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ABSTRACT

The ability to preserve samples (e.g. biological substances) for extended periods has
enabled many medical and industrial advancements including the development of blood banks
and improvements to food storage. Cryopreservation, a biopreservation technique where samples
are stored between -80 °C to -196 °C, allows for increased storage times of weeks to years for
various cell types such as hematopoietic stem and progenitor cells (HSPCs). Cryopreserved
HSPCs from human umbilical cord blood (UCB) can be used for hematopoietic stem cell
transplantation used to treat over 80 diseases. Cryoprotectants like dimethyl sulfoxide are
implemented to protect cells from cryoinjuries during cold storage; however, they fail to address
phenomena that result in considerable loss of viable and functional cells after thawing. For
instance, ice recrystallization occurring during cryopreservation involves the growth of larger ice
crystals from smaller ones and this process is a substantial contributor to cellular damage. Along
with the inability to mitigate ice recrystallization, numerous conventional cryoprotectants are
toxic and lead to adverse outcomes to the cellular products undergoing preservation and to the
recipients of the corresponding treatments. There is, therefore, tremendous interest in the
development of novel non-toxic cryoprotectants able to reduce ice recrystallization during the
storage of cellular products. That being said, the design and analysis of these ice recrystallization
inhibitors (IRIs) are paramount for future innovations in regenerative and transfusion medicines.

Over the past two decades, the Ben laboratory has designed a collection of IRIs originally
inspired by the naturally occurring biological antifreezes (e.g. antifreeze glycoproteins, AFGPs)
found in a variety of cold-tolerating animals (e.g. fish and insects). From the development of

these IRI-active AFGP analogues came a series of carbohydrate-based small molecules found to
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improve the post-thaw properties of cells in vitro when used as cryosupplements during
cryopreservation. The class of N-aryl-D-gluconamide IRIs, for example, has been shown to
increase the post-thaw viability and function of HSPCs from UCB in small scale experiments.
Notably, the impact of these cryoadditives on the post-thaw in vivo activities of cryopreserved
cells had yet to be determined and this analysis would offer true insight into the clinical
relevance of IRIs as cryoprotectants.

Consequently, the research described herein marks the first time the in vivo significance
of using IRIs during cryopreservation has been investigated. Specifically, this thesis reports both
the in vitro impact (viability and functionality of cells post-thaw) as well as the in vivo impact
(the engraftment activity of grafts in a xenotransplantation model) of using N-aryl-D-
gluconamides for the cryopreservation of HSPCs from UCB. Moreover, through structure-
activity relationship (SAR) studies of the N-aryl-D-gluconamides, a series of novel analogues
were developed including derivatives with modified aryl and carbohydrate components. These
analogues were analyzed for their IRI activity and cytotoxicity, and the promising candidates
were assessed for their cryoprotectant abilities. Finally, an innovative approach to the
development of IRI-active glyco(peptides) is achieved through the design of macromolecular
AFGP analogues possessing unique physicochemical properties. This included the development
of IRI-active materials able to self-assemble in solution as well as the production of
carbohydrate-based surfactants with tuneable IRI activity using an external trigger. Collectively,
these studies provide substantial insight into the structural features required for the IRI activity of
glyco(peptide) and gluconamide IRIs as well as their corresponding impacts on cryopreserved

biological samples.
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1 Advancements to Cryopreservation using Ice Recrystallization

Inhibitors

Cryopreservation of biological substances, or the use of low temperatures for the
preservation and storage of various cell types, tissues, organs, and other substances, has allowed
for significant advancements in the field of medicine and cryobiology, among numerous other
applications. From a historical perspective, research in the field of cryobiology can be divided
based on the date of the discovery that glycerol could be used to improve the preservation of
cells at low temperatures in 1949 (pre- and post- glycerol discovery).!? Glycerol as a
cryoprotective agent (CPA) could permeate the cell and displace water due to the osmotic
pressure differential; thereby reducing the intracellular ice growth.®# In 1950, Smith et al.
successfully cryopreserved red blood cells (RBC) with glycerol.® In 1959, Lovelock and Bishop
identified dimethyl sulfoxide (DMSO) as a CPA that was more cell permeating than glycerol.®
Notably, in 1971-1972, reports described the successful use of DMSO as a water-displacing
cryoprotective agent (CPA) for various cell types and mouse embryos.!’ A key finding from
these studies was the realization that an optimal cooling rate existed for each cell type.*
Collectively, these fundamental discoveries advanced the field of cryobiology and facilitated the
development of other techniques such as a non-equilibrium ice-free, ultra-rapid freezing
technique and vitrification.'*!> For example, the first hematopoietic stem cell transplant (HSCT)
from cryopreserved umbilical cord blood was conducted in 1988 and to this day, the transplant
recipient is still healthy thus showcasing the applications for cryopreserved umbilical cord
blood.'® Beginning in the late 1990s, researchers began to study the phenomenon of delayed-

onset cell death post-cryopreservation and its link to disruption of the proteome or genome



resulting in a lower cell survival.!’% As new cellular therapies emerged over the past decades
and continue to emerge today, there is a drastic need for better cryopreservation techniques. To
this end, research in the optimization of cooling and warming rates, automation of
cryopreservation, and biological substance banking worldwide have been reported. One
emerging field of cryobiology involves the development of CPAs able to mitigate the cellular
damage associated with ice crystal growth in biological substances. The continued research on

these molecules, ice recrystallization inhibitors (IRIs), is the focus of this thesis.

1.1 Cryopreservation and its current issues

1.1.1 Cryopreservation

The three common techniques for biopreservation are hypothermic storage, vitrification,
and cryopreservation. Hypothermic storage involves the preservation of substances with a
cryoprotectant at temperatures such as between 4 °C and 10 °C, but above the sample’s freezing
temperature. These low temperatures allow for a reduction in the cell’s consumption of important
cellular metabolites, and therefore, significant cellular injuries are avoided.?'~2* This “metabolic
suppression” technique offers a means of achieving short-term storage (several days to weeks);
however, it induces a loss of viable and functional cells due to chilling injuries including necrosis
and apoptosis.!7"1%?42% Cell rupture may occur immediately upon exposure to cold storage while
some other cells may eventually (multiple hours after cold exposure) experience severe
membrane damage resulting in necrosis. Research focusing on how specific cell/tissue types
respond to stress are resulting in improved solutions for hypothermic storage.?®-2® Vitrification is

the preservation of samples in an ice-free glass-like state. This involves the introduction of a



CPA into the biological sample as the substance is quickly cooled thereby creating a more
viscous cryomedium.'>?%3% As viscosity increases, a phase transition to a glass-solid state is
observed. The difficulties of using this method include achieving an ultra-rapid cooling rate on
large samples, which is required to produce the glass-solid state, as well as having to use high
concentrations of CPAs. Further, cryoinjuries can arise as a result of ice formation and growth
when devitrification occurs as a result of too slow a warming rate. Recent techniques aimed at
overcoming such cryoinjuries are continually being developed including the concepts of
isochoric (constant volume) vitrification or the use of nano-warming after vitrification (where
nanoparticles from glass are used to prevent ice formation).?!=3* The third common preservation
technique is cryopreservation. Cryopreservation stores samples at sub-zero temperatures (-80 °C
to -196 °C) whereby biological processes are essentially halted. This biopreservation method
allows for the long-term storage of various cell types such as for more than 10 years. However,
cryopreservation requires attention to various factors such as cell concentration and sample
volume, cooling and warming rates, storage temperature, and choice of cryoprotective
agent(s).2!23-34736 Significant loss of viability is associated with the formation of intra- and
extracellular ice during the freezing and thawing processes of cryopreservation as well as due to
osmotic shock on the cell. While CPAs can mitigate these issues, they are often cytotoxic and
therefore must be removed after thawing. Numerous approaches to improve cryopreservation
include the concepts of ice recrystallization inhibitors to decrease the amount of CPA required,
implementation of isochoric cryopreservation (resulting in storage between -5 °C to -30 °C

instead of -196 °C), among others.?



1.1.2 Mechanisms of cryoinjury

Cell injury associated with cryopreservation (rupturing of cells, necrosis, and apoptosis)
usually occurs as the result of the freezing and thawing processes.?*” Thermal and osmotic
shock, reactive oxygen species, ischemia, exposure to toxic cryoadditives, and mechanical
damage due to ice formation and growth result in either immediate or delayed non-repairable
membrane damage.?® If cells experience immediate severe damage to their membranes, this
results in cell rupture. However, cells may respond differently to cold exposure during freezing
and thawing; in fact, some cells may rupture multiple hours after exposure (e.g. during thawing
of cell substances) as a result of necrotic cell death.?%?33° Mazur’s Two-Factor Hypothesis
informs us there are optimal freezing and thawing rates for each cell type based on the
permeability of the cellular membrane as well as the cryoprotectant used during the process.* As
the temperature of a system is reduced to -5 °C, supercooling occurs (Figure 1.1a). As the
sample cools further, ice begins to spontaneously nucleate in the extracellular medium. Finally,
as the ice grows, solutes become concentrated in the non-frozen extracellular medium. Due to
increased osmotic pressure of the partially frozen extracellular medium, the unfrozen
intracellular water now has a higher chemical potential, and this osmotic difference leads to
water efflux out of the cell. When using a fast cooling rate, cells may not dehydrate fast enough
to achieve osmotic equilibrium, resulting in intracellular ice formation (IIF) which is a
significant contributor to cryoinjury (Figure 1.1a). While there are various mechanisms
proposed for the formation of intracellular ice based on cooling rate, temperature, and the
specific cell type, it is widely accepted that IIF leads to substantial cell death specifically as a
result of ice recrystallization during the thawing period.>*#%6 In contrast, if the cooling rate is

slow (sub-optimal), water efflux will occur leading to a severe decrease in cell volume. This



results in a toxic environment for the cell due to high intracellular solute concentration, and both
this cell shrinkage and the high intracellular electrolyte concentration can lead to significant
cellular injury.* For instance, the weakening of the lipid-protein composition of the cell
membrane has been proposed as a result of these electrolyte and osmotic imbalances ultimately
leading to cell rupture.*” An optimal cooling rate (which is cell-specific) mitigates the issues that
arise due to the “solution effects” and also prevents IIF, as cells have time for sufficient
dehydration.* In a graph of cooling rates versus cell survival, cell survival follows an inverted “U
shape” based on the cooling rate, the water permeability of the cell, and the solution effects

(Figure 1.1b).
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Figure 1.1. (a) A depiction of the processes occurring during the freezing procedure,*#6484% and

(b) survival of cell types as a function of cooling rate adapted from Elsevier (Cryobiology) and
Oxford University Press.*-° Figure adapted from Cryobiology, 14(3), P. Mazur, The Role of
Intracellular Freezing in the Death of Cells Cooled at Supraoptimal Rates, 251-272, 1977, with

permission from Elsevier (Cryobiology).

In addition to using an optimal freezing rate, the thawing rate is also paramount to cell

survival and this is due to the process of ice recrystallization, whereby ice crystals grow larger



and lead to mechanical damage to the cell. In addition to the physical and mechanical injuries
associated with cryopreservation, there are also biochemical cellular injuries resulting from the
freezing/thawing methods due to reduced energy and metabolic abilities, uncoupling of
biochemical pathways, as well as activation of stress response pathways.*® Until the cell reaches
the glass transition of water (Tg, below -140 °C), biochemical processes are slowed but not
entirely halted thereby often leading to incomplete and unregulated reactions. In addition to
alterations to cell membrane integrity, ionic and osmotic imbalances, the formation and
accumulation of toxic intermediates (free radicals, anaerobic metabolites, and waste products)
leads to further damage either immediately or by activating stress responses upon warming the
sample. Often, the accumulation of these stressors leads to programmed cell death as well as
necrosis.!%20:27:36:31 Even the exposure to potentially toxic but otherwise beneficial cryoadditives

can lead to damage, highlighting the necessity of developing new and improved cryoprotectants.

1.1.3 Cryoprotective Agents

Even while adhering to optimal cooling and warming rates for cryopreservation,
biological samples still require further protection to avoid cryoinjuries; therefore,
supplementation of the cryomedium with a cryoprotective agent (CPA), such as glycerol or
dimethyl sulfoxide (DMSO), can result in increased cell survival. A typical cryopreservation
protocol involves the addition of a cryoprotectant to the sample before the freezing process,
cooling the sample to a low temperature, followed by thawing of the sample, and potential
removal of the CPA post-thaw. The chosen cryoprotectant can either be a permeating CPA, non-
permeating CPA, or a cryoprotectant mixture containing both components and this is based on

the cell type and biological sample.’>>® By remaining outside of the cell during the



cryopreservation process, non-permeating cryoprotectants mitigate cryoinjury associated with
insufficient cell dehydration by increasing the concentration of solutes in the extracellular
medium.*8325 This class of CPAs offer protection to cells during rapid cooling rates by reducing
the possibility of IIF and includes various polymers, starches, and carbohydrates, ranging from
large molecules including like dextran 40, polyethylene glycol (PEG), polyvinyl pyrrolidone
(PVP), hydroxyethyl starch (HES) to lower molecular weight compounds such as trehalose and
sucrose.>*~% In addition to their osmotic effects, non-permeating CPAs also stabilize the cell
membrane through oncotic forces of the high molecular weight compounds as well as their
alterations to the unfrozen water.®’-% Non-permeating CPAs are typically less toxic than other
CPAs and therefore do not always need to be washed out after cryopreservation.>® However,
reduced cell recovery is usually observed with these CPAs compared to permeating CPAs.
Permeating cryoprotectants, meanwhile, cross the cell membrane and are effective at protecting
intracellular compartments during slow cooling rates by replacing the intracellular water thereby

maintaining appropriate cell volumes.”%”!

Common permeating CPAs, such as glycerol and
dimethyl sulfoxide (DMSO), also prevent cryoinjuries associated with high electrolyte
concentrations through “salt buffering” where neutral solutes depress the freezing point of the
solution thereby avoiding the exposure of the cell to lethal salt concentrations.®**37273 During
thawing, care must be taken to follow appropriate re-hydration techniques since water can cross
into the cell more quickly than dimethyl sulfoxide which would result in cell swelling.

The addition and removal of cryoprotectants, as well as the toxicity of the CPA, can lead
to significant cellular injury. While more research into CPA toxicity is required, permeating

CPAs are known to disrupt cellular signalling and other cellular activities including various

protein functions.’*7%7* For example, dimethyl sulfoxide, a cryoprotectant commonly used for



numerous cell types and tissues including hematopoietic stem cells (HSC) has a significant
toxicity profile associated with its properties.”*®! Further, molecular dynamic simulations have
shown that cell membranes become less thick in the presence of dimethyl sulfoxide followed by
the formation of pores at a critical CPA concentration, and a reduction of membrane stability at
higher concentrations.®? Due to the toxicity of these CPAs, there has been considerable research
identifying biophysical factors required to successfully cryopreserve biological samples
including investigations into the effective concentration of these cytotoxic CPAs.3? Numerous
studies have shown that reduction of the concentration of DMSO for cryopreservation from 10%
DMSO to 7.5% or 5% DMSO results in comparable post-thaw viabilities.®3 Exploring methods
of reducing CPA concentrations while still observing cryoprotective effects is of great
importance due to the relatively high concentration of CPAs used and their impacts on a
multitude of targets. Despite these efforts, there remains significant injury associated with
cryopreservation; specifically, with the formation and subsequent growth of ice crystals in both
the intracellular and extracellular space. Notably, there is a significant need to mitigate injuries
associated with ice formation and the subsequent increase in the size of ice crystals at the
expense of smaller crystals in order to implement more effective CPAs and to improve the

cryopreservation protocols.

1.1.4 Cryopreservation of hematopoietic stem and progenitor cells

Hematopoietic stem and progenitor cells (HSPCs) are a heterogeneous pool of cells that
maintain an organism’s blood system through the HSPCs’ abilities of quiescence, self-renewal,
and differentiation. Hematopoietic stem cell transplantation (HSCT) from a cryopreserved

umbilical cord blood (UCB) source has emerged as a life-saving treatment in which HSPCs are



used to reintroduce stem cells into an organism after disease or malignancy. HSCTs are often
used as a last resort to treat various malignant and non-malignant hematologic disorders
including acute and chronic leukemias, and anemias. The benefit of using UCB for HSCT
applications as opposed to HSPCs from other sources is that there are less stringent HLA
matching criteria due to the lower rates of graft-versus-host disease (GVHD) associated with
HSCT from UCB, UCB is a readily available source of HSPC, as well as the fact that the
collection of UCB is non-invasive and low risk for the donor. However, one major disadvantage
to the use of UCB is the relatively lower number of HSPC available from the one-time collection
and cryopreservation of the cells in comparison to other HSPC sources, such as from bone
marrow (BM). To account for this reduced cell dose, research has been aimed at increasing the
number of viable and functional HSPCs that are isolated from UCB. Toward this end, one such
approach is to improve the cryopreservation of HSPCs.>%77# Current conventional
cryoprotectants and protocols result in a loss of post-thaw viability and functional capacity of
HSPCs.37%7 As a result of cryopreservation, higher levels of apoptotic HSPCs leads to reduced
activities of the cells post-thaw, and ultimately these apoptotic cells may negatively influence
engraftment success.>’”84878% Dimethyl sulfoxide (DMSO), the standard cryoprotectant used
for the cryopreservation of HSPCs, fails to mitigate uncontrolled ice growth which ultimately
leads to a loss of cell number and potency after cryopreservation.’®% Further, residual DMSO in
thawed stem cell grafts has been linked to negative outcomes in the transplant recipient
associated with the gastrointestinal, cardiovascular, respiratory, renal, hepatic, and central
nervous systems.”>?3:%8 While several other additives for HSPC preservation have been
explored including ethylene glycol, propylene glycol, and various carbohydrates, these CPAs

have yet to be implemented clinically.>*34 Taken together, these indicate a strong need for
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cryoprotective agents able to inhibit ice recrystallization (IRIs) for improving the

cryopreservation methods of HSPCs from human UCB.?%%

1.2 The nature of ice and strategies to control ice

1.2.1 Ice recrystallization

Ice recrystallization, or the growth of larger ice crystals from smaller ones, is a
thermodynamically driven phenomenon that results in a gradual increase of the mean ice crystal
size present in frozen samples.!® As discussed in detail in the previous section, the process of ice
recrystallization results in significant cryoinjury. This is especially observed during the thawing
process of cryopreservation of biological samples including hematopoietic stem cells and red
blood cells. This thermodynamic process is also apparent in numerous other scientific
applications and technologies including ice formation in aviation fuel as well as the frozen food
industry.!”'~1% Therefore, mitigating the damage of ice recrystallization has tremendous
implications for a wide range of technologies, including the improvement of cryopreservation
protocols for biological samples. The understanding of ice formation and growth is thus required

prior to the rational development of inhibitors of ice recrystallization.

1.2.1.1 Structure of Ice and Ice Nucleation

The phase transition of water to ice is ubiquitous. Ice crystals in a sample can exist in
many different polymorphic forms due to the arrangement of water molecules in the crystals at
various temperatures and pressures. Conventionally, ice has been viewed as displaying the

distinctive stable hexagonal (In) and metastable cubic crystal structures (Ic) depending on the
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conditions,'05-108

However, recent reports indicate that ice is a complex material that often
exhibits a stacking disorder structure depending on how it was formed and whether it was
subjected to temperature changes.'%%19%119 Fyrther, experimental results and molecular
simulations suggest that at ambient pressure, supercooled water nucleates to form the meta-stable
stacking-disordered ice (Isq) which contains cubic ice mixed with hexagonal sequences.!0%!11-114
Notably, this stacking-disordered form of ice can then transform through recrystallization
mechanisms to the highly-ordered hexagonal ice (In) which is the most thermodynamically stable
and common sub-zero polymorph at atmospheric pressure.!%:19%:115 Ag depicted in Figure 1.2,''6
the I lattice is comprised of four axes (a1, a2, a3, ¢) that form eight faces.!0¢115:117:118 Thig
polymorph contains the basal plane, the primary and secondary prism planes, and the pyramidal
plane.!'¢ In this highly ordered state, the water molecules are arranged through intermolecular
hydrogen bonds in which a molecule’s oxygen atom forms hydrogen bonds with two adjacent

hydrogen atoms. This formation leads to the characteristics observed for hexagonal ice including

rapid growth along the a-axis of the growing sheets (prism planes) and slower growth along the

c-axis (basal plane) leading to hexagonal-shaped crystals,!06-115.117.119
¢ c
\ } \
Basal plane
Secondary
 prism plane
—————————— b S 32
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a1} Primary prism plane a;

Figure 1.2. Representation of the axes and planes that give rise to hexagonal-shaped ice crystals

(In). 16
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The freezing process includes the movement of water molecules, hydrogen bond
formation at the ice surfaces, and the final phase change that includes the release of heat.'?° In a
partly frozen sample, there is a transitional layer between the disordered bulk water phase and
the ice crystal lattices, and this layer is termed the quasi-liquid layer (QLL). The QLL’s structure
and dynamics have tremendous implications for the adsorption of molecules onto the surface of
ice as well as the kinetics and thermodynamics of reactions at this interface.''®!121-125 Notably,
light scattering techniques have revealed that ice crystal growth occurs in this semi-ordered
layer.'?%!127 There is considerable variation observed in reports of the other QLL properties such
as the layer’s structure and thickness, its ice-like or water-like characteristics, as well as its
density and diffusion constants.!?%128129 [nterfacial force microscopy data describe the quasi-
liquid layer as exhibiting both viscous and elastic behaviours, while other studies report the QLL
displaying more water-like properties or others suggesting more ice-like characteristics. 23124130~
135 Computational results suggest that ice formation occurs in a region with low liquid
movement, where water molecule mobility continues to decrease before arranging into ice-like
crystals, and these molecules further slow the motion of neighbouring water molecules.!36-13°
The thickness of this QLL is dependent on the temperature: the QLL layer is reported as being
roughly one monolayer of water (<0.3 nm) thick when the temperature is below -10 °C
compared to approximately 15 nm in thickness at temperatures near the melting point of the
ice. 1221341407142 Thege results also differ based on the face and plane of the ice in question. While

research supports the existence of the quasi-liquid layer initially proposed by Faraday in 1859,

further investigation into the QLL is undoubtedly required.
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1.2.1.2 Mechanism of ice recrystallization

Ice growth in a frozen sample (recrystallization) has been described to occur through two
possible mechanisms: grain boundary migration and Ostwald ripening. Grain boundary
migration involves the net increase in crystal sizes of certain ice grains at the expense of smaller
crystals through migration of the interfaces between the differently oriented ice grains.'3!4* The
majority of the ice grains are initially of differing sizes and tend to display differing curvature:
small grains exhibit a more convex shape which results in increased surface energy in
comparison to the larger ice grains which display less convex curvature than the smaller grains
(Figure 1.3a). To reduce the overall free energy of the system (by lowering the amount of grain
boundary area per unit volume), the boundaries of the smaller ice grains will migrate toward
their centres of curvature as to reduce the radius of curvature. As a result, boundaries of crystals
with a more convex shape migrate inward as their grains grow smaller and eventually
disappear.'#>143:146 Conversely, large ice grains displaying a less convex shape grow outward
toward their centre of curvature thereby growing in size. Notably, grain boundary migration
describes the direct movement of water molecules in systems below -10 °C, and as a result, this
theory does not account for the presence of a bulk-water layer and a QLL observed in ice at

ambient pressure.'#
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Figure 1.3. A schematic representation of grain-boundary migration adapted from the
literature.'#” The arrows indicate the movement of a grain boundary (the shaded liquid-layer) as

the larger ice grain (Grain 2) becomes larger while the smaller Grain 1 decreases in size to

reduce its degree of boundary curvature.

Ostwald ripening, however, takes this entire system into consideration. This mechanism
describes the thermodynamic growth of larger ice crystals at the expense of smaller ice crystals
leading to a reduction in the crystal surface/water interface energy of the system.!*¥-152 At a
constant ice volume, the decrease in the number of ice crystals as a result of the increase of
average ice crystal sizes occurs by accretion in materials containing high-ice fractions, whereby
two crystals fuse to form one larger crystal.'*® Alternatively, if the ice fraction is of a lower
volume, ice recrystallization occurs by water molecule diffusion whereby water molecules may
diffuse from smaller crystals to larger ones through the QLL. The rate of crystallization is
dependent on the diffusion rate of molecules between crystals as well as the activation energy

required for alterations of the crystal surface. Since smaller crystals have a higher surface-area-
to-volume ratio compared to larger ice crystals, the process of recrystallization leads to a
reduction of free energy of the system. This drive to equilibrium whereby larger ice crystals

grow as smaller crystals disappear leads to a coarser matrix and this physical process leads to a
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reduction in product quality of biological samples; for example, the formation of intracellular ice
in cellular products results in reduced viability.!3! Furthermore, ice recrystallization also occurs
in a system subjected to temperature fluctuations, such as the improper handling of frozen
samples.'3 Thus, there is a clear rationale for the development of materials able to inhibit these
processes. As described in Section 1.2.2, many living organisms have methods of controlling ice

and are often the inspiration for the development of synthetic ice growth inhibitors.

1.2.2 Strategies to control ice

Many living organisms, such as plants, fish, amphibians, and insects use various
strategies to reduce injuries incurring from ice recrystallization.!>*13¢ Species that are “freeze-
avoiding” prevent the formation of ice by increasing the concentration of solutes (e.g. polyols
like carbohydrates) in their bodily fluids thereby lowering the freezing point of water and/or by
eliminating species that nucleate ice thereby preventing ice nucleation.!#%!15% On the other hand,
freeze-tolerating species survive exposure to sub-zero temperatures by producing antifreeze
proteins (AFPs) and antifreeze glycoproteins (AFGPs) which enable ice formation but inhibit ice
growth. These AF(G)Ps are termed biological antifreezes (BAs) and inhibit ice growth by
adsorbing to various faces of hexagonal ice (Iy).!!>!!7-118:157-159 AF(G)Ps have attracted attention
due to their ability to act as ice recrystallization inhibitors (IRIs); however, due to the proteins’
abilities to irreversibly bind to ice, they also exhibit a property termed thermal hysteresis (TH).
While biological antifreezes (BAs) have diverse structures and sizes, all AF(G)Ps exhibit ice-
binding behaviours. The affinity the AF(G)P has for a specific plane of ice dictates the antifreeze
activity observed and this is proposed to have to do with the ice-binding sites present on the
proteins. %167 Further, several structure-activity relationship studies on the amino acids
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comprising the ice-binding sites of AF(G)Ps have revealed that there are a variety of important

features for activity including a balance between hydrogen bonding,'® the ordering of water

164,168,169 170-172

molecules, van der Waals interactions,!”® hydrophobic forces, among other
contributors.!”3717° Nevertheless, this ice-binding activity leads to two of the common
mechanisms by which AF(G)Ps offer protection to freeze-avoidant and freeze-tolerant organisms
which are thermal hysteresis (TH) activity and ice recrystallization inhibition (IRI) activity.
Thermal hysteresis (TH) activity describes the process of reducing the freezing point of a
solution below the melting point.!’%!7” This phenomenon leads to a thermal hysteresis gap where
intracellular ice present is inhibited from growing or melting.!”® TH activity is commonly
assessed using nanolitre osmometry where solutions are frozen and thawed slowly to observe the
behaviour of a single ice crystal (Figure 1.5a).!7°7!8! Studies have shown that the TH activity is a
non-colligative property produced by adsorption of AFGPs to the non-basal planes of ice
crystals.!16163.177.182 The Adsorption-Inhibition model describes the irreversible and preferential
binding of an AF(G)P to a specific plane of the ice crystal thereby preventing growth along this
axis.'”” As a result of the adsorption, the ice must grow along a different axis leading to a
bipyramidal crystal shape (dynamic ice shaping or DIS) and ultimately, an increase in ice surface
curvature.'”” Higher energy is required to add further water molecules to the curved crystal
surface and therefore, the freezing point is lowered. This process, as described by the Gibbs-
Thomson (Kelvin) Effect, occurs for the freezing point; however, not for the melting point.!!6:176
Within this resulting TH gap, AF(G)Ps inhibit further ice growth either through a step-pinning
mechanism whereby bound AF(G)Ps force further growth to occur at sites along the same plane
but where the proteins are not bound, or through the mattress mechanism whereby the growth

would have to occur perpendicular to the specific ice plane.'3177
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Figure 1.5. (a) Image of ice crystal in the absence of AF(G)P and therefore no thermal

183

hysteresis, ° and (b) image of an ice crystal undergoing dynamic ice shaping (1 mg/mL AFGP-8

in water) reprinted from Crybiology, 70, C. J. Capicciotti, J. S. Poisson, C. N. Boddy, R. N. Ben,
Modulation of Antifreeze Activity and the Effect Upon Post-Thaw HepG2 Cell Viability After
Cryopreservation, 79-89, 2015, with permission from Elsevier (Cryobiology).'34

In addition to TH activity, AFGPs also inhibit ice recrystallization thereby preventing the
growth of larger ice crystals from smaller ones as previously described in Section 1.2.1.2.116:185
188 The ability of AFGPs to inhibit ice recrystallization can be modulated depending on the
presence of 1ons and hydrocolloids. This IRI activity, along with TH activity resulting from
AF(G)Ps binding to ice surfaces, offers promising properties for technologies aimed at
preserving substances at low temperatures; however, TH activity is considered detrimental to the

194-197

cryopreservation process. In the laboratory, ice recrystallization inhibition activity (IRI)

189-192 jncluding the sandwich assay;'*® however, the

can be assessed using a variety of methods
activity is often investigated by polarized optical microscopy using the splat-cooling assay
(Figure 1.6).'>? Briefly, the splat-cooling assay (performed in triplicate) involves the freezing of
a test sample dissolved in phosphate-buffered saline (PBS) followed by an annealing period of 5-
or 30-minutes at -6.4 °C. After this time, images of ice crystals are taken using a microscope-
fitted camera and the areas of ice crystals are analyzed. There are two variations of ice crystal

analysis using the splat-cooling assay: the first of which offers a snapshot of IRI activity at a

single concentration while the second option offers a truly quantifiable method of IRI

18



determination albeit through a more time-consuming process. The first analysis involves
implementing the splat-cooling assay with a 30-minute incubation period followed by
determination of the percent mean grain size (% MGS) of ice crystals compared to ice crystals in
the control condition. The % MGS is determined by measuring the cross-sectional areas of 12
random ice crystals in an image (three images are analyzed per run of the assay). Ice
recrystallization inhibitors can be identified by comparing the resulting % MGS obtained for a
test compound, as smaller ice crystals indicate the presence of an inhibitor compared to the larger
ice crystals indicating no IRI is present (Figure 1.6). Previously, the Ben laboratory has
arbitrarily deemed a % MGS above 80% to be negligible or weak IRI activity, a % MGS
between 30-80% to be moderate IRI activity, and a % MGS below 30% to be potent IRI activity.
This protocol involving a 30-minute annealing period followed by determination of the percent
mean grain size of ice crystals offers a way to screen a set of compounds for potential activity at
a single concentration (and time point). Altogether, the % MGS analysis provides a general
overview of the activity of a compound(s) at a specific concentration using a relatively rapid
analysis.

However, the 30-minute IRI analysis protocol does not provide information on the IRI
kinetics, it does not address the heterogeneous nature of ice crystal sizes observed, nor does it
address the concentration or time dependence of crystal growth. Instead, the second analysis is
used in conjunction with a modified splat-cooling assay involving a 5-minute annealing period.
This second approach is implemented as a tool to obtain the additional kinetic parameters
surrounding the IRI activity of promising compounds, and for overcoming the drawbacks of the
original splat-cooling assay. In this modified technique, multiple concentrations of a compound

are analyzed, and the initial rates of ice recrystallization are obtained for each condition.
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Accordingly, dose-response curves for the IRI activity are generated as well as determination of
the concentration at which 50% inhibition is achieved (ICso value). An annealing period of 5-
minutes and the associated initial rates of inhibition provide accurate kinetic data, and as a result,

this modified approach is a reliable and quantifiable analysis of promising IRI candidates.
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Figure 1.6. The splat-cooling assay used for the determination of ice recrystallization inhibition
activity. Ice crystals in the absence of an inhibitor are larger than those in the presence of an
inhibitor. IRI activity is represented either as the percent mean grain size (% MGS) of ice
crystals obtained after a 30-minute annealing period or as dose-response curves generated by

normalized rates after 5-minute annealing periods.!%3:198:19
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1.3 Ice recrystallization inhibitors

AF(G)Ps can be potent ice recrystallization inhibitors (IRIs) at low micromolar
concentrations; however, they exhibit thermal hysteresis (TH) which is detrimental to biological
samples. Further, the high cost of synthesis or expression of AF(G)Ps as well as their low
stability reduces their potential for large-scale use in industrial applications. Small-molecular
weight ice recrystallization inhibitors (IRIs), on the other hand, offer the advantage of lower
production costs with higher-yielding syntheses, more long-term stabilities, as well as the
potential for scientists to tailor the properties of the IRIs to the specific needs of the technology.
Owing to several structure-function studies, various moieties of AF(G)Ps can now be
incorporated into synthetic analogues to “custom-tailor” these molecules to display IRI activity

but not TH activity.

1.3.1 Key structural features for antifreeze activity

As mentioned in the previous section, studies on the structure-activity relationship of
AF(G)Ps and analogues have indicated a variety of important structural features for ice-binding

activity and thermal hysteresis activity. These include a balance between hydrogen bonding of

164,168,169

the ice molecules and protein residues,'®* the ordering of water molecules, van der

Waals interactions!”®

and hydrophobic interactions'’%'7? at ice-binding sites of the proteins, as
well as other factors.!”3~!7° Further, studies have revealed that hydroxyl groups of the
carbohydrates in AFGPs and their glyco-analogues play an important role due to their hydrogen

182,200

bonding abilities with the ice crystal lattice, as well as the glycoprotein’s size and

secondary shape.??!292 Over the past decade, there has been tremendous research toward the
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identification of the structural features required for ice recrystallization inhibition (IRI) activity.
This investigation began with synthetic AFGP analogues with varying TH and/or IRI

activity’zol ,203*209

and then progressed to small-molecule IRIs that are IRI-active yet do not
display TH activity. 8419920210216 Eyrther, there have been numerous studies on polymeric
analogues possessing these antifreeze activities.'$%217-222 Small-molecule IRIs that exhibit ice
recrystallization inhibition but do not bind to ice are promising cryoprotectants for a variety of

cellular products and are subject to further investigation toward the development of more

promising cryoprotectants.

1.3.2 Synthetic macromolecules as ice recrystallization inhibitors and AFGP analogues

Antifreeze glycoproteins (AFGPs) have drawn significant interest within the field of
materials sciences including in the development of synthetic materials that mimic the activity of
naturally occurring antifreezes (BAs). The first instance of a synthetic polymer exhibiting ice
recrystallization inhibition was in 1995 when polyvinyl alcohol (PVA) was reported to display

potent IRI activity,'8®

and higher molecular weight polymers of PVA have since then been found
to be more IRI-active than PVA polymers with lower molecular weights.??! Polymers are
advantageous in that they are more easily synthesized and are therefore more amenable to large
scale production than the naturally occurring BAs. Unfortunately, the spacing of hydroxyl groups
in PVA polymers may result in ice binding activities and would explain the dynamic ice shaping
and a small TH gap observed as part of PVA’s antifreeze activities.?!”?!® Since the discovery of
PVA, there have been many studies toward the development of other structurally diverse,
synthetic (glyco)polymers as ice recrystallization inhibitors.?'22° For example, polyethylene

glycol (PEG), poly-L-lysine, poly-L-glutamic acid, among others are weak inhibitors of ice
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recrystallization.??>23% Poly-L-hydroxyproline was found to display IRI activity similar to
PVA.??? Various dyes have been investigated, such as Safranin-O (an aromatic and planar
organic dye) which assembles into facially amphipathic fibres in solution and was found to be
highly IRI active.?’! Additionally, amphipathic metallohelices have also displayed IRI activity.?3
Recently, the development of biopolymeric mimetics of AFGPs has been investigated as
materials that self-assemble into structures able to inhibit ice growth. For example, recent studies
have shown that IRI activity of synthetic macromolecules may be controlled by exploiting their
unique spatiotemporal properties: Nisin A is an antimicrobial peptide that exhibits switchable IRI
activity based on its pH-sensitive amphiphilicity.?*3 Evidently, the development of synthetic
macromolecular IRIs as AFGP-analogues would offer many intriguing properties for a variety of

industrial and clinical applications.

1.3.3 The rational design of IRI-active glycopeptides as AFGP analogues

1.3.3.1 The tripeptide unit of glycopeptides and its role in IRI activity

Research in the Ben laboratory on glycopeptide analogues of naturally occurring AFGPs
began by exploring changes to the glycosidic bond, the linker length between the peptide and the
carbohydrate moiety, the peptide backbone structure, and the carbohydrate itself. To prevent
hydrolysis of an O-glycoside under acidic or basic conditions, glycopeptide analogues bearing a
carbon linker, termed C-linked AFGPs, were initially synthesized.?3* These analogues also
included substitution of the disaccharide with a-D-galactose, the substitution of L-threonine in the
peptide unit with L-lysine, and replacement of L-alanine with L-glycine to avoid complications

arising due to racemization during solid-phase synthesis (Figure 1.7).234235

23



OH_oH 1.05:n=6

o H 1.06:n="7
HO N . .
HO \/Hn\ 1.07:n=38

OH_oH
o FF
HO e}
HOOMe
HN
OH_oH
HO 2 1.01:n=1 H 0 H
HO 1.02:n=3 JJ\ \)k
0 N N
1.03:n=6 HoN N oH
HN 1.04:n=9 108 ©
OH_OH OH_OH
0
H H o " F 0
H
N A~ U, RO ~ o HOA— o
H o H o OMe OH
n 1.09 OEt 1.10 OMe

Figure 1.7. The general structure of C-linked AFGPs 1.01-1.04, and the structures of C-linked
AFGP analogues bearing alkyl chains (1.05-1.07) or fluorine moieties (1.08-1.09; a non-

fluorinated analogue 1.10 is also depicted for reference).

When the analogue’s peptide contained one tripeptide repeat (1.01, where n = 1) or 3
repeats (1.02, n = 3), the IRI activity was minimal at 5.5 uM (the concentration where AFGP-8 is
a potent IRI). However, as the tripeptide repeat increased to n = 6 (1.03) or n =9 (1.04), there
was an increasing trend of IRI activity, and these compounds exhibited only minimal TH
activity. While the n = 3 tripeptide analogue displayed weak IRI activity at 5.5 uM, further
investigation revealed that this repeat length is the minimum length required for IRI activity at
22 mM.?% IRI activity was found to depend on the number of tripeptide repeats of these C-linked
AFGP analogues. Interestingly, this trend was also noted in a structure-activity relationship study
examining the effect of replacing the peptide unit altogether with an alkyl chain in small

molecule derivatives of the C-linked AFGP analogues. As the length of the alkyl chain increased,
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so did the IRI activity (Figure 1.7) up until the addition of more hydrophobic moieties resulted
in a drastic decrease in solubility.?*¢ Octyl- (1.05), nonyl- (1.06), and decyl-chain (1.07)
derivatives were IRI active at 5.5 mM. This dependence of IRI activity on hydrophobic
functionalities is consistent with other investigations, and these results clearly showed the ability
of small molecule IRIs to exhibit potent inhibitory activity like the AFGP analogues.?!?224:237:238
Interestingly, octyl-B-D-galactose (1.05) was more active than D-galactose (1.20, see Figure 1.9)
at 22 mM further confirming the notion that hydrophobic components are required for the more
significant disruption of ice recrystallization mechanisms.?3® Additionally, a series of fluorine-
containing C-linked AFGP analogues exemplified that IRI activity is more dependent on the
amphipathic nature of AFGPs and their analogues than previously postulated (Figure 1.7).2*° In
fact, fluorine analogues 1.08 and 1.09 displayed reduced IRI activity. The incorporation of a

fluorine in this linker-like position (derivative 1.09) did not affect IRI activity compared to its

non-fluorine counterpart (derivative 1.10).

1.3.3.2 The linker component of glycopeptides and its role in IRI activity

The linker length between the carbohydrate moiety and the peptide unit was examined by
incorporating a C-serine in the peptide functionality. Generally, IRI activity decreased as the
linker length increased (Figure 1.8) with a linker length containing six atoms displaying the
most activity.?!%2!! Interestingly, in derivatives with four tripeptide repeats (n = 4), a C-serine
(1.11) and an ornithine analogue (1.14) exhibited similar potent IRI activity to that of AFGP-8 at
the same concentration of 5.5 uM (Figure 1.8) but without the TH activity (the ornithine
analogue 1.14 exhibited minimal dynamic ice shaping activity).??° Notably, this marked the first

time that analogues displayed IRI activity without the accompanying TH activity. The results
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suggested that these AFGP analogues do not bind to ice to enact their antifreeze activities.
Through further exploration into the role of the linker component of AFGP analogues, the
presence of an amide-bond was found to be important for IRI activity and therefore derivatives

with a triazole ring instead of the amide-bond resulted in reduced IRI activity.?%®

1.12:n=1
OH
Og 1.13:n=2
OH _OH 111 HO 1.14:n=3
Ho ' HOL o 1.15:n=4

HN
W 1 R T R hy 9 w9
N N OH H{N N\/J\N/\miN\/J\OH
H 0o H 0o H H
4 o) 0,

Figure 1.8. The structures of C-serine (1.11) or ornithine-based AFGP analogues (1.12-1.15).

1.3.3.3 The importance of the carbohydrate moiety for IRI activity of AFGP-analogues

The carbohydrate moiety's ability to impact IRI activity was investigated through the
development of a series of ornithine analogue derivatives 1.16-1.19.2% This structure-activity
relationship study revealed that substituting D-galactose (1.16) with D-glucose (1.17), D-mannose
(1.18), and D-talose (1.19) led to a substantial decrease in IRI activity (Figure 1.9). Evidently,
the stereochemistry of the monosaccharide moiety, in this case specifically at the C-2 and C-4
positions, was important for IRI activity presumably due to the effect on the ordering of the bulk-
water layer surrounding the carbohydrate.?%-24024! Carbohydrate hydration in an aqueous
solution, or the amount of bound water molecules surrounding the sugar, is thought to be related
to several factors including the carbohydrate’s stereochemistry (specifically, the number of axial
and equatorial hydroxyl groups),?4*2* the anomeric effect,?*> hydration number,?4¢-24

hydrophilic volume,?>° hydrophobic index,?' and how the carbohydrate affects the neighbouring
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).232.253 Once hydrated in an aqueous solution, a

bulk-water (its compatibility with bulk-water
carbohydrate’s size and volume affect the three-dimensional arrangement of the hydrogen-
bonding of water surrounding the sugar. The number of water molecules presumed to be
hydrogen-bonded to the sugar is calculated to determine the parameter termed “hydration
number.” Therefore, the increased IRI activity observed for the galactose derivative suggested
that more disorder to the hydrogen-bonding network of water between the quasi-liquid layer and
the ordered ice crystal lattice reduced the favourability of water molecules adding to the ice

crystal lattice and thereby inhibiting ice recrystallization.??’ IRI activity, therefore, appeared to

increase for more hydrated molecules.

Rs OH 1.20: R1=H, R2=0OH, R3 =OH, R« = H
1.16: R1 =H,R>=O0OH, R3=0H, R4=H R 1.21: R1 =H,R>=O0OH, R3 =H, R4=OH
1.17: R1 = H, R, = OH, R; = H, R4 = OH Rir o 1.22: R =OH, R, = H, R; = H, R4 = OH
1.18: R1 =0OH, R-=H, R3=H, R4=OH R, oH 1.23:Ri=0OH,R:=H,R3=0H,Rs=H

1.19: R1 =0OH,R>=H, R3=0H, R4=H
OH_oH OH_oH
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Figure 1.9. Structures of ornithine-derived AFGP analogues 1.16-1.19, and the structure of some

mono- and disaccharides tested for IRI activity.

To further elucidate the importance of carbohydrate hydration on IRI activity, a series of
simple, commercially-available carbohydrates were examined for inhibitory activity (Figure

1.9).24° Monosaccharides with established hydration parameters, such as D-galactose (1.20), D-
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glucose (1.21), D-mannose (1.22), and D-talose (1.23), as well as various disaccharides including
melibiose (1.24), lactose (1.25), trehalose (1.26), maltose (1.27), and sucrose were
investigated.?*!23*235 A parameter termed “hydration index” was defined as the amount of
hydration per molar volume, and accordingly, IRI activity at a low-millimolar concentration
(22mM) was found to be positively correlated with the hydration index of carbohydrates.?%%-240
As expected, monosaccharides with increased hydration indexes (e.g. D-galactose > D-glucose >
D-mannose > D-talose) were more IRI active (exhibiting moderate-to-weak activity at 22 mM).
Further, moderate-to-weak IRI activity was observed for D-melibiose, D-lactose, and D-trehalose
and the activity was once again correlated with the hydration indexes of the disaccharides (e.g.
D-melibiose > D-lactose > D-trehalose > D-maltose > D-sucrose). As these carbohydrates did not
display thermal hysteresis nor dynamic ice shaping abilities, this antifreeze activity was not a
result of direct interaction of the carbohydrates to the ice crystal lattice. The mechanism by
which these carbohydrates enacted their ice recrystallization inhibition was suggested to be due
to their presence at the bulk-water and quasi-liquid layer (QLL) interface. Disturbing the
hydrogen-bonding arrangement of bulk-water at this interface would increase the amount of
energy required for a water molecule to transfer from the bulk-water layer to the QLL, and
finally to become part of the ordered ice crystal lattice.?*? This study exemplified the presence of
IRI activity in molecules smaller and less complex than AFGP analogues and further, suggested
a plausible mechanism by which these molecules enact their inhibitory activity. This discovery
offered a new foundational point for the development of novel carbohydrate-based IRI-active
small molecules that are more easily synthesized and at a lower cost than the synthesis of

AF(G)P analogues. Further, these new IRIs would not lead to the detrimental effects resulting
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from TH and DIS activities, and therefore, would be amenable toward the needs of the medical

and commercial industries.

1.3.4 Small molecules as ice recrystallization inhibitors: Pyranose- and aldonamide-based

aryl IRIs

Using the foundations discussed in Section 1.3.3, the Ben laboratory began developing a
series of low molecular weight carbohydrate-based ice recrystallization inhibitors including a
number of pyranose-based derivatives. These studies began through the exploration of
surfactants and hydrogelators. These amphiphilic molecules possessed both a hydrophilic
carbohydrate head and hydrophobic anomeric component (see Figure 1.7).>7 As expected from
their surfactant-like properties, these early pyranose-based IRIs reduced cell viabilities when
used as cryoprotectants, presumably due to the solubilization of cell membranes resulting from
the surfactant-like structure. To avoid this detrimental property whilst maintaining important
hydrophobic features, an aromatic ring was explored in place of an alkyl group at the anomeric
position (Figure 1.10). Many pyranose-based aryl glycosides bearing o-, m-, and p-substituents
have since been synthesized and investigated for their IRI and cryoprotective
abilities.!84199:212.215.216.256 Tnterestingly, the p-substituted derivatives, 4-methoxyphenyl-B-D-
glucoside (1.28) and 4-bromophenyl-B-D-glucoside (1.29), displayed potent IRI activity and
were more active than their galactose counterparts. Further investigation into the hydration of
these molecules may explain this result. These studies also highlighted the importance of
regioselectivity within the aryl component of the IRI as well as at the anomeric position of the
carbohydrate. For example, IRI activity was reduced when the para-methoxy substituent in 1.28

was moved to the meta-position (derivative 1.30). IRI activity was further reduced when 4-
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methoxyphenyl-B-D-glucoside was compared to its alpha derivative. Nevertheless, this class of
IRI possesses promising cryoprotectant candidates amenable for a variety of cells especially for

red blood cell products.2!2:215.256

Ry OH

0 Select examples:
Rz o) 1.28: R; = H, R = OH, R3 = 4-OCH3

H
© HO I N 1.29: R;=H, R, =0OH, R3; = Br
TRy 1.30: R; = OH, R2 = H, R3 = 3-OCH3

Figure 1.10. The general structures of aryl glycosides developed in the Ben laboratory.

Another class of promising IRIs being developed in the Ben laboratory includes the
aldonamide-based derivatives (Figure 1.11) and these also resulted from the investigation of
surfactant and hydrogelator IRIs.?*” Specifically, the synthesized N-alkyl-D-gluconamides (e.g.
1.31 and 1.32) were open-chain carbohydrates with similarities to their pyranose counterparts:
they displayed a hydrophilic head group (carbohydrate component) connected a hydrophobic
alkyl chain through an amide bond. Interestingly, N-hexyl- (1.31) and N-octyl (1.32) derivatives
in this class displayed potent IRI activity while this activity was diminished as the length of the
alkyl chain was reduced. This reduction in IRI activity was presumably due to the decreased
ability of shorter alkyl chains to disrupt the hydrogen bonding at the interface of the bulk water
and QLL.?7 The erythronamide series of IRIs (e.g. erythronamide 1.33) possessed reduced IRI
in comparison to the gluconamides and the alkyl tail length did not drastically influence the IRI
activity; however, this shortening of the hydrophilic component was clearly detrimental to
activity. The balance between hydrophobic and hydrophilic moieties is evidently very important
for IRI activity as was also observed earlier with the AFGP analogues. Similar to the aryl
pyranose-based IRIs, a series of aryl aldonamide-based IRIs were developed to mitigate issues
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arising in a cellular setting due to the compounds’ surfactant-like properties. As depicted in
Figure 1.11, aryl derivatives with varying aryl regiochemistry have been assessed for IRI
activity.?'* Derivatives such as the N-(2-fluorophenyl)-D-gluconamide (1.34) and N-(4-
methoxyphenyl)-D-gluconamide (1.35) displayed promising IRI results without the cytotoxic

properties observed with their alkyl-chain parent molecules.?!*237

y OH OH :
N - - 1
AT Y o :
O OH OH Select examples: | Select examples:
L, oM 1.31: R, = (CH)sCH; ! y OH o 1.34: R; = 2-F
N

1.32: Ry = (CH,);CH ! @Nm/\/\‘/\m 1.35: Ry = 4-OCHj
A

Ry mOH 1.33:Rz=(CHz)7CH3:R| O OH OH
3
1

Figure 1.11. The general structure of aldonamide-based IRIs.

Evidently, the design of small molecule ice recrystallization inhibitors is not only possible,
but it can lead to the development of promising cryoprotective agents. These small molecule
CPAs have tremendous potential for reducing the use of toxic conventional cryoprotectants used
in the cryopreservation of various biological substances. The elucidation of key structural
features required for IRI activity, therefore, is crucial toward the design of IRIs and ultimately

for improving the long-term storage of biological samples.
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2. Goals and Objectives

2.1 Thesis goal

The ability to preserve biological substances at ultra-low temperatures has allowed for
significant medical and cryobiological advancements. One of such advancements include the
discovery that cryopreserved hematopoietic stem and progenitor cells (HSPCs) isolated from
umbilical cord blood can be transplanted into patients and that these hematopoietic stem cell
transplants (HSCTs) can be used as a treatment of over 80 diseases and disorders.'™ As new
cellular therapies continue to emerge, there is a significant need to optimize the biopreservation
techniques of cellular products. Cryopreservation is currently the only preservation technique
that allows the long-term storage of a variety of cellular products including HSPCs from
umbilical cord blood (UCB).>%!57-14 The development of novel cryoprotectants (CPAs) able to
address issues that arise during cryopreservation, therefore, continues to warrant extensive
investigation.®!? Presently, the use of penetrating CPAs, such as dimethyl sulfoxide (DMSO),
typically results in acceptable cell numbers and functionality after cryopreservation of different
cell types. Notably, however, there is significant toxicity associated with the current CPAs, and
this often results in the requirement of removing the additive from the cellular product before use
in regenerative and transfusion medicines.!%!1-2* This additional CPA-removal process is
expensive and time-consuming resulting in prolonged wait times for patients prior to treatments
and is associated with cellular injury resulting in less functional cells for therapies.!?2427

Additionally, current CPAs also fail to address other cell injuries associated with

cryopreservation.
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One such method for improving cryoprotectants includes developing novel non-toxic
additives that can reduce the amount of toxic CPA required and address additional sources of cell
injuries during cryopreservation. An additional source of cryoinjury during cryopreservation
involves the phenomenon of ice recrystallization.>!32?® Thus, the development of non-toxic CPAs
able to mitigate cryoinjury associated with ice crystal growth in biological samples would
significantly improve the current cryopreservation techniques. Compounds able to inhibit ice
recrystallization, termed ice recrystallization inhibitors (IRIs), therefore have tremendous
potential. Previous research from the Ben laboratory involved the development of a variety of
novel, small molecule carbohydrate-based IRIs stemming from structural studies of antifreeze
glycoproteins (AFGPs).2930-39413138 These compounds have significant potential as
cryoprotectants owing to their ability to inhibit ice recrystallization without additional thermal
hysteresis activity, a property known to be detrimental to cells for use in clinical applications.*>*3
In examining the structural features required for IRI activity, the Ben laboratory has developed
an aldonamide-based class of IRIs.*%3 Through structure-activity relationship (SAR) work, the
aldonamide IRIs bearing an aryl-head group joined to a glucose-tail group through an amide
bond linkage (termed “N-aryl-D-gluconamides”, see Figure 2.2.1) have been shown to exhibit
promising cryoprotectant abilities for HSPCs isolated from human UCB.3* Owing to these
promising in vitro results, further SAR work on the N-aryl-D-gluconamides is warranted in
addition to the development of other of novel classes of IRIs. Continued development of ice
recrystallization inhibitors through synthetic modifications of the N-aryl-D-gluconamide class of
IRIs will provide a better understanding of how certain structural features affect the abilities of
these IRIs to improve the cryopreservation of various cellular products. Therefore, the first goal

of this thesis is the continued development of IRIs able to improve the functionality and viability
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of cellular products in vitro. Specifically, novel modifications to both the hydrophobic head and
hydrophilic tail groups of the aldonamides are investigated. Furthermore, to date, there have been
no reports examining the impact of these small molecule carbohydrate-based IRIs on the in vivo
use of cryopreserved cellular products. Therefore, the second thesis goal involves exploring the
effect of IRIs on the activities of cryopreserved cellular products both in vitro and in vivo. These
in vivo results are essential for the translation of IRI-cryoprotectants into numerous clinical
applications, including in preserving HSPCs for regenerative and transfusion medicine
applications.

