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ABSTRACT

Biopolymers have been recently received more and more attention as a renewable substitute for
traditional petroleum-based materials. Products made from petroleum-based materials typically
cannot be recovered, with long term ramifications in sustainability and environmental concerns.
Biopolymers such as starch are renewable, environmentally-friendly alternatives which have
found additional use beyond their traditional roles as food substances as a biopolymer material,
replacing their petroleum-based counterparts with comparable physical properties but also
featuring long-term sustainable use. One such use is for starch to replace latex as a paper binder.
Starch nanoparticles have seen tremendous development in use as a paper binder in place of
traditional petroleum-based latexes, and other possibilities for the use of these starch
nanoparticles are also being explored.

Nucleic acids have long been used by Nature as a carrier of genetic information. Recent
advances in technology have allowed the fine manipulation of nucleic acids to take advantage of
their inherent stability for roles beyond genetics. This includes the use of nucleic acids for bio-
based sensing and for immunochemistry, which takes advantage of the chemical structure of
nucleic acids for practical use.

In this thesis, the interactions between starch and deoxyribonucleic acid (DNA)
biopolymers are investigated. The two biopolymers are found to adsorb to each other when
dispersed in aqueous solution together. This can lead to the co-precipitation of the two
biopolymers together out of solution in organic solvents such as ethanol. The generalizability of
this interaction is explored, including its dependence on starch crosslinking, on the length and
sequence of DNA, and the pH and salt concentration of the solvent. Fluorescence spectroscopy
was used to characterize their interaction, supported by other similar techniques.

The covalent linkage of DNA and starch is also investigated. To this end, the
appropriateness of using a starch-based nanoparticle with DNA coupling for drug delivery is
considered. Starch is oxidized and covalently linked with DNA used as a targeting ligand and
introduced to the HelLa cancer cell line. Various fluorescence-based techniques were used to

monitor this interaction.
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1.0 INTRODUCTION

Petroleum-based products have long dominated the materials sector as inexpensive and easy-to-
process materials. Building blocks made from petroleum-based polymer plastics are durable,
easily processed, and possess excellent mechanical, thermal, and electrical properties. These
non-biodegradable resources are immensely popular, with 26.7 million tons used in the USA
annually.! Of those plastics, 11 million tons are then cast off as waste, mostly unrecoverable as
they are typically a mix of many different types of polymers. The addiction of our society to
these non-renewable resources will eventually lead to scarcity and associated rising costs for
materials, as well as competing need for petroleum used for energy production.

It is of obvious importance that alternative materials are found to reduce our dependence
on these non-renewable resources. Many biopolymers have been explored to see if they can
match the cost, ease of processing, and physical properties of petroleum-based polymers, while
retaining environmental friendliness and long-term sustainability.? Of these, starch has attracted
considerable attention due to its already widespread use as a food substance, as well as its
relatively low cost and well-established renewability. In addition, starch has already seen use in
industrial non-food applications, including adhesives, cosmetics, surfactants, absorbents,
binders, biodegradable fillers, coatings, and more.® These starches are harvested from foods
already commonly grown as agricultural crops, such as potatoes, cassava, maize, or rice.

EcoSynthetix, Inc. has been working on replacing styrene-butadiene latex for paper
binding using a starch-based derivative, in the process reducing the large starch granules into the
nanoscale to allow smoother surface covering. Using a starch-based paper binder to replace the
styrene-butadiene would replace a non-renewable resource with a renewable one, adding to the
sustainability aspect of large-scale paper manufacturing. The success of their product in this field
has allowed EcoSynthetix to consider other applications of their product, where substitution of
petroleum-based products by renewable biopolymers can be further realized.

Deoxyribonucleic acids (DNA) have been historically known to be a carrier of genetic
information. Nature has selected this particular class of biopolymers for this purpose due to their
high thermal stability and resistance to degradation, making them ideal carriers for long-term
storage of genetic coding. While small changes can occur due to mutation, it does not require

constant duplication like proteins or other biopolymers may require.



Recent advances in chemical synthesis techniques have allowed the manipulation and
synthesis of DNA strands independent of biological processes. Custom-designed DNA strands
can be made with virtually any sequence we desire, and cheaply duplicated in bulk. This has
allowed us to take advantage of the high stability of these DNA strands for purposes beyond
cellular functions. These functions include bio-based sensing and immunochemistry, and have
many tangible benefits over existing methods of using antibody-based methods.* This has
allowed us to diversify the use of nucleic acids for functions other than being a carrier for genetic

information.

1.1 Research Objectives

The objective of this research is to characterize a starch-based nanoparticle formulation produced
by EcoSynthetix, Inc., which has been their flagship product and has led to its commercial
success. EcoSynthetix, Inc. has expressed a desire to expand the use of their product to other
niches, but would need to further determine its capabilities before doing so. In addition, its
material properties can be improved by the functionalization of these starch nanoparticles with
various ligands. One potential use of this would be the attachment of DNA ligands onto starch
nanoparticles, and use the starch nanoparticles as a drug delivery vehicle for the treatment of
cancer.

Over the course of the research, it has also been found that the starch nanoparticles can
be used to assist in the precipitation of DNA out of solution with high efficiency. This method
has been found to be much simpler and faster than traditional DNA precipitation techniques,
with comparable results. In addition, the materials required are much more easily obtained and,
in line with the goal of sustainability, do not require petroleum-based products to precipitate out
DNA. As an additional goal of the research was to elucidate the conditions for which this DNA
precipitation can occur through non-covalent adsorption onto the starch nanoparticles.

Finally, the covalent attachment of DNA onto starch was explored. A specific strand of
DNA was used, which was known to have high targeting efficiency to cancer cells, to see if it
can induce endocytosis by the cell. If the starch nanoparticle was then loaded with antineoplastic
drugs, it could aid in the site-specific delivery of these antineoplastic drugs as part of cancer

therapy.



1.2 Thesis Outline

This thesis will cover the interactions of starch and deoxyribonucleic acids, both through
physical adsorption and covalent attachment, and explore potential applications to these effects.
The thesis is organized into 5 chapters. Chapter 2 will give a more in-depth review of starch and
DNA as materials, starting from its chemical makeup and progressing to secondary and/or
tertiary structures that result from its interactions with itself, concluding with established
applications using solely those materials as related to this thesis. Chapter 3 will address the
physical adsorption of DNA onto starch nanoparticles. The physical adsorption of starch and
DNA were characterized using fluorescence spectroscopy, and supplemented with gel
electrophoresis. Chapter 4 will cover the covalent attachment of DNA onto starch nanoparticles.
The covalent attachment of DNA onto starch was characterized using a host of techniques,
including fluorescence spectroscopy, gel electrophoresis, and fluorescence microscopy. Chapter
5 summarizes the work performed in this thesis, and provides insight as to further directions that
can be taken. As this thesis is part of a broader collaboration, it is expected that the data and
conclusions presented here can be used to facilitate additional research with starch and DNA

interactions and bring them to further practical application.



2.0 STARCH AND DNA

Starch and DNA are both naturally-occurring biopolymers easily found in nature. Both are well-
characterized with a long history of research interest from their biological roles as energy storage
and genetic information carrier, respectively. Recent advances in chemical understanding and
biotechnology have allowed for these materials to be synthetically modified for purposes beyond
their biological roles. These purposes utilize the physical and chemical properties of the
biopolymers, and include using starch as a bio-latex for paper binding to replace petroleum-
based plastics, and using DNA as aptamers to replace the highly variable antibodies for
immunochemistry and bio-based sensing. Additional applications are pending from the rapid
research interest being poured into these newly rediscovered materials.

2.1 Starch and Starch Nanoparticles

Starch is a carbohydrate biopolymer found abundantly in nature from many sources. It is used in
plants as a method for high-density energy storage, built up from individual glucose units
produced via photosynthesis. Many foods common in the human diet such as potatoes, wheat,
maize, rice, oats, and cassava (tapioca) often contain high amounts of starch, and these sources
are typically used for harvesting starch. As a food additive, starch has seen use as a binder,
thickener, and glazing agent.®> As an inexpensive renewable biopolymer, starch is also used,
either in its native form or chemically modified, for industrial non-food purposes as a
replacement to other traditional materials. Such uses include as adhesives, cosmetics, surfactants,
biodegradable fillers, flocculants, and coatings.® Unfortunately, these plant starches are most
commonly found in the form of granules; these relatively large particles, ranging from 1-100
um, make thorough modifications at a chemical level difficult.> Understanding their chemical
structure has allowed thorough modification of starch components and process them for bulk
modifications. Different techniques can be used to reduce the size of starch particles to make its
functional groups more accessible to chemical modifications. These modifications can improve
properties such as hydrophilicity, viscosity, acid resistance, and add functional groups for further

processing.®



2.1.1 Physical Properties

Starch is usually found as a white powder that is tasteless and odourless. It has poor solubility in
cold water or ethanol, but while dispersed in water starch can gelatinize with the addition of heat
above 70°C, allowing it to dissolve.” If returned to lower temperatures, starch can retrograde,
becoming even less soluble in water and gaining enzymatic degradation resistance. Starch will
also act as a shear thickener in water. In basic conditions above pH 9, starch may degrade, with
a pronounced effect observed at pH 10 and above.?

21.1.1 Primary Structure

The main constituent for starch is glucose. While in solution glucose is predominantly found in
the cyclic pyranose form, and is also similarly formed while polymerized as starch. The glucose
units in starched are linked together via a-1,4 glycosidic bonds in linear form, and via a-1,6
glycosidic bonds in branched form. The bonds are susceptible to hydrolysis, but rates vary
depending on its secondary structure. In cellular respiration, glucose must first be hydrolyzed
from starch before glycolysis can occur. Enzymes such as a-amylase, produced in the pancreas

and also found in saliva, can be used to break down starch into simpler saccharides for digestion.

2.1.1.2 Secondary Structure

Starch has two major constituents that form its secondary structure.>%° The first is amylose,
which consists of glucose linked together by almost exclusively a-1,4 glycosidic bonds, giving
it a linear characteristic. The linearity allows for hydrogen bonding to occur between consecutive
glucose units, giving rise to a helical structure that can be tightly packed. The tight packing
renders the interior to be less accessible for reactions to occur. This structure also prohibits water
from reaching the inner structure, giving amylose its insolubility in water. Amylose can have a
molecular weight in the 10%-108 g/mol range,* consisting of thousands of glucose subunits. The
other secondary structure for starch is amylopectin, which has a-1,6 glycosidic bonds present
every 12-20 glucose units in addition to a-1,4 glycosidic bonds (Figure 2.1A-B).° This branching
allows clusters of chains to gather at regular intervals. The openness from branching also allows
water to penetrate, increasing its overall solubility. Compared to amylose, amylopectin is a much
larger molecule, with molecular weights in the 108-107 g/mol range.!!* Typical starch particles
have a weight ratio of 20-30% amylose and 70-80% amylopectin, depending on the source of

the starch.®



Glucose-based isomers to starch exist that proliferate in nature. The most common is
cellulose, typically found in cell walls of plants and certain bacteria. Cellulose differs from starch
such that they consist of B-1,4 glycosidic bonds; this allows for more compact stacking and lack
of recognition from amylases. Dextran is another isomer; this polysaccharide features primarily
a-1,6 glycosidic bonds, occupying the primary hydroxyl group on the 6’ carbon. This structural

difference allows for different packing between chains of the polysaccharides (Figure 2.1C-D).
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Figure 2.1: Molecular structures of glucose-based polysaccharides. A) Amylose with predominantly o-
1,4 glycosidic bonds B) Amylopectin with both a-1,4 and a-1,6 glycosidic bonds C) Dextran with
predominantly a-1,6 glycosidic bonds D) Cellulose with -1,4 glycosidic bonds.

