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Abstract

Cryopreservation of biological materials has many useful applications and is
currently the most effective long term storage method used across a variety of fields. The
success of freezing products or biological materials, however, varies because of the process'
complexity and related cryo-injuries. One of the primary issues is the ice recrystallization
induced development of extracellular and intracellular ice throughout the freezing and
thawing process. Ice recrystallization is a significant contributor to freezing damage,
ultimately reducing post-thaw viability and function. To address this issue, the Ben
laboratory has developed and synthesized a variety of classes of small molecule
carbohydrate-based ice recrystallization inhibitors (IR1s). These compounds act as
supplements or alternatives to current cryoprotectants, such as trehalose, DMSO, or
glycerol, which do not address ice recrystallization and can be cytotoxic. This thesis focuses
on the comprehensive chemical property assessment of N-Aryl-p-D-aldonamides and N-
Benzyl-p-D-gluconamides, as well as optimization of biopreservation protocols for tissue

products and freeze-dried proteins.

Utilizing a 5-minute modified splat cooling assay, dose-response curves of five N-
Benzyl-p-D-gluconamides were generated. All compounds produced ice recrystallization
inhibition active I1Cso values comparable to previously investigated active compounds such
as, N-Octyl-B-D-gluconamide and N-4-Bromophenyl-B-D-glucopyranoside. Furthermore,
validation that the dose-response curves follow a 4-parameter logistic (4PL) or 5PL
sigmodal trend depending on symmetry was obtained. In addition, all tested compounds had

lower cytotoxicity than N-4-Bromophenyl-B-D-glucopyranoside and higher solubility than



N-Octyl-B-D-gluconamide. Overall, N-Benzyl-B-D-gluconamides proved to be a promising

class of compounds with the para derivatives being the most IRI active.

The second part of this work involved the examination of IRIs’ ability to
cryopreserve two different biological materials using different biopreservation protocols.
The first being proteins and master mix (enzymes and oligonucleotides) during RT-gPCR
after the freeze-drying process. The data showed that the IRIs did not interfere and were
effective during both the lyophilization and qPCR processes. When compared to most
effective concentration of the current industry standard, N-4-Bromophenyl-§-D-
glucopyranoside increased the protein activity by ~30%, reducing the number of cycles to
reach threshold value. The most significant contribution of this work was the discovery that
carbohydrate-based small molecules may be working in more than one mechanism, as both
cryoprotectants and lyoprotectants. In addition to proteins, the ability of IRIs to cryopreserve
tissue products was investigated. Cell media supplemented with IRIs indicated that they can
increase viability and reduce mortality in both cell suspension and single dermal sheets.
With N-4-Methylbenzyl-B-D-gluconamide and N-Octyl-B-D-gluconamide being the most
effective at reducing the damage associated with freezing and increasing recovery of the

cells within the system of a simple one cell type thin tissue matrix.

Vi
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Chapter 1: Introduction — Cryopreservation, the Types, and Mechanisms to
Avoid Cryoinjury
1.1 Cryopreservation

Low-temperature preservation techniques that are frequently used can be broadly
categorized into hypothermic (1 °C to 4 °C), high sub-zero (0 °C to -20 °C), or low sub-zero (-80
°C to -196 °C) preservation, allowing for short-term (hours), moderate (days/weeks), or long-
term (months/years) storage, respectively.>? Cryopreservation, which is typically in the high sub
zero range, is the use of very low temperatures to preserve structurally intact living cells and
tissues.® Low temperature significantly slows down biological and chemical processes in cells,
which could result in the long-term preservation of cells and tissues.> However, freezing is lethal
to the majority of organisms because it causes the formation of intra- and extracellular ice
crystals as well as changes to the chemical makeup of cells which results in mechanical stress
and harm to the cells.® For example, it is customary for large, complex tissues like organs to be
preserved at hypothermic temperatures since they have a hard time withstanding some of the
basic stressors connected with sub-zero storage.!

In 1948, a mix up in the lab led to the freezing of fowl spermatozoa at -70 °C in a mixture
of glycerol, albumen, and water rather than the intended solution of levulose, this led to the
discovery that glycerol was highly effective at increasing cell recovery post-freezing.*® The
method would now be termed the “classical freezing” approach deeming glycerol a successful
cryoprotective compound.*® This discovery was the start of a very complex field of study to
ensure the viability of biological materials after freezing. Cryopreservation can be summarized

into four main steps; (1) combining cryoprotectant agents (CPAS) with cells or tissues before



cooling; (2) lowering the temperature of the cells or tissues and storing them; (3) thawing the
cells or tissues; and (4) removing CPAs from the cells or tissues after thawing.®

Although there are many applications for the cryopreservation technology in both basic
and applied research, there are still certain restrictions.® The difficulty in success of
cryopreservation is due to the number of variables that have been shown experimentally to affect
survival; such as, the reduction of metabolism at low temperature, which has unavoidable side
effects like a genetic drift toward biological variations of cell-associated alterations in lipids and
proteins that could compromise cellular activity and structure.>* Cells would be perfectly
preserved if the amount of CPA that could be employed had no limit.® CPAs themselves,
however, can harm cells in typical circumstances, especially when applied in high quantities,
which is typically the case, necessitating a CPA removal step.® As well, when freezing, damage
can be caused by thermal shock, dehydration, increased salt concentration after the water has

frozen, osmotic shock, and most notably formation of ice crystals.®
1.2 Kinetic Effects of Cryopreservation

To address the many possibilities for damage a variety of freezing techniques have been
used based on principles of freezing. Some of the first principles discovered as important
determinants of survival were cooling rate, followed by warming rate.® These kinetic effects
were investigated by Mazur who determined that the chance of intracellular freezing was
indirectly controlled by the rate of temperature change because it influenced the movement of
water across cell membranes.>” As a theory to why intracellular freezing is generally fatal,
Mazur suggests that the rate of temperature change affects the rate at which water is transported
out of the cells during cooling and into the cells during warming, by regulating the osmolarity of

the surrounding fluid.® The rate of cooling controls the rate at which water is converted to ice,



thus controlling the rate at which the concentration of the solution surrounding the cells
changes.® If water can rapidly leave cells, the ice will all be outside of the cells, the cytoplasm
won't fall below its freezing point, and thermodynamic equilibrium will be maintained across the
cell membrane.® The protoplasm, on the other hand, will cool below its freezing point
(supercooled) if the cooling rate is too quick for the cell's membrane to move enough water out
of the cell.® The higher the extent of supercooling, the greater the likelihood that the cell would
internally freeze.® Each cell exhibits maximum survival due to the interaction of these two
factors—solution effects and intracellular freezing; as the cooling rate rises from very low rates,
survival increases because the harmful effects of exposure to high salt concentrations are
diminished; however, survival eventually declines because intracellular freezing supervenes.®
Absolute survival is typically very low unless a cryoprotectant is present to lessen the damage at

low cooling rates, therefore each cell has its own optimal cooling rate.®
1.3 Types of Biopreservation

Biopreservation, a hypernym which includes cryopreservation, is defined as preserving
the integrity and functionality of cells, tissues, and organs held outside the native environment
for extended storage times.® The most common approaches to biopreservation are vapour
freezing, fast programmable freezing, slow programmable freezing, and vitrification.®? Since
samples are initially immersed into liquid nitrogen vapours before being submerged in liquid
nitrogen (—196 °C), quick freezing is also known as vapour fast freezing (VFF).%1° Slow/fast
programmable freezing occurs by samples being placed into the chamber of a programmable
biological freezer and cooled in accordance with a predetermined program.® These program’s
freezing rates are established by experimentation and can go through a multitude of different

temperature variations in the process. Lastly, vitrification involves submerging the sample in



liquid nitrogen to solidify the liquid into an amorphous, glassy condition.® It has been asserted
that since vitrification minimizes the production of intra- and extracellular ice, it is less harmful
than traditional freezing.® It is important to note that smaller ice crystals are produced generally
by a faster freezing rate.!* The small crystals are produced as a result of the water being super-
cooled and crystallization into ice occurring rapidly.!! On the other hand, larger ice crystals are
produced by a slower cooling rate.!*

There are many other freezing techniques outside of the previously mentioned ones. The
following categories can be used to categorize different biopreservation techniques: (1) slow
freezing; (2) vitrification; (3) sub-zero non-freezing storage; and (4) preservation in the dry
state.® The focus in this thesis will be on slow freezing (rate-controlled freezing) and
preservation in the dry state (freeze-drying).

1.3.1 Rate Controlled Freezing

The rate of cooling, which Mazur has referred to metaphorically as the inverted "U" of
cryoinjury, is the fundamental concept that governs cell survival in this kind of procedure.'? The
concept dictates that as cooling rate rises from very low rates, survival increases due to a
reduction in the harmful effects of exposure to high salt concentrations, but eventually survival
declines due to intracellular freezing, creating a distinctive inverted U-shaped curve (figure
1.1).>1 Achieving success requires finding a balance between cryoinjuries since cells cannot
survive if the rate is either too rapid or too slow.'? The formation of extracellular ice, the creation
of a differential water gradient across the cell membrane, and the exocytosis of intracellular
water all occur when cells are cooled at a controlled, steady rate.'? Since less water is available
to produce ice, this has a significant cryoprotective impact.*? Any water that does remain is so

little that it prevents ice from forming and most likely causes the cytoplasm to vitrify.!2



Generally, the sample is precultured or acclimated, followed by cryoprotection, as part of

a sequence of manipulations used in controlled rate cooling techniques.'? Specifically for slow

cooling techniques, slow freezing initially replaces the water in the cytoplasm with CPAs in

order to reduce cell damage and modify the cooling rate in accordance with the permeability of

the cell membrane.® When using slow-cooling procedures, a costly controlled-rate freezer or a

portable benchtop freezer are utilized, with a typical cooling rate of about 1 °C/min when there is

less than 1.0 M of CPA present.® Low manipulation skill requirements and less risk of

contamination throughout procedures are two advantages of slow freezing.® However, there is a

sizable risk of freeze damage because extracellular ice develops during progressive freezing.®
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Figure 1.1. Graphic Representation of Mazur’s Inverted ""U"" Two-factor Hypothesis of Freezing Injury. Image describing the
injury associated to rapid cooling and slow cooling. Figure adapted using BioRender ©.1*

1.3.2 Freeze-Drying

In the process of freeze-drying, ice is eliminated through sublimation, or a transition from

a solid to a vapour without going through the liquid state.'® This requires a freeze dryer, which is



made up of three fundamental parts; a drying chamber, a condenser chamber, and a vacuum
system.® The main goal of the freezing process is to separate the solvent from the solutes.*® In
an aqueous environment, water will freeze into ice crystals, and solutes will be confined to the
interstitial regions between the crystals.'® The type of the solvent and other formulation
components will determine the temperature required to accomplish complete freezing of the
formulation.'® The pressure inside the freeze-dryer is then decreased until it is below the vapour
pressure of the ice.’® Two main phases make up this procedure: freezing the solution and
vacuum-drying the frozen solid (figure 1.2).1! The drying phase can then be further divided into
primary and secondary drying.!! The frozen water is removed by primary drying, while the non-

frozen "bound" water is removed by secondary drying.!!

The cooling rate is one crucial characteristic that must be defined during freezing.!* As
previously mentioned, the size of the ice crystal is determined by the freezing rate. The size of
the crystals play an important role as they dictates the size of the pores that will be produced
during ensuing drying.!! Large ice crystals have large pores, which causes water to sublimate
quickly during primary drying, while secondary drying may be slower due to reduced surface
areas, which restricts water absorption.!* A moderate level of supercooling (10-15 °C) has been
suggested to maintain balance.!* The primary drying process sublimates ice to release frozen
water, and the secondary drying process releases 'bound' water that is not frozen (desorption of
water).!! For sublimation to occur, the energy must be supplied in an amount equivalent to the
heat required to sublimate ice.'® This is done by raising the temperature of the transfer fluid and
the shelves to a level that causes sublimation but not one that melts the frozen material in contact
with the vial's bottom or collapses the partially dry product.’> Water vapour is principally

eliminated from the product by a process of bulk flow from a region of relatively high pressure



(the sublimation front) to low pressure.'® The condenser keeps the partial pressure of water
vapour in the chamber at a low level.*® The major drying stage of the process is distinguished by
a boundary that can be seen regressing from the top of the frozen layer.*® The heat of sublimation
is no longer required once the ice has sublimed, and the product temperature typically rises
quickly toward the shelf temperature.®® When all of the frozen water has been removed and the
rate of water sublimation has been greatly decreased, the primary drying process is complete.!®
In general, not all of the water that was originally present in the product freezes into ice.'® The
formulation's composition and, to a lesser extent, the freezing process's thermal history
determine how much unfrozen water is present.’® Secondary drying is the process of removing
this unfrozen water, which may make up 20% or more of the weight of the dry solids.’® The
removal of water vapour during secondary drying is mostly accomplished through the process of
diffusion, or flow by molecular motion from a region of high concentration to a region of lower
concentration, as opposed to primary drying, where water vapour is removed by bulk flow.°
Even though less water is removed, secondary drying frequently accounts for a bigger proportion

of the overall drying time than primary drying since it is generally slower than primary drying.*®

Freeze drying is the most typical method for preserving solid proteins and is often
referred to as lyophilization.!! Mammalian cells are typically difficult to store in the dry
condition due to challenges of delivering CPAs into the intracellular area.® Unfortunately, this
technique has some adverse effects as the drying and freezing pressures produced by the
Iyophilization process can denature proteins to varying degrees.!! Proteins in the solid state may
still only have a limited ability to withstand long-term storage even after successful

Iyophilization with a protein stabilizer(s).
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Figure 1.2. Graphic Illustration of Lyophilization Process. The process of lyophilization, involving three stages to remove water
from a sample through freezing, specific vacuum pressures, and temperatures. Figure adapted using BioRender ©.7

1.4 Cryoinjury

All the previously mentioned approaches to cryopreservation come with shared and
specific detrimental cryoinjuries (figure 1.3). Cryoinjuries are the physical and biological
processes that cause harm to cells when temperatures are low, particularly those connected to the
water's ability to change phases both extra- and intracellularly.®® The lethality of an intermediate
zone of temperature (-15 to -60 °C), which cells must pass through twice—once during cooling
and once during warming—is the biggest challenge that cells face during cryopreservation.™ In
some cases, when cells are returned to isosmotic circumstances, they swell beyond their typical
isotonic volume and lyse.® The swelling is because the hyperosmotic stress may produce a net
leak/influx of nonpermeating solutes (mostly electrolytes).*® Additionally, the water flux across
the cell membrane during freezing and thawing can cause harm by producing intracellular ice
formation (11F).= IIF typically results in the death of cells.>** As a result of the experimental

finding that I1IF phenomena depends on cooling rate, temperature, and CPA concentration, the



best cooling procedures have been developed to reduce I1F (section 1.3).1* As previously
mentioned, cells can be killed by cooling rates that are either too high or too low, however the
mechanisms causing cell damage vary.'2 These two mechanisms of damage are the solution
effect and I1F, which can be summarized by the following two points: (1) At slow cooling rates,
the cryoinjury occurs due to the solution effects (i.e., the solute/electrolyte concentration, severe
cell dehydration, and the reduction of unfrozen fraction in the extracellular space); and (2) at
high cooling rates, cryoinjury occurs due to the lethal 11F.*® Therefore, the cooling rate should be
high enough to minimize the solution effects but low enough to avoid I1IF.*2 Each cell exhibits
maximum survival due to the interaction of solution effects and intracellular freezing at a
characteristic cooling rate.>'3 Proteins experience a comparable stress when a protein solution is
frozen because ice formation quickly raises the concentration of all solutes.!! As a result of
selective crystallization, all concentration-related physical parameters, such as ionic strength and
the relative composition of solutes, may be altered.!* These alterations might cause a protein to
become unstable.! In general, chemical reactions proceed more slowly as the temperature is
lowered.** However, because of the higher solute concentration in a partially frozen aqueous
solution, chemical reactions might even accelerate.*

Since no thermally induced reactions may take place at -196 °C, the duration of storage
while frozen has so far not shown a significant level of damage to cells or proteins.®® The
reactions that might take place are the gradual accumulation of ionizing radiation direct harm,
but this accumulation would probably not become substantial for hundreds of years of storage.'®
Another important mechanism that harms biological material is the process of warming and
thawing 3. One reason the warming rate has a significant impact is that relatively modest levels

of intracellular ice are compatible with recovery.! As a result, these effects are dependent on



whether intracellular freezing or cell dehydration was brought on by the previous rate of
cooling.**3 Rapid thawing can save many cells in the first scenario because extremely small
intracellular ice crystals behave differently under slow and rapid warming.t**3 Under gradual
warming, the crystals can recrystallize, coalesce, and proliferate.>*3 It has been shown to
damage the cells in which it occurs; however, during rapid warming there is insufficient time for
this to happen and the ice merely melts.**

In addition to the cryoinjuries obtained from the thawing and warming process a variety
of other damages can occur to cells. Factors like cold shock, which have nothing to do with ice
production, can harm cells.* Another factor is that the plasma membrane is assumed to be intact
and to still have some of its typical semipermeable qualities.*® Critical organelles inside cells
might not be able to "survive™ under the same circumstances that allow the plasma membrane to
during the freezing process.*® Lastly for cells, the "Cell Packing Effect" °, which describes when
cells are particularly densely packed in some systems that must be conserved, also results in
cryoinjury. The traditional cryoinjury mechanisms—solution effects and intracellular freezing—
cannot explain this observation.®> The most likely explanation is that when the channels in which
they are sequestered change form, densely packed cells are more prone to be harmed by
mechanical pressures.® The ice that forms at their boundaries has undergone recrystallization,
which is the cause of this phenomena.® Therefore, few multicellular systems have been
investigated leaving a gap of knowledge in the research.

Freeze-drying provides its own distinct mechanisms of cryoinjuries, as the procedure not
only contains the mechanism of injury from freezing but may also add additional stress due to
the drying process. An unprotected protein may become destabilized, unfolded, or denatured

under the many pressures that lyophilization may produce, which results in a loss of activity.!*
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Different proteins respond differently to stressors from freezing and/or drying.** Some proteins
can continue to function both when they are dried and frozen.** Many proteins, however, cannot
withstand drying or freezing conditions.!* The first of these stresses is low temperature; the
second is freezing stress, which causes dendritic ice crystals to form as well as increased ionic
strength, altered pH, and phase separation; and the third is drying stress (removal of the protein
hydration shell).*

Similar to cells, proteins have a maximum stability temperature, and both high and low
temperatures can cause a protein to become unstable.* Low temperature stress is related to cold
denaturation of proteins.* Oligomeric proteins often exhibit cold denaturation, which causes the
dissociation of subunit oligomers.!! Extracellular ice during the freezing process can also be
problematic for proteins because it creates an ice-water interface when a protein solution is
frozen.!! Proteins that are adsorbed to surfaces can loosen their native folds, which causes
surface-induced denaturation.* Additionally, the previously discussed solution effect has an
impact on proteins in that freezing a buffered protein solution may cause pH shifts by selectively
crystallizing one buffering species.!* The storage stability of lyophilized proteins may be
impacted by the pH reduction that occurs after freezing.!* Increased electrostatic attraction
between like charges in proteins brought on by this pH change can tend to trigger protein
unfolding or denaturation.!! Thus, pH has a significant impact on the rate of protein
aggregation.!! Finally, proteins might be impacted by the drying process. In an aqueous solution,
proteins are completely hydrated.!! The term "hydration shell" refers to the monolayer of water
that covers the surface of a fully hydrated protein.'* A Iyophilized protein product typically has
less than 10% water content.!* The hydration shell is thus partially removed during

Iyophilization.!! A protein's natural state may be disturbed, and denaturation may result from the
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removal of the hydration shell.'* When a protein is dehydrated, it tends to transfer protons to
ionized carboxyl groups.t!* This eliminates as many charges as possible from the protein.*
Protein aggregation could be facilitated by the reduced charge density via protein-protein
hydrophobic interaction.'* Another essential component of a protein's active site or sites are
water molecules.!! Proteins are quickly rendered inactive when these functional water molecules
are removed during dehydration.?

The identification of these cryobiological characteristics and a deeper comprehension of
cryoinjury mechanisms are essential for protein function and cell survival. It is necessary to keep
in mind that survival is typically characterized in terms of the viability (e.g., the cell membrane's
integrity) and/or capacity for continued growth and development of the cells.'®* The most
effective technigque to mitigate the cryoinjuries described above, in addition to prediction and

protocols, has been with CPAs and lyoprotectants, which will be further detailed in section 1.6.
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Figure 1.3. Schematic of Physical Events and Cryoinjury of Cells and Proteins During Freezing and Thawing. Figure
adapted using BioRender ©.1315
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1.5 Ice Recrystallization

For successful cryopreservation the least amount of intracellular ice possible is
essential.*® This is due to the negative consequences brought on by intracellular ice
accumulation. Although there is a link between intracellular ice accumulation and cell death,
there is evidence to show that this relationship is not causal.'® Cell death linked with I11F is not
induced by the initial nucleation of ice, but rather by an alternative process during warming.'® As
previously mentioned, cell survival post-cryopreservation is reliant upon the rate at which the
cells are warmed during thawing.*® It has been determined that ice recrystallization is the main
mechanism of damage that results in cell death after 11IF.1%2?° Cell death during cryopreservation
has been linked in large part to ice recrystallization® The literature on metallurgy and material
science has thoroughly examined the mechanism of recrystallization.'® According to a generally
accepted theory, intracellular ice damage develops as a consequence of mechanical trauma as a
result of a net increase in intracellular ice crystal size during warming (recrystallization),
however, it has been hypothesized that intracellular ice may play a crucial role depending on its
quantity, size, or location.?

When biological materials are cryopreserved, this behaviour of ice can negatively impact
them.?? The rates of ice recrystallization are highest when the frozen sample is being thawed,
though they can happen during the freezing, storage, and thawing cycles of cryopreservation.?
Ice recrystallization is a thermodynamically driven process, this process is known as Ostwald
ripening in which large ice crystals develop at the expense of small ones, resulting in an increase
in the mean ice crystal size and a decrease in the number of ice crystals at a constant total ice

volume.?22 QOstwald ripening is the result of a decrease in the system's overall ice
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crystal/solution interface energy, which is the driving force underlying this process.?® Overall,
less free energy is generated as a result of this process.?

