MTT assay in HeLa cells after 72 h incubation. (d)
Cytotoxicity post-transfection in HeLa cells after 48 h of incubation with the short sugar-
benzoxaborole polyplexes. Cell viability was assessed by Janus Green assay 48h post-

transfection, —error bars representing S.D.

The use of carbohydrate-based polymer complexes seems to be advantageous as they are
found essentially in all living organisms and their application does not exhibit toxic effects
owing to their intrinsic biocompatibility and biodegradability that ensure safe therapies™.
Due to their cationic nature, cationic polymers like AEMA can formed electrostatic
interactions with negatively charged membranes in both the extracellular and intracellular

spaces and complex with negatively charged proteins in the intracellular space disrupting
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signaling pathways, resulting in apoptosis. The biocompatibility is influenced by different
properties of the polymers like the molecular weight, charge density and type of the
cationic functionalities’!. Higher AEMA content appears to be interrelated with higher
toxicity, but the functionalization with MAAmBO polymer and MPC/HEMA appears to
significantly decrease the glycopolymer intrinsic toxicity after 48 h of transfection with the
polyplexes as shown in Figure 3-3d. Normal metabolic activity in HeLa cells after the
incubation with PMA-B and PHA-B were obtained according to the MTT assay (Figure 3-

3c¢). In contrast a higher cytotoxicity was observed with the vector Lipofectamine.

Herein, we demonstrate that the combination of the glycopolymer p(LAEMA) with
hydrophilic and zwitterionic MPC and HEMA moieties is a feasible methodology for
developing functional biomaterials with dual capabilities of directing responsive ligands
like oxaborole and cationic groups that interact with the negatively charge siRNA with
enhanced resistance to protein adsorption and effective polynucleotide delivery. The
complexation with the oxaborole polymers increases the biocompatibility of the delivery

system by the tunable properties provided by this motif and sugar regulation.
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4.1 INTRODUCTION

Protein tyrosine kinase receptors have been implicated in human cancer since the avian
erythroblastosis tumor virus initiated the encoding of an aberrant form of the epidermal
growth factor receptor (EGFR).! EGFR is the first receptor tyrosine kinase (RTK)
identified, and the first one linked to cancer. Thus, EGFR has been the most intensively
studied among all RTKs.? In the human genome, the ErbB receptor family (ErbB, is derived
from the name of a viral oncogene, erythroblastic leukemia viral oncogene)? or the EGFR
family includes the EGFR or ErbB1/Herl, ErbB2/Her2, ErbB3/ Her3, and ErbB4/Her4.
The ErbB receptor signaling is activated by homo- or heterodimerization after binding to
soluble ligands like EGF growth factors that promote receptor activation.* Activated ErbB
receptors stimulate signaling cascades, including the Ras-Raf-Mek-ERK, PI3K-Akt-
mTOR, STAT, and Src pathways.’> Governing of these diverse signaling networks by ErbB
receptors, regulate many critical cellular processes, such as cell proliferation, cell
differentiation, cell survival, cell metabolism, cell migration, and cell cycle that contribute
to tumor carcinogenesis.*® ErbB receptors exhibit various types of alterations; the most
common ones are gene amplification leading to EGFR overexpression and constitutive
EGFR activation due to self-production of EGF-related growth factors by the tumor cells.
Structural rearrangements that cause in-frame deletions in the extracellular domain of the
EGFR receptor are also frequent in some carcinomas.* Gene therapy has been proposed as
an innovative strategy for cancer treatment by delivering of genetic materials, either RNA
or DNA, into specific human tissues or cells to replace faulty genes, substitute absent genes,
silence malfunctioning gene expression, or introduce new genes to restore cellular
functions.” Tumor heterogeneity of cancerous cells is the main obstacle for effective cancer
treatment; therefore, targeting genomic alterations that drive tumor formation such as
tumor suppressor genes and oncogenes like EGFR is a promising strategy to target this
disease.® In spite of significant development in the field of gene therapy, still further
optimization is required to achieve effective therapeutic results. Vector designing is one of
the key factors for future outcomes among gene therapy. Suitable vectors are required for
optimized gene delivery and expression, but current vectors have some limitations such as

associated cytotoxicity and off- target effects. Aminated poly(glycidyl methacrylate)
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(PGMA) polymers have drawn much attention as a promising gene delivery system.’
PGMA can react readily and irreversibly with nucleophilic groups such as -NH2,providing
effective condensation capacity of nucleotides such as DNA or RNA.!"!5 Recently,
ethanolamine (EA)-functionalized PGMA polymers (PGEA) have been extensively

studied for gene therapy by Xu’s group,”'¢°

exhibiting high transfection efficiency and
low toxicity in different cell lines. The nonionic hydroxyl groups confer hydrophilicity to
the polymer, and the cationic secondary amine bestows the cationic charged and buffering
capacity to complex with and further release nucleic acids. Moreover, hydroxyl-rich
PGEA-grafted carbohydrates have been developed by Xu’s group to achieve both high
gene transfection efficiency and excellent biocompatibility.!” However, little attention has
been paid to the exploration of PGEA decorated with small sugar molecules for gene
delivery. Our group?®! % together with several other groups®*** have been focusing on the
development of cationic glycopolymers as effective gene delivery vehicles. The
transfection efficacy by these cationic glycopolymers is found to be related to different
parameters, such as molecular weights, cationic content, and architectures.?!??
Optimization of these carriers by increasing the amine content has led to increase in gene
expression, and addition of sugar moieties provides higher affinity and further
improvement of cellular uptake.?® The most studied cationic glycopolymers were usually
synthesized by copolymerzation between sugar monomers and amine
methacrylates/methacrylamides. Benefiting from the high reactivity of PGMA, grafting
with sugar molecules bearing reactive amine groups can thus induce novel hydroxyl-rich
PGMA-based cationic glycopolymers, which can probably combine the advantages of both
kinds of polymers for gene delivery. Herein, we first synthesized a lactobionic acid-derived
sugar molecule containing one amine group: N-(2-aminoethyl)-O-- D-galactopyranosyl-
(1 — 4)-D-gluconamide (denoted as Lac-NH2). To investigate the effect of sugar
decoration degree on gene transfection efficiency, Lac-NH2 and ethanolamine with
different feed ratios were applied to react with epoxy groups of PGMA. The resultant
cationic polymers with sugar decoration degrees of 0, 9, and 33% were used to form
polyplexes with EGFR siRNA. The siRNA condensation ability, size and charge of

polyplexes, cytotoxicity, and transfection performance were studied in detail. We found
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that cationic PGMA-based glycopolymer with sugar decoration degree of 9% exhibited
great potential as a gene delivery vector due to its satisfactory balance between EGFR

knockdown efficiency and biocompatibility (Scheme 4-1)
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Scheme 4-1. Schematic Illustration of Galactose-Decorated PGMA-Based Polycations for
EGFR Gene Knockdown in HeLa Cells.

4.2 EXPERIMENTAL SECTION

4.2.1. Materials. Copper(I) bromide (CuBr), 2,2" -bipyridyl (bpy).glycidyl methacrylate
(GMA), ethyl a-bromoisobutyrate (EBiB), lactobionic acid, ethanediamine (EDA),
ethanolamine (EA), triethylamine (TEA), and trifluoroacetic acid (TFA) were purchased
from Sigma-Aldrich. Streptomycin (10 mg/mL), penicillin (10 000 U/mL), Dulbecco’s
modified Eagle medium (DMEM)/F12 media, Opti-MEM (OMEM), 0.25%
trypsin—ethylenediaminetetraacetic acid (EDTA), and fetal bovine serum (FBS) were
obtained from Gibco. Lipofectamine 2000 was purchased from Invitrogen. Control siRNA,
human EGFR-specific siRNA  sc-29301 Sense: CUCUGGAGGAAAAGAAAGU.
Antisense: ACUUUCUUUUCCUCCAGAG:; primary antibody (rabbit polyclonal EGFR-
specific 1gG IgG sc-03-G), and fluorescein isothiocyanate (FITC)-conjugated control
siRNA were purchased from Santa Cruz Biotechnology. (3,3 ' 55 ' -

Tetramethylbenzidine) (HRP)-conjugated secondary antibody (antirabbit IgG W4011) was
purchased from Promega Corporation. The organic solvents, including anhydrous
dimethylsulfoxide (DMSO), anhydrous methanol, dichloromethane (DCM), diethyl ether,
and acetone, were purchased from Caledon Laboratories Ltd. (Georgetown, Canada) and

used without further purification.
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4.2.2. Instrumentation. "H NMR spectra were recorded using a Bruker Avance III HD 500
MHz spectrometer. CDCl3z or DoO was used as a solvent. The molecular weight and
polydispersity of the polymers were determined by gel permeation chromatography (GPC).
Aqueous phase GPC34 with two Waters Ultrahydogel linear WATO011545 columns and
Viscotek model 270 dual detector and organic phase GPC35 with -lMBLMW-3078 and I-
MBHMW-3078 columns and Viscotek model 250 dual detector were applied for detecting
PGEA/PGEL and PGMA, respectively. Sodium acetate (0.50 M)/0.50 M acetic acid buffer
and DMF with 10 mM LiBr were used accordingly as eluent, and the flow rate was set at

1.0 mL/min.

4.2.3. Synthesis of PGMA via Atom Transfer Radical Polymerization (ATRP). PGMA was
synthesized using EBiB as initiator and CuBr/bpy as catalyst as previously reported.*®
Typically, GMA (2.13 g, 15 mmol) and EBiB (48.8 mg, 0.25 mmol) were dissolved in 4
mL of DMSO, and the mixture was added into a 50 mL flask. After degassing for 20 min
by nitrogen, CuBr (36 mg, 0.25 mmol) and bpy (78 mg, 0.5 mmol) in 300 uL of DMSO
were injected into the flask with a syringe. The solution was further degassed for 10 min
and allowed to stir at room temperature for 4 h. The reaction was then terminated by
exposure to air. Crude product was obtained by precipitation into methanol for three times.

The precipitate was further dried in vacuum overnight to give pure PGMA.

4.2.4. Synthesis of N-(2-Aminoethyl)-O-f-D-galactopyranosyl-(1 — 4)-D-gluconamide
(Lac-NH2). Lac-NH2 was synthesized according to published literatures with minor

modification (Scheme 3-2a).3”-%First, lactobionic lactone was synthesized from lactobionic

acid as previously reported in our group.*® Briefly, lactobionic acid (10.0 g) and a catalyst
amount of TFA was dissolved in anhydrous methanol (150 mL) at 70 °C, followed by
vacuum distillation. This process was repeated for three times to ensure complete
conversion of the acid to lactone. Subsequently, the obtained lactobionic lactone was
directly dissolved in 50 mL of anhydrous methanol at 70 °C and dropwise added into 20
times excess of EDA solution in 30 mL of anhydrous DMSO. The mixed solution was
allowed to react at 70 °C for 2 h and kept stirring at room temperature overnight. Afterward,

the solution was poured into excess amount of DCM to precipitate the crude product. The
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precipitate was filtered and washed with acetone, followed by vacuum drying to give Lac-

NH2.

4.2.5. Synthesis of PGMA-Based Cationic Glycopolymers. The cationic polymers were
synthesized via ring-opening reaction between epoxy groups of PGMA and amino groups
of EA or Lac-NH2. The EA-functionalized PGMA, namely, PGEA, was synthesized as
previously reported.'® Briefly, PGMA (100 mg) was dissolved in 5 mL of anhydrous
DMSO in a 50 mL flask, followed by addition of 30 times excess of EA (1.29 g). The
mixture was degassed by nitrogen for 10 min, put in an oil bath of 80 °C, and kept stirring
for 1 h. Afterward, the solution was precipitated into excess diethyl ether to get a crude
polymer product. The product was further dialyzed against deionized (DI) water for 2 days
and freeze-dried to give pure PGEA. For the synthesis of cationic glycopolymers, both EA
and Lac-NH2 were used to react with PGMA (Scheme 4-2b). Typically, PGMA (100 mg)
was dissolved in 5 mL of DMSO, followed by the addition of Lac-NH2 (282 mg) and EA
(172 mg) to reach a designed molar ratio of epoxy/Lac-NH2/EA to be 1:1:4. The mixture
was degassed for 10 min and stirred at 40 °C overnight. The solution was further heated up
to 80 °C for 1 h to complete the ring-opening reaction. Afterward, the solution was
precipitated into excess diethyl ether, and the precipitate was dialyzed against DI water for
2 days. The PGMA-based cationic glycopolymer was obtained by lyophilization and
named as PGEL-1. Similarly, cationic glycopolymer with higher sugar ratio, namely,

PGEL-2, was obtained by changing the molar ratio of epoxy/Lac-NH2/EA to be 1:3:2
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Scheme 4-2. Synthetic Routes for (a) Lac-NH2 and (b) PGMA-Based Cationic Polymers
(PGEA or PGEL).

4.2.6. Preparation of Glycopolymer—siRNA Polyplexes. EGFR- siRNA/control-siRNA
(0.1 mg/mL in OMEM) was complexed with the designed amount of PGEA/PGEL
polymers in OMEM media. The cationic polymer/siRNA ratio was expressed as the molar
N/P ratio of nitrogen (N) in PGEA/PGEL to phosphate (P) in siRNA. The mixture was
incubated at room temperature for 30 min. Fluorescent-labeled polyplexes were prepared

using the same method except for the incubation with FITC-labeled control-siRNA.

4.2.7. Agarose Gel Electrophoresis. The polyplexes with different N/P ratios of 1, 2, 5, and
10 were used to evaluate the ability of cationic PGEA/PGEL to condense with siRNA. The
polyplexes were loaded in 1% agarose gel containing 1 pg/mL ethidium bromide in 1x Tris
acetate/EDTA (TAE) buffer. The gel was run for 45 min at 130 V and illuminated with UV

light, and the siRNA bands were visualized using UV transilluminator.*’

4.2.8. Characterization of Cationic Glycopolymer—siRNA Complexes. The hydrodynamic

size and charge of the cationic glycopolymer—siRNA complexes were determined using
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ZetaPlus- Zeta Potential Analyzer (Brookhaven Instruments Corporation) at a scattering
angle 6=90 °C. The polycation—siRNA complexes (0.16 pg of control-siRNA) were
formulated at an N/P ratio of 40 in a mixture of water and OMEM media (in total 5% FBS).
The size of the polyplexes was evaluated in the presence of serum proteins in OMEM. The

net charge of the polyplexes was determined in deionized water.

4.2.9. Cell Culture. HeLa cells (cervical cancer) were cultured in DMEM medium
containing 10% FBS and 1% antibiotic (50 units of penicillin, 50 pg of streptomycin) in a
humidified atmosphere at 37°C and 5% CO2. At about 80% confluency, the cells were
subcultured by detaching with 0.25% trypsin—EDTA, twice per week.?

4.2.10. Cytotoxicity of the Polycations and Polyplexes After Transfection. 10000 HeLa
cells per well were seeded in 96-well tissue culture plates in duplicates and were allowed
to adhere overnight. The medium was then removed, and the fresh medium containing
varying concentrations of polymers was added. The cells were incubated for 48 h with the
polymers. Metabolic activity assay (MTT) was performed to determine the inherent
toxicity of the cationic polymers in HeLa cells by staining with dimethyl thiazol dyes for
metabolically viable cells. The plate was read at 570 nm using TECAN. IC50 values were
calculated with GraphPad Prism software.”*Cytotoxicity after transfection was done by
incubating the cells with polyplexes at an N/P ratio of 40 for 6 h followed by change in

medium and additional 48 h of incubation.

4.2.11. Transfection of EGFR-siRNA. To determine the expression of the EGFR gene,
HeLa cells were cultured in 60 mm plates (105 cells/well) and incubated for 24 h prior to
polyplex exposure. Polyplexes (0.25 ug of EGFR-siRNA/control-siRNA) with an N/P ratio
of 40 were prepared immediately before transfection. As positive control, polyplexes
formed with Lipofectamine 2000 (1:1 w/w) were prepared. After incubation with the
polyplexes for 6 h, the medium was replaced with 2 mL of DMEM containing 10% FBS.
After 48 h, the cells were washed with 500 uL of phosphate-buffered saline (PBS) and
treated with lysis buffer.

4.2.12. EGFR Knockdown Western Blot Evaluation. Protein lysates were harvested using

the radioimmunoprecipitation assay buffer (RiPa) supplemented with protease inhibitor,
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and the protein concentrations were determined using a Bradford protein assay kit (Bio-
Rad). Lysates were resolved on a sodium dodecyl sulfate polyacrylamide gel
electrophoresis denaturing gel and transferred to a nitrocellulose membrane (0.45 um).
Membranes were blocked in 5% nonfat milk containing 0.1% Tween 20 (TBS-T) for 1 h
at room temperature and incubated overnight with EGFR-1005 sc-03 antibody (Santa Cruz)
at 4 °C. Secondary antibodies coupled to horseradish peroxidase were visualized using
streptavidin horse radish peroxidase (HRP) antirabbit conjugate. The amount ofEGFR

protein expression was quantified using Imagel image software analysis.*

4.2.12. Cellular Uptake of Polyplexes. HeLa cells (1 x 10°) were seeded in 35 mm tissue
culture plates containing sterilized 18 x 18 cm? glass coverslips. The cells were allowed to
grow overnight, and the medium was removed and replaced with FITC-labeled control-
siRNA polyplexes at an N/P ratio of 40 in OMEM and subsequently incubated for 6 h.
Then, the cells were washed three times with 1 x PBS, fixed in 4% paraformaldehyde for
15 min at 37 °C, and washed again three times with 1 x PBS. The fixed cells were stained
with DAPI (1:10 000 dilution in PBS) for 60 min, and the cell membrane was stained with
WGA-rhodamine dye before mounting them on glass slides. The prepared slides were kept
at 4 °C until imaged. Images were obtained with a Plan-Apochromat 40%/1.3 Oil DIC lens

on a Zeiss 710 confocal microscope using Zen 2011 software.

4.3 RESULTS AND DISCUSSION

4.3.1. Synthesis and Characterization of Lac-NH?2. Ethanolamine has been widely used for
the synthesis of hydroxyl-rich PGEA polymers for condensation with DNA or RNA. In
this study, we proposed to use amino-functionalized saccharide to create novel cationic
PGMA-based glycopolymers containing large number of hydroxyl groups for gene
delivery. Lactobionic acid based glycopolymers have been extensively studied by our

24-26,41,42 and

group for many biomedical applications including gene/drug delivery vehicles
hydrogels.>>* Moreover, lactobionic acid functionalized nanosystems have been widely
accepted to exhibit hepatoma-targeting capability due to the specific recognition with

)'44

asialoglycoprotein receptor (ASGPR Therefore, here we introduced amino-

functionalized lactobionic acid Lac-NH2 by the reaction between EDA and lactobionic
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lactone. As shown in the 'H NMR spectrum in Figure 4S1, all typical peaks for sugar and
aminoethyl groups can be clearly observed. The ratio between sugar protons and
aminoethyl protons were calculated and found to be close to that in its chemical structure,

which confirmed the successful synthesis of Lac-NH2.