2.1.1.3 Tertiary Structure

Typically, starch is stored in plants as granules; these granules can vary widely in size depending
on the species of the plant, from 1 pm found in taro roots to 100 pm found in potatoes.® Likewise,
starch granule shapes can also vary according to their species origin (Table 2.1). The size and
shape of the starch granules will affect the ease of bulk processing, although the chemical

constituents of the granules remain largely the same.
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Table 2.1: Size and shape of starch granules from various plants

Plant Species Granule shape Granule size (um)
Taro*>13 Polyhedral 1-5

Rice® Polyhedral 3-8

Wheat® Spherical, lenticular 2-10, 15-35

Oat!? Oval 2-15

Peas® Rentiform (kidney-shaped) 5-10

Maize® Spherical, polyhedral 2-30

Cassava (Tapioca)® Spherical, lenticular 5-45

Potato® Lenticular 5-100

The internal structure of a granule is mostly determined by the larger amylopectin units,
which dominate the arrangement found inside (Figure 2.2). The periodic branching found in
amylopectin separates the region into crystalline and amorphous lamellae with a periodicity of
9 nm.>!* The crystalline lamellae are formed when clusters of adjacent linear side chains form
double helices which pack together in a crystalline structure. Amorphous lamellae are formed
with the remaining clusters of branching that occurs in amylopectin. These repeating lamellae
form a semi-crystalline zone, which is also separated by another amorphous zone, which together
form a “growth ring”. This amorphous zone would contain both amylopectin and amylose, found
in a disorganized state.® The growth rings are concentric and also have its own periodicity of
several hundreds of nanometers,® and together form a starch granule.

The structure of a starch granule can be irreversibly disrupted by raising its temperature
above 70°C; the exact temperature required for this disruption varies based on the size of the
granule, but all granules undergo the same process when the temperature is raised sufficiently
high. This disruption is termed gelatinization, and can be characterized by the loss of crystallinity
in the starch granule, accompanied by a swelling of the granule through water absorption and
leaching of amylose molecules out of the granule.'® The gelatinization of the starch granules can
be monitored by the loss of birefringence in the crystalline lamellae in the starch granules, and
more accurately, by X-ray scattering. Typically, starch gelatinization begins with the absorption
of water in the amorphous regions of the granule. As amylose is leached out from the amorphous
regions, this allows for more water absorption. Crystallinity is lost only after crystalline regions

are completely disrupted due to further temperature increase, as observed by X-ray scattering.



Crystalline

Amorphous
lamella

background /

,

Amorphous

Crystalline lamella lamella

Amorphous lamella | _ -~ "~ -
Amorphous Semicrystalline
zone zone L W ) L J

Figure 2.2: Amylopectin packing structure determining lamellar regions.** The growth rings with the
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amorphous and semicrystalline zones can be shown. The semicrystalline zone is further broken down to
crystalline and amorphous lamella, which are driven by the double helical and branched portions of
amylopectin, respectively. Reprinted with permission.

Starch that has undergone gelatinization may undergo retrogradation after temperature is
reduced back to below gelatinization temperature. The crystallinity that was lost from
gelatinization is slowly reformed from the amylose chains re-establishing a more
thermodynamically stable double-helical structure.® Water is also expelled from the gel matrix
during this reformation as syneresis.!” This re-establishment typically proceeds with shorter
amylose chains occurring first, followed by longer amylose chains.'® Amylopectin chains, on the
other hand, take even longer to retrograde, but reinforce the amylose structures in increasing
crystallinity.'®?° Fully retrograded starch typically has superior properties compared to the
original starch granules in terms of crystallinity and rigidity, due to the combination of the
crystalline and amorphous regions of the granule into an almost fully crystalline construct.!’ In
addition, the solubility of retrograded starch in water becomes even lower than the native
granules due to the inability for water to penetrate the crystalline structures. This retrograded
starch also experiences resistance from digestive enzymes such as a-amylase both due to its
higher packing and lower solubility in water, rendering its glycosidic bonds less accessible for
the enzyme to hydrolyze.®?* Some starches can be coupled with lipids that disrupt crystalline
structure; this makes the starch accessible for digestion by enzymes. However, the lipids also

add to the insolubility of the starch from hydrophobicity, adding to the digestion resistance.??
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2.1.2 Preparation of Internally Crosslinked Starch Nanoparticles

The incorporation of crosslinking agents into starch is one method to improve the material
properties of starch. Crosslinking agents are used to chemically bind two or more polymer chains
together, holding them in place relative to each other. Depending on the polymer, different
macroscopic effects can be seen as a result of this, including a rise in rigidity, tensile strength,
and shear strength. Many crosslinking agents have been explored to supplement the properties
of natural starch. For a crosslinking agent to be viable, it must have at least two sites for which
it can react with starch; the most commonly available would be the hydroxyl groups on the 2’,
3’, and 6’ carbons (Figure 2.3). Candidates for crosslinking agents include phosphorus
oxychloride®, sodium trimetaphosphate,? sodium tripolyphosphate,* epichlorohydrin,?2
1,2,3,4-diepoxybutane,?’ glyoxal,?® and citric acid.?®

Starch-OH +H :C — CH—C H Cl ~OH', starch—O—CHz— CH— CH,cl —HEL,
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Y OH
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Figure 2.3: Crosslinking of starch using epichlorohydrin as crosslinking agent.?® Reprinted with per-
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These modifications typically improve the material properties of starch for various
applications, including tensile strength, shear strength, and resistance to acid, temperature, and
retrogradation. These crosslinking reactions typically require basic conditions,®?32>2730 which
may be harmful to the starch backbone itself.® In addition, certain crosslinking agents have other
safety considerations that would make them unsuitable for food use, such as the carcinogenic

epichlorohydrin.3-33

2.1.3 Starch Nanoparticles Prepared by Reactive Extrusion

Reactive extrusion for the preparation of starch nanoparticles is a combination of several
technologies that optimized conditions for additional modifications on the starch structures.
Batch reaction of starch typically takes place in a continuously stirred tank reactor. As starch has
low solubility in ambient conditions, dissolving it would require raising the temperature inside
the tank to above 60°C. This would cause the starch granule structure to be disrupted and the
starch will gelatinize, giving a more uniform mixture, but also becoming much more viscous and
difficult to manage®. Instead, batch reactions are performed at under 60°C with only 35-45 wt%
starch and mixed with 10-30 wt% sodium chloride or sodium sulfate to aid in dissolution. The
comparatively low starch concentration, as well as the presence of salt that typically must be
removed from the final product, leads to suboptimal reaction selectivity and comparatively long
reaction times of 2-24 hours.3*

The use of a reaction extruder (Figure 2.4) alleviates some of these issues, allowing for
greater control of reaction parameters. By design it is well-suited for handling fluids of high
viscosity,** as is the case of gelatinous starch, and provides excellent control of mixing, heat
transfer, shear rate uniformity, and residence time.*® The addition and removal of reagents and
by-products is also better controlled with a reaction extruder. For starch, concentrations as high
as 60-80 wt% can be used, with reaction temperatures in the 70-140°C range, and a residence
time as low as 2-5 minutes is recommended. Up to 15-fold rate enhancements have been
reported.® A side effect is that the shear rate as a function of mechanical energy input can
drastically degrade starch, causing a sharp reduction in molecular weight.3+3
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Figure 2.4: Typical setup of a reactive extrusion system for starch.® 1: weight feeder for starch; 2,3:

metering pump; 4: vacuum pump; 5: twin-screw extruder; 6: forced strand pelletizer with “dry” cut.

Reprinted with permission.

2.1.4 Starch Nanoparticles for Drug Delivery

As starch is a natural polymer with well-documented properties, there has been much research
interest devoted into using it as a carrier for drug delivery. Various modifications have been
introduced in an attempt to make starch small but sturdy enough to be carried through the
circulatory system while carrying therapeutics to a site of interest. These modifications include
crosslinking to form a gel-like structure for encapsulating therapeutics, functionalization for
addition of other ligands for targeting and/or stability, and many more.

Crosslinking agents used for material strengthening in industrial processes can also be
used for controlled release of therapeutics. Theophylline for the treatment of asthma can be
encapsulated in a crosslinked amylose delivery system using epichlorohydrin as the crosslinking
agent to extend drug release times up to a period of 15 hours while maintaining a linear release
profile.®® Similarly, sodium tripolyphospate and sodium trimetaphosphate were used as
crosslinking agents to create starch nanoparticles via an oil/water emulsion.”® Alternatively,
starch can be functionalized with additional groups such as propyl groups,® oleic acid grafts,*
or aldehydes through oxidation,*®#! for additional ease of synthesis and nanoparticle formation.
For example, propyl-starch was utilized in a starch nanoparticle formulation to grant additional
hydrophobicity. This additional hydrophobicity was used to allow manipulation using low-
toxicity organic solvents such as ethyl acetate.3® The nanoparticle itself was explored for use as

a transdermal drug delivery device.

11



2.2 DNA
DNA is another biopolymer found in all living organisms as a carrier of genetic information. It
consists of 4 major subunits, called nucleotides, which is able to code for the necessary amino
acids in proteins. DNA is typically found as a double-stranded helix, with the nucleotides bound
to each other through hydrogen bonding, and an alternating deoxyribose and phosphate backbone
facing outwards. The nucleotides used are the purines adenine and guanine, which are paired
with the pyrimidines thymine and cytosine respectively. This backbone is stable and resistant to
degradation, allowing for the long-term storage of genetic information. In living organisms,
DNA can be typically found in a single circular chromosome and surrounding plasmids in
prokaryotes, and as part of linear chromosomes contained within a nucleus in eukaryotes.
Advances in technology have allowed the creation of synthetic DNA ex vivo. In
particular, almost any arbitrary sequence of DNA can be constructed from individual building
blocks through solid-phase synthesis,***® allowing custom-made DNA oligomers for various
interactions. In addition, polymerase chain reaction (PCR) has allowed the mass production of
specific DNA sequences for additional characterization and application. This has lowered the
production costs associated with DNA, and its newfound affordability has allowed DNA to be
used for many purposes beyond its role as a genetic carrier, including use in bio-based sensing

and in immunochemistry.