Finally, the continued development of novel glyco(peptide)-based macromolecules will
further elucidate the features necessary for ice recrystallization inhibition of this class of
compounds, and therefore, this is the third thesis goal. While considerable research has been
conducted on polymers as IRIs,*8 this thesis includes the exploration of novel
photocontrollable glyco(peptide)-based surfactants as IRIs in addition to unique glycopeptide-
based perylene bisimides as [RI-active self-assembled materials. The following three objectives

clearly outline the research included in this thesis.

2.2 Objective 1 — Development of N-aryl-D-gluconamide derivatives as ice

recrystallization inhibitors

The N-aryl-D-gluconamides are a class of ice recrystallization inhibitor structurally
comprised of a hydrophobic aryl group connected to a hydrophilic carbohydrate component (e.g.
the open-chain form of glucose) through an amide bond (Figure 2.2.1). Previous structure-
activity relationship (SAR) studies have indicated that IRI-active aldonamides possess a distinct
hydrophobic-hydrophilic balance.??3!3349-52 Investigating aryl group regiochemistry
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requirements among the aryl-D-gluconamides led to the discovery that N-(2-fluorophenyl)-D-
gluconamide (2.01), N-(4-methoxyphenyl)-D-gluconamide (2.02), N-(2,6-difluorobenzyl)-D-
gluconamide (2.03), and N-(4-chlorophenyl)-D-gluconamide (2.04) are active ice
recrystallization inhibitors (Figure 2.2.1).4%3° Further, in vitro results suggest that N-(2-
fluorophenyl)-D-gluconamide (2.01) and other select gluconamides improve the post-thaw
function and viability of cryopreserved hematopoietic stem and progenitor cells (HSPCs) from
umbilical cord blood.**>° While numerous IRI candidates have now been developed for
cryopreservation purposes, there is significant SAR work remaining. For example, there is no
clear trend relating an aldonamide’s aryl substituent composition to IRI activity.3®4%°% The
rational design of novel aldonamide-based IRIs, therefore, continues to be challenging. Objective
1 (Chapter 3) focuses on continuing the SAR studies of N-aryl-D-gluconamides toward
determining the key structural features required for IRI activity. This objective focuses on two
separate aspects of the aldonamides: 1) the study of the hydrophobic aryl component of N-aryl-
D-gluconamides and 2) the exploration of modifications to the carbohydrate component of the

gluconamide structure.

a) b)
Hydrophobic aryl F OH OH ., OH OH
component with “R” substitutent HMCH N M\OH
[j O O6H OH /©/ O OH OH
@ y OH OH HaCO
S OH 2.01 2.02

O OH OH
RAZ % QiH OH OH L, OH OH
N T - N T T
i YO Y oH YO Y oH
Hydrophilic carbohydrate rer CI/©/ Iy

F
component 2.03 2.04

Figure 2.2.1. a) Components of the N-aryl-D-gluconamides studied in Objective 1, and b) and
the structures of select N-aryl-D-gluconamides (2.01-2.04).33-°
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The first aspect focuses on the study of the hydrophobic aryl component of N-aryl-D-
gluconamides (gluconamides 2.01-2.04). A 2-fluoro-4-methoxyphenyl derivative (e.g. where R =
2-F-4-OCH3) is designed to analyze the impact of combining the two respective substituents of
2-fluorophenyl gluconamide (2.01, R = 2-F) and 4-methoxyphenyl gluconamide (2.02, R = 4-
OCH:) into one structure. Next, electron-donating substituents as R groups are considered (e.g. R
= amine) and compared to other gluconamides with electron-rich aryl groups.

The second aspect investigates how modifications to the carbohydrate component of the
N-aryl-D-gluconamides affect IRI activity. Derivatives with alterations to the stereochemistry or
to the oxidation state and functionality of the terminal hydroxyl group (e.g. carboxylic acid and
azide groups) group are compared to their parent gluconamides (namely gluconamides 2.01-
2.04). Inspired by previous work in which the length of the aldonamide’s carbohydrate-tail group
was altered,’!>? derivatives with shortened and modified poly-hydroxylated chains are
investigated in order to determine the importance of the polyol chain. Altogether, these structural
and stereochemical changes explore the potential for the respective requirements of this
carbohydrate component.

The IRI activities of the aforementioned gluconamide derivatives are explored using a
multi-step approach involving the initial synthesis of targets, a general IRI screening for activity,
followed by the further assessment (e.g. analysis of IRI kinetics) of the more promising
candidates (Figure 2.2.2). The strategy utilizes the robust splat-cooling assay for initial IRI
determination whereby a series of compounds (tested at a single concentration) are annealed for
30-minutes at -6.4 °C prior to determination of the potential IRI activities. A modified splat-
cooling assay is implemented for more in-depth and quantitative analysis (e.g. “IRI kinetics”) of

the promising compounds. This involves assessment of multiple concentrations of compounds
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after 5-minute annealing periods at -6.4 °C in order to obtain rate constants for the inhibition
activity.>*3 These kinetic IR data, including the concentration of inhibitor resulting in 50%
inhibition (ICso value), offer a way to further compare the effectiveness of IRI candidates that
may be considered for further testing (presented in subsequent chapters) such as analysis of
cytotoxicity, additional antifreeze activities (thermal hysteresis), and cryoprotectant abilities (in

vitro and in vivo).

Further testi b t
Synthesis of General IRI IRI Kinetics: urther testing (subsequen

. chapters): cytotoxicity, thermal
target # screen: splat- # modified splat- ‘ .
8 . P . P hysteresis, in vitro and/or in vivo
compounds cooling assay cooling assay

cryoprotectant studies

Figure 2.2.2. The assessment of gluconamide derivatives includes initial synthesis followed by

IRI analysis using splat-cooling assays.’*>>

2.3 Objective 2 — The impact of N-aryl-D-gluconamides on the activities of

cryopreserved human umbilical cord blood

The class N-aryl-D-gluconamide IRIs has shown compelling potential toward the
improvement of post-thaw activities of cryopreserved hematopoietic stem and progenitor cells
(HSPCs).> Specifically, the in vitro post-thaw functions and viabilities of HSPCs isolated from
human umbilical cord blood have been improved when select gluconamides were used as
supplements to the standard cryoprotectant solution involving dimethyl sulfoxide (DMSO).
Complementation of the cryomedium with N-2-fluorophenyl-D-gluconamide 2.01, for example,
resulted in a two-fold increase in the recovery of progenitors after cryopreservation.*? Other IRI-

active gluconamides (e.g. 2.02-2.04 in Figure 2.2.1) also resulted in compelling preliminary
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data. These promising small-scale results may translate into future significant advancements in
the treatment of over 80 life-threatening diseases and disorders. Indeed, HSPCs are a diverse
pool of stem cells that give rise to many different blood and immune cell types. Through
myelopoiesis, the differentiation and proliferation of HSPCs lead to many different blood cells
including erythrocytes (red blood cells), megakaryocytes, platelets, granulocytes, monocytes, and
macrophages.’® It, therefore, follows that HSPCs can be administered (e.g. through
hematopoietic stem cell transplants) to repopulate cells in a body after disease, intensive
chemotherapy and/or radiation therapy.*’® The many uses of umbilical cord blood (UCB) as a
source for hematopoietic stem cell transplantation (HSCT) is not yet fully realized owing to the
relatively small number of stem cells obtained from one UCB unit compared to other sources
like the bone marrow or adult peripheral blood.** % Strategies to improve the number and quality
of the stem cells isolated from UCB are therefore paramount to improving HSCT.6%-64-66
Consequently, Objective 2 of this thesis consists of investigating the potential for gluconamide
IRIs to positively impact the in vitro and in vivo properties of cryopreserved HSPCs from human
UCB. This objective begins by assessing the cytotoxicity of promising gluconamide derivatives
from Objective 1 followed by the analysis of the cryoprotectant abilities of non-toxic and
promising candidates (Figure 2.3.1). The cytotoxicity of compounds is indirectly assessed using
a fluorescent-based assay that determines the metabolic activity of human hepatic cells exposed
to IRIs.°”%8 In collaboration with the Pineault laboratory at the Canadian Blood Services, the in
vitro impact of cryopreserving cord blood in the presence of gluconamides is assessed by
determining the post-thaw viabilities (flow cytometry-based assays) and clonogenic potentials
(using colony-forming cell assay) of the HSPCs.*3629~"! The in vivo impact of using an IRI as a

supplement for stem cell graft cryopreservation is assessed by studying the engraftment activities
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of stem cell grafts using serial transplantation experiments in a murine model.”>7* This serial
xenotransplantation assay is considered the ‘gold-standard’ method for determining the activities
of cryopreserved HSPCs and therefore offers true insight into the impact of IRIs in mitigating the
cellular injuries experienced by HSPCs during conventional cryopreservation. This marks the

first in vivo analysis of cells cryopreserved in the presence of IRI cryoprotectants.

The in vitro impact: post-thaw viabilities
Cytotoxicity Cryoprotectant and functional capacity of HSPCs
assessment of ‘ studies with i
. human UCB by : :
gluconamides o The in vivo impact: engraftment
studying: o ' '
activities of UCB in a murine model

Figure 2.3.1. The approach to assessing the cytotoxicity and cryoprotectant abilities of N-aryl-D-

gluconamides.

2.4 Objective 3 — Development of photocontrollable glyco(peptide)-

functionalized ice recrystallization inhibitors

Chapter 5 focuses on Objective 3 and investigates glyco(peptide) macromolecules for
their ability to act as ice recrystallization inhibitors. Using a similar SAR approach described for
Objective 1, the IRI activity, potential thermal hysteresis activity, and the cytotoxicity of
antifreeze glycoprotein (AFGP) analogues are studied. More specifically, this objective is broken
down into three sub-components: 1) the development of glyco(peptide)-functionalized
lipopeptides and perylene bisimides as IRIs, 2) the production of glyco(peptide)-based
azobenzene compounds for the novel potential of photocontrollable inhibition of ice

recrystallization, and 3) the study of carbohydrate-based azobenzene fluorosurfactants for their
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use as photoswitchable IRIs. These studies were conducted in collaboration with Dr. Brendan
Wilkinson’s laboratory in Australia (University of New England).

First, a series of lipopeptides comprised of the AFGP glycotripeptide (Ala-Thr-Ala)4
tethered to a phenol ether through a triethylene glycolate spacer was developed and assessed for
IRI activity (Figure 2.4.1). From there, the continued development of AFGP analogues involved
the study of self-assembled IRI materials incorporating a perylene bisimide core connected to
two of the glycopeptide fragments (Figure 2.4.1).”> Molecules able to self-assemble in solution
would be able to counteract the drawbacks of using large biopolymers for industrial antifreeze
purposes (e.g. difficulty obtaining adequate amounts and purity of AFGP analogues). Perylene
bisimides (PBIs) are compelling structures for the development of self-assembled materials since
PBIs are planar structures that undergo intermolecular pi-pi stacking interactions in solution. In
an effort to design IRIs that self-assemble, the IRI activity and other properties of the AFGP-

PBIs are analyzed.

AFGP analogue: AFGP Lipopeptide
‘Glycopeptide’
A

4 A

HO OH HO_OH
AcNH
I;)L”Nowoww‘(*rr )* J\a

OR AcNH

R = long alkyl chain
HO OH HO OH

AFGP analogue: AFGP-Perylene Bisimide

Glyco(peptide) N

N Glyco(peptide)
Figure 2.4.1. General structures of lipopeptides and glyco(peptide)-functionalized perylene

bisimides studied for their potential as AFGP analogues.
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The next sub-section discusses the development of glyco(peptides) possessing tuneable
ice recrystallization inhibition using an external stimulus (Figure 2.4.2).7® Specifically, the
incorporation of an azobenzene moiety into the glyco(peptide) structure was studied for the
ability to control the molecule’s physicochemical properties using UV-vis light. An azobenzene
“switch” involves the conversion of the frans-photostationary state of the molecule to its cis-
1somer upon photoirradiation (361 nm) which then reverses under visible light (450 nm). This
conversion instills physicochemical changes including modifications to a compound’s
hydrophobicity/hydrophilicity, planarity, critical micelle concentrations (CMC), among others.
We hypothesized that we could use this structural change to control the resulting IRI activity of
the glyco(peptide)-based compounds. Similarly, the last sub-section involves the analysis of a
series of carbohydrate-based fluorosurfactants for their potential for photocontrollable IRI
activity (Figure 2.4.2). Once again, we expected that structural changes resulting from the

photoisomerization of the fluorosurfactants would allow for controllable IRI activity.

Photocontrollable glyco(peptide) IRIs Photocontrollable IRl flurosurfactants

i . 3 ,
Glyco(peptide); \/)*o/©/ trans N ’ \GCFs

H trans
450 nmﬁﬂ 361 nm : 450 nm ﬂﬂ 361 nm
Glyco(peptide) O\/‘)‘o/@ @ E e N \©\ Q

R = n-butyl or longer alkyl chain

Figure 2.4.2. The general structure of photocontrollable glyco(peptides).
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2.5 Summary of goals and objectives

The overall goal of this thesis is the development of novel ice recrystallization inhibitors (IRIs)
for the improvement of the cryopreservation of cellular products (e.g. hematopoietic stem and
progenitor cells). Exploration involves the following objectives:

1. Assessment of the important features of N-aryl-D-aldonamide IRIs through synthetic
modifications to the promising parent aldonamides. (Chapter 3)

2. Determination of the impact of N-aryl-D-gluconamide cryoprotectants on the in vitro
activities of hematopoietic stem and progenitor cells (HSPCs) as well as on the in vivo
engraftment of cryopreserved HSPCs from umbilical cord blood (UCB). (Chapter 4)

3. Development of glyco(peptide)-based macromolecules as ice recrystallization inhibitors.
This includes materials that self-assemble in solution to act as biomimetics of antifreeze
glycoproteins (AFGPs) as well as photocontrollable carbohydrate-based surfactants as

IRIs. (Chapter 5)
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3. N-Aryl-D-Gluconamide Derivatives as Ice Recrystallization

Inhibitors

3.1 The N-aryl-D-gluconamide class of ice recrystallization inhibitors

The class of N-aryl-D-gluconamides (Figure 3.1.1.1a) was previously investigated by
former Ph.D. student Dr. Jennie Briard, and contains a number of carbohydrate-based small
molecules able to effectively prevent the growth of ice crystals and thereby mitigate cryoinjury
for various cellular systems.' This ice recrystallization inhibitor (IRI) class is comprised of
molecules with common structural features including a D-gluconamide linked to an aryl group
bearing various substituents. N-(4-methoxyphenyl)-D-gluconamide (3.01) contains an electron-
donating para-methoxy group on the phenyl ring of the phenyl-D-gluconamide, N-(2-
fluorophenyl)-D-gluconamide (3.02) includes an ortho-fluoro group on its phenyl ring, N-(4-
chlorophenyl)-D-gluconamide (3.03) includes a para-chloro group on its phenyl ring, and N-(2,6-
difluorobenzyl)-D-gluconamide (3.04) is comprised of a D-gluconamide linked to a 2,6-
difluorobenzyl unit.! The development of this class of ice recrystallization inhibitor stemmed
from studies on the ice recrystallization inhibition (IRI) activity of the N-(cyclo)alkyl-
aldonamides conducted by former students including by Dr. Capicciotti and Dr. Doshi (Figure
3.1.1.1b).23 Several trends between the IRI activity of the N-(cyclo)alkyl-aldonamides 3.05-3.23
and their structural features were found through structure-activity relationship (SAR) studies. N-
(cyclo)alkyl-aldonamides 3.05-3.23 were found to possess varying degrees of IRI activity
depending on the length of the hydrophobic alkyl chains attached to the amide’s nitrogen and the

length of the hydrophilic polyol component (the carbohydrate component). The percent mean
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grain size (% MGS) of ice crystals is used to describe IRI activity in Figure 3.1.1.1b, where a
smaller % MGS is indicative of ice crystals in the presence of an inhibitor with stronger activity.
Note that these data were obtained using the splat-cooling assay with a 30-minute annealing
period at -6.4 °C followed by analysis of the cross-sectional areas of ice crystals present in test
conditions. Generally, as the length of the amide alkyl chain increased, the IRI activity increased
as well (gluconamides 3.05-3.09 and aldonamides 3.10-3.13 in Figure 3.1.1.1). The trend was
more modest within the N-cycloalkyl-aldonamide class, where increasing IRI activity was also
correlated with the increasing size of the cycloalkyl group (aldonamides 3.14-3.18 and 3.19-
3.23). As such, it became apparent that the addition of hydrophobic moieties on the amide of the
aldonamide tended to improve the IRI activity. Further, the structure-activity relationship (SAR)
studies revealed that the length of the hydrophilic polyol also played a role in the observed IRI
activity. Generally, the IRI activity increased with increasing length of the carbohydrate group,
as is observed by comparing N-hexyl-gluconamide (3.08) with N-hexyl-erythronamide (3.12)
which differ by two CH>-OH group units, or by comparing N-cycloheptyl-gluconamide (3.17)

with N-cycloheptyl-arabonamide (3.22) which differ by one CH»-OH group unit, for example.
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Figure 3.1.1.1. The structures and IRI activities of a) select N-aryl-D-gluconamides, and b) N-
(cyclo)alkyl-aldonamides.'= IRI activity is displayed as percent Mean Grain Size (% MGS)
where a lower percentage is indicative of stronger IRI activity. Aldonamides were tested at 22
mM in phosphate-buffered saline (PBS) using the standard splat-cooling assay,’ unless otherwise

indicated.

These data indicated that a clear balance between hydrophobicity and hydrophilicity is
required for effective IRI activity and that this IRI activity was not correlated with micelle
formation.®” Additional studies were initiated to further explore this balance since the rational
design of new IRI-active small molecules is dependent on understanding the structural features
required for ice recrystallization inhibition activity. One study was conducted to determine a
potential correlation between IRI activity and the amphiphilicity of the small molecules,
described as the ratio of polar surface area to molecular surface area (PSA/MSA).!8
Additionally, a CH,/OH ratio was another metric investigated, which represented the ratio of the

number of carbons present in the hydrophobic alkyl chain to the number of hydroxyl groups
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present in the carbohydrate component of the aldonamide. In both cases, these metrics were
plotted as a function of the IRI activity of numerous aldonamides (Figure 3.1.1.2), and linear
correlations were observed (apart for the IRI activity of gluconamide 3.08 which may be the
result of transient aggregation or formation of other conformations in solution).!® As the net
polarity of the aldonamide increased, the IRI activity was shown to decrease. Further,
aldonamides with lower CH,/OH ratios, or lower hydrophobic components, also displayed
decreased IRI activity. Taken together, these results verified that there is an important balance

between hydrophobicity and hydrophilicity and that this balance is required for IRI activity.!

a) b)
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Figure 3.1.1.2. The correlation between IRI activity of the N-alkyl-aldonamides (depicted as the
percent Mean Grain Size, % MGS) and their amphiphilicity metrics: a) PSA/MSA ratio and b)
CH,/OH ratio."® Graphs are adapted from the literature with permission (John Wiley & Sons).'?

Despite these new-found correlations, the N-alkyl-aldonamides were unfortunately not
amenable for use in cryopreservation applications due to their long alkyl chains and the
corresponding cytotoxicity resulting from their surfactant properties, such as their propensities to
interact with and solubilize cell membranes.”!? Nevertheless, the N-alkyl-aldonamides (along
with the promising aryl-glycoside class of IRIs!! discussed previously in Chapter 1) inspired a
new set of carbohydrate-based small molecules, where a hydrophobic aromatic group was used
in place of the long alkyl chain of the N-alkyl-aldonamides (Figure 3.1.1.3). This substitution
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minimized the potential for a compound to display cell cytotoxicity whilst maintaining the
amphiphilic nature required for IRI activity. The N-aryl-D-gluconamides possessed differing
substituent(s) on the aromatic group, and the identity of the substituent(s), as well as the resulting
regiochemistry, had a significant impact on the IRI activity observed.! Further, the addition of
carbon linkers between the aryl- and carbohydrate-components also affected IRI activity.
Interestingly, a Quantitative Structure-Activity Relationship (QSAR) approach was implemented
to help screen for new gluconamide IRIs and this model did reasonably well at predicting

experimentally-active N-aryl-D-gluconamides.'?
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Figure 3.1.1.3. The IRI activity (% MGS) of select N-aryl-D-gluconamides where error bars
represent the percent standard error of the mean (% SEM).! The gluconamides were tested at 22

mM in phosphate-buffered saline (PBS) using the standard splat-cooling assay,’ unless otherwise

indicated.

The outcome of the previous SAR studies included the development of IRI-active
gluconamides 3.01, 3.02, 3.03, and 3.04.! In each of these cases, the position of the substituent

around the aromatic ring significantly affected the resulting IRI activity.* As depicted in Figure
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3.1.1.3, a gluconamide bearing a 2-methoxy group (3.25) did not possess any IRI activity yet N-
(4-methoxyphenyl)-D-gluconamide (3.01) was effective at inhibiting ice recrystallization. The
opposite trend was observed when a fluoro group was placed in the ortho- (3.02) or meta-
position (3.29); the gluconamide was very active as opposed to the compound containing the 4-
fluorophenyl functionality (3.30). Unfortunately, a clear trend relating all the substituents to IRI
activity has yet to be determined. While the trend observed with the fluorophenyl analogues was
the same as that observed when the phenyl substituent was a bromine (3.32 and 3.33), the
opposite was observed when the substituent was a chlorine (3.31 and 3.03).!* Meanwhile, while
4-methoxy derivative (3.01) was more IRI-active than its 2-methoxy counterpart (3.25), the
opposite was observed for N-(4-hydroxyphenyl)-D-gluconamide (3.27) and the 2-hydroxy
derivative (3.26).' Overall, due to the inability to hone in on the specific features required for IRI
activity, the rational design of new IRI-active aldonamides continues to be the result of a
laborious trial-and-error process. Additional SAR work is certainly warranted in order to

discover trends relating the features of aldonamides with their IRI activities.

3.1.1 Improving the IRI activity of N-aryl-D-gluconamide ice recrystallization inhibitors

and their potential use as cryoprotectants

Despite the lack of clear trends relating the structural features to an aldonamide’s IRI
activity, a large number of IRI-active N-aryl-D-gluconamides have now been developed.'*
Generally, these aldonamides have straightforward synthetic routes, including some with one-
step syntheses. Further, a number of these N-aryl-D-gluconamides have shown promising
cryoprotective properties for a variety of cell lines, such as for hematopoietic stem and

progenitors cells (HSPCs), the details of which are discussed in detail in Chapter 4.* Owing to
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the promising nature of the N-aryl-D-gluconamide class of IRI, this thesis chapter further

explores the structural features of the gluconamides in order to progress the development of

novel N-aryl-aldonamides for their use in cellular cryopreservation applications. Structural-

activity relationships were studied for the following modifications:

- Alterations to the hydrophobic component of N-(phenyl)-D-gluconamides. Structural

changes included the development of an analogue bearing both 2-fluoro- and 4-methoxy-

aryl moieties to compare to its two parent compounds (3.01 and 3.02). Further, amino-

aryl-D-gluconamides and their derivatives are compared to other gluconamides bearing

electron-donating substituents on their phenyl ring (Figure 3.1.1.4).

- Modifications to the carbohydrate component of the aldonamide structure. Structural

changes involved stereochemical alterations, changes to the polyhydroxylated chain, and

C6-oxidation state modifications (as well as C6-composition) to examine IRI activity

relative to the parent compounds (Figure 3.1.1.4).
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Figure 3.1.1.4. a) The general modifications for SAR studies of N-aryl-D-aldonamide analogues,

and b) the overall approach to IRI and cryoprotectant development.
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Following the synthesis of the N-aryl-D-aldonamide analogues required in the SAR
studies, their potential ice recrystallization inhibition activity was screened (Figure 3.1.1.4b).
Analogues that displayed promising results were further analyzed in order to obtain detailed
kinetic data surrounding the IRI activity, and finally, the potential for promising IRIs to act as
cryoprotectants was analyzed. Results from the IRI analysis and cryoprotectant studies offered
new insights into the continued development of novel synthetic targets. This general approach to
cryoprotectant development ensured that novel compound development through SAR studies
was ongoing whilst further resources were focused on the most promising candidates. The splat-
cooling assay for IRI activity determination was implemented for the SAR studies since the
assay is a common and robust method for the screening of compounds’ IRI activities.>'* This
assay involves the freezing of a 10 puL droplet of a compound dissolved in phosphate-buffered
saline (PBS) followed by an annealing period at -6.4 °C (Figure 3.1.1.5). After this time period
(30 or 5 minutes), the areas of ice crystals in the presence of the compound are measured, and the
results are compared relative to the ice crystal sizes present in the PBS control sample. The
calculated percent mean grain size (% MGS) offered a way to compare a large number of
compounds for potential activity and was, therefore, a good tool for obtaining a general overview
of the activity of new compounds at select concentrations (Figure 3.1.1.5). A smaller % MGS
obtained for a compound was indicative of ice recrystallization inhibition compared to a larger %

MGS.
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Figure 3.1.1.5. The splat-cooling assay used for the determination of ice recrystallization
inhibition activity. Depending on the assay and analysis conducted, the IRI activity is

represented either as the percent mean grain size (% MGS) of ice crystals or as dose-response

curves generated by normalized rates.>!3!4

The traditional splat-cooling assay, however, does not provide detailed kinetic data nor
does it address the heterogeneous nature of the crystal sizes observed during ice recrystallization
or the concentration and time dependence of crystal growth.>'* Fortunately, a modified splat-
cooling assay, developed by the Ben and Keillor laboratories, can be implemented to address
these shortfalls as well as to obtain kinetic parameters like the concentration of IRI at which 50%
inhibition is achieved (ICso).>'*!3 For this reason, the original splat-cooling assay is often used to

determine whether a series of compounds may exhibit activity at specific concentrations while
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the modified splat-cooling assay can be implemented to further characterize the activity of
promising candidates including to better compare the effectiveness of different IRIs. In this
modified assay, a binning approach is implemented where ice crystal areas are sorted based on
their size into discrete bins. If the ice crystals are small, as they are at time = 0 (after freezing of
the test droplet) or in the presence of an effective inhibitor after time = 5 mins, the crystal areas
are placed in “Bin 1”. As ice recrystallization occurs, ice crystals grow larger and their areas are
placed into bins corresponding to larger sizes (bin size increases in 0.001 mm? increments). The
proportion of ice crystals in the bins is then analyzed for each compound in order to obtain an
initial rate (v) of ice recrystallization which can then be normalized to the phosphate-buffered
saline (PBS) control thereby leading to normalized rates, vuom.'*!> Dose-response curves can
then be generated and ICso values can be obtained from the two-parameter sigmoidal curve fit to

the data (Figure 3.1.1.5).

3.2 The development of ice recrystallization inhibitors through modifications

to the hydrophobic aryl component of N-aryl-D-gluconamides

Section 3.2 contains two discrete sub-sections based on two studied modifications to the
hydrophobic aryl component of N-aryl-D-gluconamides: the development of a di-substituted aryl
gluconamide based on the structural moieties of the parent gluconamides and the production of
amino-aryl-D-gluconamides. Sub-section 3.2.1 begins by detailing additional studies of the IRI
activities of the previously developed N-aryl-D-gluconamides 3.01-3.04 (Figure 3.2.1.1 shows
how the compounds differ from each other at their aryl functionality). Once the IRI activity of
the parent compounds was fully explored, an analogue that combined the electronic features of
the aryl groups of both gluconamides 3.01 (whose aryl group is substituted with a 4-methoxy
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group) and 3.02 (aryl group is substituted with a 2-fluoro moiety) was developed. The IRI
activity of the analogue was compared to the parent compounds’ inhibitory activities. In contrast,
sub-section 3.2.2 discusses the development of analogues bearing an amino- or amido- group
present on the aryl component of the N-aryl-D-gluconamides in place of the original aryl
moieties. Specifically, these structural modifications were designed in order to compare the IRI
activities of the derivatives to that of 4-methoxyphenyl gluconamide (3.01) owing to the

similarities in aryl group electronics.

3.2.1 Development of a (2-fluoro-4-methoxy)phenyl analogue of the original N-aryl-D-

gluconamide ice recrystallization inhibitors

Progress toward the development of structurally modified N-aryl-D-gluconamides first
involved the optimization and further characterization of the parent gluconamides. For this
reason, the synthesis of N-(4-methoxyphenyl)-D-gluconamide (3.01), N-(2-fluorophenyl)-D-
gluconamide (3.02), N-(4-chlorophenyl)-D-gluconamide (3.03), and N-(2,6-difluorobenzyl)-D-
gluconamide (3.04) was adapted from that previously described in the literature (Scheme
3.2.1.1)."4!2 Modifications of the reaction procedures leading to increased overall yields relative
to those previously reported include the use of an ethanol and water recrystallization sequence of
the final gluconamide crude products after the reaction.'® Route A) in Scheme 3.2.1.1 was the
acid-catalyzed reaction condition with heat, and this route was generally required for the
synthesis of gluconamides where the aniline precursor bore electron-withdrawing substituents
(e.g. the syntheses of 3.02 and 3.03). Alternatively, when the aniline starting material was more

nucleophilic, such as anilines bearing a p-methoxy group, route B) conditions could be
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implemented. This was the case for 3.01 and 3.04 (where the starting material was a

benzylamine).
= OH OH
R | H ERR
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Scheme 3.2.1.1. One-step synthesis of N-aryl-D-gluconamides.

With an optimized synthetic route amenable to the multi-gram syntheses of the
gluconamides (the yield of 3.01 was enhanced by 2.2 times while the yield of 3.02 was increased
by 1.8 times; n = 2 for both calculations of yield comparisons), the next step was to fully assess
their IRI activities. Since the general screening for this original class of gluconamide had been
previously generated using the splat-cooling assay, these IRIs were analyzed directly using the
modified splat-cooling assay (recall that this analysis involves a 5-minute annealing period at -
6.4 °C followed by determination of the initial rates of ice recrystallization occurring in the
presence of differing concentrations of a sample).!* The dose-response curves generated via the
modified splat-cooling assay for gluconamides 3.01 and 3.02 are displayed in Figure 3.2.1.1,
which also includes Dr. Briard’s IRI data for 3.03 and 3.04.! With ICso values of 5+ 1 mM
(3.01) and 3 + 0.1 mM (3.02), the gluconamides bearing a 4-methoxyphenyl group or a 2-
fluorophenyl group are the most active ice recrystallization inhibitors of the four. By considering
the 95% confidence intervals associated with the ICso values, gluconamide 3.02 is the most

active inhibitor followed by 3.01, and finally, gluconamides 3.03 and 3.04 are the least active of
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the set. As previously reported in Dr. Briard’s doctoral thesis, gluconamide 3.03 has an ICs

value of 12 = 3 mM while 3.04 has a value of 11 = 3 mM.!
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Figure 3.2.1.1. Dose-response curves for the IRI activities of a) 3.01 (ICso =5+ 1 mM, R> =
0.94) and 3.02 (ICso = 3 £ 0.1 mM, R? = 0.99), and b) 3.03 (ICso = 12 + 3 mM, R? = 0.95) and
3.04 (ICsp = 11 £ 3 mM, R? = 0.96). ICs values are reported with 95% confidence intervals.
Data for 3.03 and 3.04 are adapted from Dr. Briard’s doctoral dissertation.! Error bars represent

the standard error of the mean (SEM) and experiment was replicated in triplicate (n = 3).
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Gluconamides 3.01 and 3.02 both display promising IRI activity and cryoprotectant
abilities for cell lines such as human hematopoietic stem and progenitor cells.!” Notably,
however, there are some limitations to their applicability in cellular systems. For example, higher
millimolar concentrations of 4-methoxyphenyl derivative 3.01 reduced metabolic activity
observed from human hepatic cells incubated in vitro with the IRI. While the 2-fluorophenyl
derivative 3.02 displayed no cytotoxicity up to its maximum solubility in media (25 mM), its use
is limited in aqueous media due to its poor solubility profile (derivative 3.02 is half as soluble as
gluconamide 3.01). Thus, in an effort to overcome the limitations observed with either 3.01 and
3.02, an analogue bearing both the 2-fluoro and 4-methoxy functionalities combined on the same
aryl ring was sought (gluconamide 3.38, Figure 3.2.1.2). 2-Fluoro-4-methoxyphenyl analogue
3.38 was hypothesized to have a more straightforward synthesis than the 2-fluorophenyl parent
compound 3.02 owing to its slightly more nucleophilic aniline starting material (as well as being
more soluble than 3.02 in aqueous media), and 3.38 may also display more promising results in
cellular studies than the 4-methoxyphenyl derivative 3.01 owing to the additional 2-fluorophenyl

component (no cytotoxicity was observed in multiple cell lines incubated in vitro with 3.02).
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Figure 3.2.1.2. The synthesis (a) and IRI activity (b) of N-(2-fluoro-4-methoxyphenyl)-D-

gluconamide 3.38. The 1Cso value for 3.38 generated from the dose-response curve is 20 £ 3 mM

(95% confidence interval, R? = 0.99). Error bars indicate SEM (n = 3).
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The one-step synthesis of N-(2-fluoro-4-methoxyphenyl)-D-gluconamide 3.38 involved a
condensation reaction between 2-fluoro-4-methoxyaniline 3.37 and D-(+)-gluconic acid 6-lactone
3.36 in acetic acid at 100 °C. Despite the moderate yield (45%), 3.38 was produced in gram
quantities for IRI analysis and cellular studies. Figure 3.2.1.2b displays the dose-response curve
generated via the modified splat-cooling assay for the IRI activity of 3.38, the first gluconamide
generated bearing two different aryl group substitutions. With an ICso value of 20 = 3 mM (95%
confidence interval), the analogue is significantly less effective at inhibiting ice recrystallization
than either of its parent compounds. The parent compound with solely a 4-methoxy substituent
present on its aryl component (gluconamide 3.01) displayed an ICso value of 5 mM for its IRI
activity while that of the 2-fluorophenyl compound (gluconamide 3.02) was 3 mM. In the end,
the significant reduction in IRI activity observed with the disubstituted gluconamide 3.38 may
not be all that surprising since gluconamide 3.38 bears a 2,4-disubstituted pattern, which may
diminish the inhibition. This was indeed observed in a QSAR model of the IRI activity of
gluconamides, where an N-(2,4-dichlorophenyl)-D-gluconamide was predicted to be inactive
(>70% MGS in the study) while its N-(chlorophenyl)-D-gluconamide counterpart 3.03 was
shown to be an effective ice recrystallization inhibitor.!> On the other hand, perhaps the electron
density of a gluconamide’s aromatic ring plays a significant role in the unknown mechanism of
ice recrystallization inhibition and that this may be directly related to the nature of the aromatic
substituents. Evidently, more SAR work is required moving forward in order to fully elucidate
the IRI trends observed. Regardless of di-substituted derivative 3.38’s diminished IRI activity, its
solubility in aqueous solutions was found to be similar to that of the 4-methoxyphenyl compound
3.01 thereby offering more concentrations for cryopreservation applications, and therefore, 3.38

was further assessed for its cytotoxicity and cryoprotective abilities (Chapter 4).
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3.2.2 Development of amino-phenyl and gluconamido-phenyl derivatives of the N-aryl-D-

gluconamides

3.2.2.1 Synthesis of amino-phenyl and gluconamido-phenyl derivatives

Recent research stemming from the Ben laboratory includes a significant interest in the
production of IRI-active small molecules bearing amino group functionality.®!® Previously, IRI
activity has been linked to the hydration of the small molecule: the more hydrated a carbohydrate
was, the better it ‘fit’ into the three-dimensional network of hydrogen bonds in the bulk water
layer, and therefore, the more IRI activity the molecule exhibited.!® With this in mind, a number
of pyranose-based carbohydrates bearing amino groups in place of hydroxyl groups have been
previously prepared, and a number of the derivatives exhibited effective IRI activity.>!?
Importantly, previous SAR work on the N-aryl-D-gluconamides has explored the presence of a
variety of substituents on the aryl ring; however, the aryl-amine class of N-aryl-D-gluconamide
has not yet been explored. The protonated aryl amine has a pka of approximately 4.6 in water,
and therefore, gluconamides bearing an aminophenyl group exist mainly as their neutral species
at the pH of phosphate-buffered saline (PBS) solution used in the assay for IRI activity (pH of
7.4). Accordingly, when considering the electron density of the corresponding aryl ring, an aryl
amino group would act primarily as an electron-donating group. Therefore, amino-aryl-D-
gluconamides and their derivatives (gluconamides 3.39-3.47, Figure 3.2.2.1) were envisioned to
be compared to methoxyphenyl gluconamides. Derivatives of 3.42-3.44 would possess electron-
withdrawing groups and were intermediates in the synthesis of the amino-aryl gluconamides
(described below). The presence of two gluconamide moieties in one structure was explored with

analogues 3.45-3.47. | acknowledge Ms. O’Keefe (undergraduate summer research student) and

93



Ms. Pressoir (honour’s student) for their assistance in synthesizing and assessing the

aminophenyl-gluconamides.
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Figure 3.2.2.1. The structures of the envisioned N-(amino-phenyl)-D-gluconamides 3.39-3.41
and their derivatives 3.42-3.47.

Initial efforts to synthesize the aminophenyl-gluconamides (3.39-3.41) by directly
combining a phenylenediamine with D-gluconolactone 3.36 proved low yielding owing to the
production of a mixture of products which included gluconamido-phenyl targets 3.45-3.47
(Scheme 3.2.2.1a). Further, efforts toward the aryl-amines 3.39-3.41 through the initial
preparation of an N-(nitro-phenyl)-D-gluconamide precursors 3.49 followed by reduction to the
corresponding aryl-amines 3.39-3.41 also proved unsuccessful (Scheme 3.2.2.1a). Although
harsh conditions for the condensation of nitroaniline 3.48 with D-gluconolactone 3.36 were used,
no product was observed; presumably due to the electron-withdrawing nature of the nitro group
leading to an extremely poor nucleophile for the condensation reaction. Next, another simple
premise was envisioned for the synthesis of the N-(amino-phenyl)-D-gluconamides:

condensation of a monoprotected phenylenediamine 3.50-3.52 with D-gluconolactone 3.36
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followed by deprotection of the amino-aryl group to yield the final amino-aryl-gluconamides
(Scheme 3.2.2.1b). The choice of the protecting group used in the protection of
phenylenediamine proved to be important. Initially, the use of a tert-butyloxycarbonyl (Boc)
protecting group was implemented, and the corresponding monoprotection of the diamine with
boc anhydride was efficient (86% - 96% yield based on regiochemistry of aniline). The
proceeding condensation of the resulting monoprotected aniline 3.52 with gluconolactone 3.36
also proved successful in moderate yield (41% yield). However, removal of the Boc group on

gluconamide 3.53 was attempted under a variety of acidic (hydrochloric acid or trifluoroacetic

acid) or neutral conditions (heating in water). Unfortunately, the product was not observed, and it

appeared that the aryl gluconamide may have degraded since the nuclear magnetic resonance

(NMR) spectra obtained no longer contained aryl components.
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Scheme 3.2.2.1. Synthetic attempts toward the production of N-(amino-phenyl)-D-gluconamides

including a) direct condensation between 3.36 and phenylenediamine or the synthetic route

through N-(nitro-phenyl)-D-gluconamide precursors 3.48, and b) approach using a boc group.

To avoid the potential for gluconamide degradation in future syntheses, efforts were set
on finding more mild conditions for the final deprotection step. As outlined in Scheme 3.2.2.2,
the carboxybenzyl (Cbz) protecting group was implemented for the monoprotection of the
phenylenediamines which ultimately offered an appealing final deprotection step:
hydrogenolysis of the protecting group via an in situ prepared Pd’/C catalyst.?’ Using this route,
the corresponding phenylenediamine starting material 3.54-3.56 was monoprotected in the
presence of benzyl chloroformate in an aqueous solution of acetic acid in dioxane, thereby

resulting in 15%-53% yields of the monoamines 3.57-3.59.2! The lower yields were the result of
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the production of fully-protected anilines or an intramolecular product in the case of ortho-
phenylenediamine 3.57. After isolating the monoprotected aniline from the mixture of protected
products, the desired aniline 3.57-3.59 was combined with D-gluconolactone 3.36 under basic
conditions and heat to yield the corresponding gluconamides 3.42-3.44 in moderate yields. The
presence of a bulky ortho-carbamate substituent could have led to the decreased yield of the
ortho-Cbz gluconamide 3.42 (7%) compared to the other two regioisomers (41% yield for meta-
Cbz 3.43 and 55% yield for para-Cbz 3.44). Finally, removal of the carboxybenzyl group was
performed by hydrogenolysis: in methanol, the gluconamides 3.42-3.44 were subjected to an in
situ Pd%/C catalyst prepared from Pd(OAc), and charcoal under a hydrogen atmosphere. These
mild conditions, adapted from the literature, led to the production of the desired N-(amino-
phenyl)-D-gluconamides 3.39-3.41 in nearly quantitative yields (92% - 97% yields).?° In
summary, using this short three-step synthesis afforded the target gluconamides in 1% (3.39),

15% (3.40), and 28% (3.41) overall yields.
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Scheme 3.2.2.2. Synthesis of N-(amino-phenyl)-D-gluconamides 3.39-3.41.
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With the N-(amino-phenyl)-D-gluconamides 3.39-3.41 in hand, the focus was then turned
toward the synthesis of their derivatives, the N-(gluconamido-phenyl)-D-gluconamides 3.45-
3.47. Initial attempts at producing these derivatives were based on preliminary work performed
by Dr. Briard whereby para-phenylenediamine was directly combined with D-gluconic acid d-
lactone under acidic conditions and then purified to yield the desired derivative (3.47).!
However, this route yielded crude products that proved difficult to purify and for this reason, a
modified route was implemented (Scheme 3.2.2.3) based off literature procedures.!'??? This
synthesis began by directly coupling the appropriate phenylenediamine 3.54-3.56 with four
equivalents of D-gluconic acid d-lactone 3.36 under acidic conditions at 100 °C for four hours.
After acetylation of the crude mixture, the resulting meta-gluconamido 3.61 and para-
gluconamido 3.62 intermediates could be easily isolated by flash chromatography to yield a 4:1
bis:monogluconamide product mixture (62% and 17% yields for the desired meta and para
intermediates after two steps, respectively). The desired ortho intermediate 3.60 was not
achieved in adequate yield (13% crude yield but could not be purified) presumably due to the
unfavourable amount of steric hindrance present in the product. With purified products 3.61 and
3.62 in hand, the final step in the synthesis involved deacetylation of these intermediates under
Zemplén conditions®® to furnish the desired meta- 3.46 and para- 3.47 targets in 28% and 98%
yields, respectively. Overall, both the meta- and para-gluconamido-phenyl-D-gluconamides 3.46

and 3.47 were produced with 17% overall yields.
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Scheme 3.2.2.3. Synthesis of N-(gluconamido-phenyl)-D-gluconamides using a three-step
synthesis including a condensation reaction between D-gluconolactone 3.36 and the appropriate
phenylenediamine 3.54-3.56, acetylation of the intermediate gluconamides, and finally,

deacetylation to yield N-(gluconamido-phenyl)-D-gluconamides 3.46 and 3.47.

3.2.2.2 The ice recrystallization inhibition (IRI) activity of amino- and gluconamido-phenyl
derivatives

With the desired N-(amino-phenyl)-D-gluconamides 3.39-3.41, intermediate
gluconamides 3.42-3.44, and N-(gluconamido-phenyl)-D-gluconamides 3.46 and 3.47 in hand,
attention was turned toward their potential abilities to inhibit ice recrystallization. The IRI
activity of the small molecules was first determined using the splat-cooling assay, and owing to
the resulting activities, the modified splat-cooling assay was implemented to generate the
corresponding dose-response curves displayed in Figure 3.2.2.2.'* The derivatives all displayed
some level of IRI activity including four of the six analogues exhibiting IRI activities with 1Csq
values between 4-12 mM. These fall into the range of the previously reported promising N-aryl-
D-gluconamides 3.01-3.04 discussed earlier in Section 3.2 (notably, the 4-methoxyphenyl-D-

gluconamide 3.01 possesses an ICso value of 5 £ 1 mM).
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Figure 3.2.2.2. Dose-response curves for the IRI activity of N-(amino-phenyl)-D-gluconamides

3.39-3.41, and N-(gluconamido-phenyl)-D-gluconamides 3.46 and 3.47. The experiments were

performed in triplicate (n = 3) and the error bars indicate SEM.

The N-(4-amino-phenyl)-D-gluconamide 3.41 displayed the most effective IRI activity

out of the three amino-gluconamides tested (3.39-3.41) with an ICso value of 7 £ 0.4 mM (ICso

value reported with 95% confidence interval). Notably, both 3.39 and 3.40 also exhibited IRI

activity, albeit less so than 3.41. However, full dose-response curves and the corresponding ICs

values could not be obtained due to their poor solubilities in the phosphate-buffered solution
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(PBS) used in the IRI assay. This poor solubility observed in aqueous solutions is also observed
with the general N-aryl-D-gluconamide class of small molecules and a table in the Experimental
Section (Table A1 in Appendix III) lists the maximum solubilities for IRIs in PBS. At a pH of
7.4, the pH of PBS, the amino groups of 3.39-3.41 are mainly in their neutral form and this may
explain the poor solubility of these compounds. Using the original splat-cooling assay (% mean
grain size determination, % MGS), the IRI activity of the aminophenyl-D-gluconamides 3.39-
3.41 appear similar to one another despite a change in regiochemistry of the aminoaryl group
(Figure 3.2.2.3): the % MGS of ice crystals in the presence of the 2-aminoaryl gluconamide 3.39
at 10 mM was 59%, the % MGS in the presence of 10 mM of the meta-substituted 3.40 was
77%, and finally, the % MGS in the presence of 12 mM para-substituted 3.41 was 44%. As
discussed in Section 3.1, significant differences have been observed when the regiochemistry of
the aryl group is altered such as a para-methoxy derivative (3.01, ICso value of 5 mM) being
more active than its ortho-analogue (3.25).! After considering statistical analysis, the IRI activity
of a derivative where the ortho-amino group was functionalized with a carboxybenzyl group
(3.42) was similar relative to its ortho-amino counterpart (3.39) suggesting that this structural
change doesn’t impact the mechanism by which these molecules exert their IRI activity.
Nevertheless, this highlights the necessity for continued SAR work in order to fully elucidate the

features of N-aryl-D-gluconamides required for effective IRI activity.
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Figure 3.2.2.3. The IRI activity of N-(aminophenyl)-D-gluconamides 3.39-3.41, as well as 3.42,
presented as percent mean grain size (% MGS) of ice crystals when in the presence of the
compounds at 8-12 mM. The experiment was performed in triplicate (n = 3) and error bars
indicate percent standard error of the mean (% SEM). Using one-way ANOVA with Tukey’s
multiple comparisons test, compounds 3.39 (*), 3.41 (**), and 3.42 (**) were statistically
significant from the PBS control (* p <0.05, ** p <0.01), and compounds 3.42 and 3.40 were
significantly different (p < 0.05).

As observed in Figure 3.2.2.2, both the meta- (3.46) and the para- (3.47) isomers of N-
(gluconamido-phenyl)-D-gluconamide exhibited similar IRI activity with ICso values of 11 £ 1
mM and 12 = 1 mM, respectively. These were not found to be significantly different values
owing to the overlap of their 95% confidence intervals. Preliminary work conducted by Dr.
Briard found that ice crystals in the presence of 22 mM para-isomer 3.47 had a % MGS of 67%
using the standard splat-cooling assay.! This differs from the current results for 3.47 which
suggest that at 20 mM (the maximum solubility of 3.47 in PBS) the ice crystals in the IRI assay
had a % MGS of 34%. While these two results differ, they both describe a compound with
moderate IRI activity (recall that 30-80% MGS is deemed moderate IRI activity). Finally, by

comparing the two para-substituted gluconamides 3.41 and 3.47 (Figure 3.2.2.2), it is clear that

102



the N-(4-amino-phenyl)-D-gluconamide (3.41) is more IRI-active than its N-(4-gluconamido-
phenyl)-D-gluconamide counterpart with 3.41 possessing an ICso value of 7 + 0.4 mM while that
0f 3.47 is 12 + 1 mM (ICsp values are reported with 95% confidence intervals). The important
balance between hydrophobic and hydrophilic components of an IRI may explain the difference
in the inhibitory activity of the two compounds. The presence of an additional gluconamide
moiety (3.47) decreased the hydrophobicity of the aryl component of the gluconamide and this
resulted in decreased IRI activity. Evidently, further studies that can explain the delicate balance

between the hydrophobicity and hydrophilicity of a carbohydrate-based IRI are warranted.

3.3 The development of N-aryl-D-gluconamide analogues through

modifications to the carbohydrate component

3.3.1 N-(4-methoxyphenyl)-D-gluconamide analogues with modified carbohydrate

stereochemistry and Cé6-oxidation states

N-(4-methoxyphenyl)-D-gluconamide 3.01 was used as a model substrate for SAR
studies discussed in Section 3.3.1 since the gluconamide had been found to exhibit effective IRI
activity (Section 3.2.1) as well as promising results in a number of cellular studies.'*
Additionally, owing to the nucleophilic p-anisidine starting material (Scheme 3.2.1.1), the
synthesis of 3.01 is straightforward which would enable easier syntheses of many of the
derivatives. Therefore, a series of derivatives bearing modifications to the carbohydrate
component of the parent compound were sought. Specifically, a series of analogues of the parent
gluconamide (N-(4-methoxyphenyl)-D-gluconamide 3.01) were designed with differing

stereochemistry 3.63 and 3.64, oxidized components such as analogues bearing a C6-carboxylate
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moiety 3.65-3.67 (or the C6-azide moiety discussed in Section 3.3.2), or aldonamide mimics
with reduced amounts of hydroxyl groups in the polyol chain 3.68-3.74 (Figure 3.3.1.1).
R1‘\R2 OH

OH OH OH OH

H H - - H
HeCO O OH OH HaGO 3(())1 OH OH HGO O OH OH
* o
363 L-Glc;R;=OH,R,=H 365 Ry=, L,
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5 = or K 3= c) /©/
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OCH.
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Ry=Hor OCH; Ry n=1,2 N
3.68-3.74

Figure 3.3.1.1. Derivatives of N-(4-methoxyphenyl)-D-gluconamide 3.01 in Section 3.3.1.

Studies began by synthesizing stereoisomers of N-(4-methoxyphenyl)-D-gluconamide
3.01 (aldonamides 3.63 and 3.64 in Scheme 3.3.1.1) to determine the influence of a
gluconamide’s stereochemistry on the resulting IRI activity. The syntheses of the L-glucono and
L-mannono-analogues of N-(4-methoxyphenyl)-D-gluconamide, 3.63 and 3.64 respectively, were
proposed to be conducted similarly to that of the parent compound: a condensation reaction
between the purified p-anisidine and the corresponding lactone (Scheme 3.3.1.1).'® While the
synthetic approach was successful for both aldonamides, the condensation reaction between p-
anisidine and L-glucono-1,5-lactone 3.75 led to the L-gluconamide 3.63 in a moderate yield
(46%) while the reaction with L-Mannono-1,4-lactone 3.76 led to mannonamide 3.64 in a meager
6% yield. This poor yield is presumably due to the less reactive nature of the starting 1,4-lactone
and may be improved by optimizing the conditions. Notably, performing the ring-opening

reaction under acidic conditions did not improve the yield of the product.
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Scheme 3.3.1.1. Synthesis of 3.63 and 3.64, the L-glucono- and L-mannono-stereoisomers of D-

gluconamide 3.01.

The IRI activities of the stereoisomers were then determined using a modified splat-
cooling assay whereby dose-response curves and 1Cso values for the inhibitory activity could be
generated (Figure 3.3.1.2).'%!5 The ICso value for L-gluconamide 3.63 was found to be similar to
that of D-gluconamide 3.01 (5 mM) while L-mannonamide 3.64 was slightly more active (based
on 95% confidence intervals). Changing the stereochemistry of the carbohydrate component
from a glucose to a mannose derivative, therefore, influenced the IRI activity of the molecule.
Additionally, L-mannonamide 3.64 is significantly less soluble than the gluconamides 3.01 and
3.63. The resulting IRI activity is contrary to a previous result from the Ben laboratory: the IRI
activity of N-(octyl)-L-mannonamide (22% MGS at 0.5 mM using 30-min. annealing splat-
cooling assay) was slightly reduced to that of the D-gluconamide derivative (12% MGS at 0.5
mM using 30-min. annealing splat-cooling assay).?>® The stereochemistry of the acyclic
carbohydrate in other amphiphilic small molecules has been shown to impact the conformation
that the amphiphiles adopted in crystals.?*>° Acyclic carbohydrates possessing stereochemistry
with ‘all-trans’ configurations would result in more energetically favourable linear
conformations (e.g. rod-like structures). However, acyclic carbohydrates that possessed a “1,3-
syn interaction” between the C2 and C4 hydroxyl groups in such a linear conformation (see
Figure 3.3.1.2) would therefore adopt more of a “bent” conformation in order to reduce the

energetically unfavourable interaction. In the case of the aldonamide IRIs 3.01, 3.63, and 3.64,
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both D-gluconamide 3.01 and L-gluconamide 3.63 possess this “1,3-syn interaction” if their
polyol chain adopted linear rod-like conformations. Accordingly, their polyol chains may adopt
more of a bent conformation. The L-mannonamide derivative 3.64, on the other hand, may adopt
more of a linear conformation owing to the lack of syn interactions. However, when in solution,
these aldonamides may adopt multiple different conformations including as a result of
interactions with solvent molecules.?! Interestingly, mannitol has been shown to have a lower
degree of free rotation in solution than glucitol, and it is therefore plausible that the different
conformations observed have an influence on the resulting IRI activity observed with the related
mannono- and gluconamides.?!*? Further, mannitol has a slightly increased hydration number
(e.g. the average number of water molecules within 1.2 molecular diameters of the polyol) than
glucitol (13.23 and 11.45, respectively) which would align with the trend that more hydrated
small molecules display increased IRI activity.?!*3 Notably, at this point, further studies (e.g. the
hydration of the specific aldonamide IRIs 3.01, 3.63, and 3.64) are warranted in order to explain
how exactly these conformational differences influence the IRI activity (the mechanism of which

is still not fully understood).