4.3.2. Synthesis and Characterization of PGMA-Based Cationic Polymers. PGMA with a
targeted degree of polymerization (DP) of 60 was synthesized by ATRP using EBiB as an
initiator. For the polymerization of PGMA, both RAFT and ATRP can be used. We chose
to use ATRP as described by Xu, et. al'’2%% for gene delivery applications.The chemical
structure of PGMA was evaluated by "H NMR as shown in Figure 4S2. The typical peaks
(0 2.63, 2.85, and 3.24 ppm) for the epoxy ring of PGMA can be clearly observed. The DP
of GMA was determined to be around 40 by comparing the peak integral of epoxy ring
with that of EBiB. The molecular weight (Mn) and polydispersity index were further
measured by GPC (Figure 4S3) using polystyrene as a standard to be 18.2 kDa and 1.28,
respectively. Ethanolamine and Lac-NH2 of different feed ratios were then applied to react
with epoxy groups of PGMA to obtain cationic polymers with different sugar content. The
detailed information of these three polymers is summarized in Table 4-1. The chemical
structure of these three polymers are confirmed by 1H NMR in Figure 4-1. The spectrum
of PGEA with 0% sugar decoration was consistent with previous studies.'® With increasing
Lac-NH2 feed ratio, higher sugar residues were observed in the spectrum. The sugar
content of PGEL-1 and PGEL-2 was calculated to be 9 and 33%, respectively. The
molecular weights (Mn) of these three hydrophilic polymers were further determined by
aqueous GPC using pullulan as a standard to be 16.8, 17.5, and 17.9 kDa, respectively,
with a similar PDI of ~1.5. The Mn values of these derived polymers were found to be
lower than that of the starting PGMA, which can be explained by the different mobile
phases and different standards used for the measurement of these polymers as GPC gives
relative Mn values to the standards. The number of hydroxyl groups per polymer chain was

calculated to be 80, 105.2, and 172.4 for PGEA, PGEL-1, and PGEL-2, respectively.
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Table 4-1. Summary of Synthetic Conditions, Molecular Weights, and Chemical
Composition Determined for PGMA-Based Cationic Glycopolymers with Different Sugar-
Grafting Ratios, Determined by GPC and 'H NMR.

feed ratio epoxy/Lac-NH,/EA M, (GPC; g/mol) M, (GPC; g/mol)  PDI (GPC)  Lac mol % ('"H NMR)  number of —OH groups per chain

PGEA 1:0:30 16.8k 25.6k 1.52 0% 80
PGEL-1 1:1:4 17.5k 253k 1.44 9% 105.2
PGEL-2 1:3:2 17.9k 259k 1.44 33% 172.4
Sugar+3,4,7,11,12,15 o g? 12
(—;\ B
5,6,13,14 o ot v
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Figure 4-1. 1H NMR spectra of cationic polymers with different sugar compositions.

hydroxyl groups per polymer chain was calculated to be 80, 105.2, and 172.4 for PGEA,
PGEL-1, and PGEL-2, respectively.

4.3.3 Characterization of Polycation/siRNA Complexes by Electrophoretic Mobility Assay.
The successful condensation of siRNA by the cationic polymers is required for effective
gene delivery systems. The capability of hydroxyl-rich PGEA and PGEL vectors to
condense siRNA was confirmed by agarose gel electrophoresis. Figure 4-2 shows the gel
retardation results of the various polycation/siRNA complexes with increasing N/P ratios
of 1, 2, 5, and 10 in comparison to uncomplexed siRNA. PGEA, PGEL-1, and PGEL-2
exhibited similar condensation capabilities, with siRNA completely condensed at the N/P

ratio of 5 and above
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4.3.4. Hydrodynamic Size and (-Potential of Polyplexes. The size and charge of these
polyplexes (N/P ratio = 40) were measured by dynamic light scattering and {-potential at
room temperature. As shown in Figures 4-3 and 4S4, smaller size and lower (-potential
values were found for polyplexes formed by polycations with higher hydroxyl amount, i.e.,
polymers with higher sugar content. For example, the hydrodynamic size and (-potential
for PGEA/siRNA complex were 81.1 + 22.9 nm (PDI = 0.302) and 19.73 £+ 0.84 mV,
respectively. However, in the case of polyplexes based on PGEL-2, which have 2 times
more hydroxyl groups than PGEA, the numbers were correspondingly decreased to be only
43.3 £ 7.0 nm (PDI = 0.274) and 3.36 + 0.68 mV, respectively. We believe that this
phenomenon should be ascribed to the more compact condensation, as well as some extent

of charge shielding induced by the large number of hydroxyl groups in sugar-rich

polycations.
L
&
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Figure 4-2. Electrophoretic mobility ofsiRNA polyplexes of the cationic PGEA and PGEL

polymers with different sugar compositions.
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Figure 4-3. Hydrodynamic diameter and {-potential of the polycation/ siRNA complexes

(0.16 pg of siRNA, N/P ratio = 40) measured at room temperature.

4.3.5. Cell Viability Assay. Glycopolymers, which can be obtained from natural sugar
molecules, are usually considered as biocompatible materials.*> The cytotoxicity of
cationic glycopolymers, as shown in our previous studies, are highly related to polymer
composition, architecture, molecular weight, and charge distribution.?! In this study, we
designed and synthesized PGMA-based cationic glycopolymers, which have different
architecture and charge distribution manner with those reported previously in our and
others’ laboratories.”>?° Therefore, MTT assay was carried out for PGEA and PGEL
polymers in HeLa cells before conducting gene transfection studies. As shown in Figure
4S5, the three polycations exhibited concentration-dependent cytotoxicity after 48 h of
incubation. Polymer with a higher sugar decoration degree (more hydroxyl groups)
exhibited higher biocompatibility: PGEL-2 > PGEL-1 > PGEA. The ICso values of the
three polymers were determined to be 230.9, 48.04, and 18.42 pg/mL, respectively. The
ICso values based on residual amine concentration were then accordingly calculated to be
7.33 x 1077,2.06 x 1077, and 9.07 x 107® mol/mL. The ICso value of PGEL-2 was about 1
order of magnitude higher than that of PGEA, indicating significant enhancement of

biocompatibility via conjugation of sugar molecules.

4.3.6. In Vitro Gene Transfection Efficiency and Cytotoxicity After Transfection. The
charge and size of the polyplexes facilitate the permeation of the nanoparticles across the

extracellular barriers, their uptake by cancer cells, and the suppression of cancer genes by
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the encapsulated siRNA. After transfection, the cells expressing the target protein can be
easily distinguished by evaluating the differences in protein expression by Western blot.
The in vitro gene transfection efficiency of the polyplexes was assessed using EGFR
protein quantification in HeLa cell line (Figure 4S6). Figure 4-4a shows the relative
percentage of EGFR expression mediated by the PGMA-based vectors at an N/P ratio of
40 in the presence of 10% FBS. The N/P character of a polymer/ nucleic acid complex can
influence many properties such as its net surface charge, size, and stability. At high N/P
ratios, especially ones well above the point required to form charge- neutralized complexes
with siRNA (in this case, N/P = 5), enhancement in in vitro gene expression is typically
observed as a result of free cationic polymer, which enhances intracellular delivery, that is
why we chose a higher N/P ratio of 40 for transfection experiments. We compared the gene
expression of the cells transfected with our polyplexes to Lipofectamine 2000 at the w/w
ratio of 1. Although Lipofectamine 2000 exhibited lower EGFR expression (~32%) than
PGMA-based polycation/siRNA complexes, the severe off-target silencing can be a serious
problem for practical application. By contrast, PGEA showed similar EGFR expression
level (~34%) but with much less off-target silencing. The effective gene transfection
capability of PGEA in this study was consistent with previous reports.'®* For the sugar-
decorated polycations, PGEL-1 and PGEL-2, higher EGFR expression levels of ~48% and
~61% were observed, respectively. The less effective EGFR knockdown efficiency of
polycation with higher sugar decoration degree could be induced by the lower surface
charge as demonstrated above. Nevertheless, both PGEL-1 and PGEL-2 showed negligible
off- target silencing. It is also worth mentioning here that the gene transfection experiments
in this study were conducted using HeLa cell line, which may not show specificity to
lactobionic acid residues in sugar-decorated polyplexes. Gene delivery to ASGPR-
overexpressing HepG?2 cell line by these sugar- decorated polycations will be conducted in
the future and compared with the present work to investigate the importance of the specific
cell-sugar recognition. Ideal gene delivery vectors should combine high gene
expression/knockdown and excellent biocompatibility. The cytotoxicity after transfection

28,40

is shown in Figure 4-4b. Lipofectamine 2000, similar to our previous studies, showed

high cytotoxicity to HeLa cells. In comparison, the hydroxyl-rich PGMA-based
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polycations revealed a much better biocompatibility and polycations with higher number
of hydroxyl groups revealed to be less toxic as shown by the polymer cytotoxicity data
above. Therefore, considering both the biocompatibility and gene transfection efficiency
observed, we believe that PGEL-1 can have great potential to serve as a safe and effective

gene delivery vector to treat cervical carcinoma.
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Figure 4-4. (a) Relative percentage of EGFR expression as determined by Western blot

analysis quantification with Imagel. (b) Cell viability of HeLa cells after transfection.

4.3.7. Cellular Uptake of PGMA-Based Glycopolymer Polyplexes. The cellular uptake of
hydroxyl-rich polycation/ siRNA complexes in HelLa cells was investigated using a
confocal microscope. As shown in Figure 4-5, FITC-labeled siRNA was found in the
cytoplasm for all these three polyplexes. We can also see that PGEA and PGEL-1 groups
showed higher FITC fluorescent intensity than PGEL-2 group, which revealed higher
cellular internalization of siRNA mediated by these polyplexes. This phenomenon is in
accordance with the EGFR knockdown data discussed above, which should be mainly due

to the lower surface net charge of PGEL-2/siRNA complex.
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Figure 4-5. Confocal microscopy images in HeLa cells: (a) untreated cells, (b) PGEA, (c)
PGEL-1, and (d) PGEL-2 after 6 h of incubation.

4.4 CONCLUSIONS

We have successfully introduced a novel approach to synthesize cationic glycopolymers
based on ring-opening reaction of PGMA. The hydroxyl-rich cationic glycopolymers were
explored for the use of intracellular EGFR-siRNA delivery. The biocompatibility of these
glycopolymers was proved to be positively related to the sugar decoration degree. Despite
the excellent capability to condense siRNA for all these polymers, the sugar decoration
degree was found to be critically significant for gene knockdown efficiency. The cationic

glycopolymer with the highest sugar composition (33%), however, was found to be less
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effective in EGFR knockdown. Therefore, careful consideration of sugar deco- ration

degree should be involved in the design of glycopolymers used as gene delivery vectors.

We found that PGEL-1 with 9% sugar content should have satisfactory balance between

the biocompatibility and gene transfection efficiency. Moreover, benefiting from the

specific binding affinity of lactobionic acid to ASGPR, our novel PGMA-based cationic

glycopolymers hold great potential for hepatocyte- selective targeting delivery of

therapeutic genes in the future
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5.1. INTRODUCTION

Anhydrobiotic organisms survive complete dehydration for several years and studies with
these systems exposed to extreme environmental stresses, such as freezing and desiccation,
have shown that trehalose accumulation is one of the responsible changes of this adaptative
mechanism' ™. Trehalose, is a non-reducing disaccharide of glucose that can alter the
physical properties of membrane phospholipids conserving its structural and functional
integrities®. This sugars have been used for the bioprotection of cryopreserved samples®®.
Trehalose protection is related to its unique physicochemical properties, including its glass
transition temperature and the interaction between the sugar and the plasma membrane,
which can affect cellular osmotic responses’. Trehalose have shown to be an effective
protein stabilizer, preventing aggregation and prolonging activity when exposed to
stressors, including increased temperature, pH change, agitation, and desiccation!®. Three
mechanisms have been proposed by which trehalose guards proteins: 1) the direct
interaction between trehalose molecules and proteins through hydrogen bonds (water
replacement hypothesis)!!, 2) the trapping of water molecules close to protein surfaces
(water-layer hypothesis)'?, and 3) the entrapment of protein conformations in high
viscosity trehalose glasses (mechanical-entrapment hypothesis)'*!4. Additionally, it also
appears that trehalose is needed on both intra (permeating CPA) —and extracellular sides
of the cell membrane (non-permeating CPA) to enable long-term preservation'”, but its
high molecular weight limits its permeability properties. Multiple studies that confirm the
effectiveness of trehalose in cryopreservation or drying of mammalian cells including,
primary human hepatocyte cryopreservation'S, as well as preservation of red blood cells’,

hematopoietic cells and embryonic stem cells .

Use of cryoprotectants (CPA) such as dimethyl sulfoxide (DMSO)'®!°, glycerol*® and
ethylene glycol®! has been employed over decades for the reliable long-term storage of
biological samples, such as cells, tissues and organs. The cryogenic temperature —the
temperature at which the biological samples are exposed— can inevitably induce ice
formation and osmotic shock causing irreversible mechanical and physical damage to the
cells??. The use of these CPAs aids in preventing cell injury, however some drawbacks are

faced, such as their inherent toxicity. Adverse effects on patients after infusion of DMSO-
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cryopreserved cells and induction of cell apoptosis and uncontrolled differentiation of stem
cells have been reported?2>. Moreover, protocols for the addition and removal of CPAs
can be time-consuming processes requiring several washes which can lead to elevated cell
loss®®. Synthetic polymers which mimic antifreeze proteins inspired by nature have been
used as CPAs. These proteins and polysaccharides (macromolecular antifreezes) are
known to restrain ice formation and growth by changing ice crystals morphologies and
depressing the freezing point, the mechanisms, are still under exploration. Nonetheless, the
faculty to tune and alter ice formation and growth has shown to protect cells during
cryopreservation?’. Huge advances in the synthetic polymer chemistry field, now facilitates
the design of complex architectures enabling the development of manmade materials with
protein-like functions. Compounds structured with poly(vinyl alcohol) (PVA)* and
zwitterionic polymers, like 2-methacryloyloxyethyl phosphorylcholine (MPC)%, have
displayed macromolecular antifreeze properties by modulating ice formation and growth,
and acting as ice recrystallization inhibiting (IRI)-polymers mimicking the complex
function of antifreeze (glyco)proteins. Cell cryopreservation methods that utilize IRI
agents are a promising technology since they eliminate or reduce the need for permeating
cryoprotectants®’. Moreover, organoid cultures based on 3D cell scaffolds are of great
interest because they mimic living tissues®!; in regenerative medicine, polymer scaffolds
that promote cell and tissue associations and cell/scaffold integration are demanded. An
integral component of the manufacture of potential artificial organs substitutes, is the
cryopreservation of the whole construct. The cryopreservation of several layers of
constructed cells poses a major difficulty as the models to described tissue responses to
cryoinjury has not yet been elucidated, therefore designing a polymeric biocompatible
scaffold like a hydrogel network, with high biocompatibility and tunable physicochemical
properties, is a promising strategy to study tissue responses to freezing and thawing®*. We
previously reported the synthesis of a stimuli-responsive MPC-based hydrogel as a
promising CPA and 3D cell scaffold®. Exceptional properties of trehalose, as mentioned
earlier, shows the favorable use of this sugar for the synthesis of IRI-polymers. Trehalose
glycopolymers have been investigated for their ability to stabilize proteins to heat and
lyophilization stress®* and offers a strong rationale to develop a trehalose-based hydrogel

for cryopreservation and 3D cell scaffold applications, which is now described.
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5.2 EXPERIMENTAL SECTION

5.2.1 Materials

Trehalose, epichlorhydrin and sodium hydroxide were purchased from Caledon
Laboratories Ltd. (Georgetown, Canada) and thiazolyl blue tetrazolium bromide (MTT)
was obtained from Sigma-Aldrich. Live/dead 488/570, R37601 assay was purchased from
Thermo Fisher Scientific. All cell culture products, including DMEM medium, antibiotics
(Streptomycin (10 mg mL™"), penicillin (10 000 U mL™")), fetal bovine serum (FBS), and
trypsin with EDTA, were obtained from Gibco. All organic solvents, including methanol,
ethyl acetate, tetrahydrofuran (THF), and dimethyl formamide (DMF), were obtained from
Caledon Laboratories Ltd. (Canada).

5.2.2 Synthesis of Trehalose-epichlorohydrin (Tre-ECH) polymers.

Tre-ECH polymers were prepared as follow. In a typical procedure, 2 g of trehalose (5.84
mmol) and 0.7 g of NaOH (17.52 mmol) were dissolved in 5 ml of deionized water. The
solutions were immersed in a warm water bath at 70 °C and stirred for 30 min until the
solution was fully reacted (clear liquid). 1.62 g of epichlorohydrin (ECH) (17.52 mmol)
was then added dropwise at the correct molar ratio (Scheme 5-1). This solution was left
still for a period of time until the viscosity increased. After a minimum of 24 h, the reaction
was neutralized with hydrochloric acid (HCl) and the solution was dialyzed for 48 h using
a molecular membrane cut-off of 6000-8000. Once the impurities were removed, the
solution was freeze dried to collect a dry powdered polymer, and the yield and properties

were determined.

5.2.3 Gel permeation chromatography (GPC)

Average molecular weights and dispersity of the polymers were assessed by gel permeation
chromatography (GPC) system using water columns (WATO011545) eluted at 1.0 mL/min
using 0.5 M sodium acetate / 0.5 M acetic acid buffer as Eluent A. Monodisperse Pullulan

standards (M = 5900—404 000 g mol!) were used for calibration.

5.2.4 Differential scanning calorimetry (DSC) tests. DSC analysis to assess ice formation
was performed using polymer/water mixtures. 10 mg polymer samples were accurately

weighted (= 0.01 mg) and transferred to a DSC-Q2000. Heat flow (W/g) was measured
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and recorded against an empty pre-weighed 40 uL aluminum reference pan starting from
—20 °C to 300 °C at a rate of 50 °C min !, with the presence of a large endothermic peak

demonstrating ice melting.

5.2.5 Splat cooling assay for the ice recrystallization inhibition (IRI) activity.

The IRI activity of the polyethers was weighed by the splat cooling assay>>**. The sample
(10 uL) suspended in PBS was released into an aluminum block chilled to approximately
—80 °C with dry ice ( 2 m in height). Upon contact with the cooled block, the sample droplet
instantaneously froze and created a wafer (1 cm in diameter and 20 pm thickness). The
wafer was then moved to a cryo-stage maintained at —6.4 °C (Alpha Omega Instruments,
Series 800 temperature controller). After annealing for 5 minutes at —6.4 °C, images of the
wafer were taken between crossed-polarizing filters using a Nikon CoolPix 5000 digital
camera through a microscope. The images were processed in ImageJ (imaging processing
software) and ice crystals areas were calculated. The data was arranged into as has been
previously described®’. A curve was generated and the half-maximal inhibition
concentration (ICso) was computed using GraphPad Software, by fitting to a two-parameter

sigmoidal curve.

5.2.6 Cell culture

The cell lines evaluated were PC-3 (prostate cancer), FaDu (head and neck cancer,) HeLa
(cervical cancer) and skin fibroblasts (normal cell line). DMEM medium was used to grow
the cells supplemented with 10% fetal bovine serum (FBS) and 1x antibiotic-antimycotic
(100 units of penicillin, 100 pg streptomycin) in a humidified atmosphere at 37 °C and 5%
COs. At about 80% confluency, the cells were sub-cultured by dissociating with 0.25%

trypsin twice per week.

5.2.7 Metabolic Activity (MTT) assay

The HeLa cells (1x10° cells per well) were allowed to adhere overnight in 96-well tissue
culture plates. After 24 h incubation the media was replaced by fresh media with assorted
polymer concentrations in triplicate. The cells were grown for 24 h in the presence of the
polyethers. The untreated cells were used as positive control and media alone was used as
blank. The plate was incubated for 4 h after MTT solution addition (100 puL per well 1 g/L
in sterilized PBS), followed by the addition of DMSO: 2-propanol lysis buffer. A
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spectrophotometer was used to read the plate at 570 nm and the percent of metabolic

activity was calculated by the following formula:

Eq. 5.1. Metabolic activity (%) = 100 x (treated cells — negative control) / (positive control

— negative control)

5.2.8 Cryopreservation studies using the ultrarapid freezing method.

Polyether solutions from 0.5 to 10 wt % of the Tre-ECH polymers suspended in DMEM
with 10% FBS for HeLa cells and 5 and 10 wt % for skin fibroblasts were evaluated. A
solution of 1x10° cells/mL was mixed in 1 mL of each polymer solution and divided into
each microtube (per 100 pL) and plunged directly into liquid nitrogen (~ —220 °C/min
cooling rate) and stored in the freezer at —80 °C. After 24 h, the microtubes were
immediately thawed by gentle shaking in a temperature controlled water bath equilibrated
to 37 °C (thawing rate ~ 45 °C/min>®). The cells were then mixed in a 1:1 ratio of cell
suspension:trypan blue and counted using a hemocytometer. The ratio of membrane-
compromised cells to the total number was determined to calculate the membrane integrity.