2.2.1 Physical Properties

The famous X-ray crystallography image of DNA taken by James Watson and Francis Crick
illuminated the structure of DNA and became the basis for many other important discoveries of
the macromolecule. It was then that the double helix structure of DNA was determined, with a
pitch of 34 angstroms and a radius of 10 angstroms.** The strands are joined together in an anti-
parallel fashion; these complementary strands run in opposite directions of each other as
determined by the 5’ and 3’ ends denoted by the carbon number on the deoxyribose sugar. DNA
sequences are traditionally listed from the 5’ end to the 3’ end. In neutral and basic conditions,
DNA is found to be negatively charged, as the phosphate backbone becomes deprotonated and

DNA as a result becomes polyanionic.
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2.2.1.1 Primary Structure

A DNA macromolecule contains many nucleotide subunits which are joined together to create a
long continuous polynucleotide chain. Each nucleotide consists of three parts: a phosphate and
2-deoxyribose sugar forming the backbone, and a nitrogenous base which is the primary genetic
storage element (Figure 2.5). The four nucleobases, adenine, thymine, guanine and cytosine,
form a quaternary system for amino acid coding, which can be converted into a polypeptide via
ribosome translation. The nucleobase is bound to the 2-deoxyribose via the 1’ carbon, while the
phosphate is bound to the 5’ carbon. Subsequent phosphates of additional nucleotides are bound
to the 3’ carbon of 2-deoxyribose. The phosphates can become deprotonated in neutral and basic

conditions, giving DNA a net negative charge.
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Figure 2.5: Components of a nucleotide and the possible nitrogenous bases

2.2.1.2 Secondary Structure

DNA found in nature is almost always found in a double-stranded fashion (as double-stranded
DNA, dsDNA). Hydrogen bonding between matching bases (adenine with thymine, and guanine
with cytosine, termed Watson-Crick base pairs) and the base-stacking from the parallel n-bonds
from sequential base pairs provide a very stable structure in the form of a double helix.*® This
double helix can be considered rigid rod for short sequence pairs. The double helix can be
unwound in the presence of DNA helicase or high temperatures, which can split the strands and
cause them to separate. The threshold temperature for this to occur is called the melting
temperature; this threshold is length- and sequence-dependent. Once melted, the two resultant
single-stranded DNA (sSDNA) are comparatively flexible. If the temperature is returned to
below the melting temperature, the two strands will re-hybridize, reforming the stable double

helix structure.
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Watson-Crick base pairing does not have to take place on separate strands. It is possible
for a single strand with the necessary complementary sequence to loop back on itself and form
base pairs; the complementary portion forms a duplex while the sequence in between forms the
“hairpin” structure.“® Structures like this can be useful when used as a molecular beacon, as a
fully complementary strand can break the hairpin structure and hybridize with the entire
sequence.

Structures beyond the typical Watson-Crick base pairs exist, which can give three-
dimensional structures beyond a double-helical structure. One such structure is the G-
quadruplex;*’ four planar guanine bases can associate by each contributing two hydrogen bonds
and producing a tetramer structure. This tetramer is fairly strong and has limited interaction even
with complementary cytosine strands. Two or more tetramers can n-Stack on each other and
create the structure known as the G-quadruplex. The G-quadruplex can be formed by a single
strand weaving back and forth in various patterns,* or can be made by multiple strands (Figure
2.6). The strands themselves can run in a parallel or antiparallel fashion; this is largely
determined by the polarities of the backbone and less so on whether or not they are part of the
same sequence.*’ The parallel-antiparallel alignment also necessitate the syn or anti rotation of
the base itself for proper hydrogen bond formation.*® The remarkably stable structure has once
been described as “a structure in search of functions”, as it did not appear to have corresponding
proteins that can assemble and disassemble such structures, but these have since been found in

placental tissue and in certain tumour cells.5%
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Figure 2.6: Structure of a guanine tetramer and different G-quadruplexes folded from a single strand.*®

Reprinted with attribution from: http://www.intechopen.com/books/oncogene-and-cancer-from-bench-

to-clinic/structure-based-approaches-targeting-oncogene-promoter-g-quadruplexes
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2.2.2 Isolation Techniques

To fully utilize DNA, one must be able to isolate and purify it from other materials. Several
methods exist, all with varying degrees of efficacy and simplicity. The most commonly used
method involves the addition of sodium salt (typically sodium acetate for pH control) and
ethanol, incubation at —20°C overnight, followed by high-speed centrifugation of the now-
insoluble DNA.>? Approximately 60% recovery can be obtained for amounts as low as 0.6 ng,
with improvements in yield coming from recovering DNA amounts greater than 100 ng or by
increasing centrifugation time. Ethanol can be replaced with isopropanol, which is more efficient
but more difficult to remove due to lower solvent volatility.

Smaller amounts or shorter strands of DNA can be recovered with the aid of co-
precipitating carriers such as linear polyacrylamide or glycogen.>®*>* These carriers are able to
non-covalently bind with DNA and share the property of insolubility in ethanol. Picogram
amounts of DNA can be recovered with the assistance of these carriers. It is found that as a
carrier, glycogen outperforms others in terms of overall recovery,® but commercial stocks of
glycogen may have DNA impurities inside, possibly from bacterial origin.>® Thus,

polyacrylamide-assisted precipitation may be favoured.

2.2.3 DNA Aptamers and Cell Targeting

Aside from use as a genetic storage material, the properties of DNA also allow it to be used as
aptamers. Aptamers are short single-stranded sequences with very high specificity of binding to
a target analyte. Although aptamers exist in nature (e.g. riboswitches),>” most are synthetically
created and selected through systematic evolution of ligands by exponential enrichment
(SELEX).*8° This method introduces a library of DNA sequences to a target analyte for binding.
Sequences that exhibit strong binding affinities to the target are isolated from the non-binding
sequences and amplified using PCR, then re-introduced to the analyte. After 15-20 iterations, a
sequence with extremely high binding affinity will remain as the aptamer gained through
selection. Aptamers are similar to antibodies in that they bind with high specificity, but have any
advantages beyond this: They are much more stable than peptide-based antibodies with a longer
shelf life, exhibit little to no batch-to-batch variation, and can function in non-physiological
conditions.* In addition, they are not limited to immunologically active targets; inorganic
analytes can also have a specific aptamer bind to it with high specificity. Aptamers have been
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found for a wide variety of analytes, including adenosine,®® cocaine,®® caffeine,® mercury,®
thrombin,® and vascular endothelial growth factor.®

Aptamer selection can be run on entire cells as well. This version of SELEX, known as
cell SELEX, introduces the whole cell as a target for aptamer selection.®® Intimate knowledge of
the cell surface and its structural components is not required; any exposed component of the cell
membrane is a potential target. In addition, targets will be in their native environment rather than

isolated and potentially in an unnatural folding pattern.

2231 AS1411

A specific aptamer was found to have anticancer potential after binding to cancer cells. Named
AS1411, this aptamer was surprisingly not discovered with intent; the original intent of the
project that resulted in the discovery of this sequence was to elucidate triplex-forming
oligonucleotides for modulating gene expression. However, while exploring control sequences,
the sequence 5'-GGTGGTGGTGGTTGTGGTGGTGGTGG-3' was found to have anticancer
activity after binding to the cancer biomarker nucleolin,®’ and thus was given the name
AGRO100 before being changed again to AS1411, and explored for further application.
Although the aptamer has now been renamed yet again to ACT-GRO-777 after its acquisition
from Antisoma by Advanced Cancer Therapeutics,®® most literature continue to refer to the
sequence as AS1411, and will be done so here as well.

The AS1411 aptamer is a G-rich oligonucleotide that forms a G-quadruplex secondary
structure, giving it remarkable stability in physiological situations. Such G-quadruplex structures
are found to have good affinity for nucleolin,®®’® which is heavily expressed in cancerous cells
as part of several oncological pathways and a marker for poor prognosis of health.”* Once
AS1411 binds with nucleolin, it additionally interferes with nuclear factor-xB essential
modulator (NEMO),®® which protects cells from apoptosis and is linked to developed resistances
to chemotherapy in cancer cells.’?

Despite its high affinity for nucleolin, its mode of action does not actually require
nucleolin to be expressed on the cell membrane for cell uptake. Instead of the typical receptor-
mediated endocytosis typical for uptake of drugs, AS1411 is taken in through macropinocytosis,
independent of the presence of nucleolin. This induces hyperstimulation of further
macropinocytosis, of which the pathway is now nucleolin-dependent.” Once inside the cell, the
exact mechanism which AS1411 causes cell death is uncertain; one theory is that the binding of
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AS1411 to nucleolin inside the cell prevents nucleolin from performing its other functions.
Although nucleolin has many functions, one notable function is the stabilization of the bcl-2
messenger ribonucleic acid (MRNA), required for the coding of the anti-apoptotic bcl-2 protein.
By competitively binding with nucleolin, AS1411 can strip bcl-2 mRNA of its stabilizing
protein, thus downregulating bcl-2 and causing the cell to undergo apoptosis.’

Although AS1411 has shown a therapeutic effect on cancer cells, most research focus is
directed on using it as a targeting ligand only. The AS1411 sequence has been shown to be
successfully attached to wvarious nanoparticles of different materials, including silica,
phosphatidylcholine liposomes, and poly(lactic-co-glycolic acid)-co-poly(ethylene glycol)
(PLGA-PEG).”>78 In these cases, AS1411 is used as a ligand used to interact with the cancer
cells only, while the nanoparticle contains a different payload with a therapeutic effect (Figure
2.7). Typically, these formulations contain multiple components and become complicated
particles, and require organic solvents or other components that may be harmful in the body in

order to synthesize them.” 7"

TRRC A B [

PLGA Nile Red Dye Paclitaxel Lecithin Lipid-PEG Aptamer

Figure 2.7: An example of a drug-loaded nanoparticle with AS1411 used for targeting.” The core of the
nanoparticle is made using poly(lactic-co-glycolic acid), and encapsulates both a paclitaxel drug payload
Nile Red Dye for identification. The outer surface is functionalized with lecithin, poly(ethylene glycol)

and finally with AS1411 for targeting. Reprinted with permission.
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3.0 DNA WITH STARCH CO-PRECIPITANT

The concept that starch nanoparticles could be used as a co-precipitant for DNA was accidently
discovered while attempting covalent DNA conjugation. Since it has potential applications and
may also tell us about the interaction between DNA and starch, a detailed characterization has
been carried out on this topic. Although starch is typically found in its native granule format,
EcoSynthetix (Burlington, Ontario) has been able to extrude starch to produce starch
nanoparticles in the sub-micron range, much smaller dimensions than native granules can
provide. As such, the option of using starch nanoparticle as a delivery vehicle for the delivery of
chemotherapy drugs was explored, using aptamers such as AS1411 as a targeting ligand.
Originally, the intention was to have DNA covalently attached to starch directly using EDC-
NHS coupling. However, during the optimization of the protocol for sample purification, it was
found that DNA would precipitate out of solution along with the starch even with no coupling
agents present. We decided to explore this phenomenon to see if we could use it for any practical
purposes.

EcoSynthetix has provided different grades of starch nanoparticles with various degrees
of crosslinking using their proprietary crosslinking agent. These EcoSynthetix nanoparticles
(ENP) came in different formulations, named GX0.0, GX1.0, GX3.0, and GX5.0 based on their
crosslinking content (i.e. crosslinking agent concentrations from 0% to 5% by weight). The

particles were used to determine which formulation had the best efficacy in DNA precipitation.

3.1 Rationale

DNA precipitation is an important part of any protocol that requires the purification of DNA
from a solution containing other materials. Traditional DNA purification techniques exist that
can be moderately effective for separating DNA from cell lysate. However, the technique is not
as effective when isolating shorter oligonucleotides at lower concentrations, such as for use as
an oligonucleotide-based sensor or for functionalizing nanoparticles. The use of a co-precipitant
is one method of further increasing the effectiveness of current DNA purification methods. With
a co-precipitant, the DNA would adsorb onto the surface of an additional insoluble material, and
together would precipitate out of solution. However, there are still limitations using these
methods that need to be addressed. For example, the use of glycogen as a co-precipitant has

shown success in precipitating small amounts of DNA,**° but commercial samples of glycogen
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have been found to contain trace amounts of DNA contaminants.>® Linear polyacrylamide is an
alternative co-precipitant, but requires additional steps in polymerization, and residual
unpolymerized acrylamide may raise toxicity concerns depending on the end use of the DNA.
The use of starch as a co-precipitant has several advantages over the aforementioned
agents. Starch is much less costly than glycogen or polyacrylamide, and the protocol for
precipitation is much simpler; while the use of other co-precipitants typically requires overnight
incubation with refrigeration, using starch nanoparticles can allow incubation in ambient

conditions for only an hour.