The loss of cell viability during cryopreservation is linked to the formation of ice inside
of cells and the net increase in crystal size due to recrystallization during thawing.?* The main
cause of damage in the cryopreservation of single-cell and multicellular systems is ice
recrystallization.?° It is crucial to reduce intracellular ice recrystallization in order to encourage
the recovery of cells that undergo 11F.2° More particularly, it has been shown how preventing ice
from recrystallizing is essential for boosting post-freeze-thaw cell survival.*® Despite the fact that
the mechanisms causing cellular damage during cryopreservation are numerous and intricate, the
relationship between cell viability after freeze-thaw and a substance's capacity to prevent ice
recrystallization has significant ramifications for the creation of better cryopreservation
protocols.®
1.5.1 The Structure and Growth of Ice

It is crucial to describe the structure of ice in order to better comprehend the mechanism
of ice recrystallization?? The hexagonal ice (1h) lattice unit is the most prevalent type of ice at
atmospheric pressure.?? A single oxygen atom is hydrogen-bonded to two hydrogen atoms in a
regular crystalline structure, which has an organized arrangement of intermolecular hydrogen
connections between water molecules (figure 1.4).22 The inability of the water molecules inside
an ice crystal to make the ideal amount of hydrogen bonds causes them to have a larger free
energy than the water molecules at the bulk-water/ice crystal contact.?? Large ice crystals with a
lower surface area to volume ratio are thermodynamically more stable than smaller ice crystals.??
Water molecules move from an ice crystal through a semi-ordered quasi-liquid layer (QLL),

which is the layer between ice crystals and the bulk water, as the system tries to minimize its free
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energy.?? The water molecules then go to bulk water and are then transferred to an ice crystal that
is actively growing, resulting in a general decrease in the surface area to volume ratio and,
ultimately, a reduction in the system's free energy.?? The total amount of ice and liquid water in
the sample doesn't change during this procedure, but the quantity of ice crystals and the average

size of the crystals do.??
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Figure 1.4. lllustration of Ice Growth and Structure of Ice. A) Water moves from a crystal layer through a QLL to bulk water. If
a solute is added, it will reside at the QLL—bulk water interface between two adjacent ice crystals. B) Structure of Ih lattice unit.
Each oxygen ion is linked to its four nearest neighbours by hydrogen bonds, protons are nearer to one end than the other in such
a way that each oxygen ion has two 'near' hydrogen ions. The hexagonal shape of a single ice unit is outlined in a dashed yellow
line. Figure adapted using BioRender ©.22%*

1.5.2 The Mechanism of Ice Recrystallization

Recrystallization proceeds as a result of the total crystal phase's surface free energy being
minimized and the chemical potential being balanced between all phases.?*?> Recrystallization is
most likely to happen by the following three mechanisms: migration (also known as diffusional

growth), isomass, and accretion.?>?> Most of the time, migration and accretion are how

polycrystalline ice in a liquid solution undergoes Ostwald ripening.232®
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The process of migration is best simplified as the melting of smaller crystals, and the
melted liquid is then transported to the surface of larger crystals.?® In a polycrystal system, there
is a propensity for larger crystals to develop at the expense of smaller crystals during migratory
recrystallization.?® Because of the increased curvature and hence greater surface free energy,
smaller crystals cannot bond their surface water molecules as tightly as bigger crystals.? As a
result, through the freeze concentrated matrix, the water molecules on the surface of small
crystals have a tendency to migrate to the surface of larger ones, leading to the formation of
larger crystals and the disappearance of smaller ones.?® At smaller ice volume fractions, this
diffusion of water molecules through the intermediary liquid from smaller to larger ice crystals
often predominates.?® Therefore, the internal product temperature has an impact on this
mechanism.?® When the temperature is dropped again after the smaller ice crystals partially or
totally melt, the liquid re-freezes on the larger crystals.?® The pace at which the water molecules
diffuse to the bigger ice crystal surface, or diffusion kinetics, has a significant impact on
migration.?® The viscosity of the serum phase has a significant impact on how the crystals diffuse
or migrate, therefore the rate of diffusion is sluggish when the viscosity is high.?®

In a single crystal, a similar process known as isomass recrystallization can take place.?®
Take a single crystal that has been separated and has a rough surface.?® High curvature portions
of surfaces cannot bind surface water molecules as tightly as smoother portions of surfaces.?®
The rougher surface consequently becomes smoother.?®

Accretion can be described as a single, bigger crystal formed by the merging of two or
more nearby ice crystals.?> Since ice crystals are stationary during this operation, they must be
placed close together and have a point of contact.?>2® The ice crystals coalescing occurs

preferentially at large ice volume fractions because the contact point has an apparent high
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curvature and is not as stable as the remainder, leading to the creation of a neck by transportation
of water molecules to this area.?®

Lastly, it is interesting to note that the mobility of water molecules in a matrix that has
undergone freeze-concentration may be one of the variables determining the pace of
recrystallization given the mechanisms of recrystallization mentioned above.?® Ice crystal growth
is accompanied by water molecule movement.?® As a result, boosting water mobility may boost

the rate of recrystallization.?
1.6 Cryoprotective Agents

I1F should be prevented by using a gradual cooling method, as discussed in section 1.4.
Slow cooling can increase cell viability, as it avoids numerous and large intracellular ice crystals,
although it is insufficient.!® CPAs are necessary for the majority of cells for optimal survival.'®
These cryoprotectants have a variety of mechanisms, including those that enable freeze-tolerance
(the capacity to be frozen and then thawed), freeze avoidance (the ability to stop ice from
forming), and even freeze promotion (as a predatory strategy).2’ A cryoprotectant's capacity to
prevent ice from recrystallizing is a crucial quality for boosting cell viability after a freeze-
thaw.® This is due to the fact that CPAs can alter the cells' freezing behavior by affecting the
rates of water transport, crystal nucleation, and growth.'® The ability of cells to survive
cryopreservation is dependent not only on the presence of CPAs but also on their
concentration.!® To address the many potential damage scenarios, an ideal CPA must have
two crucial properties: (1) they must be highly soluble in water and maintain this solubility at
low temperatures in order to produce a significant decrease in the freezing point; and (2) they
must be biologically acceptable by having a low enough toxicity so that they can be used at

concentrations high enough to produce these effects.®#1213
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Treatment of the cells or tissues with cryoprotectant solutes, frequently in high
concentrations, is the typical method of cryoprotection.* This creates a driving force for the
passage of water via osmosis and of solutes by diffusion.* Aqueous solutions undergo
concentration and composition changes during freezing, which also creates forces that cause
water and solutes to migrate.* Numerous obstacles to solute free diffusion exist in biological
systems (membranes), and these barriers can cause momentary, and occasionally equilibrium,
changes in compartment volumes.* If these changes are too great, these changes may be
detrimental.* Therefore, it is crucial to revisit Mazur's inverted “U” theory of cryoinjury and take
into account cooperative cryoprotection in relation to the dynamics of the freezing process.*?
Controlling cooling rate is to achieve the ideal level of cell dehydration between too little (which
leads to ice damage) and too much (resulting in colligative damage).*? Colligative agents control
the degree to which excessive and inadequate dehydration take place.* In conclusion, gradual
freezing used in cryopreservation of cells causes the cell to become dehydrated in response to
rising osmotic pressure because electrolytes are drawn outside the cell during extracellular ice
formation.*® Dehydration of the cells is harmful to cell viability even if it aids in preventing
intracellular ice development.®

Cryoprotectants can help stop excessive dehydration. Non-permeating and permeating
CPA:s are the two cryoprotectant classes employed.® Non-permeating cryoprotectants, which are
most frequently used during fast cooling, do not cross the cell membrane and thus remain outside
the cell, increasing the osmolarity of the extracellular solution, allowing the cell to dehydrate
more easily before freezing and preventing the formation of intracellular ice.r® In contrast,
permeating CPAs raise the cell's total osmolarity.*? These cryoprotectants easily penetrate cell

membranes and lower intracellular electrolyte concentrations while maintaining higher cell

18



volumes.*® Osmotic dehydration occurs when cells are exposed to a high concentration of
cryoprotectant. The cells first expand in volume as the cryoprotective chemical penetrates,
bringing water with it, until they reach their final volume.* The permeability parameters
determine the degree of shrinkage and the pace of change in cell volume.* This is because the
cryoprotectant takes up space inside the cells; as a result, if the total volume is to be normal, the
volume of water must be smaller than the physiological water content.* This leads us to the two
crucial steps involved in using penetrating CPAs to preserve cells: (1) Pre-freezing addition of a
CPA to the cells, and (2) post-thaw removal of the CPA from the cells.'®* When a CPA is
introduced, cells temporarily shrink before gradually expanding back to their almost normal size
as the CPA permeates.'® When the CPA is removed, they temporarily expand in volume; how
much this happens depends on how the CPA is removed as well as how permeable the cell
naturally is to water and CPA.*® The osmotic uptake of water leads the cells to enlarge over their
initial volume when a penetrating cryoprotectant is eliminated by exposing the cells to a reduced
concentration of the substance.* They subsequently begin to contract as the cryoprotectant
leaves, accompanied by enough water to keep the osmotic balance; they only reach their
physiological volume if the nonpermeating solute has not been lost or gained throughout the
process.* Cryoprotectants are typically more dangerous to remove than to introduce because cells
are typically more sensitive to swelling than to shrinkage.* Another major problem with
penetrating cryoprotectants is cytotoxicity, which can lead to the disruption of intracellular
signaling.®®
1.6.1 Common Cryoprotective Agents

Cryoprotectants lessen the amount of ice generated at any given temperature by merely

increasing the total concentration of all solutes in the system.* Depending on the cell type,
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cooling rate, and warming rate, different CPAs have been created and are utilized to decrease the
amount of ice formed at any given temperature. All factors should be calibrated to achieve the
highest survival rate of cells and tissues.® Based on the two categories indicated in the paragraph
above, many compounds share these characteristics. Examples of cell membrane-permeating
cryoprotectants, include dimethyl sulfoxide (DMSO), glycerol, ethanediol, and 1,2-propanediol
3419 and nonmembrane-permeating cryoprotectants, such as 2-methyl-2,4-pentanediol and
polymers such as polyvinyl pyrrolidone, hydroxyethyl starch, and various sugars.®

Glycerol was the first of the cryoprotectants to be discovered. Due to the fact that
glycerol is a nonelectrolyte, it has the potential to act by lowering the electrolyte concentration in
the remaining liquid solution in and surrounding a cell at any given temperature.® A colligative
addition, like glycerol, raises the cell's initial osmolarity before the freezing process begins.*?
This lessens the solution effects, lowering the optimal cooling rate and raising the maximum
survival attained as a result.* However, one impact of freezing an aqueous solution was to raise
the concentration of solutes in the decreasing volume of the remaining solution, and this could be
the primary cause of harm.* James Lovelock provided strong evidence in a series of papers
published in the 1950s that freezing injury to cells is caused by salt concentration rather than ice,
and that glycerol only offers protection from this damage to the extent that it regulates the rise in
salt concentration during freezing.* As a result, glycerol's effectiveness—or that of any other
similar cryoprotectant—depends on a number of factors.* With that being said, glycerol is
frequently employed for the storage of animal sperm and microorganisms.®

In 1959 the protective effect of DMSO was demonstrated, this polyol compound remains
the most effective additive 3. Currently, DMSO is the most often utilized cryoprotectant.??

Because it is inexpensive, DMSO has been widely employed to cryopreserve cultured
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mammalian cells.? Similar to glycerol, DMSO works by lowering the concentration of
electrolytes in the remaining, unfrozen solution in and around a cell at any given temperature.®
However, the survival rate of some cell types is still quite low and cryopreservation of biological
material with DMSO does not guarantee 100% recovery.?? The fact that DMSO is cytotoxic is a
significant problem.?? While DMSO generally becomes more effective as a cryoprotectant as
concentration increases, its harmful effects on cells are temperature- and time-dependent and
have been well-documented.'® Additionally, DNA methylation and histone modification have
been observed to decrease survival rates and induce cell differentiation.® The use of DMSO in
typical therapeutic applications is made more challenging by these detrimental consequences of
cryopreservation.® Unfortunately, considerable cellular damage happens in the absence of a
CPA.?® However, because of their toxicity, CPAs like DMSO and glycerol (figure 1.5) must be
removed after thawing, which may have a negative impact on the functionality and integrity of
the retrieved cells, tissues, or material.?® In order to avoid DMSO's toxic effects, it may be
possible to replace it with non-cytotoxic cryoprotectants that prevent ice from recrystallizing or

at least minimize the amount of DMSO needed for cryopreservation.?
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Figure 1.5. Structures of Dimethyl Sulfoxide (DMSO) and Glycerol.

1.6.2 Lyoprotectants

Many efficient cryoprotectants or protein stabilizers in solution do not stabilize proteins
during dehydration because the dehydration (drying) stress is distinct from the freezing stress.!
Some cryoprotectants even cause protein destabilization.!* Therefore, compounds referred to as

lyoprotectants (lyophilization stabilizers), are used to prevent proteins from becoming
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denaturized during lyophilization.!* In cases where when a single stabilizer is unable to act as
both a cryoprotectant and a lyoprotectant, two (or more) stabilizers may need to be utilized.'*
Sugars, polymers, proteins themselves, non-aqueous solvents, surfactants, amino acids, and
various excipients are only a few of the many groups of lyoprotectants.** According to Dr.
Wang, each class has its own hypothesized mechanism of action.** The water replacement
concept is, nonetheless, one of the most important.!! In order to meet the hydrogen bonding
needs of the polar groups on the protein surface, this mechanism involves the formation of
hydrogen bonds between a protein and a lyoprotectant at the conclusion of the drying process.!!
These lyoprotectants act as water substitutes to protect the proteins' natural structure.!! In this
method, during dehydration, intra- or interprotein hydrogen bonding may be avoided.!! Protein
binding, which may prevent protein-protein interactions, and other processes of protein
stabilization such as, forming a monomolecular layer on the protein surface to accomplish the
maximal stabilization also appear to be operational mechanisms.*

1.6.3 Biological Antifreezes (Antifreeze Glycoproteins)

Biological antifreezes (BAs) are another powerful ice recrystallization inhibitor (IRI),
that can provide an alternative for CPAs besides synthetic compounds.?® In order to prevent
cryo-injury in species living in sub-zero settings, nature has evolved BAs as naturally occurring
"antifreezes".?® BAs regulate the development of ice and protect organisms from the cellular
harm caused by freezing.?® These peptide-based substances are present in a variety of plants,
insects, and fish.2® These peptide can be broadly categorized into antifreeze proteins (AFPs) and
antifreeze glycoproteins (AFGPs).%’

There are two different antifreeze actions that biological antifreezes display.? The first

being IRI activity, AF(G)Ps were the initial substances found to possess this desired trait.?2
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Thermal hysteresis (TH) is the other and most researched. TH refers to a solution’s freezing
point being selectively lowered in relation to its melting point.?® The binding of a BA to the
surface of a seeded ice crystal results in TH activity.?® A localized freezing point depression is
made possible by the BA's binding to the ice's surface, and this results in a change in the ice
crystal habit.?° Dynamic ice shaping (DIS) is the name for this shift in ice crystal behavior.?
AF(G)Ps are currently the most effective IRIs.?>2” However, because they are not always suited
for cryopreservation, these biological molecules have not been developed as cryoprotectants.??2
This is due to potential immunogenicity and toxicity concerns, expense of production, and their
TH activity and ice binding capabilities, as this unique ability to bind to ice alters the habits of
ice crystals leading to the formation of needle like ice crystals seen with DIS.??" As well,
cryopreservation temperatures typically drop below the TH gap (the temperatures between the
freezing and melting point), where AF(G)Ps can exacerbate cellular damage.???” This has
resulted in a combination of successes and failures as cryoprotectants.?2?’

Compounds that possess the very desirable feature of maintaining small ice crystal size
within a frozen solution have several medical, commercial, and industrial applications.?®
Therefore, it makes sense to create synthetic mimics that can be customized and have
configurable function.?’ It is unknown why some substances are better inhibitors of ice
recrystallization than others.'® Additionally, the fundamental structural elements required for
efficient ice recrystallization inhibition have not been identified.'® This is due to the fact that
BAs are a complicated family of substances with radically varied structural characteristics,
making it challenging to understand how they prevent ice from recrystallizing.?® Nevertheless, all

"rationally constructed" novel IRIs are based on this significant class of chemicals.?
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Our lab's early research resulted in the creation of carbon-linked antifreeze glycoprotein
(C-AFGP) analogues with "tailored" antifreeze action.?>?® These C-linked AFGP analogues
show strong IRI activity but no ice binding and hence no TH activity or DIS. Subsequently, it
was reported that simple mono- and disaccharides exhibit moderate IRI activity.?>?° This led to
the discovery of several small carbohydrate-based IRIs with ice recrystallization inhibition
activity, that are more amenable to large-scale preparation for the medical and commercial

applications of IRIs.?%?°
1.7 Small Molecule Carbohydrate-based Ice Recrystallization Inhibitors

The larger significance of these findings is that novel cryoprotectants which inhibit ice
recrystallization may be able to overcome the current drawbacks of existing cryoprotectants,
making it possible to preserve tissues and possibly even organs effectively in addition to cells.®
Numerous carbohydrates have IRI action, making them appealing for reducing the amount of
DMSO needed or potential future substitutes as they have minimal to no cytotoxicity.® In
addition, polyhydric alcohols like glycerol, which we know to affect the structure of nearby
water and ice formation, are comparable to carbohydrates.® It has been demonstrated that
carbohydrates, when combined with DMSQO, glycerol, or 1,2-propanediol, increase cell viability
post-thaw.*® The outcomes of the trials where carbohydrates appeared to be helpful seemed to
rely on the structure of the carbohydrate that were utilized.® Although, these investigations use
various cell types, cooling rates, and carbohydrate concentrations, which leads to further
challenges as it is difficult to evaluate the true efficiency of carbohydrates as cryoprotectants in
light of these findings.® In contrast to naturally occurring AF(G)Ps, which have been shown to
be harmful when used at low temperatures or high concentrations, novel small molecule

carbohydrate derivatives discovered by our lab have proven to exhibit the IRI activity of
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AF(G)Ps, while lacking DIS characteristics.?’ These small carbohydrate-based compounds, with
molecular weights under 300 AMU, are active IRIs at millimolar to sub-millimolar
concentrations, which is why their less complex synthesis makes them of special interest.?%:?
1.7.1 Properties of Carbohydrates and Mechanism of Action

Previous findings in the lab led to the conclusion that the level of activity and
carbohydrate hydration are correlated.® The quantity of tightly linked water molecules that
surround a carbohydrate in aqueous solution is known as the hydration layer or hydration shell of
the carbohydrate.?® The relationship between IRI activity and the carbohydrate's hydration index
(HI) was discovered as a result of this finding.?? The HI, which measures the degree of hydration
per molar volume of carbohydrate, is defined as the hydration number divided by the partial
molar volume of the carbohydrate.?>?° It gave a hint as to the substrate's level of hydration in
relation to its size or volume.?2?° Using this metric, it was found that IRI activity and HI were
linearly correlated for all of the mono- and disaccharides evaluated in the study.?2

Furthermore, solid-state NMR studies and TH measurements suggested that ice binding
was not a requirement for IRI activity because none of the non-ionic carbohydrate-based
compounds evaluated in this study exhibited TH activity or DIS abilities, indicating that the
activity exhibited by these compounds was not brought on by an interaction with the ice
lattice.?>%° This led to the development of a different, based on the compatibility of a solute with
bulk water, hypothesized mechanism for the suppression of ice recrystallization?2° The highly
ordered ice lattice and bulk water are separated by a QLL, which is covered in detail in section
1.5.1 of this chapter.???° Bulk water molecules transfer to the QLL, then from there to the
expanding ice lattice, causing the ice to recrystallize.???° Carbohydrates may be concentrated in

the bulk-water-QLL interface, according to Tam et al.?® A carbohydrate that fit poorly into bulk
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water will disrupt its three-dimensional hydrogen-bonded network more severely, which raises
the energy required to move bulk water to the QLL.?° It was believed that this ability was
connected to the extent to which carbohydrate residues were hydrated.?? Thusly, it was proposed
that the inhibition of ice recrystallization caused by carbohydrates occurred at the bulk-water-
QLL interface because more highly hydrated carbohydrates, such as D-galactose, disrupted the
pre-ordering of bulk-water and made it less energetically advantageous for water molecules to
transfer to the QLL.?>?° Whereas, the suppression of ice recrystallization was not noticed with
less hydrated carbohydrates, such as D-talose, which fit into bulk water better and disrupted the
pre-ordering of bulk water less.?22° Therefore, it was assumed that these substances were

preventing the recrystallization of ice by modifying the bulk-water and/or QLL structures.?
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Figure 1.6. Comparison of Hydration and Structure of p-Galactose and p-Talose. Figure adapted using ChemDraw ©.??

1.7.2 Previous Ice Recrystallization Inhibitor Results and Structures

Following this work, several structurally different carbohydrate derivatives have been
synthesized and their IRI activity have been evaluated.?? Our group has successfully proven that
it is possible to rationally design low molecular weight derivatives of carbohydrates over the
previous nine years.?>?” These small-molecule IRIs can avoid cellular harm in some cases by
regulating the formation of intracellular and extracellular ice during freezing and thawing.?! Our
group has carried out numerous structure-function experiments to pinpoint the essential

structural components of these IRIs throughout the course of our research. Amphipathic
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structures with both hydrophilic and hydrophobic portions are one of the fundamental
requirements for IRIs.?” This is a difficult design criterion because hydrophobicity tends to
encourage aggregation or self-assembly, which results in only hydrophilic surfaces being
exhibited.?” Additionally, a recent study showed that these small molecule IRIs' size and
amphiphilicity can facilitate passive penetration into endothelial cells and regulate intracellular
ice recrystallization, one of the main causes of damage that occurs after 11F.2° The relevance of
the amide bond was also discovered for some IRIs since the activity of the IRIs was dramatically
reduced when the amide was replaced with an ether linkage.??

While we have identified several structurally distinct families of IRIs, the aryl-glycosides
in particular have shown to be effective cryoprotectants for the freezing of human red blood cells
(RBCs).? IRIs based on aryl-glycosides have the ability to enter cells and regulate the
recrystallization of intracellular ice in addition to controlling the growth of extracellular ice.?*
During warming to high sub-zero temperatures, the IRI treatment was shown to maintain a
significant amount of small ice crystals and to significantly block intracellular ice
recrystallization.?! It was proposed that additional substances, such as surfactants and
hydrogelators, which have the ability to modify the structure of bulk water, may also function as
effective IRIs (general structures shown in figure 1.7).22 This investigation of these small
molecules that were extremely effective IRIs led to the development of these compounds, which
were significantly more active than the prior reducing sugars.?? The capacity of hydrogelators
like N-Octyl-B-D-aldonamides to prevent ice from recrystallizing was also studied.?? At a low
dosage of 0.5 mM, the glucose derivative N-Octyl-B-D-gluconamide (NOGlIc) (1) was discovered
to have powerful IRI action, compared to all other compounds which were tested at 22 mM.?

This small molecule IRI remains the most effective IRI developed by the Ben lab today.??
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According to studies on these substances, micelle formation, gelation, or interaction with the ice

lattice are not required for these substances to exert their powerful IRI activity.??
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Figure 1.7. General Structures of Aryl-Glycosides, Surfactants, and Hydrogelators.

Our strategy controls ice growth once intracellular ice formation has taken place rather
than attempting to prevent it in order to reduce subsequent cellular harm.?! Some IRIs can
internalize into cells, changing how cells react to gradual and rapid freezing as well as regulating
intracellular ice recrystallization during freezing.?* From this, the conclusion that IRIs are
excellent candidates for use as cryoprotectants to preserve cells and tissues at extremely low
temperatures can be reached.?* The identification of novel cryoprotectants that can significantly
improve upon the currently constrained cryopreservation protocols as well as potentially
significantly reduce or eliminate the need for conventional toxic cryoprotectants like DMSO will
result from further development of these novel small molecules with a high degree of IRI

activity.?22°
1.8 Goals and Objectives

As discussed in the previous sections, cryopreservation has many useful applications that
can greatly improve the commercial and medical fields.*® Although, due to the complexities of
the process and the associated cryo-injuries, the success of freezing products or biological
materials varies. One of the main concerns being the IIF that takes place as a result of ice
recrystallization during the freezing and thawing process.'® As a result, the goal of the Ben
laboratory is to design small molecule carbohydrate-based IRIs. This is an intricate undertaking

as the specific structural requirements to make an effective IR are still not known.?? Despite our
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laboratory’s large library of active IRIs, there are still many compounds to be investigated and
altered based on structure-function analyses in order to improve outcomes. As well, there are
many different types of biological materials that can be more effectively cryopreserved that have
yet to be investigated. The specific goals of this thesis can be divided into three main
experiments as an effort to continue these ongoing studies; investigate and conduct structure-
function analyses on surfactant and hydrogelator derivatives; investigate the ability of small
molecule carbohydrates to effectively preserve proteins during freeze drying; and assess the
ability of IRIs to increase the post-thaw viability of simplified human tissue model suitable as a
universal skin graft.
1.8.1 Objective 1 — Assessment of Compound Properties

To date the most effective IRI developed by our laboratory is N-Octyl-p-D-aldonamide
(1) (ICs0 0.09 mM), however due to a low solubility limit (1 mM) the applications of 1 are
limited. In 2011, Dr. Briard from our lab performed structure-function analyses to investigate a
similarly structured class of compounds.®® This new class of hydrogelators are known as N-Aryl-
B-D-gluconamides (figure 1.8). Due to previous results identifying that a replacement of the alkyl
chain with an aromatic ring in the alkyl-glycosides resulted in the discovery of active IRIs, it was
hypothesized that the same replacement in the N-Alkyl-p-D-gluconamides could also result in the
discovery of active IRIs.%® As well, these studies revealed that the identity of the aromatic
substituent had a dramatic effect on the IRI activity of the molecule.®® The location of the
aromatic substituent also impacted IR activity.* Therefore, N-Aryl-B-D-gluconamides with

various aryl substituents at different positions on the aromatic ring were investigated.
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Figure 1.8. General Structure of N-Aryl-g-D-gluconamides.

Dr. Briard’s research led to the discovery of new potential IRIs, including N-3-
Fluorophenyl-B-D-gluconamide (3FA) (2) (figure 1.9) which showed IRI activity while also
displaying a higher solubility limit (15 mM) compared to 1.%° Although, it must be mentioned
that the IRI activity of 2 was not as active as that of 1. However, in this study the IRI activity of
these compounds were reported as a percent mean grain size (% MGS) of ice crystals, which is
the average ice crystal sizes relative to a positive phosphate-buffered saline (PBS) solution
control for ice recrystallization. Thus, these derivatives were previously assessed at a single
concentration (typically 22 mM) and time point (30 minutes), an approach that neglects both the
effects of time and concentration on IRI activity.*® Therefore, an objective of this thesis is to
broaden the current library of compounds using the improved splat cooling assay. By assessing
the rate of ice crystal growth, dose-response curves can be constructed and ICso values can be
calculated. The ICso value represents the concentration at which IRIs have obtained half of their
maximum inhibitory capability. Compared to the % MGS formerly used, the ICso value provides
a more quantifiable measure of IRI activity.*® In addition to IRI activity, cytotoxicity can be a
major concern for CPAs; therefore, to evaluate compounds further a cytotoxicity assay will be

performed on each derivative.
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Figure 1.9. Structure of N-3-Fluorophenyl-g-b-gluconamide (3FA) (2) and N-2-Fluorophenyl-g-D-gluconamide (2FA) (3).
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In an effort to find a solution for the low solubility limit of 1 while also maintaining the

IRI activity, a new class of compounds with a benzyl group and various substituents will be
assessed for IRI activity and cytotoxicity. With this research we will be able to search for trends
to further develop our understanding of how the structure of these IRIs effect the IRI activity. As
each biological material requires unique conditions and compounds for optimal cryopreservation
having a library of compounds with unique structures is an asset. Therefore, the objective of this
study is to synthesize and assess a small library of compounds (figure 1.10) for cytotoxicity and
IRI activity-based on the modified splat cooling assay to produce the optimal dose-response

curves.
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Figure 1.10. Structure of N-Benzyl-g-D-gluconamides to Assess.