All the experiments were done in triplicates.
The membrane integrity was estimated by the following formula:

Eq. 5.2. Membrane Integrity (%) = 100 x (number of intact cells) / (number of intact cells

+ number of damaged cells)

The cells were counted pre- and post-thawing to calculate the percentage of cell recovery
after thawing. For this assay, as mentioned above, PC3 cells were cryopreserved by the
ultra-rapid freezing method at 5 and 10 wt% polymer solutions. Post-thaw cell recovery
and Platting efficiency post-thawing after 24 h of incubation were computed by the

following formulas:

Eq. 5.3. Post-thawing cell recovery (%) = 100 x (post-thaw cell count)/ (pre-thaw cell

count)

Eq. 5.4. Platting efficiency (%) = 100 X (cell count after 24 h of incubation)/ (post-thaw

cell count)
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5.2.9 Cryopreservation studies using temperature controlled freezing method.

Cryopreservation studies using the temperature controlled freezing method were done as
previously described®’. A solution of 3 wt% of poly(Tre-ECH) polymers S1, S2 and S3
and 1 x 10° cells/mL suspension (PC3) in freezing medium (DMEM + 10% DMS0)/0.5
M trehalose and DMEM + 3 wt% polymer solution in the absence or presence of 0.5 M
trehalose (room temperature incubation) were slowly added to the freezing medium. A
precooled (—12 °C) electronic controlled-rate freezer (VIA Freeze™ Research, GE
Healthcare Life Sciences) was used and the samples were held in this freezer for 15 min
before they were touch by pre-cooled forceps to induce ice nucleation. This technique
ensured controlled nucleation at the same temperature (—12 °C) in each vial. All cryotubes
were maintained at —12 °C for 15 min before cooling to —80 °C at a rate of 1 °C/min, and
then transferred and stored in the freezer at —80 °C overnight. For thawing, the cryovials
were rapidly thawed in a water bath at 37 °C (thawing rate ~ 45 "C/min*). Pre-warmed
DMEM + 10% FBS was used to resuspend the cells and they were collected by
centrifugation (200 % g for 5 min). The supernatant was then removed, and the cells were
resuspended in warm DMEM + 10% FBS media. The proliferation rate and metabolic
activity was evaluated after the cells were cultured for 24 h in the conditions described

above.

5.2.10 Cellular Uptake of the Trehalose based polymers.

The polymers were labeled fluorescently with FITC by activating hydroxyl groups on
carbohydrate moieties. In brief, the polyethers were dispersed in 4% NaHCO3 in deionized
water and calibrated to pH 8.5 to make 5 mg/mL solution. FITC was dissolved in DMSO
to make 1 mg/mL solution. FITC-DMSO was added to the aqueous polyethers solution
dropwise and stirred for 5 days under dark conditions. The FITC-labeled polyether solution
was dialyzed to remove free FITC. The fluorescent polymers were freeze-dried and
obtained as a yellow (FITC) powderS. For the cellular uptake procedure HeLa cells were
seeded (1 x 10° cells/plate) were seeded onto a glass coverslip in tissue culture plates and
allowed to adhere overnight. The media was then removed and replaced with 1 mg/mL of
FITC-labeled polymer in DMEM with 10% FBS media and the cells were exposed to -
80 °C overnight according to the rapid cryopreservation method described above.

Following thawing of the cells, the plates were rapidly thawed in a water bath at 37 °C,
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followed by three washes with PBS and fixed with 4% paraformaldehyde for 15 min at
37 °C. The cells were stained with 4',6-diamidino-2-phenylindole (DAPI) for cell nucleus,
wheat germ agglutinin (WGA) Rhodamine for cellular membrane and were imaged using

Zeiss AxioObserver (inverted) Confocal Microscope.

5.2.11 3D Cell Scaffold evaluation

The polyethers were dissolved in DMEM media containing antibiotics and glutamine. The
hydrogels were created at a 15 w/w% concentration by resuspending PC3 cells (1x10°
cells/mL) in a Poly(Tre-ECH) solution at 37 °C. The cell/hydrogel constructs were
incubated for 24 h, in a humidified atmosphere incubator containing 5% CO,. Membrane
integrity was assessed using a commercial Live/Dead assay. The live cell component emits
green fluorescence in live cells and the cells with compromised membranes (dead cells)
emit a red fluorescence. Exposure of cells to 70% ethanol was used as a dead control and
the untreated cells were used as a live control. The cells were incubated for 15 min at room
temperature (22 °C) with 2x stock solution of LIVE/DEAD® Cell Imaging Kit 488/570,
ThermoFisher R37601 (300 uL). Cells were imaged by confocal microscopy. Imaris Image

Analysis software was used for quantification and imaging processing.

5.2.12 Stadistics. All statistical analysis was performed using GraphPad Prism 7 software.
All experiments were performed in triplicates. P values were calculated using 1-way

ANOVA, t-TEST. *P < 0.05 was considered significant, and ***P < 0.0001 was
considered highly significant.

5.3 RESULTS AND DISCUSSION

5.3.1 Synthesis of Trehalose-based hydrogels.

The trehalose-epichlorhydrin polymers (Tre-ECH) were synthesized as per the protocol for
the synthesis of Ficoll’’, a sucrose-epichlorhydrin polyether, with some modifications
(Scheme 5-1). In order to achieve water soluble, highly branched polyethers, a preliminary
study was initially carried out with different ratios of ECH and NaOH to trehalose. Once
the most appropriate conditions were identified, three different Tre-ECH polymers were
synthesized as shown in Table 5-1. The molecular weights of the Poly(Tre-ECH) were
determined by gel permeation chromatography. The polymers were labelled as S1, S2 and
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S3. S1 had the highest molecular weight (M, = 14,900 Da, M./M, = 7.33) and high
dispersity due to its highly branched nature, S2 had the lowest molecular weight (M, =
5,900 Da, My/M, = 1.48), and S3 had similar M, as S1 (M, = 14,600 Da, M,/M, = 3.06)
but slightly lower dispersity.

Table 5-1. Characterization of the Poly(Tre-ECH) polymers.

Sample Mw Mn
mol Ech/Tre  mol NaOH/Tre Muw/Mn
(g/mol) (g/mol)
S1 3 3.5 109,200 14,900 7.33
S2 3 4.5 8,700 5,900 1.48
S3 3 3 44,700 14,600 3.06

Scheme 5-1. Synthesis of the trehalose-based polymers. Poly (Tre-ECH).

5.3.2 DSC Analysis

Hydrophilicity of the trehalose-based hydrogels and its influence on ice formation was
studied using DSC and compared with pure trehalose samples as shown in Figure 5S1. All
the samples showed an endothermic peak due to the melting of the solute-water system.
Among the three samples, S1 (Figure 5S1a) showed the smallest melting peak in
comparison to the other two polymers (Figure 5S1b-c) and comparable to the pure trehalose

sample (Figure 5S1d). This indicates the strongest inhibition of S1 to water crystallization®.
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5.3.3 Ice recrystallization inhibition (IRI) activity.

The IRI activity of the trehalose-based polymers was calculated using the splat cooling
assay with PBS as a control for ice recrystallization®*. The splat cooling IRI assay is widely
used to probe recrystallization, which involves the formation of a polynucleated ice wafer
by dropping a buffered solution containing the inhibitor onto a pre-cooled surface?’. The
ice crystals are then annealed at a sub-zero temperature, above the eutectic phase transition,
and the growth of the ice crystals monitored. As demonstrated in Figure 5-1, the ICso of
the polymer S1 was the highest (17 mg/mL) while both S2 and S3 showed an ICso of 14
mg/mL. These results confirmed that these Poly(Tre-ECH) polymers are active IRIs.

100 100
2 50 2 50

Py

0.0 0.5 1.0 15 20 0.0 0.5 1.0 1.5 20
log [S$1] (mg/mL) log [S$2] (mg/mL)

@ (®)

100i

50

o os 1o 15 20
© log [S3] (mg/mL)
Figure 5-1. Dose-response curves for the IRI activity of (a) S1 (ICso= 17 mg/mL, R?*=

0.99), (b) S2 (ICso= 14 mg/mL, R>=0.99), and (c) S3 (ICso= 14 mg/mL, R>=0.99).

5.3.4 Cell viability studies

The toxicity of current CPAs like DMSO presents a major challenge for its use in
biomedical applications. Some cell damage has been seen on the cell membrane, enzymes
and mitochondrial function, as well as cell development and proliferation®. Metabolic
analysis of the cells to evaluate the biocompatibility of Poly(Tre-ECH) polymers was done
by a MTT assay using HeLa cells (Figure 5S2). The cells were incubated for 24 h at 37 °C
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in a polymer solution up to 100 mg/mL (Figure 5S2). The metabolic activities were close
to 60% of the controls at the highest concentration (100 mg/mL) indicating partial
maintenance of normal metabolic pathways even at high concentrations suggesting

favorable biocompatibility of these trehalose-based polymers.

5.3.5 Cryopreservation studies

Cryoprotective efficacy of Poly(Tre-ECH) polymers was evaluated in HeLa cervical cancer,
PC3 prostate cancer and skin fibroblast (normal cell line). To confirm that Poly(Tre-ECH)
could afford rapid crioprotection, we compared the post-thaw membrane integrity of the
Poly(Tre-ECH) polymers, DMSO (10 wt% + pure trehalose (10 wt%) and conventional
cryopreservation conditions ~10 wt% DMSO in cell media with the ultra-rapid freezing
protocol (Fig. 5-2). Trehalose (10 wt%) + DMSO (10 wt%) was selected as the control
because without pretreatment trehalose is impermeable to the cell membrane and its
cryoprotective effect is known to be strongly dependent on the incubation time®’. As
expected, samples with trehalose (10 wt%) + DMSO 10 wt% exhibited much lower

membrane integrities as compared with the Tre-ECH polymer samples.
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Figure 5-2. Rapid cryoprotection of Poly(Tre-ECH) Polymers. (a) Post-thaw membrane
integrity of HeLa cells after incubation in media containing different polymer
concentrations (0.5%, 1%, 5% and 10 wt%). Post-thaw survival efficiency of (b) Skin
fibroblast cells with different polymer concentrations in media containing 5% and 10 wt%.

Trehalose (10 wt%) + 10% DMSO and only 10% DMSO were used as controls with the
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ultra-rapid freezing protocol. Value = mean + standard deviation, n = 3, *P < 0.05 (One-

way ANOVA).

5.3.6 Effect of trehalose-based polymers on freeze-thawing skin fibroblast cells with the

controlled-freezing method.

To demonstrate the use of trehalose polyethers as CPAs, we tested the survival and function
of skin fibroblasts treated with 5 wt% and 10 wt% Poly(Tre-ECH). Subsequently, cells
were consigned on the controlled-rate freezer and incubated for 15 min at —12 °C before
ice nucleation, and then further cooled to —80°C. Ice seeding (ice nucleation and growth)
at a high subzero temperature during cooling can release the free energy that drives ice
recrystallization (IR) during warming, which prevents the IR-induced cell injury?®. Cells
were thawed and counted after 24 h storage at —80 °C. High post-thaw cell recovery (Fig.
5-3a), as well as high post-thaw cell membrane integrities (Fig. 5-3b) were observed with

the higher molecular weight polymers S1 and S3.
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Figure 5-3. Cell recovery and membrane integrity test of Skin Fibroblast after controlled-
freezing cryopreservation. (a) Post-thaw cell recovery of cryopreserved fibroblast for 24 h
in S1, S2 and S3 polymer solutions at 5 wt% and 10 wt% and a solution of DMEM+10%
DMSO+10% FBS as control. (b) Post-thaw cell membrane integrity of cryopreserved
fibroblast for 24 h in S1, S2 and S3 polymer solutions at 5 wt% and 10 wt% and a solution
of DMEM+10% DMSO+10% FBS as control. Value = mean =+ standard deviation, n = 3,
*P <0.05 (One-way ANOVA).
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5.3.7 Effect of trehalose predehydration and trehalose polyethers on freeze-thawing PC3
cells with the controlled-freezing method.

We wanted to explore the effects of delayed onset cryoinjury, typically observed within 6
to 24 h after thawing, and the effect of the addition of 0.5 M trehalose to the
cryopreservation protocol. Predehydration of cells by extracellular trehalose at a
nonfreezing temperature to their minimal volume with minimized osmotically active water
can protect the cells from being injured by osmotic shock and intracellular ice formation
(IIF) during ice seeding?. Due to the cells being slowly frozen (using a gradient of 1 °C
/min) this eliminates critical supercooling due to cell dehydration making intracellular
freezing not the main source of cryoinjury. As cryoprotectants affect the volume of ice
crystals, they influence the direct damage of cell membranes and the viability of the frozen/
thawed cells. The trehalose-based polymers have exhibited macromolecular antifreeze
properties by acting as ice recrystallization inhibiting (IRI)-polymers mimicking the
function of antifreeze (glyco)proteins, without necessarily mimicking their chemical
structure. The results from these experiments confirmed that Poly(Tre-ECH) S1 and S3
polymers, as well as DMSO offered the best cryoprotectant capabilities in combination
with 0.5 M trehalose. Previous studies have shown that compounds like dimethyl sulfoxide
and trehalose affect the thermodynamics of the freezing process. Crystal sizes in frozen 10%
(w/w) DMSO solution (with or without trehalose) have exhibit ten times smaller sizes than
ice in frozen water. Trehalose, on the other hand due to its high inter-molecular interaction
potential can easily form cluster structures which can contain also glass phase and impact
neighbouring water molecules, supporting the aggregation of crystals in the frozen samples.
Thus, it has been stated that trehalose probably acts as a natural osmolyte (osmoprotectant),
which then stabilizes phospholipid membranes and the tertiary structure of proteins®. We
showed (DSC) that the presence of the trehalose polymers in the solution leads to changes
in freezing process. In all studied polymer solutions, the melting/ freezing points were
shifted to lower values (compared to deionized (pure) water/ice). These results correlate
with the cryopreserved cell viability in PC3 cells where high post-thaw membrane integrity
(over 70%) with the S3 + 0.5 M trehalose polymer was seen, similar to the DMSO + 0.5
M trehalose control (Fig. 5-4a). Higher cell recovery was also observed with more than

60% recovery both in the absence and presence of trehalose (Fig. 5-4b). After 24 h of
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incubation, the membrane integrity of the cells cryopreserved with S3 + 0.5 M trehalose
was close to 70% as seen with the DMSO + 0.5 M trehalose control (Fig. 5-5a). Perhaps
the two most important criteria for cell cryopreservation are; cryosurvival and retention of
normal cell processes. The latter is thought to be particularly important for both research
and therapeutic applications *°. Here, the degree of cell division after 24 h of incubation
was also evaluated from the remaining viable cells and the results demonstrated that the
trehalose-based polymers are equally potent at lower concentrations (3 wt%) and do not

exhibit any cell cycle inhibition (Fig. 5-5b).
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Figure 5-4. Post-Thaw membrane integrity and cell recovery after 24 h of cryopreservation
at —80 °C a) Membrane integrity and b) Cell recovery percent of PC3 cell line after 24 h
of controlled temperature cryopreservation in S1, S2 and S3 (3 wt%) polymer solution +/-
0.5M Trehalose and 10% DMSO / 10% FBS. Value = mean £SD, n = 3. *P < 0.05, **P <
0.01 (One-way ANOVA).
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Figure 5-5. Post-Thaw membrane integrity and proliferation after 24h of incubation a)
Membrane integrity and b) Platting efficiency of PC3 cell line after 24 h of controlled
cryopreservation in S1, S2 and S3 (3 wt%) polymer solution +/- 0.5M Trehalose, 10%
DMSO / 10% FBS. Value = mean £SD, n = 3. *P < 0.05, **P <0.01 (One-way ANOVA).

Mazur developed the two-factor hypothesis of freezing injury to explain the survival of
cells when subjected to cryogenic temperatures; very fast cooling rates supercool the
intracellular environment, typically causing intracellular freezing. While cooling cells
slower than the optimal rate in the presence of ice results in the osmotic dehydration of
cells and solute toxicity*. These osmotic stresses alone may be severe enough to cause
lethal injury changes such as stated by Meryman in his “minimal critical volume”
hypothesis®’. Moreover, mechanical action of the extracellular ice is likely to “seed”
nucleation within cells and to directly injure cell membranes by compressing cells together
(unfrozen fraction hypothesis)*!. During optimal cooling, cells experience a hypertonic
environment and have time to sufficiently dehydrate before irreversible injury appears.
Difficulties in designing cryopreservation protocols may arise from the complex
interactions of these variables; thus, cooling rates that are low enough to avoid intracellular
ice formation (IIF) may be slow and induce damage from solution effects. Many of the
successes of cryobiology derive from manipulating these variables, using controlled

freezing and rewarming protocols, along with cryoprotective agents (CPAs)3>*2
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Successful cryopreservation depends largely on the permeability of cells to water and
CPAs, and on their tolerance concentration limits**. A more recent approach for
cryopreservation involves the use of low concentrations of intracellular sugars to stabilize
cells. The accumulation of internal sugars or mixtures of sugars, such as trehalose, sucrose,
and raffinose is one of the complex physiological adaptations that allows some organisms
to survive drying stress>'*!"2. These sugars are believed to play a major role in the
stabilization of membranes, proteins, and other key cellular structures. One of the major
advantages is their high glass transition temperature (Tg) compared with conventional
CPAs, such as DMSO, ethylene glycol (EG), and 1,2-propanediol (PROH). Sugars also
deliver their protection by stabilizing lipid membranes through hydrogen bonding (water
replacement hypothesis); by preventing aggregations of intracellular proteins and by acting
as osmolytes against osmotic stresses**. In addition, to its non-toxic nature, sugars-based
CPAs have the potential to infuse freeze-thawed cells directly into patients without the
requirement of further steps involved in the removal of traditional CPAs?*. Until recently,
sugars have been used as extracellular additives due to impermeability of the cell
membranes but in recent years, several groups overcame this barrier by using different
approaches such as thermotropic lipid phase transition’, reversible poration®!,
transfection*’ and microinjection*®. In this study we proposed the use of a trehalose-based
polyether in combination with extracellular trehalose as CPAs. The non-permeating
cryoprotectant trehalose may provide adequate cryoprotection however, to provide
maximum protection to the cells, the trehalose should be present on both sides of the cell
membrane. Endocytosis has previously been found to play an important role in the delivery
of hydrophilic species into cells using related polymers such as PP-75%. In Figure 5-6 we
observed the fluorescence microscopy images of HeLa cells after incubation with FITC-
labeled polyethers at -80 °C overnight and we have concluded that polyethers are capable
of delivering hydrophilic species, such as trehalose, into cells. Permeating CPAs like
DMSO and our polyethers will protect cells by increasing intracellular and extracellular
osmolality, depressing the freezing temperature which reduces the amount of ice formed
and therefore the damaging effects of ice and solute concentration at a given temperature,
reducing the extent of cell shrinkage, and raising the vitrification temperature. The non-

permeating CPA, trehalose will protect the cells by increasing extracellular osmolality,
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causing cells to dehydrate which reduces the likelihood of intracellular ice formation
during cooling*’*®. A combination of the polyethers and trehalose will allow the cell
dehydration at higher temperatures while the water permeability of the cell is still high due
to the high Ty of the solution. It is also known that the viscosity of trehalose solutions
rapidly increases during cooling, posing another advantage, considering that increased

viscosity may reduce crystal growth and thus potential damage®.