3.2 Theorized Limit of Detection

To determine the effectiveness of using starch as a precipitant, various solutions and dispersions
were prepared and mixed together and allowed to incubate before centrifugation. A DNA
solution was prepared using a 12-base ssDNA labeled with 6-carboxyfluorescein (FAM) DNA
(5'-FAM-CACTGACCTGGG-3') at 50 pM in 100 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer at pH 7.6. Starch dispersions with each of the
formulations were prepared at 10% w/v in Milli-Q water, and serially diluted for lower
concentrations. A working buffer solution of 50 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer and 50 mM NaCl at pH 6.0 was also prepared.

To allow DNA and starch to interact, mixtures were created with 2 pL DNA solution, 2
pL starch dispersion, and 16 pL MES/NaCl buffer, then stored in the dark for 1 hour. To
precipitate out the DNA and starch, 40 pL of ethanol was added, and the mixture was then
centrifuged at 15000 RPM for 20 minutes. To determine the amount of precipitated DNA,
fluorescence measurements were taken from the supernatant, while the resultant precipitant from
centrifugation was left undisturbed. 5 pL of the supernatant was removed and added to 95 pL of
50 mM HEPES buffer. Fluorescence measurements were taken by a plate reader at 485 nm
excitation and 525 nm emission with an average of 4 readings performed. As supernatant
fluorescence can only come from free FAM-labeled DNA, the fluorescence reading in the
supernatant was negatively correlated with DNA adsorption onto starch. As controls,
fluorescence readings of free DNA with and without the addition of ethanol were measured for
comparison. It was found that 0.1% wi/v starch is enough to precipitate out over 90% of DNA

present, despite the much shorter length of oligonucleotides used (Figure 3.1).
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Figure 3.1: Supernatant fluorescence of starch used to precipitate out FAM-labeled 12 base DNA.
Note that the controls for free DNA and DNA with ethanol are by themselves because although they are

labeled as GXO0.0, there is actually no starch present in their respective mixtures.

3.3 Effect of Crosslinking Density

Crosslinking density in polymeric nanoparticles is typically associated with a stiffer particle that
is less porous and less prone to deformation. The additional material can have one of two effects;
the additional material can enlarge the particle, but the crosslinks can also prevent particle
swelling when in aqueous solutions.® It can be seen that higher amounts of crosslinks
discourages DNA interaction with starch (Figure 3.1). This particular relation is not yet
understood, but one hypothesis is that crosslinks reduce the amount of surface area available for
DNA to interact with. As GX0.0 appears to have the best interaction with DNA, subsequent

experiments will use only this formulation, and at 0.1% w/v concentration.

34 Effect of Alcohol Concentration

It is known that ethanol can precipitate out DNA by causing salt cations to re-associate with its
phosphate backbone, minimizing charge repulsion and inducing aggregation.®! To confirm this,
progressively higher amounts of ethanol or isopropanol, another possible precipitating solvent,
was added, and fluorescence measured (Figure 3.2). It can be seen that the higher concentration
of alcohol that was added, the more starch and DNA was able to be co-precipitated, as shown by

the reduced fluorescence signal in the solution supernatant.
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Figure 3.2: Effect of varying alcohol concentrations on starch precipitation.

It can be seen that as a general trend, the increase of alcohol concentration improves the
precipitation efficiency of the GXO0.0 starch nanoparticle. The effectiveness begins to flatten off
between 60% and 70% for both ethanol and isopropanol, confirming the use of double volume
alcohol during the precipitation protocol; while increasing the alcohol concentration can further
increase DNA recovery, the nearly 90% recovery seen should be sufficient unless the additional
recovery is warranted. Also, although it is apparent that isopropanol outperforms ethanol in DNA
precipitation, previous protocols of DNA precipitation feature the use of ethanol, and therefore

the use of ethanol will be continued for these studies.

35 Effect of DNA Lengths

The ability to precipitate short sSDNA oligonucleotides is surprisingly effective. However, we
decided to explore the effectiveness of precipitating DNA of different lengths. The experiment
was repeated with FAM-labeled 15A (15 consecutive adenosine nucleotides), 30A, 45A, and
90A each introduced to GX0.0 and allowed to incubate for an hour, then centrifuged with twice
the volume in ethanol. The fluorescence readings of the resulting supernatant show no significant
difference in efficacy of precipitating out oligonucleotide chains regardless of the investigated
lengths (Figure 3.3).
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Figure 3.3: Effect of varying oligonucleotide length on starch precipitation.

3.6 Effect of DNA Bases

Next we examined the effects of using different nucleobases to see if the DNA adsorption is
base-specific. The experiment was repeated with FAM-labeled 15A, 15T, 15C and 15G, each
representing the 4 basic nucleotides (i.e. adenine, thymine, cytosine, and guanine), after
incubating with GX0.0 for 1 hour, then centrifuging with twice the ethanol volume (Figure 3.4).
Again, there was no notable difference between the oligonucleotides in binding once introduced
to GXO0.0. It should be noted that the controls with free DNA and ethanol have greatly reduced
fluorescence for 15G. This is expected, as guanine is a known fluorescence quencher,®28 and a

reduction in fluorescence signal would be likely for all fluorescent samples containing guanine.
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Figure 3.4: Effect of varying nucleobases on starch precipitation.
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3.7 Effect of Salt and pH
Traditionally, salt concentration is an important parameter for the ethanol precipitation of DNA.
Specifically, the low dielectric constant in ethanol will allow cations in salt to associate with
polyanionic DNA, effectively neutralizing its charge and reducing its solubility. To test this,
magnesium was added as a divalent cation through the addition of magnesium chloride to the
solution. Magnesium chloride concentrations were prepared through tenfold serial dilution from
1 M to 1 mM MgCl.. Samples were prepared as previously described with GXO0.0, with 2 pL of
MgCl. solution added in, effectively dilution the Mg?* concentration by 10. Samples were then
incubated with 1 hour under ambient conditions. The samples were then centrifuged, and 5 pL
of the supernatant removed and placed into 95 pL of HEPES buffer for fluorescence analysis
(Figure 3.5A). Although the addition of Mg?* appears to have improved the precipitation slightly,
the difference is not pronounced compared to precipitating without the use of magnesium salts
at all.

The effect of pH on precipitation was also investigated. Using pH 3 and 9 as an arbitrary
“high” and “low” pH relative to the pH of MES at 6, a citrate buffer was prepared at pH 3, and
used in place of the MES buffer in precipitating out DNA via GX0.0. As a pH 9 buffer was not
readily available, a suitable replacement was made by titrating MES to pH 9 using dilute NaOH.
The precipitation was then repeated using these pH solutions (Figure 3.5B). At both pH ranges,
there is no noticeable difference in precipitation efficacy.
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Figure 3.5: Effect of A) Mg?* and B) pH on starch precipitation.
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3.8 Effect of ssSDNA and dsDNA

The ENPs were shown to precipitate out a wide variety of sSDNA with high recovery; the ability
for ENPs to precipitate dSDNA was then investigated. To investigate this, polyacrylamide gel
electrophoresis (PAGE) was used to analyze a library of several low molecular weight DNA
lengths simultaneously, ranging from 25 to 766 base pairs (bp). Samples were prepared the same
way by incubating with GX0.0 for 1 hour under ambient conditions. Twice the volume of ethanol
was then added and the samples centrifuged. The supernatant was removed and the remaining
pellet resuspended in water. A 15% acrylamide/bis-acrylamide (29:1) solution was casted into a
gel with ammonium persulfate and tetramethylethylenediamine (TEMED) as initiator and
catalyst, respectively. Both the supernatant and resuspended starch pellet were loaded into the
gel with 30% glycerol. The gel was allowed to run with a tris-borate-ethylenediaminetetraacetic
acid (EDTA) buffer (collectively TBE buffer) for 90 minutes at 600 V and 100 mA to ensure
good separation of DNA lengths, then stained for 15 min. with ethidium bromide. A fluorescence

image was taken at 302 nm excitation and 580 nm emission (Figure 3.6).

DNA  DNA DNA DNA
pellet EtOH EtOH GX0.0 GX0.0
resusp supernatant pellet supernatant pellet

resusp re'susp

Figure 3.6: PAGE results of double-stranded DNA precipitated out with starch
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From the results, all bands for the GX0.0-treated sample are strongly present in the
resuspended pellet, with no visible bands remaining in the supernatant, while the reverse is true
in the controls. The GX0.0 ENP was successful at precipitating out DNA lengths along the entire
length of the ladder, showing good generalizability for precipitation. The quality of the bands
appears less than optimal; this is possibly due to the residual ethanol in the supernatant solutions

which can affect the quality of the electrophoresis.

3.9 DNA Recovery from Starch

While DNA can be recovered from starch through PAGE, an alternative method was explored
through the degradation of the starch in GX0.0 using a-amylase. As the ENPs are all made of
mostly starch, it was expected that the nanoparticles can still be degraded by a-amylase. To test
for this, the iodine test was used; iodine is a well-established method used to establish the
presence of starch.8+8 Various iodide-iodide complexes are able to position itself inside the
double helical structure of amylose, inducing a colour change that can be tracked as a rise in
absorbance at 580 nm. The loss of the double helical structure (e.g. through digestion by a-
amylase) would remove the resulting colour, and the corresponding absorbance at 580 nm would
drop. To test this, starch nanoparticles were incubated with a-amylase at 37°C for 60 minutes,
and iodine was added after. A UV-Vis spectrum was obtained from 200 to 1100 nm wavelength.
A drop in absorbance at 580 nm can be seen, indicating a loss of helical structure that follows
the degradation of the amylose content (Figure 3.7). Note that other peaks are present, such as at
290 nm and 350 nm, but the largest change by far can be observed in the 580-620 nm region as

reported in previous work by other groups.

Starch degradation by a-amylase

Absorbance
o L N W pH» U

200 300 400 500 600 700 800 900 1000 1100
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GX 0.0 + Amylase GX0.0

Figure 3.7: Digestion of starch nanoparticle by a-amylase
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Next we investigated if the starch can be degraded by a-amylase after DNA adsorption.
It is possible that additional crosslinking or adsorption of DNA onto the surface of ENPs may
render the a-1,4 glycosidic bonds inaccessible for amylase. The precipitation protocol was run
again by incubating the various grades of ENPs for 1 hour. In parallel, dextrin was also run as a
positive control, and dextran was run as a negative control. Samples were then incubated with
a-amylase at 37°C for 1 hour, then supplemented with twice the volume of ethanol and
centrifuged. The pellet was photographed under blue light and filter to isolate the green
fluorescence (Figure 3.8). In dextrin and all starch-based samples, the amylase present in the
indicated hydrolyzed the a-1,4 glycosidic bonds in the polysaccharides, producing more soluble
oligosaccharides that did not pelletize, compared to all samples without amylase, which pelletize
properly. However in the case of dextran, the a-1,6 glycosidic bonds in this polysaccharides were
not cleavable by a-amylase, and the pellet remained largely intact for both samples regardless of

the presence of amylase.
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Figure 3.8: Digestion of various oligosaccharides by a-amylase
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3.10 Comparisons against Other Isolation Techniques

The use of starch as a co-precipitant for DNA confers many advantages not available to the
standard precipitation protocol. The first would be that the precipitation protocol is greatly
reduced in both complexity and time; ethanol precipitation with starch nanoparticles as a co-
precipitant can occur in ambient conditions without the need for —20°C refrigeration. In addition,
for the precipitation of short oligonucleotides, standard protocol suggests incubation to take
place overnight.5>° The use of starch nanoparticles can allow precipitation to occur in the same
time frame, thus shortening the precipitation protocol greatly. Finally, the cost of starch is
significantly lower than an equivalent amount of acrylamide or glycogen, allowing DNA
precipitation to be improved at a relatively low cost.