Aldonamide | ICso value (= 95% confidence interval)

3.01 5+ 1 mM
3.63 44+ 1mM
3.64 2+04mM

msyn-1,3 /7 \syn-1.3

H QH (3H H OH OH H QH OH
/@NWOH /©/ WH\‘/'\;/\OH /©/ WOH
O OH OH O OH OH O OH OH
HsCO 3.01 HCO 3.63 HCO 3.64

Figure 3.3.1.2. The ICso values obtained for the IRI activity of L-gluconamide 3.63 and L-
mannonamide 3.64 isomers of D-gluconamide 3.01. The IRI assay was performed in triplicate (n

= 3). Depiction of the “1,3-syn interaction” present in the gluconamides also shown.
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After having investigated the IRI activity observed with changes to the stereochemistry of
a gluconamide’s carbohydrate component, attention was focused on modifying the oxidation
state of this carbohydrate portion. From a SAR standpoint, a carboxyl group at the terminal end
of the gluconamide’s carbohydrate component in place of a terminal hydroxyl group could
influence the resulting IRI activity. Therefore, synthetic approaches for the C6-carboxylic acid
analogues 3.65-3.67 were envisioned (Scheme 3.3.1.2). Initial approaches toward the derivatives
involved the use of selective protecting group chemistry. For example, the installation of a C6-
silyl ether (triisopropyl silyl ether or TIPS group) followed by global acetylation for the
remaining hydroxyl groups would afford silyl ether 3.78. Removal of the TIPS group to afford
the free C6-alcohol 3.79 using tetrabutylammonium fluoride (TBAF), however, was
unsuccessful. Migration of acetyl groups may have occurred under these conditions, leading to
an inseparable mixture of products. Despite this initial setback, the C6-carboxylic acid analogues
3.65-3.67 could be produced using a one-step procedure whereby the nucleophilic p-anisidine
reacts with the electrophilic D-saccharic acid-1,4-lactone. All three derivatives 3.65-3.67 were
produced using this approach in addition to slightly modified work up conditions (e.g. acidic

workup to yield 3.65, or organic extraction to yield 3.67).
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In order to elucidate the result of replacing a terminal hydroxyl group of a gluconamide
with the respective oxidized species, the IRI activity of gluconamides 3.65-3.67 was probed at
their maximum solubilities in phosphate-buffered saline (PBS) using the splat-cooling assay. The
IRI activity of these C6-carboxylic acid derivatives is depicted as the % MGS of ice crystals in
the presence of the derivatives compared to ice crystals in the presence of the PBS control
(Figure 3.3.1.3). Interestingly, these derivatives were still poorly soluble in aqueous media with
reduced or similar solubility to their parent gluconamide compound (3.01). In fact, the IRI
activity of 3.67 could not be determined owing to its insolubility (<1 mM). Up to their maximum
solubilities, 3.65 (5 mM) and 3.66 (20 mM) were not effective inhibitors of ice recrystallization
with % MGS of 81% and 69%, respectively. This is in contrast to the % MGS obtained for ice
crystals in the presence of 3.01 at 5 mM (20 % MGS). As expected, no difference was observed
between the IRI of the carboxylic acid 3.65 and the corresponding carboxylate 3.66 at 5 mM.

Interestingly, 20 mM p-anisidine on its own displayed moderate IRI activity which was then
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reduced when it was used as the counterion of the gluconamide carboxylate (3.66). Taken
together, these results conclude that the installation of a carboxylic acid at the C6-position of N-
(aryl)-D-gluconamides, especially that of gluconamide 3.01, leads to a drastic reduction of IRI
activity. When considering this result in terms of a CH,/OH ratio (Section 3.1), the modification
of a hydroxyl group to carboxylic acid would lower the ratio of carbon to oxygens which has
been correlated to a decrease in IRI activity.!® Alternatively, perhaps the carboxylate
functionality results in the intermolecular dimerization of gluconamides in solution thereby
reducing the IRI activity. This dimerization may reduce the carbohydrate’s ability to negatively
impact water adding to the ice lattice (by reducing the carbohydrate’s ability to disrupt the
hydrogen-bonding network of water between the quasi-liquid layer and the ordered ice lattice).

OH OH
- T R3

O OH OH

3.65 R3=JLOH
o OCH;
366 R;=
3 %o‘f‘%,@/

Percent Mean Grain Size (% MGS)

PBS 3.01 3.65 3.66 3.66  p-anisidine p-anisidine
SmM) SmM) (SmM) Q0mM) GmM) (20 mM)

Compound in PBS (mM)
Figure 3.3.1.3. The IRI activity of 3.65-3.66 compared to N-(4-methoxyphenyl)-D-gluconamide

3.01 as depicted as the percent mean grain size (% MGS) of ice crystals in the presence of a
compound compared to PBS.!* Error bars indicate % SEM (n = 3). Asterisks indicate significant
differences between PBS and each condition (* p < 0.05, *** p <0.001, **** p <0.0001)
determined using one-way ANOVA with Tukey’s multiple comparisons test. The IRI activities

of 3.65 and 3.66 were also found to be significant from that of gluconamide 3.01 (p < 0.0001).
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In an effort to further expose how altering the polyol chain (D-gluconamide’s
carbohydrate component) influences the corresponding IRI activity, a series of aldonamide
mimetics were then envisioned (Scheme 3.3.1.3). These derivatives possessed no hydroxyl
groups within the polyol chain apart from either a terminal hydroxyl group or carboxylate in
order to offer additional evidence regarding the impact of carboxylates on IRI activity. The
syntheses of derivatives 3.68-3.74 were straightforward and moderate- to high-yielding using
adapted literature procedures. This included the implementation of an organocatalytic ring-
opening aminolysis of lactones as well as a chemoselective acylation of amines in aqueous
solutions to produce the appropriate N-phenyl amides.>**> Briefly, synthesis of derivatives
bearing a terminal hydroxyl group (for comparison to the corresponding carboxylic acids) were
produced by performing a ring-opening aminolysis of lactones of varying sizes in the presence of
the catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene. Derivatives bearing a terminal carboxylic acid
were generally produced through the ring-opening of the appropriate anhydride in aqueous

solutions.

110



N
NH, f ﬁ
2 N//kﬁ N KMnO,, NaOH H i
+ - . OH % N\[(\)J\
O‘\J§ 40-55 °C, 24 h /©/ EN H,0 ©/ I OH
R

86%

R 368 R=H,38% 3.69
R=Hor OCH;, 370 R=OCHg, 20%
b)
NH,
Anhydride SDS
starting  + ———— Product
material H,O
OCH,
Starting Starting
. Pr % yiel X P 0/ i
material oduct (%o yield) material roduct (% yield)

o H
0 N 0 N OH
0 Q”NOH ] oY
o H,CO © ©
o}

H,CO
° 3.71 (43%) 3.73 (54%)
H H
0 N o) N -
i O | ALY
/ H5CO oHo o] 2\/0 HsCO
o 3.72 (79%) o 3.74 31%)

Scheme 3.3.1.3. a) Synthesis of aldonamide mimics 3.68-3.70, and b) synthesis of mimics 3.71-
3.74.

The series of derivatives 3.68-3.74 were developed to probe the effect of chain length and
terminal-carbon oxidation state on IRI activity. 3.68-3.74 were tested for their ability to inhibit
ice recrystallization at their maximum solubilities in aqueous solutions using the splat-cooling
assay. As observed in Figure 3.3.1.4 and as hypothesized, the removal of polar groups from the
carbohydrate-component of gluconamides resulted in a drastic reduction in IRI activity. The
oxidation state of the terminal carbon of the “polyol” chain did not change the resulting IRI
activity, as observed when comparing alcohol 3.68 to its carboxylic acid derivative (3.69).
Changing the chain length did not alter the IRI activity either, as observed when comparing

homologues 3.71 and 3.73. However, by incorporating an oxygen into the carbon chain, as is the
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case for derivative 3.74, the solubility was improved and the IRI activity increased with respect
to increasing concentration. Evidently, the delicate balance of hydrophobicity and hydrophilicity
of gluconamides required for effective IRI activity is destroyed upon drastically altering the
carbohydrate-component of the gluconamides. Further SAR work should maintain the
carbohydrate component of the gluconamides whilst performing smaller structural modifications
to the structure. For example, the next section (Section 3.3.2) details another modification of the
terminal hydroxyl group (C6-position) of N-(4-methoxyphenyl)-D-gluconamide to a C6-azido
group. This modification is much less drastic than the changes occurring with the

aforementioned aldonamide mimics 3.68-3.74.
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Figure 3.3.1.4. The IRI activity of compounds 3.68-3.74 depicted as the percent mean grain size
(% MGS) of ice crystals in the presence of these small molecules. Error bars indicate % SEM (n
= 3). Asterisks indicate significant differences between PBS and test condition (**** p <0.0001)
determined using one-way ANOVA with Tukey’s multiple comparisons test. The IRI activities
of all compounds were also found to be significant from that of gluconamide 3.01 (p < 0.0001)

and 50 mM 3.74 (p < 0.001 or 0.0001).
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3.3.2 Development of 6-azido-/NV-(aryl)-D-gluconamides as C6-analogues of the N-aryl-D-

gluconamides

After having explored a number of gluconamide derivatives developed by altering the
polyol chain (Section 3.3.1) and in noticing how drastic these changes influence IRI activity, the
focus was turned toward the development of gluconamides bearing an azido group attached to
the polyol chain. Previously in the Ben laboratory, there have been numerous studies set on the
development of azide derivatives owing to the zwitterionic nature of the functional group which
alters the hydrophobicity/hydrophilicity balance required for IRI activity.'® Interestingly, Dr.
Poisson has recently determined that the incorporation of a C3-azido group to pyranose-based
IRIs resulted in the development of effective inhibitors of ice recrystallization whilst installation
of the azide group elsewhere around the pyranose ring resulted in less efficacious IRIs.'® The
IRI-active derivatives were well tolerated in cell lines and showed promising results for the
cryopreservation of red blood cells. With the promising nature of the C3-azide pyranose-based
IRIs in mind, we hypothesized that incorporating an azido group into the carbohydrate
component of gluconamides may also be beneficial for their IRI activity. That said, we expected
to achieve gluconamides with an azido group installed at the C6-position through a relatively
straightforward synthesis (Scheme 3.3.2.1). Interestingly, the derivatives described in Section
3.3.2 (and previously in Section 3.3.1) mark the first time that different functional groups have
been added to the carbohydrate component of gluconamides, and thus this offers important
insight into the structural and electronic features required in the carbohydrate component of
aldonamides for effective IRI activity. I would like to thank Mr. Staykov (undergraduate summer

student researcher) for his help with the synthesis and IRI analysis of these derivatives.
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Scheme 3.3.2.1. Synthesis of C6-azido-N-(aryl)-D-gluconamides 3.80-3.82.

The C6-azido gluconamides 3.80-3.82 were hypothesized to be achieved through a late-
stage nucleophilic displacement of an appropriate leaving group at the O6-position of the
gluconamide using a good nucleophile (azide) (Scheme 3.3.2.1). In using this late stage
nucleophilic displacement, this synthetic approach could be tailored for a variety of future
synthetic targets by reacting diverse nucleophiles with the corresponding electrophilic
gluconamides 3.83-3.85. The intermediate gluconamides 3.83-3.85 could be prepared from the
corresponding parent gluconamide 3.01-3.03 by selectively installing a leaving group on the O6-
position followed by global protection of the remaining carbohydrate hydroxyl groups. Finally,
the parent gluconamide could be obtained as previously reported (Section 3.2.1) by the direct
condensation reaction between D-gluconolactone 3.36 and the appropriate aniline. The first
leaving group considered for this multi-step synthesis was a toluenesulfonyl group (Ts) which
could be introduced under mild basic conditions using toluenesulfonyl chloride and a proton
scavenger. Based on this, the protecting groups selected for the synthesis were acetyl groups
(Ac) which could be installed immediately after the installation of the C6-leaving group and
would be stable during the future nucleophilic attack by the azide. Scheme 3.3.2.1 outlines the

corresponding synthesis for the C6-azide derivatives. The beginning of the synthesis involved
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the condensation of the appropriate aniline with D-gluconolactone 3.36 to afford gluconamides
3.01-3.03 in moderate yields (Section 3.2). Upon purification of the gluconamides 3.01-3.03,
these carbohydrate-based molecules were dissolved in pyridine in the presence of
toluenesulfonyl chloride. Once TLC analysis indicated the conversion of starting material
gluconamides 3.01-3.03 into the corresponding O6-tosyl intermediates, acetic anhydride was
added directly to the reaction to yield the acetylated O6-tosyl gluconamides 3.83-3.85. This one-
pot approach was implemented after initial attempts at producing O6-tosyl gluconamides 3.83-
3.85 via two separate steps led to poor yields of the intended products presumably due to
degradation of the non-acetylated O6-tosyl gluconamides. Gluconamides 3.83-3.85 were then
subjected to sodium azide under anhydrous conditions to yield the acetylated C6-azido
gluconamides 3.86-3.88 in approximately 30% yield over the previous two steps. The final step
in the synthesis involved deacetylation of the gluconamides using Zemplén conditions,?* leading
to the desired C6-azido-N-(aryl)-D-gluconamides 3.80-3.82 in 82%-90% yields after
recrystallizations.

With the derivatives 3.80-3.82 in hand, attention was turned toward determining their
abilities to inhibit ice recrystallization (Figure 3.3.2.1). Unfortunately, the C6-azide derivatives
3.80-3.82 were poorly soluble in aqueous solutions, and full dose-response curves could not be
obtained using the modified splat-cooling assay (e.g., the normalized initial rates of
recrystallization obtained for the maximum solubilities of the compounds were not 0). Therefore,
the splat-cooling assay was used to test the IRI activities at low-millimolar concentrations and
resulted in obtaining the percent mean grain size (% MGS) of ice crystals in the presence of

select concentrations of the derivatives (up to their maximum solubilities). Figure 3.3.2.1 depicts
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the % MGS of ice crystals in the presence of 3.80-3.82 normalized to the % MGS of crystals in

the presence of the control, phosphate-buffered saline (PBS).
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% Mean Grain Size

PBS 3.80 3.80 3.80 3.81 3.81 3.81 3.81 3.82
(1 mM) (5mM) (15mM) (1 mM) (5 mM) (10 mM) (20 mM) (1 mM)

Compound in PBS

Figure 3.3.2.1. The IRI activity of C6-azido-N-(aryl)-D-gluconamides 3.80-3.82 up to the
maximum solubilities of the molecules. Activity is depicted as percent mean grain size (% MGS)
with error bars indicating percent standard error of the mean (% SEM) compared to the PBS
control. The assay was performed in triplicate (n = 3). Asterisks indicate significant differences
between PBS and test condition (* p < 0.05, *** p <0.001, **** p <0.0001) determined using
one-way ANOVA with Tukey’s multiple comparisons test.

Remarkably, the replacement of a C6-hydroxyl group with an azido group on
gluconamides 3.01-3.03 led to drastically reduced IRI activity and solubility. Up to the
maximum solubility of 4-methoxy derivative 3.80 (15 mM) the % MGS was 74%, that of the 2-
fluoro derivative 3.81 was 45% at 20 mM, and finally, at 1 mM the 4-chloro derivative 3.82
displayed a % MGS of 98%. Recall that using the % MGS approach, an inhibitor with a % MGS
between 30-80% was deemed to be moderately IRI-active while those with a <30% MGS were

considered potent inhibitors. In using this classification of activity, these azide derivatives were
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found to be moderate-to-weak inhibitors of ice recrystallization. By way of contrast (and
discussed in Section 3.1), the parent gluconamides of the azide analogues are considered potent
or moderate inhibitors (4-methoxy derivative 3.01 has a 4% MGS at 22 mM, 2-fluoro derivative
3.02 has a 3% MGS at 11 mM, and 4-chloro derivative 3.03 has a 35% MGS at 22 mM).
Nevertheless, the trend observed with the IRI activity of the parent gluconamides (3.01 and 3.02)
is also consistent within the C6-azido derivatives 3.80-3.82 where the derivative bearing a 2-
fluorophenyl functionality (3.81) appears more IRI-active than the derivative bearing a 4-
methoxyphenyl compound (3.80). Statistical analysis confirmed this conclusion: 15 mM of azide
3.80 was found to be significantly less active than azide 3.81 at 10 mM (p < 0.01) and 15 mM (p
< 0.0001). Further, the installation of the zwitterionic azide at the C6-position also drastically
reduced the solubility of the gluconamides in aqueous solutions: the solubility of N-(4-
chlorophenyl)-D-gluconamide 3.03 was reduced to low millimolar concentrations (1 mM) upon
installation of the azide functionality (whereas the parent 4-chlorophenyl gluconamide 3.03 was
previously tested for IRI activity at 22 mM). This diminished solubility is not unexpected as the
incorporation of an azide in place of a hydroxyl group may reduce the hydrophilicity of the
molecule. Interestingly, this reduced solubility and reduced hydrophilicity may partly explain the
diminished IRI activity of the azide derivatives (and may also be the case for the azide-
functionalized pyranose IRIs).'® Clearly, the delicate hydrophobic-hydrophilic balance required
for the IRI activity of the gluconamides was adversely impacted upon installation of an azide
group. Despite the poor IRI activities and solubilities of these azido derivatives 3.80-3.82, their
potential cytotoxic and cryoprotectant properties would give insight for the design of future IRI-

active cryoprotectants, and therefore, these derivatives are further assessed in Chapter 4.
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3.4 Summary

Sections 3.2 and 3.3 discuss the development of novel N-aryl-D-aldonamides to further
elucidate the features required in this class of carbohydrate-based small molecule IRIs.
Ultimately, the rational design of new molecules able to preserve cellular substances at low
temperatures (e.g. cryopreservation) is made possible by having fully characterized the structural
features necessary for IRI activity. Section 3.2 began by optimizing the synthesis of the
promising IRIs 3.01-3.04 as well as further characterizing their ice recrystallization inhibition
activity. The IRI activity was consistent with the trends previously discovered,' 3.02 was found
to be the most active of the four gluconamides with 3.01 exhibiting similarly effective IRI
activity. N-(2-fluoro-4-methoxyphenyl)-D-gluconamide 3.38 was designed to determine the
influence of having both aryl substituents (4-methoxy group from 3.01 and a 2-fluoro group from
3.02) on the same small molecule. Gluconamide 3.38, however, was found to have significantly
decreased IRI activity to that of the parent gluconamides. The classes of amino-phenyl 3.39-3.41
and gluconamido-phenyl derivatives 3.45-3.47 were then developed in order to probe the IRI
activity of these structural features. Notably, the p-aminophenyl analogue 3.41 displayed
effective IRI activity while its m- (3.40) and o- (3.39) counterparts had reduced activity owing to
their poor solubilities in solution. Both gluconamido-phenyl analogues 3.46 (m-substituted) and
3.47 (p-substituted) displayed an effective ability to inhibit ice recrystallization as well; albeit
with reduced activity compared to the amino-phenyl analogues. Next, stereoisomers of the parent
N-(4-methoxyphenyl)-D-gluconamide 3.01 were synthesized, and as a result, derivative 3.64 (L-
mannonamide) was found to exhibit increased IRI activity to that of the D-gluconamide 3.01.
This suggested that stereochemical change significantly influences the IRI activity of

aldonamides. Next, installation of a C6-carboxylic acid moiety as a replacement of the C6-
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hydroxyl group present in N-(4-methoxyphenyl)-D-gluconamide also significantly impacted the
resulting IRI activity. C6-carboxylic acid derivatives 3.65 and 3.66 both displayed reduced IRI
activity to their parent gluconamide 3.01. Other changes to the carbohydrate component of the
gluconamides that were investigated with aldonamide-mimetics 3.68-3.74 also possessing
reduced IRI activity. Finally, gluconamides bearing a C6-azido functionality (3.80-3.82) resulted
in less active IRIs compared to their parent gluconamides; although as previously observed with
their corresponding parent IRIs, an IRI with a 2-fluorophenyl component was more active than
one with a 4-methoxyphenyl component.

Overall, the carbohydrate-based small molecules discussed in Chapter 3 mark the first
time that the IRI activity has been assessed for gluconamide analogues with altered functional
groups in the carbohydrate-component. Therefore, these small molecules offer substantial insight
moving forward for the rational design of gluconamide-IRIs. Even more information can be
drawn from the promising derivatives presented in Chapter 3 in terms of their effects in cellular
systems. Notably, the cytotoxicities of promising molecules will be discussed in the following
chapter as well as their ability to aid in the cryopreservation of various cellular substances (using

both in vitro and in vivo experiments).
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4. The Impact of N-Aryl-D-Gluconamides on the Activities of
Cryopreserved Human Umbilical Cord Blood

4.1 Human umbilical cord blood as a promising source of stem cells for

hematopoietic stem cell transplantation

Hematopoietic stem and progenitor cells (HSPCs) are a heterogeneous pool of cells that
are paramount to the maintenance of an organism’s blood system throughout their lifetime by
giving rise to diverse blood and immune cells (Figure 4.1.1.1). The unique abilities of HSPCs
including quiescence, self-renewal, and differentiation are controlled through intrinsic and
extrinsic factors and are advantageous in the treatment of many diseases and disorders.
Specifically, hematopoietic stem cell transplantation (HSCT) is a routine clinical procedure
generally used to reintroduce stem cells in a body system after disease, intensive chemotherapy
and/or radiation therapy. HSCT is beneficial for the treatment of over 80 life-threatening diseases
and disorders, such as hematologic cancers, bone marrow deficiencies, aplastic anemias, in

addition to immune system and metabolic disorders.'
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Figure 4.1.1. A simplified representation of hematopoietic stem cell myelopoiesis, where

Self-renewal Myelopoiesis:

differentiation and proliferation of stem cells give rise to diverse blood cells. Select cell sub-
populations include the Colony-Forming Unit-Granulocyte, Monocyte (CFU-GM) population,
the Colony-Forming Unit-Granulocyte, Erythrocyte, Monocyte, and Megakaryocyte (CFU-
GEMM) population, and the Burst-Forming Unit-Erythroid (BFU-E) population.

Further, the number of HSCTs performed continues to grow annually with more than
50,000 transplants worldwide each year.>* According to data obtained by the Centre for
International Blood and Marrow Transplant Research, the number of both autologous and
allogenic transplants performed are rising in the US.* Autologous transplantation, the most
common HSCT in the clinic, involves the use of a patient’s own stem cells removed from the
patient prior to the transplant. By contrast, allogenic HSCT involves the use of a stem cell donor
other than the patient (e.g. someone with a similar genetic makeup to the patient or other
sources). While autologous HSCTs are generally associated with fewer side effects than
allogenic transplants, autologous HSCTs are potentially less effective in treating some diseases.’
The Graft-versus-Tumor effect, which describes the immune response of donor cells against
malignancy, may result in lower rates of relapse after allogenic HSCT but is not observed after
autologous transplants.®> Notably, Graft-versus-Host disease (GVHD) is a major concern after
allogenic HSCTs owing to the donor’s immune cells attacking the recipient’s tissues.
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In both transplant cases, the non-embryonic multipotent stem cells constituting the engraftment
are usually harvested from the bone marrow, adult peripheral blood, or umbilical cord blood
(UCB). Bone marrow is a rich source of HSPCs; however, the stem cell harvesting procedure is
invasive for the donor. Adult peripheral blood stem cell collection is more common than bone
marrow harvest; however, the donor still requires treatment (e.g. the injection of granulocyte
colony-stimulating factor as a mobilizing agent for multiple days prior to collection) in order for
this apheresis collection to be successful. The third option is human umbilical cord blood (UCB)
collection at the time of delivery of a healthy newborn. While cord blood grafts typically contain
only 5-10% of the cell doses relative to grafts from the marrow or adult peripheral blood sources,
UCB offers unique clinical and logistical advantages to the other sources and has been an
alternative option for grafts for allogenic transplants ever since the first successful one was
performed in 1988.%7 The collection from this readily available and rich source of HSPCs is non-
invasive for the donor, there are less stringent Human Leukocyte Antigen (HLA) matching
criteria, and HSCTs from UCB are associated with lower rates and severity of Graft-versus-Host
(GVHD) disease in recipients.®*!! Further, HSPCs from UCB are more primitive than HSPCs
harvested from other sources which can lead to higher stem cell proliferation.® Notably, there are
now over 2,000 cord blood HSCTs performed globally each year.? Despite the overwhelming
advantages of UCB as an HSPC source, it is still the least common source for HSCTs. A major
reason for this is the reduced quality and number of stem cells isolated from cord blood units
where selection of a unit for transplant is determined by the amount of total nucleated cells
(TNCs) and/or hematopoietic stem and progenitor cells (HSPCs) in the transplant product.!'?
Lower cell doses as a function of recipient weight is correlated with higher incidences of

engraftment failure as well as delayed hematopoietic and immune recovery.'*=2? In one study,
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myeloid engraftment had occurred in 74% of recipients (42 days after HSCT from UCB) where
the pre-cryopreservation TNC dose was 7-24 million TNC/kg and the engraftment success
increased to 91% when the pre-cryopreservation TNC dose was above 100 million TNC/kg.!¢
Moreover, delayed hematopoietic recovery in recipients after cord blood transplantation,
specifically that of neutrophil and platelet recoveries, leads to prolonged hospital stays and early
transplantation-related mortality due to infection, and this slower graft recovery is associated
with the lower cell doses obtained from one single cord blood unit.>?-2¢ Notably, maintaining an
appropriate level of platelets after procedures (not to mention before surgeries and other clinical
procedures) is essential to hemostasis. Clearly, approaches aimed at increasing the number and
quality of HSPCs isolated from UCB is essential to improving HSCTs.?32427-30 Additionally, as
new uses of HSCT continue to emerge, including within the field of regenerative medicine,
reducing the incidence of adverse outcomes as well as reducing the barrier of procedure costs
associated with engraftment failure and prolonged hospital stays due to adverse events is crucial
to the treatment’s potential application. In the US, for example, the median cost of umbilical cord

blood transplants for non-malignant conditions in pediatric patients is over $450,000.3'32

4.1.1 Improving the cryopreservation of human umbilical cord blood using ice

recrystallization inhibitors

One approach aimed at increasing the number of viable and functional HSPCs isolated
from UCB is to improve the cryopreservation of such cells.>3=> Despite current efforts to
minimize cell loss during the processing and cryopreservation of UCB units, the post-thaw

viability and functionality of cryopreserved HSPCs is negatively affected by the current
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conventional protocols and cryoprotectants.**% More specifically, the higher levels of apoptotic
CD45"CD34" cells (where the CD34 glycoprotein is a marker for hematopoietic cells that are in
the primitive stages of differentiation and the CD45" marks the leukocyte lincage) associated
with cryopreservation of HSPCs may reduce the proliferation and differentiation ability of the
cells post-thaw 33343839 Moreover, these apoptotic cells may negatively influence engraftment
success. 3333840 Conventional cryoprotectants, such as dimethyl sulfoxide (DMSO), fail to
reduce the amount of uncontrolled ice growth that occurs during the preservation process which
can lead to significant cryoinjury resulting in decreased cell number and potency post-
cryopreservation.*! ¢ Additionally, residual DMSO present in thawed stem cell grafts has been
associated with negative effects in the transplant recipient including outcomes to the
gastrointestinal, cardiovascular, respiratory, renal, hepatic, and central nervous systems.#447-30
Removing DMSO prior to transfusion may reduce the side effects due to DMSO toxicity, an
appealing option for patients with pre-existing conditions; however, washings to remove this
cryoprotective additive results in unwanted loss of HSPCs.>'=>3 Alternative cryoprotective agents
for HSPCs such as ethylene glycol, propylene glycol, and various carbohydrates have been
explored; however, these additives have yet to be implemented in the clinic.3>#3-%-° For this
reason, molecules able to inhibit ice recrystallization (IRIs) are of great interest for the
improvement of the cryopreservation methods of HSPCs from human UCB.*!-6°

In fact, a recent collaboration involving the Ben laboratory has demonstrated through
small-scale cryopreservation experimentation that the use of ice recrystallization inhibitors in
addition to dimethyl sulfoxide during cryopreservation of HSPCs can improve both the in vitro
function and number of cells post-thaw.®! From this collaboration, a number of gluconamides

have shown promising results for improving the cryopreservation outcomes for HSPCs isolated
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from UCB, including N-(2-fluorophenyl)-D-gluconamide (4.01), N-(4-methoxyphenyl)-D-
gluconamide (4.02), N-(2,6-difluorobenzyl)-D-gluconamide (4.03), and N-(4-chlorophenyl)-D-

gluconamide (4.04), among others (Figure 4.1.2.1a).5!

a)
F , OH OH H?”?H F OH OH  OH OH
N o O Y Y Y oM N o /©/ Y Y o
O OH OH HsCO O OH OH F O OH OH cl O OH OH
4.01 4.02 4.03 4.04
b) c)

Hkoksk

B [=2] [+
2 2 2

Frequency (x10%)

Total number of colonies post-thaw
N
o

0-
10% DMSO 4.01 4.01 4.02 4.03 4.04

10% DMSO 4.01 4.02
(12.5 mM) (25 mM) (27.5 mM) (18 mM) (25 mM) (25 mM) (27.5 mM)
Compound in 10% DMSO cryosolution Compound in 10% DMSO cryosolution

Figure 4.1.2. The improved post-thaw function of cryopreserved HSPCs from UCB through the
supplementation of the cryosolution with IRIs, where a) depicts IRI structures, b) displays
results of the colony-forming unit assay (average total number of colonies per 80 uL of thawed
sample + standard error of the mean, n = 2-10 adapted exactly as described in the reference)
where sub-populations of total CFU include the Colony-Forming Unit-Granulocyte, Monocyte
(CFU-GM) population, the Colony-Forming Unit-Granulocyte, Erythrocyte, Monocyte, and
Megakaryocyte (CFU-GEMM) population, and the Burst-Forming Unit-Erythroid (BFU-E)
population, and c¢) results of the long-term culture-initiating cell assay (represented as the mean
frequency).b! Asterisks indicate statistical significant from the 10% DMSO control (ANOVA
with Dunnett’s test with * 95%, ** 99%, or *** 99 9% confidence intervals.®! Data adapted with
permission from reference 61 (contact ACS directly for additional permissions relating to this

article: https://pubs.acs.org/doi/10.1021/acsomega.6b00178).
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Notably, the addition of gluconamide 4.01 to the DMSO-cryomedium (5% dextran in
0.9% saline) of these small-scale experiments significantly increased the post-thaw recovery of
clonogenic progenitors determined through the use of the methylcellulose colony-forming cell
assay (CFC assay),>>%? as well as multipotent progenitors determined using the long-term
culture-initiating cell assay (LTC-IC assay). A two-fold increase was also observed when the
cryosolution contained 12.5 mM 4.01 (with 50% v/v plasma) or 25 mM 4.01. When the solution
contained 27.5 mM gluconamide 4.02 (with 50% v/v plasma), a greater than 2.4-time increase in
colonies was observed, while there was some increase with 4.03 and no significant change with
4.04 as part of the solution. There was up to a 2-fold increase in the frequency of multipotent
progenitors (as determined using the human LTC-IC assay) observed when HSPCs had been
cryopreserved in the presence of gluconamides 4.01 and 4.02 (with 50% v/v plasma).®' The
results of this collaboration highlighted that supplementation with the most IRI-active
gluconamides led to the highest increase of multipotent and committed progenitors compared to
the addition of less IRI-active molecules.! In fact, Briard and co-workers noted that the addition
of IRI-inactive small molecules did not significantly affect the post-thaw viability or clonogenic
potential of cryopreserved HSPCs. It is also important to note that the impact of IRI
cryoprotectants on the in vivo function of cryopreserved stem cell grafts had yet to be
investigated and that the HSPC transplantation experiment is truly the best method for
determining the functional capacity of HSPCs to re-establish the hematopoietic system of an
organism.%-%* Owing to the promising small-scale results of using IRIs as HSPC cryoprotectants
as well as the urgent need for improved stem cell grafts for HSCTs in the clinic, further
investigation into the cryoprotectant abilities of these N-aryl-D-gluconamides is certainly

warranted.
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The current chapter delves into the continued development of ice recrystallization
inhibitors as cryoprotectants. Specifically, gluconamides 4.01-4.04 as well as their analogues
(4.05-4.09) with varying aryl or carbohydrate modifications were selected as promising
candidates stemming from structure-activity relationship (SAR) studies and were therefore
further examined for their potential as cryoprotectants (Figure 4.1.2.2). 2-Fluoro-4-
methoxyphenyl-D-gluconamide 4.05 contains both aryl substituents of its parent compounds 2-
fluorophenyl 4.01 and 4-methoxyphenyl 4.02. This derivative displayed weaker IRI activity than
its parents, however, its increased aqueous solubility made this compound a candidate for further
in vitro testing. C6-azide derivatives 4.06-4.08 were poorly soluble but from a SAR approach,
we were interested in the influence of a C6-azide on its ability to preserve hematopoietic stem
and progenitor cells in vitro. Finally, gluconamido derivative 4.09 was structurally intriguing and
its cytotoxicity was therefore also assessed. Among the encouraging results presented herein
includes the first report into the impact of an N-aryl-D-gluconamide cryoprotectant on the in vivo
engraftment activities of cryopreserved cord blood grafts, which includes results from a
collaboration between the Ben laboratory and the Pineault laboratory at Canadian Blood
Services. An article titled “Inhibition of Ice Recrystallization during Cryopreservation of Cord
Blood Grafts Improves Platelet Engraftment” highlighted this pioneering investigation published
in Transfusion, in which we hypothesized that inhibiting ice recrystallization during the

cryopreservation of cord blood would result in improved engraftment activities of HSPCs.%
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Figure 4.1.3. Structures of the gluconamide IRIs investigated for their potential as

cryoprotectants.

The objectives of this chapter include:

- Determination of the cytotoxicity of promising gluconamide IRIs investigated by
measuring the metabolic activity of cells in vitro.

- Analysis of the in vitro ability of promising IRIs to act as cryoprotectants for
hematopoietic stem and progenitor cells (HSPCs) by determining the post-thaw viability
and functional capacity of cryopreserved HSPCs.

- Investigation of the impact of a gluconamide cryoprotectant on the in vivo engraftment
activities of cryopreserved cord blood grafts through the use of xenograft transplantation
(serial transplantation assay) to determine the ability of cryopreserved HSPCs to

differentiate and self-renew.
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4.2 N-Aryl-D-gluconamides as cryoprotectants

4.2.1 Cytotoxicity of N-aryl-D-gluconamide ice recrystallization inhibitors

The novel molecules from Sections 3.2 and 3.3 were assessed for their cytotoxicity to
cells using a fluorescent-based assay and a model cell line. The human hepatocellular carcinoma
cell line (HepG2) is a widely used adherent cell line that offers advantages for studying the
cytotoxicity of small molecules owing to the cell's similarities to normal liver cells.%® The cell
viability of human hepatic cells (HepG2) in the presence or absence of the IRIs was indirectly
determined using resazurin (a phenoxazine dye) as a measure of metabolic activity of the cells.®’
Resazurin is a non-toxic and cell-permeable fluorescent dye that is reduced in metabolically-
active cells, where resazurin is blue in its oxidized state but if cells maintain metabolic activity,
resazurin will be irreversibly reduced to resorufin, a pink-coloured compound (Figure 4.2.1.1).
Briefly, the assay involves incubation of cultured cells with or without the molecules followed
by fluorescent readings. The use of resazurin avoids issues that arise with other dyes such as
poor sensitivity or the necessity for a solubilization solution due to insoluble dyes. Studies have
shown that the use of the resazurin assay results in comparable information as that obtained from
other assays, such as the MTT assay, which uses 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) as the dye, in addition to enhancing the sensitivity of the
experiments compared to the MTT assay.®® Note that a substantial limitation to both the
aforementioned assays is that they provide an overall snapshot of cell viability; however, they do
not discern between the mechanisms by which the cells are undergoing cell death such as
apoptosis or necrosis. Future work should utilize more powerful diagnostic tools (e.g. live/dead

cell staining using flow cytometry) in order to use this information to better develop subsequent
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novel non-toxic IRIs. Nevertheless, the resazurin assay is used herein as an initial probe into the
cell viability of HepG2 cells in the presence of gluconamide-based IRIs. Following this, flow
cytometry analysis is subsequently performed in cryopreservation experiments where IRI
candidates are assessed for their ability to preserve human umbilical cord blood during cold
storage (UCB is a less readily available cell line than the HepG2 cells used during preliminary

cytotoxicity studies).
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Figure 4.2.1.1. The reduction of resazurin in metabolically active cells.

Previous work on the gluconamides 4.01-4.04 by Dr. Briard determined the cytotoxicity
of some of the small molecule IRIs using the MTT assay.?®® The results suggested a dose-
response correlation whereby reduced cell viability was observed with higher concentrations of
gluconamides 4.01-4.04. The 2-fluorophenyl gluconamide 4.01 at 22 mM resulted in
approximately 50% cell viability of HepG2 cells.%! Approximately 50% cell viability was
observed when HepG2 were exposed to ~44 mM of the 4-methoxyphenyl gluconamide 4.02 or
the 2,6-difluorobenzyl gluconamide 4.03.%' Finally, the 4-chlorophenyl gluconamide 4.04 was
shown to be significantly cytotoxic by concentrations of 10-15 mM where only 10% cell
viability was observed when the hepatic cells were exposed to 15 mM gluconamide 4.04.°!
However, Figure 4.2.1.2, displays the new results obtained using the resazurin assay.®® Note that

dose-response curves could not be generated since 0% cell viability was not achieved up to the
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maximum solubilities of the gluconamides in media (e.g. sigmoidal curves could not be fit to the
data and therefore additional LDso values could not be determined). A table in the Experimental
Section (Table A1 in Appendix III) lists the maximum solubilities for IRIs presented
throughout this thesis. Interestingly, 2-fluorophenyl gluconamide 4.01 was well tolerated by
HepG2 cells up to the gluconamide’s maximum solubility in media (96% hepatic cell viability at
25 mM 4.01).% 4-Methoxyphenyl gluconamide 4.02 was found to be more cytotoxic than
previously reported (52% hepatic cell viability when subjected to 20 mM gluconamide 4.02 and
17% viability at 40 mM 4.02) while 2,6-difluorobenzyl gluconamide 4.03 was found to be less
cytotoxic than previously observed (73% hepatic cell viability at the maximum solubility of 40
mM 4.03). In the case of 4-chlorophenyl gluconamide 4.04, 43% hepatic cell viability was
observed when cells were subjected to 10 mM 4.04 (the maximum solubility of this gluconamide
in media). The current results obtained using the resazurin assay may provide more accurate
conclusions than those previously obtained using the MTT assay for two main reasons: 1) the
increased sensitivity observed with the resazurin assay than that of the MTT assay,®® and 2) the
resazurin assay’s fluorescent measurements were directly obtained from the spectrophotometer

readings as opposed to the use of indirect measurements of absorbance for MTT samples.”
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Figure 4.2.1.2. Cell viability of HepG2 cells in the presence of gluconamides 4.01-4.04
dissolved in supplemented Minimum Essential Media (MEM).% Using the resazurin assay, cells
incubated in gluconamide-free media as well as cells incubated in the presence of surfactant, 1%
Triton-X (not plotted as this is a value of 0%), were used as controls. Data are reported as the
mean percent cell viability and error bars indicate % SEM for all the conditions performed at
least in triplicate (n = 3 plates). All conditions without error displayed were performed in
duplicate (n = 2). For the 4.01 plot, n = 4 plates performed for 0 and 5 mM 4.01. For 4.02 plot,
error bars indicate SEM of n = 3 plates performed (n =5 for 0 mM). For 4.03 and 4.04, 0 mM
was performed on 4 plates as well as 10 mM 4.04 (n = 4). Asterisks indicate statistical
significance from control conditions (0 mM) found using one-way ANOVA with Dunnett’s

multiple comparisons test (* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001).
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Accordingly, from the resazurin assay, gluconamide 4.01 was suggested to be well
tolerated by HepG2 cells. The % cell viability was does not appear significantly altered
compared to the control (compound-free condition) up to the gluconamide’s maximum solubility
(25 mM) in the culture media. This result in addition to previous results that the molecule
preserves the functionality of HSPCs after cryopreservation suggest that IRI-active 4.01 is an
excellent target for further cryopreservation studies. Gluconamides 4.02 and 4.04 show
significant toxicity as their concentrations reach maximum solubilities in the culture media (one-
way ANOVA with Dunnett’s multiple comparisons test) but the preliminary data of 4.03 shows
reduced cytotoxicity in comparison to 4.02 and 4.04. This initial toxicity screen (and preliminary
screen in the case of conditions performed in duplicate) offers insight into the cytotoxicity of
gluconamides 4.01-4.04, however, it is important to also assess the viability and functionality of
the specific cell type being studied (e.g. HSPCs from UCB) since compound cytotoxicity differs
based on cell line and incubation period. Additionally, it is important to acknowledge that this
viability assay only provides an overview of the cell viability in the presence of the
gluconamides and that future work should investigate the specific mechanisms by which HepG2
cell injury may be occurring. Nevertheless, gluconamides 4.02-4.04 will also be assessed for
their impact on HSPCs during cryopreservation.

With an 1Cso value for its IRI activity at 20 mM, gluconamide 4.05 was then assessed for
its cytotoxicity (Figure 4.2.1.3a). Its cytotoxicity profile in the hepatic cell line HepG2 is similar
to that observed with gluconamide 4.02 whereby higher concentrations of the molecules appears
to lead to reduced amounts of viable cells. Since gluconamide 4.05 is less IRI-active than both
4.01 and 4.02 parent compounds, it is clear that the presence of both aryl substituents on the

molecule negatively affects both the IRI activity as well as maintains the cytotoxicity of
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gluconamide 4.02. It was hypothesized that its cryoprotective ability will also be less effective

than either of its parent compounds (4.01 and 4.02) and this will be further explored in Section
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Figure 4.2.1.3. a) Cell viability of HepG2 cells in the presence of gluconamide 4.05 dissolved in
appropriately supplemented Eagle’s Minimum Essential Media (MEM). Data are reported as the
mean percent cell viability (n = 2 plates). b) Percent cell viability of HepG2 cells in the presence
of gluconamides 5 mM 4.06 and 4.07 dissolved in appropriately supplemented Eagle’s Minimum
Essential Media (MEM). Data are reported as the mean percent cell viability (n = 1 plate
replicate). Using the resazurin assay, cells incubated in the absence of the gluconamide as well as
cells incubated in the presence of surfactant, 1% Triton-X (not shown as these are a data point of

0%), were used as controls.

The azido-gluconamides 4.06-4.08 discussed in Section 3.3.2 were intriguing since they
represented the first-time significant modifications were made to the carbohydrate-component of
the gluconamide structure. The substitution of a C6-hydroxyl group with a C6-azido group
resulted in a reduction in solubility and IRI activity. As depicted in Figure 4.2.1.3b, this
structural modification may also result in reduced cell viability of HepG2 cells in the presence of

these azido compounds (note that further cytotoxicity studies must be conducted in order to
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statistically determine differences in the cytotoxicity of the C6-azide derivatives). At a
concentration of 5 mM, 2-fluorophenyl gluconamide 4.01 resulted in 90% hepatic cell viability
while subjecting the hepatic cells to 5 mM 4.06 resulted in ~69% cell viability (preliminary
data). Cytotoxicity appears more similar between 4-methoxyphenyl gluconamides 4.02 (77% cell
viability) and its azide derivative 4.07 (~ 60% viability from preliminary data), although the
addition of an azide at the terminal carbon may also increase the cytotoxicity of this molecule.
Meanwhile, gluconamide 4.08 could not be assessed for its cytotoxicity owing to its significant
insolubility in aqueous media (a property that is observed with its parent compound 4.04 albeit to
a lesser degree). Preliminary data regarding gluconamide 4.09, a gluconamide bearing two
carbohydrate moieties with an ICso value for its IRI activity at 12 mM, suggested that the
compound possessed cytotoxicity even at low millimolar concentrations (data not shown in
figure, < 40% cell viability when HepG?2 cells were incubated with 5 mM of gluconamide 4.09).
Once again, additional cytotoxicity assessment should be conducted in order to conclude the full

cytotoxicity profile of gluconamide 4.09.

4.2.2 Cryopreservation of hematopoietic stem and progenitor cells with /N-(2-

fluorophenyl)-D-gluconamide ice recrystallization inhibitor

After determining cytotoxicity associated with the IRI-active molecules developed as
described in Chapter 3, the next step was to assess their ability to act as protective agents during
the cryopreservation of various cell types. Section 4.2.2 details the use of N-(2-fluorophenyl)-D-
gluconamide 4.01 as a cryoprotectant for HSPCs, while Section 4.2.3 describes the use of
gluconamides 4.02-4.07 as cryoprotectants. Importantly, these studies involved the investigation

of these gluconamides to protect HSPCs in cryopreservation conditions that were more similar to
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standard protocols involved with HSPC research in Canada. Previous results using small-scale
experiments (0.1 mL) showed that gluconamides 4.01-4.04 were effective at preserving the
function of HSPCs post-cryopreservation (and notably, with varying concentrations of plasma in
the cryosolutions).®! Conventional protocols used for HSPC research at Canadian Blood Services
utilize 1 mL volume sizes for the cryopreservation of 10 x 10° total nucleated cells (TNC) and
these were mimicked in the design of cryopreservation studies presented in Section 4.2.2 and
Section 4.2.3. Specifically, this involved the implementation of 1 mL solution volumes, 10 x
10%/mL TNC concentration, approximately -1 °C/min freezing conditions for the 1 mL cryovials,
cryosolutions prepared with 10% DMSO and 5% w/v dextran, and umbilical cord blood
processing methods performed by Canadian Blood Services. [RI-active gluconamides were
screened at multiple concentrations including up to their maximum solubilities in the
cryosolutions and the cryosolutions were prepared the day of umbilical cord blood processing
and cryopreservation. Further, no plasma was added to the cryosolutions during this study in
order to mimic the promising small-scale results found when using gluconamide 4.01 at 25 mM
(plasma-free, 10% DMSO with 5% w/v dextran in 0.9% saline).®! It is important to note that in
some cases, there are limited sample sizes due to limited availability and/or quality of the cord
blood units as is the case for umbilical cord blood research (and in such cases, these results are
clearly discussed as being initial probes into the potential of the gluconamides to act as

cryosupplements).
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4.2.2.1 The processing, cryopreservation, and thawing of human umbilical cord blood
Figure 4.2.2.1 outlines the general processing and cryopreservation steps used in the
studies presented herein. Briefly, with ethics board approval, human umbilical cord blood (UCB)
units were obtained through the Cord Blood for Research Program with Canadian Blood
Services. The units used were obtained after informed consent by the donors and had the
following cut off criteria: a hospital volume greater than 50 mL and a hospital TNC count
between 0.9 x 10° and 1.5 x 10°. Plasma rich in leukocytes was isolated from UCB units through
Hespan (6% hetastarch in 0.9% sodium chloride) incubation. Cryopreservation conditions for the
cell pellets obtained from the buffy coat layer either involved the cryopreservation of TNCs with
10% DMSO solutions or cryosolutions that also contained an IRI. 1 mL cryovials containing the
experiments were first cooled to -80 °C followed by transfer to storage in liquid nitrogen vapours
until use. Cryovials were thawed using a stepwise thaw-and-dilute procedure that was optimized
by Canadian Blood Services.”! This involves the rapid thawing of vials using a 37 °C water bath
followed by dilution using 4% human serum albumin (HSA) in PlasmaLyte-A in a two-step
manner that made use of a 15-minute incubation period for osmotic equilibration. TNCs were
obtained after centrifugation and resuspended in media followed by cell count using a
hematology analyzer. A FACS-Attune flow cytometer was used for TNC analysis after thawed
cells were prepared using red blood cell lysis (further discussed in the Experimental Section).
The colony-forming cell assay (CFC assay) involved the plating of TNC in MethoCult media

(methylcellulose) and assessment by microscope after a 2-week culture period.
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Figure 4.2.2.1. General methods used for a) the processing and cryopreservation of HSPCs, and

b) the step-wise thaw-and-dilute process ahead of post-thaw analysis.”!

4.2.2.2 The post-thaw viability of hematopoietic stem and progenitor cells cryopreserved in
the presence of N-(2-fluorophenyl)-D-gluconamide

After cryopreservation of total nucleated cells (TNCs) with the appropriate concentration
of IRIs dissolved in the standard cryosolution (10% DMSO with 5% w/v dextran in 0.9% saline),
thawed cells were assessed for their post-thaw cell viability and recovery using flow cytometry
led by Dr. Javed Manesia (postdoctoral fellow at the Canadian Blood Services), with the help of
Ms. Emily Doxtator, Ms. Richa Kaushal, and myself. Since the total nucleated cell (TNC) count
and the CD34+ cell count (HSPCs lineage) are important for quality assessment of banked UCB
units, we were interested in these populations in our post-cryopreservation studies. Additionally,
the CD45+ population (leukocytes) is also routinely assessed in the laboratory during cell
viability studies. Presented in Figure 4.2.2.2.1 is the cell viability of HSPCs cryopreserved with
gluconamide 4.01 from 0 mM (10% DMSO control) up to its maximum solubility in the

cryomedium (25 mM). To better detect cells undergoing apoptosis, the results are obtained by
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using both Sytox-AADvanced (DNA staining) and Annexin V staining kits. Sytox-AADvanced
is a stain that exhibits a high affinity for nucleic acids and therefore, the Sytox™ cell population
indicates those cells with compromised membranes (those allowing the penetration of the stain
within the cell). Alternatively, since Annexin V binds to phosphatidylserine, Annexin V* cells
indicate a cell population that has phosphatidylserine exposed on the external leaflets of cell
membranes (a sign of early apoptosis since phosphatidylserine is normally present on the
intracellular side of the membrane of healthy cells). Together, these help to discriminate between
necrotic vs apoptotic cell populations. That said, the post-thaw HSPCs first underwent red cell
lysis via treatment with an ammonium chloride solution followed by isolation of cells and their
suspension in the Annexin V binding buffer. Cells were then stained with the appropriate
antibodies (CD45-APC, CD34-PE, CD38-PECy-7), Annexin V Alexa 488, and Sytox-
AADvanced™ (see Experimental section for further details) and were assessed within an hour.
Note that post-thaw recoveries obtained (data not shown) were similar to the 10% dimethyl
sulfoxide control, which were comparable to the clinical standard of approximately 80% post-
thaw recovery. The amount of viable total nucleated cells (TNC), leukocytes (CD45" cell
population), and HSPCs (CD45°CD34" cell sub-population) are similar between IRI
concentrations and are similar to the 10% DMSO control. Further, upon inspection of the number
of apoptotic and necrotic cells within each TNC sub-population, we found these levels to be
comparable to the control thereby indicating that gluconamide 4.01 (at all concentrations) exerts
low cytotoxicity to cord blood cells and does not perturb the proportion of apoptotic or necrotic
cells resulting from cryopreservation. It is important to note that the apoptotic cell population
under discussion are those displaying signs of early apoptosis (SYTOX/Annexin V*) while the

necrotic cell population refers to the SYTOX™ population. While the current method by which
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we have analyzed our data adequately provides appropriate results to answer our research
questions, a limitation to overcome moving forward is that cells undergoing apoptosis with
compromised membranes (e.g. late stage) are not being distinguished from other populations.
Future studies could address this experimental constraint to better distinguish the cellular injuries
occurring as a result of our cryopreservation studies. For instance, the use of a polarity-sensitive
indicator for viability and apoptosis (pSIVA™ from Novus Biologicals) in conjunction with the
aforementioned staining strategies could help to better distinguish early apoptosis from late
apoptosis (whereby the pSIV A biosensor reversibly binds to phosphatidylserine and therefore
fluoresces when bound to phosphatidylserine externally to the membrane). Alternatively, flow
cytometry and the sub-G1 assay could be implemented to detect DNA fragmentation occurring

during the late stages of apoptosis.
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Figure 4.2.2.2.1. Cell viability of total nucleated cells (TNC), leukocytes (CD45"), and HSPCs

(CD45CD34") as a function of the concentration of gluconamide 4.01 (reprinted with
permission, see reference 65). UCB populations are measured using annexin V and Sytox-AAD
staining where data are presented as the mean + standard error of the mean (n = 3-7 independent
UCB units: 10% DMSO performed n = 7, the 5 mM 4.01 condition assessed n = 4, the 10 mM
4.01 condition assessed n = 3, and the 25 mM 4.01 condition assessed n = 7). No statistical

differences observed using two-way ANOV A with Tukey’s multiple comparisons test (p > 0.05).