DAPI FITC WGA RHOD MERGED

Control

S1

S2

S3

Figure 5-6. Representative fluorescence microscopy images of HeLa cells after
cryopreservation with the fluorescently-labeled (FITC) polymers S1, S2, S3 and DMEM +
10% FBS media fixed with 4% PFA. The cells were subsequently stained with DAPI and

WGA Rhodamine following three washes with PBS. The scale bars represent 20 pum.
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The trehalose-based polymers formed hydrogel networks at a concentration of 15 wt%.
The 3D cytotoxicity evaluation of the hydrogel was performed using a membrane integrity
assay. Unfrozen untreated (live) cells were used as positive control incubated with
DMEM/10% FBS media, and cells exposed to 70% ethanol for 30 min as a positive dead
control. Live cells are notable green fluorescent due to the alteration of calcein AM. Cells
with compromised membranes are bright red fluorescence by the binding of propidium
iodide (an impermeant dye) to DNA°. Images by confocal microscopy were acquired after
24 h of incubation (Fig. 5-7) and analysed using Imaris Imaging Software to quantify the
membrane integrities (Figure 5-8). The results demonstrate that the polyether hydrogel
scaffolds composed of the three trehalose polymers S1, S2 and S3 were favorably
biocompatible exhibiting more than 95% viability and that can be custom to promote cell

integration and growth.

S1 (15 wtk) S1 (15 wt%)

S3 (15 wt%)

Figure 5-7. Confocal images of the 3D Cell culture constructs evaluated following 24 h

incubation in trehalose-based hydrogels; most cells stained Calcein positive, indicating the
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compatibility of the polymer scaffolds. ~1 x10° PC3 cells were seeded and grown in a
polyether solution of 15 wt%. After 24 h of incubation, the cells were stained with Calcein
AM and PI (LIVE/DEAD® Cell Imaging Kit 488/570, ThermoFisher R37601). Confocal
microscopy (40X oil lens) through two fluorescent channels (FITC and Texas red) was
used to capture the images. 70% ethanol (EtOH) treated cells served as positive control for

dead cells. Scale bars represent 20-40 pm.
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Figure 5-8. 3D cell culture Viability following 24 h incubation. Cell viability of PC3
(prostate cancer cell line) was measured using LIVE/DEAD® Cell Imaging Kit 488/570,
ThermoFisher R37601. PC3 cells were grown in 15 wt% trehalose-based hydrogels. Value

=mean * standard deviation, n = 5. Imaris Imaging Software was used to estimate viability.

5.4 CONCLUSIONS

The present study evaluated the design and characterization of trehalose-based polymers
for the cryopreservation and 3D cell culture of mammalian cells. The survival mechanisms
of the anhydrobiotic organisms have inspired the development of these polymers due to
the remarkable properties exhibited by the accumulation of trehalose. The presence of this
sugar have shown to inhibit ice crystal growth, which reduces the possibility of damage to
the cell membrane from recrystallizing, growing and enlarging ice crystals®'. All of the

resulting polymers were evaluated for their IR activity and their cytotoxicity in HeLa cells
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up to 100 mg/ml, showing low cell toxicity. Their ability as CPAs was determined by two
freezing methods, ultra-rapid and controlled rate-freezing. In the ultra-rapid method, cells
were rapidly frozen at —80 °C and the results showed more than 90% cell survival at
polymer concentrations of 5 and 10 wt%. For the controlled-rate freezing, the polymers
were tested at 5 and 10 wt% and 3 wt% in the presence and absence of trehalose and
confirmed high membrane integrities (more than 70%) and higher cell recovery (more than
60%) as seen with the control DMSO+/- trehalose. Additionally, the cell encapsulation
efficiency was evaluated by growing the cells inside a hydrogel with 15 wt% and the
live/dead assay was performed to assess the hydrogel biocompatibility showing noticeable
results (more than 95% viability). Our research has demonstrated that trehalose-based
polymers act as cryoprotective agents that can significantly influence the ice crystal
formation and growth which, in turn, can play a meaningful role in mitigating physical
cellular damages during freezing and thawing by acting as antifreeze protein mimetics
improving cryopreservation outcomes. Furthermore, these polymers have the additional
ability to form 3D cellular scaffold, which may be useful in the development of organoids
and ex vivo cell models for use in tissue engineering and biomedical applications. The bio-
inspired polymers, which we have tested for mammalian cell storage and encapsulation,
have provided a new platform to improve the cryopreservation procedures employed today.
Future research could potentially investigate their used in cell dessication techniques to

enable long-term higher temperature storage>>.
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CHAPTER 6. HYPOXIA-ACTIVATED
CARBOHYDRATE-BASED
NANOTHERANOSTIC TO MANAGE
HYPOXIC CANCEROUS TUMOURS.
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6.1 INTRODUCTION

Sub-optimal oxygen levels in cells, termed hypoxia, is present in tumours with abnormal
vasculature that are found in all types of cancers. These hypoxic regions have been
confirmed in several malignancies, including breast!, cervix?, head and neck 3, rectum?,
pancreas® and prostate cancers®. This trait is considered a negative prognostic marker for
patients and a predictive factor to promote invasion’"'°, tumour progression and recurrence
(metastasis) ° through genetic and transcriptional alterations that lead to resistance to

)!0-1 altered metabolism and

radiotherapy, chemotherapy (due to impaired drug delivery
genomic instability'?. Hypoxia-associated therapies face significant challenges due to
impaired drug delivery and metabolic degradation of existing drugs before reaching the
target; escalating drug doses to deliver therapeutically effective doses inside tumours has
resulted in associated neurotoxicity of the drugs'> 6. From a clinical standpoint, targeting
hypoxia is crucial for cancer remission, given the fact that it has a significant role in
promoting tumour progression and therapy resistance. Therefore, delivering a hypoxia-
activated theranostic (i.e. same molecule possessing both therapeutic and diagnostic
properties) using nanotechnology to supply therapeutically effective drug doses within
hypoxic cancer cells and precise therapeutic planning based on the level of hypoxia and

diagnostic outcome is the legitimate strategy to provide an 'individualized' and effective

management of therapy-resistant hypoxic cancerous tumours.

Hypoxia-activated prodrugs (HAPs) —bioreductive prodrugs activated by selective
enzymatic reduction processes that are upregulated in hypoxic cells— offers a molecular
approach to manage and target therapy-resistant hypoxic solid tumours. Radiolabeled 2-
nitroimidazoles (2-NIs)!” have shown proven clinical success as hypoxia selective
radiotracers, and some widely used radiopharmaceuticals for hypoxia imaging include '*F-
fluoromisonidazole ("*F-FMISO)!*!718 18F_ flyoroazomycin arabinoside ('*F-FAZA)!%
and '?’I-labeled iodoazomycin arabinoside ('**I-IAZA)**?. In clinical settings, '*I-IAZA

19,20

has accurately detected hypoxia in a variety of cancer patients and promises excellent

therapeutic potential, either as a radiosensitizer (non-radioactive IAZA also termed as
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"cold" IAZA; '2"IAZA) to enhance therapeutic effects of external X-ray beam
(radiotherapy) or for delivering in situ molecular radiotherapy (MRT) when TAZA is
labelled with a therapeutic radionuclide ('*'1), i.e., by a simple change of the iodine isotope;
the same IAZA molecule can deliver hypoxia (cancer) imaging as well as treatment.
Peripheral neurotoxicity, a limitation seen with previous 2-NIs clinical trials'?, has not been
reported with IAZA?2, which provides a valid rationale that hypoxic reduction of IAZA,
combined with its proven hypoxia-selective properties, could offer a multi-fold theranostic

value.

The complexity of the biological system offers significant impediments to the site-specific
delivery of therapeutic drugs. Hypoxia in tumours augments the challenge due to poor
angiogenesis, dense matrix structures and elevated levels of interstitial fluid pressure in
tumour tissues resulting in low bioavailability of the pharmaceuticals*®?’. Nanotechnology
comes in hand to develop "smart delivery" vehicles to facilitate drugs reach target-specific
cells and improve their intracellular localization®®. Systemic administration of
chemotherapeutics is limited by low solubility, pharmacokinetic factors and off-target
toxicity?’ as they generally target rapidly dividing cells, which is not the case with hypoxic
cancer cells. The use of nanoparticles has shown potential in overcoming these problems*’-
32 but challenges, such as stable systemic circulation and tumour extravasation, are still
faced by these nanocarriers. The enhanced permeation and retention effect (EPR) states
that under pathological states like inflammation, infarcts and tumours, the endothelial
lining tends to become more permeable leading to 'gaps’ in the lining®*. Nanoparticles with
smaller hydrodynamic sizes can extravasate through these gaps to enter tumour space and
localize there due to poor lymphatic drainage of the tumours**. Our group has successfully
developed glycopolymer-based nanoparticles with passive and active targeting capabilities
demonstrating significant cellular uptake, drug delivery and gene expression® %, The
development of stimuli-responsive carbohydrate-based nanogels (NGs) with N,N'-
methylene bisacrylamide (MBAm) crosslinker have conferred high hydrating capacity
proven to encapsulate a significant amount of drug within their polymer matrix increasing
the drug stability and reducing drug elimination. NGs are defined as an aqueous dispersion
of hydrogel nanoparticles, formed by physical and/or chemical cross-linking and

hydrophobic polymer networks of nanoscale size®’. These NGs can be considered as
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"smart" delivery systems; loading biological agents to these vehicles is usually achieved
spontaneously through electrostatic, van der Waals and/or hydrophobic interactions with
the loading-agent. There are thermoresponsive materials, becoming hydrophobic above a
specific lower critical solution temperature (LCST). Thermo-responsive NGs with an
LCST at ~35-37 °C have been developed such that at body temperature, the nanogels
collapse and become hydrophobic, releasing the encapsulated agent slowly in a controlled
manner. These thermal changes in the physicochemical behaviour of the NGs are
responsible for enhanced physical targeted delivery of nanoHAP and thermoresponsive
release of HAP in tumour cells therein, increasing the drug bioavailability, offering higher

permeability and absorption and low pre-target metabolic degradation*’.

Cancer therapeutics is undergoing a new post-genomics targeted era. New anti-cancer
drugs that target specific tumour cells and are non-toxic to normal healthy cells are
beginning to change cancer treatment. The creation of hybrid systems at the nanoscale that
combines pharmaceuticals and mimics biological entities provides the possibility of
overcoming the complex challenges of enhancing detection sensitivity and improving drug
efficacy. Passive delivery of a drug payload to cancer cells is mediated via the EPR effect,
but in some cases, active targeting is used to mediate ligand-receptor specific interactions.
Every cell's surface contains carbohydrates in the form of polysaccharides, glycoproteins,
glycolipids, and/or other glycoconjugates. These naturally occurring glycoconjugates play
essential roles as recognition sites that are involved in biological functions*'. Coupling of
ligands to the nanoparticle's surface for active targeting of nano-based drugs is a
biomimetic approach with similar or even superior functions to those of natural
glycoconjugates. Complex carbohydrates and carbohydrate-based polymers require sugar
ligands to be anchored on the nanoparticle's external surface by chemical modification to
effectuate their binding to the cell surface lectins. Nonetheless, understanding
glycopolymers' role in molecular mimicry and the complex interactions between these

polymers and the lectin receptors are still relatively poorly defined.

Our study pursued a translational approach of using nanolAZA, i.e., IAZA encapsulated
in glyco-nanogels for theranostic management of hypoxic cancerous tumours. Oxygen-
mimicking cytotoxic activation and iodine's unique existence in several isotopic forms

confers IAZA with an unparalleled potential to bestow both cancer imaging and
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multimodal therapy —as a hypoxia-selective chemotoxic agent, a radiosensitizer** and as
an MRT agent?*. The glyco-nanogel used here developed as a nanocarrier is composed of
LAEMA (2-lactobionamidoethyl methacrylamide) decorated with an outer shell of
thermoresponsive DEGMA (di(ethylene glycol) methyl ethyl methacrylate) and
crosslinked inner core of MBAm (N, N'-methylenebis(acrylamide)). This amphipathic
polymer (LAEMA)-b-(DEGMA-st-MBAm) has a cross-linked segment that can
encapsulate different types of compounds. Due to the thermosensitive properties of
DEGMA, the core is modulated by changes in temperature to encapsulate or release the
drugs; as the temperature rises above the polymer LCST, the nanogel core collapses and
shrinks, becoming hydrophobic. The LAEMA motif, a hydrophilic component, is reported
to increase the solubility and stability of the nanogels. Galactose-based nanoparticles have
displayed high uptake by HepG2 cells (liver cancer) due to the presence of the

asialoglycoprotein receptor (ASPGR)*>374

. Likewise, galactose moieties are known to
interact with carbohydrate receptors found on the cell membrane like lectins and glucose
transport proteins (GLUTs) that enhance its cellular uptake due to the "cluster glycoside
effect" **. Many tumours display high rates of sugar uptake*. GLUT transporters
overexpression has been observed in many human cancers and correlated with alterations
in different signalling pathways like ras or src oncogenes*®*®. Furthermore, Galectin
family of galactose-binding proteins are associated with the ability of many tumour cell

types to metastasize®.

Herein, we have designed and optimized a galactose-based nanogel®’

by varying the
hydrodynamic size, core composition, hydrophobicity, surface/core charge and crosslinker
percentage, that improved IAZA-loading capacity (= 80-88%) and offered a time-
controlled slow release of IAZA (over 50 h at 5 mM TAZA loading). In vitro studies have
confirmed that nanolAZA (1 mM) encapsulated in a functionally-modified nanogel (NG1)
improved the drug-bioavailability in hypoxic cancer cells and enhanced hypoxia-selective
chemotoxicity and sensitivity to external-beam radiotherapy (EBRT) in comparison to
IAZA itself. Higher sensitizer enhancement ratio (SER) for nanolAZA in comparison to
the parent drug (IAZA) at 100 uM (1.58 vs. 1.4 for IAZA alone in PC3 cell line and 1.41

vs 1.09 for IAZA in FaDu cells), with a little or no effects under normoxia, has been

observed. A dose-escalated toxicity evaluation on both the nanogel (NG1) and [AZA in
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NSG mice at a dose of 615/600 mg/kg body weight, respectively, administered via the
intraperitoneal route (i.p.), confirmed no histopathological toxicity indicating the safety of
both NG1 and IAZA at these doses for in vivo experiments. An evaluation of the
chemotoxic therapy potential of IAZA and nanolAZA in a FaDu tumour-bearing NU/NU
mouse model, when administered via i.p. at a single dose (400 mg/kg IAZA/nanolAZA,;
308 mg/kg NG1), showed an improvement in the median survival of the animals injected
with nanolAZA (16 days survival in comparison to 12.5 days for the control DMSO). The
studies described here provide proof of principle evidence for using an engineered
nanoformulation to deliver IAZA to oxygen-deprived cancer cells and enhance the
therapeutic effects of IAZA. Further, based on the (radio)iodine incorporated, nanolAZA
demonstrates the potential to offer both imaging and 2-way killing of cancerous tumours
and also delivers the promise to release the drug inside cancer cells over a period of 50 h
(at 5 mM concentration), potentially leading to the build-up of IAZA doses in hypoxic cells
over a longer time, thus bestowing enhanced therapeutic effects in comparison to the parent
drug. The intricate design of multifunctional NG carriers has shown a promising approach
to manage therapy-resistant hypoxic tumours. In this case, the aim is to shift from
conventional hypoxic cancer therapeutic and diagnostic approaches to a combined

theranostic strategy.
6.2 EXPERIMENTAL SECTION

6.2.1 Development of nanolAZA. The synthesis of 'cold' IAZA and its radioiodinated
analog has been previously established®*. Radioiodinated IAZA can be prepared directly
from 'cold' IAZA by radioiodine 'exchange' labelling or nucleophilic substitution of a
reactive leaving group as described for the novel patented precursors®. Synthesis of the
NGs complexes cross-linked with di(ethylene glycol)methyl ethyl methacrylate (DEGMA)
was materialized using reversible addition—fragmentation chain transfer (RAFT)
polymerization (Scheme 6-1). NGs with an outer shell of LAEMA (2-lactobionamidoethyl
methacrylamide), and thermoresponsive inner core of DEGMA (di(ethylene glycol) methyl
ethyl methacrylate) crosslinked with MBAm (N, N'-methylenebis(acrylamide)) were
synthesized. Synthesis of P(LAEMA) Macro-CTA carrying a neutral charge and the NGs

was carried out according to our previous protocol*>!. Synthesis of the NGs' complexes
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with di(ethylene glycol)methyl ethyl methacrylate (DEGMA) was done by employing 4,4'-
azobis(4-cyanopentanoic acid) (ACVA) as the initiator and P(LAEMA) as macro-CTA.
Three factors were considered to synthesize the NGs: 1) molecular weight and surface
charge; 2) hydrodynamic size; 3) degree of cross-linking within the core®®,

6.2.2 Nanogels (NGs) characterization. Dynamic light scattering (DLS) and Zeta
potential analysis. Hydrodynamic diameter and surface charges were determined at 15 °C
and 37 °C in DI water using a Brookhaven DLS and Zeta potential instrument (Table 6-1).

Further characterization of the NGs was done, as reported in our previous study>>.
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Scheme 6-1. Synthesis of thermoresponsive nanogel. Design of the stimuli-responsive NG
with a thermoresponsive core composed of DEGMA (di(ethylene glycol) methyl ethyl
methacrylate) cross-linked MBAm (N, N'-methylenebis(acrylamide)) with a carbohydrate
shell ~composed of LAEMA(2-lactobionamidoethyl  methacrylamide).  The
thermoresponsive nature of the NG allows controlled encapsulation and release of IAZA
by undergoing a phase transition from a swollen state to a shrunken state at 37 °C. Loading
of biological agents is usually achieved spontaneously through electrostatic, van der Waals

and/or hydrophobic interactions between the drug and the polymer matrix.
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6.2.3 Determination of IAZA encapsulation in the NGs and release profiles. IAZA was
loaded in the NGs by an incubation method —a solution of NGs was mixed with different
amounts of TAZA (1, 2 and 5 mM) with a 10:1 feed ratio in excess NGs and then incubated
for 24 h. The samples were centrifuged at 40 °C, 14,000 rpm for 30 min. The amount of
IAZA encapsulated in the NG was determined by sampling the supernatant using UV-
visible spectroscopy at 320 nm (UVmax for [AZA). Release profile of IJAZA from the NGs
complex was established by re-suspending the NG complex in preheated phosphate-
buffered saline (PBS). The sample was centrifuged, precipitating the 'unbound' NGs. The
supernatant was removed, and the total drug content in the supernatant (released drug) was
determined using a Jasco V-630 UV—visible spectrometer at 320 nm, as previously ‘stated

13°. The dissolving media was replaced with the same amount taken for

in our protoco
sampling the supernatant to ensure ‘sink’ conditions.

6.2.4 In vitro hypoxia-selective evaluations of nanolAZA. Four key evaluations were
done - 1) cytotoxicity of the NGs, to prevent possible chemical toxicity to the delivery
system; 2) cytotoxicity of nanolAZA under normoxic and hypoxic conditions to evaluate
its chemotherapeutic potential; 3) radiosensitization potential of nanolAZA under hypoxic
and normoxic conditions at various radiation doses; 4) cellular uptake of the NGs and

nanolAZA analog azidoazomycin arabinofuranoside (N3-AZA) (ACN).