1.8.2 Objective 2 — Increasing Thermostability of Proteins with Ice Recrystallization Inhibitors

In the current climate of the world the preservation and storage of proteins has seen an
increase in interests due to SARS-CoV-2. Cryoprotective agents such as trehalose are utilized
during cryopreservation due to their important storage properties, such as the recovery of protein
function after cryo-storage.** While trehalose is able to enhance the recovery of cells, it fails to
control the growth of ice.!* Thus, strategies that control ice growth during cryopreservation to
mitigate cellular damage are required, as the inability of vaccines to retain thermostabilization

poses a major limitation for vaccination and viral therapy. Our lab has previously shown the
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ability of small molecule IRIs successfully applied to cryopreservation of cells and oncolytic
viruses. Our lab has conducted a study in attempt to stabilize three live viral vectors from
vesicular stomatitis virus (VSV), vaccinia virus (VV) and herpes simplex virus type 1 (HSV-1).%!
Results indicated that 1 was the most active compound resulting in the stabilization of VV and
HSV-1 at room temperature and exposure to -20 °C.3! Lyophilization (freeze-drying) of VV and
VSV with the IRI demonstrated successful preservation of the viruses.®! It was determined that
direct addition of the IRIs to the virus sample increased its infectivity by 20%, suggesting that
the compounds disperse virus aggregates and stabilize the individual virus particles in solution
during the lyophilization process.!

This work leads into the query if these carbohydrate-based IRIs are capable of protein
stabilization. Freeze-dried products are usually preferred to increase the shelf life of protein
pharmaceuticals.!* However, proteins can lose their activity during freeze-drying, thus excipients
are often added prior to freezing to act as a stabilizer.!* To address this major limitation, we
utilized small molecule-based IRIs to assess if they are capable of protein stabilization using the
nucleocapsid gene (N gene) from viruses. The N gene is sSRNA that can act as mRNA. In this
work, we examined the activity and thermostability of master mix and RNA during
lyophilization and reverse transcription quantitative real-time polymerase chain reaction (RT-
gPCR) using a variety of small molecule IRIs to identify promising compounds. The IRIs used
for preliminary testing are 1 and N-4-Bromophenyl-B-D-glucopyranoside (pBrPhGlIc) (9) (figure
1.11), as they have demonstrated the ability to inhibit ice recrystallization and significantly
increase thermostability of viruses in past studies. As well as N-4-Methylbenzyl-3-D-
gluconamide (4-MBA) (5) and N-2,6-Difluorobenzyl-f-D-gluconamide (2,6-DFB) (6) as further

assessment of cryoprotectant abilities. Thus, the main objective of this study is to assess if IRIs
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are capable of protein stabilization after freeze drying and gPCR using the N gene RNA from

SARS-CoV-2 (COVID) virus.

OH
4 OH OH F HO O
H oHO \@\/H OH OH H OHOH HO O,
NN
O OH CH F O OHOH B
r
N-Octyl-R-D-gluconamide N-4-Methylbenzyl-R-D-gluconamide N-2,6-Difluorobenzyl-R-D-gluconamide N-4-Bromophenyl-R-D-glucopyranoside
(NOGiIc) (4-MBA) (2,6-DFB) (pBrPhGic)
1 5 6 9

Figure 1.11. Structure of Compounds to Assess in Objective 2.

1.8.3 Objective 3 — Bioengineering and Long-term Storage of Complex Tissue Constructs for
Transplantation

Cell/organ replacement therapy remains the only treatment option for many life-
threatening diseases and is severely limited by availability of donor organs.®? While
cryopreservation is an attractive option for the long-term storage that would alleviate this
limitation, the successful cryopreservation of voluminous and complex tissue constructs is not
currently possible.* The reason for this is that significant cellular damage occurs to cells and
tissues during freezing and thawing.* Conventional cryoprotectants fail to mitigate this form of
cellular damage resulting in tissues that are unsuitable for transplant.* Having a means to
successfully store and transport organs for long periods of time is a major unmet need for health
care in the twenty-first century.®? It is our hypothesis that the challenges faced during the
cryopreservation can be addressed by small molecule IRIs.

Specifically, skin injuries such as burns remain one of the most common injuries in
Canada and worldwide (more than one million patients annually in the USA alone).%? The
survival rates of patients with burns have significantly improved due to the application of tissue

engineered reconstituted skin grafts and these grafts are currently being evaluated in a clinical
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trial.®232 Pluripotent stem cells harbor the potential to provide an inexhaustible supply of donor
cells/tissues/organs for transplantation.® We propose as an end goal to use human induced
pluripotent stem cells (iPSCs) and human skin keratinocytes with a unique bioprinting
technology to develop 3D organ constructs such as skin and other essential tissues. Once
constructed, these constructs will be cryopreserved and available for transplant immediately after
thawing. Successful cryopreservation of these complex tissue architectures will be accomplished
using IRIs to prevent cryoinjury from IIF during freezing and thawing thus enabling the
successful long-term storage and transport of these constructs prior to transplant.

IRI technology has been shown to improve cryopreservation outcome in a number of
cellular systems. From these initial studies 2FA (3) has demonstrated the ability to control extra-
and intracellular ice recrystallization, improve post-thaw viability/function and have favorable
pharmacokinetic profiles (toxicity, bioavailability, etc.) making it an ideal IRI for tissue
preservation applications.* Furthermore, aldonamide based IRI are unique amongst the different
classes of IRIs developed because they have been shown to cross cell membranes.®* Cytotoxicity
is a common problem with all cryoprotectants. While the cytotoxicity of a few simple mono- and
disaccharides has been reported, it is unknown whether all saccharides are cytotoxic. Similarly,
very little is known about the cytotoxicity of the carbohydrate-based IRIs proposed in this study.
Consequently, we will investigate the cytotoxic nature of these substrates over a wide range of
concentrations above and below the ICsp values. As we continue to build a successful library of
IRIs from the initial group of compounds that will be tested (figure 1.12), simplified tissue
models of different thicknesses will be investigated. Thus, the main objective of this study is to
assess if IRIs are capable of cryopreserving a simplified human tissue model suitable as a

universal skin graft.
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Chapter 2: Assessment of Compound Properties

2.1 Introduction

The Ben laboratory has performed extensive structure-function studies of many
different classes of compounds to utilize as IRIs. The purpose of these studies is to elucidate
the structural elements required to inhibit ice recrystallization and also be effective
cryoprotectants. The latter is even more complex than the former as the work in the Ben
laboratory has demonstrated that many different classes of IRI that are effective at
controlling ice crystal size can have dramatically different cryopreservation abilities. This
highlights the importance of also mitigating any undesired toxic effects or undesired
biological interactions.!? Each cell type has its own specific set of conditions (membrane
permeability, predisposition to cryo-injury, etc.) to consider when undergoing
cryopreservation in order to maximize viability.>® The requirements increase in complexity
as we move from single cells to more complicated multicellular systems or changes in
environment.®* For example, hepatocytes are more prone to IIF than most mammalian cells,
and therefore require an IRI which can permeate and function within them.® Therefore, it is
essential to have a library of effective compounds in order to further structure-function
analyses and address the many situations in which CPAs are required to preserve biological
material.

The current hypothesis is that IRIs inhibitory activity is attributed to their ability to
disorder the structure of bulk water.® As a result, non-ionic carbohydrate-based surfactants
and hydrogelators that modify and/or sequester bulk water as well as self-assemble in
solution were investigated previously as inhibitors of ice recrystillization.® Unique small

molecules that display strong IRI activity have been found among these substances.® The
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three of main focus in this thesis are as follows: N-Octyl-p-D-gluconamide (NOGIc) (1), N-
4-Bromophenyl-B-D-glucopyranoside (pBrPhGlIc) (9), and N-2-Fluorophenyl-p-D-
gluconamide (2FA) (3) (figure 2.1). Each of these IRIs have demonstrated improved post-
thaw viability and functional capability when added to cells and tissues before freezing to
prevent ice development. Some examples include; 1, the most active of the IRIs (ICso = 0.09
mM) (figure 2.2) has the ability to permit room temperature storage of viral vectors, 9
increased post-thaw RBC integrity, and 3 demonstrated both an increase in the post-thaw
recovery of CB progenitors and reduced rates of intracellular recrystallization in
hepatocytes.>’° One of the current limitations with some of these IRIs is solubility, with 1
having a max solubility of 1 mM. Although 3 and 9 have higher solubility limits, 15 mM and
55 mM respectively, they have lower IRI activity (3 mM and 15 mM respectively) and have

shown cytotoxicity (9 has a LDsg of 2 mM).

y OH OH H 9H oH HO R
Aaaat o4 LI GG 4 AL anne
O OH OH p O OH OH o @
Br
N-Octyl-B-D-gluconamide (NOGIc) N-2-Fluorophenyl-B-D-gluconamide (2FA)  N-4-Bromophenyl-B-D-glucopyranoside (pBrPhGic)
1 3 9

Figure 2.1. Structures of Previously Investigated Ice Recrystallization Inhibitors.
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Figure 2.2. Dose-response Curve and % Viability of NOGIc (1). NOGlc (1) I1Cso = 0.09 mM, R? = 0.96, no LDso value
could be determined because the curves could not be completed due to limiting solubility at 1 mM. Adapted from Ben
Laboratory.

Former PhD students of the Ben laboratory, Jennie Briard and Chantelle Capicciotti

have previously synthesized a variety of surfactants and hydrogelators derivatives for
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comparative purposes to address these issues. Their studies made it clear that activity of
these compounds is dependent on specific structural characteristics (figure 2.3). For instance,
an alkyl chain of more than 6 carbons is important.® This demonstrated the significance of
hydrophobic moieties for IR activity and was consistent with other amphiphilic compounds
that our lab has evaluated as IR1s.® The idea that amphiphilicity is important was further
supported by the structural attributes in 1, in which IRI activity is modulated by the length of
the octyl chain.® It was also discovered that the IRI activity of 1 was correlated to the
presence of the amide bond between the hydrocarbon chain and carbohydrate head-group.®
IRI activity was eliminated when the nitrogen was methylated or replaced by an ether-
linkage.'® The decreased activity of the N-methylated derivatives further indicated that 1’s
ability to prevent ice recrystallization depends on the ability of this amide bond to function as
a hydrogen bond donor or due to the introduction of the cis conformation after methylation.*°
IRI activity was also increased by prolonging the hydrophobic moiety by including a carbon
spacer between the amide bond and aromatic ring.'° Like previously identified IRIs, micelle

formation, gelation, or binding to the ice lattice are not necessary for IRI activity.!

Amphiphilic Molecule Amphiphilic Molecule
/ . . Hydrophobic Ring Hydrophilic Chain
Hydrophobic Chain  Hydrophilic Chain [ |
I | r — r ]
! L [ 1 S OH OH
H QH OH R H T <
N SN O
NN - OH n =
T O OH OH / T O OH OH
Amide bond: Carbon spacer Amide bond:
Donate hydrogen bonds
Donate hydrogen bonds IS
N-Alkyl-B-p-gluconamides N-Aryl-B-D-gluconamides

Figure 2.3. Key Structural Features of N-Alkyl-f#-D-gluconamide and N-Aryl-g-pD-gluconamide Derivatives.

There are a variety of structural changes and substitutions on the benzyl ring that
have yet to be investigated. In addition, all of the compounds tested were expressed as a %
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MGS of the ice crystals in comparison to a PBS solution.!® As a result, the effectiveness of
these derivatives was previously evaluated at a single concentration and time point, a method
that ignores the effects of both time and concentration on IRI activity.'® The reality that
researchers are assessing recrystallization using a variety of assays and that the variance
across the assays is unknown is one of the major problems in this field because it prevents
direct data comparisons.! Currently, our lab uses the modified splat cooling assay, which
involves comparing the ice crystal size in the presence and absence of IRIs (figure 2.4).1
The modified splat cooling assay, which has been extensively described in the experimental
section (section 6.1), produces a numerical value that quantifies how effectively a compound
can prevent ice from recrystallizing as a function of its concentration (typically referred to as
an 1Csp value).!! Compared to the % MGS previously used, the 1Cso number provides a more
accurate indication of IRI activity.’® As % MGS is not an accurate representation of a non-
homogeneous system, whereas the sigmoidal curve that the I1Cso is obtained from

approximates the rate of crystal growth.

In addition to IRI activity, an assay to determine the cytotoxicity of a compound
which is usually represented as LDso (concentration of a toxic substance lethal to half of the
cells), is needed to determine the toxic effect of our compounds. Therefore, all tested
compounds were assessed for cytotoxicity using a resazurin assay which is commonly used

to monitor cell viability / cytotoxicity.
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Figure 2.4. Experimental Procedure of Modified Splat Cooling Assay. Image created in BioRender ©.

Our lab’s previous studies serve as a basis for the rational design of other small

molecule IRIs that exhibit IRI activity.® During Dr. Briard’s research she identified a novel

class of compounds which showed higher solubility than 1 and IRI activity. These

compounds are N-Benzyl-B-D-gluconamides (figure 2.5). N-Benzyl-B-D-gluconamides are

derivatives of N-Aryl-B-D-aldonamides that possess a carbon linker between the amide

nitrogen and aromatic ring.'° Thus, the purpose of the following chapter will be to outline the

progress towards designing non-ionic carbohydrate-based surfactants and hydrogelators as

well as further characterization of previous compounds that exhibit the ability to inhibit ice

recrystallization. This is important for understanding the key structural features that are

important for the IRI activity exhibited by these molecules.? This will be done through the

synthesis of a variety of N-Benzyl-p-D-gluconamides with a variation of substituents added

on the aromatic ring to increase the current library of compounds.
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Figure 2.5. General Structures of N-Aryl-f#-D-gluconamides and N-Benzyl-g-b-gluconamides to be Assessed in the Following
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2.2 Synthesis and Assessment of Ice Recrystallization Inhibition Activity of N-4-
Methylbenzyl-B-D-gluconamide (5) and N-2,6-Difluorobenzyl-B-d-gluconamide (6)

The first of the N-Benzyl-B-D-gluconamides that will be investigated in this thesis are
N-4-Methylbenzyl-p-D-gluconamide (4-MBA) (5) and N-2,6-Difluoroprbenzyl-p-D-
gluconamide (2,6-DFB) (6). These two compounds were previously investigated and possess
a MGS of <10% and 13% respectively.? In order to validate these findings both compounds
were synthesized and underwent a modified splat cooling assay to generate dose-response
curves to further characterize their ability to inhibit ice recrystallization. The N-Benzyl-B-D-
gluconamides are synthesized starting from commercially available 3-gluconolactone and the

appropriately substituted aryl amines (Scheme 2.1).

OH REY . REY b of o
HO > =
OH MeOH (0] OH OH

A R = Aromatic substituent

Scheme 2.1. Synthesis of N-Benzyl-g-b-gluconamides.

Compared to 1, compounds 5 and 6 have a benzyl group connecting to the amide
bond instead of a hydrocarbon chain. The hydrocarbon chain connected to the carbohydrate
head-group in 1 was found to be crucial for its activity in previous structure function
analysis, as the long hydrophobic chain imparts the amphiphilic nature of these alditols.”*°
Although, solubility decreases as carbon chain length increases. Therefore, increasing the
surface area of the structure by replacing the long chain with a benzyl group, despite it being
a nonpolar substituent maintains the necessary hydrophobicity while potentially increasing
solubility. As well, the addition of the benzyl group increases the stability of the compounds.
In another attempt to increase hydrophobicity, an addition of a carbon spacer between the
ring and amide bond was maintained in these compounds. This carbon spacer and amide
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bond has previously been determined beneficial for increasing IR activity in compounds.5°
In addition, the hydrogen-bond donating ability of this amide bond may be important for IRI
activity.® Specifically for 5, addition of the electron donating methyl group at the para
position increases hydrophobicity of the compound. Whereas for 6, fluorine is

electronegative and maintains the hydrophobicity.

Figure 2.6 shows the dose-response curves for compounds 5 and 6. The compounds
were evaluated at different concentrations by measuring the area of each ice crystal while the
IRI was present. The initial rate of ice crystal growth was computed and normalized to that
of a PBS control, since the overall area of ice crystals grows with decreasing concentration.
Following that, dose-response curves were generated using the normalized rates of ice crystal
growth. The ICsg value—the concentration at which our IRIs reaches half of their inhibitory
power—was derived from these dose-response curves. Both IRIs showed activity with 1Csg

values of 25 mM (x£3.63 SEM) and 1.1 mM (£0.02 SEM) for 6 and 5 respectively.

. ||c,-,3: 1.1 mM (20.02 SEM)l ||c,,u= 25 mM (£3.63 SEM)l
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Figure 2.6. Dose-Response Curve of 4-MBA (5) and 2,6-DFB (6) Generated from Modified Splat Cooling Assay. Dose-
response curve for 4-MBA (5) and 2,6-DFB (6). Viorm (%) as a function of log[compound] (mM). Rate constants (Knorm)
were normalized to a PBS control and measured in triplicate. Error bars represent the standard error of the mean (SEM). A
variable four-parameter sigmoidal curve was fit to the data.

Since 5 and 6 can reach full inhibition at their greatest solubility (i.e., Viorm = 0%),

figure 2.6 implies that they are effective inhibitors of ice recrystallization. Both compounds
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fit a sigmoidal dose-response curve with R? values above 0.95, making it possible to
determine an ICsp value from their inflection points. The 4-MBA derivative 5 is also an
effective inhibitor of ice recrystallization since it causes inhibition at low doses, as shown by
its corresponding ICso value of 1.1 mM (£0.02 SEM). The ICs value of 5 is closer to 1 (ICso
=0.09 mM) than 3 or 9 (ICso = 3.1 mM and 15 mM respectively), suggesting that 5 is a
promising new IRI. In addition, 5 despite showing IRI activity at concentrations as low as
0.5 mM had a solubility limit of ~50 mM in PBS. This is a compelling discovery as the
solubility limit was a major obstacle for the use of 1. This prompted further investigation into
these IRIs such as the importance of the para position as well as the cytotoxicity of each

compound which will be further described in the following sections.

2.3 Assessing the Influence of the Para Position in the Aryl Ring of N-Benzyl-B-D-
gluconamides

Dr. Briard previously demonstrated that changing the nature of the substituent on the
aromatic ring can influence the IRI activity of N-Benzyl-B-D-gluconamides since a variety of
compounds with different substituents produced varying % MGS values. As the only
structural difference between 6 and 5 were the substituents located on the benzyl ring, the
large variation in ICso values (25 mM +3.63 SEM and 1.1 mM 0.02 SEM, respectively)
must be a result of the difference in substituents. This led to the inquiry as to what role the
para position places on the N-Benzyl-B-D-gluconamides. Therefore, three additional
compounds were assayed based on different chemical properties: N-Benzyl-$-D-
gluconamide (BA) (4), N-4-Chlorobenzyl-B-D-gluconamide (4-CBA) (7), and N-4-
Methoxybenzyl-B-D-gluconamide (4-MOBA) (8). These compounds were assessed for the

importance of a substituent at the para position in the benzyl ring as well as the function of
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electron donating (ED) and electron withdrawing (EW) substituents (figure 2.7). As with the
previous gluconamides, the three new derivatives were synthesized starting from 6-

gluconolactone with various aryl amines as described in Scheme 2.1.

H OH OH Structural Component Electronic Property
N \"/'\/Y\ OH 4 R=H No Aromatic substituent

bY 7. R=Cl EW
O OH OH 8: R = OCH, ED

R

Figure 2.7. Structures of N-Benzyl-f-D- gluconamides Analogues to be Assessed for Influence of the Para Position.

Compounds 4, 7, and 8 share the same characteristic N-Benzyl--D-gluconamide
structure with modifications to the para position. The removal of the methyl group to give 4
is an attempt to determine the importance of that position and determine the activity of the
parent structure to all N-Benzyl-f-D-gluconamides. As previously discussed, the methyl
group increases hydrophobicity and stability of the compound which may play an important
role in disrupting the bulk water layer.* In an attempt to further characterize chemical
properties of these structures chlorine was added in the para position instead of the methyl
group. Halogens are very electronegative; this means that inductively they are electron
withdrawing thus removing electron density from the ring, making the ring less reactive. The
halogen substituents have two electronic effects on the benzyl ring: 1) para directing, and 2)
electron withdrawing. The CI group is also highly soluble in water and hydrophilic giving us
a new perspective on the importance of hydrophobicity of the substituents on the benzyl ring.
Lastly, methoxy (OCHz), an electron donating group was added in the para position instead
of the methyl group. This addition of an oxygen is a minor change which effects the
properties of the benzyl group as the oxygen can push electrons into the ring, making the

para position more reactive. In addition, the oxygen has the possibility to increase solubility
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but not enough to completely reduce the hydrophobicity of the ring maintaining the

amphiphilicity of the compound. Figure 2.8 shows the dose-response curves for 4, 7, and 8.

As with the previous compounds, dose-response curves were created producing a 1Csg value.

All IRIs showed activity with 1Cso values of 5.8 mM (£0.05 SEM), 0.48 mM (£0.34 SEM)

and 1.4 mM (x0.58 SEM) for 4, 7, and 8 respectively.

Vnerm

150+

1004

50

0

|\CED: 5.8 mM (+0 05 SEM)l

0.0

T
05 1.0 15 240
log [BA] (mM)

Ynorm

50

SL

|\c,,u= 0.48 mM (£0.34 SEM)l

T
0.5 J
-50

T T :
05 10 !

log [4-CBA] (mM)

1.5

||csg= 1.4 mM (+0.58 SEM)l

1007 R2=0.99
80
-0 oH oy
£ 60 | !
3 20 ) -%n oH
20 E
T T T - 1
0.0 05 1.0 15

-0.5

log [4-MOBA] (mM)

Figure 2.8. Para Dose-Response Curves Generated from Modified Splat Cooling Assay. Dose-response curves for BA (4),
4-CBA (7), and 4-MOBA (8). Vnorm (%) as a function of log[compound] (mM). Rate constants (knorm) Were normalized to a
PBS control and measured in triplicate. Error bars represent the standard error of the mean (SEM). A variable four-
parameter sigmoidal curve was fit to the data. Blue dashed line labeled SL indicates the solubility limit of the compound.

As with the previous derivatives, 4, 7, and 8 can reach full inhibition at their greatest

solubility (i.e., Vnorm = 0%), figure 2.8 implies that they are effective inhibitors of ice

recrystallization. Like 5, the 7 and 8 derivatives are active inhibitors since they cause

inhibition at low doses, as shown by their corresponding I1Cso values of 0.48 mM (+£0.34 SE)

and 1.4 mM (£0.58 SEM). These ICso values are similar to 5 (1.1 mM +0.02 SEM), with 7

being even more active than 5. In addition, all of these compounds have solubility limits

higher than that of 1 with 4, 7, and 8 dissolving into PBS at 90 mM, 15 mM and 40 mM

respectively. Compound 4 displays a typical sigmoidal dose-response curve, however 7 and

8 both do not fit the typical sigmoidal curve precisely as they have steep slopes and points

outside the curve. Despite this, four-parameter sigmoidal curves were applied with R? values

of 0.98 and ICso values were still obtained from the inflection points of these graphs. This led
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to investigate whether other equations fit to the curves may produce better results. In the next

section, we assess equations to find the best fit of dose-response curves based on R? values.
2.4 Assessing the Best Fit of Dose-Response Curves Based on R?Values

Stephanie Abraham (a previous master’s student) determined the method of
quantifying IRI activity by constructing dose-response curves. This quantification was done
by determining the kinetic profile of the Ostwald ripening theory from features in a high ice
volume fraction assay.'2 The distribution of ice crystal sizes was fit to a time-dependent
equation that results in the acquisition of rate constants.!? These rate constants were then
used to Equation 2.1. Four-Parameter Sigmoidal Dose-Response Curve Used for Quantification of IR Activity.
construct dose-response curves. By plotting the rate constants against concentration, it
yielded a sigmoidal curve.'? From these curves ICso values were obtained. To do so, the rate
constants (kobs) were normalized by dividing them by the average PBS (0 mM) rate constant,
resulting in a set of normalized rate constants (knorm) for each inhibitor.*2 Each data set was

fit to a four-parameter sigmoidal equation.!?

ko - kr
(1+n x olostcsy-eall]) ke)

knorm -

Many inhibitory dose-response curves follow the symmetrical sigmoidal shape.*>*
This model does not assume a standard slope but rather fits the Hill Slope from the data, and
so it is called a Variable slope model.**** It may also be called a four-parameter dose-
response curve, or four-parameter logistic (4PL) curve.*'* In this equation, Knorm is the

normalized rate constant mentioned above, measured in triplicate using the data from mono-
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exponential decay curves; ko is the top plateau (blank value); ks is the bottom plateau
(efficacy); n is the Hill slope, where values above 1 indicate some degree of cooperativity;
ICso is the concentration at which knorm is 50, essentially giving a kobs value half that of PBS,
and thus a measure of the inhibitor’s potency; and I is the concentration of inhibitor and must
be greater than 0. The four parameters of the equation were thus Ko, ks, n, and 1Csp.*?
Derivatives 7 and 8 as seen in section 2.3 both do not precisely fit the 4PL sigmoidal shape.
Therefore, to investigate the best fit for these novel IRIs an array of equations of nonlinear
regression curves were applied to the data to compare to the 4PL symmetrical sigmoidal
shape. Figure 2.9 shows the dose-response curves of 7 and a comparison of R? values
obtained from each equation is outlined in table 2.1. Similarly, figure 2.10 shows the dose-
response curves of 8 and a comparison of R? values obtained from each equation is outlined
in table 2.2. Lastly, figure 2.11 shows the dose-response curves of 5 and a comparison of R?

values obtained from each equation is outlined in table 2.3.
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Figure 2.9. 4-CBA (7) Dose-Response RZ Comparison. Dose-response curves for 4-CBA (7) with different nonlinear regression curves fitted
comparing fit based on R2Value. Viorm (%) as a function of log[4-CBA] (mM). Rate constants (knorm) were normalized to a PBS control and
measured in triplicate. Error bars represent the standard error of the mean (SEM).