Starch necessarily should be in nanoparticle form before it is used for precipitation.
Native starch granules are rather large particles, and typically will not disperse in water
thoroughly enough to effectively co-precipitate DNA. The granules will typically settle out of
solution before the 1 hour has elapsed for the protocol, thus making it difficult to effectively co-
precipitate DNA.

3.11 Materials and Methods

Starch nanoparticles (GX0.0, GX1.0, GX3.0, and GX5.0) were graciously provided by
EcoSynthetix Inc. (Hamilton, Ontario). Dextrin (from corn, commercial grade, Type Il), dextran
(from Leuconostoc spp.), iodine, potassium iodide, and sulfuric acid were purchased from
Sigma-Aldrich (St. Louis, Missouri). HEPES, MES, NaCl, and MgCl; salts, along with citric
acid, sodium hydroxide, and ethidium bromide were purchased from Mandel Scientific (Guelph,
Ontario). The various DNA sequences (12-mer, 15A, 30A, 45A, 90A, 15T, 15C, 15G) were
purchased from Integrated DNA Technologies (Coralville, lowa). The Low Molecular Weight
DNA Ladder (N3233S) was purchased from New England Biolabs Ltd. (Whitby, Ontario).
Ammonium persulfate, TEMED, TBE buffer, and acrylamide/bis-acrylamide (40% solution,
29:1) were purchased from Bio Basic Canada (Markham, Ontario). lodine, potassium iodine,
and a-amylase were purchased from Sigma-Aldrich. Glycerol was purchased from Merck

(Gibbstown, New Jersey).
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3111 Production of Nanocrystalline Cellulose.

Nanocrystalline cellulose was produced following the protocol of described by Said Azizi Samir
et al.®" with slight modification. A 65 wt% solution of sulfuric acid was prepared by addition
into water and the temperature raised to 40°C under stirring. Cellulose was collected from
Whatman filter paper (Madstone, England) cut into small pieces and placed into the sulfuric acid
solution for 35 min. Afterwards, the resulting NCCs were washed repeatedly through repeated
centrifugation and resuspension until neutrality was reached, then dried and resuspended in

known concentrations.

3.11.2 General DNA Precipitation with Starch
Stock solutions of 500 mM MES, 500 mM HEPES, and 3 M NaCl were first prepared. DNA
solutions were prepared at 50 UM concentrations in 100 mM HEPES at pH 7.6. Starch
nanoparticle dispersions were prepared at 10% w/v in Milli-Q water. Serial dilutions of 1:10
were sequentially prepared for lower concentrations. Buffer solutions were prepared with 50 mM
MES and 50 mM NaCl at pH 6.0. DNA and starch interactions were prepared by mixing 2 pL
DNA solution, 2 pL starch dispersion, and 16 uL. MES/NaCl buffer. For larger volumes needed
for digital photography, volumes were scaled up accordingly, e.g. 5 uL DNA solution, 5 puL
starch dispersion, and 40 uL MES/NaCl buffer. The mixture was briefly vortexed to ensure good
mixing, then allowed to sit in ambient temperature away from light for 60 min. Precipitation of
DNA was performed by adding twice the solution volume of ethanol (e.g. 40 uL for a 20 pL
solution, or 100 pL for a 50 pL solution) and centrifuged at 21000 RCF for 30 min. This number
is approximate, as two centrifuges were available (Eppendorf Centrifuge 5430 R or 5424) with
different centrifuge radii, and spins were set in RPM. For fluorescence readings, 5 UL was
removed from the supernatant and added to 95 pL of 50 mM HEPES, then put onto a standard
96-well plate. Fluorescence readings were performed on a SpectraMax M3 from Molecular
Devices, LLC (Sunnyvale, California) at 485 nm excitation and 525 nm emission. Each sample
had 4 wells, and each well was read with 6 flashes of light.

This protocol was used for determining the limit of detection using the starch
nanoparticles, for determining the effect of crosslinking density on precipitation efficacy, the

effects of DNA length, and the effects of DNA sequence used.
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3.11.3 DNA Precipitation with Varying Alcohol Concentration
Various solutions of water/alcohol mixtures (of ethanol or isopropanol) were prepared. These
solutions of 80 pL consisted of increasing ethanol percentage (e.g. 80 puL water/0 pL alcohol, 70
puL water/10 pL alcohol, 60 pL water/20 pL alcohol, etc.), with 9 mixtures of ethanol and 9
mixtures of isopropanol made. One mixture of 80 pL water was discarded due to redundancy.
The general DNA precipitation protocol was followed using only GX0.0 for sample
volumes of 20 pL, with duplicates made for each water/alcohol mixture. The water/alcohol
mixture was added to the 20 pL after 1 hour incubation for a total sample volume of 100 L,
then centrifuged. From here the protocol proceeded as normal, with centrifugation and removal
of a portion of the supernatant for fluorescence readings as described in the original precipitation
protocol.

3.11.4 DNA Precipitation with Additional Mg?*

A solution of 1 M MgCl, was prepared and serially diluted tenfold to 100 mM, 10 mM and 1
mM. Samples were prepared as previously described for a 20 pL sample size, except 2 pL of the
prepared magnesium solutions were added in, resulting in 100 mM, 10 mM, 1 mM, and 0.1 mM
Mg?* concentrations, respectively. An additional 2 pL of Milli-Q water was added into both free
DNA and DNA/GXO0.0 with no Mg?* controls to maintain concentration differences. From here
the protocol proceeded normally, with centrifugation and fluorescence readings obtained in a

similar manner described above.

3.11.5 DNA Precipitation with varying pH

A 500 mM citric acid/sodium citrate solution was titrated down to pH 3 with dilute hydrochloric
acid and monitored using a pH meter, and sodium chloride added to a final concentration of 50
mM. Because of a lack of basic buffers available, the stock MES/NaCl buffer was simply titrated
to pH 9 using dilute sodium hydroxide solution and monitored using a pH meter.

The general protocol mentioned was followed for preparing samples, except the 50 mM
MES/50 mM NacCl buffer solution was replaced with the pH 3 and pH 9 solutions for their
respective samples. The protocol was unaltered for pH 6, as this was the original pH of the MES
buffer. From there on the protocol proceeded normally, with centrifugation and fluorescence

readings obtained in a similar manner described in the original protocol.
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3.11.6 Precipitation of Double-Stranded DNA Ladder

Polyacrylamide gel electrophoresis was performed on a 15% acrylamide/bis-acrylamide gel. A
250 mL stock solution of 15% acrylamide/bis-acrylamide was created by adding 156.25 mL of
Milli-Q water to 93.75 mL of 40% acrylamide/bis-acrylamide. For casting acrylamide gel, 22
mL of the 15% solution was added to a volumetric flask along with 50 mL of 10% w/w aqueous
ammonium persulfate as initiator and 20 mL of TEMED as catalyst. Gel casting equipment was
obtained from C.B.S. Scientific (Del Mar, California). Gels were cast for 90 minutes to allow
polymerization to proceed and form wells for loading samples. Wells were rinsed with TBE
buffer before the addition of samples. Electrophoresis of the DNA ladder was prepared having
the ladder proceed through the general precipitation protocol. The supernatant was separated
from the pelletized starch/adsorbed DNA, and the pellet resuspended in 20 uL 50 mM HEPES.
The resuspended pellet and 20 pL of the supernatant were each mixed with 20 pL of 30% w/w
of glycerol and loaded into their respective loading wells within the polyacrylamide gel. The gel
electrophoresis was performed at 600 V and 100 mA for 90 minutes using a 2060P power supply
from Thermo Scientific (Waltham, Massachusetts). The resultant DNA migration inside the gel
was stained with 0.5 pg/mL of ethidium bromide for 30 min. Fluorescence images of the stained
gel was obtained at 302 nm excitation and 580 nm emission using a Gel-Doc Universal Hood 111

from Bio-Rad Life Sciences (Mississauga, Ontario).

3.11.7 lodide Staining and Amylase Digestion

lodine solutions were prepared fresh with 0.1% w/w iodine and 1% w/w potassium iodide. 2 pL
of the solution was added to the starch formulation and colour was allowed to develop over a
few seconds, then mixed to ensure homogeneity. UV-Vis readings performed on an 8493 UV-
Vis spectrophotometer from Agilent Technologies Canada (Mississauga, Ontario).

Digestion of starch by a-amylase was done similar to the general precipitation protocol
described above; the major change is the addition of 5 pL of 2 mg/mL a-amylase after incubation
of 1 hour in ambient conditions. The a-amylase was allowed to incubate for an additional 60
minutes at 37°C before the addition of ethanol and subsequent centrifugation. Photographs were
taken using a Canon PowerShot SD1200 IS digital camera using an Invitrogen (Carlsbad,

California) Safe Imager 2.0 for lighting.

30



3.12 Conclusions and Future Directions

It has been found that the starch nanoparticles, especially the GX0.0 formulation, possess a
strong ability to co-precipitate DNA by taking advantage of their insolubility in ethanol. The
precipitation conditions are much more simplified compared to standard protocols, with a lower
associated cost. This interaction is applicable to a wide variety of DNA types, irrespective of
length or sequence, and can be used for both sSDNA and dsDNA. In addition, a high salt
concentration is not necessary, nor would pH conditions alter its efficacy.

Future work can attempt to determine the cause of interactions between the two substances, such
as studying its interaction in the absence of salt, monitoring fluorescence anisotropy, and
attempting DNase cleavage of DNA while bound to starch nanoparticles. In addition, comparing
starch nanoparticles to other established co-precipitants directly can quantify the advantage of

using them in terms of cost and efficacy.
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4.0 DNA COVALENTLY CONJUGATED ONTO STARCH

The interaction of DNA and starch is not limited to only physical adsorption. Both DNA and
starch can be functionalized to allow a stronger, less transient interaction. This can allow the
DNA-functionalized starch nanoparticle to retain its combined function in a wider variety of
conditions, as well as providing a more predictable conformation for DNA. This is especially
important in the case of aptamers, such that it can adopt the necessary configuration to bind to
its target.

The use of starch as a drug delivery vehicle has obvious benefits, as starch is a well-
known polysaccharide with well-established biocompatibility in humans. It is very commonly
available in staple foods, and as such, the chance of immune rejection or pyrogenicity is
extremely low. By loading a starch-based nanoparticle with anticancer drugs encapsulated
within, it can make a simple yet efficient drug delivery system.

In addition to the various grades of ENPs, EcoSynthetix also has a “bulk” formulation which is
currently already in use in the market as a paper binder. This formulation was used the majority
of the oxidation and conjugation reactions, and simply labeled ENP rather than a specific

formulation code.