6.2.4.1 Determination of cytotoxicity of the NGs and nanolAZA. Proliferation 3-(4,5
Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT) assay was performed to
determine the inherent toxicity of the NGs in HeLa (cervical), PC3 (prostate) and FaDu
(head & neck) cancer cell lines. Cells were seeded in 96 well plates at the density of 2,000
cells per well and incubated for 72 h in DMEM with 10% FBS and 1% antibiotic in a
humidified atmosphere containing 5% CO; at 37 °C. The media was replaced with varying
concentrations of NGs (up to 10 mg/ml) dissolved in fresh medium. The formazan crystals
formed were dissolved in 100 pL of dimethylsulfoxide: isopropanol (1:1), and absorbance
was measured at 570 nm using a Tecan Microplate reader. Untreated cells were used as a
positive control, and the percentage of change in optical density (OD) was calculated in
comparison to the control. For nanolAZA/TAZA, cells were exposed to increasing doses
of TAZA or nanolAZA over a period of 72 h at 20% O and <0.1% O (in N2 medical-grade
gases) followed by staining with dimethyl thiazol dyes for metabolically viable cells.
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Hypoxia was achieved using an in-house de-gassing system. Percent of OD values were
calculated, and dose-response curves of nanolAZA and IAZA alone were generated to
identify their effective chemo-toxic doses for hypoxic cells. For the colony formation
assays, FaDu (a head & neck tumour cell line) and PC3 (prostate-specific membrane
antigen-negative [PSMA-ve] cells) were seeded on 60-mm glass dishes (in triplicates) at
densities ranging from 300 to 1,500 cells per plate. Cells were allowed to attach for 24
hours, followed by treatment with 0.1 mM concentration of IAZA and nanolAZA for 24
hours under normoxia (20% O>) or hypoxia (<0.1% O2) conditions. Cells were irradiated
with 5 Gy of radiation and allowed to grow and form colonies for 14 days. Colonies were

stained with crystal violet, counted and plotted as a percentage of the controls.

6.2.4.2 Determination of radiosensitization potential. Colony formation assays>> were
completed to determine radiosensitization potential. Briefly, cells were incubated with 0.1
mM IAZA or nanolAZA for 3 hours under normoxia (20% O) and hypoxia (<0.1% O)
conditions, followed by irradiation (0, 4, 8, 12 and 20 Gy) and after 1 h cells were
reoxygenated. Colonies were allowed to grow for up to 2 weeks, stained with crystal violet
and then counted to evaluate the radiosensitization effect. Sensitivity enhancement ratio
(SER) was calculated according to the following formula:
Equation 6-1.

DO Radiation Group Alone

SER =

0 Radiation Group with Drug under Hypoxia

6.2.4.3 Cellular uptake of nanogel (NG). Cells (1,000 cells/plate) were seeded onto
sterilized 18 cm x 18 cm glass coverslips in 35 mm tissue culture plates and allowed to
adhere overnight. The media was removed and replaced with 1 mg/mL of fluorescein
isothiocyanate (FITC)-labelled NG/ACN according to our previous protocol®. The cells
were incubated for 3 h, followed by three washes with PBS and fixed with 4%
paraformaldehyde (PFA) for 15 min at 37 °C. Cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) for the cell nucleus, and with wheat germ agglutinin (WGA)
Rhodamine for the cellular membrane. The slides were imaged using a Zeiss AxioObserver
(inverted) Confocal Microscope. For flow cytometry, cells were grown in DMEM media
supplemented with 10% FBS and 1% antibiotics. The cells were seeded at a density of
1x10° cells per plate and were treated for 3 h hours with FITC-labelled-NGs. Fluorescence
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intensity of the cells was analyzed using a BD FACS dual laser (488 and 635 nm) calibre

flow.

6.2.4.4 In vitro validation of inverse oxygen-dependent entrapment of Azido-conjugated
nitroimidazole (ACN). FaDu cells were trypsinized, and approximately 3x10° cells were
seeded in 35 mm tissue culture plates containing sterilized 18 cm x 18 cm glass coverslips.
Cells were allowed to grow overnight and treated with two concentrations (I uM and 10
uM) of ACN/nanoACN (NG1-encapsulated ACN) under normoxia (20% O:) or hypoxia
(<1% O) for up to 6 hours. For the time course evaluation, the cells were incubated with
100 uM nanoACN for 1, 2, 4 and 6 hours under normoxia and hypoxia (<0.1% O3). Post-
treatment, all steps were done at room temperature (22 °C). Cells were washed three to five
times with 1 X PBS, fixed in 2% paraformaldehyde (PFA) for 20 minutes, and washed again
three times with 1X PBS. The fixed cells were then blocked and permeabilized with 1%
BSA in 1X PBS containing 0.1% Triton-100 for 20 minutes, followed by incubation with
a click cocktail containing Alexafluor 594 conjugated alkyne for 30 minutes. Subsequently,
cells were washed and stained with Hoechst 33342 (1:10000 dilution in PBS, Life
Technologies) for 5 minutes before mounting them on glass slides (Fluoroshield Mounting
Medium, abcam). The prepared slides were kept at 4° C until imaged. Images were
obtained using a Plan-Apochromat 40X/1.3 Oil DIC lens on a Zeiss 710 confocal

microscope using Zen 2011 software.

6.2.4.5 Click chemistry reaction.

The Click-IT reaction cocktail (Molecular Probes) was made up according to the
manufacturer's directions using a 1:5000 dilution of the 2 mg/ml Alexafluor 594 conjugated
alkyne stock (Molecular Probes). The reaction cocktail was used within 15 minutes of

preparation. All reactions were done at room temperature in dark conditions.

6.2.5 In vivo Acute Toxicity evaluation of a single dose of the nanogel (NG) polymer
and IAZA in an immunocompromised mouse model. All animals used in this research
project were housed and cared for as per the recommendations of the Canadian Council on
Animal Care (CCAC) and any applicable federal or provincial legislation according the
Cross Cancer Institute Vivarium regulations; male NSG and NU/NU mice weighing about

25-30 g were used for these studies.
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6.2.5.1 In vivo Acute Toxicity. The 'single-dose' toxicity of the NG polymer in a healthy
NSG mouse model was determined at three (3) different doses (308, 462 and 615 mg/kg
of nanogel per mouse; via intraperitoneal injection (i.p.) For this study, 10 NSG mice were
used: three (3) animals each for two groups that were evaluated at doses of 615 and 462
mg/kg NG1, respectively, and two (2) animals each for the lowest dose of 308 mg/kg of
NG1 and the control group (saline). The tested amount of NG1 is based on delivering
chemically safe doses of IAZA (200, 400 and 600 mg/kg) and to validate the slow release
and safe use in future therapy studies. The animals were administered with 300 uL volume
of the NG solutions/control (saline) i.p. and monitored daily for up to 8 days as per the
CCAC guidelines.

For the toxicity evaluation of IAZA, three (3) doses were tested: 200, 400 and 600 mg/kg
using i.p administration. The study used eight (8) animals for each dose, plus four (4)
control animals. Three (3) animals from each group plus two (2) animals from the control
group were euthanized after 8 days to evaluate internal organ pathology, blood chemistry
and clotting factors. The remaining five (5) animals per group and two (2) animals from
the control group were euthanized after 14 days to assess internal organ pathology and
blood chemistry. Observations that included respiration, eating, locomotion, behaviour,
appearance and weight were recorded on a monitoring chart. After 8 or 14 days of the
injection, the animals were sacrificed and the organs including liver, kidneys, spleen, heart,
lungs, brain, stomach, intestine and cecum were excised, collected and sent for pathology
studies to the veterinarian pathologist Dr. Nick Nation to evaluate organ
toxicity/abnormalities. Similarly, blood was collected immediately after euthanizing the
mice by heart puncture, and the blood was analyzed by IDEXX laboratory for a liver panel
testing that included the following enzymes: Alkaline phosphatase, ALT (SGPT), AST
(SGOT), bilirubin (total), GGT, sorbitol dehydrogenase (SDH).

6.2.5.2 NanolAZA in vivo Chemotoxic assessment in a FaDu tumour mouse model. A
FaDu tumour model was used to determine the chemotoxicity of IAZA and nanolAZA.
The tumours were grown by a subcutaneous injection of ~5-6 x 10° FaDu cells (in 0.1 ml
serum-free media) in the mice's upper right flank. Tumour growth was monitored daily; a
rotational ellipsoid formula determined tumour volume: (m/6)ab?, where a is the longest

and b is the perpendicular shorter tumour axis. An initial tumour volume range of 200-300
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mm?® was proposed to minimize the hypoxia heterogeneity within tumours. Once the
tumour reached the desired volume, tumour-bearing animals were administered i.p. with a
single dose of 400 mg/Kg of IAZA/nanolAZA; 308 mg/Kg NG; or 15% DMSO. Two (2)
hours prior to sacrifice, all animals were administered, i.p. with ACN using a 60 mg/Kg
dose. Once the tumour reached a volume of 1,500 mm?, the animals were sacrificed. Eight
(8) NU/NU mice per group were used in the [AZA/nanolAZA/NG groups, and six (6) mice
were used for the 15% DMSO control group. An extra set of four (4) mice was used to
evaluate the initial tumour hypoxia when the tumour size was between ~150-350 mm?
range. For these animals, 60 mg/Kg ACN was injected i.p. two (2) hours prior to sacrifice.
The tumours were frozen in optimal cutting temperature (OCT) compound solution and
sliced axially, four (4) different tumour sections were taken, and two (2) sections were
stained with the click cocktail staining protocol described above with DAPI and CD31
antibody (Figure 6-7b). For the hypoxic quantification MATLAB and Image Processing
Toolbox Release 2018b, The MathWorks, Inc. was used. A manual threshold, determined
from the negative control, was applied for the ACN stained slides. Edges were excluded
from the quantification. The Otsu threshold was chosen for the Blue DAPI stained slides.
Images were converted to binary according to their respective threshold, and the hypoxic

fraction was calculated as:

Equation 2:

. . _ Area of pixels stained with ACN *
HypOch fraction (HF) Area of pixels stained with Blue DAPI 100
6.3 RESULTS & DISCUSSION

6.3.1 Encapsulation efficiency and release profiles of nanoIAZA. In a previous study
conducted by our group, (poly[(LAEMA2)-b-(DEGMA-st-MBAm)3p0] was synthesized
by the RAFT method with 7% crosslinker and 82 nm size at 37 °C that showed 60%
encapsulation efficiency for IAZA*. In this study, optimization of the NGs was achieved
by modifying their hydrodynamic size, the composition of the core, hydrophobicity,
surface/core charge and crosslinker percentage, as shown in Table 6-1. The NGs exhibited

a neutral to slightly negative surface charge and small hydrodynamic sizes down to 55.1
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nm at 37 °C for NG1. In some cases, possible aggregation was seen reaching a size up to

262.5 nm at 37 °C (NG7) (Figure 6S2).

Table 6-1. Analysis and characterization of the composition, hydrodynamic size, surface

charge, and polydispersity of synthesized NGs.

N Cross- | Hydrodynamic size (nm) Zeta Potential (mV)
Nanogel Composition ] PDI
linker % 15°C 37°C 15°C 37°C
Poly[(LAEMA«g)-b-
NG1 9 70.9+1.3 551+0.6 | -8.45+1.19 6.9+0.7 0.197
(DEGMA-st-MBAM)110]
Poly[(LAEMAz2)-b-
NG2 10 194.3+8.2 81.3+1.0 | -0.18+0.24 | 19.2+1.09 0.223
(DEGMA-st-MBAM)100]
Poly[(LAEMAg0)-b-
NG3 10 287.7 + 6.8 1426+7.5 | 0.04+023 | -8.28+3.11 0.324
(DEGMA-st-MBAM)100]
Poly[(LAEMAg0)-b-
NG4 7 1276+ 1.3 96.5+0.6 | -0.04+0.26 | 0.00+0.3 0.321
(DEGMA-st-MBAM)300]
Poly[(LAEMAz2)-b-
NG5 7 79.8+2.2 57.8+2.0 | -0.25+0.29 | -0.03+0.25 0.262
(DEGMA-st-MBAM)+00]
Poly[(LAEMAz2)-b-
(DEGMA-st-MBAM)100]*
NG6 7 287.6+8.8 2156+ 11 | -251+2.46 | -0.09 + 0.09 0.223
*Different solvent ratio
than NG5
Poly[(LAEMAg0)-b-
NG7 7 2881+ 115 | 2625+4.2 | -0.04+0.14 | -9.39 + 3.64 0.193
(DEGMA-st-MBAM)100]

The thermoresponsive nature of the NGs plays a critical role in the encapsulation and

release of the drugs within the core as a function of temperature. At low temperatures (4

°C), the NGs core is hydrophilic. It swells in an aqueous solution (encapsulation), while as

the temperature rises above the lower critical solution temperature (LCST) between ~34-

35°C (Figure 6S1) , the polymer precipitates out of solution due to hydrophobic

interactions with the aqueous solution causing the core to collapse, allowing the slow

controlled release of the drug at physiological body temperature.
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Figure 6-1. a) Encapsulation efficiency of 1, 2 and 5 mM of IAZA within NGs core and
maximum loading capacity. IAZA has been loaded in the NGs by an incubation method -
a solution of the NG was mixed with different amounts of [AZA (1, 2 and 5 mM) with a
10:1 feed ratio in excess NG and then incubated for 24 h. The amount of IAZA
encapsulated in the NG was determined by sampling the supernatant using UV-visible
spectroscopy at 320 nm (UVmax for [AZA). Value = mean + standard deviation, n = 3.
The table shows the calculation of the maximum loading capacity of the synthesized NGs.
The amount of encapsulated IAZA was estimated by calculating the difference between
the total amount of [AZA added in solution and the amount of free IAZA in the aqueous
supernatant after the NG is precipitated. b) NG1 stability up to 72 h. The nanogel stability
was determined by measuring the change in the hydrodynamic size of the nanogel in the
presence (*) and absence (**) of serum proteins up to 72 h at 15 and 37 °C. Release profile
of [AZA encapsulated in NG1 at 1, 2 and 5 mM at (c) 37 °C and (d) 39 °C. Release profile
of IAZA from the NGs complex has been established by re-suspending the NG complex in
preheated phosphate-buffered saline (PBS). The sample was centrifuged, precipitating the
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'unbound' NGs. The supernatant was removed, and the total drug content in the supernatant

(released drug) was determined by Jasco V-630 UV—visible spectrometer at 320 nm.

Two factors have played important roles in enhancing the encapsulation capacity of the
NGs for IAZA; 1) the degree of cross-linking in the core with MBAm, and 2) the
hydrodynamic size of the NGs*. At higher concentration (5 mM), NG4 showed lower

encapsulation efficiency (~ 73.7%) due to its smaller size (127.6 & 1.3 nm and 96.5 &+ 0.6
at 15 °C and 37 °C, respectively) in comparison to NG7, which showed higher
encapsulation efficiency (~86.4%) with a size of 288.1+11.5 and 262.5+4.2 nm at 15 °C,
37 °C. The most hydrophobic core NG4 (DP:300) showed less encapsulation capacity
(~73.7%) compared to NG7 (DP:100) (~86.4%). At lower concentrations (1-2 mM), NG1
showed the highest encapsulation efficiency (87.8%) (Figure 6-1a). The smallest size and
crosslinker density within the core (9%) favoured the encapsulation of IAZA in a more
compact and stable structure, protecting the hydrophobic core from collapsing and burst-
releasing IAZA. The maximum encapsulation loading capacity within the core was NG1
with 0.47 mM [AZA per milligram of NG (Figure 6-1a).

Above the lower critical solution temperature (LCST), the polymer precipitates out of
solution due to hydrophobic interactions with the aqueous solution, which triggers a phase
transition from a swollen hydrated state (hydrophilic) to a shrunken dehydrated state
(hydrophobic), allowing the encapsulated (macro)molecules to be released (Figure 6S1).
NG1 and NGS5 were the smallest NGs (70.9 £ 1.3 and 55.1 £ 0.6 nm/79.8 £+ 2.2 and 57.8
+ 2.0 nm at 15 °C, 37 °C respectively) and exhibited the slowest release profiles at 1, 2
mM and 5 mM. It was also evident that at higher concentrations (5 mM), lower percentage
(%) of the crosslinker displayed a slower release (NG2 (10%) crosslinker than NG5 (7%)
and NG3 (10%) crosslinker than NG7 (7%); NG2 and NG3 have faster release) (Figure
6S3). NG3 has a higher cross-linker % (10%) in comparison to NG4 (7%), thus NG3 may
have a longer length of polymer than NG4 resulting in a larger size (287.7 + 6.8 nm vs.
127.6 £ 1.3 at 15 °C respectively) .

The gradual release of 5 mM TAZA at 37 °C and 39 °C over a period of 50 h (Figure 6-1c-
d) demonstrated the potential of NG1 to deliver IAZA in therapeutically effective doses in
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a controlled manner securing higher bioavailability of the drug. NG1 was selected for
further experiments due to its smaller size (70.91+1.3 and 55.1£0.6 nm at 15 °C, 37 °C),
highest encapsulation efficiency (87.8%), slowest release (50 h) at 37 °C and 39 °C and
high stability up to 72 h (Figure 6-1b); attributes that could potentially grant an optimal
cellular delivery of IAZA.

6.3.2 Cellular uptake of nanolAZA. FITC-labeled-NG1 was used to evaluate the cellular
internalization of the NGs. The release profile of the FITC-labeled NG1 was evaluated for
encapsulated IAZA and Azido Conjugated Nitroimidazole (ACN) (IAZA analog) up to 10
h (Figure 6S4) showing a similar percentage of release at 5 mM (~65%) than the unlabelled
NG1. Studies after 3 h of incubation by flow cytometry in FaDu, HeLa and PC3 cell lines
(Figure 6-2) showed higher fluorescence intensities of the FITC-labeled NG1 in all the cell
lines compared to the untreated cells validating the cellular uptake of NG1 and unveiling

its promising ability as delivery vectors.

a F
) L
LE
3 Sample % Gated Mean
LE Cells Fluorescence
=23 Intensity
1
EhE Untreated Cells 75.1 205
=
E NG 0H 64.2 192
&
& NG 3H 64.8 1748
E s
L
10°
FITC-A
Sample % Gated Mean
Cells Fluorescence
Intensity
Untreated Cells 76.3 189
NG OH 67.7 184
NG 3H 68.8 1786
C) g
hE
hE Sample % Gated Mean
23
hE Cells Fluorescence
23 Intensity
£
é ; Untreated Cells 61.4 289
27 NG OH 49.9 523
= NG 3H 60.8 1725
23
Foalle o
T

194



Chapter 6

Figure 6-2. Flow cytometry analysis of cellular uptake of FITC-labelled-NG1, as
compared to untreated cells (gray colour); negative control; cells incubated with FITC-
labeled-NG1 but washed immediately after addition (red) and cells incubated for 3 h with
FITC-labeled-NG1 (green) in a) HeLa b) FaDu ¢) PC3 cell lines. Cells were grown in
DMEM media supplemented with 10% FBS and 1% antibiotics. The cells were seeded at
a density of 1x10° per plate and were treated for 3 h hours with FITC-labelled-NG1. Cells
were analyzed using a BD FACS dual laser (488 and 635 nm) calibre flow.

A) DAPI FITC WGARHOD  BRIGHT MERGED C  pap FITC  WGA RHOD B

B) ...