Table 2.1. 4-CBA (7) Dose-Response R? Values Comparison. Table comparing the R? Value based on dose-response curves
for 4-CBA (7) with different nonlinear regression curves fitted.

Graph Curve Fit Equation R-Value

A log(inhibitor) vs. response -- Variable slope (four parameters) 0.9837
B log(inhibitor) vs. normalized response -- Variable slope 0.9820
C log(inhibitor) vs. normalized response 0.8295
D Exponential growth equation 0.7441
E One phase decay 0.8760
F Two phase decay 0.8760
G Plateau followed by one phase decay 0.7040
H Asymmetric (five parameter), X is log(concentration) 0.9934
I Asymmetric Sigmoidal, 5PL, X is log(concentration) 0.9934
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Figure 2.10. 4-MOBA (8) Dose-Response R? Comparison. Dose-response curves for 4-MOBA (8) with different nonlinear regression curves fitted
comparing fit based on R? Value. Viorm (%) as a function of log[4-MOBA] (mM). Rate constants (knorm) were normalized to a PBS control and
measured in triplicate. Error bars represent the standard error of the mean (SEM).

Table 2.2. 4-MOBA (8) Dose-Response R? Values Comparison. Table comparing the R? Value based on dose-response
curves for 4-MOBA (8) with different nonlinear regression curves fitted.

Graph | Curve Fit Equation R-Value
A log(inhibitor) vs. response - Variable slope (four parameters) 0.9770
B log(inhibitor) vs. normalized response - Variable slope 0.9637
C log(inhibitor) vs. normalized response 0.8026
D Exponential growth equation 0.8759
E One phase decay 0.9004
F Two phase decay 0.9004
G Plateau followed by one phase decay 0.7995
H Asymmetric (five parameter), X is log(concentration) 0.9926
I Asymmetric Sigmoidal, 5PL, X is log(concentration) 0.9926
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Figure 2.11. 4-MBA (5) Dose-Response R? Comparison. Dose-response curves for 4-MBA (5) with different nonlinear
regression curves fitted comparing fit based on R? Value. Viorm (%) as a function of log[4-MBA] (mM). Rate constants
(knorm) were normalized to a PBS control and measured in triplicate. Error bars represent the standard error of the mean

(SEM).

Table 2.3. 4-MBA (5) Dose-Response R? Values Comparison. Table comparing the R? Value based on dose-response
curves for 4-MBA (5) with different nonlinear regression curves fitted.

Graph Curve Fit R-Value
; log(inhibitor) vs. response -- Variable slope (four parameters) 0.951
A log(inhibitor) vs. normalized response -- Variable slope 0.9185
C log(inhibitor) vs. response (three parameters) 0.948
B log(inhibitor) vs. normalized response 0.8371
D Exponential growth equation 0.7006
E One phase decay 0.8324
F Two phase decay 0.8323
G Plateau followed by one phase decay 0.8724
H Asymmetric (five parameter), X is log(concentration) 0.9448
| Asymmetric Sigmoidal, 5PL, X is log(concentration) 0.9448
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Both the 4-CBA (7) and 4-MOBA (8) results (figures 2.9-10 and tables 2.1-2) suggest
that the curves with the best fit are the 4PL and the asymmetric five parameter dose-response
curve, also known as the Richard's five-parameter dose-response curve.*** This was
determined by comparing the R? value of each nonlinear regression curve. This confirms that
IRIs follow a sigmoidal curve trend as there are several points on the graphs that do not fit on
the curve lines in figures C-G. In addition, graphs C-G for both derivatives have lower R?
values indicating that exponential, phase decay, and non-variable slopes are not the most
accurate trends for the data. R? is a statistical measure of fit that indicates how much
variation of a dependent variable is explained by the independent variable(s) in a regression
model.? Therefore, the closer to 1 (100%), means that all movements of a security are
completely explained by movements in the index.'® In this case, the R? values with the least
variation of Vnorm represent the curve with the best fit. The standard dose-response curve
using the 4PL equation is one of the most accurate R? values, this can be explained as this
curve fits four parameters: the bottom and top plateaus of the curve, 1Csg, and the slope
factor (Hill slope).*3* The four parameter curves are symmetrical around the midpoint,
however, this model does not handle curves that are not symmetrical.**>* The Richards
equation adds an additional parameter, S, which quantifies the asymmetry.*34 This equation
is sometimes referred to as a five-parameter logistic equation (5PL).**4 S is the unitless
symmetry parameter, if S = 1, the curve is symmetrical and identical to the standard dose-
response equation, whereas if S is distinct than 1.0, then the curve is asymmetric.*3** The
5PL model is able to eliminate most of the lack of-fit error present in fitted 4PL models.'* A
similar comparison of 4-MBA (5), which fits the symmetrical sigmodal shape of the 4PL was

conducted (figure 2.11 and table 2.3). The results of 4-MBA R? values confirmed that the
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4PL and 5PL have the best fit with similar R? values as 5 follows a symmetric curve. These
comparisons confirm that our IRIs follow a dose-response curve, as the exponential and
phase decay curves have higher variation of the dependent variable. This provides us with
further opportunities to better characterize compounds as the dose response curves obtained
for IRIs fits a minimum of 4 parameters and in some cases may not have the typical

symmetrical sigmodal shape.

2.5 Cytotoxicity of N-Aryl-B-D-aldonamides and N-Benzyl-B-D-gluconamides within
HepG2 Cell Lines

As discussed in section 1.6, ideally the optimal CPA should also exhibit little to no
cytotoxicity. Thus, from the library of compounds used in this thesis we sought to examine
the cytotoxicity of the N-Aryl-B-D-aldonamides and N-Benzyl-B-D-gluconamides. The
cytotoxicity exhibited by the small molecule carbohydrate-based IRIs was determined using
an AlamarBlue™ (resazurin) assay on HepG2 cells. This is a colorimetric assay that
measures cellular metabolic activity as a means of assessing cell viability.'® It is based on the
ability of mitochondrial and cytosolic dehydrogenase enzymes in metabolically active cells
to reduce the water-soluble blue non-fluorescent dye resazurin to the pink, highly fluorescent

resorufin.'® Fluorescence is measured using a spectrophotometer to quantify cell viability.*°

Both N-3-Fluorophenyl-B-D-gluconamide (3FA) (2) and N-2-Fluorophenyl-p-D-
gluconamide (2FA) (3) are N-Aryl-B-D-aldonamides that were initially investigated by Dr.
Briard. Compound 3 has favorable cytotoxicity profiles and has reduced cell damage induced
by ice recrystallization in cord blood units.® Compound 2 has recently been investigated by
our lab in structure function analysis to determine how the position of the fluorine effects the

IRI activity. As neither of these compounds have undergone AlamarBlue™ experimentation,
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the cytotoxicity of the IRI active N-Aryl-B-D-aldonamides over a range of concentrations is
shown in figure 2.12. Both N-Aryl-B-D-aldonamides showed similar low cytotoxicity
profiles with the lowest % cell viability being their solubility limits. A 1 mM solution of 2
resulted in a cell viability of 98.8% (+0.03 SD) and increasing this concentration to 15 mM
decreased viability to approximately 70.3% (+0.03 SD). Similarly, 3 at 1 mM had a cell

viability of 100% (+0.01 SD) and increasing this concentration to 20 mM decreased viability

to approximately 69.6% (+0.03 SD).
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Figure 2.12. N-Aryl-p-p-aldonamides % Cell Viability Resazurin Cytotoxicity Assay. Cytotoxicity assay using resazurin to
measure cell death as a result of IRl presence in solution. HepG2 cells in MEM treated with various concentrations of A)
2FA (3), B) 3FA (2), incubated for 12 hours at 37 °C with 5% CO.. The positive control was incubated in MEM and is set to
100%. Excitation at 530 nm and fluorescence measured at 590 nm. Error bars represent the standard deviation (SD), n =7,
N=2.

In addition to the N-Aryl-B-D-aldonamides, all the N-Benzyl-B-D-gluconamides
investigated for IRI activity were also assayed for cytotoxicity. The cytotoxic effect of
derivatives 4-8 were determined by assessing cell viability in HepG2 cells at various
concentrations (figure 2.13). Interestingly, comparing all the compounds at 10 mM 6 had the
largest toxic effect whereas 4 had the least toxic effect, at 61.1% (+0.05 SD) and 95.5%
(x0.01 SD) cell viability respectively. Compounds 5 and 7 were both limited in the ability to

test higher concentrations due to their solubility limits, whereas 8 was able to be heated (37
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°C) and remain in solution long enough to add to cells. Compound 7 was also relatively non-
cytotoxic with the lowest cell viability being 83.4% (+0.03 SD). Although all of the tested N-
Benzyl-B-D-gluconamides are relatively non-cytotoxic at low concentrations. Concentrations
above 90 mM of BA (4), 30 mM of 4-MOBA (8), 25 mM of 4-MBA (5), and 20 mM of 2,6-

DFB (6) are all moderately to highly toxic resulting in cell viability less than 50%.
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Figure 2.13. N-Benzyl-g-p-gluconamides % Cell Viability Resazurin Cytotoxicity Assay. Cytotoxicity assay using
resazurin to measure cell death as a result of IRI presence in solution. HepG2 cells in MEM treated with various
concentrations of A) BA (4), B) 4-MBA (5), C) 2,6-DFB (6), D) 4-CBA (7), E) 4-MOBA (8), incubated for 12 hours at 37 °C
with 5% CO.. The positive control was incubated in MEM and is set to 100%. Excitation at 530 nm and fluorescence
measured at 590 nm. Error bars represent the standard deviation (SD), n =7, N =2.

2.6 Compound Assessment Discussion

The first objective of this thesis was to assess a small library of compounds for

cytotoxicity and IRI activity-based on the modified splat cooling assay to produce the
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optimal dose-response curves. The previous sections have extensively covered the results of

those experiments and have provided us with new insights to compound properties. Including

how the structure of N-Benzyl-B-D-gluconamides effects the IRI function of these small

molecules. A table summarizing the characterization of the compounds tested throughout this

thesis can be found below (table 2.4).

Table 2.4. Compound Property Summary Table. Table comparing the structure, molecular weight, ICso, max solubility,
and LDso of all compounds used throughout this thesis. ICso value is based on dose-response curves with their respective
nonlinear regression curves fitted. Max solubility determined by the maximum concentration of the solute that can dissolve
within PBS without the formation of a visible second phase rich in solute. 1Cso (£ SEM) is based on nonlinear regression
curves fitted to cytotoxicity assay results. SL indicates an inability to determine LDso values due to the solubility limit of the
compound inhibiting higher concentrations being tested. NOGlc, pBrPhGlc, 2FA, and 3FA data obtained from Kayla

Newell, Poisson?® and Briard?.

Compound Name Compound Structure Molecular 1Cs0 (mM) Max Solubility LDso (mM)
Weight (g/mol) (mMm)
N-Octyl-B-D-gluconamide PP o1 o on 307.39 0.09 1 SL
(NOGIc) O &M OH
N-4-Bromophenyl-B-D-glucopyranoside ™ o 335.15 15 55 ~2
(pBrPhGlc) Homo
HO " D
Br
N-2-Fluorophenyl-B-p-gluconamide H GH OH 289.26 3.1 25 SL
- OH
(2FA) ©:Fo OH OH
N-3-Fluorophenyl-B-D-gluconamide fopoonon o 289.26 8.5 15 SL
(3FA) T Tras
N-Benzyl-B-D-gluconamide ©\/n oH OH o 285.30 5.8 90 81
(BA) r 3,k (+0.05)
N-2,6- Difluorobenzyl-B-p-gluconamide @H OH OH 321.28 25 90 25
(2,6-DFB) ¥ ”o Ty oH (£3.63)
N-4-Methylbenzyl-B-b-gluconamide \©\/n OH OH 299.32 1.1 50 26
(4-MBA) o &M OoH o (£0.02)
N-4-Chlorobenzyl-B-p-gluconamide C'j@\’n OH oH 319.74 0.48 15 SL
(4-CBA) e Y (£0.34)
N-4-Methoxybenzyl-B-b-gluconamide /OO\,H OH oH 315.32 1.4 40 40
(4-MOBA) e (£0.58)
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In section 2.2 and 2.3 the IRI activity of N-Benzyl-p-D-gluconamides with various
substituents was assessed to investigate if this group of compounds could improve
solubilities relative to NOGlIc (1) while maintaining IRI activity. It was previously
determined that Benzyl-p-D-gluconamides are IRI active and more soluble than 1, which has
a solubility limit of 1 mM.° This increase in solubility is hypothesized to be related to the
hydrocarbon chain being shortened to 6 carbons and a ring structure being substituted for
either a phenyl (N-Aryl-p-D-aldonamides) or benzyl group (N-Benzyl-B-D-gluconamides).
This structural change increases the compound solubility without abolishing IRI activity,
although the substituents of the ring influence activity. BA (4), the parent structure of the N-
Benzyl-p-D-gluconamides family, has IRI activity (ICso = 5.8 mM +0.05 SEM) comparable
to the activity of 2FA (3) and 3FA (2) with their 1Cso values being 3.1 mM and 8.5 mM
respectively. BA (4) can be considered an important structure which further investigation can
be beneficial to further understand the mechanism of action IRIs use. Despite not testing all
permutations, for the three para compounds tested an interesting observation is that in
addition to being active the addition of substituents to the para position on the benzyl ring of
BA (4) increases activity for the compounds. This increase in activity despite different
electronic properties of the substituents indicates that the para position may play a role in the
function and activity of this family of compounds. The addition of substituents to the benzyl
ring also increases the cytotoxicity as 4 is the least toxic, by a significant margin, of all the
N-Benzyl-B-D-gluconamides tested. More functional groups should be tested as there is
currently no clear trend that can be determined between the type of functional group added
and IRI activity. Both 2,6-DFB (6) and 4-CBA (7) include a halogen on the benzyl ring, but

7 is significantly more active while 6 is the least active of the tested N-Benzyl-B-D-
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gluconamides. The electron withdrawing function may play a role in the activity as we see an
activity increase as the functional groups become more electron withdrawing in the three
para substituent compounds. The removal of the oxygen between 4-MOBA (8) and 4-MBA
(5) gives way to an activity increase and again between 5 and 7 we see an increase of activity

for the latter compound.

As no clear trend could be determined from the variation of substituents, other
metrics such as solubility and electronic properties were considered. Compound 7 had IRI
activity and the lowest solubility of all the N-Benzyl-B-D-gluconamides. As 1 had previously
shown a similar trend with IRI activity inhibited by solubility limit, an investigation of how
solubility effects the activity of N-Benzyl-B-D-gluconamides was sought. Figure 2.14
outlines the relationship between solubility and 1Cso values of the compounds. Compounds 5,
7, and 8 which have the lowest ICsp values of the tested N-Benzyl-B-D-gluconamides have
the lowest solubility limits. Although, despite 5 being more active than 8, 8 has a lower
solubility limit. The hydrophobicity of the benzyl group must play an important role in
disrupting the bulk layer, but this property also decreases the solubility of the compounds.
No clear trend can be observed from these finding, however, they reaffirm previous finding
that the amphiphilicity of the compound is an important aspect of IRI activity. Further
investigation of how different substituents effect the solubility and 1Cso may provide insight

into how these two properties play a role in the function of our IRIs.
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Figure 2.14. Relationship Between 1Cso and Solubility Limit of Benzyl-f-D-gluconamides. Scatter plot comparing the ICso
to the max solubility of © 4-CBA (7), @ 4-MBA (5), & 4-MOBA (8), @2,6-DFB (6), and O BA (4). ICso (mM) was
determined by nonlinear regression curves from each respective compounds dose-response curve generated from IRI
activity. Solubility limit determined by the maximum concentration of the solute that can dissolve within PBS without the
formation of a second phase rich in solute.

In addition to structure and function analysis the method of quantifying IRI activity
through dose-response curves was investigated. The best parameter to approximate the
changes in ice during recrystallization was acquired using several parameters of ice crystals
obtained by using a modified splat cooling assay with PBS.1? The next step is to select the
one curve that best explains the data out of the entire family of possible curves that the curve
model can produce.!* This is accomplished by fitting the curve.!* Fitting a curve is the
process of adjusting the free parameters of the function until the function parameters
approximate the assay’s true curve better than any other parameter set.* In our labs previous
findings, the 4PL equation produced the curve with the best fit yielding a sigmodal curve.
However, because derivatives 7 and 8 data did not precisely fit the symmetrical curve
produced by the 4PL function, in section 2.4 we underwent the process of curve fitting. Our
findings, which are in agreement with previous studies, were that in cases that the 4PL curve
does not provide the best fit the 5PL function, which includes a fifth parameter, may permit
asymmetry to be effectively modeled.** The 4PL function is the standard dose-response
curve used to model enzyme activity, which typically follows a symmetrical curve. IRIs

however are hypothesized to work through a physical change in the system (disrupting the
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bulk water) rather than a chemical process observed with enzymes. Therefore, there is a
possibility that IRIs may produce asymmetrical curves making the 5PL a more accurate fit.
However, to validate that finding, more concentrations would have to be tested to populate
the curves as fully as possible, as currently, the 4PL and 5PL curves have similar R? values.
From section 2.4 we know that the dose response curves must fit a minimum of 4
parameters. The sigmodal curve was confirmed to be the trend that IRIs most accurately
follow as the exponential, phase decay, and non-variable slopes have lower R? values and

worse curve fits.

Lastly, in section 2.5 the cytotoxicity results are encouraging as many of the small
molecule IRIs assessed for cytotoxic effects with HepG2 were determined to be relatively
non-toxic. These molecules were designed to be less toxic than the N-Alkyl-B-D-
aldonamides by replacing the long alkyl chains with an aromatic ring.'° Both 6 and 8
previously underwent cytotoxicity testing and performed better than compounds 1 and
pBrPhGlc (9).1° Compound 1 is largely non-toxic at doses below 1 mM, resulting in cell
viabilities of more than 85%; moderately toxic at 2 mM, resulting in 55% cell viability; and
highly toxic at 5 mM, resulting in less than 4% of HepG2 cells surviving the incubation
time.® Additionally, 9 is very cytotoxic even at low concentrations; at 1 mM, cell viability is
77%, at 5 mM, viability is significantly reduced to about 10%, and at 20 mM and above,
viability is 0%.%° Therefore, discovering compounds that are just as active but non-toxic is
ideal. The results found in this thesis confirmed that 2 and 3 have low cytotoxicity at
concentrations below their solubility limit. As well, all of the tested N-Benzyl-f-D-
gluconamides are relatively non-toxic at low concentrations only becoming moderately toxic

at higher concentrations which are much larger than their 1Cso values. These are encouraging
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results as all tested compounds are IR1 active and with the knowledge that they are non-

toxic, gives the opportunity to test these compounds in biological material.
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Chapter 3: Assessing Post Freeze-Drying Protein Stabilization After
Treatment with Small Molecule Ice Recrystallization Inhibitors

3.1 Introduction

The scientific community's focus underwent a significant shift in 2020 with the
emergence of COVID. As viruses utilize both structural and enzymatic proteins as their main
building components, proteins have become one of the key areas of research.! In contrast to
other biological materials, proteins have a unique and interesting history in cryopreservation.
These complexities are due to the wide range of chemical reactions that proteins can undergo
in aqueous solutions.? Among such reactions, which tend to reduce specific biological
activity, are hydrolysis, disulfide rearrangements, oxidation, cross-linking and aggregation.?
In the dry state such reaction can be substantially decelerated, therefore the most commonly
used method for preparing solid protein pharmaceuticals is lyophilization (freeze-drying).>*
Since this process of freezing, followed by ice sublimation are performed at low
temperatures and are less likely to harm labile bioproducts than drying at ambient or higher
temperatures, they have become the preferred route of water removal.? Although, as
previously mentioned in section 1.4, lyophilization causes a number of stressors, including
changes in pH, ice crystal formation, solute concentration, and others that tend to destabilize
or unfold/denature an unprotected protein.® In addition, different proteins tolerate freezing
and/or drying stresses to various degrees.® Thus, stabilizers are often required in a protein
formulation to protect protein stability during both processes.?

One of the most commonly used stabilizers for long term storage of solid proteins is
the disaccharide trehalose (figure 3.1).2 As used in both cryoprotection and lyoprotection,

trehalose stands out as particularly excellent for a wide range of biologically significant
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storage properties.>* These benefits include slowing the rate of protein aggregation, high
recovery of protein function after cryostorage and an excellent ability to protect lipid bilayers
to low and high temperatures (freeze-thaw) or dehydration.*® Whereas, when heated from
the cryogenic storage temperature, concentrated DMSO solutions can cause protein
aggregation and damage.® Trehalose also possesses a number of other favourable
characteristics, such as structural conformation, reduced hygroscopicity, a lack of internal
hydrogen bonding that facilitates more flexible creation of hydrogen bonds with proteins,
and extremely low chemical reactivity.? Trehalose currently appears to provide the highest

level of bio-protection due to the cooperative action of all these elements.®

OH
Figure 3.1. Structure of Trehalose.

One important aspect of trehalose is it forms a glass state at -138 °C.*" At
concentrations above 30 wt% trehalose has a de-structuring effect on the hydrogen bonded
network of water which is related to its ability to prevent water crystallization.* Various
theories have been proposed to explain the physical and chemical properties of trehalose
which are beneficial for cryopreservation, with “preferential exclusion theory” being the
most widely recognised (figure 3.2).% According to this theory there is no direct interaction
between trehalose and protein.® Trehalose forms structures close to the surfaces of proteins,
sequestering bulk water molecules away from the protein and reducing its hydrated radius.
These structures also form numerous hydrogen bonds with a water layer on the protein
surfaces.*® In this model the water is entrapped in a layer between the protein surfaces and

the surrounding trehalose structures.* Thus, the more rigid trehalose-water complexes and
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increased compactness are linked to the protein's dynamics via the water layer, slowing down
the protein dynamics and increasing the protein's stability.*® The protein can maintain its
native state owing to this interaction, preventing denaturation after heat shock, desiccation,

and cold storage.*

Protein
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Figure 3.2. Mechanism of Action of Trehalose. Figure adapted using BioRender ©.5

While trehalose is able to enhance the recovery of proteins, it fails to control the
growth of ice.® This background leads into the query if small molecule carbohydrate-based
IRIs are capable of protein stabilization as both a cryoprotectant and lyoprotectant,
comparable to the current industry standard trehalose. Global immunisation campaigns and
viral-based therapy have been significantly hampered by viral vaccines' failure to maintain
adequate thermostability due to the previously mentioned difficulties associated with
cryopreservation of proteins.® Given that freezing significantly lowers the virus's titer,
Iyophilization is the standard method for preserving vaccines.® In addition, exposure to cold
temperatures causes virus aggregation, which renders the vaccine ineffective.® In order to
minimise damage, techniques that limit ice development during cryopreservation are
needed.®

Our lab has previously shown the ability of small molecule IRIs successfully applied
to cryopreservation of oncolytic viruses, where the addition of IRIs prevented the damage
caused by freezing, as discussed in section 1.8.2.8 In this chapter we assess if small
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molecule-based IRIs are capable of protein stabilization using the nucleocapsid gene (N
gene) RNA from SARS-CoV-2. In this study, four compounds were examined (figure 3.3),
two of which had shown previous success NOGIc (1) and pBrPhGlIc (9). Both 1 and 9,
regulate extracellular ice from recrystallizing, in addition 9 can enter cells and regulate the
recrystallization of intracellular ice in RBC.%*® As well as two compounds assessed in
chapter 2, 4-MBA (5) and 2,6-DFB (6) as further assessment of their ability to ensure
stability of viral proteins after biopreservation.

MNMOH HO Q

O OH OH
Br
N-Octyl-8-D-gluconamide (NOGIc) N-4-Bromophenyl-R-D-glucopyranoside (pBrPhGlc)
1 9

F
H OH OH N gH oA
NM\OH L AL
O OH OH F O OH OH

N-4-Methylbenzyl-R-D-gluconamide (4-MBA) N-2,6-Difluorobenzyl-R-D-gluconamide (2,6-DFB)
5 6

Figure 3.3. Structures of Ice Recrystallization Inhibitors (IRIs) that will be Evaluated.

SARS-CoV-2 is a spherical, pleomorphic enveloped virus containing positive single-
stranded RNA associated with a nucleoprotein. All coronaviruses have the S, E, M, and N
genes, which are found in the 5' to 3' orientation (figure 3.4). Person to person contact and
direct contact with respiratory droplets from an infected person are the two main methods of
transmission. The current standard of COVID testing is the collection of an upper respiratory
tract specimen, either; nasopharyngeal, deep nasal, or a viral throat swab.** The specimen is
packed in a sealed bag, kept at 2-8 °C, and shipped on ice prior to transportation.** The
specimen is frozen to -70 °C and sent on dry ice if transportation is delayed by more than 72
hours.!! The specimen contains RNA that is extracted and purified.!* To detect the presence

of the virus, RT-qPCR is employed where the purified RNA is reverse transcribed into
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cDNA before being amplified by gPCR.! RT-qPCR detects various targets as three genes
are amplified in the qPCR reaction; the envelope gene (E gene), RNA dependent RNA
polymerase gene (RdARp gene), and N gene.!! Due to freezing of the test samples to -70 °C or
below, there is a potential for degradation of viral DNA caused by the freeze-thaw cycle. As

such, a method to prevent cryoinjury of test swabs must be developed.*
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Figure 3.4. Genome and Viron Structure of SARS-CoV-2. Images adapted from ViralZone © 2020 SIB Swiss Institute of
Bioinformatics. Graphic created and edited in BioRender ©.