4.2.2.3 The functional capacity of hematopoietic stem and progenitor cells cryopreserved in
the presence of N-(2-fluorophenyl)-D-gluconamide

The post-thaw clonogenic potential of HSPCs cryopreserved in the presence of
gluconamide 4.01 was assessed using the Colony-Forming Cell (CFC) assay (Figure 4.2.2.3.1)
in collaboration with Dr. Suria Jahan and Ph.D. candidate Ms. Richa Kaushal at the Canadian
Blood Services. After thawing using the optimized diluting and equilibration conditions,”" cells
were plated in duplicate in methylcellulose and cultured for two-weeks prior to colony inspection
under an inverted microscope (see the Appendix I1I: Experimental Section for further details
on cell culture and CFC assay conditions). Specifically, the number of colonies observed after
the incubation period in the semi-solid media is related to the proliferation and differentiation
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activities of the stem cells after cryopreservation (Figure 4.2.2.3.1a). The types of colonies
enumerated consist of the Burst Forming Unit-Erythroid (BFU-E) colony, the Colony Forming
Unit-Granulocyte, Macrophage (CFU-GM) colony, and the Colony Forming Unit-Granulocyte,
Erythrocyte, Macrophage, Megakaryocyte (CFU-GEMM) colony. The BFU-E colonies are
primitive erythroid progenitors with high proliferation abilities that give rise to erythrocytes,
while the CFU-GM progenitors lead to heterogeneous colonies comprised of both granulocytes
and macrophages. Note that Colony Forming Unit-Granulocyte (CFU-G) and Colony Forming
Unit-Macrophage (CFU-M) colony types are both counted within the number of CFU-GM
amounts for the sake of the CFU presented in this thesis (per research at the Canadian Blood
Services); however, the granulocyte progenitors give rise to homogeneous populations of
eosinophils, basophils, or neutrophils (CFU-G) while the macrophage progenitors lead to
homogeneous populations of macrophages. Finally, the CFU-GEMM is a colony of multi-
lineage progenitors that lead to the development of granulocytes, erythrocytes, macrophages, and

megakaryocytes.
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Figure 4.2.2.3.1. a) Simplified representation of the proliferation and differentiation of

hematopoietic stem cells into the distinct myelo-progenitors scored in the CFC assay, and b) the
frequency (%) of colonies from total nucleated cells cryopreserved in the presence of
gluconamide 4.01 cryosolution, where the data are represented as mean + standard error of the
mean (n = 3-7 UCB units: 10% DMSO performed n = 7, the 5 mM 4.01 condition assessed n =4,
the 10 mM 4.01 condition assessed n =4, and the 25 mM 4.01 condition assessed n = 6). No
statistical differences among conditions determined using two-way ANOV A with Tukey’s
multiple comparisons test (p > 0.05). Sub-populations of total CFU include the Colony-Forming
Unit-Granulocyte, Monocyte (CFU-GM) population, the Colony-Forming Unit-Granulocyte,
Erythrocyte, Monocyte, and Megakaryocyte (CFU-GEMM) population, and the Burst-Forming
Unit-Erythroid (BFU-E) population.
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After cryopreservation with gluconamide 4.01 at varying concentrations up to the
maximum solubility of the IRI in the cryomedium, the clonogenic potential of HSPCs from cord
blood was found to be similar to that of the 10% DMSO control. This suggests that the IRI
maintains the functionality of the HSPCs post-cryopreservation. While previous small-scale
work had noted a significant improvement in the functionality of the cord blood-derived HSPCs
post-cryopreservation with gluconamide 4.01, it is possible that further cryopreservation
protocols must be optimized in order to observe the same outcomes using the clinical conditions
(e.g. use of plasma in the cryomedium, differing cell dose preserved per vial,’* etc.).%!
Nevertheless, gluconamide 4.01 remains a promising cryoadditive due to its ability to maintain
the functionality of the HSPCs. Further, the impact of exposing fresh cord blood cells (not
cryopreserved) to 25 mM gluconamide 4.01 for one hour was also measured using the CFC assay
(Figure 4.2.2.3.2). The results confirm that gluconamide 4.01 is not cytotoxic to human HSPCs
at its maximum solubility since the functionality of cells exposed to the molecule was similar to

the properties of those exposed to the 10% DMSO solution or to plasma alone.
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Figure 4.2.2.3.2. The net number of CFU per 40,000 total nucleated cells from fresh cord blood

(not cryopreserved) exposed to 25 mM gluconamide 4.01 cryosolution for one hour (reprinted
with permission, see reference 65).% Sub-populations of total CFU include the Colony-Forming
Unit-Granulocyte, Monocyte (CFU-GM) population, the Colony-Forming Unit-Granulocyte,
Erythrocyte, Monocyte, and Megakaryocyte (CFU-GEMM) population, and the Burst-Forming
Unit-Erythroid (BFU-E) population. Data are represented as mean with SEM (n = 3 units). No

significant difference observed among conditions.

4.2.2.4 The post-thaw viability and clonogenic potential of hematopoietic stem and
progenitor cells cryopreserved in the presence of N-(2-fluorophenyl)-D-gluconamide
and reduced dimethyl sulfoxide concentrations

These in vitro data together suggest that gluconamide 4.01 is not detrimental to the
cryopreservation process of cord blood cells. Owing to the toxicity of dimethyl sulfoxide and
recent literature reports highlighting that reducing the DMSO amount from 10% to 5% may be
warranted in the clinic,”® we were interested to see whether the amount of cytotoxic DMSO
cryoprotectant could be minimized in the presence of gluconamide 4.01 while still observing the
beneficial results obtained using 10% DMSO cryosolutions. Therefore, HSPCs were
cryopreserved with varying concentrations of gluconamide 4.01 in the presence of a decreasing
concentration of dimethyl sulfoxide. The post-thaw viabilities obtained through Annexin
V/Sytox-AAD staining and flow cytometry are depicted in Figure 4.2.2.4.1. As the
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concentration of DMSO is reduced in the cryomedium, so does the number of viable TNC and
leukocytes with substantial reductions occurring using 5% DMSO and 10 mM or 25 mM 4.01.
Notably, however, there was no significant loss of HSPC viability observed by reducing the
DMSO concentration in the presence of gluconamide 4.01. While no significant changes were
observed between the proportion of cells undergoing apoptosis (specifically those within Sytox
/AnnexinV™) in the 10% DMSO control compared to all conditions (two-way ANOVA with
Dunnett’s multiple comparisons test, p > 0.05), there were increased levels of necrotic cells
observed in the 5% DMSO with higher gluconamide 4.01. Specifically, increased levels of
Sytox™ cells were observed with 5% DMSO + 10 mM 4.01 (1.7-fold increase, p < 0.05) and 5%
DMSO with 25 mM gluconamide 4.01 (2.2-fold increase, p < 0.0001). There also was a 1.7-fold
increase in Sytox” leukocytes in 5% DMSO + 10 mM 4.01 compared to the 10% DMSO (p <
0.05) and a 2.1-fold increase with the 5% DMSO + 25 mM 4.01 condition (p < 0.0001). These
increases may explain the loss of cell viability observed with the 5% DMSO + 10 mM or 25 mM

gluconamide 4.01.

150



80-

60 I ][ B 10% DMSO
~ M I B 10% DMSO + 5 mM 4.01
X i . B 10% DMSO + 10 mM 4.01
E % & g [ 10% DMSO +25 mM 4.01
:i 0 ? % 2 % B8 5% DMSO
= AV Z 2 5% DMSO + 5 mM 4.01
= ? ? 2 7 B# 5% DMSO + 10 mM 4.01
20 2 ? g é 5% DMSO + 25 mM 4.01
g g g g Fooy ©OH OH
747 797 NS om
o1l é Z Z é . O OH OH
TNC CD45* CD45'CD34* 4.01
Cell populations
Figure 4.2.2.4.1. Post-thaw viabilities of cord blood cells cryopreserved in varying

concentrations of gluconamide 4.01 and dimethyl sulfoxide. Viability of cells determined using
Annexin V/Sytox-AAD staining where data are presented as the mean =+ standard error of the
mean (n = 3-7 UCB units: 10% DMSO performed n =7, the 10% DMSO + 5 mM 4.01 condition
assessed n = 4, the 10% DMSO + 10 mM 4.01 condition assessed n = 3, the 10% DMSO + 25
mM 4.01 condition assessed n =7, and all 5% DMSO with/without IRI were performed n = 3).
Asterisk indicates significant difference from the 10% DMSO condition determined using two-
way ANOVA with Tukey’s multiple comparisons with > 95% confidence (* p < 0.05, ** p <
0.01, *** p <0.001).

The CFC assay was then implemented to assess the clonogenic potential of cord blood
cells cryopreserved with varying amounts of dimethyl sulfoxide and gluconamide 4.01 (Figure
4.2.2.4.2). Generally, the frequency of each colony did not differ significantly as the
gluconamide concentration was increased or the dimethyl sulfoxide concentration was reduced.
The only difference observed was with cord blood that had been cryopreserved with 5% DMSO
+ 25 mM 4.01 instead of 10% DMSO + 25 mM (where the 5% DMSO condition produced a
lower frequency of colonies). The general lack of statistically significant differences among

151



conditions is consistent with the fact that HSPC viability was also unaffected by cryoprotectant
concentration (Figure 4.2.2.4.1). Evidently, the reduction of dimethyl sulfoxide in the presence
of gluconamide 4.01 below 10 mM is tolerated within the HSPC population as those cells
remained viable and equally functional after cryopreservation. However, as discussed in Section
4.1, the TNC dose is used to determine the quality of a UCB unit in the clinic and lower TNC
cell doses used for transplants has been associated with more adverse outcomes.'*2? Therefore,
the reduced viability of total nucleated cells and leukocytes observed after cryopreservation with
5% DMSO and higher gluconamide 4.01 concentrations would not be amenable to clinical
settings. Interestingly, both the 5% DMSO condition and the 5% DMSO with 5 mM
gluconamide 4.01 condition maintain the viability and functionality of HSPCs observed in the

10% DMSO conditions, and consequently, these cryosolutions should be further investigated.
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Figure 4.2.2.4.2. Frequency of CFU per 1 mL of cryopreserved total nucleated cells in the

presence of gluconamide 4.01 cryosolution with varying concentrations of DMSO. Data are
represented as mean frequency =+ standard error of the mean (n = 3-7 units: 10% DMSO
performed n =7, the 10% DMSO + 5 mM 4.01 condition assessed n = 4, the 10% DMSO + 10
mM 4.01 condition assessed n =4, the 10% DMSO + 25 mM 4.01 condition assessed n = 6, and
all 5% DMSO with/without IRI conditions assessed n =4 except 5% DMSO + 25 mM 4.01
which was performed in triplicate). Asterisks indicate significant difference between 25 mM 4.01
and 10% DMSO or 5% DMSO (p < 0.05) as determined using two-way ANOVA with Tukey’s
multiple comparisons test. Sub-populations of total CFU include the Colony-Forming Unit-
Granulocyte, Monocyte (CFU-GM) population, the Colony-Forming Unit-Granulocyte,
Erythrocyte, Monocyte, and Megakaryocyte (CFU-GEMM) population, and the Burst-Forming
Unit-Erythroid (BFU-E) population.

4.2.2.5 The in vitro outcomes of using N-(2-fluorophenyl)-D-gluconamide as a
cryoprotectant for hematopoietic stem and progenitor cells

After considering the data set presented in Section 4.2.2 in addition to the preliminary
data previously published,®' it is likely that gluconamide 4.01 is well tolerated by the cells during

the preservation of cord blood cells when supplemented to a 10% dimethyl sulfoxide
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cryosolution containing 5% w/v dextran in 0.9% saline. This is exemplified by the maintenance
of high amounts of viable and functional cells post-thaw. These results differ slightly from the
previous promising results likely due to the fact that more optimization of the conditions is
required for the current cryopreservation conditions (which more closely mimic the clinical
standards) compared to the previous work, which studied the use of gluconamide 4.01 using a
small-scale approach. It is important to note that more work to optimize the cryopreservation
conditions with gluconamide 4.01 should be done in the future in order for the IRI to be the most
beneficial to the cryopreservation of HSPCs and this may include investigation into
incorporating plasma into the cryomedium or studying the optimal cell dose cryopreserved in the
presence of varying concentrations of gluconamide 4.01.77475 Nevertheless, recall that the true
assessment of cryopreservation success is through the use of a serial transplantation assay to
study the in vivo engraftment activities of cryopreserved cord blood grafts.”®’” The results
presented in Section 4.2.2 highlight that gluconamide 4.01 should, therefore, be further assessed
for its impact on the in vivo engraftment activities of cryopreserved cord blood and the study

thereof is presented in Section 4.3.6

4.2.3 The post-thaw viability and clonogenic potential of hematopoietic stem and

progenitor cells cryopreserved with N-aryl-D-gluconamides 4.02-4.07

After fully characterizing the in vitro impact of exposing hematopoietic stem and
progenitor cells to IRI 4.01 (N-(2-fluorophenyl)-D-gluconamide) during the cryopreservation
process (10 x 10 total nucleated cell/mL and frozen using 1 mL cryosolutions), the next step
was to determine whether other gluconamide-IRIs possessed similar cryoprotectant abilities.

Specifically, this involved investigating 4.02-4.04, which have only been investigated using the
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small-scale studies to date (0.1 mL cryosolutions with varying concentrations of plasma added
during cryopreservation).®! Novel gluconamides 4.05-4.07 described earlier in Chapter 3 and
Section 4.2.1 were also examined. In collaboration with students at the Canadian Blood Services
including Dr. Manesia and Ms. Kausal, the experimental plan was the same as described in
Section 4.2.2. Total nucleated cells (TNC) were isolated from human umbilical cord blood and
preserved in the presence of an IRI-active gluconamide added to the 10% dimethyl sulfoxide
cryomedium (with 5% w/v dextran in 0.9% saline). As described with gluconamide 4.01,
samples were thawed followed by the assessment of post-thaw viabilities using Annexin
V/Sytox-AAD staining and assessment of post-thaw functionalities by the CFC assay (duplicate
plates for each independent unit). Note that post-thaw recoveries of samples were comparable to
the clinical standard of approximately 80% post-thaw cell recoveries. After cryopreservation in
the presence of gluconamide 4.02, the post-thaw viabilities of the cord blood cells are similar to
the 10% DMSO control while the clonogenic potentials were substantially reduced when the
higher concentrations of 4.02 were investigated (Figure 4.2.3.1). The similarities of post-thaw
viabilities of cells amongst all conditions suggest that the presence of gluconamide 4.02 does not
perturb the cord blood cells despite the cytotoxicity of 4.02 at higher millimolar concentrations
(Section 4.2.1). However, the detection of fewer colonies in conditions where cells had been
exposed to higher levels of gluconamide 4.02 (most notably by 15 mM) suggests that the
cytotoxic nature of the IRI may be impacting the ability of the HSPCs from cord blood to
function optimally after cryopreservation. As observed in Figure 4.2.3.1b, it is important to note
that lower concentrations of gluconamide 4.02 (e.g. at or below 5 mM) may not be harmful and
could actually be beneficial to the functional capacity of HSPCs after cryopreservation, and

therefore, this should be further investigated. The proportion of apoptotic and necrotic leukocytes
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and HSPCs after cryopreservation were not significantly different between the 10% DMSO
control condition and the 15 mM gluconamide 4.02 (+10% DMSO) condition. Interestingly, it
wasn’t until a concentration of 27 mM 4.02 that an increase in apoptotic cells within those cell
populations was observed compared to lower concentrations of the gluconamide (10 mM and 25
mM). The increased level of toxicity of gluconamide 4.02 at high millimolar concentrations
could account for this increase in apoptosis. Additionally, studies have shown that cell death
associated with cryopreservation may take hours to days to manifest.”®”® As such, post-thaw
viability analysis may not fully capture the occurrence of delayed-onset cell death while the
results of the CFC assay (obtained two weeks after cryopreservation) may be revealing the
adverse impact of the cryoinjuries on the cell functionality. Further studies are certainly
warranted to distinguish the mechanisms of cryoinjury incurring during cryopreservation with
the gluconamide IRIs. It is also important to note that the previous small-scale experiments that
highlighted a 2.4-fold increase in colonies with 27.5 mM gluconamide 4.02 also had a
cryosolution containing 50% plasma while the results presented herein are from a cryosolution
without any plasma in order to be consistent throughout the entire data set. Future work could
investigate the inclusion of plasma along with gluconamide 4.02 in order to counteract the
cytotoxic properties observed with the IRI. Overall, while gluconamide 4.02 has a similar ICso
for its IRI activity to that of gluconamide 4.01 (5 mM and 3 mM, respectively), the difference in
their cytotoxicities may have led to substantial differences regarding the preservation of HSPCs.
As a result, gluconamide 4.02 does not preserve cord blood cells as well as gluconamide 4.01 at

higher millimolar concentrations.
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Figure 4.2.3.1. a) Post-thaw viabilities of leukocytes (CD45" cells) and HSPCs (CD45*CD34*

cells) after cryopreservation with gluconamide 4.02 determined by flow cytometry using
ISHAGE-gating (mean + SEM, n = 2-5 units: 10% DMSO assessed n = 5; 5 mM, 15 mM, and 27
mM 4.02 assessed n = 3; and 10 mM, 20 mM 4.02 assessed n = 2), and b) the clonogenic
potential of UCB cells cryopreserved with gluconamide 4.02, determined using the CFC assay (n
= 2 units, 6 plates), where the net number of colonies per 50,000 TNC is presented as mean +
SEM. Sub-colonies of the total CFU include the CFU-GM, CFU-GEMM, and BFU-E. Asterisks
indicate statistical significance found using two-way ANOVA with Tukey’s multiple

comparisons test (*p < 0.05, **p <0.01, ***p <0.001, ****p <(0.0001). No error shown if n< 3.

157



Prior work using small-scale experiments suggested that gluconamide 4.03 exerted a
slight increase in HSPC functionality of HSPCs cryopreserved in the presence of the molecule;
therefore, we were also interested about the outcome after using more clinically-relevant
cryopreservation conditions (1 mL volumes with 10 x 10° TNC/mL). The post-thaw viability
(Figure 4.2.3.2a) of cord blood cells in the presence of cryoadditive 4.03 is similar compared to
the 10% DMSO control condition suggesting that the molecule maintains the preservation of
HSPCs similarly to the 10% DMSO solution. The proportions of apoptotic and necrotic cells
within each cell population were also similar among all cryosolution conditions (two-way
ANOVA with Tukey’s multiple comparisons test, p > 0.05). Meanwhile, the number of colonies
observed from cells cryopreserved with IRI 4.03 is statistically increased compared to the
control, and therefore, the CFC assay results indicate that the functionality of the cells is
improved in the molecule’s presence during cryopreservation (Figure 4.2.3.2b). This is
especially apparent when considering the total number of colonies observed between the 10%
DMSO condition and those conditions supplemented with 4.03 at 10 mM, 20 mM, 30 mM. The
results obtained with gluconamide 4.03 are generally very promising (apart from cytotoxicity
discussed in Section 4.2.1) and they are comparable to those previously observed with the small-
scale experiments.®! Further work is warranted with this cryosolution (specifically at its lower

concentrations) in order to fully compare it to gluconamide 4.01.
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Figure 4.2.3.2. a) Post-thaw viabilities of leukocytes (CD45" cells) and HSPCs (CD45*CD34*

cells) after cryopreservation with gluconamide 4.03 determined by flow cytometry using

ISHAGE-gating (presented as mean = SEM, n = 3-4 units where 10 mM and 20 mM 4.03

conditions were assessed n = 3 and others were performed at n = 4), and b) the clonogenic

potential of cryopreserved cells determined using the CFC assay, where the net number of

colonies per 50,000 TNC is presented as the mean + SEM (n = 3 units). Sub-colonies of the total
CFU include the CFU-GM, CFU-GEMM, and BFU-E. No significant differences observed in a)

using two-way ANOVA with Tukey’s multiple comparisons test (p > 0.05); however, asterisks

in b) indicate statistical significance (* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001).
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The post-thaw viability of gluconamide 4.04 was re-assessed using the current protocols
for cryopreservation of cord blood-derived cells. In accordance with the previous small-scale
results,®! the proportion (%) of viable cells within each (sub)population does not appear to differ
substantially (results from one UCB unit) from the 10% DMSO condition (Figure 4.2.3.3) with

the 1 mL cryopreservation volumes tested herein. Note that limited conclusions may be made

based on this preliminary data (n = 1).
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Figure 4.2.3.3. Proportion (%) of viable cells within each (sub)population after cryopreservation

of cord blood cells in the presence of gluconamide 4.04. Data presented as the mean of 1 unit.

Next, the novel gluconamides 4.05-4.07 were assessed for their ability to preserve the
viability and functionality of HSPCs derived from human UCB. Using the same experimental
methods as with the previous gluconamides, the proportion of viable cells within each population
(TNC, leukocytes, and HSPCs) after cryopreservation with gluconamide 4.05 was determined by
flow cytometry and staining using Annexin V and Sytox-AAD (Figure 4.2.3.4a). The proportion
of viable cells within each population is similar to that obtained with the 10% DMSO control in

this preliminary experiment (n = 1 independent UCB unit). Further, as the concentration of
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gluconamide 4.05 is increased, a similar number of colonies were observed in the CFC assay
thereby indicating that the functionality of the HSPCs may not be hindered by the higher
concentrations of the cryoadditive (Figure 4.2.3.4b). Interestingly, these results appear similar to
the results obtained for gluconamides 4.01 and 4.02 (the parent compounds for this derivative
where 4.05 shares the 2-fluorophenyl functionality with 4.01 and the 4-methoxyphenyl moiety
with 4.02). Recall that gluconamides 4.02 and 4.05 exhibit similar cytotoxicity profiles while
gluconamide 4.01 is not toxic up to its maximum solubilities (displayed in Section 4.2.1).
Because of the difference in cytotoxicities, it is possible that the inclusion of the 2-fluoro
component to gluconamide 4.05 results in maintaining the functionalities of HSPCs post-thaw
similar to 4.01 (determined by examining the clonogenic potential of cells in the CFC assay)

while cytotoxic gluconamide 4.02 is detrimental to the cell’s clonogenic potentials.
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Figure 4.2.3.4. a) Post-thaw viabilities of total nucleated cells (TNC), leukocytes (CD45" cells),
and HSPCs (CD45"CD34" cells) after cryopreservation with gluconamide 4.05 determined by
flow cytometry (n = 1), and b) the clonogenic potential of cord blood cells cryopreserved with
gluconamide 4.05, determined using the CFC assay, where the net number of colonies per 40,000
total nucleated cells is presented as the mean (n = 1 unit, 2 plates). Sub-colonies of the total CFU

include the CFU-GM, CFU-GEMM, and BFU-E.
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Finally, the post-thaw cell viabilities observed for the total nucleated cells (TNCs),
leukocytes, and HSPCs (Figure 4.2.3.5a) were not found to be significantly different with or
without the use of the azido-gluconamides 4.06 and 4.07. Nor did there appear to be significant
differences among the preliminary data obtained for the proportion of apoptotic or necrotic
TNCs, leukocytes, or HSPCs. Interestingly, the post-thaw clonogenic potential of the cord blood-
derived HSPCs appeared to increase with the use of 4.06 and 4.07 (Figure 4.2.3.5b). There was
an approximately 1.5-fold increase in the number of Burst-Forming Unit-Erythroid (BFU-E)
colonies and Colony-Forming Unit-Granulocyte, Monocyte (CFU-GM) colonies observed when
cryopreserving cells with the gluconamides. These increases were noted in the total number of
colonies observed with an increase in colonies with the use of gluconamide 4.07. Moreover,
improved TNC recoveries were also obtained when the conventional 10% DMSO cryosolution
was supplemented with either of the IRIs (data not shown). Taken together, these initial cell
viability and functionality data suggest that the azido-gluconamides may preserve the cord blood
cells in a way that maintains the post-thaw cell viability whilst also improving HSPC
functionality after cryopreservation. There is a notable improvement in preservation ability when
comparing 4.06 and 4.07 to that of their parent compounds 2-fluorophenyl gluconamide 4.01 and
4-methoxyphenyl gluconamide 4.02 (especially when considering 4.02 to 4.07). While 4.07 and
4.02 had similar cytotoxic properties at 5 mM (recall that this was a preliminary result obtained
with the hepatic cell line), the cytotoxicity of gluconamide 4.06 at 5 mM appeared higher than its
parent molecule 4.01 at that concentration. These results are very intriguing and warrant future
investigation into how the azide molecules preserve the cells during the cryopreservation

Process.
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Figure 4.2.3.5. a) Post-thaw viabilities of total nucleated cells (TNC), leukocytes (CD45" cells),
and HSPCs (CD45"CD34" cells) after cryopreservation with gluconamides 4.06 and 4.07
determined by flow cytometry using the ISHAGE gating protocol, where data are presented as
mean (n = 2 units), and b) the clonogenic potential of cord blood cells cryopreserved with
gluconamides 4.06 and 4.07, determined using the CFC assay, where data are presented as the
average fold change compared to 10% DMSO (n = 2 units). Sub-colonies of the total CFU
include the Colony-Forming Unit-Granulocyte, Monocyte (CFU-GM) population, the Colony-
Forming Unit-Granulocyte, Erythrocyte, Monocyte, and Megakaryocyte (CFU-GEMM)
population, and the Burst-Forming Unit-Erythroid (BFU-E) population.

Overall, using gluconamides 4.02 and 4.04 (the 4-methoxyphenyl and 4-chlorophenyl
derivatives, respectively) as cryoadditives for the cryopreservation of cord blood cells is less
successful than using N-(2-fluorophenyl)-D-gluconamide 4.01 (Section 4.2.2). Specifically,
cryoadditives 4.02 and 4.04 were found to maintain the proportion of viable cells while, in the
case of gluconamide 4.02, reducing the functionalities of the HSPCs post-thaw. Gluconamide
4.03 (the 2,6-difluorobenzyl derivative), on the other hand, increased the number of colonies
observed in the CFC assay post-thaw. While gluconamide 4.03 is less IRI-active than

gluconamide 4.01, the promising results obtained (regarding its use as a cryoprotectant for cord
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blood cells) suggests further analysis regarding the full cryoprotecting nature of this molecule
should be conducted. Preliminary data suggests that gluconamide 4.05 (the 2-fluoro-4-
methoxyphenyl derivative) maintains both the cell viability and the functionality of the cells after
cryopreservation similar to the 10% DMSO control. Interestingly, the use of azido-gluconamide
4.06 (2-F) and 4.07 (4-OCH3) resulted in increased HSPC functionality after cryopreservation;
an indication that further studies should be conducted on azides and their role in the
cryopreservation of UCB. Notably, these future studies will have to overcome significant
solubility issues. When considering the cytotoxicities (Section 4.2.1) that each molecule
displayed and comparing this to the resulting clonogenic potential of HSPCs cryopreserved upon
treatment with a gluconamide, we conclude that molecules with increased cytotoxicity (e.g.
gluconamide 4.02) resulted in significantly reduced HSPC functionality after cryopreservation
while those gluconamides with minimal or no observed cytotoxicity (e.g. gluconamide 4.01,
4.03, 4.06, 4.07) led to maintained or improved levels of HSPC clonogenic potential. Within
these cases, the mechanism by which cellular injuries occurred may be different and further
studies are necessary to grasp the nature of each molecule’s toxicity. For example, previous
preliminary data (collaboration with Prof. Wolkers discussed within Dr. Jennie Briard’s thesis)
suggested that gluconamides may interact with cell membranes based on observing
carboxyfluorescein leakage in liposomes after incubation with a gluconamide. Further
investigation into this is certainly warranted since these interactions may alter post-thaw HSPC
signaling among other factors. Metabonomic studies could also offer substantial insight into the
physiological impact felt by HSPCs cryopreserved in the presence of a gluconamide thereby
facilitating future cryoprotectant development. This would be especially impactful for UCB

research where the availability and quality of a unit donated for research purposes varies and can
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contribute to limited sample sizes for experiments as a result. Taken altogether, gluconamide
4.01 remains the strongest contender amongst all the gluconamides tested owing to its lack of
cytotoxicity and its ability to maintain and slightly increase the viabilities and functionalities of
cord blood cells after cryopreservation. With these results in mind, Section 4.3 delves into the in
vivo impact of using the 2-fluorphenyl gluconamide 4.01 as a cryoprotectant for human umbilical

cord blood.

4.3 The impact of an N-aryl-D-gluconamide ice recrystallization inhibitor on

engraftment activities of cryopreserved cord blood grafts

Owing to the promising results obtained in vitro when using IRI-active gluconamide 4.01
as a cryosupplement, we then sought to determine the molecule’s in vivo impact on the
engraftment activities of cryopreserved cord blood grafts transplanted in immunodeficient mice
(NSG mice, or NOD scid gamma mice).% Four cord blood units were processed following
standard protocols performed at the Canadian Blood Services (and as described in Section
4.2.2.1 and the Experimental section). The TNCs obtained from each unit were cryopreserved
in the absence or presence of IRI 4.01 (concentrations were based off the outcomes of the
previous in vitro small-scale studies®') in a cryosolution consisting of 10% dimethyl sulfoxide
and 5% w/v dextran in 0.9% saline. Specifically, there were three cord blood units cryopreserved
with a concentration of 25 mM gluconamide 4.01 and one unit preserved with 10 mM
gluconamide 4.01, and the results of these four units were combined for statistical purposes as
outlined below. After thawing the cryovials using the optimized two-step dilute protocol,”! UCB
cells were incubated with the OKT-3 antibody for 20 minutes at 4 °C in order to prevent

xenogeneic GVHD.# With approval of the Animal Care Committee at the University of Ottawa
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and by following the standards set out by the Animal for Research Act and the Canadian Council
on Animal Care, the serial transplantation assay involving NOD.Cg-Prkdc* 112rg"™""/SzJ mice
and subsequent analysis were performed by Dr. Suria Jahan. This strain of mouse was an ideal
model for analyzing the hematopoietic recovery of the transplanted cord blood cells due to their
deficiency in mature T cells, B cells, natural killer (NK) cells, numerous cytokine signalling
pathways, and multiple deficiencies in their innate immunity.?'%? Eight-to-ten-week-old mice
were first irradiated followed by intravenous transplantation, where all conditions were sex- and
age-matched. Figure 4.3.1.1 highlights the experimental design as well as details of the

transplantation experiments.
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Figure 4.3.1.1. a) The experimental design for determining the impact of gluconamide 4.01 on

the engraftment activities of cryopreserved cord blood grafts in immunodeficient mice, and b)

details of the cord blood units cryopreserved for transplant experiments including the post-thaw

viabilities of the CD45" and CD34" cell populations of the units (reprinted with permission, see

reference 65).5°
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Throughout the in vivo experiments, the human engraftment analyses by flow cytometry
or colony-forming assay were performed by researchers at the Canadian Blood Services
including Dr. Suria Jahan, Dr. Javed Manesia, and Roya Pasha, and included analysis at short-
term (4-weeks), mid-term (<12-weeks), and long-term (<16-weeks) time points as well as the
bone marrow analysis (after 16-weeks) post-transplantation. Notably, analyses at each time point
involved investigating cell populations and lineages commonly used in the literature for serial
transplantation experiments. It is also important to acknowledge biostatistician Dr. Qi-Long Y1
for statistical analyses performed for this study. The statistical software SAS/STAT 9.3 and
GraphPad Prism (version 7) were used for statistical analysis, where the engraftment data were
log-transformed prior to statistical analysis, and where p values below or equal to 0.05 were
considered significant. There was a total of four cord blood units used for the hematopoietic
xenotransplantation study, where three of the units were cryopreserved either with or without 25
mM N-(2-fluorophenyl)-D-gluconamide 4.01 and one of the units was cryopreserved either with
or without 10 mM gluconamide 4.01. Notably, there are solely two conditions considered for this
study: the mice transplanted with cord blood cells cryopreserved using a cryosolution consisting
of 10% dimethyl sulfoxide and 5% w/v dextran in 0.9% saline (n = 4 units) and those mice
transplanted with cord blood cells cryopreserved using the 10% DMSO cryosolution
supplemented with gluconamide 4.01 (n = 4, where the engraftment outcomes of the two
different IRI conditions were analyzed together). A mixed model analysis was used to determine
the significant differences between the two conditions and the potential for a clustering problem

was controlled by also modelling for donor random effects.
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4.3.1 Post-transplantation analysis of murine peripheral blood

Peripheral blood analysis at short- (4 weeks), mid- (11 weeks), and long-term (15 weeks)
time points of the serial transplantation assay enabled the investigation of human platelet and
leukocyte engraftment in the immunodeficient mice. Specifically, the levels of human platelets
(hPLT) and human CD45" leukocytes were tracked by flow cytometry analysis of mouse
peripheral blood. The two conditions, mice transplanted with cord blood cells cryopreserved with
a 10% dimethyl sulfoxide cryosolution (with 5% w/v dextran in 0.9% saline) and mice
transplanted with cells cryopreserved with the 10% DMSO solution supplemented with
gluconamide 4.01 at 25 mM or 10 mM (Figure 4.3.1.2 and Figure 4.2.1.3) were analyzed.
Throughout the xenotransplantation study, the levels of hPLT were generally increased in the
IRI-cohort compared to the mice transplanted with the 10% DMSO cryosolution without the
presence of IRI 4.01.5° At the short-term time point, the increase in hPLT was not significant (p
=0.17). However, the enhanced levels of hPLT were more evident as time progressed, as there
was a 3.7- and 2.0-fold increase of hPLTs in the IRI-cohort at the mid- (p < 0.001) and long-term
(p < 0.05) time points.® Taking an overall snapshot of the hPLT levels by combining the entire
data set supports the observed trend; there were higher levels of hPLTs in the group of mice
transplanted with cells cryopreserved in the presence of 4.01 compared to the levels in the

control condition (p < 0.001).
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Figure 4.3.1.2. The human platelet engraftment activity of cord blood cells cryopreserved with

or without IRI 4.01 supplementation (reprinted with permission, see reference 65).%° a) An

example of the flow cytometry analysis of periphery blood highlighting the detection of human

and mouse platelets in the mice, b) human platelet levels as a function of time, and c¢) the overall

levels of human platelets in mice. Data points indicate the mean level for each mouse and the

geometric mean is represented by the line (17-19 mice per group). Data were analyzed using a

time-adjusted mixed model (17-19 mice per group, n = 4). Asterisks indicate statistical

significance (* p < 0.05, *** p <0.001).

humanized mice, meanwhile, were maintained regardless of the presence or absence of
gluconamide 4.01 during the cryopreservation of the cord blood (Figure 4.3.1.3).% The

frequency of CD45" cells were similar between the two studied conditions at the short- (p =

The overall leukocyte (CD45" population) levels in the peripheral blood of the

0.064), mid- (p = 0.272), and long-term (p = 0.281) time points. Combining the data set from all
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the time points confirms that the frequency of human leukocytes was similar between the two
cohorts (p = 0.193). While the flow cytometry analysis detected the presence of human myeloid
(CD45°CD33") and B-cell (CD45°CD19") populations in all the mice, it was only at the 15-week
post-transplantation time point that the frequency of myeloids in the IRI-mice group was slightly
increased over the control group (p < 0.05). At this long-term time point, the periphery of the
mice with UCB cells cryopreserved with IRI 4.01 had a mean myeloid frequency of 0.80% +
0.78 (standard deviation) while the mice group that had transplanted cord blood cells
cryopreserved with DMSO alone had a mean myeloid frequency of 0.59% + 0.59. These results
together suggest that the levels of leukocytes are maintained post-transplantation when
gluconamide 4.01 is used as a supplement to the cryosolution of cord blood cells. One possible
reason for why there isn’t a larger difference observed between the leukocyte levels of the two
cohorts like that observed for human platelet levels is due to the lifespan of those cell
populations in a murine system. Specifically, phagocytosis leads to a half-life of approximately
12 hours for human platelets in mice, while leukocytes can remain present for weeks or

months. 8384
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Figure 4.3.1.3. The human leukocyte (CD45") engraftment activity of cord blood cells
cryopreserved with or without IRI 4.01 supplementation, where CD45"CD33" are myeloid cells
and CD45°CD19" are B-cells (reprinted with permission, see reference 65).%° a) An example of
the flow cytometry analysis of periphery blood highlighting the detection of human leukocytes
present in the humanized mice, and b) the frequency of human CD45" leukocytes at short-, mid-,

and long-term time points (data presented as the mean = SEM of 17-19 mice per group, n = 4).

Along with the levels of leukocytes being similar in both conditions (in the presence or
absence of IRI 4.01) of the hematopoietic xenotransplantation studies, the enhanced number of
human platelets observed in the IRI-group (at short- and long-term time points, and overall levels
throughout the assay) suggest that supplementation of the cryomedium of HSPCs with
gluconamide 4.01 increases the engraftment abilities of cryopreserved umbilical cord blood.5’
This enhancement of platelet numbers is promising since the platelet recovery in recipients of

cord blood transplantation in the clinic is delayed compared to the time for platelet reconstitution
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in recipients receiving stem cell grafts from other sources (e.g. bone marrow or adult peripheral
blood). By improving the cryopreservation methods of cord blood stem cells using an IRI, these
results suggest that it is indeed possible to enhance the engraftment abilities of the stem cells

after transplantation into a recipient.

4.3.2 Bone marrow analysis post-transplantation of cryopreserved cord blood grafts

With promising results observed from analysis of the peripheral blood of primary
recipients, our attention was then turned to the analysis of the bone marrow of these mice in
order to assess the long-term engraftment potential of the previously-cryopreserved cord blood.
Therefore, after 16 weeks post-transplantation, the bone marrows of the primary recipients were
analyzed followed by further transplantation of this bone marrow into secondary recipients
(results detailed below). The levels of leukocytes observed in the mice bone marrow of the IRI-
cohort compared to the DMSO-control group indicated that there was an enhanced level of
progenitors present in the mice transplanted with IRI-preserved cord blood (Figure 4.3.2.1).9
This included increased levels of total colonies in the colony-forming cell (CFC) assay as well as
within various sub-populations: including the Colony-Forming Unit-Granulocyte, Monocyte
(CFU-GM) population and the Colony-Forming Unit-Granulocyte, Erythrocyte, Monocyte, and
Megakaryocyte (CFU-GEMM) population. The level of the Burst-Forming Unit-Erythroid
(BFU-E) population was similar between both mouse cohorts. Differentiation abilities of HSPCs
cryopreserved with IRI 4.01 were also maintained compared to the control HSPCs as observed
by detecting similar myeloid and lymphoid lineages present in the bone marrow of the primary
recipients of both cohorts. Note that the lineages assessed are routinely analyzed in similar

transplantation experiments in the literature.
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Figure 4.3.2.1. The long-term engraftment activity of cord blood cells cryopreserved with or
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without IRI 4.01 supplementation, where CD45°CD41" are megakaryocytes, where

CD45'CD14" are monocytes, CD45"CD33" are myeloids, CD45"CD34" are progenitor stem
cells, CD45"CD56" are natural killer cells, CD45°CD3" are T-cells, and CD45"CD19" are B-

cells (reprinted with permission, see reference 65).%° a) An example of the flow cytometry

N 10% DMSO +IR14.01

analysis for the human bone marrow engraftment highlighting the detection of human lympho-

myeloids present in the humanized mice, b) the net number of HSPCs present in the bone

marrow of both mice cohorts (n = 3 with 11 mice per group) with asterisks indicating statistical

significance (p < 0.05), and c) the lineage distribution detected in the bone marrow of the mice

presented as the mean =+ the standard error of the mean (n = 4).
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The mean engraftment levels observed in mice transplanted with UCB cryopreserved
with the IRI was enhanced compared to the levels observed in mice injected with UCB
cryopreserved with DMSO alone (Figure 4.3.2.2, p < 0.05). This signifies that the overall human

chimerism observed in the mice was increased using IRI 4.01 as a cryosupplement.
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Figure 4.3.2.2. The human leukocyte (CD45") long-term engraftment activity of cord blood cells
cryopreserved with or without IRI 4.01 supplementation, as detected in the bone marrow of
primary recipients 16-weeks post-transplantation (reprinted with permission, see reference 65).6°
a) the frequency of human CD45" leukocytes for each unit tested including a dashed line
representing the mean (n = 4, and statistical significance indicated by asterisk where * p <0.05
from a paired t-test), and b) the overall levels of human CD45" leukocytes present in each mouse

(geometric mean indicated by the line, 17-19 mice total per condition, n = 4).

The secondary transplantation portion of the serial transplantation assay involved
transplantation of 85% of the bone marrow obtained from the primary recipients into secondary
recipients followed by bone marrow analysis of the secondary recipients after 12-14 weeks

(Figure 4.3.2.3). Importantly, the serial transplantation assay is considered a “gold standard” for
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investigating the ability of cryopreserved cord blood grafts to replenish an organism’s
hematopoietic system through assessing the self-renewal and longevity of the HSPCs.”®”” The
results of three independent secondary transplant experiments indicated that the level of human
chimerism in the bone marrow of secondary recipients comprising the IRI-mouse cohort was
similar to the level observed in the DMSO only cohort (p = 0.37).%° This once again confirms the
conclusion obtained from the bone marrow analysis of the primary recipients: the
supplementation of a cryomedium with IRI 4.01 preserves the long-term potential of

cryopreserved HSPCs from umbilical cord blood.
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Figure 4.3.2.3. The overall frequency of human leukocytes (% CD45" cells) in the bone marrow
of secondary recipients represented as the mean =+ standard error of the mean for three

experiments (reprinted with permission, see reference 65).%

The improved bone marrow engraftment observed in primary recipients along with the
enhanced levels of platelets observed in the peripheral blood of the primary mice suggest a
promising and first-of-its-kind result: improving the cryopreservation of cord blood grafts using
an ice recrystallization inhibitor as a supplement to the conventional cryosolution can improve

the engraftment activities of a stem cell graft. These in vivo results make it evident that reducing
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the cryoinjury associated with the freezing and thawing processes of cryopreservation can lead to

significant clinical improvements in the future.

4.4 Summary

Collection of hematopoietic stem and progenitor cells (HSPCs) from human umbilical cord
blood (UCB) offers tremendous advantages over other sources, such as the bone marrow and
adult peripheral blood collections, including that the collection of this readily available and
HSPC-rich source is not invasive for the cord blood donor, there are less stringent HLA
matching criteria, and lower rates of Graft-versus-Host disease are observed in recipients of UCB

transplants. 551!

Despite these unique advantages, UCB remains the least common source for
HSCTs largely due to the reduced number of cells isolated from UCB compared to the other
sources. The low cell dose obtained from a single unit is associated with delayed hematopoietic
recovery, specifically that of neutrophil and platelets, which can lead to adverse outcomes.®?326
Notably, with the increasing number of diseases and disorders that can be treated with
hematopoietic stem cell transplants (HSCTs), there is a tremendous need for improving the
number and quality of cord blood cells for transplants. One method of doing this would be to
improve how cord blood is cryopreserved by improving the post-thaw viabilities and
functionalities of the HSPCs after preservation. Ice recrystallization inhibitors (IRIs) can mitigate
cell injuries associated with the uncontrollable growth of ice crystals during the freezing and
thawing processes of cryopreservation. Based on previous work in the Ben laboratory, including
work by Dr. Briard in identifying IRIs able to improve the post-thaw function of cryopreserved

HSPCs,®!' we hypothesized that N-aryl-D-gluconamides would improve the engraftment activities

of cord blood grafts in vivo in addition to the improvements exhibited in vitro. This project,
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therefore, began by identifying gluconamides with low cytotoxicity profiles in HepG2 cells, and
the results indicated that gluconamide 4.01 (N-(2-fluorophenyl)-D-gluconamide) was the least
toxic out of the IRIs assessed. Gluconamides 4.02-4.05 all exhibited increasing levels of
cytotoxicity as their concentrations were increased in cell culture media. C6-azido-gluconamides,
such as the 2-fluorophenyl derivative 4.06, resulted in reduced levels of viable HepG2 cells
compared to their parent compounds such as gluconamide 4.01 in preliminary studies.

Next, the abilities of the gluconamides to preserve cord blood cells in addition to the
conventional cryoprotective agents were assessed. Specifically, gluconamide 4.01 maintained
high levels of post-thaw cell viabilities and cell functionalities after cryopreservation.
Gluconamides 4.03, 4.06, 4.07 warrant future investigation into their full potential as
cryoprotectants for cord blood owing to the increased functionalities of the HSPCs observed
after cryopreservation in the presence of those molecules. Nevertheless, with the promising in
vitro results obtained for N-(2-fluorophenyl)-D-gluconamide 4.01, the molecule was chosen as
the ideal candidate for the first in vivo studies performed with regards to IRI molecules. Using
the serial xenotransplantation assay which is the ‘gold-standard” method for assessing the
hematopoietic stem cell engraftment activities, the activities of stem cells cryopreserved with the
cryoadditive 4.01 were assessed by detecting human cell populations in the mice peripheral
blood and in the bone marrow. Supplementation of the cryomedium with 4.01 was found to
enhance the engraftment activities of the cord blood grafts. Increased levels of platelets were
found in the periphery at mid- and long-term time points; a result that is especially noteworthy
since in the clinic, delayed platelet recoveries in patients of HSCTs have been associated with
UCB transplants. Further, human leukocyte chimerism was increased at 16-weeks post-

transplantation as well as the levels of hematopoietic progenitors. Finally, the results also

178



indicated that the long-term hematopoietic stem cells were also well preserved with gluconamide
4.01 as a cryo-supplement. Overall, the use of non-toxic gluconamide 4.01 during
cryopreservation maintains stem cell properties, and notably, it leads to enhanced platelet and
bone marrow engraftment activities in primary murine recipients. After considering the results
discussed herein, it is clear that the use of an ice recrystallization inhibitor as a supplement in the
cryopreservation of hematopoietic stem and progenitor cells can offer significant potential for

future clinical applications.

179



4.5 References

(1)

2)
€)

(4)

()

(6)

(7)

Dessels, C.; Alessandrini, M.; Pepper, M. S. Factors Influencing the Umbilical Cord
Blood Stem Cell Industry: An Evolving Treatment Landscape. Stem Cells Transl. Med.
2018, 7 (9), 643-650. https://doi.org/10.1002/sctm.17-0244.

WHO | Haematopoietic Stem Cell Transplantation HSCtx. WHO 2013.

Niederwieser, D.; Baldomero, H.; Szer, J.; Gratwohl, M.; Aljurf, M.; Atsuta, Y.; Bouzas,
L. F.; Confer, D.; Greinix, H.; Horowitz, M.; lida, M.; Lipton, J.; Mohty, M.; Novitzky,
N.; Nunez, J.; Passweg, J.; Pasquini, M. C.; Kodera, Y.; Apperley, J.; Seber, A.; Gratwohl,
A. Hematopoietic Stem Cell Transplantation Activity Worldwide in 2012 and a SWOT
Analysis of the Worldwide Network for Blood and Marrow Transplantation Group
Including the Global Survey. Bone Marrow Transplant. 2016, 51 (6), 778—785.
https://doi.org/10.1038/bmt.2016.18.

D’Souza, A.; Lee, S.; Zhu, X.; Pasquini, M. Current Use and Trends in Hematopoietic
Cell Transplantation in the United States. Biology of Blood and Marrow Transplantation.
Elsevier Inc. September 1, 2017, pp 1417-1421.
https://doi.org/10.1016/;.bbmt.2017.05.035.

Bruno, B.; Rotta, M.; Patriarca, F.; Mordini, N.; Allione, B.; Carnevale-Schianca, F.;
Giaccone, L.; Sorasio, R.; Omedg, P.; Baldi, I.; Bringhen, S.; Massaia, M.; Aglietta, M.;
Levis, A.; Gallamini, A.; Fanin, R.; Palumbo, A.; Storb, R.; Ciccone, G.; Boccadoro, M. A
Comparison of Allografting with Autografting for Newly Diagnosed Myeloma. N. Engl. J.
Med. 2007, 356 (11), 1110-1120. https://doi.org/10.1056/NEJMo0a065464.

Mehta, R. S.; Rezvani, K.; Olson, A.; Oran, B.; Hosing, C.; Shah, N.; Parmar, S.;
Armitage, S.; Shpall, E. J. Novel Techniques for Ex Vivo Expansion of Cord Blood:
Clinical Trials. Front. Med. 2015, 2, 89. https://doi.org/10.3389/fmed.2015.00089.
Gluckman, E.; Broxmeyer, H. E.; Auerbach, A. D.; Friedman, H. S.; Douglas, G. W_;
Devergie, A.; Esperou, H.; Thierry, D.; Socie, G.; Lehn, P.; Cooper, S.; English, D.;
Kurtzberg, J.; Bard, J.; Boyse, E. A. Hematopoietic Reconstitution in a Patient with
Fanconi’s Anemia by Means of Umbilical-Cord Blood from an HLA-Identical Sibling. V.
Engl. J. Med. 1989, 321 (17), 1174-1178.
https://doi.org/10.1056/NEJM198910263211707.

180



(8)

)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Hordyjewska, A.; Popiolek, t..; Horecka, A. Characteristics of Hematopoietic Stem Cells
of Umbilical Cord Blood. Cytotechnology. Kluwer Academic Publishers May 1, 2015, pp
387-396. https://doi.org/10.1007/s10616-014-9796-y.

Keating, A. K.; Langenhorst, J.; Wagner, J. E.; Page, K. M.; Veys, P.; Wynn, R. F.;
Stefanski, H.; Elfeky, R.; Giller, R.; Mitchell, R.; Milano, F.; O’Brien, T. A.; Dahlberg,
A.; Delaney, C.; Kurtzberg, J.; Verneris, M. R.; Boelens, J. J. The Influence of Stem Cell
Source on Transplant Outcomes for Pediatric Patients with Acute Myeloid Leukemia.
Blood Adv. 2019, 3 (7), 1118—-1128. https://doi.org/10.1182/bloodadvances.2018025908.
Bender, J. G.; Unverzagt, K.; Walker, D. E.; Lee, W.; Smith, S.; Williams, S.; Van Epps,
D. E. Phenotypic Analysis and Characterization of CD34+ Cells from Normal Human
Bone Marrow, Cord Blood, Peripheral Blood, and Mobilized Peripheral Blood from
Patients Undergoing Autologous Stem Cell Transplantation. Clin. Immunol.
Immunopathol. 1994, 70 (1), 10-18. https://doi.org/10.1006/clin.1994.1003.

Gluckman, E. Ten Years of Cord Blood Transplantation: From Bench to Bedside. British
Journal of Haematology. October 2009, pp 192—199. https://doi.org/10.1111/5.1365-
2141.2009.07780.x.

Rocha, V.; Sanz, G.; Gluckman, E. Umbilical Cord Blood Transplantation. Curr. Opin.
Hematol. 2004, 11 (6), 375-385. https://doi.org/10.1097/01.moh.0000145933.36985.eb.
Rocha, V.; Gluckman, E. Improving Outcomes of Cord Blood Transplantation: HLA
Matching, Cell Dose and Other Graft- and Transplantation-Related Factors. Br. J.
Haematol. 2009, 147 (2), 262-274. https://doi.org/10.1111/j.1365-2141.2009.07883.x.
Danby, R.; Rocha, V. Improving Engraftment and Immune Reconstitution in Umbilical
Cord Blood Transplantation. Frontiers in Immunology. Frontiers Research Foundation
February 24, 2014, p 68. https://doi.org/10.3389/fimmu.2014.00068.

Gluckman, E.; Rocha, V.; Boyer-Chammard, A.; Locatelli, F.; Arcese, W.; Pasquini, R.;
Ortega, J.; Souillet, G.; Ferreira, E.; Laporte, J. P.; Fernandez, M.; Chastang, C. Outcome
of Cord-Blood Transplantation from Related and Unrelated Donors. N. Engl. J. Med.
1997, 337 (6), 373-381. https://doi.org/10.1056/NEJM199708073370602.

Rubinstein, P.; Carrier, C.; Scaradavou, A.; Kurtzberg, J.; Adamson, J.; Migliaccio, A. R.;
Berkowitz, R. L.; Cabbad, M.; Dobrila, N. L.; Taylor, P. E.; Rosenfield, R. E.; Stevens, C.

E. Outcomes among 562 Recipients of Placental-Blood Transplants from Unrelated

181



(17)

(18)

(19)

(20)

21)

Donors. N. Engl. J. Med. 1998, 339 (22), 1565-1577.
https://doi.org/10.1056/NEJM199811263392201.

Barker, J. N.; Scaradavou, A.; Stevens, C. E. Combined Effect of Total Nucleated Cell
Dose and HLA Match on Transplantation Outcome in 1061 Cord Blood Recipients with
Hematologic Malignancies. Blood 2010, 115 (9), 1843—1849.
https://doi.org/10.1182/blood-2009-07-231068.

Eapen, M.; Rubinstein, P.; Zhang, M. J.; Stevens, C.; Kurtzberg, J.; Scaradavou, A.;
Loberiza, F. R.; Champlin, R. E.; Klein, J. P.; Horowitz, M. M.; Wagner, J. E. Outcomes
of Transplantation of Unrelated Donor Umbilical Cord Blood and Bone Marrow in
Children with Acute Leukaemia: A Comparison Study. Lancet 2007, 369 (9577), 1947—
1954. https://doi.org/10.1016/S0140-6736(07)60915-5.

Eapen, M.; Klein, J. P.; Ruggeri, A.; Spellman, S.; Lee, S. J.; Anasetti, C.; Arcese, W.;
Barker, J. N.; Lee, A. B. L.; Brown, M.; Fernandez-Vina, M. A.; Freeman, J.; He, W.;
Iori, A. P.; Horowitz, M. M.; Locatelli, F.; Marino, S.; Maiers, M.; Michel, G.; Sanz, G.
F.; Gluckman, E.; Rocha, V. Impact of Allele-Level HLA Matching on Outcomes after
Myeloablative Single Unit Umbilical Cord Blood Transplantation for Hematologic
Malignancy. Blood 2014, 123 (1), 133—140. https://doi.org/10.1182/blood-2013-05-
506253.