E) HOECHST FITC ALEXA 594 MERGED HOECHST FITC ALEXA 594 MERGED

Il Control
Bl ACN
Il nanoACN

Fluorescence Intensity per cell

Figure 6-3. Cellular uptake of FITC-labeled NG1 in FaDu and PC3 cell lines A) Control
(FaDu) B) FITC-labeled-NG1 (FaDu) C) Control (PC3) D) FITC-labeled-NG1 (PC3) after
3 h of incubation. Cells (1000 cells/plate) were seeded onto glass coverslips in 60 mm

tissue culture plates and allowed to adhere overnight. The media was removed and replaced
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with 1 mg/mL of FITC-labeled NG1 in DMEM media and incubated for 3 h, followed by
three washes with PBS and fixed with 4% paraformaldehyde (PFA) for 15 min at 37 °C.
Cells were stained with 4',6-diamidino-2-phenylindole (DAPI) for cell nucleus, wheat
germ agglutinin (WGA) Rhodamine for cellular membrane and were imaged using a Zeiss
AxioObserver (inverted) Confocal Microscope. E) ACN encapsulated in FITC-labeled
NG1 (nanoACN) after 6 h of incubation. ~0.5 million FaDu cells were seeded on 18 mm
x 18 mm coverslips and were allowed to attach for 24 h. Cells were incubated with 10 pM
and 1 uM ACN encapsulated in NG1 (ranoACN) and ACN for 6 h under normoxia and
hypoxia (<0.1% O,). Cells were fixed with 2% PFA. Click chemistry was performed using
an Alexa 594 conjugated alkyne followed by nuclear staining with Hoechst. Normoxic
treated cells displayed minimal background signal. F) Fluorescent intensity quantification
per cell. Images were processed with IMARIS software (Bitplane, Ziirich, Switzerland) to
quantify average channel intensity per cell. No statistical significance was found in the

fluorescence levels between ACN and nanoACN both under normoxia and hypoxia.
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Figure 6-4. Time course release of ACN encapsulated in FITC-labeled NG1 (nanoACN).
~0.5 million FaDu cells were seeded on 18 mm x 18 mm coverslips and were allowed to
attach for 24 h. Cells were incubated with 100 uM nanoACN for 1, 2 ,4 and 6 h under
normoxia and hypoxia (<0.1% O>). Cells were fixed with 2% PFA after the previously
mentioned intervals of incubation. Click chemistry was performed using an Alexa 594

conjugated alkyne followed by nuclear staining with Hoechst.

The delivery of drugs to targeted regions by evading phagocytic uptake, enzymatic
degradation by nucleases, triggering of the immune response, and the hydrophobic plasma
membrane barrier pose significant challenges to the internalization of small molecule
therapeutics™. IAZA is prone to deiodination and non-specific interactions with blood
proteins under biological conditions®** that can be overcome by encapsulating IAZA in
thermoresponsive NGs, such as NG1 that forms a stable and compact complex, i.e.,
nanolAZA, which will assure prolonged stability in the physiological environment and
transport to the intracellular side as seen in Figure 6-3. Localization of FITC-labeled NG1
within the cytoplasm (Figure 6-3A-B; C-D) corroborates this vector's successful use to
deliver IAZA and upholds its mechanistic selective bioreduction in hypoxic cells. A
confocal microscopy simulation video of the cellular uptake of the FITC-labeled NG1 in a
FaDu cell is included as supporting information.

Rashed et al. have developed a click chemistry-based approach using an azido (N3)-
conjugated derivative of IAZA, the parent compound; (Azido Conjugated Nitroimidazole,
ACN). ACN is a structural analogue of IAZA; it contains an azido (N3) group instead of
iodine at C5 of the arabinose sugar. In the presence of a copper (I)-catalyst, the N3 group
of ACN reacts with an alkyne at room temperature, forming regioselective cycloadditions.
Using a fluorescent alkyne molecule, the drug can be imaged. The same cellular uptake
experiment was conducted with ACN and FITC-labelled NG1 (nanoACN) to observe the
co-localization of NG1 and the release of the IAZA analog. Encapsulation of ACN in
FITC-labeled NG1 validated the internalization and selective activation of ACN in the
hypoxic environment (Figure 6-3E). FaDu cells entrapped ACN in an inverse oxygen-
dependent manner. Normoxic cells showed minimal to almost no entrapment of nanoACN.
A time-course incubation with nanoACN (Figure 6-4) showed that ACN was released from

the NG1 after 2 h of incubation and was bio-reduced (hypoxic selective activation) in a
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hypoxic environment as compared to the lower fluorescence signal observed under
normoxia.

Additionally, the fluorescence of nanoACN was still present after 6 h of incubation. These
results conferred nanoACN with great hypoxia-specific imaging capabilities and improved
reagent characteristics for assessing hypoxia in cells and tumour sections. The click
chemistry design offers the advantage of a single-step detection of hypoxia over traditional
immunostaining. The click chemistry between the azide moiety of ACN and the
fluorophore-conjugated alkyne permitted mapping of the selective hypoxia entrapment of
the IAZA analog using fluorescence microscopy, thus allowing us to trace the release of
ACN from the NGs, which is demonstrated by enhanced signal than the corresponding
non-encapsulated ACN.

6.3.3 Cytotoxicity of NGs and nanolAZA. The cells' metabolic activity in the presence
of the nanogels was determined by MTT assay showing high metabolic activity up to a
concentration of 500 pg/ml. ICso values for NG1 were determined for PC3, HeLa (376.1
and 304.8 mg/L respectively) and FaDu cells (170.9 mg/L), indicating NG1 to be slightly
more toxic to FaDu cells (Figure 6-5a,b,c). The inherent toxicity of IAZA was determined
under normoxia (20% O2), and hypoxia conditions (<1% O2) conditions; cells were
exposed to increasing doses of IAZA up to 1 mM. For the MTT assay, FaDu, HeLa and
PC3 cells were incubated for 72 h (Figure 6S5). For the colony formation assays, FaDu
and PC3 cells were incubated for 24 h under normoxia and hypoxia conditions followed
by 14 days of normoxic incubation to form the colonies. IAZA was found to be relatively
non-toxic under normoxia at concentrations up to 1 mM, and about 50% killing was
observed under hypoxic conditions for head & neck (FaDu) and prostate (PC3) cancer cell
line at relatively high concentrations (>0.5 and 1 mM respectively). (Figure 6S6).
NanolAZA was evaluated as a chemosensitizer at a concentration of 1 mM according to
the previous drug screening. The chemotoxic potential of nanolAZA and IAZA alone was
determined at 20% O: (normoxia) and <0.1% O (hypoxia). A dose of 1 mM IAZA
alone/nanolAZA was added to cells and exposed for 72 hours, followed by MTT staining.
Under normoxia, the nanolAZA complex showed similar toxicity as IAZA alone for PC3

cell line and lower toxicity in FaDu and HeLa. Overall, IAZA exhibited more cytotoxicity
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under hypoxic conditions in the encapsulated form except for HeLa, which was comparable

to the non-encapsulated form (Figure 6-5d).
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Figure 6-5. Cytotoxicity evaluation of NG1 in (a) HeLa (cervical), (b) PC3 (prostate) and
(c) FaDu (head & neck) cell lines. Proliferation MTT assay was performed to determine
the inherent toxicity of the NG1 in the proposed cell lines. ICso values were calculated,
showing low toxicity and high biocompatibility up to a concentration of ~300 mg/L for
HeLa and PC3 and 170 mg/L for FaDu. d) Cytotoxicity evaluation of nanolAZA (2.13 mg
NG1 + ImM TAZA) complex and 1 mM IAZA alone under normoxia and hypoxia for
HeLa, FaDu, and PC3 cell lines. Cells were treated with 1mM TAZA or nanolAZA for 72
h at 20% Oz (normoxia) and <0.1% O (hypoxia), followed by staining with dimethyl
thiazol dyes for metabolically viable cells. Untreated cells were used as a positive control,
and the percentage of OD was calculated. All experiments were performed in triplicates. P
values were calculated using 1-way ANOVA, t-TEST. P > 0.05 was considered not
statistically significant. Colony Formation Assay of ) FaDu cell line f) PC3 cell line with
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0.1 mM IAZA/nanolAZA or 0.21 mg NG1 after irradiating with 5 Gy. Colony formation
assays were performed to determine the radiosensitization potential. Cells were incubated
with 0.1 mM [AZA/nanolAZA or 0.21 mg NG for 24 hours under normoxic (20% O2) and
hypoxic (<0.1% Oz) conditions, followed by irradiation with 5 Gy. Colonies were allowed
to grow for up to 2 weeks, stained with crystal violet and then counted to evaluate the
radiosensitization effect. Value = mean £SD, n = 3. *P < 0.05, **P < 0.01, ***P < (0.001
(One-way ANOVA). g) In vitro radiosensitization of FaDu and PC3 cells by IAZA alone,
nanogel (NG) and nanolAZA complex under normoxia (20% Oz) and hypoxia (<0.1% O2)
conditions. Clonogenic survival assays were done to evaluate the radiosensitization
potential of nanolAZA. The cells were incubated with IAZA/nanolAZA/NG for 3 h under
hypoxic and normoxic conditions, followed by exposure to °Co X-ray radiation (0, 4, 8,

12 and 20 Gy) and hypoxic cells were reoxygenated after 1h incubation.

6.3.4 NanolAZA is selectively more toxic to hypoxic cells, acting as a radiosensitizer
and also provides radioprotection to normoxic cells. Radiosensitizers are defined as
chemical or pharmacologic agents that mimic oxygen to enhance hypoxic tumour cells'
sensitivity to external-beam radiation therapy's killing effects. Radiation-resistant cells
might arise from differences in the distributions of the initial ionization events, leading to
variances in spatial clustering of damage from the free radicals that are the ultimate cause
of cell death®®. Three main biological factors that have been shown to affect the outcome
of radiotherapy are 1) hypoxia, 2) the ability of the surviving cells to repopulate after
treatment, and 3) intrinsic radio-resistance of the tumour cells*®. Similarly, radiosensitivity
might be caused by differences in proteins' levels or activity involved in DNA repair
mechanisms or signalling proteins. Hence chemo-radiosensitizers can be categorized into
agents that react with short-lived free radicals or those that target DNA repair enzymes or
cell signalling proteins that affect radiation damage more indirectly. IAZA undergoes an
intracellular single-electron reduction of the nitro group to form a radical anion at -390 mV.
The reduction ('E7) step is reversible in the presence of O’ while under hypoxic
conditions, radical anions are generated that bind to cellular molecules to form trapped
covalent adducts. The degree of binding relies on the O, concentration®® and cell viability
with no accrual of bioreductive species observed in necrotic cells and little accumulation

and low toxicity in normal cells. In a colony formation assay, hypoxia selective cytotoxicity
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was seen in IAZA- and nanolAZA-treated cells (Figure 6-5e-f). For colony formation,
FaDu and PC3 cells were seeded at densities ranging from 300 to 1,500 cells per plate,
followed by treatment with 0.1 mM IAZA/nanolAZA for 24 h under normoxia (20% O>)
or hypoxia (<0.1% O2). Cells were irradiated with 5 Gy single radiation dose and allowed
to grow and form colonies for 14 days. According to the observed results in Figure 6-5e-f,
both TAZA and nanolAZA act as radiosensitizers, with the latter (nanolAZA) showing
relatively higher cytotoxicity to hypoxic cells than IAZA alone. Under normoxic

conditions, both acted as radioprotectants.

6.3.5 In vitro evaluation of radiosensitization potential of nanolAZA. Clonogenic
survival assays were done to evaluate the radiosensitization potential of nanolAZA. The
cells were incubated with IAZA and nanolAZA for 3 h under hypoxic and normoxic
conditions, followed by exposure to escalating single doses of %°Co X-ray radiation. Cells
situated beyond the diffusion distance of oxygen (70 um)>® within tumours (hypoxic cells)
exhibited a clonogenic and radioresistant phenotype. Aberrant tumour vasculature and
rapid growth of solid tumours facilitate the creation of regions with low oxygen tensions.
Hypoxia is recognized to change neoplastic cell metabolism and contributes to therapy
resistance by inducing cell quiescence and stimulating complex cell signalling networks,
including the HIF, PI3K, MAPK, RAS, mTOR and NFkB pathways involved in tumour
blood vessel formation, metastasis, and development of resistance to chemo/radio therapy®’.
Hypoxic cells typically require two to three times (2-3X) higher radiation doses to
potentiate a killing effect in comparison to well-oxygenated cells. Radiosensitizers are
intended to enhance tumour cell killing while having fewer effects on normal tissues since
they do not get bioreduced in the presence of oxygen®. Fixation of radiation-induced DNA
damage usually requires high levels of toxic compounds that would affect normal cells; an
efficient hypoxic radiosensitizer is the one that can mimic the effects of oxygen without

harming normal cells in a significant manner®!

. A way to modulate the tumour
microenvironment to improved radiotherapy is by targeting hypoxia using hypoxia-
activated prodrugs (HAPs) that selectively activate under bioreductive conditions to induce
tumour-specific toxicity. Hypoxia-selective cytotoxicity requires one-electron reduction of

a HAP to a radical more toxic than superoxide. Radiosensitizers, such as nitroimidazoles
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that radiosensitize hypoxic cells with radiation-induced free radicals, has been studied

since the 1960s.

The most popular nitroimidazole-based compound is Misonidazole; however, it was found
to cause dose-limiting neuropathies in Phase I clinical trials®’. Pimonidazole is another
drug that showed enhanced efficacy in vitro and good tumoral uptake, but despite these
features is was not found useful in clinical trials as a radiosensitizer and was later used as
a radiotracer for hypoxia imaging®. Nimorazole, a 5-nitroimidazole derivative, has been
effective in several clinical trials and has been used to treat head and neck cancers in
Denmark®. Nonetheless, poor performance as in vivo radiosensitizers, when used in
conjunction with X-ray treatment, has been attributed to their inability to achieve

5. Several positron

radiosensitizing concentrations at dose-limiting neurotoxicities®
emission tomography (PET) tracers, including fluorinel8-labelled fluoromisonidazole
(['*F]JFMISO,)%, fluorinel8-labelled fluoroazomycin arabinoside (['® FJFAZA)%%8 and
the single-photon emission computed tomography (SPECT) agent iodine-123-labelled
iodoazomycin arabinoside (['**1]IAZA)!®>* have found extensive clinical use in diagnostic
imaging of a variety of hypoxic tumors®®. Here we confirmed the potential therapeutic
effects of nanolAZA as a radiosensitizer. To find a useful application in the clinic, a
radiosensitizer must show a therapeutic improvement for tumours with non- to minimal
damage to healthy tissues, which is facilitated by hypoxia-selective uptake, differential
absorption rate, or extent of the biological half-life. The radiosensitizers must be effective
at systemically non-toxic dosages (minimal side effects), and their effectiveness is
measured in terms of the sensitization enhancement ratio (SER)’’. The SER ratio for
[AZA/nanolAZA was calculated as the radiation dose needed for radiation alone divided
by the dose needed for ImM IAZA/nanolAZA plus radiation at a survival fraction of 0.1%.
The SER value for nanolAZA was ~1.41 compared to 1.09 for IAZA alone in FaDu cells,
and 1.58 vs 1.40 for PC3 cells (Figure 6-5g) for a 99.9% cell kill. This shows significant
radiation sensitivity enhancement in both cell lines with the encapsulated compound.
Additional in vivo studies are required to corroborate the radiosensitization effects seen
with nanolAZA in vitro and to extend the potential use of this drug-delivery system as a

hypoxic radiosensitizer.
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6.3.6 Determination of a single dose toxicity of the nanogel (NG) polymer used for
delivering IAZA. Nanogels (NGs) and their unique stimuli-responsive features, loading
capacity, high stability, cationic/anionic functionalization, and responsiveness to
environmental factors (ionic strength, pH, and temperature sensitivity) have proven to be
a promising material for delivering IAZA in vitro. Our proof-of-principle studies
confirmed that the encapsulated form of IAZA (nanolAZA) in functionally-modified NGs
improved the drug-bioavailability in hypoxic cancer cells in vitro, which enhanced their
radiosensitization potential. The first phase in the animal studies was the determination of
the biocompatibility of the NG. The NG used is composed of LAEMA (2-
lactobionamidoethyl methacrylamide) decorated with an outer shell of thermoresponsive
DEGMA (di(ethylene glycol) methyl ethyl methacrylate) and crosslinker inner core of
MBAm (N, N'-methylenebis(acrylamide)), which have shown low cytotoxicity (more than
70% cell viability) up to 10 mg/ml. Polyacrylamide (PAAm) polymers have been widely
used in biological and biomedical research for gel electrophoresis, preparation of soft
contact lenses, tissue implants, and as carriers for drugs in animal models’'. These
polymers are thought not to elicit a biological response because of their size and the
absence of any reactive groups or double bonds by which they can undergo chemical
reactions. Glycopolymers composed of galactose-based LAEMA are designed as
biological mimetics of complex saccharides that allow the bioconjugation to cell receptors
enhancing the affinity of the nanogels to these ligands. Loading IAZA to the NGs is
achieved spontaneously through electrostatic, van der Waals and hydrophobic interactions
between IAZA and the polymer matrix. IAZA experiences some deiodination and non-
specific interactions with blood proteins that can be overcome by the NG encapsulation,
thus improving the bioavailability of IAZA in the tumour sites. The thermal changes in the
physicochemical behaviour of the NGs are responsible for enhanced drug delivery,
increased half-life and maximized passive targeting to tumour cells, offering higher
tumoral uptake and reducing the pre-target metabolic degradation. A 'single-dose' toxicity
of our NG polymer in an immunocompromised NSG mouse model at 3 different doses
(615, 462 and 308 mg of nanogel per Kg of mice) was determined via; intraperitoneal (i.p)
mode of administration. The loading capacity of NG1 is 1.3 mg of IAZA per mg of NG;
the proposed single doses ensure the administration of 400-800 mg/Kg of IAZA. The tested
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amount of nanogel is based on delivering chemically safe doses of IAZA to each animal
during the chemotoxicity studies and validating the slow release of IAZA and safe use of
nanolAZA in future therapy studies. The animals were monitored for up to 7 days as per
the Canadian Council of Animal Care (CCAC) guidelines, and the observations were
recorded on monitoring charts. No abnormalities were observed in the animals. The
necropsy studies were performed to evaluate the polymer's toxic effects on various tissues

without showing any signs of adverse effects (Figure 6-6).

Nanogel (IP) 1. 515, 2. 462, 3. 308 mg/g

Acute Toxicity \ \ \ /k* %
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a) IAZA (IP) 1. 600, 2. 400, 3. 200 mg/ Kg b) Acute Toxicity of NANOGEL 7 Days after Injection ©) Acute Toxicity of IAZA 7 Days after Injection d) Acute Toxiclty of IAZA 14 Days after Injection

Figure 6-6. In vivo Acute Toxicity Evaluation. a) Acute toxicity evaluation 7 days or 14
days after administering IAZA/Nanogel at three different doses. b) Mice body weight
monitoring after 7 days of Nanogel administration. ¢) Mice body weight monitoring after
7 days of IAZA administration, and d) after 14 days of [AZA administration. e) Hepatic
enzyme panel and Bilirubin values were taken from blood samples after mice were
euthanized 7 days post-NG injection. (f) Tissue and organ pathology evaluation of the NG

acute toxicity.