In this work, to identify promising compounds we examined the activity and
thermostability of master mix (enzymes, oligonucleotides, and RNA) after adding small
molecule IRIs during lyophilization and RT-gPCR. To assess the stabilization of gPCR
enzymes using the IRIs, the enzymes were freeze-dried in the presence of the IRI’s. IRIs
were added to master mix, then each solution was added to a gPCR receptacle (chips, plates
or, tubes), which was then lyophilized. Template RNA dissolved in water was added to

reconstitute the mixture and the RT-gPCR was run (figure 3.5).
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Compounds were dissolved in dH;0 and serial Tubes containing dH,0 and compound Compounds were rehydrated in Master
diluted to appropriate concentrations. mixture were freeze-dried. Mix.
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RNA was reversed transcribed to cDNA
and amplified by RT-qPCR.

Figure 3.5. RT-gPCR Experimental Design Infographic. Compounds refer to NOGlc (1), 4-MBA (5), 2,6-DFB (6), and pBrPhGlc (9). Image
created in BioRender ©.

3.2 Evaluating Protein Stabilization Ability of Carbohydrate-Based Small Molecule Ice

Recrystallization Inhibitors

Given that protein damage due to ice recrystallization is directly responsible for some
of the denaturation observed during lyophilization, we sought to explore the ability of the
IRIs in this study to act as cryoprotectants.® The activity and thermostability of proteins
during lyophilization and RT-gPCR using compounds 1, 5, 6, and 9 was examined. Master
mix solution contains dNTPs, reverse transcriptase, DNA polymerase, and primers for both
the N1 and N2 regions of the N gene which are affected by the freeze-drying process and

could benefit from cryo-additives to reduce damage.
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In the following experiments the cycle threshold fluorescence (Ct) is determined from
RT-gPCR. The Ct value is defined as the number of cycles of amplification (using RT-
gPCR) required for the fluorescence of a gPCR target to be detected crossing a threshold,
which is above the background signal (a low-level signal that is present in the assay
regardless of whether target is present).'? If target is present in the sample, then each round
of amplification results in a doubling of the amount of target present.'? As a result,
amplification occurs exponentially, producing an exponential curve of amplification.'? This
exponential amplification is visualized using a fluorescent nucleic acid probe.'? Probes are
fluorescently labelled DNA oligonucleotides, which bind to the target.*? As amplification
proceeds, more targets become available for binding by the fluorescent probe, increasing the
fluorescent signal.*? In general, the amount of fluorescent signal observed increases as
amplification proceeds and is related to the amount of target present in the sample.*?
Amplification is considered significant, and equates with ‘detection’ of the target, if the
threshold of fluorescence is reached.*? For a positive test result, Ct must be reached within 40
amplification cycles. A decrease in percent mean threshold cycle correlates to increased

enzyme stabilization.

3.2.1 Assessing Protein Stabilization Ability of of N-Octyl-B-D-gluconamide (1) and N-4-
Bromophenyl-B-b-glucopyranoside (9)

Preliminary testing was done using the 1Cso concentration of compounds 1 and 9
(0.09 mM and 15 mM respectively), to determine if either IR has the ability to reduce mean
cycle value to reach threshold fluorescence. The ability for 1 and 9 to stabilize gPCR
enzymes was compared to the trehalose control at 292 mM (10% w/v), the current industry

standard.® This sugar has also been found to act as a stabilizer to improve the shelf life of
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therapeutic proteins, and it was determined as a known PCR enhancer.® The results are

shown in figure 3.6.

% % ns *
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N1 N1 N1 N2 N2 N2

o o o

Percent Mean Threshold Cycle
o

292 mM 0.09 mM 15 mM 292 mM 0.09 mM 15 mM
Trehalose NOGIc pBrPhGlc Trehalose NOGIc pBrPhGlc
M Bar Value 100 90.96 84.45 100 100.62 95.32

Figure 3.6. Stabilization of RT-qgPCR Enzymes in the Presence of NOGIc (1) and pBrPhGIc (9). g°PCR enzymes were
lyophilized in the presence of NOGIc (1) and pBrPhGlIc (9), followed by an RT-qPCR chip experiment. The mean cycle (%)
to reach threshold fluorescence was graphed. Concentrations were compared to a control of the industry standard,
trehalose 292 mM which has been normalize to 100%. The blue bars represent N1 region of the N gene results, and orange
bars represent N2 region of the N gene results as indicated above concentrations on the graph. Error represents SEM, (n =
3). *¥*** P <0.0001, *** P <0.001, ¥** P <0.01, * P<0.05, ns P> 0.05.

Results demonstrate that compared to the trehalose control which was normalized to
100% (£0.73 SEM) the mean cycle value to reach threshold fluorescence for N1 1 and 9
decreased to 90.9% (x2.01 SEM) and 84.5% (+1.29 SEM), respectively. For the N2 region,
there was an increase in the percent mean cycle to reach threshold fluorescence (100.6%
+2.30 SEM) when NOGlc (1) was used, and there was a decrease to 95.3% (+1.57 SEM)
when pBrPhGlc (9) was introduced. Both compounds are effective at stabilizing the RT-
gPCR enzymes during a freeze-dry cycle, evident through the decrease in the number of
cycles required to reach threshold fluorescence. It is significant to note that the IRIs tested
did not affect the ability for the amplification to occur nor interfere with any of the gPCR
process. If the process was affected, through damage to (inactivation of) the enzymes or
oligonucleotides then amplification would not occur, and the amount of fluorescence

detected would not reach the threshold value or threshold cycle values would increase
72



compared to the standard. In addition, there is a noticeable difference in N1 region results
compared to N2 region, with the mean threshold values being larger for the latter. To
determine optimal concentration to achieve maximum enzyme stabilization, varying
concentrations above and below the ICsp of 1 and 9 were tested against two concentrations of
trehalose (0.5% and 10%). The second control of trehalose at 15 mM (0.5% wi/v) was
included to compare the IRIs to a similar concentration. The results of the most active

concentrations of the compounds are shown in figures 3.7 and 3.8.
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Figure 3.7. Stabilization of RT-gPCR Enzymes in the Presence of NOGlIc (1) and pBrPhGlc (9) N1 Region Data. gPCR

enzymes were lyophilized in the presence of NOGlc (1) and pBrPhGlc (9), followed by an RT-qPCR plate experiment. The

mean cycle (%) to reach threshold fluorescence was graphed. Concentrations were compared to a control of the industry

standard, trehalose 292 mM which has been normalize to 100%. Error represents SEM, (n = 3). **** P <0.0001, *** P <
0.001, ** P <0.01, * P <0.05, ns P> 0.05.
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Figure 3.8. Stabilization of RT-gPCR Enzymes in the Presence of NOGlIc (1) and pBrPhGlc (9) N2 Region Data. gPCR

enzymes were lyophilized in the presence of NOGIc (1) and pBrPhGlc (9), followed by an RT-gPCR plate experiment. The

mean cycle (%) to reach threshold fluorescence was graphed. Concentrations were compared to a control of the industry

standard, trehalose 292 mM which has been normalize to 100%. Error represents SEM, (n = 3). **** P <(0.0001, *** P <
0.001, ** P <0.01, * P <0.05, ns P> 0.05.

Figures 3.7 and 3.8 confirmed the three main results discovered in preliminary
testing. The first being that both 1 and 9 can stabilize the proteins during a freeze-dry cycle.
Although, not all concentrations tested produced significant results, for example 0.09 mM of
NOGlc (1) and 15 mM of pBrPhGlc (9) in figure 3.6 was significant but was not in further
testing, this could be due to a change in gPCR receptacle as the preliminary results were run
on a gPCR chip. The significant of change in receptacle from chip to plate was further
investigated in section 3.3. Secondly, the compounds do not interfere with the g°PCR process
at any concentration with the concentration presented in figures 3.7 and 3.8 showing
statistically relevant reduction of the mean threshold cycle value. Thirdly, the variance
observed between N1 and N2 regions was consistent with N2 having statistically less
relevant IRI concentrations, additionally all tested compounds (including the control) had
noticeably different percent mean threshold values despite being normalized. This indicates
that there is a difference between the N1 and N2 regions during the gPCR process. In

conclusion the most effective IRl was 9 at 40 mM for N1 and 9 at 30 mM for N2 with a
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decreased of the percent mean cycle to reach threshold of 67.8% (+£5.03 SEM) and 85.7%

(x2.15 SEM), respectively.

3.2.2 Determining Shelf-Life Stability of Proteins Supplemented with Ice Recrystallization
Inhibitors

The long-term storage of proteins is a significant obstacle currently in the
pharmaceutical industry, as the longer a protein is stored the harder it is to maintain the
integrity.® Thus, in order to compare the cryoprotectant and lyoprotectant properties of IRIs to
trehalose a shelf-life assay was performed. Our objective was to determine room temperature
shelf-life stabilization analysis at varying time points of 1-, 3-, 7-, and 14-days of compounds
1 and 9. The three concentrations which performed best in previous experiments were used to
determine room temperature shelf-life stabilization of gPCR enzymes after a freeze-dry cycle.
To determine the amount of time the proteins could be stored after a freeze-drying cycle, IRIs
were added to master mix, and 20 pL was aliquoted into a 96-well plate (n = 3), which was
then lyophilized. After freeze drying plates were stored at room temperature at the time points

of 1-, 3-, 7-, and 14-days before the RT-gPCR was run (table 3.1).

Table 3.1. Shelf-Life Stabilization Cycle Number Data. PCR enzymes were lyophilized in the presence of NOGIc (1) and
pBrPhGlc (9), the well plates were then stored for their respective shelf-life test (1-, 3-, 7-, and, 14-days) followed by an RT-
gPCR plate experiment. The mean cycle (%) to reach threshold fluorescence was average for each value (n = 3) and the
values for each condition (compound/concentration/gene) were then compared to determine the highest to lowest value under
each condition.
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Plate Storage Legend
Conditions 1-Day l 3-Days I 7-Days | 14-Days Highest Value
Compound Gene Mean Threshold Cycle
Trehalose 292 mM | N1 18.82 23.55 20.49 21.40
Trehalose 292 mM | N2 1440 1858 21.96 29.14 Lowest Value

pBrPhGlc 40 mM N1 1490 30.16 29.61 28.38
pBrPhGlc 40 mM N2 15.87 30.12 29.49 30.20
Trehalose 15 mM N1 17.55 21.27 21.58 24.75
Trehalose 15 mM N2 17.76 2113 23.57 23.78
pBrPhGlc 30 mM N1 17.69 2177 28.65 27.90
pBrPhGlc 30 mM N2 15.86 24.51 28.10 25.84
NOGIc 1 mM N1 20.22 23.01 23.83 26.44
NOGIc 1 mM N2 17.70 2313 25.49 30.20
pBrPhGlc 15 mM N1 18.69 19.29 19.27 26.10
pBrPhGlc 15 mM N2 17.13/ g@ains 24.72 28.76

NOGIc 0.5 mM N1 16.98 2291 23.03 26.06
NOGIc 0.5 mM N2 20.21  25.54 22.67 24.42
pBrPhGlc 1 mM N1 16.53 20.91 21.78 24.74
pBrPhGlc 1 mM N2 17.32 pu2asss 21.67 24.85
NOGIc 0.05 mM N1 17.66 2431 25.10 27.54
NOGIc 0.05 mM N2 1934 2231 23.11 27.66

Table 3.1 is a comparison of the mean threshold cycle values of days stored at room
temperature for each individual condition (compound, concentration, and gene). Based on the
days stored each condition is compared to itself to determine the lowest and highest mean
threshold cycle values. This is displayed by the colour gradients listed in the legend to
determine a trend of the most effective threshold cycle for each condition based on at varying
time points of 1-, 3-, 7-, and 14-days. The main trend seen from the table is that at 1-day of
storage, all conditions have the lowest mean threshold cycle value indicating that the
compounds are most effective at this time point. For example, trehalose at 15 mM for day 1,
3, 7, and 14 had values of 18, 21, 22, 25 respectively. Therefore day 1 has the lowest percent
mean cycle and day 14 has the highest. Table 3.1 results demonstrate 100% of the time the 1-
day plate had the lowest percent mean cycle value, the 3-day plate had the 2nd lowest percent
mean cycle values, the 7-day plate had the 2nd highest percent mean cycle values, and the 14-
day plate had the highest percent mean cycle values for majority of the conditions. The overall
results demonstrated that the longer the plates are stored at room temperature between

lyophilization and when the RT-gPCR is run, the higher the percent mean cycle to reach
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threshold fluorescence. This shows that the increase in shelf storage time decrease the
effectivity of the compounds to stabilize the enzymes. As all the mean threshold cycle numbers
are under the 40 amplification cycles positive test result limit, all concentrations at all time
points equates with ‘detection’ of target gene. Therefore, despite being less effective at 14 days
post lyophilization all conditions are able to reach threshold value indicating that the cryo-
additives are effective stabilizers for 2 weeks. In addition, the IRIs tested, 1 and 9, are
comparable to the stabilization seen with trehalose. This is an encouraging result as the IRIs
used were dissolved in distilled water and did not need to be supplemented with trehalose to

be effective.

3.2.3 Assessing Protein Stabilization Ability of of N-4-Methylbenzyl-B-b-gluconamide (5) and
N-2,6-Difluorobenzyl-B-b-gluconamide (6) in gPCR Tubes

Due to the effective thermostability of proteins observed in previous sections, to
further assess if different classes of IRI can effectively stabilize proteins, compounds 5 and 6
were also tested. In addition, assessment of the cryoprotectant abilities of N-Benzyl-p-D-
gluconamides in biological material has yet to be investigated. Therefore, to determine
optimal concentration to reduce mean cycle value to reach threshold fluorescence, varying
concentrations, above and below the 1Cso, of 5 and 6 (1 mM £0.02 SEM and 25 mM £3.63
SEM respectively) were tested against two concentrations of trehalose (15 mM and 292
mM). The protocol was optimized, and the experiments were carried out in gPCR strip tubes.
The results of the most active concentrations of the compounds are shown in figures 3.9 and

3.10.
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Figure 3.9. Stabilization of RT-gPCR Enzymes in the Presence of 2,6-DFB (6) and 4-MBA (5) N1 Region Data. gPCR
enzymes were lyophilized in the presence of 2,6-DFB (6) and 4-MBA (5), followed by a RT-qPCR tube experiment. The
mean cycle (%) to reach threshold fluorescence was graphed. Concentrations were compared to a control of the industry
standard, trehalose 292 mM which has been normalize to 100%. Error represents SEM, (n = 3). **** P <(.0001, *** P <
0.001, ** P <0.01, * P <0.05, ns P> 0.05.
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Figure 3.10. Stabilization of RT-gPCR Enzymes in the Presence of 2,6-DFB (6) and 4-MBA (5) N2 Region Data. g°PCR
enzymes were lyophilized in the presence of 2,6-DFB (6) and 4-MBA (5), followed by a RT-qPCR tube experiment. The
mean cycle (%) to reach threshold fluorescence was graphed. Concentrations were compared to a control of the industry
standard, trehalose 292 mM which has been normalize to 100%. Error represents SEM, (n = 3). **** P <(.0001, *** P <
0.001, ** P <0.01, * P <0.05, ns P> 0.05.

The results demonstrated that 5 and 6 can both effectively decrease the mean
threshold value. In addition to our previous two compounds, we can see that the two tested
Benzyl-B-D-gluconamides do not interfere with the gPCR process as a threshold value was
reached and Ct values decreased compared to the control. This shows that a variety of classes
of IRIs can be used to stabilize proteins during a freeze-dry cycle. The most effective
concentration for the N1 region was 5 mM (95.2% +0.40 SEM) and 25 mM (92.9% +1.22

SEM) for 5 and 6 respectively. The N2 region only had two statistically relevant
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concentrations of 6 at 40 mM (101.1% +0.16 SEM) and 5 at 0.5 mM (102.6% +0.48 SEM).
This confirms our previous findings of a difference in N1 and N2 regions, where despite
testing the same concentrations N2 regions has less relevant results which are not consistent
with N1 region results. These results are in agreement that the IRIs tested, 1, 5, 6, and 9 are
all comparable to the stabilization seen with trehalose. Despite not being directly comparable
due to a difference in gPCR receptacle, which is further explored in the next section, the

most effective IRl when compared to the normalized control is 9 at 40 mM.

3.3 Comparing Effectiveness of gPCR Receptacle Methods

Experiments were performed using three different qPCR receptacles gPCR chips, 96-
well plates, and gPCR strip tubes (figure 3.11) due to machine breakdown and possible
contamination. This probed the investigation if the qPCR receptacle used has an effect on the

effectivity of cryo-additives to stabilize proteins during lyophilization and RT-gPCR.

A B

g}

qPCR Chip

qPCR strip tubes qPCR 96-Well Plate

Figure 3.11. Picture of Different gPCR Receptacles. A) gPCR Chip, B) gPCR strip tubes, and C) gPCR 96-Well Plate.

Shortly after experiments began the gPCR chip machine broke therefore the experiment was
transitioned to qPCR plates. Although, as the gPCR chip and 96-well plate do not have
covers or lids, contamination from previous runs or between conditions is a possibility which
may account for the variation of results seen between experiments. Therefore, the average

results of qPCR tubes, chips, and plates were compared to determine the optimal protocol, as
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well to determine if different gPCR receptacles produce comparable results. The mean raw
cycle number of trehalose at 15 mM and 292 mM from all experiments were compared as

they had the largest number of technical and biological replicates (indicated by N). The raw
cycle numbers comparison of the N1 region RT-qPCR enzymes in the presence of trehalose

of different gPCR receptacle are shown in figure 3.12.
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Figure 3.12. Stabilization of RT-gPCR Enzymes in the Presence of Trehalose Comparing PCR Receptacle of the N1 Region. A)
Average Cycle number to reach threshold of industry standard 10% trehalose (292 mM) B) Average Cycle number to reach threshold of
0.5% trehalose (15 mM). gPCR enzymes were lyophilized in the presence of trehalose in different receptacles (tubes, plates, and chips).

The average cycle number to reach threshold fluorescence was graphed for each receptacle. Error represents SEM, the technical

replicates (N number) of each concentration is indicated on the graph.

Both panels of figure 3.12 show the same trend when comparing the cycle number of
different gPCR receptacles. Under the same conditions gPCR chips take more cycles to reach
threshold fluorescence, whereas 96-well plates take the least. The gPCR chips may have a
higher average cycle number compared to plate and tubes due to the amount of solution
added. gPCR chips use 1.2 pL per well whereas 20 L are added to both other receptacles.
Despite being at the same concentration of template copy numbers (10°), the temperature
changes during the qPCR process would affect the smaller amount of solution differently
compared to a larger volume. Due to the difference in average cycle number, we can

conclude that the use of different gPCR receptacles means that the different values of cycle
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threshold numbers are not directly comparable. Due to the normalization of data to a
standard control, the different IRIs values can be directly compared to trehalose and the
difference in activity observed can then be compared. In addition, all experiments showed
statistically relevant enzyme stabilization after freeze drying in the presence of IRIs at certain
concentrations. gPCR tube experiments show more statistical relevance compared to the
other two receptacle methods. Due to the lid on the tube strip, the possibility of
contamination of conditions is significantly reduced and therefore there is more confidence
in the results. Lastly, it was observed that trehalose at 292 mM is not the optimal
concentration despite being industry standard as 15 mM performs better when comparing
average cycle number of tube and plate experiments. This brings us to our next section as we

compare the optimal concentration of trehalose.
3.4 Determining Optimal Trehalose Concentration for Protein Thermostability

The observation that 15 mM of trehalose results in a decrease in mean threshold cycle
values indicating more effective enzyme stabilization than 292 mM, led to the query of the
optimal trehalose concentration. To determine if lower concentrations of trehalose performed
better at reducing cycle numbers a variety of concentrations were tested. The concentrations
were chosen based on the IRI concentrations tested (between 0.5 mM — 40 mM) in order to
directly compare if trehalose at similar concentrations stabilizes enzymes more efficiently.
The ability for various concentrations of trehalose to stabilize gPCR enzymes was compared
to the trehalose control at 292 mM, in which a decrease in percent mean threshold cycle
correlates to increased enzyme stabilization. The results of the comparison of lower
concentrations of trehalose shown in figure 3.13 confirmed our initial hypothesis that 292

mM was not the optimal concentration of trehalose during a freeze-drying gPCR experiment.
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All tested concentrations of trehalose 40 mM and below reduced the percent mean threshold
cycle indicating more effective protein stabilization. With 15 mM causing the lowest
reduction to 94.6% (+0.85 SEM) compared to the normalized 100% of 292 mM. This
indicates that the current industry standard is not the most effective concentration of

trehalose as lower concentrations increase protein thermostability.
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Figure 3.13. Stabilization of RT-gPCR N1 Region Enzymes in the Presence of Varying Concentration of Trehalose.
gPCR enzymes were lyophilized in the presence of trehalose, followed by an RT-qPCR tube experiment. The mean cycle (%)
to reach threshold fluorescence was graphed. Error represents SEM, number of technical replicates (N) are indicated above

each concentration. *** P <0.001, ** P <0.01, * P <0.05, ns P > 0.05.

3.5 Discussion - Mechanism of Action of Ice Recrystallization Inhibitors to Increase

Protein Thermostability

In sections 3.2.1 and 3.2.3, NOGIc (1), pBrPhGlc (9), 4-MBA (5) and 2,6-DFB (6)
were examined for cryoprotectant ability during freeze-drying. The compounds increased
thermostability of the enzymes and oligonucleotides in master mix during the freezing and
the lyophilization processes. In these experiments no interference of the gPCR process or

decrease in enzyme activity was observed, as all compounds reached a Ct. Therefore, IRIs
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did not affect the RNA template or master mix during RT-gPCR as the target gene was
detected indicating that amplification occurred. For amplification to occur enzymes and
proteins must remain functional. As the IRIs were not supplemented with any lyoprotectant,
the compounds must be working in a similar capacity to trehalose which functions as both
cryo- and lyoprotectant. This finding is auspicious as PCR is the most prevalent of all
molecular tests, and it was shown that IRIs are useful compounds for stabilization of proteins

with no seen adverse effects to the RT-qPCR procedure.?

However, the target gene plays a role in the effectiveness of the cryo-additives
stabilization ability. This was observed in the variance between the N1 region and N2 region
results. The N protein contains three dynamic disordered regions, and three independent
regions of the SARS-CoV-2 nucleocapsid gene (N1, N2, N3) which where designed by the
Centers for Disease Control and Prevention (CDC) for nucleic acid amplification tests.**>4 In
our experiments two of the regions are targeted and because of the difference in each region
we hypothesize that the N1 primers interact more effectively with its targeted region. This
may indicate that the N2 region is less stable, and the primer does not bind as efficiently
compared to the N1 region. Despite this observation both N1 and N2 regions have shown
statistically relevant decrease in percent mean threshold cycle number for certain IRI

concentrations.

As both our target gene and the gqPCR enzymes are proteins, the process of freeze-
drying generates both freezing and drying damage which leads to denaturation.®
Denaturation of the proteins leads to a decrease in protein activity - this would be observed
as an increase in cycles to reach threshold during RT-gPCR. To avoid a reduction in enzyme

activity trehalose is added to samples, acting as a stabilizer and as a known PCR enhancer.®
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A concentration of 10% (292 mM) trehalose is commonly used for the stabilization of
enzymes.® From the data collected, it can be seen that compounds 1, 5, 6, and 9 are effective
at stabilizing enzymes during a freeze-dry cycle, evident through the decrease in the number
of cycles required to reach threshold fluorescence. All four compounds at their optimal
concentrations performed better than 292 mM of trehalose and in some cases 15 mM of
trehalose. Compound 9 at 40 mM produced the most effective stabilization as it resulted in
the largest reduction of cycles, with a decrease to 67.8% (+5.03 SEM). As mentioned in
section 2.6, 9 has been shown to be very cytotoxic at concentrations as low as 10 mM in
HepG2 cells.'® However, 9 is a highly IRI active compound with a ICso of 15 mM which has
shown success in increasing post-thaw RBC integrity.® Therefore, proteins may be the best
application for this compound as it is effective at high concentrations and the toxic effect
does not interfere with the protein activity. Using IRIs in protein stabilization may be a way
to ‘rescue’ IRIs which have been previously not viable in cell systems due to cytotoxicity but
have cryoprotectant activity.

Small molecule IRIs have shown to be effective cryoprotectants as they modify the
size of ice crystals reducing the damage seen during ice recrystallization as mentioned in
section 1.7.3%6 The tested compounds may be acting as IRIs preventing damage to the
enzymes caused by ice formation during the freezing process. In addition, these
cryoprotectants may potentially be acting as lyoprotectants during the drying steps in
lyophilization. In a review by Wang, the mechanism by which surfactants increase
thermostability of proteins is outlined; the formation of ice-water interfaces during freezing
may cause surface denaturation of proteins.® Surfactants may drop surface tension of protein

solutions and reduce the driving force of protein adsorption and/or aggregation at these
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interfaces.® Other stabilization mechanisms were also proposed, including protein binding,
which may prevent protein-protein interactions, and aid with protein refolding after thawing.®
Although those two mechanisms are the main hypothesized, these stabilizers may protect
proteins by several other stabilization postulated mechanisms such as replacement of water,
formation of a glass, hydrogen bonding, and reduction (instead of elevation) of surface
tension.® Due to a similar result being seen with the Ben lab’s oncolytic virus research, in
which the surfactant NOGlc (1) produced promising results, the hypothesized mechanism
behind the observed gPCR stabilization occurs due to IRIs preventing agglomeration of
enzymes in addition to reducing ice recrystallization.® Though, further experimentation is
required to investigate how the IRIs interact with the proteins during the freezing and drying

process.