Wagner, J. E.; Barker, J. N.; DeFor, T. E.; Scott Baker, K.; Blazar, B. R.; Eide, C.;
Goldman, A.; Kersey, J.; Krivit, W.; MacMillan, M. L.; Orchard, P. J.; Peters, C.;
Weisdorf, D. J.; Ramsay, N. K. C.; Davies, S. M. Transplantation of Unrelated Donor
Umbilical Cord Blood in 102 Patients with Malignant and Nonmalignant Diseases:
Influence of CD34 Cell Dose and HLA Disparity on Treatment-Related Mortality and
Survival. Blood 2002, 100 (5), 1611-1618. https://doi.org/10.1182/blood-2002-01-0294.
Rocha, V.; Cornish, J.; Sievers, E. L.; Filipovich, A.; Locatelli, F.; Peters, C.; Remberger,
M.; Michel, G.; Arcese, W.; Dallorso, S.; Tiedemann, K.; Busca, A.; Chan, K. W.; Kato,
S.; Ortega, J.; Vowels, M.; Zander, A.; Souillet, G.; Oakill, A.; Woolfrey, A.; Pay, A. L.;
Green, A.; Gamier, F.; Ionescu, I.; Wernet, P.; Sirchia, G.; Rubinstein, P.; Chevret, S.;
Gluckman, E. Comparison of Outcomes of Unrelated Bone Marrow and Umbilical Cord
Blood Transplants in Children with Acute Leukemia. Blood 2001, 97 (10), 2962-2971.
https://doi.org/10.1182/blood.V97.10.2962.

182



(22)

(23)

(24)

(25)

(26)

(27)

Gluckman, E.; Rocha, V.; Arcese, W.; Michel, G.; Sanz, G.; Chan, K. W.; Takahashi, T.
A.; Ortega, J.; Filipovich, A.; Locatelli, F.; Asano, S.; Fagioli, F.; Vowels, M.; Sirvent, A.;
Laporte, J. P.; Tiedemann, K.; Amadori, S.; Abecassis, M.; Bordigoni, P.; Diez, B.; Shaw,
P.J.; Vora, A.; Caniglia, M.; Garnier, F.; Ionescu, I.; Garcia, J.; Koegler, G.; Rebulla, P.;
Chevret, S. Factors Associated with Outcomes of Unrelated Cord Blood Transplant:
Guidelines for Donor Choice. Exp. Hematol. 2004, 32 (4), 397-407.
https://doi.org/10.1016/j.exphem.2004.01.002.

Allan, D. S.; Keeney, M.; Howson-Jan, K.; Popma, J.; Weir, K.; Bhatia, M.; Sutherland,
D. R.; Chin-Yee, I. H. Number of Viable CD34+ Cells Reinfused Predicts Engraftment in
Autologous Hematopoietic Stem Cell Transplantation. Bone Marrow Transplant. 2002, 29
(12), 967-972. https://doi.org/10.1038/sj.bmt.1703575.

Abrahamsen, J. F.; Rusten, L.; Bakken, A. M.; Bruserud, @. Better Preservation of Early
Hematopoietic Progenitor Cells When Human Peripheral Blood Progenitor Cells Are
Cryopreserved with 5 Percent Dimethylsulfoxide Instead of 10 Percent
Dimethylsulfoxide. Transfusion 2004, 44 (5), 785—789. https://doi.org/10.1111/;.1537-
2995.2004.03336.x.

Page, K. M.; Zhang, L.; Mendizabal, A.; Wease, S.; Carter, S.; Gentry, T.; Balber, A. E.;
Kurtzberg, J. Total Colony-Forming Units Are a Strong, Independent Predictor of
Neutrophil and Platelet Engraftment after Unrelated Umbilical Cord Blood
Transplantation: A Single-Center Analysis of 435 Cord Blood Transplants. Biol. Blood
Marrow Transplant. 2011, 17 (9), 1362—-1374.
https://doi.org/10.1016/;.bbmt.2011.01.011.

Yoder, M. C. Cord Blood Banking and Transplantation: Advances and Controversies.
Curr. Opin. Pediatr. 2014, 26 (2), 163—168.
https://doi.org/10.1097/MOP.0000000000000065.

Zaucha, J. M.; Gooley, T.; Bensinger, W. I.; Heimfeld, S.; Chauncey, T. R.; Zaucha, R.;
Martin, P. J.; Flowers, M. E.; Storek, J.; Georges, G.; Storb, R.; Torok-Storb, B. CD34
Cell Dose in Granulocyte Colony-Stimulating Factor-Mobilized Peripheral Blood
Mononuclear Cell Grafts Affects Engraftment Kinetics and Development of Extensive
Chronic Graft-versus-Host Disease after Human Leukocyte Antigen-Identical Sibling

Transpla. Blood 2001, 98 (12), 3221-3227. https://doi.org/10.1182/blood.v98.12.3221.

183



(28)

(29)

(30)

(1)

(32)

(33)

(34)

Theilgaard-Monch, K.; Raaschou-Jensen, K.; Heilmann, C.; Andersen, H.; Bock, J.;
Russel, C. A.; Vindelov, L.; Jacobsen, N.; Dickmeiss, E. A Comparative Study of CD34+
Cells, CD34+ Subsets, Colony Forming Cells and Cobblestone Area Forming Cells in
Cord Blood and Bone Marrow Allografts. Eur. J. Haematol. 2009, 62 (3), 174—183.
https://doi.org/10.1111/j.1600-0609.1999.tb01741 x.

Sieburg, H. B.; Cho, R. H.; Miiller-Sieburg, C. E. Limiting Dilution Analysis for
Estimating the Frequency of Hematopoietic Stem Cells: Uncertainty and Significance.
Exp. Hematol. 2002, 30 (12), 1436—1443. https://doi.org/10.1016/S0301-472X(02)00963-
3.

Carral, A.; de la Rubia, J.; Martin, G.; Molla, S.; Martinez, J.; Sanz, G. F.; Soler, M. A.;
Jarque, 1.; Jiménez, C.; Sanz, M. A. Factors Influencing the Collection of Peripheral Blood
Stem Cells in Patients with Acute Myeloblastic Leukemia and Non-Myeloid
Malignancies. Leuk. Res. 2003, 27 (1), 5—12. https://doi.org/10.1016/s0145-
2126(02)00068-1.

Bourgeois, W.; Ricci, A.; Jin, Z.; Hall, M.; George, D.; Bhatia, M.; Garvin, J.; Satwani, P.
Health Care Utilization and Cost among Pediatric Patients Receiving Unrelated Donor
Allogeneic Hematopoietic Cell Transplantation. Bone Marrow Transplant. 2019, 54 (5),
691-699. https://doi.org/10.1038/s41409-018-0308-0.

Rangarajan, H. G.; Smith, L. C.; Stanek, J. R.; Hall, M.; Abu-Arja, R.; Auletta, J. J.;
O’brien, S. H. Increased Health Care Utilization and Costs during Allogeneic
Hematopoietic Cell Transplantation for Acute Leukemia and Myelodysplastic Syndromes
in Adolescents and Young Adults Compared with Children: A Multicenter Study. Biol.
Blood Marrow Transplant. 2019, 25, 1031-1038.
https://doi.org/10.1016/;.bbmt.2019.01.004.

Yang, H.; Zhao, H.; Acker, J. P.; Liu, J. Z.; Akabutu, J.; McGann, L. E. Effect of
Dimethyl Sulfoxide on Post-Thaw Viability Assessment of CD45+ and CD34+ Cells of
Umbilical Cord Blood and Mobilized Peripheral Blood. Cryobiology 2005, 51 (2), 165—
175. https://doi.org/10.1016/j.cryobiol.2005.06.003.

Shim, J. S.; Cho, B.; Kim, M.; Park, G. S.; Shin, J. C.; Hwang, H. K.; Kim, T. G.; Oh, L.
H. Early Apoptosis in CD34+ Cells as a Potential Heterogeneity in Quality of
Cryopreserved Umbilical Cord Blood. Br. J. Haematol. 2006, 135 (2), 210-213.

184



(35)

(36)

(37)

(38)

(39)

(40)

(41)

https://doi.org/10.1111/j.1365-2141.2006.06270.x.

Sasnoor, L. M.; Kale, V. P.; Limaye, L. S. Supplementation of Conventional Freezing
Medium with a Combination of Catalase and Trehalose Results in Better Protection of
Surface Molecules and Functionality of Hematopoietic Cells. J. Hematother. Stem Cell
Res. 2003, 12 (5), 553-564. https://doi.org/10.1089/152581603322448268.

Hunt, C. J.; Armitage, S. E.; Pegg, D. E. Cryopreservation of Umbilical Cord Blood: 1.
Osmotically Inactive Volume, Hydraulic Conductivity and Permeability of CD34(+) Cells
to Dimethyl Sulphoxide. Cryobiology 2003, 46 (1), 61-75. https://doi.org/10.1016/s0011-
2240(02)00180-3.

Hunt, C. J.; Pegg, D. E.; Armitage, S. E. Optimising Cryopreservation Protocols for
Haematopoietic Progenitor Cells: A Methodological Approach for Umbilical Cord Blood.
Cryo Letters 27 (2), 73-86.

Duggleby, R. C.; Querol, S.; Davy, R. C.; Fry, L. J.; Gibson, D. A.; Horton, R. B. V_;
Mahmood, S. N.; Gomez, S. G.; Madrigal, J. A. Flow Cytometry Assessment of Apoptotic
CD34+ Cells by Annexin v Labeling May Improve Prediction of Cord Blood Potency for
Engraftment. Transfusion 2012, 52 (3), 549-559. https://doi.org/10.1111/.1537-
2995.2011.03305.x.

Wu, L.; Al-Hejazi, A.; Filion, L.; Ben, R.; Halpenny, M.; Yang, L.; Giulivi, A.; Allan, D.
S. Increased Apoptosis in Cryopreserved Autologous Hematopoietic Progenitor Cells
Collected by Apheresis and Delayed Neutrophil Recovery after Transplantation: A Nested
Case-Control Study. Cytotherapy 2012, 14 (2), 205-214.
https://doi.org/10.3109/14653249.2011.610302.

Sasnoor, L. M.; Kale, V. P.; Limaye, L. S. A Combination of Catalase and Trehalose as
Additives to Conventional Freezing Medium Results in Improved Cryoprotection of
Human Hematopoietic Cells with Reference to in Vitro Migration and Adhesion
Properties. Transfusion 2005, 45 (4), 622—633. https://doi.org/10.1111/5.0041-
1132.2005.04288.x.

Chaytor, J. L.; Tokarew, J. M.; Wu, L. K.; Leclre, M.; Tam, R. Y.; Capicciotti, C. J.;
Guolla, L.; Von Moos, E.; Findlay, C. S.; Allan, D. S.; Ben, R. N. Inhibiting Ice
Recrystallization and Optimization of Cell Viability after Cryopreservation. Glycobiology
2012, 22 (1), 123—133. https://doi.org/10.1093/glycob/cwr115.

185



(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

Deller, R. C.; Vatish, M.; Mitchell, D. A.; Gibson, M. 1. Glycerol-Free Cryopreservation
of Red Blood Cells Enabled by Ice-Recrystallization-Inhibiting Polymers. ACS Biomater.
Sci. Eng. 2015, 1 (9), 789—794. https://doi.org/10.1021/acsbiomaterials.5b00162.
Bevilacqua, A. E.; Zaritzky, N. E. Ice Recrystallization in Frozen Beef. J. Food Sci. 1982,
47 (5), 1410-1414. https://doi.org/10.1111/j.1365-2621.1982.tb04950.x.

Berz, D.; McCormack, E. M.; Winer, E. S.; Colvin, G. A.; Quesenberry, P. J.
Cryopreservation of Hematopoietic Stem Cells. Am. J. Hematol. 2007, 82 (6), 463—472.
https://doi.org/10.1002/a;jh.20707.

Rodrigues, C. A.; Sanz, G.; Brunstein, C. G.; Sanz, J.; Wagner, J. E.; Renaud, M.; de
Lima, M.; Cairo, M. S.; Fiirst, S.; Rio, B.; Dalley, C.; Carreras, E.; Harousseau, J.-L.;
Mohty, M.; Taveira, D.; Dreger, P.; Sureda, A.; Gluckman, E.; Rocha, V. Analysis of Risk
Factors for Outcomes After Unrelated Cord Blood Transplantation in Adults With
Lymphoid Malignancies: A Study by the Eurocord-Netcord and Lymphoma Working
Party of the European Group for Blood and Marrow Transplantation. J. Clin. Oncol. 2009,
27 (2), 256-263. https://doi.org/10.1200/JC0O.2007.15.8865.

Rubinstein, P.; Dobrila, L.; Rosenfield, R. E.; Adamson, J. W.; Migliaccio, G.;
Migliaccio, A. R.; Taylor, P. E.; Stevens, C. E. Processing and Cryopreservation of
Placental/Umbilical Cord Blood for Unrelated Bone Marrow Reconstitution. Proc. Natl.
Acad. Sci. U. S. A. 1995, 92 (22), 10119-10122. https://doi.org/10.1073/pnas.92.22.10119.
Zambelli, A.; Poggi, G.; Da Prada, G.; Pedrazzoli, P.; Cuomo, A.; Miotti, D.; Perotti, C.;
Preti, P.; Robustelli della Cuna, G. Clinical Toxicity of Cryopreserved Circulating
Progenitor Cells Infusion. Anticancer Res. 18 (6B), 4705-4708.

Davis, J. M.; Rowley, S. D.; Braine, H. G.; Piantadosi, S.; Santos, G. W. Clinical Toxicity
of Cryopreserved Bone Marrow Graft Infusion. Blood 1990, 75 (3), 781-786.
https://doi.org/10.1182/blood.v75.3.781.bloodjournal 753781.

Davis, J.; Rowley, S. D.; Santos, G. W. Toxicity of Autologous Bone Marrow Graft
Infusion. Prog. Clin. Biol. Res. 1990, 333, 531-540.

Alessandrino, E. P.; Bernasconi, P.; Caldera, D.; Colombo, A.; Bonfichi, M.; Malcovati,
L.; Klersy, C.; Martinelli, G.; Maiocchi, M.; Pagnucco, G.; Varettoni, M.; Perotti, C.;
Bernasconi, C. Adverse Events Occurring during Bone Marrow or Peripheral Blood

Progenitor Cell Infusion: Analysis of 126 Cases. Bone Marrow Transplant. 1999, 23 (6),

186



(1)

(52)

(53)

(54)

(55)

(56)

(57)

533-537. https://doi.org/10.1038/sj.bmt.1701609.

Yang, H.; Acker, J. P.; Cabuhat, M.; Letcher, B.; Larratt, L.; McGann, L. E. Association
of Post-Thaw Viable CD34+ Cells and CFU-GM with Time to Hematopoietic
Engraftment. Bone Marrow Transplant. 2005, 35 (9), 881-887.
https://doi.org/10.1038/sj.bmt.1704926.

Beaujean, F.; Bourhis, J. H.; Bayle, C.; Jouault, H.; Divine, M.; Rieux, C.; Janvier, M.; Le
Forestier, C.; Pico, J. L. Successful Cryopreservation of Purified Autologous CD34+
Cells: Influence of Freezing Parameters on Cell Recovery and Engraftment. Bone Marrow
Transplant. 1998, 22 (11), 1091-1096. https://doi.org/10.1038/sj.bmt.1701494.

Halle, P.; Tournilhac, O.; Knopinska-Posluszny, W.; Kanold, J.; Gembara, P.; Boiret, N.;
Rapatel, C.; Berger, M.; Travade, P.; Angielski, S.; Bonhomme, J.; Deméocq, F.
Uncontrolled-Rate Freezing and Storage at-80°C, with Only 3.5-Percent DMSO in
Cryoprotective Solution for 109 Autologous Peripheral Blood Progenitor Cell
Transplantations. Transfusion 2001, 41 (5), 667—673. https://doi.org/10.1046/7.1537-
2995.2001.41050667.x.

Woods, E. J.; Liu, J.; Derrow, C. W.; Smith, F. O.; Williams, D. A.; Critser, J. K. Cutting
Edge Communication: Osmometric and Permeability Characteristics of Human
Placental/Umbilical Cord Blood CD34T * Cells and Their Application to
Cryopreservation. J. Hematother. Stem Cell Res. 2000, 9 (2), 161-173.
https://doi.org/10.1089/152581600319379.

Woods, E. J.; Thirumala, S.; Badhe-Buchanan, S. S.; Clarke, D.; Mathew, A. J. Off the
Shelf Cellular Therapeutics: Factors to Consider during Cryopreservation and Storage of
Human Cells for Clinical Use. Cytotherapy 2016, 18 (6), 697-711.
https://doi.org/10.1016/J.JCYT.2016.03.295.

Svalgaard, J. D.; Haastrup, E. K.; Reckzeh, K.; Holst, B.; Glovinski, P. V.; Gerlev, J. S.;
Hansen, M. B.; Moench, K. T.; Clausen, C.; Fischer-Nielsen, A. Low-Molecular-Weight
Carbohydrate Pentaisomaltose May Replace Dimethyl Sulfoxide as a Safer Cryoprotectant
for Cryopreservation of Peripheral Blood Stem Cells. Transfusion 2016, 56 (5), 1088—
1095. https://doi.org/10.1111/trf.13543.

Svalgaard, J. D.; Talkhoncheh, M. S.; Haastrup, E. K.; Munthe-Fog, L.; Clausen, C.;

Hansen, M. B.; Andersen, P.; Gerlgv, J. S.; Larsson, J.; Fischer-Nielsen, A.

187



(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

Pentaisomaltose, an Alternative to DMSO. Engraftment of Cryopreserved Human CD34+
Cells in Immunodeficient NSG Mice. Cell Transplant. 2018, 27 (9), 1407-1412.
https://doi.org/10.1177/0963689718786226.

Xian, M.; Fatima, Z.; Zhang, W.; Fang, J.; Li, H.; Pei, D.; Loo, J.; Stevenson, T.; Wang,
P. Identification of a-Galactosyl Epitope Mimetics through Rapid Generation and
Screening of C-Linked Glycopeptide Library. J. Comb. Chem. 2004, 6 (1), 126—134.
https://doi.org/10.1021/CC030042U.

Motta, J. P. R.; Paraguassu-Braga, F. H.; Bouzas, L. F.; Porto, L. C. Evaluation of
Intracellular and Extracellular Trehalose as a Cryoprotectant of Stem Cells Obtained from
Umbilical Cord Blood. Cryobiology 2014, 68 (3), 343-348.
https://doi.org/10.1016/j.cryobiol.2014.04.007.

Wu, L. K.; Tokarew, J. M.; Chaytor, J. L.; Von Moos, E.; Li, Y.; Palii, C.; Ben, R. N.;
Allan, D. S. Carbohydrate-Mediated Inhibition of Ice Recrystallization in Cryopreserved
Human Umbilical Cord Blood. Carbohydr. Res. 2011, 346 (1), 86-93.
https://doi.org/10.1016/j.carres.2010.10.016.

Briard, J. G.; Jahan, S.; Chandran, P.; Allan, D.; Pineault, N.; Ben, R. N. Small-Molecule
Ice Recrystallization Inhibitors Improve the Post-Thaw Function of Hematopoietic Stem
and Progenitor Cells. ACS Omega 2016, 1 (5), 1010-1018.
https://doi.org/10.1021/acsomega.6b00178.

Migliaccio, A. R.; Adamson, J. W.; Stevens, C. E.; Dobrila, N. L.; Carrier, C. M.;
Rubinstein, P. Cell Dose and Speed of Engraftment in Placental/Umbilical Cord Blood
Transplantation: Graft Progenitor Cell Content Is a Better Predictor than Nucleated Cell
Quantity. Blood 2000, 96 (8), 2717-2722.

Purton, L. E.; Scadden, D. T. Limiting Factors in Murine Hematopoietic Stem Cell
Assays. Cell Stem Cell. September 13, 2007, pp 263-270.
https://doi.org/10.1016/j.stem.2007.08.016.

Harrison, D. Competitive Repopulation: A New Assay for Long-Term Stem Cell
Functional Capacity. Blood 1980, 55 (1), 77-81.
https://doi.org/10.1182/blood.V55.1.77.77.

Jahan, S.; Adam, M. K.; Manesia, J. K.; Doxtator, E.; Ben, R. N.; Pineault, N. Inhibition

of Ice Recrystallization during Cryopreservation of Cord Blood Grafts Improves Platelet

188



(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

Engraftment. Transfusion 2020, 60 (4), 769—778. https://doi.org/10.1111/trf.15759.
Gerets, H. H. J.; Tilmant, K.; Gerin, B.; Chanteux, H.; Depelchin, B. O.; Dhalluin, S.;
Atienzar, F. A. Characterization of Primary Human Hepatocytes, HepG2 Cells, and
HepaRG Cells at the MRNA Level and CYP Activity in Response to Inducers and Their
Predictivity for the Detection of Human Hepatotoxins. Cell Biol. Toxicol. 2012, 28 (2),
69—-87. https://doi.org/10.1007/s10565-011-9208-4.

Anoopkumar-Dukie, S.; Carey, J. B.; Conere, T.; O’Sullivan, E.; van Pelt, F. N.; Allshire,
A. Resazurin Assay of Radiation Response in Cultured Cells. Br. J. Radiol. 2005, 78
(934), 945-947. https://doi.org/10.1259/bjr/54004230.

Hamid, R.; Rotshteyn, Y.; Rabadi, L.; Parikh, R.; Bullock, P. Comparison of Alamar Blue
and MTT Assays for High Through-Put Screening. Toxicol. Vitr. 2004, 18 (5), 703—-710.
https://doi.org/10.1016/j.tiv.2004.03.012.

Briard, J. G. The Rational Design and Use of Novel Small-Molecule Ice Recrystallization
Inhibitors for the Cryopreservation of Hematopoietic Stem Cells and Red Blood Cells
(Doctoral Dissertation), Université d’Ottawa/University of Ottawa, 2016.

Jaasma, M. J.; Jackson, W. M.; Keaveny, T. M. The Effects of Morphology, Confluency,
and Phenotype on Whole-Cell Mechanical Behavior. Ann. Biomed. Eng. 2006, 34 (5),
759-768. https://doi.org/10.1007/s10439-005-9052-x.

Pasha, R.; Elmoazzen, H.; Pineault, N. Development and Testing of a Stepwise Thaw and
Dilute Protocol for Cryopreserved Umbilical Cord Blood Units. Transfusion 2017, 57 (7),
1744—-1754. https://doi.org/10.1111/trf.14136.

Félix, O. M. W. de O.; Tunes, G.; Ginani, V. C.; Simées, P. C.; Barros, D. P.; Delbuono,
E.; Alves, M. T. de S.; Petrilli, A. S.; Lee, M. L. de M.; Gouveia, R. V.; Zecchin, V. G.;
Seber, A. The Influence of Cell Concentration at Cryopreservation on Neutrophil
Engraftment after Autologous Peripheral Blood Stem Cell Transplantation. Hematol.
Transfus. Cell Ther. 2018, 40 (3), 233-239. https://doi.org/10.1016/j.htct.2018.01.007.
Mitrus, I.; Smagur, A.; Fidyk, W.; Czech, M.; Prokop, M.; Chwieduk, A.; Glowala-
Kosinska, M.; Czerw, T.; Sobczyk-Kruszelnicka, M.; Mendrek, W.; Michalak, K.; Sadus-
Wojciechowska, M.; Najda, J.; Holowiecki, J.; Giebel, S. Reduction of DMSO
Concentration in Cryopreservation Mixture from 10% to 7.5% and 5% Has No Impact on

Engraftment after Autologous Peripheral Blood Stem Cell Transplantation: Results of a

189



(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

Prospective, Randomized Study. Bone Marrow Transplant. 2018, 53 (3), 274-280.
https://doi.org/10.1038/s41409-017-0056-6.

Hauck-Dlimi, B.; Dlimi, A.; Zimmermann, R.; Eckstein, R.; Zingsem, J. The Effect of
Cell Concentrations from Different Cell Populations on the Viability of Umbilical Blood
Stem Cells. Clin. Lab. 2014, 60 (10), 1635-1640.
https://doi.org/10.7754/clin.lab.2013.131022.

Hornberger, K.; Yu, G.; McKenna, D.; Hubel, A. Cryopreservation of Hematopoietic
Stem Cells: Emerging Assays, Cryoprotectant Agents, and Technology to Improve
Outcomes. Transfus. Med. Hemotherapy 2019, 46 (3), 188—196.
https://doi.org/10.1159/000496068.

Rundberg Nilsson, A.; Pronk, C. J. H.; Bryder, D. Probing Hematopoietic Stem Cell
Function Using Serial Transplantation: Seeding Characteristics and the Impact of Stem
Cell Purification. Exp. Hematol. 20185, 43 (9), 812-817.
https://doi.org/10.1016/j.exphem.2015.05.003.

Doulatov, S.; Notta, F.; Laurenti, E.; Dick, J. E. Hematopoiesis: A Human Perspective.
Cell Stem Cell. February 3, 2012, pp 120-136. https://doi.org/10.1016/j.stem.2012.01.006.
Baust, J. M.; Vogel, M. J.; Buskirk, R. Van; Baust, J. G. 4 Molecular Basis of
Cryopreservation Failure and Its Modulation to Improve Cell Survival; 2001; Vol. 10.
Boon, C. H.; Chao, P. Y.; Liu, H.; Wei, S. T.; Rufaihah, A. J.; Yang, Z.; Boon, H. B.; Ge,
Z.; Hog, W. O.; Eng, H. L.; Cao, T. Loss of Viability during Freeze-Thaw of Intact and
Adherent Human Embryonic Stem Cells with Conventional Slow-Cooling Protocols Is
Predominantly Due to Apoptosis Rather than Cellular Necrosis. J. Biomed. Sci. 2006, 13
(3), 433—-445. https://doi.org/10.1007/s11373-005-9051-9.

Wunderlich, M.; Brooks, R. A.; Panchal, R.; Rhyasen, G. W.; Danet-Desnoyers, G.;
Mulloy, J. C. OKT3 Prevents Xenogeneic GVHD and Allows Reliable Xenograft
Initiation from Unfractionated Human Hematopoietic Tissues. Blood 2014, 123 (24),
e134-44. https://doi.org/10.1182/blood-2014-02-556340.

Shultz, L. D.; Schweitzer, P. A.; Christianson, S. W.; Gott, B.; Schweitzer, 1. B.; Tennent,
B.; McKenna, S.; Mobraaten, L.; Rajan, T. V; Greiner, D. L. Multiple Defects in Innate
and Adaptive Immunologic Function in NOD/LtSz-Scid Mice. J. Immunol. 1995, 154 (1),
180-191.

190



(82)

(83)

(84)

Shultz, L. D.; Lyons, B. L.; Burzenski, L. M.; Gott, B.; Chen, X.; Chaleft, S.; Kotb, M.;
Gillies, S. D.; King, M.; Mangada, J.; Greiner, D. L.; Handgretinger, R. Human
Lymphoid and Myeloid Cell Development in NOD/LtSz- Scid IL2R y Null Mice
Engrafted with Mobilized Human Hemopoietic Stem Cells . J. Immunol. 2005, 174 (10),
6477-6489. https://doi.org/10.4049/jimmunol.174.10.6477.

Schipper, L. F.; Van Hensbergen, Y.; Fibbe, W. E.; Brand, A. A Sensitive Quantitative
Single-Platform Flow Cytometry Protocol to Measure Human Platelets in Mouse
Peripheral Blood. Transfusion 2007, 47 (12), 2305-2314. https://doi.org/10.1111/;.1537-
2995.2007.01472 x.

Miller, P. H.; Rabu, G.; Macaldaz, M.; Knapp, D. J. H. F.; Cheung, A. M. S.; Dhillon, K.;
Nakamichi, N.; Beer, P. A.; Shultz, L. D.; Humphries, R. K.; Eaves, C. J. Analysis of
Parameters That Affect Human Hematopoietic Cell Outputs in Mutant C-Kit-
Immunodeficient Mice. https://doi.org/10.1016/j.exphem.2016.12.012.

191



5. Photocontrollable Glyco(peptide)-Functionalized Ice

Recrystallization Inhibitors

5.1 Introduction

5.1.1 Lipopeptide- and glyco(peptide)-functionalized analogues of antifreeze

glycoproteins

Many living organisms (a variety of plants, fish, amphibians, and insects) have adapted to
the threat of ice recrystallization during cold temperatures through various strategies. Species
that utilize the “freeze-tolerating” strategy produce antifreeze proteins (AFPs) and antifreeze
glycoproteins (AFGPs) that allow ice formation whilst inhibiting ice growth.!= These AF(G)Ps
belong to the class of biological antifreezes (BAs) and they inhibit ice growth by adsorbing to
various faces of hexagonal ice (In).* This ice recrystallization inhibition (IRI) ability has been
of great interest in various fields of cryobiology including for the cryopreservation of biological
samples.!®!! Notably, however, a BA’s ability to irreversibly bind to ice also leads to the
presence of another ability, thermal hysteresis (TH) activity. Molecules that possess TH activity
are undesirable for cryopreservation applications since TH leads to reduced post-
cryopreservation cell survival.'>"!° Nevertheless, studying the key structural features required for
BAs to exhibit antifreeze activity offers insight into the development of novel cryoprotectants. A
number of important properties necessary for antifreeze activities have been determined from a
multitude of studies including a BA’s ideal balance between hydrogen bonding, van der Waals
interactions, hydrophobic forces, the ordering of bulk water, as well as other contributors.'6-2

Furthermore, hydrophobic domains for binding optimization at the ice/water interface in
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samples, solution-phase aggregation, and interfacial absorption of AF(G)Ps have all been shown
to be important for antifreeze activity.2-28 While the structural and conformational properties of
AF(G)Ps differ based on type and species, they have several general characteristics: AFGPs
contain a repeating Alanine-Alanine-Threonine sequence (Ala-Ala-Thr, n = 4-55), and this

peptide unit is linked by a glycosidic bond to the disaccharide B-D-galactosyl-(1,3)-a-N-acetyl-D

galactosamine via Thr’s secondary hydroxyl group. Further, AFGPs are classified into eight
groups based on decreasing size: ranging from AFGP 1 (MW = 33.7 kDa, n = 50 Ala-Ala-Thr
repeats) to AFGP 8 (MW = 2.6 kDa, n = 4 Ala-Ala-Thr repeats).?*3® While the properties differ
for the various AFGPs, these BAs typically take on a defined polyproline type II helix or an
extended random coil conformation when in solution.?*3%-43

As mentioned in Chapter 1 (Introduction), the early development of ice recrystallization
inhibitors was inspired by the glycopeptides present in the naturally occurring BAs. A library of
ice recrystallization inhibitors has been developed over the years including C-linked analogues,
as well as C-serine and ornithine analogues (see Section 1.3.3 of Chapter 1 for a detailed
analysis). In an effort to continue the development of novel AFGP analogues as ice
recrystallization inhibitors, a collaboration between the Ben laboratory and the group of Dr.
Brendan Wilkinson (University of New England) resulted in the analysis of a series of
lipopeptide-based AFGP analogues (Figure 5.1.1.1). Section 5.2.1 examines the antifreeze
activity of the series of lipopeptides toward the development of novel IRIs. I would like to
acknowledge my previous Undergraduate Student Researcher (USRA from the Natural Sciences

and Engineering Research Council of Canada, or NSERC), Mr. Emiliyan Staykov, for his

assistance with the studies presented in Section 5.2.
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Figure 5.1.1.1. The general structure of lipopeptides studied in Section 5.2.1, where R denotes
long alkyl chains of varying lengths.

Another strategy for the development of novel mimetics of BAs involves the design of
macromolecular IRIs that contain the glycopeptide unit of AFGPs and functionality that
promotes molecular self-assembly. Supramolecular self-assemblies built from low molecular-
weight building blocks are of considerable interest in order to combat the practical limitations of
obtaining adequate amounts and purities of the AFGPs. Efforts toward this end have included
strategies like the use of aromatic dye stacks, star polymers, and metallohelices.***¢ With this in
mind, and through a collaboration between the Wilkinson and Ben laboratories, AF(G)P-
functionalized perylene bisimides (AFGP-PBIs) were designed in which the IRI activity and 1D
self-assembly in aqueous media could be controlled through the structure of the PBI core (a
structure known to instill molecular self-assembly properties in solution, Figure 5.1.1.2). We
hypothesized that the incorporation of PBIs, which have a strong propensity to undergo n-nt
stacking in media, in conjunction with the structural components of AFGPs would lead to a
series of novel IRIs possessing promising supramolecular properties. Further, we believed that
these AFGP-PBIs would offer further insight into the antifreeze activity (e.g. mechanism of
action) and aggregation of AF(G)Ps. Therefore, Section 5.2 details the design and investigation
of novel AFGP-PBIs as IRIs, and thereby offers significant progress for the on-going

development of AFGP-like IRIs as supramolecular cryoprotectants. This proof-of-concept
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development of IRI-active antifreeze glycopeptide-functionalized perylene bisimides (AFGP-

PBIs) was published in Chemistry, A European Journal.*’
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Figure 5.1.1.2. The general structure of AFGP-PBIs investigated in Section 5.2 (adapted from

reference 47 with permission).*’

The 1D self-assembly of AFGP-substituted PBIs is achieved through n-rt stacking of the
planar PBI. The planar and n-conjugated PBI molecules are both photo- and chemically stable.
They display strong fluorescent properties, and as a result, have been well-studied in a variety of
fields. The n-n stacking propensity of PBIs in both aqueous and organic media has been of great
interest for applications such as supramolecular building blocks and as biological probes.*$->7
PBI-macromolecules that bear either ionic or non-ionic groups at various positions around the
PBI core have led to promising materials for biosensing, imaging, and for mimicking biological
systems.¥-31.38-61 Moreover, substituting PBIs with monosaccharides or amino acids has led to
the production of nanoscale structures that have controllable helicity and self-assembly

properties. %276
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5.1.2 Azobenzene-functionalized glyco(peptides) as photoswitchable ice recrystallization

inhibitors

Tuning the physicochemical properties of molecules using an external stimulus has also
been of considerable interest for the development of supramolecular materials possessing
macromolecular self-assembly, as well as for synthetic and catalytic applications, drug delivery
potential, environmental remediation, among many other applications.®’~’! Recent studies report
the use of physical and chemical properties for activating the IRI activity of proteins and
biologically-inspired polymers.’>7* The ability to activate IRI activity of compounds using an
external source enables the possibility of adding molecules that offer multiple different functions
based on the stage of cryopreservation a cellular product may be undergoing. The IRI-inactive
state of a compound may interact with the cell membrane differently than its IRI-active state
based on the hydrophobicity/hydrophilicity differences between states, among other properties.
That said, designing new amphiphilic IRIs could be envisioned in which the glyco(peptide)’s
physicochemical features could be tuned using an external trigger thereby controlling the IRI
activity of the molecule. Section 5.3 begins by exploring azobenzene-functionalized
glycopeptides as ice recrystallization inhibitors in an effort to develop photocontrollable IRIs
bearing azobenzene “switches.” The work in Section 5.3 (and Section 5.4) was a collaboration
between the Dr. Wilkinson laboratory and colleagues and the Ben laboratory (studied in
conjunction with previous Ben laboratory member, Dr. Jessica Poisson). Inspired by the initial
analysis of azobenzene-functionalized glycopeptidomimetics, the investigation then focused on
the use of photoisomerization to control the IRI activity of a class of carbohydrate-based

surfactants bearing azobenzene moieties (Figure 5.1.2.1).74
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Figure 5.1.2.1. Photoisomerization of the azobenzene groups present in carbohydrate-based

surfactants discussed in a) Sections 5.3.2 and b) 5.4.747°

Briefly, a planar and hydrophobic trans-azobenzene molecule undergoes a rapid and
reversible change to its cis-isomer under UV light (361 nm), resulting in a molecule that is less
hydrophobic and no longer planar. Visible light (450 nm), meanwhile, reverts the cis-isomer
back to its more hydrophobic and planar ¢trans-azobenzene isomer. This exposure of diazo
compounds to UV-vis light is known to instill changes to a number of properties including the
critical micelle concentration (CMC), the surface tension equilibrium, and interfacial activity;
and as a result, this allows for control of molecular function with high quantum yields and high

reproducibility.’®7° The aggregation and adsorption properties can also be controlled using
P y
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photoisomerization.®” In fact, the trans-cis photoisomerization of an azobenzene group has been
useful toward studying the supramolecular self-assembly of amphiphiles, the structural changes
of biomolecules, the biological activity of a variety of drugs, activation of nanomaterials, among
many other applications including various in vivo applicability.?'~° Since the azobenzene
functionality offers a means of tuning the molecule’s amphiphilicity using a light source, we
hypothesized that IRI activity could also be controlled owing to the delicate hydrophilic-
lipophilic balance (HLB) required for IRI activity. Previous work from the Wilkinson laboratory
has shown that the size, stereochemistry, and the polarity of carbohydrate-based surfactants had a
drastic effect on the self-assembly and interfacial properties of a panel of carbohydrate-based
surfactants.”®7>°! Toward this end, Section 5.3.2 further examines the photocontrollable nature
of the carbohydrate-based surfactants’ IRI activities. We hypothesized that disrupting the HLB
of the surfactants would not only alter the IRI activity of the molecules but specifically if the
balance was altered significantly to one extreme or the other, that the IRI activity would be
greatly diminished. By carefully selecting the carbohydrate-head group based on the changes to
the degree of hydration, the polarity, and the stereochemical configuration, azobenzene
photoisomerization could trigger changes to the IRI activity.

The next section (Section 5.4) describes the investigation of the photoswitchable IRI
activity for a panel of carbohydrate-based fluorosurfactants (Figure 5.1.2.2).”> We hypothesized
that IRI activity would depend on changes to the regiochemistry of the trifluoromethyl group
positioned on the azobenzene tail and the selection of the carbohydrate head group. These
modifications were expected to alter the hydrophilic-lipophilic balance required for IRI activity.
As with the surfactants presented in Section 5.3, photoisomerization was also predicted to

impact the resulting IRI activities since conversion of the azobenzene group was expected to
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sufficiently alter the amphiphilicity of the fluorosurfactants. The examination of IRI activity, TH
activity, and cytotoxicity of the derivatives was conducted in the Ben laboratory using the
traditional splat-cooling assay®>°* (30-minute annealing period) as a general screen for the IRI
activities, followed by the use of the modified splat-cooling assay®* for analysis of promising

compounds.

5.2 Lipopeptides and glyco(peptide)-functionalized perylene bisimides as ice

recrystallization inhibitors

5.2.1 Lipopeptides

A set of lipopeptides as antifreeze glycoprotein (AFGP) analogues were designed
(Figure 5.2.1.1a) in order to continue the development of glycopeptide-based ice
recrystallization inhibitors. These derivatives were comprised of a tetramer of an AFGP
glycotripeptide (Ala-Thr-Ala)s tethered to a phenol ether using a triethylene glycolate spacer.
The IRI activity of these derivatives was assessed both at 20 mM and 5.5 uM (Figure 5.2.1.1b),
apart from 5.01 which was assessed at | mM and 5.5 uM. For reference, 5.5 uM AFGP-8, a
potent ice recrystallization inhibitor, results in approximately 13% MGS of ice crystals compared
to the phosphate-buffered saline (PBS) control. Compared to AFGP-8, these AFGP-lipopeptides
5.01-5.03 at 5.5 uM were significantly less IRI-active with % MGS between 85-95% (at 5.5
uM). Excitingly, at 20 mM, both lipopeptides 5.02 and 5.03 displayed potent IRI activity with %
MGS of 7% and 19%, respectively. The fact that these derivatives retained potent IRI activity at
these low millimolar concentrations is a promising start for the further development of

lipopeptides. Finally, no TH activity or dynamic ice shaping (DIS) was observed for 10 mg/mL
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of 5.03 dissolved in high purity deionized water as determined using nanoliter osmometry (see
page 252 in the Experimental section for more assay details and image of ice crystal
morphology).”® Importantly, the lack of TH activity (and DIS) indicates that lipopeptide 5.03

does not inhibit ice recrystallization by binding interactions to ice crystals.
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Figure 5.2.1.1. a) The structures of AFGP lipopeptides 5.01-5.03, and b) their IRI activity

% MGS

represented as the percent mean grain size (% MGS) of ice crystals in the presence of test
samples compared to ice crystals in the presence of PBS alone. Error bars indicate % SEM (n =3
experiments) and statistical significance between test condition and PBS was determined using
two-way ANOVA with Tukey’s multiple comparisons test (**** p < 0.0001). Lipopeptides 5.02
and 5.03 at 20 mM were also statistically significant from 5.01. The symbol # indicates that the

compound was tested at 1| mM and not 20 mM.
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The IRI activity of AFGP-lipopeptide class of derivatives 5.01-5.03 at 20 mM in addition
to the lack of TH activity observed is promising for the continued development of AFGP
analogues. Moreover, these results offer significant baselines for the future development of
AFGP analogues that are IRI-active without displaying TH activity. To continue the
development of AFGP analogues, we turned our attention to AFGP analogues where a perylene
bisimide core is inserted between two AFGP glycopeptide fragments (akin to the glycopeptide
units present in the lipopeptides). The use of the perylene core is hypothesized to promote the

development of self-assembled IRI materials.

5.2.2 Antifreeze glyco(peptide)-functionalized perylene bisimides

Self-assembled materials are of great interest for the development of analogues of
antifreeze glycoproteins (AFGPs). This sub-section furthers the development of AFGP analogues
through the analysis of glyco(peptide)-functionalized perylene bisimides (AFGP-PBIs). As
introduced in Section 5.1, the Wilkinson laboratory designed and synthesized a series of
bisimides bearing variable core substitutions and glyco(peptides) at the imide position in order to
mimic AFGPs (Figure 5.2.2.1). The structures of AFGP-PBI 5.04 and 5.05 involved a planar
PBI core unit with no additional functionality. Their imide position was linked to a
(glyco)peptide unit mimicking that of the naturally occurring AFGPs (Ala-Thr-Ala) using an
ethylene glycolate spacer. The ethylene glycolate spacer served to enhance the solubility of
analogues in aqueous media as well as the pi-pi stacking interactions of the perylene cores. The
peptide was glycosylated at threonine’s hydroxyl group with a -D-galactosyl-(1,3)-N-acetyl-a-
D-galactosaminyl disaccharide in PBI 5.05. The PBI core unit of the remaining AFGP-PBIs was
distorted owing to a tetrachloro-substitution. These derivatives had varying substitutions present
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at the imide position, including glycopeptide functionalization (5.06) or glycosyl moieties
(glucose 5.07, galactose 5.08, mannose 5.09, and maltose 5.10). The impact of a planar or
distorted PBI core on antifreeze activity was assessed in the Ben laboratory, including the
presence of any ice recrystallization inhibition and/or thermal hysteresis activity. Part of these
results has been highlighted in the article entitled “1D Self-Assembly and Ice Recrystallization
Inhibition Activity of Antifreeze Glycopeptide-Functionalized Perylene Bisimides” published in

Chemistry — A European Journal*” while others represent unpublished work.
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Figure 5.2.2.1. Structures of the AFGP-PBIs 5.04-5.10 assessed in Section 5.4.47

The synthesis of the target PBIs (e.g. bisimides 5.05 and 5.06) was conducted in the
Wilkinson laboratory using known literature methods (Scheme 5.2.2.1).47-96%8 Briefly, bisimide

5.05 was prepared by coupling the glycopeptide 5.11 (prepared via the Fmoc-strategy in solid-
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phase synthesis*®?°) to dicarboxylic acid 5.12 (prepared using literature procedures®’) using the
HATU/HOALt peptide coupling strategy.*’ Bisimide 5.06 was also prepared using the
aforementioned peptide coupling strategy involving the coupling of the dicarboxylic acid 5.13
(prepared using literature methods®®!'%%) with glycopeptide 5.11. The target PBIs were purified by
reverse-phase preparative high-performance liquid chromatography (HPLC) and lyophilized
prior to analysis of 1D self-assembly or antifreeze activity.*” Other PBI analogues were

approached in a synthetically similar manner.
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Scheme 5.2.2.1. Peptide coupling strategy employed to synthesize AFGP-PBIs 5.05 and 5.06.%
Yields of this final synthetic step are presented in brackets. Glycopeptide 5.11 and dicarboxylic

acids 5.12 and 5.13 were prepared using literature procedures.**-97-100

With AFGP-PBI analogues in hand, attention was turned toward their potential antifreeze
activity and self-assembly properties. The initial screen of the ice recrystallization inhibition
(IRI) activities of the AFGP-PBIs was performed using the splat-cooling assay whereby sample
droplets were flash-frozen and allowed to anneal for 30 minutes at -6.4 °C prior to analysis of ice
crystals in each test case.”” However, before assessment, the PBIs were heated to 90 °C for one
hour and then cooled and stored at room temperature for 24 hours in order to promote
aggregation and equilibration. For example, a sample of AFGP-PBI 5.05 dissolved in PBS was
found to have aggregated and equilibrated after 10 minutes (up to 5 hours) by time-dependent

fluorescence emission spectroscopy whereby a lack of change in fluorescence intensity of peaks
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associated with the monomeric (547 nm) and aggregated (673 nm) forms of the analogue was
indicative of aggregation and equilibration.*’ This result, as well as the investigation of the other
self-assembly properties of the AFGP-PBIs, were performed by other collaborators of this
project.*’ Interestingly, using transmission electron microscopy (TEM), atomic force microscopy
(AFM) and further measurements, the planar AFGP-PBI 5.05 was found to undergo 1D self-
assembly in aqueous media resulting in extended nanofibers, and near-ultraviolet circular
dichroism (CD) spectroscopy suggested that this analogue may form helical aggregates.*’ The
ring-distorted AFGP-PBI 5.06 analogue, meanwhile, displayed only weak aggregative behaviour
in aqueous media.

With the self-assembly properties determined for AFGP-PBIs 5.05 and 5.06, Figure
5.2.2.2 depicts the ice recrystallization inhibition activity displayed as the percent mean grain
size (% MGS) of ice crystals compared to ice crystals in the presence of the phosphate-buffered
saline (PBS) control. These analogues were soluble at 22 mM and therefore initially tested at this
concentration (the traditionally tested concentration for other AFGP analogues assessed by the
Ben laboratory). Both PBI 5.05 and 5.06 were found to possess moderate IRI activity; which
were either similar or enhanced to that of previous amphiphilic AFGP analogues developed in
the Ben laboratory.!®! While it appeared that AFGP-PBI 5.05 displayed slightly more inhibitory
effects at 22 mM, there was no statistical significance between the two activities (n = 3).
Therefore, at this statistical power, the trend as to how a planar or ring-distorted PBI core may
impact IRI activity is difficult to conclude; however, more data (e.g. modified AFGP-PBIs based
on these initial compounds) may suggest the potential that a planar PBI core and AFGP-PBI
aggregative behaviour enhances the IRI activity. While the perylene core alone could not be

analyzed for IRI activity owing to its extremely poor solubility in phosphate-buffered saline, the
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glycopeptide 5.11 was assessed and was found to have significantly reduced IRI activity
compared to both AFGP-PBIs 5.05 and 5.06. In fact, a sample of 10 mM AFGP-PBI 5.06 was
still found to have a statistically enhanced ability to inhibit ice recrystallization compared to that
of the glycopeptide 5.11 at 22 mM (one-way ANOV A with Tukey’s multiple comparisons test, p
<0.0001).47 Additionally, AFGP-PBI 5.04 which contains the peptide sequence without
glycosylated threonines, did not display any IRI activity when tested at its maximum solubility
of 5 uM. Since this analogue was not soluble at higher concentrations, future PBIs should be
functionalized with glycopeptides for added solubilities. Taken all together, these results suggest
that the presence of the hydrophobic PBI core is essential for the activity of the AFGP-PBIs.
Finally, these AFGP-PBI IRIs displayed weak IRI activity compared to that of the native AFGP-
8 at 5.5 uM. However, using nanoliter osmometry (see page 252 in the Experimental section for
further details), AFGP-PBIs 5.05 and 5.06 (10 mg/mL) were found to lack thermal hysteresis
(TH) or dynamic ice shaping (DIS) behaviours contrary to the antifreeze activities of AFGP-8.
Therefore, while these novel IRIs are weaker inhibitors of ice recrystallization than AFGP-8, it is
promising that they do not exhibit their antifreeze activity via ice binding which is correlated
with detrimental properties (including that of ice spicule formation at high AFGP

concentrations).'622
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Figure 5.2.2.2. Ice recrystallization inhibition of AFGP-PBI analogues 5.05 and 5.06 compared
to the glycopeptide 5.11, AFGP-8 (5.5 uM), and the phosphate-buffered saline (PBS) control for
IRI activity (adapted from reference 47 with permission).#’ Activity is presented as the percent
mean grain size (% MGS) of ice crystals in the presence of an inhibitor compared to ice crystals
in the presence of PBS and error bars represent the percent standard error of the mean (% SEM).
Asterisks indicate statistical significance as was determined by one-way ANOV A with Tukey’s
multiple comparisons test (n =3, ** p <0.01, **** p <0.0001). All data points are statistically
significant from AFGP-8; however, this is not displayed on the figure for graphical simplicity.

Following the initial IRI screen, promising compounds are then subjected to further IRI
analysis using a modified splat-cooling assay (details of the overall IRI analysis process is
previously outlined in Chapter 1).°* Instead of considering one single concentration as was the
case of the initial IRI screen, in the modified assay, the IRI activity of AFGP-PBI 5.06 was

quantified by examining the effect of multiple concentrations after the frozen samples were
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annealed at -6.4 °C for 5 minutes prior to ice crystal area assessment.”* The dose-response curve
for the inhibitory activity of AFGP-PBI 5.06 and resulting ICso value was generated by fitting a
two-parameter sigmoidal curve to the normalized rate constants for each inhibitor concentration
(Figure 5.2.2.3a). An ICsp value of 10 + 1 mM was found for the AFGP-PBI. For comparison,
this ICso value falls into the range of the efficacious gluconamides studied in Chapter 3. Since
AFGP-PBI 5.06 was found to be effective at inhibiting ice recrystallization, it was further
investigated for its potential cryoprotective abilities. To that end, the preliminary cytotoxicity of
AFGP-PBI was assessed using the resazurin assay (discussed further in Chapter 4 and
Experimental sections). Figure 5.2.2.3b depicts the significant cytotoxicity observed in human
hepatocellular carcinoma cells (HepG2 cells) with concentrations of AFGP-PBI 5.06 that were
below the 1Csp value for IRI activity (10 £ 1 mM). For instance, the normalized initial rate of ice
recrystallization in the presence of 3 mM was approximately 85% compared to the rate with no
inhibitor present. The hepatic cell viability was already reduced to ~17% at this concentration.
While cytotoxicity depends on the cell line, the significant cytotoxicity present at low millimolar
concentrations in the absence of substantial IRI activity suggests that this AFGP-PBI would not
be a beneficial cryoprotectant. Despite AFGP-PBI 5.06 not being amenable to cryopreservation
purposes, future investigation into the full cytotoxicity profile and the mechanism by which these
compounds induce cellular injury would be beneficial for the development of IRI-active PBIs

that could be used in cellular systems.
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Figure 5.2.2.3 a) The dose-response curve generated for the IRI activity of AFGP-PBI 5.06 (ICso

=10+ 1 mM, R? = 0.99) (adapted from reference 47 with permission).*’ Rate constants
normalized to those of the PBS control for each inhibitor concentration are reported with error
bars indicating the standard error of the mean (SEM). b) The cell viability of HepG2 cells in the

absence or presence of AFGP-PBI 5.06 using the resazurin assay (1 plate, n = 3 wells).

A series of carbohydrate-based PBIs were also prepared (PBIs 5.07-5.10). These
analogues did not possess the peptide portion present in the AFGP-PBIs previously investigated,
and therefore, had a simplified synthesis. Using the splat-cooling assay where a series of
compounds are initially screened for IRI activity at a single concentration, these PBIs were
investigated at their maximum solubilities of 5 uM or 1 mM in PBS and these results are
depicted in Figure 5.2.2.4. Note that a table in the Experimental Section (Table A1 in
Appendix III) provides a list of the maximum solubilities for select ice recrystallization
inhibitors presented throughout this thesis. At these low millimolar and micromolar

concentrations, PBIs 5.07-5.10 displayed weak to negligible IRI activity. It is difficult to
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conclude how these analogues would inhibit ice recrystallization at higher concentrations;
however, in any case, it is clear that these PBIs are not as effective inhibitors as the native
AFGP-8 at these concentrations. Given the poor solubility and lack of IRI activity, these PBIs

were not further assessed for their potential cytotoxicity.
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Figure 5.2.2.4. IRI activity of AFGP-PBI 5.04 and PBIs 5.07-5.10. The percent mean grain size
(% MGY) for each condition is compared to the PBS control, and error bars represent the percent
standard error of the mean (% SEM, n = 3). No statistical differences observed based on one-way

ANOVA with Tukey’s multiple comparisons test (p > 0.05).

Overall, a series of AFGP-PBIs and PBIs were developed to assess the self-assembly and
antifreeze activities of these biomimetics. AFGP-PBI 5.05 was found to exhibit 1D self-assembly
with nanofiber extensions in aqueous media leading to helical aggregates. Meanwhile 5.06, the
ring-distorted AFGP-PBI, displayed only weak aggregative properties in aqueous media. Both

analogues were found to possess moderate IRI activity at 22 mM while their glycopeptide
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precursor S.11 displayed only weak IRI activity. It was therefore concluded that the presence of
the PBI core was required for inhibition of ice recrystallization. Further, these AFGP-PBIs did
not display thermal hysteresis or dynamic ice shaping properties thereby suggesting that their
antifreeze activity is not due to ice binding properties (images of the ice crystal habits are
presented in the Experimental section, page 252). AFGP-PBI 5.06 possessed an ICso value of 10
+ 1 mM for IRI activity, while unfortunately, preliminary cytotoxicity results suggest that the
PBI is toxic to hepatocellular cells. Further, PBIs 5.07-5.10 did not display IRI activity at their

maximum solubilities in phosphate-buffered saline.

5.3 Photoswitchable glycopeptides and carbohydrate-based n-

butylazobenzene surfactants as ice recrystallization inhibitors

5.3.1 Azobenzene-functionalized glycopeptides as ice recrystallization inhibitors

A series of glycopeptides were envisioned based on the hypothesis that we could control
their ability to inhibit ice recrystallization by altering their physicochemical properties.
Specifically, tuning the physicochemical properties would be possible by utilizing the
photoswitchable nature of azobenzene functionality tethered to a glycopeptide moiety (as a
mimetic of those in the naturally occurring AFGPs). While AFGPs possess intriguing and potent
antifreeze activities, they are generally not amenable to cryoprotective applications owing to the
presence of thermal hysteresis activity; a property that has shown to be detrimental to cell
survival after cryopreservation.'?”'> On top of this, the applicability of AFGPs for commercial
purposes is also limited by the difficulty in attaining large quantities of AFGPs in high purities.