6.3.7 Determination of a single dose chemotoxicity of nanolAZA in a hypoxic FaDu

tumour model. Tissue hypoxia can mature in the solid tumour microenvironment and
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induce transcriptional and translational cellular adaptations, including up-regulation of
drug resistance transporters and carbohydrate metabolism, modulation of apoptotic
processes and induction of gene expression that promote metastases and compromise
therapy outcomes'®’>7%, This strongly supports the necessity to identify tumours with high
hypoxic fractions and treat such tumours with hypoxia directed therapeutics to maximize
treatment efficacy. Tumour hypoxia can be diagnosed and detected with various molecular
probes, especially with radiotracers. l[odoazomycin Arabinoside (IAZA), an O2-mimicking
nucleoside-based compound, was developed as a hypoxia selective diagnostic agent at the
University of Alberta?®*’*. IAZA is a 2-nitroimidazole derivative that undergoes
bioreductive activation under low O, which leads to its selective entrapment inside
hypoxic cells. Successful clinical trials at the Cross Cancer Institute had validated its

potency as a hypoxia selective SPECT imaging agent!®-">7°,

Hypoxia Mapping

b)
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Figure 6-7. In vivo chemotoxicity of IAZA and nanolAZA. (a) The proposed protocol
evaluated the chemotherapeutic potential of IAZA and nanolAZA (IAZA encapsulated in
a galactose-based nanogel NG1) in FaDu tumour-bearing NU/NU mice. A group of 36
mice was distributed in five (5) sub-groups, as stated here: 1. Control DMSO (n=6), 2.
IAZA only (n=8), 3. nanolAZA only (n=8), 4. Nanogel only (n=8), and 5. Hypoxia
mapping (n=4). (Total = 34 mice). Nu/Nu tumour-bearing mice received a single i.p.
administration of 400 mg/Kg of IAZA and nanolAZA/ 308 mg/Kg, NG / 15% DMSO
when the tumour reached between 200-300 mm?®. The mice were monitored daily and
administered 1.p. with ACN at 60 mg/Kg, 2 h before sacrifice when the tumour reached a
volume of 1,500 mm?. (b) For hypoxia mapping, one group of four (4) mice was sacrificed
once the tumours reached between ~150-350 mm?®. ACN staining was correlated with
hypoxic regions and quantify using MATLAB. The tumours were frozen in optimal cutting
temperature (OCT) compound solution and sliced axially, four (4) different tumour
sections were taken, and two (2) sections were stained and quantified. (¢) Relative tumour
volume of the different groups was evaluated. Data are shown as mean = SD (n = 6-8). (d)
Kaplan-Meier curve for the different treatment groups. (f) Tumour staining with ACN,
DAPI and CD31 antibody; green fluorescence corresponds to hypoxic regions (ACN), red
fluorescence to the blood vessels (CD31) and blue to the cell nuclei (DAPI). Example of
the hypoxia quantification performed with MATLAB.

This study pursues a translational approach to the theranostic management of hypoxic
cancerous tumours and explores the potential of nanolAZA in a therapeutic setting as a
hypoxic chemosensitizer. Encapsulation of the drug should improve its bioavailability and
tumour uptake and slow down the drug’s metabolic degradation. Kumar and Weinfeld have
developed a non-invasive 'click chemistry' approach using Azido Conjugated
Nitroimidazole (ACN, an azido analogue of IAZA) to detect hypoxic fractions in cell
culture and on tumour sections. This technique was used in the present study to assess
initial and final tumour hypoxia fractions to ensure the proper tumour hypoxia stratification
and minimize the tumour heterogeneity in tissue oxygenation. A hypoxic tumour model

based in FaDu tumour cells —an established human hypopharyngeal squamous cell
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carcinoma— was used according to the study reported by Vaupel et. al/’’. In this study, it
was concluded that the oxygenation status of FaDu tumours is heterogeneous and depends
on the tumour volume. According to Maftei et al. .’8, for a tumour of approximately 200
mm?®, the observed total hypoxia is between 40-50% in the central tumour sections. To
corroborate this result, one group of four (4) mice were sacrificed once the tumours reached
~150-350 mm?. Histology and hypoxia mapping [with i.p. injection of ACN two (2) hours
before sacrifice] was done to quantify tumour hypoxia. According to our results there is no
clear relationship between tumour volume and hypoxic fraction as stated before. This
corroborates the tumour hypoxia heterogeneity in this murine model (Figure 6-7b). The
chemotoxicity evaluation of IAZA and nanolAZA was assessed in 4-6 weeks old male
NU/NU mice bearing FaDu tumours. We have chosen the NU/NU strain of mice because
(1) it is a well-characterized immune-deficient strain for engraftment of human tumour cell
lines, (ii) the hairless phenotype enables more accessible assessment of tumour growth, (iii)
it does not show the radiation hypersensitive phenotype displayed by NSG
immunocompromised mice for future radiosensitization studies. The mice were divided
into four (4) groups: 15% DMSO as the no drug control group, 400 mg/Kg
IAZA/nanolAZA and 308 mg/Kg NG. All the groups were administered i.p. with
appropriate agents when the tumour volume reached 200-300 mm?®. The animals were
sacrificed once the tumour volume reached 1,500 mm? and were injected with ACN for
hypoxia mapping two (2) h prior to sacrifice. Both the DMSO control and NG groups
exhibited similar survival curves and relative tumour volume growth. The animals injected
with IAZA or nanolAZA showed longer survival rates and decreased tumour growth than
the controls. For nanolAZA, a median survival of 16 days was observed compared to 12.5
days for the DMSO group (Figure 6-7d). It is worth mentioning that this study only pursued
a single injection of IAZA/nanolAZA, which demonstrates significant results. Future work

should evaluate multiple doses and combination with radiation therapy.
6.4 CONCLUSIONS

Clinical efficacy of '?*I-labelled IAZA in imaging and diagnosing hypoxic tumours'® and
its unique structural traits confer IAZA with a potential for a multimodal theranostic

intervention and benefits for managing solid hypoxic tumours. Encapsulation of IAZA in
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galactose-based NGs will potentially overcome significant biological barriers, including
pre-target metabolism and clearance of IAZA, improving its bioavailability in hypoxic
cancer cells, which are required for effective therapeutic intervention and reduced toxicity
to healthy cells. The hypoxic microenvironment in tumours initiates bioreductive
activation of IAZA that generates cytotoxic intermediates to facilitate hypoxia-specific
chemotherapeutic effects. /n vitro radiosensitization and cytotoxicity of nanolAZA have
shown promising results, and in vivo, NG toxicity evaluation validated the safety of NG1
as a delivery vehicle. The successful single-dose chemotoxicity study with nanolAZA may
lead to an innovative opportunity for nanocarriers in treating solid hypoxic tumours by
optimizing drug target delivery, which in summary, could lead to improved patient care,
reduction in mortality, and reduced health care costs associated with the management of

hypoxic cancers”.
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CHAPTER 7. CONCLUSIONS, DISCUSSION AND FUTURE
DIRECTIONS

7.1 SUMMARY OF KEY FINDINGS

Cancer therapeutics are undergoing a new post-genomics target era. New anti-cancer drugs
that target specific tumour cells and leave normal healthy cells behind are beginning to
change the face of cancer treatment. Knowledge of the regulation of cell growth and
biochemical changes that lead to malignancy has created many opportunities for designing
molecularly targeted anti-cancer drugs. Clinical use of chemotherapeutic agents against
malignant tumours is successful in many cases but suffers from significant drawbacks -
one being the lack of selectivity which leads to severe side effects and limited efficacy, and
the other is the emergence/selection of drug resistance. Despite these limitations, many
oncologists believe that traditional agents will continue to be used for at least a decade’.
The emergence of nanotechnology has, however, provided a strategic approach to
overcome these problems. Advances in colloidal science have made enormous
contributions in the fields of biology, biomedicine and biotechnology, specifically in the
development of novel drug/gene delivery vehicles and cell therapies. Recent years have
witnessed remarkable advances in the synthesis of innovative structures such as liposomes,
nanocapsules, polymeric nanoparticles, micelles, and other bioconjugates, that have proved
to be attractive for tumour imaging, gene and pharmaceutical delivery?*. Nonetheless,
various challenges must be overcome for these carriers, such as efficient therapeutic
loading capacity, targeted delivery and controlled release, among other physiological
barriers to improve selective uptake’. The complex design of multifunctional polymeric
carriers, including the emergence of novel stimuli-responsive® glycoconjugates’™, has
demonstrated an outstanding approach to introduce carbohydrate targeting moieties to
trigger target drug/gene delivery and release. Glycoproteins and glycolipids are involved
in vital processes, like cell recognition, activation and development. The complexity of
glycans from their highly branched nature is still very challenging to be mimicked by

synthetic polymers, but novel and more efficient synthesis techniques have created well-
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defined and complex polysaccharides'’. State-of-the-art research in functionally modified
glycopolymers and glycoconjugates has shown many advantages for their use as drug/gene
delivery vehicles and cell therapies'®'?. Bioengineered carbohydrate-based nanoparticles
showing specific-gene regulation have proved to be a precise rational design for delivering
therapeutic genes to multiple cancer cells lines in vitro by fulfilling three functions: 1)
stimuli-responsive modulation allowing endosomal cleavage following cellular uptake,
promoting membrane fusion and cytoplasm payload delivery, 2) zwitterionic charge to
reduce immune responses and prolong circulation time, and 3) mimic of naturally existing
glycans showing effective cellular uptake due to lectin interactions. The hydrophilicity.
biodegradability, unique biomimicking structure, and easy modification confer these
molecules' essential advantages for the design of novel delivery systems. Narain's group
has developed unique synthesis approaches that have allowed the design of new polymeric
architectures in high precision with improved binding affinity. Well-defined
glycopolymers with varying molecular weights, compositions and architectures have been
synthesized to evaluate their potential as gene/drug delivery vectors and cell scaffolds,
allowing facile tailoring with pendant biocompatible moieties with complex structure-
activity relationships. As a result, the importance of recent advancements in glycopolymer
synthesis to manipulate lectin—carbohydrate recognition has been linked directly to
discovering new therapeutic targets and creating biocompatible and biodegradable
carbohydrate functionalized polymers as potent gene/drug delivery vectors and cellular

therapeutic platforms in vitro.

This thesis has explored the design of suitable and functional glycopolymers to facilitate
improved therapeutic approaches. Different chemistries and architectures were developed
for drug and gene delivery and cryopreservation cell therapies based on biological and
chemical perspectives. In chapters 2, 3 and 4, we explored the synthesis of novel
benzoxaborole polymers and the effect of sugar decoration in different glycopolymers
design and synthesized to optimize therapeutic genes' delivery. Gene therapy encompasses
the delivery of nucleic acids such as plasmid DNA (pDNA), messenger RNA (mRNA),
short interfering or silencing RNA (siRNA), microRNA (miRNA), short-hairpin RNA
(shRNA), antisense oligonucleotides (antisense ODNs) and DNAzymes into the cell. These

nucleic acids introduce genes that encode a functional protein or block the translation of
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specific mRNAs for gene and protein expression'>. Administration of naked DNA/RNA,
without any carrier, into local tissues or into the systemic circulation, is perhaps the easiest
and safest physical approach. Nonetheless, due to their rapid degradation by nucleases and
fast clearance by the immune system, efficiency of this transfection method is reduced'.
Consequently, attention has turned to the development of better strategies and improved
carriers for effective DNA/RNA transfection. Non-viral delivery vehicles mainly have a
cationic charge that electrostatically interacts with the negative charge of the
oligonucleotides. Hydrogen-bonding between polycations and nucleic acids enhances the
interaction and contributes to the stabilization of the polyplexes!®. To ensure the delivery
of a transgene into the targeted cell nucleus or cytoplasm, the delivery system needs to
circumvent the vascular endothelial cells and blood components, avoid uptake by the
reticuloendothelial system, and it must be small enough to extravasate into the cell
membrane and reach the cytoplasm or the nucleus'é. The development of versatile and
advanced siRNA nanocarriers that can successfully and safely deliver and release siRNA
inside the targeted cells is the main objective of this research. Most siRNA carriers are
developed from cationic polymers as these materials spontaneously bind to siRNA via
electrostatic interactions and form stable polyplexes, resulting in siRNA protection against
degradation and extension of blood circulation time. This improves the cellular uptake of
the polyplexes, however the vector or carrier used should not induce any antagonistic
effects on normal cells. Previous studies have shown that the viability of normal cells can
be significantly compromised with these cationic vectors. The use of natural
polysaccharides for gene delivery has reduced the need for an excess cationic charge, hence
decreasing the system's toxicity, as carbohydrates condensed the oligonucleotides via
hydrogen bonding. These carbohydrate units also interact with specific cell receptors
(glycans) and serve as targeting agents without a need for further modifications'’. In
chapters 2 and 3, we explored the dynamic bond between sugar diols and benzoxaborole
to develop novel gene delivery vehicles to knockdown cancer-causing genes in cervical
carcinomas. Oxaborole-based glycopolymers are stimuli-responsive materials that can
reversibly interact with diols at pH values higher than their pKa. The strong binding of the
oxaborole with cis-hydroxyl groups allows the rapid cross-linking of the polymer chains.

Chapter 2 exploited this phenomenon to develop a unique delivery system for the
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complexation, protection, and delivery of epidermal growth factor receptors (EGFR)
siRNA. Galactose and oxaborole polymers were first synthesized by the reversible
addition—fragmentation chain transfer (RAFT) process. They were found to show a robust
interaction with each other via the oxaborole-diol effect, which allowed the formation of
stable polyplexes with siRNA. Although complexes were successfully formed between the
neutral galactose and oxaborole-based polymers, these complexes were ineffective in
protecting the siRNA. Therefore, cationic glycopolymers and oxaborole polymers were
investigated, showing superior complexation with siRNA and exhibiting effective gene
silencing in HeLa (cervical) cancer cells while offering lower toxicities. Gene silencing of
up to 60% was achieved with these new complexes in the presence and absence of serum
proteins. Excellent stability of the complexes under physiological conditions and the
observed low cytotoxicity 48 h post-transfection demonstrated high potential for this new
system in gene silencing therapy application in vivo.

Chapter 3 aimed to design a glycopolymer vector with an omega-end modified oxaborole
group via thiol-ene click chemistry that responds to the acidic tumour microenvironment
to provide physical targeting capabilities. Two kinds of RAFT-made, biocompatible, and
cationic polymers composed of AEMA and 2-methacryloyloxyethyl phosphorylcholine
(MPC) or 2-hydroxyethyl methacrylate (HEMA) were synthesized to modify the genetic
profile of cervical cancer cells by silencing the expression of the EGFR receptor. These
polymeric vectors had a dual capability — a cationic segment to complex with the siRNA
and an oxaborole group complexed via thiol-ene click chemistry that responds to the acidic
environment. This structural innovation enables this macromolecule to interact with
multiple polyplexes and release the siRNA at a mildly acidic environment, like the one
exhibited by tumour cells; a targeting strategy that has shown enhanced gene silencing
(~70% knockdown of EGFR) without elevating the system's cytotoxicity, as determined
by western blot analysis. The use of oxaborole-glycopolymer nanocomplexes to deliver
siRNA to knockdown EGFR receptor genes has further demonstrated that these
nanoformulations are effective carriers of cancer therapeutics. Success of this approach has
created further interest in utilizing boron-carbohydrate interaction in the development of

non-viral vectors.
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We have also studied in chapter 4 the biocompatibility and the impact of sugar decoration
in novel hydroxyl-rich poly(glycidyl methacrylate) (PGMA)-based cationic glycopolymers;
designed for intracellular delivery of siRNA to silence the ErbB family of proteins. The
cationic polymers with different sugar decoration degrees (0, 9, and 33%) were synthesized
by ring-opening reaction of PGMA with ethanolamine and a lactobionic acid-derived
aminosaccharide (Lac-NH2). ErbB family is structurally related to the EGFR receptor, and
is found to be overexpressed in many cancers such as gliomas, lung and cervical
carcinomas. In this research work, specific EGFR knockdown of the protein tyrosine kinase
ErbB-overexpressed in HeLa cells (cervical cancer) was achieved using these hydroxyl-
rich polycation/siRNA complexes. Higher sugar content improved the biocompatibility of
the polymers, though it also seemed to decrease the EGFR knockdown capability which
was thought to be mainly related to the polyplexes' surface charge. The cationic
glycopolymer with the highest sugar composition (33%) was found to be less effective in
knocking down EGFR. Therefore, careful consideration of sugar decoration degree should
be taken into account in designing glycopolymers as gene delivery vectors. An optimum
balance was observed with PGEL-1 (9% sugar content) formulation, achieving ~52%
knockdown efficiency as well as high cell viability. Some systems rely on interaction with
proteins to permit their uptake by target cells, such as the selective uptake of galactose-
conjugated polyplexes through the asialoglycoprotein receptors!®2%; considering this
specific recognition, these novel PGMA-based cationic glycopolymers could be further

explored to serve as a safe targeting gene delivery vectors to hepatocellular carcinomas.

In chapter 5, a novel sugar polycondensate was investigated as a cryoprotective agent for
cell therapy applications. Cryopreservation has become an integral part of many cellular
therapies. Immune cell-based cancer therapies rely on the infusion of highly viable post-
thaw cells that effectively recognize and destroy the target tumour. Autologous and
allogeneic stem cell therapies are known for substantially extending the lives of patients
who have devastating diseases like cancer®'*?. Cryopreservation plays a crucial role in the
success of these therapeutics. The capability to slow ice growth and recrystallization is
compulsory in the cryopreservation of cells and tissues to avoid injuries associated with
the physical and chemical responses of freezing and thawing. Cryoprotective agents (CPAs)

have been added to the cell suspension to mitigate cryoinjury and increase cell survival.
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Still, some of these compounds pose greater risks for the clinical application of
cryopreserved cells due to the inherent toxicity. Trehalose is known for its unique
physicochemical properties, and its interaction with the phospholipids of the plasma
membrane can reduce cell osmotic stress and stabilize the cryopreserved cells. Nonetheless,
there has been a shortage of relevant studies on the synthesis of trehalose-based CPAs. We
reported in chapter S the synthesis and evaluation of a trehalose-based polymer and
hydrogel and its use as a cryoprotectant and 3D cell scaffold for cell encapsulation and
organoid production. /n vitro cytotoxicity studies with the trehalose-based polymers
(poly(Tre-ECH)) demonstrated biocompatibility up to 100 mg/mL. High post-thaw cell
membrane integrity and post-thaw cell plating efficiencies were achieved after 24 h of
incubation with skin fibroblast, HeLa (cervical) and PC3 (prostate) cancer cell lines under
both ultra-rapid and controlled-rate freezing protocols. Differential scanning calorimetry
(DSC) and a splat cooling assay for the determination of ice recrystallization inhibition
(IRI) activity corroborated these trehalose-based polyethers' unique properties as
cryoprotectants. Furthermore, the ability to form hydrogels as 3D cell scaffolds encourages

the use of these novel polymers to develop cell organoids and cryopreservation platforms.

The fundamental role of nanotechnology in the biomedical field is to improve the drug
therapeutic index by increasing efficacy and/or reducing toxicities associated with the drug,
ensuring the targeted delivery of the drugs in a tissue-, cell- or organelle- in a specific
manner. In chapter 6, a galactose-based nanogel was designed and synthesized for the
delivery of a hypoxia-activated prodrug (HAP). Enhancement of the pharmaceutical
properties (stability, solubility, circulating half-life and tumour accumulation) of the
therapeutic molecules and a sustained and stimulus-triggered release are key features that
have provided this physically-targeted nanogel unique characteristics and potential to be
used as a cancer nanomedicine. In the later years, special attention has been given to the
co-delivery of multiple drugs to improve therapeutic efficacy, overcome drug resistance
and visualization of drug delivery sites by combining therapeutic agents with imaging
modalities. These tactics have provided more precise control of each drug's bioavailability,
the delivery of an appropriate drug ratio to the targeted sites, and/or real-time feedback on
a therapeutic agent's in vivo efficacy, providing new approaches for the development of

novel theranostics (therapy+diagnostics)?’. Iodoazomycin Arabinoside (IAZA), an O»-
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mimicking nucleoside-based imaging agent that accumulates selectively in hypoxic
tumours, has been used successfully to diagnose hypoxic tumours in a variety of cancer
patients and has demonstrated its safety in healthy volunteers at a low chemical dose with
no side effects. Structural features of IAZA, such as a bioreductive moiety liable for the
selective activation and accrual in hypoxic tissue, a sugar conjugate facilitating its cellular
intake and blood clearance and the iodine moiety allowing substitution with radioactive
Iodine for imaging ('?*!*') and radiotherapy ('*!I)— contribute to theranostic potential of

this drug®*.