In addition to mechanism of action, how long the IRIs are effective is an important
point of investigation. Proteins in solid state may only have a limited long-term storage
stability even after successful lyophilization using a protein stabilizer(s).® Storage of protein
products after freezing or lyophilization may also lead to denaturation, therefore, for Covid
PCR products the current standard is kits must be tested after no longer than 72 hours.** A
benefit of using trehalose as a stabilizer is that it has been shown to improve the shelf life of
therapeutic proteins.® One proposed mechanism is that trehalose is able to prevent the
oxidation of the proteins during storage by forming a coating around the proteins.? In section
3.2.2, shelf-life stabilization at time points of 1-, 3-, 7-, and 14-days were investigated. This
experiment was done in order to assess the ability of IRIs in comparison to trehalose to
stabilize proteins during storage. The results confirmed that the longer the dried solution is

stored the less thermostability of proteins, as there was an increase of cycles to reach

85



threshold fluorescence. Both compounds 1 and 9, were able to store the dried mixtures for up
to 14 days and are comparable to the stabilization seen with trehalose. At a concentration of
40 mM compound 9 after 1 day of storage was the most effective IRI condition, with 1 mM
of 9 having the most effective long-term storage after 14 days. A similar trend was seen with
trehalose as the 15 mM trehalose condition was more effective at long term storage than 292
mM. Overall, when using trehalose or IRIs threshold values are reached up to 14 days at
room temperature storage, however, increase in shelf storage time decrease the effectivity of
the compounds to stabilize the enzymes. IRIs may be working in a similar capacity to

prevent the oxidation of the proteins during storage of protein products.

The shelf-life stabilization assay tested both trehalose and IRIs on gPCR plates,
whereas other experiments were done on chips or tubes. Due to a variance seen in the results
based on qPCR receptacle used, section 3.3 is a comparison of trehalose results to determine
if results can be directly compared between receptacles. These results indicated that there is a
difference in average cycle number based on the receptacle used. As mentioned, due to the
lids on the tube’s, contamination is greatly reduced and therefore the most reliable raw data
results. In addition, the 15 mM trehalose average cycle number was lower then the 292 mM
counterpart for tubes and plates. This led to the hypothesis investigated in section 3.4, that
lower concentrations of trehalose stabilize proteins more effectively. The results in figure
3.13 confirmed this, as all tested lower concentrations reduced mean threshold cycle. Further
investigation on the optimal trehalose concentration should be performed as all the
concentrations tested were below 40 mM leaving a large gap of concentrations between 292
mM and 40 mM to be tested. Due to machine breakdown, contamination, and reproducibility

issues all further experiments should be carried out in gPCR tube strips.
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In conclusion the observed results confirm our initial hypothesis that compounds 1, 5,
6, and 9 can stabilize proteins after lyophilization. As well, using the IRIs, qPCR enzymes do
not lose activity after a freeze-thaw cycle. Additionally, samples which used IRIs as
cryoprotectants perform better than trehalose. The compounds tested may also be working as
lyoprotectants during the drying process, indicating that the compounds may have further
application beyond reducing ice recrystallization during freezing. The benefit to using IRIs in
the thermostabilization of proteins is that they are stronger cryoprotectants than trehalose
while maintaining lyopotectant and shelf-life storage abilities. Compounds 1 and 9 continue
to show success when applied to biological materials, whereas 5 and 6 show new potential as

they also successfully stabilized proteins.
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Chapter 4: Evaluating the Ability of Small Molecule Ice Recrystallization
Inhibitors to Increase Post-thaw Viability of Tissues and Tissue
Components

4.1 Introduction

The largest organ in the body, the skin, is a complex tissue that contains various types
of specialised cells and serves a variety of purposes, including acting as a physical barrier,
immunological, and sensory functions.>? The epidermis, the skin's outermost layer, is
primarily formed of keratinocytes and contains several stem cells (i.e. epidermal and hair
follicle stem cells).! The dermis contains a large number of fibroblasts, which are involved in
a variety of skin homeostasis processes, the most crucial of which is the production of the
extracellular matrix.>® The skin is also highly vascularized and innervated, providing solutes
to interact with other organs.* Skin homeostasis is influenced by each of these elements as

well as many more that have not been mentioned (figure 4.1).
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Figure 4.1. Main Components of Human Skin. Figure adapted using BioRender ©.*

Due to the size and complexity of skin, skin injuries are a major issue with severe
injuries resulting in death. Burns are one of the main factors that cause skin damage.?
Thermal injuries affect more than 1 million persons annually in the United States alone.® Of
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these, approximately 100,000 are hospitalised and 10,000 patients die.> The loss of the
barrier that protects the skin and sepsis, which is caused by bacteria entering the body
causing an extreme immune reaction, are two factors that contribute to the morbidity and
mortality linked to these injuries.® Rapid covering of burn wounds utilizing the early excision
and grafting procedure is used to minimise damage.® Human cultured epidermal cell sheets,

both autologous and allogeneic, have been used successfully to cover these wounds.®

In order to prevent immunological rejection, restore skin function, and promote
wound healing following skin damage, autologous grafts taken directly from the patient are
frequently employed.? Unfortunately, autologous grafts do not provide adequate healing for
wounds that are deep or cover broad areas, as there is a limited amount of skin you can take
from the same patient.? If there is insufficient autologous skin, allogeneic skin grafts from
living donors are thought to be the best alternative as allografts avoid pain and risk of
infection from frequent dressing changes; nevertheless, due to their restricted availability,
they are rarely used.®’ For allografts, keratinocytes and fibroblasts must be cultured for 21
days, and burn patients must tolerate this time in good general health.® Allogeneic skin
rejection often occurs three to four weeks following the graft.® Therefore, major
complications persist even though skin grafting is the primary technique for rebuilding full-
thickness burns and wound infections.® The high total body surface area burn patient, who
deserves an elastic, mobile, esthetically pleasing, and robust outcome instead receives the
worst prognosis due to a lack of donor sites.® This necessitates the development of skin

substitutes employing novel methods for skin regeneration.?

The development of skin substitutes over time has progressed from simple cultured

autologous epidermal sheets to more intricate bilayered cutaneous substitutes.® With the
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advancement of technology, it may soon be possible to create full-thickness skin constructs
that imitate physiological functions by including different skin components, such as the
vasculature.! It has proven challenging to mimic the skin of a person as nerve endings,
capillaries, multi-layered 3D structures, and the countless derivative structures, such as
sebaceous glands, sweat glands, and hair follicles must be accommodated.? Advances in
induced pluripotent stem cell (iPSC) technology and microfabrication methods like 3D
printing have made it possible to create more accurate and sophisticated in-vitro skin
models.! 3D bioprinting makes it possible to create replicas of the human skin structure by

spatiotemporally patterning different bio-inks and cells.?

However, engineering epidermal grafts takes time, similar to allogeneic grafts, as
several weeks are needed for cell multiplication to produce a transplantable graft.!! This
delayed timeline make applying these grafts more difficult in vital situations, such as after
serious burns or trauma.t! Thus, the need for quickly accessible tissue structures is critical in
order to enhance outcomes. To provide an available supply that can fulfil clinical needs,
tissue "banks" of ready-to-use grafts must be developed.>!! This would necessitate the use of
an effective cryopreservation method that can hold a variety of tissue grafts for several
months and be usable immediately after thawing.!! Current methods of tissue
cryopreservation have reduced viability due to previously mentioned cryoinjury. Living cells
are not required for all tissue grafts, such as alloplastic grafts or acellular dermal matrices,
and suitable preservation techniques are frequently available.'? Other tissues require living,
active cells, such as skin which is generally more immunogenic and less advanced
preservation techniques are available.*>® Optimised storage techniques must be created in

order to facilitate these items in the clinic.t
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The difficulties in tissue cryopreservation are typically not brought on by the
challenges of preserving the living cells, but rather by the characteristics of the integrated
cell/matrix systems which tissue function depends upon.? Methods of cryopreservation were
initially developed for isolated cells (although there are still associated cryoinjuries which
effect viability).** Each type of cell has a certain set of conditions that are ideal for
cryopreservation, as was discussed in section 2.1.14 However, tissues are intricate
multicellular systems made up of various cell types that have different requirements for the
best possible preservation.'* All cell types inside a tissue will experience the identical
cooling and thawing parameters during the cryopreservation process.* Cell-to-cell and cell-
to-matrix interactions, temperature and solute gradients, and the constrained flow of water
across cell membranes are additional factors that affect cells within a tissue and may
exacerbate freezing injury.** When tissues are cryopreserved, extracellular ice, which is
mostly harmless to a cell suspension, is present within the matrix and can cause structural
disruption.* Consequently, densely packed cells within a tissue are more likely to be harmed
by cryopreservation-induced mechanical stresses than are dilute cell suspensions due to this

matrix effect that can be observed in complex rigid matrices.**1°

One way to reduce matrix effect is to increase cryoprotectant concentrations as the
two are inversely related because thicker sheets present penetration problems.>* Higher
concentrations are an issue as the current approach of tissue cryopreservation uses low doses
of DMSO (~2-10%), which already results in a low survival rate due to DMSO being
highly toxic.'* Therefore, for all tissue cells and sheets two major problems still need to be
overcome, cryoprotectant cytotoxicity and recrystallization during rewarming.*? This work is

carried out in collaboration with Dr. Moulin’s Laval group as outline in the statement of
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contribution. Our groups hypothesize that IRIs will be able to address these concerns
increasing the post-thaw viability of a variety of tissue products by reducing damage
associated with cryopreservation while being less toxic than current cryo-additives. The goal
of this chapter is to use a ground up approach to assess the ability of six IRIs (figure 4.2),
synthesized by the Ben lab, to cryopreserve in-vitro tissue constructs using simplified tissue

models of different thicknesses cultured by the Laval Lab.
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Figure 4.2. Structures of Ice Recrystallization Inhibitors (IRIs) that will be Evaluated.

4.2 Optimal Cooling Rate and Post-Thaw Viability of Autologous Dermal Sheets

Optimal cooling rate, which is dependent on the water permeability of the cell
membrane and the surface area to volume ratio of the cell, differs between cell types.'*
Mazur’s inverted “U” theory, mentioned in section 1.6, describes the phenomenon which can
be summarized as: slow cooling rates results in cryoinjury via the solution effects and high
cooling rates leads to cryoinjury due to lethal 11F.1® For the majority of cell-types, any
significant quantity of intracellular ice is lethal but as mentioned the more complex a tissue
the more lethal both extracellular and intracellular ice.'® Cellular damage of this nature
accounts for 75-85% of the cellular injury/death associated with cryopreservation.” A
freezing rate of 1 °C/minute has been previously utilized for cryopreservation of vascular
tissues.'* Thus, preliminary testing was performed on cryosettes at a cooling rate of 1 °C/min
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in a rate controlled freezer, to test the effect of freezing on autologous dermal sheet samples.
Autologous dermal sheets were cultured in 1.5% Bovine Serum Albumin (BSA) or 90% FBS
(serum), both conditions were supplemented with 10% DMSO as a cryoprotectant. Figure
4.3 confirmed that a cooling rate of 1 °C/min on BSA and serum cryosettes could be
achieved. The effect of the cooling rate on BSA and serum samples were then assessed in
two biological replicates as both a cooling rate of 1 °C/min and viability assays have been

extensively reported on in the literature.
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Figure 4.3. Temperature of Cryosette Samples in a 1 °C/min Rate Controlled Freezer. Cooling rates of controls, serum
dermal sheet sample, and BSA dermal sheet sample following approximately a -1 °C/min cooling rate. This experiment was
done from RT to -160 °C. The set point indicates the desired cooling rate curve. N = 2

Following the freeze-thaw process, samples were stained using SYTOX Green a
DNA staining assay that quantifies mortality through visualization of the mortality
distribution within the tissue images (figure 4.4). SYTOX Green is a high-affinity nucleic
acid stain which only penetrates cells with compromised plasma membranes, therefore, it is
an indicator of dead cells within a population.®® In addition, post-thaw viability was

determined using an AlamarBlue™ viability assay. This is a colorimetric assay that measures
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cellular metabolic activity as a means of indirectly assessing cell viability within the
tissues.'® SYTOX Green mortality assays were performed in conjunction with AlamarBlue™
viability assay throughout this chapter, as the mortality assay considers the amount of
nonviable cells before cryopreservation providing us with the overall recovery of cells.
Fluorescence of BSA and serum samples were compared to three controls: a heated lethal
sample, a blank, and a non-frozen control (as described in section 6.3). The % post-thaw
viability of the autologous dermal sheets was then calculated and presented in table 4.1. The
results show a decrease in viability of 73.5% and 62.6% for BSA and serum cultured dermal
sheets, respectively. This large decrease in viable cells displays the need for better
cryopreservation protocols as more than half of the cells in the samples are non-functional
following freezing. The majority of damage causing the decrease of cell viability can be
attributed to ice recrystallization during cooling and thawing of the samples.* Therefore, in
order to increase the post-thaw viability, the following sections will investigate the ability of
IRI supplemented tissue products (cell suspension and autologous dermal sheets) to increase

post-thaw viability.

Lethal

Figure 4.4. Images of Tissue Samples in Cryosettes Under Different Conditions Post-Thaw Using SYTOX Green
Staining.
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Table 4.1. Post-thaw Percent Viability of Autologous Dermal Sheets Samples. Post-thaw % viability of autologous dermal
sheets following a AlamarBlue™ viability assay. A comparison of the % viability of 1.5% BSA-10% DMSO sample, 90%
Serum-10% DMSO sample, a blank, a negative control lethal sample, and an unfrozen positive control (CTRL). N =2

Treatment CTRL BSA Serum Lethal Blank
% Viability 100 26.5 37.42 1.1 0.98

4.3 Assessing the Ability and Cytotoxicity of Current Tissue Media Additives in the
Cryopreservation of Tissue Components

The most common method of cryopreservation of fibroblasts and autologous dermal
sheets includes culturing the cells in BSA or serum supplemented with 10% DMSO.%° Serum
which is composed of various nutrients (e.g., amino acids, nucleotides, and sugar), growth
factors, adhesion factors, minerals, proteins, lipids, and hormones, is a culture media additive
to help cell proliferation and growth.?%?! Serum is not a cryoprotectant, whereas BSA can
help protect cells during the freezing process as it contains proteins which help dehydrate the
cells and stabilize the membrane while acting as antioxidants.?* In addition, BSA and serum
are potential sources of biological contamination, increasing the probability of animal health
problems such as bovine spongiform encephalopathy (BSE), disease transmission, and viral
infections.?* As well, DMSO is a highly toxic cryo-additive that can decrease cell survival at
high concentrations.?%?! Due to these issues, BSA, serum, and DMSO are often removed
through a lengthy washing process post-thaw.?%2! However, the removal of DMSO from
solution does not prevent all side effects after the cells have been thawed as it is a permeating
cryoprotectant. The effects of BSA, serum, and DMSO on dermal tissue sheets post-thaw
must be investigated to determine cytotoxicity that these products may have on a tissue

matrix.
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The best cryopreservation protocol for each type of tissue can be determined through
cryopreservation trials.?? These protocols' enables the selection of parameters appropriate for
the cryopreservation of 3D models, enabling the development of the perfect mixture of cryo-
additives for each organ and its constituent tissues and cells.?? Therefore, each trial in the
following sections has been tested on cells in differing structural complexity (cell suspension
& dermal sheets). Testing will initially be done in cell suspension as obvious toxic effects

can be more easily identify in the simpler constituent.

4.3.1 Determining Effects of Culture Media Additives in the Cryopreservation of Cell
Suspension

In order to determine the effects of BSA and serum on fibroblast recovery post-thaw,
the cells were cryopreserved in BSA, or serum supplemented with 10% DMSO. Immediately
following thawing a SYTOX Green mortality assay was performed on the cell suspension to
quantify mortality of the cells, seen in panel A of figure 4.5. The % mortality of the BSA
sample has a value of 5.6% (x1.4 SD), whereas the serum sample had 7.3% (+2.0 SD)
mortality, indicating a 1.7% (1.2 SD) decrease in mortality using BSA. In addition, cell
proliferation was investigated via Trypan blue staining and cell counts. Proliferation was
investigated 96 hours post-thaw, to ensure cells are back to regular metabolism prior to the
assay.?® This assay determines any long-term negative effects the additive may have on cell
growth. The results of the number of fibroblasts per well 96 hours after a freeze-thaw cycle
are shown in panel B of figure 4.5. For all replicates tested, serum promotes better cell
proliferation than BSA. BSA may have a better % mortality as the proteins increase BSA’s
ability to reduce damage associated with cryopreservation, whereas serum has better cell

proliferation as the nutrients in the serum help the cells grow post-thaw. Therefore, in cell
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suspension BSA should be the media supplement with IRIs in further testing for the best

possible reduction of cryoinjury.
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Figure 4.5. Post-Thaw Mortality and Proliferation of Fibroblast Cell Suspension. A) SYTOX Green post-thaw mortality of
fibroblasts cryopreserved in BSA or serum. B) Trypan Blue post-thaw cell proliferation after 96 hours incubation of
fibroblasts cryopreserved in BSA or serum. Error represents SD, n = 4, N = 3. T-test, **** P <(.0001, *** P <0.001, ** P
<0.01, *P <0.05.

To determine the toxic effect of DMSO on fibroblasts cell suspension, three different
donors (replicates) were tested for 96 hours post-thaw cell mortality. A time dependent
lethality assay was performed on fibroblast cells which were incubated at room temperature
in 10% DMSO preceding cryopreservation. The % mortality of the cells was assessed at
incubation time points of 0, 20, 40, 60, and 80 minutes. The results of the post-thaw
mortality can be seen in panel A of figure 4.6. No discernible difference in mortality was
seen for the three donors examined below a threshold of 60 minutes. The percentage of
mortality in the three replicates does, however, significantly increase at 80 minutes compared
to 0 minutes, increasing by 81.3% (+2.6 SD). In addition, for the second replicate 96 hours
post-thaw proliferation was evaluated for each time point, shown in panel B of figure 4.6. As
expected, as time increases the number of fibroblasts per well decreases with a significant

decrease in cells at 80 minutes in comparison to no incubation in DMSO preceding
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cryopreservation. The results indicate that cells can be incubated in DMSO for up to 60

minutes without increasing the amount of damage caused by the cryo-additive.
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Figure 4.6. Post-Thaw Mortality and Proliferation of Fibroblast Cell Suspension Incubated in DMSO. A) SYTOX Green
post-thaw % mortality of fibroblasts incubated in DMSO at time points of 0, 20, 40, 60, and 80 minutes. B) Trypan Blue
post-thaw cell proliferation of time points of 0, 20, 40, 60, and 80 minutes after 96 hours post-thaw of fibroblasts
cryopreserved in DMSO. Error represents SD, n =4, N = 1. 1-way Anova, **** P <0.0001, *** P <0.001, ** P <0.01, *
P <0.05.

4.3.2 Determining Effects of Culture Media additives in the Cryopreservation of Autologous

Dermal Sheets

The next experiments assessed the effects of BSA and serum on single dermal sheets
viability post-thaw. Dermal sheets followed the same protocol as cell suspension and were
cryopreserved in BSA or serum supplemented with 10% DMSO. An AlamarBlue™ viability
assay was performed on the dermal sheets 96 hours post-thaw, to ensure cells are back to
regular metabolism. This assay quantifies metabolic activity of cells within the tissue, seen in
figure 4.7. BSA appears to have better post-thaw tissue viability than serum, with a
statistically relevant difference of 5.5% viability (£1.9 SD). Due to similar results in section

4.2, the immediate post-thaw mortality increase seen in section 4.3.1 and better post-thaw
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viability of dermal sheets for BSA, it was determined that BSA will be the control to test our

IRIs against. Therefore, in the following sections serum was no longer used as a control.
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Figure 4.7. Post-Thaw Viability of Autologous Dermal Sheets. Post-thaw viability determined through an AlamarBlue™
viability assay of dermal sheets cryopreserved in BSA or serum. Error represents SD, n =4, N = 1. T-test, **** P <(0.0001,
¥Ex P <0.001, ** P<0.01, * P <0.05.

Lastly, to determine the toxic effect of DMSO on single dermal sheets, a time
dependent viability assay was performed on the tissues which were incubated at room
temperature in 10% DMSO preceding cryopreservation. An AlamarBlue™ viability assay
was performed on the dermal sheets and the % viability of the dermal sheets were assessed at
incubation time points of 0, 20, 40, 60, and 80 minutes. The results of the % post-thaw
viability can be seen in figure 4.8. No discernible difference in viability was seen. The
increasing viability drift up to 60 minutes was not significant which is followed by an
expected decrease at 80 minutes. The results indicate that dermal sheets can be incubated in

DMSO for up to 80 minutes without decreasing the viability of the cells within the tissue.
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Figure 4.8. Post-Thaw Viability of Autologous Dermal Sheets Incubated in DMSO. Post-thaw % viability of dermal
sheets incubated in DMSO at time points of 0, 20, 40, 60, and 80 minutes then cryopreserved. Post-thaw viability
determined through an AlamarBlue™ viability assay. Error represents SD, n =4, N = 1. 1-way Anova, P-value <0.05.

4.4 Assessing the Ability of Small Molecule Ice Recrystallization Inhibitors to

Cryopreserve Tissue Components

It is possible to reach the optimal conditions for the cryopreservation of a
homogeneous cell population or a one cell-layer tissue, however the percentage of initial
cells is greatly reduced by damage associated with freezing.?? As tissues increase in
complexity successful cryopreservation of the composite becomes more diffcult.?? During
cryopreservation, the transition of liquid to a solid state during freezing is a concern as the
proportion of liquid in biological tissues may reach 70% of the volume.?? The solid state ice
after freezing within the cells and tissues matrix is the reason that cells are irreparably
damaged, caused by the uncontrolled growth (recrystallization) of ice during freezing and
thawing.!” Conventional cryoprotectant solutions, such as DMSO, fail to prevent this form of
injury thus improved cryopreservation approaches are urgently required.?* As previously
mentioned, DMSO is cytotoxic causing disruption of intracellular signaling reducing post-
thaw recovery.!! Thus, it is fundamental that the cryopreserving agents used be adapted and

specific to the tissue to reduce risks of direct cellular toxicity.??
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Therefore, the goal is to investigate a variety of IRIs that inhibit extracellular (and in
some cases intracellular) ice recrystallization thereby mitigating the cellular damage
associated with cryopreservation. Preventing cryoinjury from the uncontrolled growth of ice
during freezing and thawing would enable the successful long-term storage and transport of
these constructs prior to transplant. Given that ice recrystallization figures prominently in
cryoinjury, IRIs are uniquely positioned to improve cryopreservation outcomes, as IR
technology has been shown to improve cryopreservation in a number of aforestated cellular
systems.?>?° Very little is known about the cytotoxicity in fibroblasts of the carbohydrate-
based IRIs proposed in this study. Consequently, we will investigate the cytotoxic nature of
the IRIs over a wide range of concentrations above and below the ICso values. Given that
increased recovery post-cryopreservation is a delicate balance between concentration of
adjuvant, cytotoxicity, and cryopreservation abilities, this specific aim will provide useful
data towards optimization of conditions for further in-vitro studies. In the following sections
due to the beneficial effects of inhibition of ice recrystallization the IRIs; NOGIc (1), 3FA
(2), 2FA (3), 4-MBA (5), 2,6-DFB (6), and pBrPhGlIc (9), will be tested in fibroblasts and
dermal sheets. This investigation is undergone with the objective of increasing the post-thaw

recovery by reducing nucleation or freezing damage after a freeze-thaw cycle.

4.4.1 Assessing the Ability of Ice recrystallization Inhibitors to Cryopreserve Fibroblast Cell
Suspension

To determine if IRIs are effective as cryoprotectants initial testing was performed
using compounds 1, 3, or 9 supplemented cell media in fibroblasts cell suspension, to
investigate cell mortality and post-thaw cell proliferation. 96 hours following thawing a

SYTOX Green mortality assay was performed on the cell suspension to quantify mortality of
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the cells, seen in panel A of figure 4.9. The results indicate that each class of IRI performs
differently during cryopreservation of fibroblasts. These results are expected as previous
results have indicated that IRIs do not work in every system, for example 9 has been toxic in
HepG2 cells but successful in RBCs.23 All concentrations of 3 were not effective at
decreasing cell mortality compared to BSA. Whereas 0.01 mM, 0.1 mM, and 1 mM of 1 all
significantly decreased % mortality, with the most effective concentration of 1 mM
decreasing up to 12% (+1.6 SD) compared to BSA. Lastly, 15 mM and 40 mM of 9
significantly increased post-thaw mortality indicating cytotoxic effect. In addition to post-
thaw mortality, cell proliferation was investigated via Trypan blue staining and cell counts.
Proliferation was investigated 96 hours post-thaw to assure regular metabolism before the
mortality assay, to determine any delayed cytotoxic effects the IRIs may have on cells. The
results of the number of fibroblasts per well 96 hours after a freeze-thaw cycle are shown in
panel B of figure 4.9. Similar results as the mortality were observed with no change in cell
growth using 3, a significant increase in cell proliferation with 1, and a significant decrease
in proliferation with 9 compared to BSA. For both 15 mM and 40 mM of 9 more than 90%

of cells were dead indicating that compound 9 has a significant toxic effect on fibroblasts.
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Figure 4.9. Post-Thaw Mortality and Proliferation of Fibroblast Cell Suspension Following IRIs Supplementation. A)
Post-thaw mortality determined through a SYTOX Green mortality assay of fibroblasts cryopreserved in IRI supplemented
cell media. The IRIs 2FA (3), pBrPhGlc (9), and NOGlIc (1) were tested at various concentrations and compared to a
control of BSA. B) Post-thaw proliferation determined through Trypan blue staining and cell counts of fibroblasts
cryopreserved in IRI supplemented cell media. The IRIs 2FA (3), pBrPhGlc (9), and NOGIc (1) were tested at various
concentrations and compared to a control of BSA. C) Compound structures and numbers. Error represents SD, n =3, N =
2. 1-way Anova, **** P <0.0001, *** P <0.001, ** P <0.01, * P <0.05.