4.1 Rationale

The idea of using starch as a drug delivery vehicle is an attractive idea due to the excellent
biocompatibility of the vehicle. Starch-based nanoparticles have been previously used to deliver
drugs such as indomethacin,*’ testosterone,® and cisplatin,® along with diagnostic agents such
as magnetic nanoparticles.®® A major drawback of these delivery systems is their particle sizes;
being fairly complicated particles, their particle size typically ranges larger than 100 nm. This
large size would make the nanoparticles prone to hepatic clearance, which would limit the
amount of time spent in the body and be possibly cleared before it reached the tumour site.
Although the exact clearance mechanism is more complex, it has been found that nanoparticles
above 100 nm is likely to be cleared by the liver.*® Conversely, particles that are too small, such
as below an 8 nm threshold, may be cleared out by the kidney.’>% Therefore, having a
nanoparticle in the size range of 10-100 nm is ideal to allow long circulation times and avoid
both hepatic and renal clearance.
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In addition, typical targeting mechanisms take advantage of the enhanced permeability
and retention (EPR) effect found in the vasculature around tumour sites.®>*3 Solid tumours can
experience explosive growth and would require nutrients to fuel this progression. To do so, it
typically exhibits abnormally fast angiogenesis enabling hypervascularity, with high
permeability to ensure nutrients can reach tumour sites in sufficient quantities.®* This high
permeability can also attract and sustain the presence of drug delivery nanoparticles, making it
a feasible passive targeting system. Targeting via EPR can be supplemented with a more active
targeting system, such as using receptor-mediated endocytosis.®® Such active targeting would be
done with the assistance of targeting ligands such as antibodies. A starch-based delivery vehicle
will be introduced in the optimal size that maximizes circulation time to take advantage of both
active and passive targeting to cancer cells, using the aptamer AS1411 to target membrane-bound
nucleolin to assist in cell uptake.

4.2 TEMPO-mediated Starch Oxidation

The covalent linkage of DNA onto starch cannot be done in their native forms. Both DNA and
starch must be modified with functional groups to allow for a successful coupling. There are
many coupling mechanisms available; in order to limit particle size growth, functionalization
should be kept as simple as possible with no intermediate linking agents. Amine-functionalized
DNA is commercially available (e.g. from Integrated DNA Technologies), which is an ideal
functional group for DNA coupling through an amide bond. This would necessitate the oxidation
of hydroxyl groups in the anhydroglucose subunit into a carboxyl functional group.

The oxidation of starch hydroxyls can be done using multiple strategies. One option is to
use 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a catalyst for the oxidation of primary
hydroxyls.?® In the anhydroglucose subunits, a primary hydroxyl can be found on the 6’ carbon,
while the other hydroxyls present on the 2’ and 3’ carbons are both secondary. Using TEMPO

can allow for selective oxidation of only the 6’ carbon from a hydroxyl into a carboxyl group.®’

4.2.1 Theory

The oxidation of starch using TEMPO as a catalyst typically requires sodium bromide as a co-
catalyst and sodium hypochlorite as an oxidizing agent. The reaction is typically done at pH 10-
11 while maintaining temperature near 0°C. The oxidation can proceed twice on a 6’ carbon

primary hydroxyl; the first oxidation will convert the hydroxyl group to an acetal group, while
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the second oxidation will convert the acetal group into a carboxyl group via a hemiacetal

intermediate (Figure 4.1).°8 The conversion reaction is limited by the amount of sodium

hydroxide present, which is used both to maintain the high pH required for the reaction to

proceed, and to convert the acetal into a hemiacetal intermediate for further oxidation into a

carboxylic acid.
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Figure 4.1: Proposed mechanism for a TEMPO-mediated oxidation reaction of a primary alcohol.%®

Reprinted with permission

A typical TEMPO oxidation proceeds as follows®: A solution of 5% ENPs is heated for
80°C for 30 min. TEMPO (0.01 molar ratio per anhydroglucose subunit) and NaBr (0.2 molar

ratio per anhydroglucose unit) are dissolved separately while the starch solution is brought down
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to under 5°C in an ice-water bath. The two solutions are added together and the pH of the solution
is raised to above 10 using the addition of 0.5 M NaOH. A controlled amount of sodium
hypochlorite is added to allow for incomplete oxidation of starch; the oxidation proceeds with a
corresponding pH drop. To maintain a high pH above 10 necessary for the reaction to proceed,
additional 0.5 M NaOH was added. The reaction was monitored until pH is stabilized. Further
reaction was quenched by the addition of ethanol, and the ENPs were purified from unreacted
reagents through multiple precipitations, centrifugations, and re-dispersions, before finally being
lyophilized to remove any remaining solvents.

To confirm successful oxidation of the ENPs, dynamic light scattering and {-potential
measurements was performed on them and compared to un-oxidized samples (Table 4.1). The
particles showed good distribution in size, although some large micron-size aggregates were
detected (Figure 4.2). Originally, a slightly larger particle was expected, due to the newly-
oxidized portions of the nanoparticles experiencing charge repulsion and increasing the swell of
the nanoparticles in water; however this is shown to not be the case. It is possible that the particles
instead became smaller due to the depolymerisation of starch at high pH; it would mean that the
depolymerisation is much more significant than anticipated. The measured {-potential, however,

shows an apparent strong negative charge that would arise from successful conversion from

hydroxyl groups to deprotonated carboxyl groups.
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Figure 4.2: Sample dynamic light scattering spectrum by volume
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Table 4.1: Dynamic Light Scattering and zeta potential measurements of oxidized ENPs

D (nm) 22.27 9.43
¢ (mV) 1.72 -28.25
4.2.2 Removal of Glycerol

Previous formulations of ENPs provided by EcoSynthetix contained glycerol to be used as a
plasticizer. This addition was for the use of ENPs as a biolatex for paper coatings to allow ease
of manufacturing and application. However, glycerol, being a triol with two primary alcohol
groups, strongly interferes with the oxidation via TEMPO. Attempting to oxidize starch with
glycerol present will result in a much lower yield of carboxylated starch, and any subsequent
amide coupling reactions with DNA will fail.

Glycerol can be removed via purification in a dimethyl sulfoxide (DMSQ) solution.
ENPs can be soaked in 10% w/w DMSO aqueous solution in 4°C overnight. Precipitation in cold

methanol will remove glycerol and purify the resulting ENP for chemical modification.

4.2.3 C6-Selectivity

The selectivity for primary hydroxyl groups via TEMPO was tested by attempting to oxidize
dextran in place of starch. Dextran, another polysaccharide, differs from starch such that the
glucose units are linked via a-1,6 glycosidic bonds rather than a-1.4 bonds. This occupies the
primary hydroxyl group on the 6’ carbon of the glucose unit while exposing the secondary
hydroxyl group on the 4’ carbon. The oxidation reaction proceeded as previously mentioned.
However, the addition of sodium hypochlorite did not lower the pH of the solution, indication
that acidic components were not formed, and the oxidation reaction did not proceed. This
confirms the selectivity for primary hydroxyl groups for TEMPO, i.e. that TEMPO favours the
6’ carbon in glucose, and the unavailability of the hydroxyl group in dextran means that oxidation

via TEMPO cannot proceed.

4.2.4 pH Control
The control of the solution pH is essential for successful oxidation. The optimal pH for TEMPO

is between 8.5 and 11.5, with a significant drop in the rate of reaction outside this range.* Below
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pH 8.5, the relative abundance of protons in solution will deter oxidation, and the reaction will
not proceed. At pH 11.5, a more serious problem occurs in that the degradation of starch is
significant, and the ENPs compact and form a deep brown viscous gel-like structure upon
precipitation in ethanol (Figure 4.2). This gel-like structure is irreversible, and does not revert
back to its old white powdery characteristics when lyophilized, re-dispersed in water, when pH

is lowered towards neutral, or solution temperature is raised.

Figure 4.3: Irreversibly degraded starch nanoparticles.

4.3 EDC-NHS Coupling

The coupling of an amine with a carboxyl group to form an amide can be done through many
methods. One such method is the use of a carbodiimide as a coupling agent, with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, available as a hydrochloride salt) being a popular
example due to its water solubility and ease of use. A second agent, N-hydroxysuccinimide
(NHS), is also introduced to stabilize the reaction. The resulting amide bond is formed with EDC

consumed and NHS regenerated.

4.3.1 Theory

EDC is used to activate carboxyl groups and prime it for further reaction. In low pH, the
carbodiimide will be able to react with a dissociated carboxyl group. This intermediate is
unstable and labile in aqueous solutions, which necessitates the immediate reaction with an
anime or alcohol to form an amide or ester, respectively.'® Alternatively, NHS can be introduced
to form an ester, whereas the resulting esterification produces a more stable intermediate, but the
succinimide remains a good leaving group.®® Primary amines can then be used to displace the
succinimide to produce a stable amide. For a carboxylated starch nanoparticle and an amine-
labeled DNA strand, this can produce a covalent linkage between starch and DNA via an amide
bond produced through EDC/NHS coupling (Figure 4.3).
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Figure 4.4: Proposed mechanism for linking DNA onto starch through an EDC/NHS coupling reaction.
(1) Initial activation by EDC/stabilization by NHS (2) Final amide formation via amine-labeled DNA.

A typical conjugation protocol would proceed as such: ENPs were prepared in 1% or 5%
w/w in Milli-Q water. AS1411 DNA was prepared in 100 mM HEPES buffer at 50 pM
concentration. 400 mM EDC and 100 mM NHS was prepared each in 50 mM MES and 50 mM
NaCl, with both solutions made fresh. The ENPs were primed by the addition of EDC and NHS
for 5-10 minutes. 50 pL of AS1411 was added afterwards, briefly vortexed for good mixing,
then allowed to incubate in ambient conditions away from light for 1 hour. The ENPs were
purified from unreacted components via ethanol precipitation and the mixture centrifuged at
15000 RPM for 30 minutes, then resuspended in Milli-Q water at the original concentration.

4.3.2 Issues
To test for successful binding, polyacrylamide gel electrophoresis (PAGE) was run with the

resuspended samples. As 15% polyacrylamide produces a gel with comparatively smaller pore
sizes, it is expected that the ENPs would not be able to migrate through the gel, but rather remain
in the loading wells at the top of the gel. The smaller FAM-labeled AS1411 DNA, however,
would be able to migrate into the gel similar to the DNA precipitation procedure, unless a
successful conjugation took place. As AS1411 is an ssDNA, ethidium bromide staining will
necessarily fail; ethidium bromide can only intercalate dsDNA to produce a fluorescence

signal.’% However, as AS1411 is already labeled with FAM, additional labeling with ethidium
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bromide would be unnecessary. The location of the fluorescence would determine whether or
not successful coupling took place; as an excess of DNA was introduced, fluorescence in the gel
would be inevitable, but fluorescence in the loading wells as well would be indicative of a
successful conjugation. If the starch nanoparticles are able to migrate through the gel along with
the unconjugated free DNA, then the progress would be hindered by the much larger starch size,
and a separate band or a large-area smear would be expected to be seen within the channel.

To test the effectiveness of PAGE, the supernatant of precipitated ENPs were run through
PAGE first. Ethanol can cause DNA to precipitate out by aggregation.®! The aggregation is
typically caused by ethanol being a much less polar solvent than water; this causes inter-helical
interactions to increase and aggregate DNA together. These aggregates typically can be re-
dispersed through the removal of ethanol and re-introduction of water as a solvent. During
PAGE, TBE buffer is introduced as part of an aqueous solution. However, the DNA strands do
not migrate as a flat band as expected for free DNA; instead they migrate out as a misshapen
band (Figure 4.4), which suggests that there is additional interference by ethanol during PAGE.
This smear is present even when no binding was expected, such as for samples with no EDC or
NHS present. The gel was performed with NCC as a control to rule out ENPs as the cause for

interference.
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Figure 4.5: Fluorescence photograph of PAGE run on DNA-starch conjugates after ethanol precipitation.
Significant loss of quality of bands are observed for all samples which have ethanol precipitation. Inset:

Photographs of samples after ethanol precipitation and centrifugation.
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The gel in Figure 4.4 attempted to verify the efficacy of EDC/NHS coupling by having
the conjugation performed on both oxidized and unoxidized ENPs, as well as both oxidized and
unoxidized NCCs as a control. Unfortunately, none of them showed any appreciable
fluorescence in the loading wells; those with EDC and NHS introduced also showed a
remarkable lowered overall fluorescence in the band, suggesting something else may be

interfering.