One approach aimed at mitigating these limitations is to incorporate the key structural features of
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AFGPs into more easily produced ice recrystallization inhibitors whilst avoiding the undesirable

TH activity. As a result of this notion, a series of azobenzene-functionalized glycopeptides

incorporating the glycopeptide portion of AFGPs attached to an azobenzene tail was designed

(Figure 5.3.1.1). Specifically, glycopeptides bearing one repeat of the AFGP tripeptide (Ala-

(glyco)Thr-Ala),-1 were developed with either a n-hexyl group (5.14) or a n-decyl group (5.15)

attached to the azobenzene moiety in order to determine the impact of differing alkyl chain

length. Compounds 5.16-5.19 were analogues where (Ala-(glyco)Thr-Ala),-> were designed to

compare to analogues 5.14 and 5.15, and thus, the impact of a monomer or dimer of the (Ala-

(glyco)Thr-Ala) unit. Different alkyl chain lengths on the azobenzene group of glycopeptides

5.16-5.19 included n-butyl (5.16), n-hexyl (5.17), n-octyl (5.18), and n-decyl (5.19) groups.

L
N
N'—

R1 : -(CH2)5CH3
~(CH)eCHs

L
N
N‘—

Rz: -(CH2)3CH3
~(CH2)sCH3
-(CH3)7CH3
~(CH2)9CH3

L

5.14
5.15

5.16
5.17
5.18
5.19

HO _OH HO _OH
(o) (0]

Ho&/ogﬁ
OH AcNH

(0]
H O H 0]
owowo“rr“:*uj:r”%w
O - O =

HO _OH HO _OH
0 (0]

Hoé&ogﬁ
OH AcNH

(0]
\©\ 1) H \)O]\ H\)OL H 0 o
O/\/ \/\O/\n/ N . N J)LN
H H H H
(@] (0] - (0] .""O (6]

OH AcNH
HO (0]
i
HO “OH H

O “OH

Figure 5.3.1.1. The structure of azobenzene-functionalized glycopeptides 5.14-5.19.
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The IRI activity of the azobenzene-functionalized glycopeptides was assessed using the
splat-cooling assay whereby a droplet of sample dissolved in phosphate-buffered saline (PBS)
was frozen and annealed at -6.4 °C for 30 minutes prior to the assessment of ice crystal area (the
% MGS of ice crystals in the presence of inhibitors are compared % MGS of crystals in the
presence of PBS). As depicted in Figure 5.3.1.2, these azobenzene-functionalized glycopeptides
exhibited weak-to-negligible inhibitory activity at a concentration of < 11 mM. Note that the
tested concentrations were the maximum solubilities of the glycopeptides in PBS. Compared to
PBS, no significant changes were observed with the glycopeptides bearing one peptide unit (Ala-
(glyco)Thr-Ala).-1 (glycopeptides 5.14 and 5.15). Interestingly, within the panel of
glycopeptides bearing two peptide units, the glycopeptides that were soluble at 11 mM in PBS
(5.16 and 5.19) showed statistically increased levels of IRI activity compared to the control,
albeit still resulting in weak IRI activity. By considering glycopeptides 5.16 (possessing an n-
butyl group) and 5.19 (with an n-decyl group), we can conclude that varying the alkyl chain
length positioned on the azobenzene moiety does not significantly influence the IRI activity (data
were not statistically significant determined using one-way ANOV A with multiple comparisons
test and p > 0.05; the comparison between 5.16 and 5.19 is not shown in Figure 5.3.1.2).
Altogether, these results suggest that an increase in IRI activity is observed with increasing
repeats of the glycopeptide unit while alkyl chain length on the azobenzene moiety does not

impart significant changes to the activity.
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Figure 5.3.1.2. The percent mean grain size (% MGS) of ice crystals in the presence of
azobenzene-functionalized glycopeptides 5.14-5.19 dissolved in PBS (at 11 mM unless indicated
by a different mM concentration in brackets) compared to ice crystals in the presence of the PBS
control alone. Error bars represent the % SEM, with statistical significance between the control
and a sample indicated using an asterisk as determined using a one-way ANOVA with Dunnett’s

multiple comparisons test (* p < 0.05, n = 3).

After determining the IRI activity, our attention was focused on the potential for these
azobenzene-functionalized glycopeptides to possess TH activity. As mentioned previously, TH
activity has been shown to be detrimental to cell survival in cryopreservation applications. These
derivatives were found to lack TH activity and dynamic ice shaping (DIS) using nanoliter
osmometry (see page 252 in the Experimental Section for assay details and images of ice
crystals). Specifically, the ice crystals formed in the presence of 5.14 and 5.17 (10 mg/mL) grew
uniformly upon gradual temperature change thereby indicating an absence of thermal hysteresis.
Importantly for the continued development of azobenzene-based glycopeptides toward
cryoprotectant purposes, a lack of TH activity (and DIS) is attributed to a lack of binding
interactions between the azobenzene-functionalized glycopeptides and the ice crystal lattice.
Unfortunately, with the low solubility and weak-to-negligible IRI activity observed, these

derivatives were not ideal candidates for further experiments in developing photoswitchable
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IRIs. Our attention was therefore turned toward azobenzene derivatives that we hypothesized
would have increased solubilities and IRI activity. As detailed in Section 5.3.2, the glycopeptide
portions of the azobenzene compounds were replaced with monosaccharides. Further, since
increasing the length of the alkyl chain on the azobenzene group did not alter IRI activity, the

carbohydrate-based azobenzene derivatives were designed with an n-butyl group.

5.3.2 Photocontrollable carbohydrate-based n-butylazobenzene surfactants as ice

recrystallization inhibitors

In an effort to design azobenzene-functionalized derivatives with photocontrollable IRI
activity, a series of carbohydrate-based surfactants were envisioned based on the hypothesis that
the compounds would have better solubility than the azobenzene-functionalized glycopeptides.
Specifically, tuning the physicochemical properties of carbohydrate-based surfactants would be
possible by utilizing the photoswitchable nature of n-butylazobenzenes while the selection of the
carbohydrate head group would also balance the hydrophobicity thereby offering additional
control through the carbohydrate’s variable polarity, stereochemical configuration, and their
degree of hydration.'? Recall that IRI activity was found to increase among mono- and
disaccharides with increasing hydration indexes (e.g. IRI activity of D-galactose > D-glucose >
D-mannose > D-talose and IRI activity of D-melibiose > D-lactose > D-trehalose > D-maltose > D-
sucrose), and this trend prompted the use of the three most active monosaccharides into the
design of carbohydrate-based surfactants. The parallel synthesis of the carbohydrate-based
surfactants was conducted by the Wilkinson laboratory and involved tethering a D-galactose, D-
glucose, or D-mannose head group to a n-butylazobenzene tail group (Scheme 5.3.2.1).78 Briefly,

the appropriate acetylated trichloroacetimidate-glycosides were produced from the corresponding
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glycosyl pentaacetates while the n-butylazobenzene alcohol was synthesized starting with 4-
butylaniline, phenol, and tosylated-PEG3 precursors.”®!% Since these surfactants had to be
soluble in aqueous media for IRI testing as well as for future applications, increased solubility
was achieved through the incorporation of a triethylene glycolate spacer (originating in the PEG3
precursor) between the head and tail groups. A lewis acid-promoted glycosidation between the
trichloroacetimidate-glycosyl donor with the n-butylazobenzene alcohol acceptor as well as

deacetylation of the crude products led to the desired carbohydrate-based surfactants (5.20-

5.22).
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Scheme 5.3.2.1. General synthesis of the carbohydrate-based surfactants 5.20-5.22.747%193 Yields

for the final two steps for each surfactant are presented in brackets.

With surfactants 5.20-5.22 in hand, attention was focused on their potential IRI and TH
activity. The ability of the surfactants to inhibit ice recrystallization (Figure 5.3.2.1) was
determined using the splat-cooling assay with a 30-minute annealing period at -6.4 °C.%?> The
trans-isomers of the surfactants, which were the resting photostationary states as estimated by

integration of a proton signal in the "H NMR spectra, were dissolved at 22 mM (5.20 and 5.21)
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or 5 mM (5.22, due to poor solubility) in phosphate-buffered saline (PBS) before being assessed
for their IRI activity. See the NMR spectra in the Appendix IV for further details. In order to
assess the IRI activity of the cis-photoisomers, samples were irradiated with UV light (361 nm)
for 10 minutes just before performing the splat-cooling assay and kept in the dark until
assessment. It is important to note that the cis-dominated photostationary state (after sample
irradiation with UV light) was comprised of approximately 70% cis-isomers based off 'H NMR
spectral integrations while the frans-dominated state was comprised of less than 10% of cis-
photoisomers.””-1%4195 Further, UV-vis spectroscopy was used to observe azobenzene
photoisomerization by monitoring the reduction of the intensity of the n-n* transition peak (350
nm) and the increase of intensity of the n-m transition peak (440 nm) as well as two isobestic
points (320 nm and 420 nm).!%**1%5 Studies suggested that minimal thermal cis-trans relaxation
was observed for 24 hours at 20 °C; signifying that negligible relaxation occurs during the time it
took to complete the splat-cooling assay for IRI activity.”* As depicted in Figure 5.3.2.1, the
glucose-based surfactant 5.20 displayed weak IRI activity at 22 mM that was similar to the PBS
control in both its frans and cis-photostationary states. Similarly, the galactose-based surfactant
5.22 also exhibited negligible IRI activity at 5 mM (its maximum solubility in PBS) and no
photomodulation was observed for its IRI activity. Interestingly, however, the trans-isomer of
the mannose-based surfactant 5.21 displayed significant IRI activity at 22 mM. Furthermore,
photoirradiation of surfactant 5.21 to its cis-dominated photostationary state resulted in a
significant reduction of IRI activity. This reduction in IRI activity can be attributed to the
diminished hydrophobicity of the n-butylazobenzene tail group present in the cis-photoisomers.
This lowered hydrophobicity of cis-photoisomers was supported when evaluating the interfacial

activity of the surfactants using pendant drop tensiometry as well as in evaluating the 1-octanol

216



partition coefficient (log P) of the surfactants.”* Specifically, an increase in the critical micelle
concentration (CMC) after photoirradiation, as observed from the surface tension data for the
surfactants, can be attributed to the reduced hydrophobicity and non-planar geometry of the cis-
photoisomers compared to the trans-isomers.”” The CMC value was increased from 0.21 mM to
0.45 mM upon photoisomerization of glucose-based surfactant 5.20 while the CMC value was
increased from 0.23 mM to 0.49 mM upon photoisomerization of mannose-surfactant 5.21. Both
5.20 and 5.21 displayed similar CMC values in both their ¢trans- and cis- states thereby
suggesting that they possess comparable hydrophilic-lipophilic balances (HLBs), while the CMC
of 5.22 could not be determined due to its poor aqueous solubility. Unfortunately, the cis-isomers
0f 5.20 and 5.21 could not be assessed for their log P values due to considerable hydrophilicity;
however, in the case of 5.22, the log P value decreased upon photoirradiation (-0.35 to -0.85)
which also confirms the notion that cis-isomers possess enhanced hydrophilicity.”* Finally, a
lactose-based analogue and a cellobiose-based analogue were also assessed for their ability to
inhibit ice recrystallization. At 1 mM in its frans-dominated state, the lactose analogue did not
possess any IRI activity (100% MGS) while the cellobiose analogue displayed moderate activity

with a % MGS of 56% (data not shown in Figure 5.3.2.1).
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Figure 5.3.2.1. The IRI activity of the frans- and cis-dominated photostationary states of
carbohydrate-based surfactants 5.20-5.22 dissolved in phosphate-buffered saline (PBS) at 22 mM
(unless otherwise indicated).”* Activity is represented as the percent mean grain size (% MGS) of
ice crystals compared to the PBS control and error bars indicated percent standard error of the
mean (% SEM, n = 3). Statistical significance is denoted using an asterisk (unpaired Student’s T

test, p < 0.05). 5.21 is statistically significant from all other data points.

Another noteworthy result (observed in Figure 5.3.2.1) was that the mannose-surfactant
5.21 displayed more IRI activity than its glucose analogue 5.20. This result was surprising since
D-glucose and D-mannose have similar hydration indexes and that up to this project, glucosyl
analogues were found to be more IRI-active than their mannose counterparts.'*® With this
opposite trend observed for surfactants 5.20 and 5.21, this project has further emanated that IRI
activity is strongly affected by changes to carbohydrate polarity and stereochemical
configuration in relation to the rest of the molecule’s hydrophobicity. To further accentuate the
difference between the frans-isomers of the glucose- and mannose-derivatives (5.20 and 5.21,
respectively), a dose-response curve for their IRI activity was determined using the modified
splat-cooling assay (Figure 5.3.2.2 for surfactant 5.21).°* Briefly, this assay involved

determining the rates of ice recrystallization for multiple sample concentrations after S-minute
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annealing periods at -6.4 °C. This kinetic analysis revealed an ICso value of 7+ 3 mM for 5.21
while no such data could be obtained for 5.20 due to its lack of activity even at increasing

concentrations up to its maximum solubility.
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Figure 5.3.2.2. The dose-response curved generated for surfactant 5.21 (ICso =7 +£ 3 mM, R? =
0.96).7* The ICso value was obtained by fitting a two-parameter sigmoidal curve to the

normalized rate constants obtained from three experiments (£ SEM).

Owing to the potent IRI activity observed for the mannose-surfactant 5.21, the
surfactant’s potential thermal hysteresis (TH) activity was assessed using nanoliter osmometry
(see page 252 in the Experimental Section for protocol and ice crystal image).” Briefly, a
thermoelectrically-controlled microscope stage was used to freeze and slowly thaw an aqueous
sample droplet enclosed in oil until only one single ice crystal remains. TH activity is noted as
the depression of the freezing point of a sample in relation to its melting point, with non-uniform
ice growth being indicative of a compound interacting with the ice crystal lattice. Therefore, the
morphology of the single ice crystal was observed while the temperature was incrementally
decreased. Notably, since 5.21 was not soluble at 10 mg/mL (a concentration that has been

previously used to assess previous surfactants and hydrogelators in the laboratory!'%>1%7), it was
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tested at 0.5 mg/mL. The ice crystal grew uniformly as the temperature was gradually decreased
thereby indicating that no TH activity was observed at this concentration and that the compound
does not interact with the ice crystal lattice in order to instill its ice recrystallization inhibitory
activity.

With the significant IRI activity of surfactant 5.21 at low millimolar concentrations as
well as its lack of TH activity, this mannose-surfactant was the ideal candidate for analysis into
the potential cryoprotective ability in vitro (Figure 5.3.2.3). As a preliminary model of
cryoprotection studies that is relatively easy to use (whereby promising candidates would be
further assessed in more precious cell lines like human umbilical cord blood), cultured human
bone marrow erythroblasts (TF-1a cells) were cryopreserved with 30 mM of 5.21 with varying
concentrations of dimethyl sulfoxide (0%, 2%, 5%, and 10 % DMSO).”* 30 mM was used as the
preliminary concentration of 5.21 as this was its maximum solubility in aqueous media (in this
case, RPMI-1640 media; see Experimental section for further details). TF-1a cells were frozen
at 2 x 10° cells/mL in the presence or absence of surfactant in DMSO solutions and frozen to -80
°C using an iso-propyl freezing container (“Mr. Frosty”). After 18 hours, cells were transferred
to -196 °C and analysis was performed after a minimum of 12 hours. Samples were thawed
under fast-thaw conditions using a 37 °C water bath, and cell viability and recovery were
assessed using flow cytometry. These preliminary results suggest that the mannose-surfactant
does not possess cryoprotective abilities at the high concentration of 30 mM. Incubation of TF-
la cells with or without surfactant for 30 minutes followed by cell viability assessment (Figure
5.3.2.3b) led to results that were consistent with the notion that high concentrations of
surfactants can solubilize cell membranes thereby leading to increased cell death.!*® The loss of

cell viability during cryopreservation with surfactant 5.21 (Figure 5.3.2.3a) was also due to this
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toxicity. While dimethyl sulfoxide appeared to preserve cells in the absence of the test
compound, the inability of dimethyl sulfoxide to protect cells while in the presence of surfactant
5.21 can be explained by the surfactant’s ability to solubilize the membrane. Additionally, the
significant damage to membrane integrity may occur prior to the cells’ ability to initiate
apoptosis (as observed by the lack of apoptotic cells in the test conditions). It is worth noting that

there are contradicting reports in the literature regarding the toxicity of azobenzene
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Figure 5.3.2.3. (a) Post-thaw percent cell viability TF-1a cells cryopreserved with 30 mM
surfactant 5.21 in varying concentrations of DMSO, and (b) Percent cell viability of TF-1a cells

incubated in the absence or presence of mannose-surfactant 5.21 (1 plate with n = 2-3 replicates).

Overall, the IRI analysis of a panel of carbohydrate-based surfactants (5.20-5.22) revealed
that a mannose derivative was more IRI-active than its glucose and galactose counterparts and
that the derivative did not enact this ice recrystallization inhibition through direct interaction

with the ice crystal lattice (e.g. no TH activity). This was the first time that a mannose derivative
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displayed more activity than a glucose analogue. Moreover, upon photoirradiation to the cis-
dominated photostationary state, surfactant 5.21 displayed significantly weaker activity than as
the trans-photoisomer, thereby suggesting that the increase in hydrophilicity following trans-cis
photoisomerization was detrimental to IRI activity. While initial cryopreservation studies
revealed that high concentrations of surfactant 5.21 resulted in significant loss of cell viability
and recovery, these surfactants mark the first investigation into the IRI activity of carbohydrate-
based surfactants bearing an azobenzene moiety. This study is an important benchmark for the
development of future novel photoresponsive IRIs. The next panel of photocontrollable IRIs
developed as a result of this initial investigation is detailed in Section 5.4 and involves the use of

carbohydrate-based fluorosurfactants as photoresponsive ice recrystallization inhibitors.

5.4 Photocontrollable carbohydrate-based fluorosurfactants as inhibitors of

ice recrystallization

Next, the synthesis and IRI analysis were investigated for a panel of fluorosurfactants
involving a variable head group (e.g. various mono- and disaccharides) attached to a
trifluoromethyl-substituted azobenzene tail group. We hypothesized that IRI activity could be
modulated through modifications to a surfactant’s hydrophilic-lipophilic balance (HLB) via
variations in the carbohydrate head group, the regiochemistry of the trifluoromethyl group on the
azobenzene aromatic ring, and finally, via the isomeric state of the azobenzene tail. Non-ionic
fluorosurfactants were the ideal candidates for the development of novel photocontrollable IRIs
since they have a number of promising physicochemical properties and they have been shown to
result in low hemolytic activity of rabbit red blood cells.''%!1? The synthesis of these surfactants
included a Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) between a glycosyl azide
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and the appropriate azobenzene-functionalized alkyne (Scheme 5.4.1).7°> The azobenzene alkyne
was synthesized starting with the appropriately substituted (trifluoromethyl)aniline, phenol, and
tosylated-PEG3 precursors while the glycosyl azide was also prepared using literature

78,103

procedures. The targets were obtained in adequate yields after deacetylation of the

carbohydrate-head group under Zemplén conditions followed by purification of the crude
products by reverse-phase preparation high-performance liquid chromatography (HPLC).!!3-116
Fluorosurfactants incorporated either a D-glucose (Glc, 5.23-5.25), D-galactose (Gal, 5.26-5.28),
D-mannose (Man, 5.29-5.31), or D-cellobiose (Cel, 5.32-5.34) carbohydrate group. Further,
surfactants either bore a para-substituted azobenzene with respect to the trifluoromethyl group
relative to the N=N bond (p-CF3, 5.23, 5.26, 5.29, and 5.32), a meta-substituted azobenzene (m-
CF;, 5.24,5.27, 5.30, and 5.33), or an ortho-substituted tail group (o-CF3, 5.25, 5.28, 5.31, 5.34).
In an effort to impart sufficient aqueous solubility for these surfactants, a triethylene glycolate
spacer (originating from the PEG3 precursor) was incorporated between the head and tail groups;

a strategy that was also utilized for the previously discussed n-butylazobenzene surfactants

(Section 5.3).
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Scheme 5.4.1. The general synthesis of the fluorosurfactants 5.23-5.34.7115
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With the targets in hand, we determined the interfacial activity of the fluorosurfactants
using the previous methods implemented for the photocontrollable IRIs presented in Section
5.3.7° The composition of both the trans-dominated and cis-dominated photostationary states was
estimated by integration of the triazole proton present in the "H NMR spectra of surfactants 5.26-
5.28. See the NMR spectra in the Appendix IV for further details. Using this method, the trans-
dominated state was comprised of approximately 90% of the trans photoisomer. After UV
irradiation (361 nm) of the resting state for 10 minutes, the cis-dominated state was made up of
approximately 70% cis-photoisomer, and negligible thermal relaxation of this photoexcited state
was observed after 24 hours at 20 °C in the dark. Similar to that observed with the n-
butylazobenzene surfactants 5.20-5.22, an increase in the critical micelle concentration (CMC)
occurred after surfactants were irradiated to their photoexcited states as determined using
pendant drop tensiometry.”®!'!®> The changes in CMC values upon photoisomerization of the
glucose-based fluorosurfactants were from 0.24 mM to 0.25 mM for the p-CF; 5.23, from 0.26
mM to 0.91 mM for the m-CF3 5.24, and from 1.52 mM to 2.81 mM for the 0-CF3 5.25. The
changes in CMC values upon photoisomerization of the galactose-based fluorosurfactants were
from 0.23 mM to 0.53 mM for the p-CF3 5.26, from 1.41 mM to 1.71 mM for the m-CF3 5.27,
and from 1.94 mM to 2.03 mM for the 0-CF3 5.28. The changes in CMC values upon
photoisomerization of the mannose-based fluorosurfactants were from 0.26 mM to 0.36 mM for
the p-CF3 5.29, from 0.17 mM to 0.54 mM for the m-CF3 5.30, and from 0.13 mM to 0.51 mM
for the 0-CF3 5.31. Finally, the changes in CMC values upon photoisomerization of the
cellobiose-based fluorosurfactants were from 0.48 mM to 0.49 mM for the p-CF3 5.32, from 0.81
mM to 1.28 mM for the m-CF3 5.33, and from 0.59 mM to 2.29 mM for the 0-CF3 5.34. The

increases observed upon photoirradiation could be explained by the reduction of planarity and

224



hydrophobicity of the cis-isomer compared to its trans-counterpart.!'” Interestingly, the
magnitude of the change in CMC observed upon photoirradiation was most apparent with the
ortho-substituted derivatives (5.25, 5.28, 5.31, 5.34), less so between meta-substituted
surfactants (5.24, 5.27, 5.30, and 5.33), and finally, even less with para-derivatives (5.23, 5.26,
5.29, and 5.32). Further, while the trans-isomers of the p-CF3 surfactants had a slightly larger
dipole than their cis-counterparts, the difference in the dipole moment between the respective
photostationary states of the p-CF3 surfactants was small; a conclusion obtained upon observing
that the respective changes in CMC values were negligible.!'®!!" The overall trend observed with
the CMC values highlighted the delicate HLB achieved in designing fluorosurfactants with
varying trifluoromethyl-substituted azobenzene groups.

Log P values obtained for the surfactants once again depended on the carbohydrate head
group and the substitution of the azobenzene tail. The changes in log P values upon
photoisomerization of the glucose-based fluorosurfactants were from -0.32 to -0.20 for the p-CF;
5.23, from -0.25 to -0.26 for the m-CF3 5.24, and from -0.65 to -0.47 for the 0-CF3 5.25. The
changes in log P values upon photoisomerization of the galactose-based fluorosurfactants were
from -0.08 to 0.03 for the p-CF3 5.26, from -0.14 to -0.03 for the m-CF3 5.27, and from -0.02 to -
0.01 for the 0-CF3 5.28. The changes in log P values upon photoisomerization of the mannose-
based fluorosurfactants were from -0.32 to 0.07 for the p-CF3 5.29, from -0.25 to -0.37 for the m-
CF; 5.30, and then from -0.31 to 0.14 for the 0-CF; 5.31. Finally, the changes in log P values
upon photoisomerization of the cellobiose-based fluorosurfactants were from -1.22 to -0.10 for
the p-CF3 5.32, from -1.27 to -1.41 for the m-CF3 5.33, and from -2.18 to -1.01 for the 0-CF3
5.34. Generally, the ortho-CF3 surfactants (5.25, 5.28, 5.31, 5.34) showed the most affinity for

the hydrophilic aqueous phase out of all the regioisomers. Contrary to the results obtained for the
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CMC values as well as those obtained for the log P values of the non-fluorinated surfactants
5.20-5.22, an increase in hydrophobicity (increase in log P values) was observed upon
photoirradiation of the trans-photoisomeric fluorosurfactants.'!” This result was surprising, yet
still highlights the control that can be achieved with these photoswitchable fluorosurfactants.
The ability of these fluorosurfactants to inhibit ice recrystallization was assessed using
the splat-cooling assay where a droplet of surfactant dissolved in phosphate-buffered saline
(PBS) was frozen and allowed to anneal at -6.4 °C for 30 minutes prior to assessment (Figure
5.4.1).°2 In order to assess the IRI activity of the cis-dominated photostationary states, the
samples were irradiated with UV light prior to performing the splat-cooling assay as usual. The
areas of ice crystals in the presence of the surfactants were compared to the areas of ice crystals
in the presence of PBS alone, which is represented by the percent mean grain size (% MGS) of
ice crystals. Interestingly, not all p-CF; surfactants (5.23, 5.26, 5.29, and 5.32) were soluble at
the testing concentration of 22 mM (standard concentration used for IRIs assessed by the splat-
cooling assay), and therefore, these select analogues were assessed at 5 uM. The p-CF3
surfactants (5.23, 5.26, 5.29, and 5.32) exhibited weak-to-negligible IRI activity compared to the
PBS control. The m-CF; surfactants (5.24, 5.27, 5.30, and 5.33) generally exhibited more IRI
activity than their p-CF3 counterparts, and notably, the o-CF; surfactants (5.25, 5.28, 5.31, 5.34)
displayed the most inhibitory activity compared to their p-CF3 analogues. Therefore, the IRI

activity of the fluorosurfactants is dependent on the regiochemistry of the azobenzene tail group.
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a) IRI activity of glucose- and galactose-based fluorosurfactants:
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b) IRI activity of mannose- and cellobiose-based fluorosurfactants:
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Figure 5.4.1. The percent mean grain size (% MGS) of ice crystals in the presence of

fluorosurfactants a) glucose- and galactose-based 5.23-5.28 and b) mannose- and cellobiose-

based 5.29-5.34 at 22 mM unless otherwise indicated.” The IRI activity is reported as the mean

of three experiments + % SEM. Asterisks indicated statistical significance between

photostationary states as determined using student’s T test (p < 0.05).

More conclusions can be made upon further inspection of the IRI activity of the

fluorosurfactants. For one, in comparing the o-CF3 surfactants (5.25, 5.28, 5.31, 5.34), the

glucose-based surfactant 5.25 exhibited moderate activity with a % MGS of 48% while the other

ortho-derivatives displayed activity with a % MGS above 60%. Notably, this is the opposite of

that observed with the n-butyl azobenzene surfactants presented in Section 5.2 whereby a
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mannose-surfactant was more IRI-active than the glucose-analogue.” This is also contrary to
what has been previously observed between glucose and galactose analogues; the galactose
amphiphiles have previously been more active which has been attributed to the higher hydration

index (HI) of galactose compared to glucose.!'?>!7

Interestingly, in considering the m-CF3
fluorosurfactants (5.24, 5.27, 5.30, and 5.33), the galactose derivative 5.27 was more active than
the glucose analogue (5.24) thereby following the previously reported trend observed between a
carbohydrate’s HI and the resulting IRI activity. Taken together, these results emphasize the
sensitivity of IRI activity to the regiochemistry of the azobenzene tail group. When considering
the changes in IRI activity between the two photostationary states of each surfactant, the
regiochemistry of the CF3-substituted azobenzene tail once again affected the resulting inhibitory
activity observed. Specifically, IRI activity was significantly reduced upon exciting the o-CF3
surfactants (5.28, 5.31, and 5.34) with UV light into their cis-dominated states.” This result was
not observed for any of the p-CF3 or m-CF3 derivatives nor was it observed for the glucose-based
0-CF3 surfactant 5.25. The reduction in IRI activity observed for the o-CF3 surfactants could
have been due to the large differences observed in the hydrophobicity and interfacial activity
between the two isomeric states of each surfactant (e.g. differences in CMC values). Overall, the
IRI activity of the fluorosurfactants only appeared to be tuneable when the trifluoromethyl group
was positioned ortho to the N=N bond present in the azobenzene tail (apart from 5.25).
Additionally, IRI activity was dependent on both the carbohydrate head group and CF3-
substitution of the tail.

Owing to the interesting activity of the o-CF3 fluorosurfactants (5.25, 5.28, and 5.34),
their cytotoxicity was assessed using the colorimetric MTT assay; an assay that was commonly

utilized in the Ben laboratory prior to development of the resazurin assay (Figure 5.4.2). Briefly,
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metabolically active cells are represented as those with enzymes capable of reducing 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (the MTT tetrazolium dye) to its

insoluble formazan.!?* Unfortunately, incubation of human hepatocellular carcinoma cells

(HepG2) with low millimolar concentrations of the fluorosurfactants resulted in substantial loss

of viable cells. Concentrations assessed in the splat-cooling assay were not investigated for

toxicity since significant cell loss was already observed in the low millimolar concentration

screen of surfactant (up to 10 mM or 20 mM of surfactant). In fact, no viable cells were observed

after incubation with galactose-based surfactant 5.28 while a significantly reduced number of
viable cells were observed at low millimolar concentrations of glucose analogue 5.25 and
cellobiose analogue 5.34. The extent of these results was only somewhat surprising given the
well-documented ability of surfactants to solubilize cell membranes as well as the results

obtained for the n-butylazobenzene derivatives from Section 5.3.
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Figure 5.4.2. The percent cell viability (% cell viability) of HepG2 cells treated with o-CF3
fluorosurfactants 5.25 and 5.34 compared to the control (cells in Minimum Essential Media,

MEM) Performed on one plate with n = 3-12/condition, MTT assay.”
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Overall, the IRI activity of a panel of photoswitchable carbohydrate-based
fluorosurfactants was determined in addition to the modular synthesis and interfacial activity of
the surfactant family.”> IRI activity was found to be dependent on the regiochemistry of the
trifluoromethyl group substitution on the azobenzene tail as well as the carbohydrate selected for
the surfactant head group. The inhibition of ice recrystallization was increased when moving the
p-CF;3 group to the meta position, and even more enhanced when the trifluoromethyl group was
positioned ortho to the N=N bond of the azobenzene group. The most inhibition was observed
with the moderately IRI-active glucose-based ortho-CF; surfactant; a result that is in contrast to
previous reports highlighting galactose derivatives being more active than their glucose
analogues as well as the result obtained in Section 5.3 where a mannose surfactant was more
active than its glucose counterpart. Interestingly, upon photoisomerization of the trans-
dominated states of the ortho-CF; surfactants to their corresponding cis-dominated photoexcited
states resulted in a decrease in IRI activity (with the exception from the glucose analogue). These
ortho-CF3 surfactants were, unfortunately, cytotoxic to human hepatocellular carcinoma cells.
Nevertheless, the analysis of these azobenzene derivatives continue to highlight the dependency
of IRI activity on the HLB of surfactants as well as the presence of tuneable IRI activity, and

these results can certainly be used for the development of future novel IRI molecules.

5.5 Summary

The results herein represent significant advancements in the development of novel
photoresponsive ice recrystallization inhibitors as well as biomimetic IRIs. Section 5.2
highlighted the development of lipopeptides and glyco(peptide)-functionalized perylene

bisimides (AFGP-PBIs) as biomimetic ice recrystallization inhibitors. AFGP-PBIs that displayed
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1D self-assembly (or weakly exhibited) were also found to exhibit moderate IRI activity. The
perylene core was found to be imperative for the presence of ice recrystallization inhibition.
While these AFGP derivatives were less potent antifreezes than their counterparts found in
nature (e.g. AFGP-8), the AFGP-PBIs did not display the undesirable TH activity. Additionally,
since there PBIs would be found externally to cells (e.g. not cell permeable), we are not
concerned with the PBI core’s potential to disrupt cellular DNA. Taken together, this offers great
advancement in the development of novel IRIs for their use in numerous biological and industrial
applications. Next, in Section 5.3, a panel of glycopeptides and carbohydrate-based azobenzene
surfactants were assessed for IRI activity. Among the carbohydrate-based surfactants, mannose
n-butylazobenzene derivative was found to be the most IRI active compared to its glucose and
galactose analogues. This antifreeze activity was not the result of ice-binding activities and this
represented the first time that a mannose derivative exhibited more IRI activity than its glucose
counterpart. Notably, photoisomerization of the trans-dominated photostationary states of
azobenzenes to their cis-dominated states resulted in a reduction of inhibitor activity; possibly
due to the increase in hydrophilicity. Altogether, these results represent the first report of a series
of photoresponsive ice recrystallization inhibitors.”* From these surfactants came a series of
photoswitchable fluorosurfactants (Section 5.4). The regiochemistry of the trifluoromethyl group
present on the azobenzene tail affected the resulting IRI activity as well as the carbohydrate
selection for the surfactant head group. An ortho-substituted glucose fluorosurfactant was the
most IRI-active analogue of this class of IRI. Generally, photoisomerization of the ortho-CF3
surfactants to their cis-dominated photostationary states resulted in a reduction of IRI activity; a
result consistent with that obtained for the carbohydrate-based surfactants presented in Section

5.3.
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6. Thesis Conclusions and Future Work

Conclusions

The overall goal of this thesis was to develop novel ice recrystallization inhibitors (IRIs)
for the improvement of the cryopreservation of cellular products. This involved the synthesis of
N-aryl-D-gluconamide derivatives bearing structural modifications to the aryl and carbohydrate
components in order to assess the structural features required for effective IRI activity.
Promising candidates were subjected to further IRI characterization and cytotoxicity analysis.
The ability of the novel N-aryl-D-gluconamides to protect hematopoietic stem and progenitor
cells (HSPCs) isolated from human umbilical cord blood (UCB) during cryopreservation was
determined through analyzing both the in vitro and in vivo activities of cells post-thaw. Finally,
glyco(peptide)s were designed in order to further elucidate the structural features required for IRI
activity for the macromolecular class of antifreeze glycoprotein (AFGP) analogues. This
involved the novel development of IRIs with tuneable activity using an external probe.

The first objective of studying the structural features required for the development of IRI-
active N-aryl-D-gluconamides involved the design and synthesis of a series of gluconamide
analogues. The series of derivatives with aryl component modifications included one possessing
both a 2-fluoro and 4-methoxy aryl substituent. This derivative was found to be less active than
its parent compounds (e.g. N-(2-fluorophenyl)-D-gluconamide and N-(4-methoxyphenyl)-D-
gluconamide). A series of aminophenyl-D-gluconamides were then developed to further probe
the effects of having electron-donating groups on the aryl ring. Generally, the aminophenyl
gluconamides were found to exhibit similar-to-somewhat reduced IRI activity to N-(4-

methoxyphenyl)-D-gluconamide. Next, attention was turned toward modifications to the
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carbohydrate tail component. Upon altering the stereochemistry of N-(4-methoxyphenyl)-D-
gluconamide, IRI activity was impacted, thereby further confirming that stereochemical changes
can have drastic influences on the IRI activity of the aldonamides. Following this, the
functionality linked to the Cé6-position of the carbohydrate was modified to a carboxylate,
resulting in reduced solubility and IRI activity, and was also modified to an azide group, also
resulting in reduced solubility and IRI activity. These results suggested that the C6-hydroxyl
group is an integral component required for the IRI activity of the N-aryl-D-gluconamides. Taken
altogether, the results obtained with the gluconamide analogues highlighted the delicate balance
required between the hydrophilicity and hydrophobicity in the IRI-active small molecules.
Following the development of novel gluconamides, these small-molecules’ abilities to act
as cryoprotectants for HSPCs were next assessed. The cytotoxicity of the derivatives was
assessed in vitro and select gluconamides were found to be non-toxic (or minimally toxic). N-(2-
fluorophenyl)-D-gluconamide (4.01), for example, was consistently found to be non-toxic to
various cell types (human hepatic cells as well as total nucleated cells from UCB). The in vitro
properties of total nucleated cells (TNCs) from UCB cryopreserved in the presence of dimethyl
sulfoxide and an IRI was assessed. The post-thaw viability and function of TNCs were largely
preserved when supplementing the cryomedium with IRIs; results that in addition to the previous
small-scale experiments suggest that these gluconamide-based cryosupplements are well
tolerated for UCB cryopreservation. Since a serial xenotransplantation assay is considered the
‘gold-standard’ method for determining the function of HSPCs, this in vivo assay was
implemented in order to assess the impact of using N-(2-fluorophenyl)-D-gluconamide 4.01 as a
supplement to the cryopreservation of HSPCs from UCB. The engraftment activities of the stem

cells transplanted into mice were found to be enhanced when gluconamide 4.01 was used as a
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cryosupplement. This included increased levels of platelets found in mice periphery blood as
well as increased levels of human leukocyte chimerism and hematopoietic progenitors at the
“long-term” time point after transplantation. Finally, long-term HSPCs were also preserved with
the use of gluconamide 4.01. Taken together, these results clearly show the promise of using an
IRI for clinical applications. This work is significant as it marks the first time an IRI’s potential
has been investigated using in vivo methods, and this research, therefore, offers substantial
insight to the relevance of these IRIs at improving cryopreservation methods in general.

Finally, the last objective involved the design and analysis of photocontrollable
glyco(peptide)-functionalized IRIs through a collaboration with Dr. Wilkinson and colleagues.
This objective first involved the design of lipopeptides bearing peptide functionality similar to
that of the AFGPs. Macromolecules able to self-assemble in solution were then assessed. These
“AFGP-PBIs” were comprised of a perylene bisimide (PBI) core tethered to two AFGP-
glyco(peptides). Interestingly, the AFGP-PBIs were found to be IRI-active. Finally, the ability to
control a compound’s IRI activity using an external stimulus was investigated through the design
of photocontrollable glyco(peptide)-based surfactants. An azobenzene structure was used to
“switch” the physicochemical properties of the surfactants. Changing the properties of the
surfactants using UV-vis light resulted in altering the balance between the hydrophobicity and
hydrophilicity of IRIs, and thereby modulating the corresponding IRI activity. This novel proof-
of-concept approach to controllable IRI activity offers substantial ground for future IRI
applications.

Taken together, these results can lead to improved cryopreservation techniques for
cellular products for several reasons. First, the exploration of the structural features required for

IRI-active gluconamides presented herein offers new insight for the development of future IRIs.
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Second, the in vitro and in vivo properties of HSPCs from UCB were preserved and/or enhanced
using [RIs thereby confirming the clinical applicability of the IRI technology. And finally, the
development of novel glyco(peptide)-based macromolecules offers new approaches in the design
of AFGP analogues. Particularly, the IRI materials able to self-assemble in solution as well as
the photocontrollable IRI activity of the surfactants developed are truly innovative. These

discoveries will lead to novel uses for IRIs in clinical and industrial settings.

Future Work

The outcomes of the structure function studies presented in this thesis continue to
highlight that there is a need for both a hydrophobic and hydrophilic region in order for
gluconamides to be active inhibitors of ice recrystallization. Unfortunately, without knowing the
exact structural features required for activity of these small molecules, the ongoing development
of novel inhibitors remains laborious and often subject to trial-and-error. As shown throughout
Chapter 3 and Chapter 4, there is a clear need for the continued exploration of the chemical
space of gluconamide IRIs. Accordingly, further modifications to both the aryl and carbohydrate
regions should be examined with consideration into ways to improve the solubilities of the small
molecules in aqueous solutions. While some derivatives bearing charged species were considered
in Chapter 3 (the carboxylate analogues), other charged groups should be investigated. Next,
since a mannonamide derivative of N-(4-methoxyphenyl)-D-gluconamide was found to possess
enhanced IRI activity, further studies into other mannonamide IRIs (and other stereochemical
alterations) are warranted. Finally, studies that reveal additional mechanistic insights into the
way IRI-active aldonamides inhibit ice recrystallization would also be beneficial. For example,

investigation into the hill slopes of the IRIs may offer important insights.
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Further studies on the features of IRI-active aldonamides required for promising in vitro
properties would also be beneficial for the development of novel cryoprotectants. In addition to
the functional assays described in Chapter 4, metabolomic and/or metabonomic studies would
progress the understanding of cell physiology after incubation with an IRI as well as after
cryopreservation with the use of an IRI. Assessment of whether aldonamide-IRIs are being
internalized into cells during cryopreservation in conjunction with using cryomicroscopy to
visualize the potential IRI activity within cells would also offer insight into the mechanism by
which these small molecules may act as cryoprotectants. Furthermore, there were a number of
compounds presented in this thesis that warrant additional in vitro and potentially in vivo studies.
For instance, gluconamide 4.03 (the 2,6-difluorobenzyl derivative) showed promising in vitro
results despite the cryopreservation conditions not being fully optimized. Studying the
incorporation of plasma and investigating the ideal cell dose per 1 mL cryovolumes (when an IRI
is being utilized) are among the numerous optimization studies that would facilitate future work
with IRIs. Notably, UCB research is dependent on the availability and quality of units being
donated, and these factors resulted in limited sample sizes for some experiments. Therefore,
increasing the sample sizes (e.g. n = 3 and greater) for some of the cryoprotectant studies
discussed herein would be beneficial. Importantly, the in vivo study reported herein on the
outcomes of using an IRI as a cryosupplement marks the first time this has been investigated and
thereby offers a great baseline for future work. Subsequent IRI candidates that display promising
results in vitro and subsequently from the in vivo serial transplantation model can now be
compared back to this initial murine study with N-(2-fluorophenyl)-D-gluconamide

(gluconamide 4.01). Pharmacokinetic studies on the use of gluconamide 4.01 in animal models
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would also offer substantial insight into the outcome of using a gluconamide IRI for the storage
of cell products.

Chapter 5 reported the development of glyco(peptide)-based ice recrystallization
inhibitors with unique properties. With continued structure function work, the IRI-active AFGP-
PBIs could be envisioned as self-assembled IRIs that mitigate cryoinjury extracellularly (and
consequently avoid interaction of the aryl PBIs with DNA within the cell). Next, additional
investigation into the photocontrollable activity of azobenzene-functionalized IRIs offers novel
applications for ice recrystallization inhibitors. Under the right conditions, IRI photomodulation
could be used to provide thermal radiation during the warming phase of cryopreservation. This
would first involve investigation into the ability of azobenzene-based IRIs to undergo
photoisomerization at sub-zero temperatures (e.g. by subjecting cold samples to UV light
followed by analysis using the splat-cooling assay) in addition to overcoming the cytotoxicity of
the molecules. Investigation into how these IRIs may interact with the extracellular membrane of
cells and how photoisomerization may mitigate this activity is also of considerable interest.

Altogether, the results presented in this thesis as well as the corresponding subsequent
work will facilitate the future development of ice recrystallization inhibitors. Producing IRIs
with efficacy similar to the AFGPs (without the detrimental thermal hysteresis activity observed
with the AF(G)P class of biological antifreezes) can lead to reduced concentrations required for
the cryopreservation of umbilical cord blood thereby leading to more efficient procedures post-
thaw. This improvement of the post-thaw outcomes of cryopreserved stem cell grafts is essential
to improving the treatment of diseases using hematopoietic stem cell transplants. That said, IRI
technologies not only have tremendous value in improving the long-term storage of cellular

products but also in improving patient care of HSCT recipients.
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APPENDICES

Appendix I: Contributions to Original Research

1. Synthesis and IRI analysis of N-aryl-D-gluconamide derivatives presented in Chapter 3:
This includes full IRI characterization of N-(4-methoxyphenyl)-D-gluconamide 3.01 and
N-(2-fluorophenyl)-D-gluconamide 3.02. This also consists of the synthesis and IRI
analysis of N-(2-fluoro-4-methoxyphenyl)-D-gluconamide 3.38, N-(aminophenyl)-D-
gluconamides 3.39-3.41 and their derivatives 3.42-3.47, aldonamides 3.63-3.64, C6-
carboxylate derivatives 3.65-3.67 and the aldonamide mimics 3.68-3.74, and finally, the
C6-azido gluconamides 3.80-3.82. Studies of amino derivatives 3.39-3.47 were
conducted with honour’s student, Ms. Odile Pressoir. Summer student, Mr. Emiliyan
Staykov, assisted with azide derivatives 3.80-3.81.

2. The cytotoxicity of N-aryl-D-gluconamides 4.01-4.09 presented in Chapter 4.

3. The in vitro assessment of gluconamides 4.01-4.07 as cryoprotectants for UCB presented
in Chapter 4: This work was performed together with Dr. Jahan, Dr. Manesia, Ms.
Kausal, and Ms. Doxtator at the Canadian Blood Services. Specifically, most
cryopreservation studies were conducted by me while some were done together with Dr.
Jahan or Ms. Kausal. The CFC assays were conducted similarly. Dr. Manesia performed
most of the flow cytometry methodology and analysis with help from myself, Ms.
Kausal, and Ms. Doxtator.

4. The in vivo assessment of gluconamide 4.01 using a serial transplantation assay in a
murine model (Chapter 4): The cryopreservation and determination of in vitro properties
of units used for the in vivo analysis was conducted by myself, Dr. Jahan, and Dr.
Manesia; however, the in vivo work (and analysis) was performed by Dr. Jahan.

5. The IRI analysis, TH activity, cytotoxicity, and cryoprotectant studies on the
glyco(peptides) presented in Chapter 5 were mainly performed by me. The synthesis
was performed by the Wilkinson laboratory, while some of the IRI and TH assessment of

select analogues was performed by Dr. Jessica Poisson and Mr. Staykov.
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Appendix II: Thesis and Non-Thesis Related Publications and

Presentations

Publications and Presentations Relating to Thesis

Publications

l.

Jahan, S.; Adam, M. K.; Manesia, J. K.; Doxtator, E.; Ben, R. B.; Pineault, N. Inhibition
of Ice Recrystallization During Cryopreservation of Cord Blood Grafts Improves Platelet
Engraftment. Transfusion. 2020, 60, 769-778.

Adam, M. K.; Jarrett-Wilkins, C.; Beards, M.; Staykov, E.; MacFarlane, L. R.; Bell, T.
D. M.; Matthews, J. M.; Manners, 1.; Faul, C. F. J.; Moens, P. D. J.; Ben, R. N.;
Wilkinson, B. L. 1D Self-Assembly and Ice Recrystallization Inhibition Activity of
Antifreeze Glycopeptide-Functionalized Perylene Bisimides. Chem. Eur. J. 2018, 24(31),
7834-7839.

Adam, M. K.; Hu, Y.; Poisson, J.; Pottage, M.; Ben, R.; Wilkinson, B. L.
Photoswitchable Carbohydrate-Based Fluorosurfactants as Tuneable Ice Recrystallization
Inhibitors. Carbohydr. Res. 2017, 439, 1-8.

Adam, M. K.; Poisson, J. S.; Hu, Y.; Prasannakumar, G.; Pottage, M. J.; Ben, R. N_;
Wilkinson, B. L. Carbohydrate-Based Surfactants as Photocontrollable Inhibitors of Ice
Recrystallization. RSC Adv. 2016, 6, 39240.

Presentations

l.

Adam, M. K.; Jahan, S.; Charlton, T. A.; Manesia, J.; Pineault, N.; Ben, R. N. Impact of
N-Aryl-D-Gluconamide Cryoprotectants on Engraftment of Cryopreserved
Hematopoietic Stem and Progenitor Cells from Human Umbilical Cord Blood. Poster,
35th International Congress for the International Society of Blood Transfusion, Toronto,
ON, June 2018.

Adam, M. K.; Jahan, S.; Manesia, J.; Charlton, T. A.; Poisson, J. S.; Pineault, N.; Ben,
R. N. Ice Recrystallization Inhibitors to Facilitate Engraftment with Hematopoietic Stem
and Progenitor Cells from Human Umbilical Cord Blood. Poster, 3rd Annual GlycoNet
meeting, Banff, AB, May 2018.
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3. Adam, M. K.; Jahan, S.; Charlton, T. A.; Staykov, E.; Briard, J. G.; Pineault, N.; Ben, R.
N. Development of a Probe to Elucidate the Role of N-Aryl Aldonamides in the
Cryopreservation of Hematopoietic Stem and Progenitor Cells. Poster, 100th Canadian
Chemistry Conference and Exhibition, Toronto, ON, May 2017.

4. Adam, M. K.; Jahan, S.; Charlton, T. A.; Manesia, J.; Meyer, J. E.; Poisson, J. S.; Briard,
J. G.; Pineault, N.; Ben, R. N. Ice Recrystallization Inhibitors to Facilitate Engraftment
with Hematopoietic Stem and Progenitor Cells from Human Umbilical Cord Blood.
Poster, 2nd Annual GlycoNet meeting, Banff, AB, May 2017.

5. Adam, M. K.; Poisson, J. S.; Hu, Y.; Wilkinson, B. L.; Ben, R. N. Carbohydrate-Based
Surfactants as Photoswitchable Inhibitors of Ice Recrystallization. Poster presentation at
the 42nd Symposium in Organic Synthesis, University of Ottawa, Ottawa, ON, June 2016
and at CRYO2016, Ottawa, ON, July 2016.

Non-Thesis Related Publications

1. Diaz-Dussan, D.; Peng, Y.-Y.; Sengupta, J.; Zabludowski, R.; Adam, M. K.; Acker, J.
P.; Ben, R. N.; Kumar, P.; Narain, R. Trehalose-Based Polyethers for Cryopreservation
and Three-Dimensional Cell Scaffolds. Biomacromolecules. 2020, 21(3), 1264-1273.

2. Raju, R.; Merl, T.; Adam, M.; Staykov, E.; Ben, R.; Bryant, G.; Wilkinson, B. n-Octyl
(Thio)glycosides as Potential Cryoprotectants: Glass Transition Behaviour, Membrane
Permeability and Ice Recrystallization Inhibition Studies. Aust. J. Chem. 2019, 72, 637-
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3. Tri, D. L.; Childers, C. L.; Adam, M. K.; Ben, R. N.; Storey, K. B.; Biggar, K. K.
Characterization of Ice Recrystallization Inhibition Activity in the Novel Freeze-
Responsive Protein Fr10 From Freeze-Tolerant Wood Frogs, Rana sylvatica. J. Therm.
Biol. 2019, 84, 426-430.
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Ishihara, K.; Zeng, H.; Miura, Y.; Narain, R. Synthesis of Highly Biocompatible and
Temperature-Responsive Physical Gels for Cryopreservation and 3D Cell Culture. ACS
Appl. Bio Mater. 2018, 1(2), 356-366.
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Appendix III: Experimental Section

Data plotting and statistical analysis

Data figures were prepared using GraphPad Prism 7 software (La Jolla, California, USA;

www.graphpad.com). ICso values (e.g. for IRI activity) were determined by applying non-linear

regression to the data inputted in GraphPad. Statistical analysis of IRI data and in vitro cellular
studies was also performed using GraphPad Prism 7 software where ANOVA (and multiple
comparisons tests) was implemented (e.g. 95% confidence intervals). p values below 0.05 were
considered significant. Calculations regarding the dispersion of data (e.g. SEM or SD) were
performed in accordance with protocols routinely used in the Ben laboratory. Where applicable,
the standard error of the mean was utilized to quantify the precision of the mean obtained from
experiments.

Biostatistician Dr. Qi-Long Yi performed the statistical analyses for the in vivo
engraftment data presented in Chapter 4. This included the use of SAS/STAT 9.3 statistical
software (SAS Institute, Cary, North Carolina, USA; www.sas.com) and GraphPad Prism 7
software. The data were log-transformed ahead of analysis and p values equal to or less than 0.05
were considered significant. A mixed-model analysis was performed for comparing the dimethyl
sulfoxide control condition and the IRI condition. Donor random effects were modelled in order

to control for a possible clustering problem.!
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Experimental protocols for ice recrystallization inhibition determination and

thermal hysteresis analysis

Ice recrystallization inhibition (IRI) activity investigation by splat-cooling assay

The splat-cooling assay was used to assess ice recrystallization inhibition (IRI) activity
after a 30-minute annealing period (or 5-minute annealing) as previously described.>* Briefly, 10
uL of the analyte dissolved in phosphate-buffered saline (PBS) was dropped onto a polished
aluminum block cooled to -80 °C. By dropping the sample from a height of 2 metres, the droplet
was immediately frozen. With pre-cooled tools, the wafer was transferred to a coverslip
(Fisherbrand, 12-545-80) which was then placed in a cryostage kept at -6.4 °C using a
programmable Peltier unit (S3 Series 800 temperature controller, Alpha Omega Instruments).
The wafer was annealed for 30 minutes and then photographed between crossed polarizing filters
using a digital camera (Nikon CoolPix 5000) fitted to a microscope. Three images were chosen
from each wafer for further analysis. To compare the IRI activity between compounds, the
difference in the dynamics of ice crystal size distribution was examined using a novel domain
recognition software (DRS)22. The cross-sectional areas of randomly-selected ice crystals in
each of the three images analyzed per sample were calculated and the resulting mean grain size
(MGS) could then be determined. IRI activities of the samples are reported in this thesis as
percent mean grain size (% MGS) and compared to the % MGS of the positive control, PBS.
Error bars represent percent standard error of the mean (% SEM) as testing for was compound
was performed in triplicate. Samples were prepared on the day of testing unless otherwise

indicated.
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For samples annealed for five minutes (instead of the 30-minute period), one image is
chosen from each ice wafer and the full image is analyzed in ImageJ (Image Processing and
Analysis in Java, version 1.51s). Using Imagel, ice crystals with well-defined boundaries within
the image were circled, and the area of each circled ice crystal was calculated. From there, the
mean grain size can be calculated and compared to the MGS of the positive control, PBS. The

rest of the protocol is the same as that for the 30-minute annealing assay.