As each class of IRI performed differently, further testing to determine how 3FA (2),
4-MBA (5) and 2,6-DFB (6) would perform as cryoprotectants was investigated. IRI
supplemented cell media in fibroblasts cell suspension was used to investigate immediate
cell mortality using a SYTOX Green mortality assay. The results seen in figure 4.10, indicate
that both 2 and 6 were not effective at decreasing cell mortality compared to BSA. However,

1 mM and 5 mM of 5 significantly decreased % mortality, with the most effective
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concentration of 1 mM decreasing up to 7.8% (+2.4 SD) compared to BSA. Proliferation was
investigated 96 hours post-thaw and the results of the number of fibroblasts per well 96 hours
after a freeze-thaw cycle are shown in panel B of figure 4.10. A significant increase in cell

proliferation with 5 at 5 mM and 6 at 5 mM and 30 mM compared to BSA was observed.
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Figure 4.10. Post-Thaw Mortality of Fibroblast Cell Suspension Following IRIs Supplementation. Post-thaw % mortality
determined through a SYTOX Green mortality assay of fibroblasts cryopreserved in IRI supplemented cell media. The IRIs
3FA (2), 4-MBA (5), and 2,6-DFB (6) were tested at various concentrations and compared to a control of BSA.n=3,N =
2. B) Post-thaw proliferation determined through Trypan blue staining and cell counts of fibroblasts cryopreserved in IRI
supplemented cell media. The IRIs 4-MBA (5) and 2,6-DFB (6) were tested at various concentrations and compared to a
control of BSA. n =3, N = 1. C) Compound structures and numbers. Error represents SD, 1-way Anova. **** P <0.0001,

¥EEP <0.001, ** P<0.01, * P <0.05.
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4.4.2 Assessing the Ability of Ice recrystallization Inhibitors to Cryopreserve Autologous
Dermal Sheets

The next stage of testing was to evaluate the ability of IRIs to cryoprotect single layer
autologous dermal sheets. The compounds used in further testing were NOGlc (1), 4-MBA
(5), and 2,6-DFB (6). Both 1 and 5 showed a significant reduction of damage observed in
fibroblast cell suspension post-thaw. However, 6 did not show significance despite reducing
the % mortality, this compound was chosen to continue testing to assess if cell suspension
and dermal sheets produce contrasting results. Both % viability and % mortality were
investigated for the dermal sheets after cryopreservation with IRI supplemented cell media.
% Viability was conducted using an AlamarBlue™ viability assay to quantify metabolic
activity of cells within the tissue and % mortality was conducted using SYTOX Green to
quantify mortality distribution within the tissues. Figure 4.11 shows the results of % viability
and % mortality of each NOGlc (1) donor tested. Viability of the dermal sheets, shown in
panels A-C, was increased at 0.01 mM by 20.4% (£2.9 SD) in the first replicate, by 33.6%
(2.6 SD) at 0.1 mM and by 22.9% (+2.0 SD) at 1 mM in the second replicate. However, a
decrease in viability in the third replicate of 26.7% (1.2 SD) at 0.01 mM was observed. It
should be noted that the control for the third replicate was particularly high which may
contribute to the decrease observed with 1. For mortality of the dermal sheets, seen in panels
a-c, a decrease of 13.6% (£2.6 SD) at 0.01 mM and of 10.3% (x2.3 SD) at 1 mM was
observed for the first replicate. Figure 4.12 shows the results of % viability and % mortality
of each 4-MBA (5) donor tested. Viability of the dermal sheets, seen in panels A-C, was
increased at 5 mM by 27.7% (£2.6 SD) and by 22.0% (+2.8 SD) at 25 mM for the first

replicate. The second replicate saw a viability increase by 29.7% (3.2 SD) at 1 mM. For
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mortality of the dermal sheets, shown in panels a-c, supplemented with compound 5, a
decrease of 16.8% (+3.9 SD) at 25 mM and 8.5% (+1.3 SD) at 5 mM was observed with the
first and third replicate respectively. Figure 4.13 shows the results of % viability and %
mortality of each 2,6-DFB (6) donor tested. Viability of the dermal sheets, shown in A-C,
was increased at 5 mM by 14.3% (£2.9 SD) and by 21.7% (+3.1 SD) at 15 mM for the first
replicate. 30 mM showed a significant increase in viability of 14.7% (2.1 SD) and 16.4%
(x2.2 SD) with the second and third replicate respectively. For mortality of the dermal sheets
supplemented with 6, seen in a-c, only 5 mM for the second replicate shows a significant
decrease of 15.8% (2.7 SD). Overall, 5 has the most significant reduction of mortality and 1
the most significant increase of viability in dermal sheets. Although, each IRI tested in
dermal sheets at certain concentrations shows a reduction in freeze associated damage

compared to dermal sheets not supplemented with IRIs.
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Figure 4.11. Post-Thaw Viability and Mortality of Autologous Dermal Sheets Following NOGlIc (1) Supplementation. Solid graphs (A-C) indicate post-thaw %
viability determined through an AlamarBlue™ viability assay of dermal sheets cryopreserved in NOGLc (1) supplemented cell media compared to a control of
BSA. Hatched Graphs (a-c) indicate post-thaw % mortality determined through a SYTOX Green mortality assay of dermal sheets cryopreserved in NOGLc (1)

supplemented cell media compared to a control of BSA. Error represents SD, n =5, N = 1. 1-way Anova, **** P <0.0001, *** P <0.001, ** P <0.01, * P <0.05.
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Figure 4.12. Post-Thaw Viability and Mortality of Autologous Dermal Sheets Following 4-MBA (5) Supplementation. Solid graphs (A-C) indicate post-thaw %
viability determined through an AlamarBlue™ viability assay of dermal sheets cryopreserved in 4-MBA (5) supplemented cell media compared to a control of BSA.
Hatched graphs (a-c) indicate post-thaw % mortality determined through a SYTOX Green mortality assay of dermal sheets cryopreserved in 4-MBA (5)
supplemented cell media compared to a control of BSA. Error represents SD, n =5, N = 1. 1-way Anova, **** P <0.0001, *** P <0.001, ** P <0.01, * P <0.05.
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Figure 4.13. Post-Thaw Viability and Mortality of Autologous Dermal Sheets Following 2,6-DFB (6) Supplementation. Solid graphs (A-C) indicate post-thaw
% viability determined through an AlamarBlue™ viability assay of dermal sheets cryopreserved in 2,6-DFB (6) supplemented cell media compared to a control of
BSA. Hatched graphs (a-c) indicate post-thaw % mortality determined through a SYTOX Green mortality assay of dermal sheets cryopreserved in 2,6-DFB (6)
supplemented cell media compared to a control of BSA. Error represents SD, n =5, N = 1. 1-way Anova, **** P <0.0001, *** P <0.001, ** P <0.01, * P <0.05.
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4.5 Discussion - Outlook for Ice Recrystallization Inhibitors in Tissue Cryopreservation

The best cryopreservation protocol for each type of tissue can be determined through
cryopreservation trials with baseline testing as the first step. Sections 4.2 and 4.3, investigate
the current cryopreservation protocols used for both fibroblasts and autologous dermal
sheets. An optimal cooling rate of 1 °C/min was achieved when freezing BSA and serum
dermal sheets begetting post-thaw viability results. The decrease in post-thaw viability to
37.4% and 26.5% for BSA and serum respectively, clearly outlines the issue with
cryopreserving tissues, being the major reduction in cell viability. In addition, cytotoxicity
trials of serum, BSA, and DMSO in both fibroblasts and autologous dermal sheets led to new
insights. Such as, in comparison to BSA, serum increases post-thaw mortality leading to a
greater loss of cells during cryopreservation, however it promotes better cell proliferation
post-thaw. It is relevant to note that the role of serum components has not been fully
determined. The biggest drawbacks in the use of sera are their untested biological safety and
the added costs of supplementing basic media. In addition, the presence of serum in culture
broth has complicated the isolation and purification of valuable products, such as culture-
produced therapeutics. Therefore, there is a need to develop an affordable substitution for
sera.?’ Another insight was that significant damage associated with DMSO only increases
past 60 minutes of incubation. Nevertheless, DMSO is still toxic to cells at lower incubation
time points reducing the number of cells post-thaw when compared to alternative cryo-
additives.®* These sections outline the need for cryo-additive alternatives, due to
cryoprotectant cytotoxicity and ice recrystallization during rewarming which causes major

reduction in the amount of viable cells post-thaw.
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To address these concerns section 4.4 investigated the ability of NOGIc (1), 3FA (2),
2FA (3), 4-MBA (5), 2,6-DFB (6), and pBrPhGlc (9) to increase the post-thaw viability of a
variety of tissue products by reducing damage associated with cryopreservation, while being
less toxic than current cryo-additives. Fibroblasts were cultured in IRI supplemented cell
media containing 1.5% BSA and 10% DMSO. Two of the six IRIs tested resulted in a
decrease in fibroblast mortality. Compounds 2 and 3 did not show any significance,
producing similar results to the not supplemented BSA control. As mentioned in previous
chapters, 9 has shown to be toxic, therefore the results that 9 increased cell mortality and was
highly toxic to fibroblasts significantly reducing post-thaw cell growth were in agreement
with previous findings.®® Figure 4.14 shows the fold change in the % mortality of fibroblasts
in suspension compared to BSA according the IRIs 1, 5, and 6. The results show 6 has no
significant effect, at 0.01 mM 1 reduces mortality by 42% (+0.3 SD), and at 5 mM 5 reduces
mortality by 37% (0.2 SD). With the most significant result being a 52% (0.3 SD)
reduction of fibroblast mortality by 1 at 1 mM. Overall, the results indicate that not all
classes or concentrations of IRIs are effective at reducing the damage associated with
freezing in fibroblasts. Although only one of the tested IRIs was cytotoxic causing an
increase in mortality, with all other compounds being neutral (having similar results to the
control) or effective indicating they are potentially good CPAs by reducing mortality. In
addition, where 9 decreased cell growth after cryopreservation 1, 5, and 6 were shown to
increase post-thaw cell proliferation compared to BSA (figure 4.9 B and figure 4.10 B). The
most notable results are those of NOGlIc (1) and 4-MBA (5) which are extremely effective at
reducing post-thaw mortality, with 1 reducing mortality by over half compared to the current

methods using BSA and DMSO.
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Figure 4.14. Fold Change Comparing Post-Thaw Mortality of Fibroblast Cell Suspension Following IRIs
Supplementation. Post-thaw mortality determined through a SYTOX Green mortality assay of fibroblasts cryopreserved in
IRI supplemented cell media. The IRIs NOGIc (1), 4-MBA (5), and 2,6-DFB (6) were tested at various concentrations and
compared to a control of BSA. Error represents SD, n = 3, N = 3. 1-way Anova, **** P <0.0001, *** P <0.001, ** P <
0.01, * P <0.05.

Thick cell sheets can present unique problems with regard to penetration of
cryoprotectants and freezing characteristics.> As complexity of the tissues increases so do
cell-to-cell and cell-to-matrix interactions contributing to increased cell injury caused by ice,
this damage is associated with both the cell packing effect (section 1.4) and the matrix
effect.’* Section 4.4.2 investigated the ability of 1, 5, and 6 to cryoprotect autologous single
dermal sheets. In dermal sheets, all of the tested IRIs at certain concentrations showed an
increase in cell viability and decrease in mortality when supplemented in cell media. With
the most significant result being a reduction in mortality of 16.8% (+3.9 SD) at 25 mM for 5
and an increase in viability of 33.6% (2.6 SD) at 0.1 mM for 1 compared to solely BSA and
DMSO. Increase viability of dermal sheets is important as these cultured sheets allow for the
survival of severely burned patients when there are insufficient donor sites for the classical
therapeutic approach necessitating the harvesting of spared sites.'% Although, skin substitute

is the desired goal for a more definitive treatment of burn patients and many other
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problematic skin wounds.X® An interesting observation that 6 which had no significant
increase of viability in cell suspension did have significance in single dermal sheets.
Therefore, the difference in complexity of the tissue products may account for the
effectiveness of the IRI used. In future testing this may be an important insight, IRIs which
show no significance in fibroblasts cell suspension does not indicate that it will be ineffective
in more complex tissues. As the thickness of the tissues increases the most effective
concentration of the IRI also increases. The observed effectiveness of higher concentration is
connected to the matrix effect, which is dependent on cryoprotectant concentration and is
reduced at higher concentrations as they are able to better penetrate the tissue matrix.*® The
matrix effect may explain why 1 was not as significant in dermal sheets as it was in cell
suspension, as the compound has a low solubility limit of 1 mM. Therefore, as we increase
complexity from cell suspension to dermal sheets, the most effective concentration also
increases in molarity, indicating that higher concentrations should be the focal point of future

testing in dermal equivalents.

Cryopreservation plays an important role in tissue banking and will assume even
greater importance as the prevalence of tissue engineering increases.? Therefore, more
effective cryoprotectants which are less toxic and address the issue of ice recrystallization are
a necessity for better cryopreservation protocols of tissue products. Overall, IRIs have been
shown to be effective cryo-additives in various complexities of tissue samples. With, 1
increasing fibroblast proliferation 96 hours post-thaw. Both 1 and 5 showed a significant
reduction of damage to cells and increase viability at both levels of complexity. It is
important to note that each replicate is carried out on cells that are seeded from different

donors therefore variation of results is expected due to the lack of standardization of the
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cells. In addition, % recovery of cells in suspension or matrices should be used in following
experiments as it provides a more accurate representation by considering the total number of
cells damaged before and after cryopreservation. The results obtained in this chapter are
notable as dermis cryopreserved using IRIs retain enough properties to produce relevant
bioengineered self-assembled skin substitutes in a timely manner. The ultimate goal for
cryopreservation of tissues is the uniform cryopreservation of all tissue components of a
composite organ.?? IRIs are a promising approach which may be the key to achieving this
goal, as they are nontoxic compounds which are able to reduce ice recrystallization within

the matrix and cells.
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Chapter 5: Conclusions and Future Outlook

5.1 Conclusions

The work described in this thesis aimed to evaluate IRIs in appropriate and clinically
relevant biological applications to determine if they are beneficial for preventing
mechanisms of cryoinjury and biocompatible, while maintaining low cytotoxicity. The
development of IRIs which possess these attractive qualities could significantly enhance the
methods and protocols used in cryopreservation today. Thus, the overall goals of this thesis
were: (1) to elucidate additional structural features that are important for the IRI activity of
N-Aryl-B-D-gluconamides while increasing solubility and assessing curve fit; (2) investigate
the capacity of small molecule carbohydrates to efficiently preserve proteins during freeze-
drying; and (3) to explore the cryopreservation potential of small molecule IRIs in simplified

human tissue models.

The first objective was achieved by synthesizing N-Aryl-B-D-aldonamide and N-
Benzyl-p-D-gluconamide analogues, with a variety of aromatic substituents, then testing IRI
activity. These analogues were previously found to be IRI active but lacked current and
complete chemical property assessment.! Through IRI and cytotoxicity evaluation it was
determined that all tested analogues were IRI active with lower cytotoxicity than pBrPhGlc
(9).2 In addition, compared to NOGlIc (1) both groups of compounds had increased solubility.
Overall, N-Benzyl-B-D-gluconamides proved to be a promising class of compounds with the
para derivatives being more IRI active than all other tested compounds except 1. In chapter 2
it was outlined that the para position may play an important role in the IRI activity. The
combination of significant ice inhibition with the increased solubility addresses a major issue

seen with the application of 1, as well, the low cytotoxicity observed addresses issues seen
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with 9.23 As both 1 and 9 are effective IRIs which have been applied in various
cryopreservation protocols, the decrease in adverse effects makes this class of compounds
favourable.*® Lastly, dose-response curves of 4-CBA (7) and 4-MOBA (8) provided new
insights validating that IRIs follow a sigmodal curve, however in some cases the trend is not
symmetrical. As our compounds do not undergo a chemical change during the
cryopreservation process their function may result in an asymmetrical curve. Therefore, The
5PL function, which contains a fifth parameter, enables asymmetry to be properly

approximated when the 4PL curve does not provide the greatest fit.®

The next objective of this work involved the investigation of a small library of IRIs
ability to cryopreserve proteins during the freeze-drying process. The storage of proteins
through lyophilization presents unique challenges as freezing and drying both effect proteins,
which require specific conditions to maintain their structure.” Therefore, 1, 4-MBA (5), 2,6-
DFB (6), and 9 were examined for their ability to limit denaturation of proteins. The data
showed that the IRIs did not interfere with the gPCR process and were effective
cryoprotectants during the lyophilization process: as all compounds were able to reach or
even reduced the threshold cycle number. When compared to the most effective
concentration of trehalose, certain concentrations of IRIs increased the thermostability of the
proteins. The most effective IRI was 9 at 40 mM increasing the activity by ~30%, reducing
the number of cycles to reach threshold value. Compound 9 is highly cytotoxic in cells
leading to 0% viability at concentrations as low as 10 mM, but the cytotoxicity does not
affect the proteins or qPCR process.? Therefore, it may be ideal to use 9 in the application of
cryopreservation of protein products. As chapter 3 was a preliminary test of IRIs ability to

stabilize proteins during both processes, many of the results did not result in large changes
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except for 40 mM of pBr. In following experiments, ideally a decrease in cycle number of
30-50% would be significant enough improvement of outcomes to change protocols. The
most significant contribution of this work was the discovery that carbohydrate-based small
molecules may be working in more than one mechanism. Inhibitors of ice recrystallization
may be working to protect the proteins from harm brought on by ice formation during
freezing. Additionally, it is possible that these cryoprotectants also function as lyoprotectants
during the lyophilization process' drying stages. Lyoprotectants or compounds that serve as
both cryoprotectants and lyoprotectants, such as trehalose, are utilized due to the distinct
drying stressors on proteins during lyophilization that are not always protected by
cryoprotectants.” Therefore, it is suggested that IRIs may be stabilizing proteins via both
processes as IRIs were not combined with a lyoprotectant during testing.

Finally, this work explored the ability for IRIs to cryopreserve tissue products of
various complexity. Current cryo-additives used, such as DMSO and BSA, do not inhibit ice
recrystallization which causes the majority of the damage during the storage of tissue
products.® Preliminary tests of IRI supplemented cell media indicated that IRIs can increase
viability and reduce mortality in cell suspension and single dermal sheets. Compounds 1 and
5 produced the best results as they had no significant cytotoxicity and increased post-thaw
growth of cells. As the complexity of the tissues increased, higher concentrations of IRI were
needed, therefore, 5 recovered cells better in complex tissues due to the low solubility limit
of 1.3 Although, 1 due to its higher IRI activity increases viability more significantly in less
complex systems. IRIs may not change the biological activity of the tissues but work on a
physiochemical basis. As the tissues increase in complexity or change cell type of tissue

morphology, such as through vascularization of bioengineered skin substitutes or seeding
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epidermal bilayers, the IRIs should hypothetically still be effective cryoprotectants. Overall,
in simple one cell type thin tissue matrix both 1 and 5 are effective cryo-additives reducing
the damage associated with freezing and increasing viability of the cells within the system.
Combined, the findings highlight the complexity of cryopreservation and imply that
while ice recrystallization inhibition is advantageous for a cryoprotectant, specific
derivatives are better suited as cryoprotectants for particular biological materials. Overall, the
results of the cryopreservation investigations showed that, in addition to being strong
inhibitors of ice recrystallization, small molecules may also be strong lyoprotectants,
demonstrating the variety of ways in which these compounds may aid in biopreservation.
IRIs offer enormous potential to advance current cryopreservation techniques, which are
currently constrained by the usage of trehalose or cytotoxic DMSO, two routinely employed

cryoprotectants that do not prevent ice recrystallization.

5.2 Future Outlook

Throughout this thesis, several different classes of small molecule IRIs were
confirmed as effective inhibitors of ice recrystallization, that can help direct future research
in the field. Collectively, the results from this thesis have established that small-molecule
IRIs have tremendous potential for improving upon current cryopreservation protocols for

freeze-drying proteins and tissue products such as dermal sheets.

With the current global pandemic, the results obtained from the protein
thermostability assays in chapter 3 are pertinent. With further testing, IRIs could allow
stabilization of COVID test kits more efficiently without compromising the efficacy of the
testing procedure when samples are retrieved from infected patients. This leads to the inquiry

if IRIs are useful molecules to perhaps stabilize additional protein products, which could
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ultimately lead to more effective freezing and storage of MRNA vaccines. In addition, the
discovery that IRIs do not negatively affect gPCR and potentially act as lyoprotectants is
compelling. The requirement for uniform, quality-controlled frozen or refrigerated materials
is one aspect of the gPCR technique that hinders its application.® The availability of high-
quality, ready-to-use freeze-dried gPCR mixes would make implementation much easier
because they offer a one-step reaction format that would lessen issues with unintended
contamination.®° As per our observations, freeze-drying enables the creation of qPCR
reaction mixes for the detection of RNA that are readily available, preoptimized, premixed,
and pre-dispensed and are stable for two weeks at room temperature. Reconstitution of the
mixture and template RNA are all that are needed.®° In summation, further investigation
will be needed to determine the mechanism of action of IRIs acting as both cryoprotectants
and lyoprotectants. Specifically, moving forward with compound 9 derivatives and testing

additional IRIs in further protein products, such as test kits.

Simple dermal sheets were successfully cryopreserved in chapter 4. However, the
ideal result involves increasing complexity to incorporate a bilayer of dermis and epidermis
or even developing more physiological skin constructs by include various skin components,
such as vasculature, appendages, pigment, innervation, and adipose tissue.'! The final goal of
the project is to accelerate the grafting of tissue engineered skin substitutes. By
cryopreserving allogeneic dermis, which is less immunogenic, autologous keratinocytes
could be seeded to create a bilayer reducing tissue culture time from 8 weeks to 2 weeks.
These skin substitutes would be less antigenic and present the same histology of regular skin
substitutes. This shorter turnaround time and improved protocol would enable the "banking"

of cultivated cell sheets for long-term preservation, easy shipping, and quick access for burn
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victims when necessary.*? The immediate next steps include determining the mechanism of
action to investigate if the IRIs are entering the cells or only working extracellularly within
the cell matrix. Tissues of further complexity and vascularization will need to be tested with
IRIs to confirm the initial findings of improved cell viability, specifically investigating
compounds 1 and 5 as they are the most promising. Finally, testing if IRIs can reduce the

amount of DMSO needed in cell media to avoid cytotoxic effects.

Further investigation within the Ben lab would start at structure function analysis as
the main structural features which contribute to IRI activity are still yet to be known. For
insight into the mechanism of action, dose-response curves should be further populated to
determine if 4PL or 5PL curve fits are more accurate. The importance of the para position in
N-Benzyl-B-D-gluconamides has been discovered but the connection between the
substituents and IRI activity requires further analysis. The chemical properties which
contribute to effective cryopreservation would be the foundation of designing future active
small molecule IRIs. Due to the success in many biological materials and low cytotoxicity 5
may be a promising new compound to develop for the application of cryopreservation. In
addition to further research into other more active benzyl compounds such as 7.

In summation, there is still a lot of work to be done to pinpoint the precise
mechanism of action of these molecules. Understanding how these compounds function as
cryoprotectants and potentially as lyoprotectants is more crucial than understanding the
mechanism of ice recrystallization inhibition. It is still unknown whether they work solely as
cell-permeating cryoprotectants, prevent ice from recrystallizing, maintain cell viability and
functionality by interacting in a way that protects cell membranes or perhaps a combination

of mechanisms.t
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Chapter 6: Experimental Procedures and Compound Characterizations

6.1 Experimental Protocols and Characterization Data for Chemical Compounds

General Materials and Methods for Chemical Synthesis:

Reagents were purchased from Sigma-Aldrich and used as received or purified from existing
stock prior to use. All anhydrous reactions were performed in flame-dried glassware under a
positive pressure of dry argon. Air sensitive reagents were transferred using oven-dried
syringes. All flash chromatography was performed with SiliCycle silica gel 60 (230-400
mesh). All solution phase reactions were monitored using thin layer chromatography (TLC)
with 0.2 mm pre-coated silica gel aluminum plates 60 F254 (SiliCycle). Components were
visualized with short-wavelength (254 nm) ultra-violet light and/or staining
(orcinol/sulphuric acid stain solution). All solvents used for anhydrous reactions were
distilled. Dichloromethane was dispensed from a SPBT- Bench Top Solvent Purification
System (LC Technology Solutions inc.) and stored under argon. *H-NMR (400 MHz) and
13C-NMR (400 MHz) spectra were recorded at ambient temperature on a Bruker Avance 400
spectrometer. Dimethyl sulphoxide-d6 ((CD3).SO) was used as NMR solvent. Chemical
shifts are reported in ppm and corrected using the solvent residual peak as an internal
standard. Splitting patterns are designated as follows: s, singlet; d, doublet; dd, doublet of
doublets; t, triplet; td, triplet of doublets; g, quartet; m, multiplet; and br, broad. NMR spectra
of compounds assessed for IRI activity and of intermediate compounds are provided. High
resolution mass spectrometry (HRMS) was performed on quadrupole time-of-flight (Q-TOF)
spectrometer with a pump rate of 100 nL/min using electrospray ionization (ESI).