4.3.3 Potential EDC-Mediated Fluorescence Quenching

The potential fluorescence quenching via EDC was further explored. The previous experiment
was repeated, except the ethanol precipitation to purify the samples was not performed,; this step
was deemed unnecessary as unconjugated DNA can still be separated by PAGE. The resulting
gel confirmed that ethanol is indeed responsible for the unusual DNA band shape; the presence
of EDC and NHS continued to quench the fluorescence of DNA (Figure 4.5). This quenching is
problematic due to the inability to identify whether or not DNA was successfully conjugated to

starch found in the loading wells of the PAGE gel.
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Figure 4.6: Fluorescence image of PAGE run on DNA-starch conjugates before ethanol precipitation.

Next, the dependence of quenching on the concentration of EDC was tested. The
concentration of EDC used was reduced by a quarter and by one-sixteenth (to 100 mM and 25
mM), while all other factors remained constant. Both FAM-labeled DNA and Cy3-labeled DNA
were used to test the dependence of quenching by fluorophore. Regardless of whether or not the
ENPs used were oxidized, or even whether or not they were present at all, the fluorescence was
partially restored with the reduction of EDC used (Figure 4.6). The quenching mechanism has
not been explored in-depth, although its existence is surprising given that the EDC-NHS

coupling mechanism is quite well-known and widely used.
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Free DNA DNA DNA DNA DNA DNA DNA DNA DNA DNA
EDC/NHS ENP ENP EDC/NHS ENP ENP EDC/NHS ENP ENP
1/16 conc EDC/NHS 20%COOH Yaconc EDC/NHS 20% COOH EDC/NHS 20% COOH
1/16 conc EDC/NHS % conc EDC/NHS EDC/NHS
1/16 conc Y4 conc

U‘i—i-

Cy3 DNA Cy3 DNA Cy3 DNA Cy3 DNA Cy3 DNA  Cy3 DNA
EDC/NHS ENP EDC/NHS ENP EDC/NHS ENP

20% COOH 1/4 conc 20% COOH 1/16 conc 20% COOH

EDC/NHS EDC/NHS EDC/NHS

1/4 conc 1/16 conc

-—

Figure 4.7: Concentration dependent quenching of fluorescence of FAM (top) and Cy3 (bottom) by EDC

It should be noted that fluorescein derivatives such as FAM have an optimal pH operation
range of 7-9, and typically have reduced fluorescence activity in acidic pH.1%31% This activity
can typically be recovered by reintroducing the fluorophore to higher basic pH levels.’®® During
the incubation period, EDC and NHS are introduced in an MES/NaCl buffer at pH 6. This pH is
low enough to potentially reduce fluorescence; however subsequent fluorescence readings are
performed after resuspension in HEPES buffer (pH 7.6) for plate reading, or in TBE buffer (pH
8.3) for PAGE. These slightly basic conditions should be enough to restore fluorescence activity,

and have been shown to do so for free FAM-DNA samples.

To further investigate the generalizability of the quenching, the FAM-labeled DNA was
replaced with a FITC-cadaverine fluorophore. This construct removed the DNA portion of the
ligand, leaving only the fluorophore with a short diamine ligand for coupling via EDC-NHS
conjugation. This would also serve to increase the signal output, as the G-rich sequence of the
AS1411 aptamer may itself quench the FAM fluorescence and lower the signal output. By
repeating the same PAGE protocol, a boost in signal would be expected from using FITC-
cadaverine instead of AS1411 to verify the success of the conjugation reaction (Figure 4.7).
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Although FITC-cadaverine is not a polyanion like DNA, it is still able to migrate through the
acrylamide gel, albeit with a larger diffusion artifact. A slight loading error was made with the
loading of the FITC/ENP 20% COOH with 1/16 EDC dilution sample, producing a signal diluted
by half. This directly affected the fluorescence of the signal, but the still illustrated the direct
effect of fluorescence quenching by EDC.

The increase in signal intensity, however, helps confirm that the conjugation is still
successful despite the reduced ability to identify the nanoparticles. Although difficult to visualize
in the ENP samples, the positive control samples with NCC have loading wells showing a clear
fluorescence signal (Figure 4.7 circled in red), demonstrating that successful conjugation has
taken place.

FITC FITC FITC FITC FITC FITC FTC FITC FITC
ENP ENP ENP ENP ENP ENP NCC NCC NCC
20% COOH EDC/NHS 20% COOH 20% COOH 20% COOH 20% COOH 20% COOH 20% COOH
EDC/NHS EDC/NHS EDC/NHS EDC/NHS EDC/NHS EDC/NHS
1/4conc 1/16 conc 1/4conc 1/16 conc
(diluted)

N —

Figure 4.8: Fluorescence image of PAGE run on FITC-cadaverine-starch/NCC, with successful coupling.

The circle shows dye successfully conjugated to NCCs

To quantify the quenching of fluorescence by EDC, fluorescence readings were taken of
the samples. As NCCs can be centrifuged without ethanol precipitation, readings were performed
on NCCs for easier handling and to avoid possible artifacts brought about by ethanol
precipitation. The protocol was repeated up to the ethanol precipitation stage, where NCC
samples were simply centrifuged without the addition of ethanol. The supernatant was separated
from the resultant NCC pellets, and the pellets resuspended in 100 mM HEPES buffer. A pellet
was “assumed” for free dye; although accuracy is lost, the magnitude of difference in signal
intensities makes absolute accuracy unnecessary. Fluorescence readings of the two were
performed by taking 5 pL of the sample and adding to 95 pL of 100 mM HEPES buffer and
averaged over 4 readings (Figure 4.8). There was a progressively smaller difference between

supernatant and pellet readings for increasingly diluted EDC concentrations, but also a higher
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overall reading of the pellet and supernatant values summed together. This would make sense as

a lower amount of EDC would lead to less binding of FITC-cadaverine to the NCCs, but also to
less quenching of the FITC dye in general.
FITC cadaverine binding

300

Fluorescence Intensity (RFU)

Dye

INEE
| 30
25
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(%4

]

Dye NCC 208
COOH EDC/NH: COOH EDC/MHS COOH EDC/NHS

Crye EDC/ MNHS Diye

(magnified)

NCC 208

1/4

Drye NCC 208

1/16

Dye EDC /NH5

Dye NCC 20% COOH Dye NCC 208 COOH Dye NCC 20% COOH

EDC/NHS

EDC/NHS 1 /4

EDC/NHS 1/18

Dye NCC 20% COOH

B pellet @ supernatant

Figure 4.9: Fluorescence readings of conjugated NCCs with varying concentrations of EDC.

4.4 Introduction of Starch-DNA conjugates to cells

The starch nanoparticles could be used for delivery of therapeutic substances into cells. Starch,
being a food-grade substance, would be easily biocompatible compared to previously explored
nanoparticle formulations. A lot of the shortfalls found in the creation of other similar targeted
delivery vehicles can be avoided using starch, such as having a much simpler nanoparticle
structure, having all formulations created in an aqueous environment, and not requiring
potentially toxic or carcinogenic substances that are incorporated into the nanoparticle. Free
AS1411, although having potential therapeutic benefits of its own, will be used solely for its

targeting abilities and its high affinity for the nucleolin protein.

4.4.1 Hel a properties

The HeLa cell line is a widely popular line used as a model cancer cell line. It is the first immortal
cell line harvested from a cancer patient, and the name HelLa was derived from the patient’s
name Henrietta Lacks.%® The cells were harvested from her cervix as an adenocarcinoma. HeLa

cells are hardy and easily cultivatable, replicating every 24 hours, leading to their widespread
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use in the scientific community. Their hardiness has led to their lines proliferating as
contaminants of other lines, given their ability to grow in a wide range of conditions.’

HelLa cells are known to express nucleolin, which is essential for cell proliferation and
stress response.'® This makes it an excellent model for targeting with AS1411, to see if HeLa

cells can uptake the AS1411-modified ENPs.

4.4.2 Cell Uptake and Endocytosis

For the formulation of ENPs for cell uptake, there was some concern that the EDC-mediated
quenching of fluorescence would make it harder to detect the FAM fluorescence from the
AS1411. The protocol for conjugating AS1411 onto starch was changed so that 0.5% w/v ENPs
was used instead; this allowed a higher concentration of AS1411-conjugated ENPs to enter cells,
and potentially raise the fluorescence signal that would be received.

The HeLa cell line was cultivated using DMEM/F-12 1:1 cell growth medium,
formulated with 10% fetal bovine serum and 1% penicillin-streptomycin antibiotic, then seeded
into a standard 96-well plate before being introduced to AS1411-conjugated ENPs. The final
concentration of introduced ENPs was at 0.05% w/v. Cells with ENPs were incubated at 37°C
with 95% relative humidity and 5% CO.. The HeLa nuclei were stained with Hoechst 33342,
then the wells were washed with phosphate buffered saline. Images were taken using a
fluorescence microscope with camera attached (Figure 4.9). Composite images were created
using a brightfield view, DAPI filter set view, and FITC filter set view, and superimposed.
Images from only the FITC filter set was also taken for direct comparison for binding efficiency.
It can be seen that although all 3 samples have some fluorescence binding, only the cells given
oxidized ENPs with AS1411 show significant fluorescence signal from the AS1411. Free
AS1411, although having known activity to nucleolin found on HelLa cells, did not bind
particularly strongly to the cells. Unoxidized ENPs with AS1411 also did not have a particularly
strong signal, due to free AS1411 being washed away during the purification steps. It should be
noted that although the fluorescence signals from the AS1411 conjugated onto the oxidized
ENPs shows fluorescence, the signal is still comparatively weak, requiring longer exposure times
to pick up, and also is not fully localized with cells, suggesting particle aggregation and

incomplete uptake into cells.

44



Free AS1411 AS1411+ ENP AS1411+ ENP 20% COOH

Figure 4.10: HeLa cells incubated with free AS1411, conjugated to native and oxidized ENPsThe cells

had a slightly higher confluency than anticipated. A-C: Composites of brightfield, Hoechst 33342 and
FAM together, D-F: Images of only the FAM channel displayed.

4.5 Materials and Methods

Starch nanoparticles (bulk production ENPs) were graciously provided by EcoSynthetix Inc.
(Hamilton, Ontario). NCCs were produced as described above from Whatman filter paper
(Madstone, England). Dextrin (from corn, commercial grade, Type Il) and dextran (from
Leuconostoc spp.) were purchased from Sigma-Aldrich (St. Louis, Missouri). HEPES, MES, and
NaCl salts, DMSO, and sodium hydroxide were purchased from Mandel Scientific (Guelph,
Ontario). FAM/Cy3 and amine dual-labeled DNA sequences AS1411 was purchased from
Integrated DNA Technologies (Coralville, lowa). EDC and NHS were purchased from Sigma-
Aldrich (St. Louis, Missouri). Ammonium persulfate, TEMED, TBE buffer, and acrylamide/bis-
acrylamide (40% solution, 29:1) were purchased from Bio Basic Canada (Markham, Ontario).
Dulbecco’s Modified Eagle Medium/F-12 Cell Culture Medium 1:1 and phosphate buffered
saline were purchased from Arch Chemicals (Mississauga, Ontario). Fetal bovine serum and
Hoechst 33342 were purchased from Thermo Scientific (Waltham, Massachusetts). Penicillin-
Streptomycin was purchased from Corning Life Sciences (Corning, New York). Sodium

hypochlorite was purchased from Ricca Chemical Company (Arlington, Texas). HelLa cells
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(CCL-2™) were obtained from ATCC (Manassas, Virginia) through the gracious help of the
labs of Dr. Shirley Tang and Dr. Michael Palmer (Waterloo, Ontario).