Ice recrystallization inhibition (IRI) activity investigation by modified splat-cooling assay

To quantify ice recrystallization inhibition (IRI) activity (and thereby obtaining an ICso
curve), a modified splat-cooling assay was employed.* A minimum of five concentrations are
investigated for each compound. The ice wafer was annealed for 5 minutes at -6.4 °C as
previously described for the splat-cooling assay. One image was selected from each wafer for
further analysis using ImagelJ software. Ice crystals with well-defined boundaries within the
selected image were circled in the software and the area of each circled ice crystal was
calculated. A binning approach based on ice crystal size was implemented in order to obtain an
initial rate (v) of ice recrystallization. Using Excel, the ice crystal areas were then sorted into
discrete bins based on size (bin size increases in increments of 0.001 mm?). As ice crystals grew
due to recrystallization, their resulting areas moved from bin 1 to higher bins. The proportionate
area of each bin was then calculated for each wafer by dividing the sum of areas within a bin by
the sum of the areas of all crystals in the image. Rates were determined for each test
concentration and normalized based on the rate determined for the PBS control (zero inhibitor
concentration). The generated dose-response curve was plotted in GraphPad using the

normalized rate constants, v,.m, for each inhibitor concentration and the corresponding log
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values of the concentration. A value for the half-maximal inhibition concentration (ICso) was

obtained from the two-parameter sigmoidal curve fit to the data. Error bars represent SEM.

Thermal hysteresis (TH) and dynamic ice shaping ability determined using nanoliter

osmometry

The thermal hysteresis (TH) activity and dynamic ice shaping (DIS) of compounds
investigated in this thesis were determined by nanoliter osmometry using a Clifton nanoliter
osmometer (Clifton Technical Physics, Hartford, NY) as described by Chakrabartty and Hew.> A
droplet of analyte dissolved in high purity deionized water was enclosed within an oil-filled well.
The sample was frozen and slowly thawed until a single ice crystal remained using a
thermoelectrically-controlled microscope stage. The morphology of the ice crystal was
monitored using a Leitz compound microscope equipped with an Olympus 20X (infinity-
corrected) objective, a Leitz Periplan 32X photo eyepiece, and a Hitachi KPM2U CCD camera

connected to a Toshiba MV13K1 TV/VCR system.

Figure Al. Ice crystal habits for IRIs discussed in Chapter 5. The IRIs were dissolved in water
where a) 10 mg/mL 5.03, b) 10 mg/mL 5.05, ¢) 10 mg/mL 5.06, d) 10 mg/mL 5.16, ¢) 10 mg/mL
5.19, 1) 0.5 mg/mL 5.21, g) H,O (reproduced with permission from reference 8).68
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Table A1. Maximum solubilities of select ice recrystallization inhibitors

Compound Solubility
Phosphate-buffered 10% DMSO (5% Minimum Essential
saline (PBS) dextran + 0.9% saline) Media (MEM)
3.01 (4.02) 40 mM
3.02 (4.01) 25 mM 25 mM
3.03 (4.04) 15 mM 10 mM
3.04 (4.03) 30 mM 40 mM
3.39 10 mM
3.40 12 mM
3.65 5 mM
3.66 20 mM
3.67 <1 mM
3.68 20 mM
3.69 20 mM
3.71 10 mM
3.73 10 mM
3.74 50 mM
3.80 (4.07) 15 mM
3.81 20 mM
3.82 1 mM
4.05 30 mM 30 mM
5.01 1 mM
5.04 5uM
5.07 5uM
5.08 5uM
5.09 5uM
5.10 1 mM
5.14 5.5 mM
5.15 11 mM
5.16 11 mM
5.17 1 mM
5.18 5.5 mM
5.19 11 mM
5.21 30 mM (RPMI-1640
media)
5.22 5 mM
5.23 (trans) 5 uM
5.26 (trans) 5 uM
5.29 (trans) 5 uM
5.30 (trans) 500 uM
5.32 (trans) 5 uM
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Experimental protocols for Biochemical Assays

Tf-1a cell culture, cryopreservation, and post-thaw analysis

Tf-1a cell culture

TF-1a cells (human bone marrow erythroblasts, ATCC CRL-2451) were cultured in
RPMI-1640 (ATCC, 30-2001) media supplemented with 1% penicillin-streptomycin (Fisher,
HyClone 100X solution, SV30010) and 10% fetal bovine serum (FBS, heat-inactivated) in 150
mm culture dishes (Corning, Falcon dish, 353025). Cells were incubated at 37 °C with 5% CO»
and the media was changed every two days. Briefly, suspended cells were transferred to a 50 mL
falcon tube and centrifuged at 1000 rpm for 5 minutes at room temperature. Following this, the
supernatant was removed, the pellet was re-suspended in media, and this was transferred to a
new culture dish with the addition of 20 mL of media. Cells were split if the cell count exceeded
5 x 10° cells per plate. Using a hemocytometer, the cell count was obtained by preparing a 1/8

dilution of the cell solution and using the dye, trypan blue (Sigma, T8154).

Tf-1a cryopreservation and post-cryopreservation flow cytometry analysis

The cultured cells were transferred to 50 mL falcon tubes and centrifuged at 1000 rpm for
5 minutes at room temperature. After supernatant removal, the pellets were re-suspended in
media, combined, and a cell count was obtained as described above. 2 x 10° cells were aliquoted
into each cryovial (Fisher, 12-567-501) and these were centrifuged at 1000 rpm for 5 minutes at
rt. Following this, the supernatants were removed, and 100 pL of the appropriate cryosolution
was added to each vial which was subsequently transferred to a “Mr. Frosty” freezing container.
The container was placed in a -80 °C freezer (-1 °C/min freezing rate) for 18 hours followed by

the transfer of the vials to a -196 °C storage dewar for a minimum of 12 hours prior to analysis.
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Cryovials were thawed under fast-thaw conditions (37 °C water bath) followed by the addition of
900 uL 1X Annexin V binding buffer (BD Biosciences, 556454) to each cryovial. The contents
were mixed and 400 pL of each vial was transferred to microcentrifuge tubes. 10 uL. 7-AAD (BD
Biosciences, 559925) and 10 uL. Annexin V FITC (BD Biosciences Annexin V FITC 556419)
were added, and the tubes were incubated in the dark for 15 minutes at room temperature. 20 pL
counting beads (Invitrogen Countbright, C36950) were added followed by the addition of 1X
Annexin V binding buffer to a total volume of 1 mL. The solutions were filtered into flow tubes
prior to flow cytometry. Flow cytometry was performed on a Beckman Coulter Gallios Flow
Cytometer using Kaluza for Gallios as software (version 1.3 and/or 1.5). Annexin V-FITC was
measured with a 518 nm optical filter (FL-1), while 7-AAD was measured with a 570 nm optical
filter (FL-4). Viability was determined as the amount of 7-AAD- cells detected and apoptosis
was determined as the amount of 7-AAD- cells that were also Annexin V FITC+. Bead counts
and total post-thaw cell counts were obtained for each sample. Cell recovery was calculated as
the concentration of cells post-thaw divided by the pre-freeze cell concentration. The time

between thawing and flow cytometry analysis was under 1 hour.

HepG2 cell culture and corresponding cytotoxicity protocols

HepG?2 cell culture

HepG2 cells (human hepatocellular carcinoma cells, ATCC, HB-8065) were cultured in
75c¢m? U-shaped flasks (Fisher, 07-202-000) with Minimum Essential Medium (Fisher, Gibco
MEM, 11095080 or Sigma, Eagle MEM, M4655) supplemented with 10% Fetal Bovine Serum
(FBS, heat-inactivated), 1% penicillin-streptomycin (Fisher, HyClone 100X solution, SV30010),

1% non-essential amino acids (Sigma, M7145), and 0.1% 1M sodium pyruvate and incubated at
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37 °C and 5% COa». The media was changed every two days. Once culture reached 80-85%
confluency, cells were washed with Gibco DPBS (without Ca and Mg, Fisher 14190136) and
Accutase (Sigma, A6964) was used to detach the cells. A cell count was obtained by

hemocytometer using Trypan Blue dye (Sigma, T8154).

MTT Assay with HepG2 cells

The protocol was performed as previously described.”!%!! Wells of a 96-well plate
(Costar, Fisher 0720090) were inoculated with 40,000 cultured HepG2 cells in MEM. The plate
was incubated overnight at 37 °C and 5% CO> and then centrifuged at 1000 rpm for 5 minutes,
the media aspirated, followed by the addition of 100 uL MEM supplemented with a test
compound to each well. Wells supplemented with MEM alone served as the positive control
while those supplemented with 1% Triton X-100 (Sigma, X100) in MEM served as the negative
controls. The plate was incubated overnight followed by centrifugation and supernatant
aspiration as described above. 200 uLL. MEM and 50 pL 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Invitrogen, M6494) in Hanks’ Balanced Salt Solution
(HBSS) were added. The plate was incubated for four hours at 37 °C and 5% CO: followed by
centrifugation for 3 minutes at 700 x g and supernatant aspiration. 200 uL of MTT solubilization
solution (0.1 N HCI and 10% Triton X-100 in isopropanol) was added and the plate was
incubated in the dark at room temperature until crystals had dissolved (1-3 hours). The
absorbance at 570 nm was recorded by a multi-well plate reader. (AD 340C Absorbance
Detector, Beckman Coulter, Inc., Mississauga, ON). Samples were performed in at least
triplicate. Percent cell viability of the test conditions are the absorbances reported relative to the

control absorbance readings.
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Resazurin assay with HepG?2 cells

Wells of a 96-well plate (Costar, Fisher 0720090) were inoculated with 10,000 cultured
HepG2 cells in MEM. The plate was incubated at 37 °C and 5% CO- overnight and then
centrifuged at 1000 rpm for 5 minutes. The media was aspirated followed by the addition of 100
uL MEM supplemented with/without test compound to appropriate wells. Wells containing no
cells and inoculated with MEM only served as blanks. Wells supplemented with cells and MEM
served as the positive control while those supplemented with 1% Triton X-100 (Sigma, X100) in
MEM served as the negative controls. In the dark, 30 pL 0.01% resazurin (Sigma, R7017) in
ddH>O was added to each well. The plate was incubated as described above until the
fluorescence was recorded 20-24 hours later by a SpectraMax Absorbance microplate reader,
using 570 nm as excitation and 585 nm as emission. Blank readings were subtracted from
readings. The metabolic activity present in the test conditions was reported relative to that of the

controls.
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Experimental protocols relating to human umbilical cord blood processing,

cryopreservation, and post-thaw analysis

Cryosolution preparation for hematopoietic stem and progenitor cell (HSPC)

cryopreservation

Cryosolutions were prepared with dimethyl sulfoxide (Bioreagent for molecular biology,
Sigma, D8418, Oakville, Ontario, Canada) diluted to the appropriate concentration with
autoclaved distilled water containing 0.9% saline and 5% w/v dextran (from Leuconostoc spp M:
~40,000, Sigma, 31389, Oakville, Ontario, Canada). Ice recrystallization inhibitors were
lyophilized prior to use using a Labconco FreeZone lyophilizer and dissolved in the appropriate
DMSO solutions. Cryosolutions were prepared on the day of umbilical cord blood processing
and cryopreservation. See Table A1 for a list of the known maximum solubilities of IRIs in the

cryosolution.

Umbilical cord blood (UCB) processing and HSPC cryopreservation

The processing of human umbilical cord blood (UCB) units to yield hematopoietic stem
and progenitor cells (HSPCs) was performed based on common practices at Canadian Blood
Services. All donors gave informed consent for the UCB donation used for research and
development. Cord blood was stored at room temperature and processed within 48 hours of
collection. The units had a total nucleated cell (TNC) count between 0.9 x 10° and 1.5 x 10° TNC
(with a minimum volume of 50 mL). To obtain the leukorich plasma, the whole UCB was

divided into 2-3 equal portions in conical tubes and mixed with Hespan (6% Hetastarch in 0.9%
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sodium chloride, B. Braun Medical Inc., Irvine, CA, USA) at a proportion of 167 pL/mL UCB.
The mixture was gently agitated and incubated at room temperature for 90 minutes. The resulting
buffy coat was collected and centrifuged at 1390 rpm (450 x g) for 10 minutes at 10 °C. The
resulting pellets were resuspended in 10 mL plasma and kept at 4 °C while a total nucleated cell
(TNC) count was performed using a pocH-1001 hematology analyzer (Sysmex Corporation,
Ontario, Canada). Cells were divided into conical tubes for each cryo-condition based on the
TNC count followed by centrifugation at 1390 rpm (450 x g) at 10 °C for 5 minutes. The
resulting pellets were resuspended in the appropriate cryosolution and transferred to cryovials
(VWR 2.0 mL cryotubes, 89092-262). Cryovials were transferred to a pre-cooled Mr. Frosty
freezing container (isopropanol-based device, Thermo Fisher Scientific) and placed in a -80 °C
freezer in order to achieve a freezing rate of -1 °C/min. The vials were transferred to the vapour-
phase of -196 °C storage the following day for long-term preservation. Cryovials contained a cell

concentration of 10 x 10° or 20 x 10° TNC in 1 mL of the appropriate cryosolution.

Post-thaw analysis of HSPCs

Thawing protocol for cryopreserved HSPCs

Thawing of cryovials containing 10 x 10° TNC/mL or 20 x 10® TNC/mL was performed
based on a stepwise thaw-and-dilute protocol optimized by Canadian Blood Services.!> The
cryovials were thawed in a 37 °C water bath followed by a five-fold dilution of the aliquot with a
solution consisting of 4% human albumin (Grifols Ltd, Barcelona, Spain) in PlasmaLyte-A
(Baxter, Deerfield, IL, USA). This involved a two-step process with a 15-minute equilibration
period at room temperature. These diluted samples were then centrifuged at 300 x g for 10

minutes at room temperature and the resulting pellets were resuspended in 2 mL of Iscove’s
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Modified Dulbecco’s Medium (Life Technologies) supplemented with 2% Fetal Bovine Serum
(HyClone, Thermo Fisher Scientific). A total nucleated cell (TNC) count was performed by a

hematology analyzer and this TNC count was used for further post-thaw analysis.

Post-thaw viability by flow cytometry analysis of HSPCs

A FACS-Attune flow cytometer (Thermo Fisher Scientific) was used to determine the
post-thaw viability (as well as the analysis of UCB cells, platelets, white blood cells, and bone
marrow preparations; see in vivo experimental section), where fluorescent-labelled microbeads
(Molecular Probes, Thermo Fisher Scientific) were utilized to carry out compensation. !
Specifically, a FMO control was generated by staining the appropriate sample with all
fluorochromes except the one best tested by that control sample. The analysis was performed by
Dr. Javed Manesia at the Canadian Blood Services (with experimental procedures often
conducted together with myself, Ms. Kausal, and/or Ms. Doxtator). Quadrants and gates were set
using fluorescent intensity minus one (FMO) stained samples as well as conducting analysis on
an unstained sample. Dead cells and debris were either gated out using a SYTOX AADvanced
Dead Cell Stain Kit (Life Technologies, Thermo Fisher S10274) and/or by forward and side
scatter. Based on the cell count after the thawing process, samples containing 1.25 x 10° cells
were placed in 15 mL tubes. Red blood cells present in samples were lysed using an ammonium
chloride solution (BD Biosciences; e.g. 2 mL for 1 x 10 TNC). The resulting samples were
centrifuged at 250 x g for 8 minutes before aspiration of the supernatant and subsequent
resuspension in 1X Annexin Binding Buffer (5X, Thermo Fisher Scientific V13246 diluted using
deionized water to 1X prior to use). Staining was performed with the appropriate antibodies:

CD34-PE (BD Biosciences PE mouse anti-human CD34, 555822), CD38-PECy-&, and CD45-
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allophycocyanine (APC) antibodies (BD Biosciences). The Annexin V Alexa 488 conjugate was
added to the samples as well as the diluted SYTOX AADvanced stain (diluted 10X with PBS +
2% FBS) following the manufacturer’s protocols. Samples were mixed and incubated in the dark
for 20 minutes (room temperature) prior to the addition of 1X annexin binding buffer. Samples
for were kept on ice until data acquisition (performed within the hour).

The gating, region placement, and plotting strategy for the cell viability analysis of cells
from UCB after cryopreservation is outlined below through analysis of an in vitro sample (e.g.
TNC, CD45, CD38, CD34+ based on guidelines set out by the International Society of
Hematotherapy and Graft Engineering, ISHAGE, unless indicated. Refer to: Sutherland, D. R.;
Anderson, L.; Keeney, M.; Nayar, R.; Chin-Yee, I. The ISHAGE Guidelines for CD34+ Cell
Determination by Flow Cytometry. J. Hematother. 1996, 5 (3), 213-226.). Apoptotic cells were

determined as SYTOX/Annexin V* while necrotic were designated as SYTOX".
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Post-thaw colony-forming cell (CFC) assay

The assay was performed following instructions by Stem Cell Technologies, Inc.!* No
RBC lysis was required before plating of CFU due to the cryopreserved nature of the cells. Using
the post-thaw TNC count, a 10X cell stock solution (e.g. 400,000 TNC/mL for 40,000
TNC/plating dose) for each condition was prepared in supplemented media (as described in
HSPC thawing protocol). 0.3 mL of the stock solution was added to pre-aliquoted 3 mL
methylcellulose medium (MethoCult, H4434 Classic, Stem Cell Technologies) for each testing
condition. The MethoCult cell mixture was vigorously mixed and let stand for 15 minutes prior
to plating in dishes. A sterile 16-gauge blunt-end needle (28110, Stem Cell Technologies)
attached to a sterile 3 mL luer lock syringe to draw up approximately 2.6 mL of the MethoCult-
cell mixture while ensuring the absence of bubbles. 1.1 mL of the mixture was then expelled into
35 mm culture dishes (27150, Stem Cell Technologies) and this was repeated for a total of two
culture dishes per condition. The dishes were tilted to evenly distribute the media. The two
culture dishes per condition were placed in a larger culture dish along with a 35 mm culture dish
without a lid containing sterile water. The lid was placed on the culture dish and all the dishes
were placed in the incubator for 14 days (37 °C, 5% COz with 97% humidity) prior to colony
visualization. Colony counting was performed on an Olympus CKX41-inverted phase-contrast
microscope (Olympus America) including the scoring of the following colonies: burst-forming
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unit-erythroid (BFU-E), granulocyte-macrophage (CFU-G, CFU-M, CFU-GM), and the
granulocyte, erythroid, macrophage, and megakaryocyte (CFU-GEMM) colonies. The CFC
assay was performed in duplicate for the post-thaw analysis of UCB TNCs as well as murine BM

samples (40,000 — 50,000 cells per plate).

Experimental protocols for investigating the in vivo activity of cord blood

grafts: UCB transplantation in NSG mice and human engraftment analysis

Experiments (approved by the Animal Care Committee, University of Ottawa) were
performed following the standards set out by the Animal for Research Act and the Canadian
Council on Animal Care. Before transplantation, TNCs were thawed following the protocol
described above and were then incubated with the OKT-3 antibody at 4 °C for 20 minutes (1 x
10® TNC with 1 uL of 1 mg/mL OKT-3 solution from BioXCell). The serial transplantation
assay using NOD.Cg-Prkdc*“ 112rg™"1"/Sz] mice (NSG mice, Jackson Laboratory) was
performed by collaborator, Dr. Suria Jahan.! A Gammacell 40 Exactor irradiator (300 ¢cGy '*’Cs,
Best Thetratonics) was used to irradiate eight-to-ten-week old mice before intravenous
transplantation of TNCs. Transplant groups (dimethyl sulfoxide condition vs dimethyl sulfoxide
+ gluconamide 4.01 condition) were both age- and sex-matched. There were five primary mouse
recipients for both experimental groups and this was performed for each UCB unit (n = 4 units).
Human engraftment analysis was performed by flow cytometry and colony-forming assay at 4
weeks post-transplant (short-term), < 12 weeks, and < 16 weeks post-transplant (long-term).
Bone marrow analysis was performed after 16-weeks post-transplant, at which point a set of
secondary mouse recipients were intravenously transplanted with 85% of the bone marrow
collected from mice from the primary transplant. The secondary transplantation experiment was
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performed in triplicate with 3-4 mice for each experimental group (and all groups were age- and
sex-matched).

Human engraftment analysis involved a two-step protocol."!# First, the murine platelet
concentration at a time point was determined by staining diluted blood with rat anti-mCD41-
fluorescein isothiocyanate (FITC). Secondly, the human platelet concentration and the murine
platelet concentration was determined by staining plasma (platelet-rich with 400,000 total
platelet events acquired) with antibodies specific to each species (e.g. hCD41-APC or mCD41-
FITC, Becton Dickinson Pharmingen). Human white blood cell populations (myeloid using
CD450APC/CD33-PE and lymphoid using CD45-APC-CD19-PE) were determined using the
plasma-poor fraction. To analyze the bone marrow engraftment, bone marrow cells were
obtained from the hind legs of the mice and analyzed by flow cytometry as described above (e.g.
with ammonium chloride red blood cell lysis and subsequent staining protocol). As stated in the
experimental section of the corresponding publication, the following antibodies were used for
analysis: CD19-phycoerythrin (PE), CD14-PE, CD45-APC, CD33-PE, CD34-PE, CD3-APC

human CD41a (GPIIb)-FITC, CD56-PE, CD45-FITC (Becton Dickinson Pharmingen).!
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General Experimental for Chemical Synthesis

General experimental protocols

The synthesis and characterization data presented herein are for compounds in Chapter
3-4; compounds in Chapter 5 were developed in the Wilkinson laboratory and the synthetic
details can be found in the relevant publications.®® Chemical reagents were purchased from
commercial sources and used without further purification unless indicated. Reactions were
monitored by analytical thin-layer chromatography (TLC) on 0.2 mm pre-coated silica gel
aluminum sheets cut to size (60 F2s4, E. Merck), and visualized using ultra-violet light (254 nm)
along with the indicated staining methods. Flash chromatography was performed using SiliCycle
(QC) or E. Merck silica gel 60 (230-400 mesh). Anhydrous conditions (under inert atmosphere,
argon at 1 atm) involved the use of oven-dried syringes/cannulae for the transfer of air-sensitive
materials, and solvents dispensed from a benchtop solvent purifier (SPBT-1, LC Technology
Solutions Inc, Salisbury, MA) or purchased and stored over activated 4A molecular sieves.

Nuclear magnetic resonance (NMR) spectroscopy was performed on Bruker Avance 300
and 400 MHz (Bruker, Madison, WI) instruments at ambient temperature. NMR solvents used
for analysis included deuterated water (D»0), chloroform (CDCl3), methanol (MeOD), and
dimethyl sulfoxide (DMSO-ds). Spectral data were reported in chemical shifts (ppm) and
referenced using residual solvent peaks. Splitting patterns observed include: singlet (s), doublet
(d), triplet (t), quartet (q), multiplet (m), broad (br), doublet of doublets, (dd), doublet of doublet
of doublets (ddd), doublet of doublet of doublet of doublets (dddd), and triplet of triplets (tt).
Low resolution mass spectrometry (LRMS) was performed on a Micromass Q-TOF mass
spectrometer (Waters Corporation, Milford, MA) in positive electrospray ionization mode (ESI+)

at the John L. Holmes Mass Spectrometry Facility (University of Ottawa).

270



Synthesis and characterization data for chemical compounds

Svynthesis of compounds 3.01-3.04 and 3.38:

R
WNHZ
OH Pz =
HO'&& R Il K OH OH
"o ° e
No A)ACOH, 100 °C OH

n z
or (0] OH OH

B) MeOH, reflux
Scheme A1. The general one-step synthesis of compounds 3.01-3.04 and 3.38.

Compound 3.01 (= 4.02) — N-(4-methoxyphenyl)-D-gluconamide
! OH OH
Q Y oH
HaCO O OH OH
The synthesis of N-(4-methoxyphenyl)-D-gluconamide was adapted from that previously
described.!>! p-Anisidine was purified prior to the reaction by recrystallization in dHO.!” p-
Anisidine (1.532 g, 12.44 mmol) was added to a stirring suspension of D-(+)-gluconic acid d-
lactone (2.001 g, 11.23 mmol) in methanol (112 mL). The mixture was refluxed overnight before
being cooled to RT and the solvent removed in vacuo. The crude product was recrystallized
twice from boiling 99% ethanol to yield a white solid (1.997 g, 59 %). "TH NMR (400 MHz,
DMSO-ds): 6 9.39 (s, 1H), 7.61 (ddd, /= 10.3, 3.4, 3.4 Hz, 2H), 6.87 (ddd, /= 10.3, 3.4, 3.4 Hz,
2H), 5.63 (d, J=5.2 Hz, 1H), 4.57 (d, /= 5.3 Hz, 1H), 4.53 (d,/=5.7 Hz, 1H), 4.51 (d,J="7.1
Hz, 1H), 4.35 (dd, J=5.7,5.7 Hz, 1H), 4.14 (dd, /= 5.2, 3.8 Hz, 1H), 4.00 (ddd, /="7.1, 3.7, 2.1
Hz, 1H), 3.72 (s, 3H), 3.59 (ddd, /= 10.9, 5.7, 2.6 Hz, 1H), 3.54-3.48 (m, 2H), 3.39 (ddd, J =
10.9, 5.5, 5.5 Hz, 1H) ppm. 3C NMR (101 MHz, DMSO-dp) : § 171.0, 155.3, 131.7, 121.1,
113.7,74.1,72.3,71.5, 70.3, 63.3, 55.1 ppm. LRMS (ESI): m/z calculated for C13H19NO7

[M+Na]": 324.1; found: 324.0.
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Compound 3.02 (= 4.01) — N-(2-fluorophenyl)-D-gluconamide

F - OH OH

O OH OH

The synthesis of N-(2-fluorophenyl)-D-gluconamide was adapted from that previously
described.'>'¢ 2-Fluoroaniline (3.2 mL, 33 mmol) was added to a stirring suspension of D-(+)-
gluconic acid o-lactone (2.00 g, 11.2 mmol) in glacial acetic acid (20 mL). The mixture was
stirred at 100 °C for 2.5 hours before being cooled to room temperature (TLC analysis: 8:2 ethyl
acetate:methanol as solvent system with product Ry of 0.25). After solvent removal, the resulting
brown crude product was recrystallized twice from minimal boiling 99% ethanol to yield white
crystalline solid (1.51 g, 47%). "TH NMR (400 MHz, DMSO-dc): 6 9.20 (d, J = 2.2 Hz, 1H), 8.13
(ddd,J=7.9,7.9,2.0 Hz, 1H), 7.28 (ddd, /=113, 7.7, 1.8 Hz, 1H), 7.17 (dddd, J= 7.6, 7.6, 7.6,
1.7 Hz, 1H), 7.13 (dddd, /= 7.7, 7.7, 5.0, 1.9 Hz, 1H), 5.94 (d, /= 4.8 Hz, 1H), 4.66 (d, /=7.4
Hz, 1H), 4.62 (d, J= 5.4 Hz, 1H), 4.60 (d, J= 5.8 Hz, 1H), 4.37 (dd, J=5.7, 5.7 Hz, 1H), 4.24
(dd, J=5.0,3.3 Hz, 1H), 4.03 (ddd, J=7.3, 3.0, 3.0 Hz, 1H), 3.62 — 3.48 (m, 3H), 3.40 (ddd, J =
11.1,5.7,5.7 Hz, 1H) ppm. 3C NMR (101 MHz, DMSO-d): 6 171.5, 152.7 (d, Jc.r = 243.2
Hz), 125.9 (d, Jcr = 10.7 Hz), 124.7 (d, Jcr = 7.6 Hz), 124.5 (d, Jc.r = 3.4 Hz), 122.0, 115.2 (d,
Jcr=19.2 Hz), 73.9, 72.2, 71.6, 70.2, 63.3 ppm. LRMS (ESI): m/z calculated for Ci12H16FNOs

[M+Na]": 312.1; found: 311.9.
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Compound 3.03 (= 4.04) — N-(4-chlorophenyl)-D-gluconamide
H (?H (?H
O Y oH
cl O OH OH
The synthesis of N-(4-chlorophenyl)-D-gluconamide was adapted from that previously
described.'>!¢ 4-Chloroaniline (3.596 g, 28.19 mmol) was added to a stirring suspension of D-
(+)-gluconic acid é-lactone (5.004 g, 28.09 mmol) in glacial acetic acid (125 mL). The mixture
was stirred at 100 °C for 2 hours before being cooled to room temperature. After solvent
removal, the crude product was recrystallized from minimal boiling 99% ethanol to yield white
crystalline solid (4.305 g, 50%). "TH NMR (400 MHz, DMSO-ds): § 9.70 (s, 1H), 7.77 (ddd, J =
9.9,3.1, 3.1 Hz, 2H), 7.35 (ddd, /= 10.0, 3.1, 3.1 Hz, 2H), 5.70 (d, /= 5.2 Hz, 1H), 4.58 (d, J =
5.2 Hz, 1H), 4.54 (d, /= 5.6 Hz, 1H), 4.54 (d, J= 7.1 Hz, 1H), 4.35 (dd, /= 5.7, 5.7 Hz, 1H),
4.18 (dd, J=5.2,3.7 Hz, 1H), 4.01 (ddd, J=17.1, 3.7, 2.2 Hz, 1H), 3.59 (ddd, /= 10.9, 5.7, 2.7
Hz, 1H), 3.54 — 3.47 (m, 2H), 3.39 (ddd, J = 10.9, 5.6, 5.6 Hz, 1H) ppm. 3C NMR (101 MHz,
DMSO-d6): 6 171.8, 137.6, 128.4, 126.9, 121.2,74.2,72.2, 71.5, 70.3, 63.3 ppm. LRMS (ESI):

m/z calculated for C12H1sCINOg [M+Na]": 328.1; found: 328.0.

Compound 3.04 (= 4.03) — N-(2,6-difluorobenzyl)-D-gluconamide

F
g oo

F 0] 6H OH
Gluconamide 3.04 was synthesized as previously reported.'>'® "TH NMR (400 MHz, DMSO-dp):

§7.86 (t,J=5.7 Hz, 1H), 7.38 (tt, J = 8.5, 6.7 Hz, 1H), 7.11 — 7.03 (m, 2H), 5.35 (d, /= 5.4 Hz,
1H), 4.52 (d, J= 5.1 Hz, 1H), 4.47 — 4.42 (m, 1H), 4.44 (d, J= 5.5 Hz, 1H), 4.39 (d, J=7.2 Hz,

1H), 4.36 — 4.26 (m, 2H), 4.00 (dd, J = 5.4, 3.8 Hz, 1H), 3.89 (ddd, J=7.1, 3.7, 2.2 Hz, 1H),
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3.56 (ddd, J=11.1, 5.7, 2.8 Hz, 1H), 3.49 — 3.42 (m, 2H), 3.35 (ddd, /= 11.1, 5.7, 5.7 Hz, 1H)
ppm. 3C NMR (101 MHz, DMSO-ds): & 172.2, 161.0 (dd, Jcr = 247.4, 8.2 Hz), 129.8 (t, Jor =
10.6 Hz), 114.2 (t, Jcr = 19.2 Hz), 111.5 (dd, Jc.r = 18.7, 6.5 Hz), 73.5, 72.3, 71.5, 70.1, 63.4,
30.4 (t, Joor = 3.7 Hz) ppm. LRMS (ESI): m/z calculated for C13H17F2NOs [M+Na]": 344.1;

found: 343.9.

Compound 3.38 (= 4.05) — N-(2-fluoro-4-methoxyphenyl)-D-gluconamide
F ! OH OH

H,CO O OH OH
D-(+)-gluconic acid o-lactone (2.85 g, 16.0 mmol) and 2-fluoro-4-methoxyaniline (4.26 g, 30.2
mmol) were suspended in glacial acetic acid (56 mL). The mixture was stirred at 100 °C for 1.5
hours before being cooled to room temperature. Hexanes was added and the mixture was placed
in the freezer to promote precipitation. The crude product was filtered and the resulting solid was
recrystallized first from minimum boiling 99% ethanol and a second recrystallization from
minimum boiling dH>O to yield a white solid (2.30 g, 45% yield). '"H NMR (400 MHz, DMSO-
de): 0 9.07 (s, 1H), 7.84 (dd, J=9.1, 9.1 Hz, 1H), 6.92 (dd, J=12.7, 2.7 Hz, 1H), 6.77 (dd, J =
8.8, 1.7 Hz, 1H), 5.84 (d, J=4.2 Hz, 1H), 4.61 (d, /= 6.1 Hz, 2H), 4.58 (d, /=4.9 Hz, 1H), 4.38
(dd, J=5.7,5.7 Hz, 1H), 4.20 (dd, J = 3.6, 3.6 Hz, 1H), 4.01 (ddd, J = 6.4, 3.4, 3.4 Hz, 1H), 3.75
(s, 3H), 3.62 — 3.57 (m, 1H), 3.55 — 3.49 (m, 2H), 3.39 (ddd, J = 10.6, 5.1, 5.1 Hz, 1H) ppm. 13C
NMR (101 MHz, DMSO-de): & 171.3, 156.6 (d, Jcr = 9.6 Hz), 154.0 (d, Jc.r = 242.9 Hz), 124.0
(d, Jcr =2.9 Hz), 118.6 (d, Jc.r = 11.7 Hz), 109.7 (d, Jc.r = 3.1 Hz), 101.7 (d, Jcr = 23.1 Hz),
73.9,72.3,71.6,70.2, 63.3, 55.7 ppm. LRMS (ESI): m/z calculated for C13HisFNO7 [M+Na]":

342.1; found: 342.2.
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Svnthesis of compounds 3.39-3.44 through intermediates 3.50-3.59:

Boc
—
A( (o) NHy  3.50: ortho-
3.51: ta-
OH o4 N, 352 para. 4 OH OH
H% 2 HN N A~ 3.53: para-, 41%
BocHN-L M\OH = b

HO "0 " iridine, 60 °C, 24 h ' J O OH OH
3.36

H (;)H C;)H 3.39: ortho-

3.40: meta-

X

H2N—: MOH 341: para-
= O OH OH

Scheme A2. Attempted synthesis of compounds 3.39-3.41 using Boc protecting groups.

Compounds 3.50-3.52

ortho- derivative 3.50: To a flame-dried flask under argon, was added 1,2-phenylenediamine

(7.996 g, 73.94 mmol) and dioxane (144 mL) to dissolve.'® The solution was cooled to 0 °C in an
ice-water bath followed by the slow addition of Boc,O (3.283 g, 15.04 mmol) pre-dissolved in
dioxane (16 mL). The mixture was allowed to warm to room temperature and stir for 22 hours.
The solvent was removed and the crude solid was dissolved in 9:1 DCM:MeOH and washed
with saturated aqueous NaHCO3, H>O, and brine. The organic layer was dried over Na>SQOs,
filtered, and concentrated. The resulting crude solid was purified by flash chromatography in 8:2
pet. ether:EtOAc to yield a white product (2.976 g, 96%). '"H NMR (400 MHz, DMSO-d): &
8.28 (brs, 1H), 7.18 (d, /= 7.6 Hz, 1H), 6.83 (ddd, J = 8.0, 7.6, 1.6 Hz, 1H), 6.68 (dd, J = 8.0,
1.6 Hz, 1H), 6.52 (ddd, J = 8.0, 8.0, 1.6 Hz, 1H), 4.81 (s, 2H), 1.46 (s, 9H) ppm. 3C NMR (101
MHz, DMSO-ds): 6 153.6, 141.2, 124.9, 124.5, 123.7, 116.2, 115.7, 78.6, 28.2 ppm. LRMS

(ESI): m/z calculated for Ci1HisN2O> [M+Na]*: 231.1; found: 231.1.
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meta- derivative 3.51: To a flame-dried flask under argon, was added 1,2-phenylenediamine
(7.997 g, 73.95 mmol) and dioxane (144 mL) to dissolve.'® The solution was cooled to 0 °C in an
ice-water bath followed by the slow addition of Boc,O (3.300 g, 15.12 mmol) pre-dissolved in
dioxane (16 mL). The mixture was allowed to warm to room temperature and stir for 22 hours.
The solvent was removed and the crude solid was dissolved in 9:1 DCM:MeOH and washed
with saturated aqueous NaHCO3, H>O, and brine. The organic layer was dried over Na>SOs,
filtered, and concentrated. The resulting crude solid was purified by flash chromatography in 8:2
pet. ether:EtOAc to yield a white product (2.640 g, 86%). "TH NMR (400 MHz, DMSO-d): &
8.98 (s, 1H), 6.84 (dd, J = 8.0, 8.0 Hz, 1H), 6.81 (dd, J=2.0, 2.0 Hz, 1H), 6.53 (ddd, J = 8.0, 2.0,
0.8 Hz, 1H), 6.16 (ddd, J = 8.0, 2.0, 0.8 Hz, 1H), 4.95 (s, 2H), 1.45 (s, 9H) ppm. 3C NMR (101
MHz, DMSO-ds): 6 152.7, 148.9, 140.0, 128.7, 108.2, 106.3, 103.9, 78.5, 28.2 ppm. LRMS

(ESI): m/z calculated for C11HisN2O> [M+Na]*: 231.1; found: 231.1.

para- derivative 3.52: To a flame-dried flask under argon, was added 1,4-phenylenediamine

(10.015 g, 92.61 mmol) and dioxane (180 mL) to dissolve.'® The solution was cooled to 0 °C in
an ice-water bath followed by the slow addition of Boc2O (4.083 g, 18.71 mmol) pre-dissolved in
dioxane (20 mL). The mixture was allowed to warm to room temperature and stir for 24 hours.
The solvent was removed and the crude solid was dissolved in 9:1 DCM:MeOH and washed
with saturated aqueous NaHCO3, H>O, and brine. The organic layer was dried over Na>SQOs,
filtered, and concentrated. The resulting crude solid was purified by flash chromatography in 6:4
pet. ether:EtOAc to yield an off-white product (3.316 g, 86%). '"H NMR (400 MHz, MeOD): §
7.10 (d, J = 8.0 Hz, 2H (Ar)), 6.69-6.66 (m, 2H (Ar)), 1.49 (s, 9H, Boc group). *C NMR (101
MHz, DMSO-ds): 6 153.1, 143.9, 128.5, 120.2, 113.9, 78.1, 28.2 ppm. LRMS (ESI): m/z

calculated for C11H16N2O> [M+Na]*: 231.1; found: 231.0.
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Compound 3.53
! OH OH

BocHN O OH OH
In a flame-dried flask under argon, the aryl amine (boc protected) (0.505 g, 2.42 mmol) was
dissolved in pyridine (19 mL). Gluconic acid é-lactone (0.332 g, 1.86 mmol) was then added and
the reaction was stirred for 24 hours at 60 °C (TLC system: 8:2 EtOAc:MeOH, UV and pA stain
for visualization). The solvent was then removed and the resulting crude product was
recrystallized from 99% ethanol to yield white product (0.299 g, 41%). '"H NMR (400 MHz,
DMSO-de): 6 9.38 (s, 1H), 9.23 (br s, 1H), 7.57 (ddd, J= 8.8, 1.6, 1.6 Hz, 2H), 7.35 (d, J= 8.8
Hz, 2H), 5.64 (d, J = 5.6 Hz, 1H), 4.57 (d, J=5.2 Hz, 1H), 4.53 (d,/J=5.2 Hz, 1H), 4.51 (d, J =
6.8 Hz, 1H), 4.34 (dd, /= 5.6, 5.6 Hz, 1H), 4.14 (dd, J= 5.2, 3.6 Hz, 1H), 4.01-3.98 (m, 1H),
3.63-3.56 (m, 1H), 3.53-3.49 (m, 2H), 3.45-3.36 (m, 1H), 1.47 (s, 9H) ppm. *C NMR (101
MHz, DMSO-ds): 6 171.0, 152.8, 135.1, 133.0, 119.9, 118.3, 78.8, 74.1, 72.3, 71.5, 70.3, 63.3,

28.1 ppm. LRMS (ESI): m/z calculated for C17H26N20g [M+Na]": 409.2; found: 409.1.
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OH

o
ITANS
cl NH, OH OH

HO O H = =
3.36 N - :
© 10% AcOH ( CbzHN ij " pyridine  CbzHN (j/ YO Y oH
% AcC (aq) T pyriaine o A
Dioxane = 60 °C, 24 h = O OH OH

3.54: ortho- 12h 3.57: ortho-, 15% 3.42: ortho-, 7%
3.55: meta- 3.58: meta-, 38% 3.43: meta-,41%
3.56: para- 3.59: para-,53% 3.44: para-, 55%

Pd(OAc), (5 mol%)
charcoal (90 wt% / Pd(OAc),)
H, (1 atm), MeOH

4h
H ©H OH
Overall yields: ©/ N MOH
3.39: ortho-, 1% HoN-- :
340: meta-,15% | -~ O OH OH
34L: para-, 28% 3.39: ortho-, 92%

3.40: meta-,97%
3.41: para-,95%

Scheme A3: Synthesis of compounds 3.39-3.44."°

Compounds 3.57-3.59

0]

C?HTOQ

ortho- intermediate 3.57:

To a solution of benzyl chloroformate (0.70 mL, 4.9 mmol) dissolved in 1,4-dioxane (40.7 mL)
was added a solution of o-phenylenediamine (2.686 g, 24.83 mmol) in 10% aqueous acetic acid
(214 mL).">2% The reaction mixture was allowed to stir at room temperature overnight before
washing the solution with Et2O (3x). A solution of 2N NaOH was added until pH 14 was
achieved. After extracting the mixture with Et;O (3x), the solution was concentrated in vacuo.
The crude product was purified by flash chromatography (20%, then 30% EtOAc:Hexane) to
yield a light orange solid (0.19 g, 15%). '"H NMR (400 MHz, CDCls): 6 9.72 (s, 1H), 7.78 (dd, J
=7.60 Hz, 1.56 Hz, 1H), 7.53 (dd, ] = 6.60 Hz, 1.56 Hz, 2H), 7.42 to 7.34 (m, 3H), 7.16 (ddd, J
=7.60 Hz, 7.60 Hz, 1.12 Hz, 1H), 7.10 (ddd, J = 7.80 Hz, 7.80 Hz, 1.2 Hz, 2H), 5.51 (s, 2H)

ppm. 3C NMR (101 MHz, CDCl3): § 150.30, 134.75, 128.73, 128.69, 128.40, 127.69, 126.81,
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124.50, 122.48, 114.72, 109.72, 69.00, 30.93, 29.70 ppm. LRMS (ESI): m/z calculated for

Ci14H1aN20, [M+Na]™: 265.1; found: 265.0.

H
meta- intermediate 3.58: ©

The synthesis was adapted from previously reported (see compound 3.57).!%2° To benzyl

chloroformate (0.70 mL, 4.97 mmol) dissolved in 1,4-dioxane (40.5 mL) was added m-
phenylenediamine (2.689 g, 24.86 mmol) in 10% aq. acetic acid (213 mL). The crude product
was purified by flash chromatography (25% then 30% EtOAc:Hexane) to obtain a white solid
(0.45 g, 38%). 'TH NMR (400 MHz, MeOD): § 7.42 to 7.28 (m, 5H), 7.00 (t, J = 8.00 Hz, 1H),
6.94 (t,J =2.16 Hz, 1H), 6.73 (dddd, J =2.76 Hz, 1.88 Hz, 0.72 Hz, 1H), 6.44 (dddd, J = 3.08
Hz, 2.16 Hz, 0.96 Hz, 1H), 5.15 (s, 2H) ppm. '3C NMR (101 MHz, MeOD): § 154.37, 147.48,
139.47, 136.80, 128.96, 128.09, 127.65, 127.52, 110.38, 108.90, 105.93, 65.99 ppm. LRMS
(ESI): m/z calculated for Ci14H14N2O2 [M+Na]™: 265.1; found: 265.1.

AT T

The synthesis was adapted from previously reported (see compound 3.57).!%2° To benzyl

para- intermediate 3.59:

chloroformate (1.30 mL, 9.22 mmol) dissolved in 1,4-dioxane (75.58 mL) and p-
phenylenediamine (4.986 g, 46.09 mmol) in 10% aq. acetic acid (398 mL). The crude product
was purified by flash chromatography (50% EtOAc:Hexane) to obtain a brown solid (1.1797 g,
53%). 'TH NMR (400 MHz, MeOD): § 7.39 to 7.26 (m, 5H), 7.14 (d, J = 7.80 Hz, 2H), 6.68
(dddd, J = 9.72 Hz, 3.04 Hz, 3.04 Hz, 2H), 5.13 (s, 2H) ppm. 3*C NMR (101 MHz, MeOD): §
155.02, 143.18, 136.88, 129.71, 128.08, 127.61, 127.48, 120.71, 115.61, 65.98 ppm. LRMS
(ESI): m/z calculated for Ci14H14N2O2 [M+Na]™: 265.1; found: 265.0.
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COIIIpOllIldS 3.42-3.44
H (:)H (:)H
N - -

X \H/\-/\‘/\OH
b B
CozHN @ O OH OH

3.42: ortho-, 7%
3.43: meta-,41%
3.44: para-,55%

ortho- intermediate 3.42: In a flame-dried flask under argon, D-gluconolactone (0.484

g, 2.70 mmol) was added to a solution of compound 3.57 (0.722 g, 2.98 mmol) dissolved in dry
pyridine (27 mL)."” The reaction mixture was stirred at 60 °C for 24h before solvent was
removed in vacuo. The product was recrystallized in ethanol 99% to yield a beige solid (75.7 mg,
7%). "TH NMR (400 MHz, DMSO-d¢): § 9.37 (s, 1H), 9.12 (s, 1H), 7.77 (d, J = 6.56 Hz, 1H),
7.44 to 7.38 (m, 5H), 7.36 to 7.32 (m, 1H), 7.15 (dddd, 2H), 5.83 (d, J =4.76 Hz, 1H), 5.15 (s,
2H), 4.63 (d, J =2.08 Hz, 2H), 4.63 (s, 1H), 4.39 (t, ] = 5.60 Hz, 1H), 4.21 (t, J = 3.88 Hz, 1H),
4.05 (ddd, J = 6.52 Hz, 2.96 Hz, 2.96 Hz, 1H), 3.63 to 3.56 (m 2H), 3.54 to 3.55 (m, 1H), 3.41
(ddd, J=10.96 Hz, 5.56 Hz, 5.56 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-d¢): & 172.25,
154.80, 137.01, 128.91, 128.44, 128.39, 125.47, 125.22, 124.37, 74.25, 72.58, 72.01, 70.78,

66.56, 63.82 ppm. LRMS (ESI): m/z calculated for C20H24N2Og [M+Na]": 443.1; found: 443.3.

meta- intermediate 3.43: The protocol followed that of compound 3.42. Compound 3.58 (0.397

g, 1.64 mmol) dissolved in dry pyridine (15 mL) to yield crude product recrystallized as
previously described (0.265 g, 41%).'"° 'TH NMR (400 MHz, DMSO-ds): 8 9.76 (s, 1H), 9.44 (s,
1H), 7.86 (dd, J = 2.00 Hz, 2.00 Hz, 1H), 7.43 to 7.37 (m, 4H), 7.35 to 7.30 (m, 2H), 7.17 (dd, J
=8.04 Hz, 8.04 Hz, 1H), 7.13 (ddd, J = 12.24 Hz, 4.12 Hz, 4.12 Hz, 1H), 5.64 (d, ] = 5.44 Hz,
1H), 5.13 (s, 2H), 4.58 (d, ] = 5.00 Hz, 1H), 4.54 (s, 1H), 4.52 (d, ] =4.48 Hz, 1H), 4.35 (dd, J =
5.68 Hz, 5.68 Hz, 1H), 4.16 (dd, J = 5.32 Hz, 3.84 Hz, 1H), 4.00 to 3.97 (m, 1H), 3.58 (ddd, J =

10.84 Hz, 5.72 Hz, 2.24 Hz, 1H), 3.50 (dd, J = 2.52 Hz, 2.52 Hz, 2H), 3.39 (dd, J = 10.88 Hz,
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5.52 Hz, 1H) ppm. 3C NMR (101 MHz, DMSO-ds): 8 171.79, 153.78, 139.76, 139.30, 137.14,
129.24, 128.90, 128.50, 128.47, 114.41, 114.06, 110.18, 74.69, 72.76, 72.00, 70.77, 66.11, 63.77

ppm. LRMS (ESI): m/z calculated for C20H24N2Og [M+Na]*: 443.1; found: 443.2.

para- intermediate 3.44: The protocol was that used for compound 3.42. D-gluconolactone

(0.669 g, 3.75 mmol) was added to a solution of compound 3.59 (0.999 g, 4.13 mmol) dissolved
in dry pyridine (38 mL) .!? Purified as previously described yielded a white solid (0.875 g, 55%).
TH NMR (400 MHz, DMSO-ds): 6 9.68 (s, 1H), 9.42 (s, 1H), 7.60 (d, J = 8.92 Hz, 2H), 7.44 to
7.32 (m, 7H), 5.65 (d, J = 5.20 Hz, 1H), 5.13 (s, 2H), 4.58 (d, ] =4.92 Hz, 1H), 4.53 (d, ] =4.00
Hz, 1H), 4.51 (s, 1H), 4.35 (dd, J = 5.64 Hz, 5.64 Hz, 1H), 4.15 (dd, J = 5.00 Hz, 3.84 Hz, 1H),
4.01 to 3.99 (m, 1H), 3.59 (ddd, J = 10.36 Hz, 5.12 Hz, 1.96 Hz, 1H), 3.51 (ddd, J = 9.8 Hz, 7.48
Hz, 7.48 Hz, 2H), 3.40 (dd, J = 10.8 Hz, 5.44 Hz, 1H) ppm. 3C NMR (101 MHz, DMSO-ds): &
171.58, 153.86, 137.15, 133.91, 128.90, 128.54, 128.48, 74.60, 72.76, 72.01, 70.74, 66.12, 63.77

ppm. LRMS (ESI): m/z calculated for C20H24N2Os [M+Na]*: 443.1; found: 442.2.

Compounds 3.39-3.41

y OH OH

i Y o
2 O OH OH

3.39: ortho-, 92%
3.40: meta-,97%
3.41: para-, 95%

ortho- compound 3.39: The protocol was adapted from the literature.?! Cbz-protected

intermediate 3.42 (0.07 g, 0.17 mmol) was dissolved in a minimal amount of methanol followed
by the addition of Pd(OAc) (1.9 mg, 0.01 mmol) and charcoal (17 mg).!” The flask was cycled
(4x) under vacuum to introduce a hydrogen atmosphere and the reaction was allowed to stir at

room temperature for 4 hours. Water was added to the reaction to dissolve the precipitated
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product and the reaction mixture was filtered through celite. A pure brown solid was obtained
after solvent removal (0.044 g, 92%). '"H NMR (400 MHz, DMSO-ds): & 8.98 (s, 1H), 7.26 (dd,
J=7.76 Hz, 1.04, 1H), 6.89 (ddd, J = 7.44 Hz, 7.44 Hz, 1.28 Hz, 1H), 6.71 (dd, J = 7.88 Hz, 1.00
Hz, 1H), 6.54 (ddd, J = 7.84 Hz, 7.84 Hz, 1.16 Hz, 1H), 4.90 (s, 2H), 4.18 (d, ] =2.96 Hz, 1H),
4.01 (dd, J = 2.68 Hz, 2.68 Hz, 1H), 3.60 to 3.48 (m, 5H), 3.16 (s, 2H) ppm. 3C NMR (101
MHz, DMSO-ds): 6 172.15, 142.49, 126.22, 125.55, 123.72, 116.61, 116.16, 74.79, 72.89, 71.97,

70.71, 63.86 ppm. LRMS (ESI): m/z calculated for C12H1sN20s [M+Na]": 309.1; found: 309.0.

meta- compound 3.40: The protocol was adapted from that used for compound 3.39.%2! Cbz-
protected intermediate (84 mg, 0.20 mmol) dissolved in MeOH followed by the addition of
Pd(OAc): (2.3 mg, 0.01 mmol) and charcoal (21 mg). The light beige solid product was yielded
without additional purification (58 mg, 97%). "TH NMR (400 MHz, DMSO-de): § 9.14 (s, 1H),
7.00 (s, 1H), 6.91 (dd, J = 7.64 Hz, 7.64 Hz, 1H), 6.72 (d, J = 7.28 Hz, 1H), 6.26 (d, ] = 6.68 Hz,
1H), 5.04 (s, 2H), 4.65 (br, 3H), 4.12 (s, 1H), 3.98 (s, 1H), 3.58 (d, J = 10.04 Hz, 1H), 3.50 (s,
2H) ppm. *C NMR (101 MHz, DMSO-d¢): 8 171.48, 149.42, 139.45, 129.32, 109.93, 107.77,
105.43,74.71, 72.87, 71.98, 70.68, 63.79 ppm. LRMS (ESI): m/z calculated for C12H1sN2Os

[M+Na]": 309.1; found: 309.2.

para- compound 3.41: The protocol was adapted from that used for compound 3.39.'%?! Cbz-

protected intermediate (0.397 g, 0.94 mmol) dissolved in MeOH followed by the addition of
Pd(OAc): (11 mg, 0.05 mmol) and charcoal (96 mg). The light beige solid product was yielded
without additional purification (0.257 g, 95%). "TH NMR (400 MHz, DMSO-de): 5 9.08 (s, 1H),

7.30 (ddd, J =4.92 Hz, 2.96 Hz, 2.96 Hz, 2H), 6.49 (ddd, J = 4.96 Hz, 2.92 Hz, 2.92 Hz, 2H),
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4.85 (s, 2H), 4.57 (br, 3H), 4.10 (d, J = 3.72 Hz, 1H), 3.98 (d, J = 2.64 Hz, 1H), 3.58 (d, ] =
11.28 Hz, 1H), 3.50 (s, 1H), 3.50 (s, 2H), 3.40 (dd, J = 3.12 Hz, 2.16 Hz, 1H) ppm. 3C NMR
(101 MHz, DMSO-de): 5 170.80, 145.34, 128.19, 121.54, 114.15, 74.52, 72.83, 71.99, 70.69,

63.81 ppm. LRMS (ESI): m/z calculated for C12H1sN2Og [M+Na]": 309.1; found: 309.1.