Gluconolactone (D-(+)-Gluconic acid-s-lactone) and 1,2,3,4,6-Penta-O-acetyl-B-D-
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glucopyranose are commercially available carbohydrates. Compounds were lyophilized

using a Labconco FreeZone lyophilizer in dH20 prior to testing in cells.

N-Octyl-B-D-gluconamide (1)
H OH OH

eSS Y OH
O OH OH

Compound 1 Reaction Scheme:

" ,HVNH
2 OH OH
HO O ~ 6 H - -
HO © > SN o

OH MeOH, reflux O OH OH
68% 1

Scheme 6.1. Synthesis of N-Octyl-f-D-gluconamide.

Compound 1 was prepared according to a standard literature procedure.! To a solution of D-

Gluconic acid-6-lactone (1.4 g, 7.9 mmol) in MeOH (30 mL) was added n-octylamine (1.3

mL, 7.9 mmol). The mixture was stirred under reflux for 1 hour then cooled in an ice bath.

The precipitate was filtered off and washed with cold MeOH to afford 1 as a white powder

(1.6 g, 68%). Characterization data is consistent with that previously reported in the

literature. *H NMR (400 MHz, DMSO-ds): § 7.56 (t, = 6.0 Hz, 1H), 5.32 (d, J = 5.3 Hz,

1H), 4.51 (d, J = 5.0 Hz, 1H), 4.44 (d, J = 5.0 Hz, 1H), 4.36 (d, J = 7.3 Hz, 1H), 4.30 (t, J =

6.0 Hz, 1H), 3.93 (t, J = 4.5 Hz, 1H), 3.86 (m, 1H), 3.54 (m, 1H), 3.42 (m, 2H), 3.02 (m,

2H), 1.36-1.20 (m, 11 H), 0.82 (t, J = 7.0 Hz, 3H). 13C NMR (400 MHz, DMSO-de): & 172.7,

74.1,72.9,71.9, 70.6, 63.8, 38.7, 31.7, 29.6, 29.2, 29.1, 26.8, 22.6, 14.4.
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Compound 1 NMR Spectra:
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N-3-Fluorophenyl-g-D-gluconamide (2)

B4
Y o
O OH OH

Compound 2 Reaction Scheme:

F
OH @ y OH OH
. = =
HO - O OH OH
MeOH

OH
VAN

52%

Scheme 6.2. Synthesis of N-3-Fluorophenyl-g-p-gluconamide.

Compound 2 was prepared according to a standard literature procedure.? To a solution of D-
Gluconic acid-é-lactone (0.6 g, 3.36 mmol) in acetic acid (30 mL) was added 3-fluoroaniline
(1.08 mL, 10.1 mmol). The mixture was stirred under reflux for 3 hours. The solvent was
evaporated producing a dark brown solid. The solid was recrystallized in EtOH to afford 2 as
a white powder (0.51 g, 52%). Characterization data is consistent with that previously
reported in the literature. *H NMR (400 MHz, DMSO-dg): & 9.74 (s, 1H), 7.68 (dt, J = 11.8,
2.6 Hz, 1H), 7.48 (m, 1H), 7.29 (m, 1H), 6.84 (m, 1H), 5.74 (s, 1H), 4.54 (m, 2H), 4.34 (m,
1H), 4.14 (br, 1H), 3.97 (br, 1H), 3.55 (m, 1H), 3.47 (s, 1H), 3.37-3.33 (m, 1H). 3C NMR

(400 MHz, DMSO-dg): 6 172.5, 74.7, 72.6, 72.0, 70.8, 63.7.
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Compound 2 NMR Spectra:
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N-2-Fluorophenyl-g-D-gluconamide (3)

H OH OH
C[ L L
O OH OH
Compound 3 Reaction Scheme:

OH E:( OH OH
Ho’ﬁ:o NH; OH
HO o OH OH
OH

I\"I'..()ll

m

Scheme 6.3. Synthesis of N-2-Fluorophenyl-g-pD-gluconamide.

Compound 3 was prepared according to a standard literature procedure.? To a solution of D-
Gluconic acid-é-lactone (1 g, 5.62 mmol) in acetic acid (10 mL) was added 2-fluoroaniline
(1.62 mL, 16.84 mmol). The mixture was stirred under reflux for 1 hour. The solvent was
evaporated producing a dark brown solid. The solid was recrystallized in EtOH to afford 3 as
a white powder (0.77 g, 47%). Characterization data is consistent with that previously
reported in the literature. *H NMR (400 MHz, DMSO-ds): § 9.17 (s, 1H), 8.09 (td, J = 6.0,
2.0 Hz, 1H), 7.27-7.22 (m, 1H), 7.17-7.07 (m, 2H), 5.94 (d, J = 4.6 Hz, 1H), 5.64 (d, J= 7.5
Hz, 1H), 4.59 (t, J = 6.0 Hz, 2H), 4.36 (t, J = 5.5 Hz, 1H), 4.20 (m, 1H), 3.99 (m, 1H), 3.58-
3.41 (m, 3H), 3.41-3.30 (m, 2H). 13C NMR (400 MHz, DMSO-dg): § 172.0, 125.0, 122.5,

115.6,74.4,72.7,72.0, 70.7, 63.7.
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Compound 3 NMR Spectra:
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N-Benzyl-p-D-gluconamide (4)

Clx 2.2
D

O OH OH

Compound 4 Reaction Scheme:

Lo, L o
0 NH, @\/H =1 X
"o -0 R

H = —
OH MecOH O OH OH
VAN

75%

Scheme 6.4. Synthesis of N-Benzyl-g-D-gluconamide.

Compound 4 was prepared according to a standard literature procedure.? To a solution of D-
Gluconic acid-6-lactone (1.51 g, 8.5 mmol) in MeOH (60 mL) was added n-benzylamine
(2.03 mL, 9.3 mmol). The mixture was stirred under reflux for 24 hours. The solvent was
evaporated, and the residue was recrystallized in EtOH to afford 4 as a white powder (1.82 g,
75%). Characterization data is consistent with that previously reported in the literature. *H
NMR (400 MHz, DMSO-de): & 8.13 (t, J = 6.3 Hz, 1H), 7.28-7.15 (m, 5H), 5.43 (d, J=5.1
Hz, 1H), 4.55 (m, 1H), 4.49 (m, 1H), 4.44 (d, J = 7.3 Hz, 1H), 4.32 (t, J = 5.7 Hz, 1H), 4.28
(d, J = 6.3 Hz, 1H), 4.03 (t, J = 4.3 Hz, 1H), 3.94-3.91 (m, 1H), 3.57-3.52 (m, 1H), 3.44 (br,
2H), 3.36-3.32 (m, 3H). **C NMR (400 MHz, DMSO-ds): § 173.0, 140.0, 128.6, 127.6,

127.0, 74.3, 73.0, 72.0, 70.6, 63.8, 42.2.
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Compound 4 NMR Spectra:
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N-4-Methylbenzyl-p-D-gluconamide (5)

QeSS
Y Y oH

O OH OH
Compound 5 Reaction Scheme:

OH
- OH

\/IcOll O OH OH

680

Scheme 6.5. Synthesis of N-4-Methylbenzyl-g-D-gluconamide.

Compound 5 was prepared according to a standard literature procedure.? To a solution of D-
Gluconic acid-6-lactone (0.5 g, 2.8 mmol) in MeOH (50 mL) was added 4-
methylbenzylamine (0.36 mL, 2.8 mmol). The mixture was stirred under reflux for 24 hours.
The solvent was evaporated, and the residue was recrystallized in EtOH to afford 5 as a
white powder (0.56 g, 68%). Characterization data is consistent with that previously reported
in the literature. *H NMR (400 MHz; DMSO-ds): 6 8.09 (t, J = 6.2 Hz, 1H), 7.13 (dd, J =
14.2, 8.1 Hz, 4H), 5.45 (d, J = 5.1 Hz, 1H), 4.56-4.47 (m, 2H), 4.44 (d, J = 7.2 Hz, 1H), 4.35
(t, J = 5.6 Hz, 1H), 4.23 (d, J = 6.2 Hz, 2H), 4.03 (t, J = 3.6 Hz, 1H), 3.94-3.90 (m, 1H),
3.59-3.52 (m, 1H), 3.47 (br, 2H), 3.39-3.33 (M, 1H), 2.26 (s, 3H). 13C NMR (400 MHz,

DMSO-de): 6 172.9, 136.9, 136.0, 129.1, 127.6, 74.2, 72.9, 71.9, 70.6, 63.8, 42.0, 21.1.
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Compound 5 NMR Spectra:
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N-2,6-Difluorobenzyl-p-D-gluconamide (6)

F
q OH OH

Ny S o

F O OH OH

Compound 6 Reaction Scheme:

OH
o OH OH
HO -0 F N TOH
HO
OH MeOH 0] OH OH
A

58%

Scheme 6.6. Synthesis of N-2,6-Difluorobenzyl-g-D-gluconamide.

Compound 6 was prepared according to a standard literature procedure.? To a solution of D-
Gluconic acid-é-lactone (0.5 g, 2.8 mmol) in MeOH (37.5 mL) was added 2,6-
difluoroaniline (0.3 mL, 2.8 mmol). The mixture was stirred under reflux for 24 hours. The
solvent was evaporated, and the residue was recrystallized in EtOH to afford 6 as a white
powder (0.52 g, 58%). Characterization data is consistent with that previously reported in the
literature. *H NMR (400 MHz; DMSO-de): 6 7.82 (t, J = 5.5 Hz, 1H), 7.31-7.38 (m, 1H),
7.04 (t, J = 8.2 Hz, 1H), 5.32 (d, J = 5.1 Hz, 1H), 4.50 (d, J = 5.2 Hz, 1H), 4.44-4.24 (m,
5H), 3.96 (t, J = 3.7 Hz, 1H), 3.87-3.84 (m, 1H), 3.55-3.50 (m, 1H), 3.41 (br, 1H). 13C NMR

(400 MHz, DMSO-de): 6 172.6,112.1, 111.8, 74.0, 72.8, 72.0, 70.6, 63.8.
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Compound 6 NMR Spectra:
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N-4-Chlorobenzyl-g-D-gluconamide (7)
cl
NMOH
O GH OH

Compound 7 Reaction Scheme:

cl
OH
0 \©\,NH “ H 9OH OH
HO z NM

HO > —
OH MeOH O OH OH

A
80%

Scheme 6.7. Synthesis of N-4-Chlorobenzyl-f-D-gluconamide.

To a solution of D-Gluconic acid-s-lactone (0.2 g, 1.12 mmol) in MeOH (10 mL) was added
4-chlorobenzylamine (0.14 mL, 1.12 mmol). The mixture was stirred under reflux for 24
hours. The solvent was evaporated, and the residue was recrystallized in EtOH to afford 7 as
a white powder (0.29 g, 80%). *H NMR (400 MHz, DMSO-ds): & 8.22 (t, J = 6.5 Hz, 1H),
7.32-7.25 (m, 4H), 5.46 (d, J = 5.0 Hz, 1H), 4.56-4.44 (m, 3H), 4.34-4.20 (m, 3H), 4.02 (t, J
= 4.1 Hz, 1H), 3.93-3.89 (m, 1H), 3.56-3.52 (m, 1H), 3.45 (br, 2H), 3.35-3.32 (m, 1H). 13C
(400 MHz, DMSO-ds): 6 173.2,139.2, 131.5, 129.4, 128.5, 74.3, 72.9, 72.0, 70.6, 63.8, 41.6.

HRMS (ESI+): m/z calcd. for C13H18CINOe [M+Na]+ 342.1; found, 342.1.
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Compound 7 NMR Spectra:
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N-4-Methoxybenzyl-p-D-gluconamide (8)

Compound 8 Reaction Scheme:

OH MeOH O OH OH
A
88%

Scheme 6.8. Synthesis of N-4-Methoxybenzyl-g-p-gluconamide.

Compound 8 was prepared according to a standard literature procedure.? To a solution of D-
Gluconic acid-é-lactone (0.2 g, 1.12 mmol) in MeOH (15 mL) was added 4-
methoxybenzylamine (0.15 mL, 1.12 mmol). The mixture was stirred under reflux for 24
hours. The solvent was evaporated, and the residue was recrystallized in EtOH to afford 8 as
a white powder (0.32 g, 88%). Characterization data is consistent with that previously
reported in the literature. *H NMR (400 MHz, DMSO-ds): § 8.03 (t, J = 6.1 Hz, 1H), 7.18-
7.15 (m, 2H), 6.83-6.79 (m, 2H), 5.40 (d, J = 5.1 Hz, 1H), 4.54-4.53 (m, 1H), 4.49-4.47 (m,
1H), 4.41 (d, J = 7.3 Hz, 1H), 4.32 (t, J = 5.7 Hz, 1H), 4.20 (d, J = 6.3 Hz, 2H), 4.00 (t, J =
4.2 Hz, 1H), 3.92-3.89 (m, 1H), 3.68 (s, 3H), 3.60-3.51 (m, 1H), 3.45 (br, 2H), 3.36-3.33 (m,
1H). 3C NMR (400 MHz, DMSO-ds): & 172.9, 158.6, 132.0, 129.0, 114.0, 74.3, 72.9, 72.0,

70.6, 63.8, 55.5, 41.7.
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Compound 8 NMR Spectra:
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N-4-Bromophenyl-2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside (9a)

OAc

AcO Q o
AcO
OAc Q

Br

Compound 9a was prepared according to a standard literature procedure.® A solution of
1,2,3,4,6-penta-O-acetyl-B-D-glucopyranose (0.5 g, 1.28 mmol), 4-bromophenol (0.27 g,
1.54 mmol) with boron trifluoride diethyl etherate (24.1 uL, 0.2 mmol). Column
chromatography (7:3 hexanes/ethyl acetate) afforded 9a as a white powder (0.42 g, 85%).
Characterization data is consistent with that previously reported in the literature. *H NMR
(400 MHz, DMSO-de): & 7.49-7.47 (m, 2H), 6.94-6.92 (m, 2H), 5.92 (d, J = 8.4 Hz, 1H),
5.53 (d, J = 8.0 Hz, 1H), 5.42-5.34 (m, 2H), 5.04-4.86 (M, 3H), 4.22-3.94 (m, 5H), 2.03-1.91
(m, 9H). 3C NMR (400 MHz, DMSO-ds): & 169.5, 156.1, 132.9, 119.2, 97.6, 72.3, 71.1,

68.5, 20.9, 20.9, 20.8, 20.7.
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Compound 9a NMR Spectra:
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N-4-Bromophenyl-p-D-glucopyranoside (9)

Compound 9(a) Reaction Scheme:

Acot : AcO’m NaOMe/MeOH
> AcO >
AcO

BF3 OEt2 90%
CH,C, (

85% Br

Scheme 6.9. Synthesis of N-4-Bromophenyl-f-D-glucopyranoside.

OH

HO O
HO 0
OH Q
9

Br

Compound 9 was prepared according to a standard literature procedure.! Compound 9a (0.42

g, 0.84 mmol) was dissolved in a solution of sodium methoxide in methanol (10.5 mL) and

stirred for one hour at room temperature. The solution was then neutralized with Amberlite®

IR-120 (H*) ion-exchange resin and filtered. The filtrate was concentrated, and the product

was lyophilized to yield 9 as a white powder (0.25 g, 90%). Characterization data is

consistent with that previously reported in the literature. *tH NMR (400 MHz, DMSO-de): &

7.44-7.40 (m, 1H), 6.97-6.93 (m, 1H), 5.31, (d, J = 5.0 Hz, 1H), 5.04 (dd, J = 13.5, 5.0 Hz,

1H), 4.81 (d, J = 7.5 Hz, 1H), 4.54 (t, J = 5.8 Hz, 1H), 3.66-3.61 (m, 1H), 3.44-3.38 (M, 1H),

3.28-3.08 (m, 3H). °C NMR (400 MHz, DMSO-de): § 157.1, 132.5, 119.0, 113.7, 100.8,

77.5,77.0,73.6,70.1, 61.1.
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Compound 9 NMR Spectra:
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Ice Recrystallization Inhibition Assay [Modified Splat cooling Assay]:

Ice recrystallization inhibition of compounds was assessed at various concentrations in a
phosphate-buffered saline (PBS) solution. A 10 pL droplet of the sample solution was
released from a micropipette at a height of approximately 2 meters onto a pre-cooled
aluminum block (-80 °C). The droplet was immediately frozen upon impact on the block and
the resulting ice wafer (approximately 20 um thick and 1 cm wide) was then transferred to a
pre-cooled glass cover slip and annealed at -6.4 °C on a Cryostage for 5 minutes. Cryostage
temperature was maintained with a programmable Peltier unit (S3 Series 800 temperature
controller, Alpha Omega Instruments). After this time, the Cryostage was placed under a
microscope and the middle of the ice wafer was photographed using a Nikon Camera 20x

objective lens.

10 pL of sample (PBS +
IRl') dropped to produced
ice wafer

f

2 meter
drop

Aluminum
block on dry
ice (-80°C)

Ice wafer then transferred to glass
cover slip and annealed on
CryoStage at -6.4°C for 5 minutes

Pre-cooled
glass cover
slip (-B0°C)

CryoStage
(-6.4°C)

CryoStage placed under
microscope and the middle of ice
wafer photographed

Nikon Camera
20x objective
lens

Pictures analyzes in ImageJ and
dose-response curves constructed
from data

Drug dose

Inhibition Effect

Figure 2.4. Experimental Procedure of Modified Splat Cooling Assay.

Dose-response Curves:

Images of ice crystals in the absence of inhibitor (i.e., PBS only) were analyzed in triplicate.

In addition, all compounds were assessed in triplicate at a minimum of 5 different
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concentrations. The area of each individual ice crystal within the field of view was analyzed
using ImageJ and corrected for the appropriate magnification factor and objective lens
utilized in the modified splat cooling assay. The ice crystal areas were “binned” according to
their size using an Excel spreadsheet, with the smallest bin occupying ice crystal areas of
0.001 mm? and each sequential bin increasing by increments of 0.001 mm?. From the rate of
depletion of ice crystals occupying bin 1, the initial rates of ice crystal growth were

calculated using the following equation:

1 - A
Ve =T
where v, is the initial rate at 5 minutes, A7¢ is the relative area of bin 1 at 5 minutes, and t is
time. From the initial rates of ice crystal growth, dose-response curves were constructed
whereby the normalized rate of ice crystal growth (i.e., initial rate normalized to that of PBS)
was plotted against the log concentration. From the dose-response curves, 1Cso values were
calculated, that is the concentration at which ice recrystallization inhibitors have achieved

half of their maximum inhibitory capability.

6.2 Experimental Protocols for Cell Based Assays

HepG2 Cell Culture:

HepG2 (human liver hepatocellular carcinoma cells, ATCC HB-8065) were cultured in
Eagle’s minimum essential media (MEM) supplemented with 10% FBS (fetal bovine serum),
1% non-essential amino acids, 1% penicillin-streptomycin, and 1 mM sodium pyruvate in

T75 cm? Corning® flasks. Cells were incubated in a 37 °C incubator supplied with 5% COs.
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Culture media was changed every second day until 80% confluent. Once confluent, the cells
were removed from the flasks using 5 mL Accutase solution for use in experiments. Passages

9-12 were used in this study.

Alamar Blue (Resazurin) Assay:

HepG2 cells were plated in 96-well plates (~40,000 cells/well) and incubated overnight at 37
°C with 5% COzto allow cells to adhere. Cells were then treated with 100 uL of MEM
supplemented with various concentrations of test compounds. Cells were treated with MEM
without supplement as a negative control and supplemented with 1% Triton-X as a positive
control. Cells were then incubated at 37 °C with 5% CO. overnight. Following incubation,
10 pL of resazurin solution (125 pg/mL) in DPBS (Dulbecco’s phosphate buffered saline)
was added to each well and the plates were incubated at 37 °C with 5% CO2 for 4 hours. The
fluorescence of each well was measured using a fluorescence plate reader with an excitation
at 530 nm (emission at 590 nm). Each experiment was repeated at least two times in 7
consecutive wells for each condition. Cell viability was calculated as a percentage of the

control.

Cryopreservation of Fibroblast Cell suspension:

This experiment as mentioned in chapter 4 was carried out by the Laval group as outline in
the statement of contribution. Fibroblasts (Fb13) in falcon tubes are trypsinated using LOEX
protocol. Cells were treated with 1 mL of their respective IRI, 1.5% BSA, and 10% DMSO
solution which was prepared the day of freezing. The cell suspension was centrifuged and
added to cryovials (~600,000 cells/mL). Cryovials were incubated for 40 minutes at ambient

temperature before placing cryovials in CoolCell and transferred to -80 °C freezer for 4
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hours. Cryovials were quickly transferred to liquid nitrogen and incubated for 24 hours. Vials
are thawed in a 37 °C water bath and a 30 yuL of a 1:1 Trypan Blue - cell suspension mixture
is then added to a hemocytometer for cell count. The cells were resuspended to 40,000
cells/mL using warm culture medium. 1 mL of cell suspension was plated in 6-well plates,
each condition was repeated in 5 consecutive wells. Cells were treated with DME - 10% FBS
(Seradigm 203B10) as a negative non-frozen control, treated with 1.5% BSA - 10% DMSO
as a positive control, and lethal controls were heat at 60 °C for 20 minutes. Well plates were
then incubated for 96 hours changing cell media at 48 hours. Wells were trypsinated using
LOEX protocol and cells were counted using a Coulter (Vi-CELL BLU Cell Analyzer,

Beckman Coulter). Passages 5-10 were used in this study.

Cryopreservation of Tissue Products:

This experiment as mentioned in chapter 4 was carried out by the Laval group as outline in
the statement of contribution. Tissues were placed in sanded cryosettes (Simport M-9560).
Tissues were treated with 1 mL of their respective IRI, 1.5% BSA, and 10% DMSO solution
which was prepared the day of freezing. Cryosettes were incubated at room temperature for
40 minutes before being placed in a rate controlled-freezer (Dura-Stop MP lyophilizator). To
measure temperature a thermocouple was placed in a perforated cap cryosette as to touch the
solution, but not the bottom of the container. The freezing run was performed as follows: Set
point temperature of apparatus to 20 °C, hold 5 minutes, cool set point by 1 °C/min until -70
°C. Cryosettes are then transferred to -80 °C freezer for 2 hours before thawing in a 37 °C
water bath for 5 minutes. Tissues are then drop wise washed with DME with 10% FBS
(Seradigm 203B10) before transferring to a new culture plate. Culture medium is added to

each well then, the tissues are incubated for 24 hours. Cells were treated with DME - 10%
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FBS as a negative control and supplemented with 1.5% BSA - 10% DMSO as a positive

control. Passages 5-10 were used in this study.

SYTOX Green Assay:

This experiment as mentioned in chapter 4 was carried out by the Laval group as outline in
the statement of contribution. Following incubation, tissues are washed with phosphate-free
buffer 3 times. Negative control tissues were then treated with 4.2% formaldehyde for 20
minutes and acetone permeabilization for 15 minutes at -20 °C. 10 uL of SYTOX Green
solution in HBS was added to each well and the plates were incubated at room temperature
for 30 minutes. The staining solution was then removed, and the cells were washed 3 times
with HBS. The fluorescence of each well was measured using a fluorescence laser scanner

(Typhoon™),

AlamarBlue Assay:

This experiment as mentioned in chapter 4 was carried out by the Laval group as outline in
the statement of contribution. Tissues were transferred to new 12-well plates and rinsed
twice with phenol-free medium without added glutamine (DMEc). DMEc was used as a
negative control and DME with phenol was used to check for pH change. 75 uL of
AlamarBlue™ was added to each well and the plates were incubated at room temperature for
30 minutes. Plates were centrifuged and the staining solution was then removed. The
fluorescence of each well was measured using a fluorescence plate reader (\Varioskan™)

with an excitation at 560 nm (emission at 590 nm).
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6.3 Experimental Protocols for RT-gPCR Analysis

Protein Stabilization Assay [Lyophilization & RT-qPCR]:

This experiment was carried out in collaboration with Berezovski Research Group as outline
in the statement of contribution. Cryo-solutions were prepared by dissolving IRIs in dH20 at
their respective concentrations. dH2O treated without template was used as a negative control
and samples treated with trehalose at 0.5% and 10% (weight/volume) was used as a positive
control. 1.2 pL (gPCR Chip) or 20 pL (gPCR 96-well plate and tubes) at n = 3 of each
sample was added to the respective gPCR receptacle based on experiment. Lyophilization of
samples was then performed in a Labconco FreeZone lyophilizer. Master mix was prepared
according to CDC guidelines pertaining Promega GoTaq Probe 1-Step RT-gPCR System
(A6121, Promega). sSRNA standard (EURMO019, Sigma-Aldrich) and primer/probe mix
(10006713, IDTDNA) were added to the master mix. The freeze-dried mixes were
reconstituted to their original volume with master mix, then underwent a second
lyophilization. RNA template in dH20 (10° copies/pL) was added before the RT-qPCR
experiment. gPCR was performed as follows: 50 °C for 3 minutes, 95 °C for 30 seconds, and
40 cycles of gPCR with 3 seconds hold at 95 °C and 30 seconds hold at 50 °C. Each
condition was replicated in 3 consecutive wells. Cq value (Threshold cycle number) from
each replicate was averaged and normalized to the 10% (wt/vol) trehalose control to

calculate a percent mean threshold cycle value.
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