45.1 Oxidation of Starch Nanoparticles
The oxidation of ENPs typically follows the protocol as described by Kato et al.*® A 100 mL
dispersion of 5% w/w ENPs is prepared by adding 5 g of ENPs into 100 mL Milli-Q water while
stirring at 80°C, and allowed to disperse for 30 min. TEMPO and NaBr are added at 0.01 and
0.2 molar ratio per anhydroglucose unit, respectively, into a second vessel containing 100 mL
Milli-Q water. Assuming availability of all 6’ carbons of anhydroglucose units along ENPs gives
30.8 mmol of oxidation sites, so 48.2 mg (308 umol) of TEMPO and 635 mg (6.17 mmol) of
NaBr are dissolved under stirring. The starch solution is brought to under 5°C using an ice-water
frigorific bath, and the two solutions are mixed together. The pH is monitored and raised to just
above 10 by the slow addition of 0.5 M NaOH. Care is taken to ensure pH is not raised above
10.1. Oxidation proceeds through the addition of 5% w/w sodium hypochlorite solution
according to the desired incomplete oxidation amount. For 20% oxidation, 12.3 mL of sodium
hypochlorite solution are added slowly. Successful oxidation is monitored by a corresponding
pH drop. As sodium hypochlorite naturally has a fairly high pH of above 10, the slow addition
allows the pH to drop without first experiencing a spike of basicity. A pH between 10 and 10.1
is maintained through the continuous slow addition of 0.5 M NaOH. The protocol proposed here
differs from literature such that a pH of 10.75 is avoided to minimize depolymerisation;® the
reaction will still proceed albeit at a slightly slower rate.

The reaction is allowed to proceed until pH stabilizes with no change over 10 minutes.
The reaction is then quenched by the addition of a triple volume of ethanol; the exact volume
varies depending on how much NaOH was added, but approximately 750 mL of ethanol would
be required. The precipitated starch would take on a flocculated appearance, and appear white
or off-white in colour. The precipitants can be collected via centrifugation at 3000 RCF for 10
minutes. The supernatant was discarded, and the precipitants resuspended and re-precipitated for
a total of 3 washes. Measurements of pH were performed to confirm neutrality was reached,
before the resultant ENP precipitants were lyophilized to remove remaining solvents.

This protocol was also used for the oxidation of NCCs; it is expected the kinetics for the
reaction may be different due to the availability of less surface area due to the crystalline nature

of NCC:s, such that not all 6’ carbons are accessible for oxidation.
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45.2 Conjugation of Amine-Labeled DNA onto Oxidized Starch
The conjugation reaction typically proceeds with the activation of the carboxyl by EDC,
stabilization by NHS, and finally amide formation by amine-labeled DNA. Solutions of ENPs,
amine-labeled AS1411 with FAM, EDC, and NHS were prepared before mixing. ENPs were
prepared in 1% w/w in Milli-Q water. 10 uM AS1411 DNA was prepared in 100 mM HEPES
buffer. 400 mM EDC was prepared by dissolving 38.2 g of EDC into 500 pL of 50 mM MES
and 50 mM NaCl. 100 mM NHS was prepared by dissolving 11.5 g of NHS into 1 mL in 50 mM
MES and 50 mM NaCl. Due to EDC’s instability in water, EDC solutions must be prepared fresh
each time. Solutions of NHS are also unstable, but exhibit a much longer half-life than EDC; as
a precaution NHS solutions should also be prepared fresh. 50 puL of ENP solution was primed
with 200 pL of EDC and 200 pL of NHS for 5-10 minutes. 50 pL of AS1411 was added
afterwards, briefly vortexed for good mixing, then allowed to incubate in ambient conditions in
the dark for 1 hour. ENPs were purified by the addition of 1 mL of ethanol for ethanol
precipitation, and centrifuged at 21000 RCF. Occasionally smaller volumes were used, and
reagents were scaled accordingly. For example, if only 20 pL of sample was required (e.g. for
PAGE analysis), then 2 uL for ENPs and AS1411, 8 pL for EDC and NHS, and 40 uL for ethanol
can be used for successful conjugation of a small volume. Dynamic light scattering and (-
potential measurements were performed on a Malvern Zetasizer Nano ZS90. Averages of 3 runs
were made, each run consisting of 10 measurements for 1 minute each. Concentrations of 0.05%
w/v ENPs were used.

This protocol was followed both when oxidized ENPs were replaced with oxidized

NCCs, and when amine-labeled AS1411 was replaced with FITC-cadaverine.

45.3 Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis was performed on a 15% acrylamide/bis-acrylamide gel. A
250 mL stock solution of 15% acrylamide/bis-acrylamide was created by adding 156.25 mL of
Milli-Q water to 93.75 mL of 40% acrylamide/bis-acrylamide. For casting acrylamide gel, 22
mL of the 15% solution was added to a volumetric flask along with 50 mL of 10% w/w aqueous
ammonium persulfate as initiator and 20 mL of TEMED as catalyst. Gel casting equipment was
obtained from C.B.S. Scientific (Del Mar, California). Gels were cast for 90 minutes to allow
the polymerization to proceed and form wells for loading samples. Wells were rinsed with TBE

buffer before the addition of samples. Electrophoresis of ENPs were performed by loading 20
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puL of the samples directly into the wells with 20 pL of 30% w/w of glycerol. The gel
electrophoresis was performed at 500 V and 250 mA for 30 minutes using a 2060P power supply
from Thermo Scientific (Waltham, Massachusetts). Fluorescence images of the stained gel was
obtained using a Gel-Doc Universal Hood 111 with fluorescein filter from Bio-Rad Life Sciences

(Mississauga, Ontario).

454 Introduction of Starch Nanoparticles to HeLa Cells

HelLa cells were cultured in a biosafety level 2 facility found in the laboratory of Dr. Michael
Palmer, with the assistance of the laboratory of Dr. Shirley Tang. Proper aseptic techniques were
adhered to for the duration of the culturing period. Cells were cultured using DMEM/F-12 1:1
media with 10% v/v fetal bovine serum and 1% v/v penicillin-streptomycin. Cells were seeded
into a standard 96-well plate with 70% confluency. 10 pL of 0.5% ENPs or 1 uM free AS1411
was introduced to the cells and allowed to incubate for 2 hours in 37°C with 5% CO> and 95%
humidity. Afterwards, cells were stained with 1 uL of 10 mg/mL of Hoechst 33342 for 2 minutes,
then rinsed with 100 pL phosphate buffered saline. Cells were imaged while immersed in 100
ML phosphate buffered saline using a Nikon Eclipse Ti inverted microscope system with
Intensilight fluorescence. Brightfield images were taken with 50 ms exposure time, DAPI filter
(ex. 360 nm, em. 460 nm) fluorescence images were taken with 200 ms exposure time for
imaging Hoechst 33342, and FITC filter (ex. 480 nm, em. 535 nm) fluorescence images were
taken with 5 seconds exposure for imaging FAM on AS1411; this unusually long exposure time
was required to account for the EDC-mediated quenching of the fluorophore which hinders
detection of the ENP-DNA nanoparticle.

4.6 Conclusion and Future Work

It has been demonstrated that starch nanoparticles functionalized with AS1411 aptamer can
successfully bind to HeLa cancer cells. However, cellular uptake has not been confirmed, and
the fluorescence image indicates a larger particle than anticipated, suggesting aggregation may
have taken place. The use of techniques such as confocal microscopy can further determine
cellular uptake, as the insides of the cell can be imaged as well. In addition, the coupling protocol
can be further optimized to see if the fluorescence signal quenching can be mitigated, such that
a visual confirmation of successful binding can be seen. Alternatively, techniques such as

infrared spectroscopy or nuclear magnetic resonance may also potentially confirm these bonds.

48



Future work can include the loading of antineoplastic drugs into the nanoparticles, and
measuring its efficacy in causing cell death. Techniques such as MTT assay or live-dead staining
can further assist in determining the efficacy of the starch nanoparticles and its suitability as a
drug delivery vehicle. Once conditions can be optimized, additional options for in vivo work may
be explored as part of the process of developing a fully-functional drug delivery vehicle for

clinical use.
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5.0 CONCLUSION

Starch-based nanoparticles have shown tremendous promise in becoming a substitute for
petroleum-based products as a renewable biopolymer substitute. Given its abundance and low
cost, exploring its potential in replacing non-renewable resources is imperative. Expanding its
use into less traditional niches is a logical next step for increasing the utility of this material.
Starch nanoparticles have been found to co-precipitate DNA with high efficiency with ethanol
precipitation. This co-precipitation is applicable to a wide range of DNA, including a range of
lengths and sequences. The co-precipitation can also take place in a wide range of pH values,
salt concentrations, and is applicable to both single-stranded and double-stranded DNA. The
driving force behind this adsorption has not been determined; although hydrogen bonding was
suspected at first, its applicability in both high and low pH values suggests other forces may be
at play.

The covalent attachment of DNA onto starch nanoparticles has shown moderate success.
Originally, difficulties were encountered with the unexpected quenching of fluorescence by the
coupling agent used. This made it difficult to confirm if proper covalent attachment has actually
taken place. However, by using the native fluorophore which does not exhibit systemic
quenching, the fluorescence signal can be boosted sufficiently such that it can be shown
attachment does take place properly. This is confirmed with the introduction of DNA-

functionalized starch nanoparticles to HeLa cells.

51 Future Work

Although the starch-DNA interactions have been characterized to show good applicability,
further analysis can be performed. Using starch as a co-precipitant can be measured and
compared quantitatively with other existing methods; while starch nanoparticles have been
shown to be excellent co-precipitants in a set of conditions defined herein, a comparison can be
made to see if starch can be used as a co-precipitant in traditional ethanol precipitation protocols,
adding it to the ranks of linear polyacrylamide and glycogen as a lower-cost alternative.
Conversely, linear polyacrylamide and glycogen can be compared by using it as a co-precipitant
in replacing starch while following the protocols defined in this thesis report. A side-by-side
comparison may shed further insight as to which co-precipitant is more effective in ethanol

precipitation.
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In addition, the driving force behind the co-precipitation of starch and DNA has not been
elucidated yet. While hydrogen bonding was first suspected, it has since been ruled out as a
possibility due to the pH insensitivity of the technique. Additional research may determine the
underlying cause for this, and perhaps improve the efficiency of this technique even more.

Starch nanoparticles have been successfully introduced to HelLa cells with successful
binding suggested. However, its distribution is less than ideal, suggesting there may be
aggregation in the nanoparticles that may hinder complete endocytosis into the cells. Further
work may be performed that may investigate this phenomenon, and determine if this potential
aggregation is reversible or not. In addition, to be used as a drug delivery vehicle, the
nanoparticle should be loaded with antineoplastic agents, and delivered into cells. Its efficacy in
killing cancer cells should be measured against the delivery of free drugs in solution, to see if a
sustained dose can be maintained. Once these parameters have been optimized, research may
continue into using the starch nanoparticles for in vivo application towards a therapeutic delivery

vehicle.
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