Significant progress in the synthesis of innovative colloidal bioconjugates, involved in
various biomedical applications as delivery vehicles for tumour imaging and
pharmaceutical delivery, especially in cancer treatment, has been seen in recent years.
Current challenges that must be overcome by these colloidal systems to act as competitive
carriers include efficient therapeutic loading capacity, targeted and specific delivery and
controlled release profiles. Some of these issues have been met by this novel stimuli-
responsive carbohydrate-based nanogel, where hydrodynamic size and composition play a
key role in the encapsulation and target release efficiency of this versatile vehicle. [AZA
has shown a promising theranostic (therapy and diagnostic) value for managing therapy-
resistant hypoxic cancer cells!'®, however poor solubility and deiodination under
physiological conditions need to be addressed to enhance therapeutic efficacy of this drug.
One of the leading causes of poor prognosis and high cancer mortality is the prevalence of
therapy-resistant hypoxic tumour cells that promote metastases and increase conventional
therapy resistance. The use of traditional therapeutic methods (radiotherapy and
chemotherapy) is no longer effective to halt the progression of hypoxic cancer cells®®. The
emergence of novel mutations that confer more heterogeneity, allow tumour cells to avoid
immune surveillance and exploit the immune system to continue local tumour growth and
metastasis has increased the complexity of hypoxic cancer therapies?®. Hypoxic tumours
have poorly vascularized structures, which impairs drug delivery and oxygen supply to the
cells. As a result, several genetic and translational processes start that promote tumour
progression, invasion, metastasis, and make tumour resistant to conventional chemo-

/radiotherapy.
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A hypoxia directed nanotheranostic transformation of a hypoxia-activated prodrug (HAP)
that facilitates delivery and accrual selectively in hypoxic cancer cells was developed by
encapsulating IAZA in a functionally modified carbohydrate-based nanogel (nanolAZA)
that demonstrate hypoxia-selective activation and accumulation in hypoxic tumour cells.
In chapter 6, the therapeutic potential of nanolAZA was evaluated in different hypoxic
cell lines in vitro [ FaDu (head & neck) and PC3 (prostate) cancer cells] and subsequently
in vivo chemotoxic potential of nanolAZA in a head & neck cancer tumour mouse
xenograft was investigated. The nanogels were composed of a dense galactose outer shell
and a crosslinked thermoresponsive DEGMA (di(ethylene glycol) methyl ethyl
methacrylate) core. Optimization of the nanogels has led to high IAZA-loading capacity (=
80-88%) and a time-controlled release over 50 h. The synthesis procedure yielded
favourable size and physical characteristics, high stability in physiological environment,
and negligible toxicity of the nanogels in vitro and in vivo. The nanogels also exhibited no
burst-release and high encapsulation efficiency, which would potentially improve the
pharmacokinetic distribution of IAZA. Furthermore, nanolAZA (encapsulated 1AZA)
displayed superior in vitro hypoxia-selective cytotoxicity and radiosensitization
therapeutic effects in comparison to IAZA itself in head and neck (FaDu) and prostate (PC3)
cancer cell lines. The acute systemic toxicity profile of the nanogel was studied in
immunocompromised mice, indicating no acute toxicity. Additionally, animal studies in
hypoxic FaDu tumour-bearing mouse models have been used to evaluate the chemotoxicity
of nanolAZA and the results showed that this nanoformulation offers a significant
improvement in survival and tumour regression compared to the control group. To our
advantage, iodine exists in several isotopic forms useful for both imaging and therapy,
which make nanolAZA unique for multimodal theranosis of hypoxic tumours, either as a
radiosensitizer or for in-situ molecular radionuclide therapy (MRT). Understanding the
molecular phenotype induced by this drug and elucidating the observed in vivo
chemosensitization mechanism and possible radiosensitization potential is still under

investigation.
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7.2 WHAT ARE THE CHALLENGES, LOOPHOLES AND HOW TO OVERCOME
THEM?

The bottleneck in glycopolymers' application is understanding the molecular recognition
and the multivalency interaction of saccharides. Living polymerization techniques have
made it possible to control the preparation of multivalent glycoclusters, allowing the design
of complex carbohydrate constructs applied in nanomedicines. However, elucidation of the
molecular interaction between the constructs and the cell ligands is necessary to develop
effective therapeutics. Pharmacokinetics of nanomedicine-based therapies and host
immune system interactions could potentially affect drug tolerability and efficacy. Tumour
stratification and selection, combination and multimodal therapies for synergistic effects,
including immunotherapy, need to be considered when exploring new glyco-

nanomedicines?’.

The potential toxicity of nanocarriers is a factor that limits their clinical use. Some carriers
have complex chemical ligands or moieties to prevent their degradation by nucleases,
immune system evasion, specificity and binding affinity for targets to enhance cellular
uptake, the related effects are unknown in the human body?®. Some of the biomaterials used
for nanocarriers' development have been employed to synthesize macromolecules used in
the clinic. However, their nano size confers unique material characteristics and possible
effects that are still unspecified in the long term. In these studies, we designed novel
glycopolymers with innovative architectures that reduced the cationic charge minimizing
the in vitro cytotoxicity exhibited by these carriers. Nevertheless, the in vivo toxicity
evaluation of the oxaborole-based and PGMA-based glycopolymers is required to
demonstrate its safety in advanced studies. Likewise, siRNA dose scalability in vivo
models with these vectors to ensure low cytotoxicity, cost and minimize off-target effects
are factors that will need to be studied prior to the clinical translation of these

glycopolymers siRNA-based systems.

Cancer drugs have notoriously been difficult to translate to standard care therapies
successfully. Tumour hypoxia is prevalent in the microenvironment of solid tumours.
Hypoxia induces transcriptional and translational cellular adaptations, including up-

regulation of drug resistance transporters and energy metabolism, modulation of apoptotic
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processes and induction of gene expression that promote metastases and compromise
therapy outcomes. In oncology, tumour hypoxia is particularly associated with poor
response to radiation and chemotherapy. This strongly supports the need to identify
tumours with high hypoxic fractions and treat them with hypoxia directed therapeutics,
which requires optimized treatment to assess the efficacy. When designing the animal
experiments, the heterogeneity in the hypoxic fractions presented in the tumour mouse
xenografts presented a complexity. A hypoxic tumour model based on FaDu tumour cells,
an established human hypopharyngeal squamous cell carcinoma, was used to ensure proper
stratification and minimize tumour heterogeneity in tissue oxygenation. According to
Maftei et al. ?°, the tumour oxygenation status is related to the tumour volume. For a tumour
of approximately 200 mm?, the observed total hypoxia is between 40-50% in the central
tumour sections. When planning our animal studies, one group of six (6) mice was used as
a hypoxia mapping group to corroborate this result however it was found that tumout
hypoxia was heterogenic between the different tumours and it was not correlated with the
tumour volume. The mice were sacrificed once the tumours reached 200-300 mm®.
Histology and hypoxia mapping using i.p. injection of ACN 2 hours prior to sacrifice were
performed to quantify tumour hypoxia. Tumour cell implantation proved crucial for
developing homogeneous tumours. Measuring the initial hypoxic fraction (prior to starting
drug treatment) is recommended for better stratification of future studies. Proper dose
escalation study in the animal studies design is also necessary to determine precise doses
for the radiosensitization therapy potential of IAZA/nanolAZA. An in vivo
radiosensitization study was conducted with IAZA and nanolAZA, where the survival of
the mice injected with a single dose of 400 mg/Kg of IAZA/nanolAZA + IR was not
significantly different from the results observed in the DMSO + IR control group. We
conclude that possibly a single dose could not be enough to provide a therapeutic effect
compared to a multi-dose course treatment, which is a common clinical practice.
Biodistribution profiles, scalable dosage and possible treatment modalities concomitant
with radiotherapy and chemotherapeutic drugs needs to be explored. If these considerations
proved to be successful, advances to clinical trials could be a reality with the in vivo results

observed with our carbohydrate-based nanogels for drug delivery applications.
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7.3 NOVEL THERAPEUTIC SYSTEMS.

An alternative for the transient delivery of nucleic acids (siRNA) to cells is to make
permanent changes into the genome. Genome editing allows the targeted alteration of
genomic sequences in cells and organisms by inducing a DNA double-stranded break (DSB)
by a nuclease at a targeted site. Clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas) system is an RNA-guided nuclease that has revolutionized the way that
genome editing is performed. It was derived from bacteria's adaptable immune mechanisms
to protect themselves from foreign nucleic acids, such as viruses or plasmids®’. The
potential to facilitate the in vivo delivery of CRISPR/Cas genome-editing systems have
used viral vectors, including adenoviral, adeno-associated viral (AAV), and lentiviral
vectors; but the emerging field of nanotechnology provides the use of nanosized carriers.
This may have diverse potentials in targeted delivery of these editing systems to specific
sites by particle surface modifications or tuning of physicochemical properties. A polymer-
based Cas9 protein delivery has been reported, in which the Cas9—sgRNA complex was
loaded into DNA-based self-assembled nanoparticles called 'DNA nanoclews' coated with
the cationic polymer PEI*!. Another study used non-viral nanoparticles that are synthesized
by mixing C15 epoxide-terminated lipids to low-molecular-weight (MW= 600) PEI, C14
PEG2000 and sgRNAs?*2. Although in vivo applications of the system are still in infancy,
currently, no glycopolymer-based vector has been reported for CRISPR/Cas9 editing
applications. The challenge remains to design effective delivery systems with targeting

capabilities that will improve the CRISPR/Cas9 system's performance in vivo.

Combinational immunotherapy is another novel approach employed in the gene therapy
field. Engineering the delivery of the immunotherapeutics, focusing on target tissues to
control the timing in terms of the duration of the active immune stimuli in tumours and
location of the immunomodulation could prove to be effective in successful
implementation of these therapeutics in the clinic while minimizing adverse effects®*. Still,
lack of insight into the nanomaterial—tissue interactions in the human body, from traversing
biological barriers to clearance, the possible alternative nanoparticle uptake mechanisms,
and the heterogeneity of the enhanced permeation and retention effect (EPR) effect in solid

tumours do this translation into the clinic challenging.

231



Chapter 7

Translation of nanomedicines into the clinic has been an intricate task due to the EPR
effect's different characteristics. Nanomedicines have been tested in clinical trials mostly
in advanced stages of cancers where metastasis and the development of multidrug
resistance are observed. These tumours metastases habitually have fewer inflammatory
cells and seem to have a weaker EPR effect than the primary tumour sites. EPR is
associated with being more effective in smaller tumours; thus, nanomedicines' therapeutic
potential could be more significant when treating the primary tumour site rather than the
metastatic disease. Nevertheless, advanced imaging techniques and nanotheranostic
compounds could explain the tumour microenvironment and the differences between the
primary and metastatic sites. Additionally, the EPR effect has shown to be heterogeneous
among tumour types and patients are influenced by properties such as particle size (< 1
mm to > 10 cm), tumour location, blood pressure, and vascular density**. Limited animal
tumours models have been used to elucidate these changes, however these tumour models
cannot accurately represent human tumours in terms of histological characteristics,
metastatic pathways, post-treatment responses and pharmacokinetic properties of various
nanostructures®. Xenografts models embody a straightforward model to study the
pharmacokinetics, tumour accumulation, and biodistribution of nanomedicines, yet tumour
characteristics vary considerably with different cell lines and sizes. The density and
vascularization of similar size tumours can differ significantly, so establishing a standard
cell line and tumour size for xenografts could substantially enhance the success of
preclinical trials of the delivery system®. Recently Chan and colleagues studied the
mechanisms mediating nanoparticle uptake into solid tumours®’. They found that the
frequency of gaps in the endothelial lining (EPR effect) is too low to account for the
accumulation of nanoparticles using a combination of TEM, 3D imaging, the Zombie
experiment and computational analysis. Interestingly, the evidence reinforced the
conclusion that nanoparticles enter the tumour from blood vessels predominantly due to
active trans-endothelial mechanisms (the process of transcytosis), not through passive
targeting through the EPR effect. Controversy and debate have argued that the study only
evaluated Gold nanoparticles and that further understanding of the molecular mechanisms
that drive nanoparticles' trafficking into solid tumours is required. Nevertheless,

challenging the EPR paradigm could provide a clue for the poor efficacy of nanomedicines
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in the clinic. Approaches like the use of tumour penetrating peptides and cationic polymer
conjugates®® that enhance the delivery efficacy by harnessing the active transcytosis
process could be the future in the design of cancer nanomedicines®’.

Biological cell culture models have hampered the discovery and therapeutic assessment of
nanomedicines. Traditional 2D models constrained cells to non-physiological conditions;
as a consequence, these cells have excessive nutrition and oxygenation, as well as active
immortalization processes through multiple passages that result in cancer selection of
rapidly proliferating cells which are known to be specifically susceptible to therapies,
misrepresenting the whole tumour cell population. Metastatic cells are not easily cultured
in classical culture dishes due to their poor adhesion, which has limited their screening
process. Therefore, it is essential to develop higher complexity models that are
reproducible and have the capacity of cellular imaging, like 3D multicellular spheroids.
This can contain multiple cell phenotypes like quiescent and hypoxic cells within their
hollow cores exhibiting more anti-cancer drug resistance than monolayer cultures
representing the actual tumour. It has been shown that during spheroids growth, a gradient
of oxygen is also established. this is explained by the oxygen availability and diffusion
from the medium as the spheroid grows. As a consequence of the hypoxic environment
found in spheroids, cells display the hypoxia genotypic profile exhibited in solid tumours,
like the upregulation of hypoxia-inducible factors and vascular endothelial growth factors,
linked with the hypoxic-resistant phenotype*’. Still, limitations in the interactions with the
tumour microenvironment, are faced but designing the appropriate 3D model can help in
identifying cancer cells plasticity and the factors involved in tumour regulation such as
cell-matrix, cell-cell interactions, cell growth factor receptors and multidrug resistance
mechanisms (like the expression of efflux transporters, DNA repair and apoptosis

signalling)*!.

In summary, the versatility of therapeutic strategies of glycopolymers-based nanomedicine
shows the potential of its use in implementing personalized, targeted therapies. Further
studies need to focus on the nanocarriers' molecular interaction mechanisms and innovative
cell culture models to elucidate the role of surface ligand proteins and their interaction with

tumour endothelial cells to enhance the cellular uptake and the role of different nanoparticle
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sizes, shapes and surface chemistries in the extravasation of trans-endothelial pathways.

Lastly, we need to understand the role of immune cells in the tumour microenvironment to

hopefully work together with our body's defense mechanism to transfer glyco-

nanomedicines from the bench to the clinic successfully.
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CHAPTER 2
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Figure 2S2. "TH-NMR spectra in (D,0) for Glycopolymer 1 P(LAEMA-b-AEMAu47).
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Figure 2S4. 'H-NMR spectra in (D20) for pOxaborole P(NIPAAmoos-st-AAmes-st-

MAAmMBOy).
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Figure 2S5. Boron NMR in D>O of oxaborole-glycopolymer complexes. pOxaborole
P(NIPA Amaos-st-AAmgs-st- MAAmMBOy) revealed a single !'B peak at 19.5 ppm, the
binding between pOxaborole and the glycopolymers was indicated by the two small peaks

at 10.9 and 10.5 ppm.
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Figure 2S6. Agarose gel electrophoresis showing polyplex formation at various

weight/weight ratios of oxaborole-glycopolymers with EGFR siRNA (133 ng).
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Figure 2S7. EGFR knockdown with G1 and G1+pOxaborole complex in HeLa cells in the
presence (a) and absence (b) serum. HeLa cells were transfected with either control or
EGFR siRNA for 48 h and cell lysates were subjected to immunoblot analysis using
indicated antibodies. (c) Western Blot quantification was done by ImagelJ analysis. (d) Cell
viability was assessed by Janus Green assay 48h post-transfection, with error bars

representing S.D. (versus control siRNA *P<(.01).
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Cytotoxicity
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Figure 2S8. Glycopolymers and oxaborole-glycopolymers cytotoxicity in HeLa cells
determined by MTT assay. IC50 were calculated using GraphPad Prism.
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Figure 3S1. '"H NMR spectrum of PMA (A), PMA-SH (B).

A
s
HO st \_,J\T : .
NE o o il ] W
o HM \
. ; o
n.e ¢ 8 A
MH. Hl
. N/’ ¢
D/ \CI B
)
“\
\
C h
Pr i e s B |
Il 189 B
J.:J s!-.- 7.0 ! 0 !

<D300

289



Appendix

B
I sl S\ .': H
HO . . \',"-'-)II\I\.;"\ i . cD30D
o HH \.; T
Ae ‘ \\E/ d

| ‘
[ f I

c 8 | || | f Ll/ }J \\ vru

e e e A ! J Y S N
Figure 3S2. 'H NMR spectrum of PMA-B (A) and PHA-B (B).
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Figure 3S3. Agarose gel electrophoresis showing polyplex formation at various

weight/weight ratios of sugar-benzoxaborole polymers with EGFR siRNA (133 ng).
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Figure 3S4. a) Hydrodynamic size and zeta potential of the polyplexes b) Polyplex
stability is DMEM media + Serum after 12 h incubation.
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Figure 4S1. H NMR spectrum of Lac-NH, in D,0.
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Figure 4S2. H NMR spectrum of PGMA in CDCl;.
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Figure 4S3. GPC trace of PGMA using DMF/10 mM LiBr as the mobile phase.
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Figure 4S4. Size distribution (by intensity) of polyplexes formed from different cationic

polymers: a) PGEA, b) PGEL-1, ¢) PGEL-2.
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Figure 4S5. Cell viability of HeLa cells treated with different concentrations of PGEA,
PGEL-1, and PGEL-2 for 48 h.
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Figure 4S6. Western blot EGFR knockdown in the presence of serum in HeLa cells: a)
Control siRNA, b) EGFR siRNA.
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Figure 5S1. Effects on ice formation of the trehalose-based polymers. DSC thermograms

of (a) S1, (b) S2 (C) S3 polymers and (d) pure Trehalose (Tre).
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Figure 5S2. Cytotoxicity tests of the Poly(Tre-ECH) polymers by MTT assay. ~105

million HeLa cells were seeded on 96 well plates and left for 24 h to attach. Afterwards,
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cells were treated with increasing concentrations of dissolved Tre-ECH polymers and
incubated under at 37 °C for 24 h. 100 uM DMSO was used as vehicle control. Following
treatment, MTT reagent was added; cells were incubated for 4 h, followed by the addition
of 100 pL of lysis buffer (DMSO: 2-propanol = 1: 1). The plate was then read at 570 nm

and percent metabolic activity was determined. Error bars represent standard error of the

means.
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Figure 6S1. Scattered light intensity of different nanogels (NGs) as a function of

temperature to determine the lower critical solution temperature (LCST) (b) NG1 LSCT

measure as absorbance percentage.
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Figure 6S2. Hydrodynamic size and zeta potential characterization of the NGs. A) at 15

°C B) at 37 °C.
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Figure 6S3. Release profile of encapsulated IAZA in different nanogels depending on

temperature (23°C, 30°C and 37°C) and concentrations ( 1mM, 2 mM, and 5 mM).
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Figure 6S4. Release profile of encapsulated (a) IAZA and (b) ACN in modified FITC-

labeled NG1 at 37 °C after 10 h.
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Figure 6S5. IAZA cytotoxicity under normoxia (20% O2) and hypoxia (<0.1% 0O2)
conditions. ~2,000 cells were seeded on 96 well plates and left for 24 h to attach.
Afterwards, cells were treated with increasing concentrations of IAZA, and incubated

under normoxia (20% O) and hypoxia (<0.1% O ) for 72 h. Following incubation, MTT
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reagent was added; the formazan crystal formed was dissolved in 100 uL of
dimethylsulfoxide: Isopropanol (1:1), and absorbance was measured at 570 nm using a
Tecan Microplate reader. Untreated cells were used as a positive control, and the

percentage of optical density (O.D.) was calculated with respect to the controls.
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Figure 6S6. Colony formation assay in A) FaDu B) PC3 cells treated with either DMSO
(control) (100 uM) or increasing concentration of IAZA (1 uM, 10 uM, 100 pM, 500 uM
and 1000 uM ) for 24 hours under normoxia and hypoxia (<1% O, ); cells were allowed to
form colonies for 14 days, stained with crystal violet, counted and plotted as relative

surviving fraction; error bars represent standard error of the means.
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