Svnthesis of compounds 3.45-3.47 through intermediates 3.60-3.62:

HSO/&O& OAc
NHz HO YO AcO onc . OAc O
1, 336 AcOH, 100 °C, 4 h ~ W2
i N N . | A MOAC
HoN-- NI >

2. Acetic anhydride, pyridine, 12 h AcO AcO H o (5Ac OAc
3.54: ortho- 3.60: ortho-, 13% crude
3.55: meta- 3.61: meta-, 62%
3.56: para- 3.62: para-, 17%
1M NaOMe (cat.)
MeOH
12h

How y OH OH

\ N : :

Overall yields: HG S ANE S YO oH
3.45: ortho-, - HO .~ O OH OH

3.46: meta-, 17%

347: para-,17% 3.45: ortho-, -
3.46: meta-, 28%

3.47: para-,98%
Scheme A4: Synthesis of compounds 3.45-3.47 through intermediates 3.60-3.62."°

Compound 3.60
OAc

Acow H OAc OAc
H ¥ 3
TN N Y Y 0Ac
= HN-- z
A0 aco ©/ O OAc OAc

3.60: ortho-, 13% crude
In a flame-dried flask under argon, D-gluconolactone (4.287 g, 24.2 mmol) was dissolved in

AcOH (106 mL) followed by the addition of o-phenylenediamine (0.65 g, 6.0 mmol).!° The

mixture was heated to 100 °C and stirred for 4 hours before the solvent was removed under
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vacuum. Once the resulting light brown crude oil was obtained, it was dissolved in anhydrous
pyridine (30 mL) and cooled to 0 °C. After 5 minutes, acetic anhydride (11.5 mL) was added
dropwise, and the resulting reaction was allowed to warm to room temperature overnight. The
reaction was quenched using saturated NaHCO3 (aq) followed by the addition of EtOAc (3x the
volume of pyridine). The solution was washed with 10% HCI (aq), saturated NaHCO3, and brine.
The solvent was removed from the organic layer to yield a yellow solid as the crude product

which could not be purified (0.673 g; 13% crude).

Compound 3.61
QAC QAC

O
“OAc O OAc OAc
AcO

The protocol was similar to that used for compound 3.50.'° Under inert atmosphere, D-

ZT

AcO

gluconolactone (1.647 g, 9.25 mmol) was dissolved in AcOH (41 mL) followed by the addition
of m-phenylenediamine (0.250 g, 2.31 mmol). The mixture was heated to 100 °C and stirred for
4 hours before the solvent was removed under vacuum. Once the resulting light brown crude oil
was obtained, it was dissolved in anhydrous pyridine (12 mL) and cooled to 0 °C. After 5
minutes, acetic anhydride (4.4 mL) was added dropwise, and the resulting reaction was allowed
to warm to room temperature overnight. The reaction was quenched using saturated NaHCO3
(aq) followed by the addition of EtOAc (3x the volume of pyridine). The solution was washed
with 10% HCI (aq), saturated NaHCO3, and brine. The solvent was removed from the organic
layer and the crude product was purified by flash chromatography (78% EtOAc:Hexane) to yield
a yellow oil (1.23 g, 62%). 'TH NMR (400 MHz, DMSO-de): 6 10.23 (s, 2H), 7.74 (dd, ] = 1.92

Hz, 1.92 Hz, 1H), 7.24 to 7.16 (m, 3H), 5.55 (dd, J = 3.88 Hz, 3.88 Hz, 2H), 5.34 (q, J = 7.00 Hz,
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4.08 Hz, 2H), 5.16 (d, J = 3.76 Hz, 2H), 4.99 (ddd, J = 8.88 Hz, 5.76 Hz, 3.04 Hz, 2H), 4.21 (dd,
J=12.36 Hz, 3.16 Hz, 2H), 4.11 (dd, J = 12. 36 Hz, 5.92, 2H), 2.08 (s, 6H), 2.03 (s, 6H), 1.96 (s,
6H), 1.96 (s, 6H), 1.95 (s, 6H) ppm. *C NMR (101 MHz, DMSO-de): 6 170.86, 170.48, 170.05,
169.98, 169.89, 169.64, 164.69, 138.85, 115.81, 111.72, 72.69, 69.21, 68.65, 61.65, 21.05, 21.01,
20.93, 20.84, 20.79 ppm. LRMS (ESI): m/z calculated for C3sHasN202, [M+Na]": 907.3; found:

907.1.

Compound 3.62

H OAc OAc
OAc OAc O NM\OAC
ACOMLN O OAc OAc

OAc OAc 1

The protocol was similar to that used for compound 3.50.'° Under inert atmosphere, D-
gluconolactone (4.283 g, 24.15 mmol) was dissolved in AcOH (107 mL) followed by the
addition of p-phenylenediamine (0.650 g, 6.04 mmol). The mixture was heated to 100 °C and
stirred for 4 hours before the solvent was removed under vacuum. The resulting crude
intermediate was dissolved in anhydrous pyridine (30 mL) and cooled to 0 °C. After 5 minutes,
acetic anhydride (11.5 mL) was added dropwise, and the resulting reaction was allowed to warm
to room temperature overnight. The solvent was removed from the organic layer after work up,
and the crude product was purified by flash chromatography (75% EtOAc:Hexane) to yield a
beige solid (0.93 g, 17%). '"H NMR (400 MHz, DMSO-ds): & 10.18 (s, 2H), 7.41 (s, 4H), 5.57
(dd, J =3.96 Hz, 3.96 Hz, 2H), 5.36 (dd, J = 6.96 Hz, 4.08 Hz, 2H), 5.18 (d, J=3.88 Hz, 2H),
5.01 (ddd, J = 5.88 Hz, 3.04 Hz, 2H), 4.23 (dd, J = 12.32 Hz, 3.12 Hz, 2H), 4.13 (dd, J = 12.40
Hz, 5.80 Hz, 2H), 2.11 (s, 6H), 2.06 (s, 6H), 1.99 (s, 6H), 1.99 (s, 6H), 1.98 (s, 6H) ppm. 3C

NMR (101 MHz, DMSO-ds): 6 170.47, 170.06, 169.97, 169.89, 169.64, 164.49, 134.49, 120.81,
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72.72,69.22, 68.77, 68.62, 61.65, 21.05, 21.02, 20.93, 20.86, 20.79 ppm. LRMS (ESI): m/z
calculated for C3sH4sN2022 [M+Na]*™: 907.3; found: 907 .4.

Compound 3.46
| OH OH
(0] N A - -

o
“OH O OH OH

“OH

HO,
HO,

HO
IM NaOMe (1 mL) was added to a solution of compound 3.61 (0.601 g, 1.11 mmol) dissolved in

methanol (22.3 mL)." The resulting reaction was stirred for 3 hours at which point amberlite
(IR120 hydrogen form resin) was added until an acidic reaction mixture was achieved. The
amberlite IR120 resin was filtered and the solvent was removed. After recrystallization with 99%
EtOH, a light orange product was obtained (0.087 g, 28%). 'H NMR (400 MHz, DMSO-ds): &
9.46 (s, 2H), 8.06 (dd, J = 2.00 Hz, 2.00 Hz, 1H), 7.38 (dd, J = 8.04 Hz, 1.64 Hz, 2H), 7.22 (dd, J
=17.92 Hz, 7.92 Hz, 1H), 5.66 (d, J = 5.44 Hz, 2H), 4.58 (d, ] = 4.8 Hz, 2H), 4.56 (s, 2H), 4.53
(d, J=5.64 Hz, 2H), 4.36 (dd, ] = 5.64 Hz, 5.64 Hz, 2H), 4.18 (dd, J = 5.44 Hz, 3.72 Hz, 2H),
4.02 to 3.99 (m, 2H), 3.59 (ddd, J = 11.28 Hz, 5.44 Hz, 2.12 Hz, 2H), 3.51 (dd, 4H), 3.40 (dd, J =
10.84 Hz, 5.40 Hz, 2H) ppm. 3C NMR (101 MHz, DMSO-ds): 6 171.84, 139.12, 129.14,
115.30, 111.36, 74.65, 72.74, 72.01, 70.81, 63.78, 55.37 ppm. LRMS (ESI): m/z calculated for

CisH2sN2012 [M+Na]™: 487.2; found: 487.2.

Compound 3.47 (= 4.09)

,  OH OH
OH OH O Nj(”\{”\r/\OH
Ho A AN O OH OH
oH on

The protocol was similar to that used for compound 3.45.'° IM NaOMe was added to a solution

of compound 3.62 (0.93 g, 1.1 mmol) dissolved in methanol (21 mL) The resulting reaction was
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stirred overnight at which point amberlite (IR120 hydrogen form resin) was added until an acidic
reaction mixture was achieved. The amberlite resin was filtered and the solvent was removed. A
light-yellow solid was obtained (0.478 g, 98%). '"H NMR (400 MHz, DMSO-ds): & 9.46 (s, 2H),
7.63 (s, 4H), 5.67 (br, 2H), 4.53 (br, 7H), 4.17 (d, J = 3.56 Hz, 2H), 4.01 (s, 2H), 3.59 (dd, J =
2.40 Hz, 2H), 3.51 (dd, 4H), 3.39 (dd, J = 10.72 Hz, 5.2 Hz, 2H) ppm. '3C NMR (101 MHz,
DMSO-dg): 6 171.64, 134.60, 120.20, 74.62, 72.77, 72.02, 70.75, 63.78 ppm. LRMS (ESI): m/z

calculated for CisH2sN2012 [M+Na]*: 487.2; found: 487.1.

Svnthesis of aldonamides 3.63-3.64:

NH, y RiR, OH
w \/\\_/v/ oo ONMOH
. Lj :
5 o — HiCO O OH OH
3.75 3.76 o, reflux 363 LGlc;R, = OH,R, = H, 46%

3.64 L-Man;R,=H,R,=O0H, 6%
Scheme AS. General synthesis of aldonamides 3.63-3.64.

Compound 3.63
OH OH
H
N

H,CO O OH OH
p-Anisidine was purified prior to the reaction by recrystallization in dH>0.!” L-Glucono-1,5-
lactone (0.199 g, 1.12 mmol) and p-anisidine (0.178 g, 1.44 mmol) were suspended in methanol
(11 mL). The reaction was refluxed for 24 hours before the mixture was cooled to RT and the
solvent removed in vacuo. The crude off-white mixture was recrystallized from 99% EtOH
followed by 95% EtOH to yield white crystals (0.156 g, 46%). "TH NMR (400 MHz, DMSO-ds):
6 9.39 (s, 1H, NH), 7.61 (ddd, J = 10.2, 3.3, 3.3 Hz, 2H, ArH), 6.87 (ddd, J = 10.2, 3.3, 3.3 Hz,

2H, ArH), 5.63 (d, J = 5.2 Hz, 1H, HO-C?), 4.57 (d,J=4.3 Hz, 1H, -OH), 4.53 (d,J= 5.3 Hz, 1H,
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-OH), 4.51 (d, J = 7.2 Hz, 1H, HO-C?), 4.35 (dd, J = 5.6 Hz, 1H, HO-CY), 4.14 (dd, J= 5.2, 3.8
Hz, 1H, H-C?), 4.02-3.99 (m, 1H, H-C?), 3.72 (s, 3H, -OCHs), 3.59 (ddd, J = 10.8, 5.5, 2.5 Hz,
1H, H-C®), 3.54-3.50 (m, 2H, H-C* and H-C%), 3.39 (ddd, J = 11.0, 5.6, 5.6 Hz, 1H, H-C®) ppm.
13C NMR (101 MHz, DMSO-ds): 8 171.0 (C=0), 155.3 (A1), 131.7 (Ar), 121.1 (Ar), 113.7 (Ar),
74.1 (C2), 72.3 (C* or C%), 71.5 (C* or C5), 70.3 (C), 63.3 (C°), 55.1 (-OCH;) ppm. LRMS (ESI):

m/z calculated for C13H19NO7 [M+Na]*: 324.1; found: 324.0.

Compound 3.64
(:)H OH

Q T o
A
H,CO O OH OH

p-Anisidine was purified prior to the reaction by recrystallization in dH>0.!” L-Mannono-1,4-

2T

lactone (1.00 g, 5.62 mmol) was suspended in MeOH (30 mL) followed by the addition of p-
anisidine (0.701 g, 5.69 mmol). The reaction was refluxed for 2.5 days at which point the TLC of
the orange and clear solution still indicated presence of starting material (could stop reaction
after 1 day). The solvent was removed and the crude product was recrystallized from MeOH
(washed x3 with minimal MeOH) followed by recrystallization from dH>O (washed x3 with
dH»0) to yield white crystals (0.102 g, 6 %). '"H NMR (400 MHz, DMSO-ds): 8 9.67 (s, 1H, -
NH), 7.60 (ddd, J=10.3, 3.4, 3.4 Hz, 2H, ArH), 6.87 (ddd, /= 10.3, 3.4, 3.4 Hz, 2H, ArH), 5.48
(d, J= 6.2 Hz, 1H, HO-C?/C?), 4.46 (d, J= 5.3 Hz, 1H, HO-C%), 4.43 (d, J = 6.9 Hz, 1H, HO-
C%, 4.37 (d,J=7.7 Hz, 1H, HO-C?/C?%), 4.34 (dd, J = 5.6, 5.6 Hz, 1H, HO-C?®), 4.02 (dd, J = 7.4,
6.4 Hz, 1H, H-C*/C?), 3.87 (dd, J= 7.2, 7.2 Hz, 1H, H-C?/C?), 3.72 (s, 3H, -OCH3), 3.62 (ddd, J
=10.9, 5.5, 3.2 Hz, 1H, H-C®), 3.54 (dd, J = 8.0, 7.0 Hz, 1H, H-C*), 3.47 (dddd, J = 8.3, 5.5, 5.5,
3.1 Hz, 1H, H-C%), 3.39 (ddd, J=11.0, 5.6, 5.6 Hz, 1H, H-C®) ppm. '*C NMR (101 MHz,

DMSO-de): § 172.0 (C=0), 155.2 (Ar), 132.1 (A1), 120.9 (Ar), 113.7 (A1), 72.7 (C2 or C3), 71.0
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(C?), 70.4 (C? or C%), 69.9 (C*), 63.7 (C9), 55.1 (-OCH3) ppm. LRMS (ESI): m/z calculated for
Ci3Hi19NO7 [M+Na]": 324.1; found: 324.2.

Svnthesis of compounds 3.65-3.67:

NH,
OH /©/ 4 OH OH , OH OH
HOON=2 HsCO o TIPSCI, imidazole N

HO ~O ¢ DMF ;
MeOH, reflux, 12h 4 00 O OH OH HyCO O ©OH OH

59% 0°C-n
3.01 3.77

OAc OAc OAc OAc

H H

N N
cat. DMAP, ACzo /©/ WY\OT'PS 1M TBAF in THF /@/ WY\OH
pyridine HaCO O OAc OAc THE H.CO O OAc OAc

0°C-rt 0°C
61% over 2 steps 3.78 3.79

Scheme A6. Attempted synthesis toward compounds 3.65-3.67.

Intermediate 3.78
OAc OAc
H 27° %
H : :

/@ YO CoTes

HyCO O OAc OAc

To a flame-dried flask under argon was added p-methoxyphenyl-D-gluconamide (2.01 g, 6.67
mmol) and anhydrous DMF (66 mL). After the gluconamide was fully dissolved, the solution
was cooled to 0 °C in an ice-water bath. After 10 minutes, imidazole (0.92 g, 13 mmol) was
added and the reaction was stirred for 5 minutes before the dropwise addition of triisopropylsilyl
chloride (1.9 mL, 8.9 mmol). The solution was allowed to warm to room temperature and was
stirred for 21 hours. Once TLC (8:2 EtOAc, UV and pA stain, product Rr= 0.8) indicated
starting material consumption, the reaction was diluted with saturated NaHCO3 (aq), taken up in
EtOAc and extracted (x3). The combined organic layer was washed with brine, dried over
NaxSOs, filtered, and concentrated. The pale orange crude product was used directly in the next

step without further purification.
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Crude silylated gluconamide was dissolved in anhydrous pyridine (24 mL). The solution was
cooled to 0 °C in an ice-water bath and acetic anhydride (12.5 mL, mmol) was added dropwise
followed by the addition of DMAP (0.0825 g, mmol). The solution was allowed to warm to room
temperature and stir for 24 hours. Once TLC indicated starting reaction completion, the reaction
was quenched with NaHCO3; and concentrated to afford a pale yellow solid. The residue was
taken up in EtOAc and 10% HCI (aq), and extracted. The organic layer was washed with
saturated NaHCOs (aq) followed by brine. The organic layer was then dried over Na>SOs,
filtered, and concentrated to afford crude pale yellow solid. The crude product was purified by
recrystallization using minimal EtOAc and pet. ether to yield a white powder (2.564 g, 61% over
two steps). '"H NMR (400 MHz, CDCls): & 7.94 (br, 1H, NH), 7.41 (dt, J=10.4, 3.6, 3.6 Hz,
2H, 2 x ArH), 6.84 (dt,J=10.4, 3.6, 3.6 Hz, 2H, 2 x ArH), 5.76 (dd, J = 6.4, 4.0 Hz, 1H, H-C3),
5.55(dd,J=17.0,4.0 Hz, 1H, H-C4), 5.35 (d, /= 6.4 Hz, 1H, H-C2), 4.94 (ddd, /= 7.0, 4.6, 4.4
Hz, 1H, H-C5), 3.91 (dd, /=11.2, 4.4 Hz, 1H, H-C6), 3.78 (s, 3H, -OCH3), 3.76 (dd, J=11.2,
4.6 Hz, 1H, H-C6), 2.23 (s, 3H, -OCOCH3), 2.11 (s, 3H, -OCOCH3), 2.06 (s, 3H, -OCOCH3),
2.04 (s, 3H, -OCOCH3), 1.03 (sept, J = 5.0 Hz, 3H, -Si(CH(CH3)2)3), 1.01 (d, /= 5.0 Hz, 18H, -
Si(CH(CH3)2)3) ppm. 3C NMR (101 MHz, CDCls): § 170.6 (OCOCH3), 170.1 (OCOCH3),
169.9 (OCOCH3), 169.5 (OCOCH3), 164.0 (C=0), 156.9 (Ar-C), 130.1 (Ar-C), 122.0 (Ar,
2xCH), 114.3 (Ar, 2xCH), 72.3 (C®PH), 71.2 (C®H), 69.4 (C®H), 69.1 (C®H), 61.6 (C®OH>),
55.6 (OCH3), 21.0 (OCOCH3), 21.0 (OCOCH3), 20.9 (OCOCH3), 20.6 (OCOCH3), 18.0
(Si(CH(CH3)2)3), 12.0 (Si(CH(CH3)2)3) ppm. LRMS (ESI): m/z calculated for C30H47NO1:Si

[M+Na]": 648.3; found: 648.4.
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365 R=
H)J\OH

NH,
=0 HsCO NP

- o) OCH,
o L0 o R 366 R=_ I o
o Y e, 17
0 MeOH, reflux, 24 h O OH OH ®
HO'  ©OH  (42% for carboxylate) HsCO 367 R= © OOCHs
LLL)LH

Scheme A7. Synthesis of compounds 3.65-3.67.

Compounds 3.65-3.67:

. oH oH O @ NHs
T T @
Sk arade
OH OH
HsCO 0 OH O
Compound 3.66: OCH;,

p-Anisidine was purified prior to the reaction by recrystallization in dH>O.!” D-Saccharic acid-
1,4-lactone monohydrate (0.251 g, 1.19 mmol) was dissolved in methanol (12.0 mL) followed by
the addition of p-anisidine (0.256 g, 2.40 mmol). The homogeneous reaction mixture was
refluxed for 24 hours prior to being cooled to room temperature. The resulting precipitate was
filtered to yield the pure carboxylate 3.66 (0.221 g of carboxylate, 42%). The carboxylate
precipitated as a salt with p-anisidine as observed by NMR spectroscopy. 'H NMR (400 MHz,
DMSO-ds): 69.40 (s, 1H), 7.61 (ddd, J=10.3, 3.4, 3.4 Hz, 2H), 6.87 (ddd, J=10.3, 3.4, 3.4 Hz,
2H), 6.64 (ddd, J=10.0, 3.4, 3.4 Hz, 2H), 6.52 (ddd, J = 10.0, 3.4, 3.4 Hz, 2H), 6.45-5.05 (br s,
4H), 4.15 (d, J=3.7 Hz, 1H), 3.97 (dd, /= 4.0, 4.0 Hz, 1H), 3.96 (d, /= 7.3 Hz, 1H), 3.73 (dd, J
=7.1,3.5 Hz, 1H), 3.72 (s, 3H), 3.61 (s, 3H) ppm. *C NMR (101 MHz, DMSO-d¢): & 174.4,
170.8, 155.3, 150.8, 141.9, 131.7, 121.1, 115.1, 114.5, 113.7, 73.5, 73.0, 71.5, 70.3, 55.3, 55.1

ppm. LRMS (ESI): m/z calculated for C13Hi1sNOsNa [M+Na]": 360.1; found: 360.1.
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H QH ?H (0]
7 T o
H,CO O OH OH

To produce the carboxylic acid (3.65) from carboxylate 3.66, the carboxylate (0.156 g, 0.356

Compound 3.65:

mmol) was taken up in 1% HCI (to dissolve, 6 mL) and stirred until pH 1. The product was
extracted by using EtOAc (6 mL, x4), combining the organic layers, followed by removal of
solvent in vacuo. The resulting white product was pure (0.022 g, 20% isolation from
carboxylate). '"H NMR (400 MHz, DMSO-de): 8 11.70 (brs, 1H), 9.41 (s, 1H), 7.61 (ddd, J =
10.3, 3.4, 3.4 Hz, 2H), 6.87 (ddd, J=10.3, 3.3, 3.3 Hz, 2H), 5.66 (br s, 1H), 5.42 (br s, 1H), 4.69
(br s, 2H), 4.15 (d, J=3.7 Hz, 1H), 3.98-3.96 (m, 2H), 3.74 (dd, J=7.1, 3.5 Hz, 1H), 3.72 (s,
3H) ppm. BC NMR (101 MHz, DMSO-ds): 6 174.3,170.8, 155.3, 131.7, 121.1, 113.7, 73.5,
73.0,71.5,70.3, 55.1 ppm. LRMS (ESI): m/z calculated for Ci3HisNOgNa [M+Na]*: 360.1;

found: 360.2.

OCH
H OH OH O O ’
HyCO (0] OH OH

p-Anisidine was purified prior to the reaction by recrystallization in dH>O.!” To prepare the

Compound 3.67:

diamide, D-saccharic acid-1,4-lactone monohydrate (0.250 g, 1.19 mmol) was dissolved in
methanol (12.0 mL) followed by the addition of p-anisidine (0.296 g, 2.40 mmol). The
homogeneous mixture was refluxed for 24 hours before being cooled to room temperature and
the precipitate filtered. The carboxylate precipitate was taken up in 10% HCI and stirred until pH
1. The diamide was obtained by extraction with EtOAc (x2). The combined organic layers were
washed with 10% HCI and the solvent removed to yield pure white solid (0.022 g, 4%). 'H
NMR (400 MHz, DMSO-d¢): 6 9.62 (s, 1H), 9.40 (s, 1H), 7.62 (ddd, J = 8.6, 3.3, 3.3 Hz, 2H),
7.59 (ddd, J = 8.6, 3.3, 3.3 Hz, 2H), 6.87 (ddd, J= 8.9, 3.1, 3.1 Hz, 4H), 5.67 (d, J= 5.7 Hz, 1H),
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5.64 (d,J= 6.5 Hz, 1H), 4.71 (d, J= 2.7 Hz, 1H), 4.69 (d, J= 3.9 Hz, 1H), 4.19 (dd, J=5.7,3.9
Hz, 1H), 4.08 (dd, J = 6.7, 6.7 Hz, 1H), 4.03 (ddd, J= 7.1, 3.7, 3.7 Hz, 1H), 3.82 (ddd, J = 6.5,
6.5,3.2 Hz, 1H), 3.72 (s, 6H) ppm. 3C NMR (101 MHz, DMSO-de): & 171.2, 170.8, 155.3,
155.2, 132.0, 131.7, 121.1, 120.9, 113.7, 73.7, 73.0, 72.5, 70.4, 55.1 ppm. LRMS (ESI): m/z

calcd. for C20H24N2Og [M+Na]*: 443.1; found: 443.2.

Svnthesis of compounds 3.68-3.74:

N
NH, f ﬁ
O N/)\H N KMnO,, NaOH N i
+ _— OH —>47 NN
o\j§ 4055 °C, 24 h /Ej jo(\/\ e ©/ I OH
R

86%
R 3.68 R=H,38% 3.69
R =H or OCH,4 3.70 R =O0CHj, 20%

Scheme A8. Synthesis of compounds 3.68-3.70.

Compound 3.68
N

N oH

0]
The preparation of desired compound was performed using an adapted literature procedure.?? y-
butyrolactone (0.323 g, 3.75 mmol), p-anisidine (0.423 g, 4.54 mmol), and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (0.330 g, 2.37 mmol) were added to a flask and the mixture was
stirred at 40 °C for 24 hours before allowing to cool to room temperature. The product was
purified by flash chromatography (EtOAc as eluent, Rr=0.33) to yield an off-white solid (0.273
g, 38%). "H NMR (400 MHz, DMSO-dg): 6 9.86 (br s, 1H), 7.59 (dd, J = 8.6, 1.2 Hz, 2H), 7.27
(dddd, /=84, 7.6, 2.0, 2.0 Hz, 2H), 7.01 (tt,J=7.4, 1.2 Hz, 1H), 4.51 (br s, 1H), 3.44 (t,J=6.4
Hz, 2H), 2.35 (t,J = 7.8 Hz, 2H), 1.74 (tt, J = 7.7, 6.6 Hz, 2H) ppm. 3C NMR (101 MHz,
DMSO-ds): 6 171.3, 139.4, 128.6, 122.9, 119.0, 60.2, 33.1, 28.4 ppm. LRMS (ESI): m/z

calculated for CioH13NO2 [M+Na]": 202.1; found: 202.1.
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Compound 3.69

The desired compound was prepared using a literature procedure by Guo et al.??> Hydroxy N-aryl
amide (0.088 g, 0.489 mmol) was dissolved in H>O (0.05 M, 8.0 mL) prior to the addition of
ground NaOH (0.014 g, 0.35 mmol) and KMnO4 (0.190 g, 1.20 mmol). The reaction mixture was
stirred at room temperature for two hours until TLC (EtOAc as eluent) indicated starting material
consumption. A saturated solution of NaHSO3 was added to the purple mixture until the solution
turned clear and colourless. EtOAc was then added and the mixture was extracted and later
washed with 10% aqueous HCI solution. The solvent was removed to yield a pure white solid
(0.081 g, 86%). '"H NMR (400 MHz, DMSO-ds): 8 12.12 (br s, 1H), 9.94 (s, 1H), 7.57 (dd, J =
8.7, 1.2 Hz, 2H), 7.28 (dd, J= 8.5, 7.6 Hz, 2H), 7.01 (t, J = 7.4 Hz, 1H), 2.58-2.51 (m, 4H) ppm.
13C NMR (101 MHz, DMSO-de): 6 173.8, 170.0, 139.3, 128.6, 122.9, 118.9, 31.0, 28.8 ppm.

LRMS (ESI): m/z calculated for Ci1oH11NO3 [M+K]": 232.0; found: 232.1.

Compound 3.70
g

HgCO ©
The desired compound was prepared by adapting a literature procedure.?? p-Anisidine was
purified prior to the reaction by recrystallization in dH>O.!” y-butyrolactone (0.441 g, 5.12
mmol), p-anisidine (0.776 g, 6.30 mmol), and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (0.438 g, 3.15
mmol) were added to a flask and the mixture was stirred at 55 °C for 25 hours before allowing to
cool to room temperature. The product was purified by flash chromatography (98:2
EtOAc:MeOH as eluent, R¢= 0.29) to yield an pink solid which was further recrystallized

(MeOH:Ether) to yield off-white crystals (0.232 g, 20%). '"H NMR (400 MHz, DMSO-ds): &
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9.72 (br s, 1H), 7.49 (ddd, J=10.3, 3.5, 3.5 Hz, 2H), 6.85 (ddd, J=10.3, 3.4, 3.4 Hz, 2H), 4.50
(t,J=5.1 Hz, 1H), 3.70 (s, 3H), 3.42 (td, /= 6.5, 5.1 Hz, 2H), 2.30 (t, /= 7.7 Hz, 2H), 1.72 (tt, J
=7.7,6.5 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-ds): 6 170.7, 154.9, 132.6, 120.5, 113.7,
60.2, 55.1, 33.0, 28.5 ppm. LRMS (ESI): m/z calculated for Ci2H7NO3; [M+Na]": 232.1; found:

232.0.

NH,
Anhydride SDS
starting + Product
material H,O
OCHj
Scheme A9. General synthesis of compounds 3.71-3.74.
Compounds 3.71
H O
Oy
HsCO ©

The preparation of the desired compound was adapted from the literature procedure by Naik et
al.?® p-Anisidine was purified prior to the reaction by recrystallization in dH,O.!7 p-Anisidine
(0.206 g, 1.67 mmol) was suspended in dH>O (6.5 mL) followed by the addition of SDS (0.007
g, 4 mg/mmol aniline). The heterogeneous mixture was stirred and heated until the mixture
became a homogeneous solution. Once the reaction mixture cooled to room temperature,
succinic anhydride (0.192 g, 1.92 mmol) was added portion-wise over 5 minutes. The pale
yellow clear solution turned cloudy once the anhydride was added. The mixture was stirred for 1
hour with the appearance of white precipitate and then was cooled in an ice-water bath. The
precipitate was filtered and washed with cool dH>O to afford pure white solid (0.159 g, 43%). 'H
NMR (400 MHz, DMSO-de): 6 12.09 (br's, 1H), 9.79 (s, 1H), 7.48 (ddd, J=10.3, 3.5, 3.5 Hz,
2H), 6.85 (ddd, J = 10.4, 3.5, 3.5 Hz, 2H), 3.70 (s, 3H), 2.53-2.50 (m, 4H) ppm. 3C NMR (101
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MHz, DMSO-ds): 6 173.8, 169.5, 154.9, 132.5, 120.4, 113.8, 55.1, 30.9, 28.9 ppm. LRMS

(ESI): m/z calculated for C;1Hi13NO4 [M+Na]": 246.1; found: 245.9.

Compound 3.72

SRS
HaCO oo

The preparation of the desired compound was adapted from the literature procedure by Naik et
al.?* p-Anisidine was purified prior to the reaction by recrystallization in dH>O and maleic
anhydride was purified by crystallization in CH>Cl.!” p-Anisidine (0.302 g, 2.45 mmol) was
suspended in dH,0 (9.7 mL) followed by the addition of SDS (0.010 g, 4 mg/mmol aniline). The
heterogeneous mixture was stirred and heated until the mixture became a homogeneous solution.
Once the reaction mixture cooled to room temperature, maleic anhydride (0.287 g, 2.93 mmol)
was added portion-wise over 10 minutes. As maleic anhydride was added, bright yellow
precipitate immediately formed. The mixture was stirred for another 30 minutes before being
cooled in an ice-water bath. The precipitate was filtered and washed with cool dH>O to afford
pure yellow solid (0.426 g, 79%). '"H NMR (300 MHz, DMSO-ds): & 13.40 (br s, 1H), 10.39 (s,
1H), 7.54 (ddd, J=10.3, 3.4, 3.4 Hz, 2H), 6.91 (ddd, J=10.3, 3.4, 3.4 Hz, 2H), 6.46 (d, /= 12.1
Hz, 1H), 6.30 (d, J = 12.2 Hz, 1H), 3.73 (s, 3H) ppm. *C NMR (101 MHz, DMSO-ds): 5 166.6,
162.8, 155.8, 131.6, 131.4, 130.9, 121.2, 114.0, 55.2 ppm. LRMS (ESI): m/z calculated for

C11H11INO4 [M+Na]": 244.1; found: 244.1.
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Compound 3.73

H
ONMOH
HsCO ° °

The preparation of the desired compound was adapted from the literature procedure by Naik et
al.?® p-Anisidine was purified prior to the reaction by recrystallization in dH,O.!7 p-Anisidine
(0.099 g, 0.80 mmol) was suspended in dH>O (3.2 mL) followed by the addition of SDS (0.003
g, 4 mg/mmol aniline). The heterogeneous mixture was stirred and heated until the mixture
became a homogeneous solution. Once the reaction mixture cooled to room temperature, glutaric
anhydride (0.108 g, 0.945 mmol) was added portion-wise over 15 minutes. As anhydride was
added, the mixture turned cloudy and white. The mixture was stirred for another 20 minutes
before being cooled in an ice-water bath. The precipitate was filtered and washed with cool
dH>O to afford pure white solid (0.103 g, 54%). '"H NMR (400 MHz, DMSO-ds): & 12.06 (br s,
1H), 9.73 (s, 1H), 7.48 (ddd, /= 10.3, 3.5, 3.5 Hz, 2H), 6.85 (ddd, /= 10.3, 3.4, 3.4 Hz, 2H),
3.71 (s, 3H), 2.30 (t, /= 7.3 Hz, 2H), 2.26 (t, /= 7.3 Hz, 2H), 1.79 (tt, J= 7.3, 7.3 Hz, 2H) ppm.
13C NMR (101 MHz, DMSO-de): 6 174.2, 170.1, 155.0, 132.5, 120.6, 113.8, 55.1, 35.3, 33.0,

20.5 ppm. LRMS (ESI): m/z calculated for C12H1sNO4 [M+Na]™: 260.1; found: 260.0.

Compound 3.74
H
oyt
HgsCO © ©
The preparation of the desired compound was adapted from the literature procedure by Naik et
al.?® p-Anisidine was purified prior to the reaction by recrystallization in dH,O.!7 p-Anisidine
(0.204 g, 1.66 mmol) was suspended in dH>O (6.5 mL) followed by the addition of SDS (0.007
g, 4 mg/mmol aniline). The heterogeneous mixture was stirred and heated until the mixture

became a homogeneous solution. Once the reaction mixture cooled to room temperature, 2,3-
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diglycolic anhydride (0.163 g, 1.40 mmol) was added portion-wise over 10 minutes. As
anhydride was added, the mixture turned cloudy. The mixture was stirred for another 1.5 hours
before being extracted with EtOAc (x2). The combined organic layer was dried over Na>SOs,
filtered, and the solvent removed. The crude product was recrystallized from EtOAc:pet ether to
produce purple crystals (0.123 g, 31%). '"H NMR (400 MHz, DMSO-de): 6 12.88 (br s, 1H), 9.73
(s, 1H), 7.54 (ddd, J=10.3, 3.5, 3.5 Hz, 2H), 6.89 (ddd, J = 10.3, 3.5, 3.5 Hz, 2H), 4.20 (s, 2H),
4.14 (s, 2H), 3.72 (s, 3H) ppm. 3C NMR (101 MHz, DMSO-de): 6 171.7, 167.3, 155.5, 131.4,
121.2, 113.8, 70.5, 68.1, 55.2 ppm. LRMS (ESI): m/z calculated for C11H13NOs [M+Na]":

262.1; found: 261.9.

Svnthesis of compounds 3.80-3.82 through intermediates 3.83-3.88:

F{\ Ny Ve
OH | y OH OH . y OAc OAc
o = R N, i TsCl, pyridine, 0°C -rt, 5 h R N, i
HI(-:I)O |\ XN MOH rig |\ X \H/\/Y\OTS
HO O ~ O OH oH Ac,0, cat. DMAP, 0°C - it, 12h  ~~ O OAc Ohc
3.36 3.01 R=4-OCH, 3.83 R=4-OCHj
3.02 R=2-F 3.84 R=2-F
3.03 R=4<Cl 3.85 R=4-Cl
H OAc OAc ) H OH OH
NaN3 R\\ N, 1M NaOMe in MeOH R\\ N, o -
DMF 50 °C, 20 h T N TN
50°C, 20 0 ono nc MeOH O/ O OH OH
3.86 R =4-OCHs, 35% over 2 steps 3.80 R =4-OCHs, 90%
3.87 R =2-F 32% over 2 steps 3.81 R=2-F 86%
3.88 R =4-Cl, 29% over 2 steps 3.82 R=4-Cl, 82%

Scheme A10. Synthesis of compounds 3.80-3.82 through intermediates 3.83-3.88.
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Compounds 3.83 and 3.86
H C:)Ac QAc
N

O b

HyCO O OAc OAc

Preparation of the acetylated tosylate was adapted from literature protocol.>* Gluconamide 3.01
(1.316 g, 4.368 mmol) was added to a flame-dried flask under argon. Anhydrous pyridine (62
mL) was added and the solution was stirred at 0 °C for 20 minutes at which point p-
toluenesulfonyl chloride (0.993 g, 5.21 mmol, recrystallized from pet. ether!”) was added slowly
over a period of 5 minutes. The mixture was stirred at 0 °C for one hour and then warmed to RT
for 4 hours. The reaction mixture was then stirred at 0 °C for the dropwise addition of acetic
anhydride (9.5 mL, 101 mmol) and addition of a catalytic amount of 4-dimethylaminopyridine
(0.053 g, 0.55 mmol). The acetylation was allowed to warm to RT and stir overnight. The
mixture was quenched using saturated NaHCOs (aq) and poured over an ice-sat. NaHCOs (aq)
mixture. The resulting crude product was filtered and taken up in EtOAc. The organic layer was
washed with 10% HCI, sat. NaHCOs3 (aq), and then brine. The layer was then dried over Na;SOs4,

filtered, and concentrated to afford a crude product that was used directly in the next step.

The crude tosylate 3.83 was dried under high vacuum before use. Tosylate 3.83 was added to a
flame-dried flask and dissolved in anhydrous DMF (43 mL). Sodium azide (0.981 g, 15.1 mmol)
was added slowly. The flask was fitted with a condenser, heated to 50 °C, and stirred overnight.
The mixture was then cooled to RT and diluted with EtOAc and sat. NaHCOs3 (aq). The mixture
was extracted with EtOAc (x3). The combined organic layer was washed with sat. NaHCO3 (aq),
dH-»O, and then brine before being dried over Na,SOs, filtered, and concentrated to yield a crude
product. The product was purified by flash chromatography (4:6 EtOAc:pet. ether as eluent, UV

light and pA stain for visualization) to yield a white solid (0.751 g, 35% over two steps).
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TH NMR (400 MHz, DMSO-de): & 10.06 (s, 1H, NH), 7.37 (ddd, J= 10.1, 3.3, 3.3 Hz, 2H,
ArH), 6.89 (ddd, J = 10.3, 3.4, 3.4 Hz, 2H, ArH), 5.54 (dd, J = 4.5, 4.0 Hz, 1H, H-C?), 5.36 (dd,
J=6.5,4.5 Hz, 1H, H-C*, 5.18 (d, J = 4.0 Hz, 1H, H-C?), 4.95 (ddd, J = 6.7, 6.7, 3.1 Hz, 1H, H-
C3), 3.72 (s, 3H, -OCHs), 3.70 (dd, J = 13.6, 3.1 Hz, 1H, H-CY), 3.53 (dd, J = 13.6, 6.8 Hz, 1H,
H-C®), 2.12 (s, 3H, -OAc), 2.08 (s, 3H, -OAc), 2.01 (s, 3H, -OAc), 1.99 (s, 3H, -OAc) ppm. '3C
NMR (101 MHz, DMSO-ds): § 169.6, 169.5, 169.4, 169.2, 163.7, 155.8, 131.0, 121.5, 113.9,
72.0,69.2, 69.2, 68.4, 55.2, 49.3, 20.6, 20.6, 20.4, 20.3 ppm. LRMS (ESI): m/z calculated for

C21H26N4O10 [M+Na]*: 517.2; found: 517.2.

Compound 3.80 (= 4.07)
y OH O
N f

HyCO O OH OH

Azide 3.86 (0.490 g, 0.991 mmol) was dissolved in MeOH (20 mL) and a catalytic amount of 1
M NaOMe was added by pipette. The reaction was stirred at RT for 1 hour at which point TLC
indicated starting material consumption (1:1 pet ether:EtOAc system, UV light for visualization).
Upon reaction completion, Amberlite IR120 (H" resin, washed with MeOH prior to use) was
added to the stirring solution until pH < 5. The mixture was filtered, and the filtrate was collected
and concentrated in vacuo. The white solid was recrystallized from dH>O to yield white solid
(0.291 g, 90%). '"H NMR (400 MHz, DMSO-ds): 8 9.44 (s, 1H), 7.60 (ddd, J = 10.2, 3.4, 3.4 Hz,
2H), 6.87 (ddd, J=10.2, 3.4, 3.4 Hz, 2H), 5.69 (d, /= 5.5 Hz, 1H), 5.23 (d, J = 6.0 Hz, 1H), 4.65
(d,/J=6.3 Hz, 1H), 4.59 (d, /= 7.4 Hz, 1H), 4.15 (dd, /= 5.5, 4.1 Hz, 1H), 4.00 (ddd, J = 7.4,
4.1,2.3 Hz, 1H), 3.75-3.69 (m, 1H), 3.72 (s, 3H), 3.51 (ddd, J = 8.6, 6.3, 2.4 Hz, 1H), 3.40 (dd, J

=12.7,2.7 Hz, 1H), 3.27 (dd, J = 12.7, 6.7 Hz, 1H) ppm. 3C NMR (101 MHz, DMSO-de): 5
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170.9, 155.3,131.7, 121.1, 113.7, 73.8, 72.4, 70.2, 70.0, 55.1, 53.9 ppm. LRMS (ESI): m/z

calculated for Ci3HisN4Os [M+Na]*: 349.1; found: 349.2.

Compounds 3.84 and 3.87
F H QAC QAC

NMNg
O OAc OAc

Preparation of the acetylated tosylate was adapted from literature protocol.>* Gluconamide 3.02
(2.021 g, 6.988 mmol) was added to a flame-dried flask under argon. Anhydrous pyridine (69
mL) was added and the solution was stirred at 0 °C for 20 minutes at which point p-
toluenesulfonyl chloride (1.611 g, 8.450 mmol, recrystallized from pet. ether!”) was added
slowly over a period of 5 minutes. The mixture was allowed to stir at 0 °C for one hour and
warmed to RT for 5 hr. The reaction mixture was then stirred at 0 °C for the dropwise addition of
acetic anhydride (13 mL, 140 mmol) and addition of a catalytic amount of 4-
dimethylaminopyridine (0.086 g, 0.71 mmol). The acetylation was allowed to warm to room
temperature and stir overnight. The mixture was quenched using saturated aqueous NaHCO3 and
poured over ice-sat. NaHCOs (aq) mixture. The resulting crude product was filtered and taken up
in EtOAc. The organic layer was washed with 10% HCI, followed by sat. NaHCO3 (aq), and
brine. The layer was then dried over NaxSQg, filtered, and concentrated to afford a crude product

that was used directly in the next step without further purification.

The crude tosylate 3.84 was dried under high vacuum before use. Tosylate 3.84 was added to a
flame-dried flask and dissolved in anhydrous DMF (37 mL). Sodium azide (0.885 g, 13.6 mmol)
was added slowly. The flask was fitted with a condenser, heated to 50 °C, and stirred overnight

(20 hours). The mixture was then cooled to RT and diluted with EtOAc and saturated NaHCO3
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(aq). The mixture was extracted with EtOAc (x2). The combined organic layer was washed with
saturated NaHCOs (aq), followed by dH»0O, and brine before being dried over Na>SOs, filtered,
and concentrated to yield a crude product. The crude product was purified by flash
chromatography with 96:4 DCM:EtOAc as eluent to yield white product (1.09 g, 32% over two
steps). 'TH NMR (400 MHz, DMSO-de): 6 10.11 (s, 1H), 7.70 (ddd, J = 7.7, 7.7, 2.3 Hz, 1H),
7.30-7.25 (m, 1H), 7.21-7.13 (m, 2H), 5.58 (dd, J=4.9, 3.0 Hz, 1H), 5.43 (dd, J= 6.5, 4.9 Hz,
1H), 5.37 (d, J=2.9 Hz, 1H), 4.95 (ddd, J = 6.6, 6.6, 3.0 Hz, 1H), 3.73 (dd, J=13.7 Hz, 3.0 Hz,
1H), 3.56 (dd, J=13.7, 6.8 Hz, 1H), 2.13 (s, 3H), 2.08 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-de): 6 169.6, 169.6, 169.4, 169.2, 164.7, 153.7 (d, Jcr = 245.4 Hz),
125.8 (d, Jcor = 7.4 Hz), 125.2 (d, Jc.r = 11.6 Hz), 124.4 (d, Jcr = 3.4 Hz), 124.2 (d, Jck = 1.0
Hz), 115.6 (d, Jc.r = 19.4 Hz), 71.9, 69.4, 69.3, 68.2, 49.3, 20.5 (x2), 20.3, 20.3 ppm. LRMS

(ESI): m/z calculated for C20H23N4O90F [M+Na]": 505.1; found: 505.2.

Compound 3.81 (= 4.06)
F (:)H QH

ZT

B N3
O OH OH
Azide 3.87 (1.09 g, 2.26 mmol) was dissolved in MeOH (32.5 mL) and a catalytic amount of 1
M NaOMe was added by pipette. The reaction was stirred at RT for 1 hour at which point TLC
indicated starting material consumption (1:1 pet ether:EtOAc system, UV light for visualization).
Upon reaction completion, Amberlite IR120 (H" resin, washed with MeOH prior to use) was
added to the stirring solution until pH < 5. The mixture was filtered and the filtrate was collected
and concentrated in vacuo. The crude white solid was recrystallized from dH>O to yield white

solid (0.61 g, 86%). "TH NMR (400 MHz, DMSO-de): & 9.24 (d, J= 2.4 Hz, 1H, NH), 8.10 (ddd,

J=38.0,8.0,2.3 Hz, 1H, ArH), 7.28 (ddd, J=11.3, 8.0, 2.0 Hz, 1H, ArH), 7.17 (ddd, J = 15.2,
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7.6, 1.8 Hz, 1H, ArH), 7.16-7.11 (m, 1H, ArH), 5.99 (d, J = 5.2 Hz, 1H, HO-C?), 5.26 (d, J= 5.9
Hz, 1H, HO-C%), 4.74 (d, J= 7.6 Hz, 1H, HO-C%), 4.71 (d, J = 6.6 Hz, 1H, HO-C%), 4.25 (dd, J =
5.2,3.7 Hz, 1H, H-C?), 4.02 (ddd, J = 7.6, 3.8, 2.6 Hz, 1H, H-C%), 3.72 (dddd, J = 11.1, 6.3, 6.3,
2.6 Hz, 1H, H-C%), 3.55 (ddd, J= 8.8, 6.8, 2.5 Hz, 1H, H-C%), 3.40 (dd, J = 12.4, 2.5 Hz, 1H, H-
C9), 3.27 (dd, J = 12.8, 6.6 Hz, 1H, H-C®) ppm. 3C NMR (101 MHz, DMSO-d¢): 5 171.5
(C=0), 152.8 (d, Jor = 242.6 Hz, Ar-C), 125.9 (d, Jor = 10.5 Hz, Ar-C), 124.8 (d, Jor = 7.6 Hz,
Ar-C), 124.5 (d, Jor = 34 Hz, Ar-C), 122.2 (d, Jer = 0.5 Hz), 115.2 (d, Jor = 19.0 Hz, Ar-C),
73.7 (C?-H), 72.3 (C¥-H), 70.3 (C®-H), 69.9 (C®-H), 53.9 (C©-H,) ppm. LRMS (ESI): m/z

calculated for Ci12Hi1sFN4Os [M+Na]*: 337.1; found: 337.2.

Compounds 3.85 and 3.88
OAc OAc
H 27° %
No:

Cl O OAc OAc
Preparation of the acetylated tosylate was adapted from literature protocol.>* Gluconamide 3.03
(0.500 g, 1.64 mmol) was added to a flame-dried flask under argon. Anhydrous pyridine (23 mL)
was added and the solution was stirred at 0 °C for 20 minutes at which point p-toluenesulfonyl
chloride (0.380 g, 1.99 mmol, recrystallized from pet. ether'”) was added slowly over a period of
5 minutes. The mixture was allowed to stir at 0 °C for one hour and warmed to RT for 4 hr until
TLC indicated starting material consumption (4:1 EtOAc:MeOH as eluent, UV light and pA
stain for visualization). The reaction mixture was stirred at 0 °C for the dropwise addition of
acetic anhydride (1.5 mL, 16 mmol) and addition of a catalytic amount of 4-
dimethylaminopyridine (0.020 g, 0.16 mmol). The acetylation was allowed to warm to room
temperature and stir overnight (17.5 h) until TLC indicated starting material consumption. The

mixture was quenched using saturated aqueous NaHCO3 and poured over ice-sat. NaHCO3 (aq)
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mixture. The resulting crude product was filtered and taken up in EtOAc. The organic layer was
washed with 10% HCI, followed by sat. NaHCOs (aq), and brine. The layer was then dried over
NaxSOs, filtered, and concentrated to afford a crude product that was used directly in the next

step without further purification.

The crude tosylate 3.85 was dried under high vacuum before use. Tosylate 3.85 was added to a
flame-dried flask and dissolved in anhydrous DMF (16 mL). Sodium azide (0.372 g, 5.98 mmol)
was added slowly. The flask was fitted with a condenser, heated to 50 °C, and stirred overnight.
TLC (1:1 pet ether:EtOAc) indicated minimal starting material (Rr~ 0.3) and therefore mixture
was cooled to RT and diluted with EtOAc and saturated NaHCO3 (aq). The mixture was
extracted with EtOAc (x3). The combined organic layer was washed with saturated NaHCOs
(aq), followd by dH»O, and brine before being dried over Na>SOs, filtered, and concentrated to
yield a crude product. The crude product was purified by recrystallization in 99% EtOH to yield
white solid (0.222 g, 29% over two steps). "TH NMR (400 MHz, DMSO-ds): & 10.36 (s, 1H), 7.51
(ddd, J=8.9,2.1, 2.1 Hz, 2H), 7.38 (ddd, J = 8.9, 2.2, 2.2 Hz, 2H), 5.53 (dd, /= 4.0, 4.0 Hz,
1H), 5.37 (dd, /= 6.7, 4.3 Hz, 1H), 5.18 (d, J = 3.8 Hz, 1H), 4.96 (ddd, /= 6.7, 6.7, 3.1 Hz, 1H),
3.69 (dd, J=13.7,3.1 Hz, 1H), 3.52 (dd, J=13.7, 6.7 Hz, 1H), 2.12 (s, 3H), 2.08 (s, 3H), 2.00
(s, 3H), 1.99 (s, 3H) ppm. *C NMR (101 MHz, DMSO-ds): 8 169.6, 169.5, 169.3, 169.2, 164.3,
136.9, 128.7, 127.6, 121.4, 72.1, 69.1 (x2 based on HMQC), 68.1, 49.4, 20.6, 20.5, 20.3, 20.3

ppm. LRMS (ESI): m/z calculated for C20H23N409CI [M+Na]™: 521.1; found: 521.2.
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Compound 3.82 (= 4.08)
H OH OH

Q DNl

cl O OH OH

The azide 3.88 (0.064 g, 0.13 mmol) was dissolved in MeOH (2.6 mL) and a catalytic amount of
1 M NaOMe (0.8 mL) was added by pipette. The reaction was stirred at RT until starting
material consumption (TLC eluent: 1:1 pet ether:EtOAc, UV light for visualization). Upon
reaction completion, Amberlite IR120 (H" resin) was added to the stirring solution until pH < 5.
The mixture was filtered, and the filtrate was collected and concentrated in vacuo to obtain a
pure white solid (0.035 g, 82%). '"H NMR (400 MHz, DMSO-de): 8 9.74 (s, 1H), 7.76 (ddd, J =
8.9,2.2,2.2 Hz, 2H), 7.35 (ddd, J = 8.9, 2.2, 2.2 Hz, 2H), 5.76 (d, J = 5.5 Hz, 1H), 5.23 (d, J =
6.1 Hz, 1H), 4.67 (d, /= 6.4 Hz, 1H), 4.62 (d, J= 7.3 Hz, 1H), 4.18 (dd, /= 5.4, 4.0 Hz, 1H),
4.00 (ddd, J=6.8,4.1,2.4 Hz, 1H), 3.71 (dddd, J= 8.5, 6.5, 6.5, 2.7 Hz, 1H), 3.50 (ddd, /= 8.5,
6.2,2.3 Hz, 1H), 3.40 (dd, J = 12.6, 2.7 Hz, 1H), 3.26 (dd, J= 12.7, 6.7 Hz, 1H) ppm. 13C NMR
(101 MHz, DMSO-d¢): 6 171.7,137.5,128.4,127.0, 121.2, 74.0, 72.3, 70.2, 70.0, 53.9 ppm.

LRMS (ESI): m/z calculated for Ci12H1sCIN4Os [M+Na]*: 353.1; found: 353.2.
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Appendix IV: Nuclear Magnetic Resonance Spectra

"H and '3C nuclear magnetic resonance (NMR) spectra are included for compounds without
previously published data, intermediates leading to the final target compounds, as well as the
final compounds themselves presented in Chapter 3. The corresponding synthetic details and
characterization data can be found in the Experimental Section under “Experimental protocols
and characterization data for chemical compounds.” NMR spectroscopy was performed on
Bruker Avance 300 and 400 MHz (Bruker, Madison, WI) instruments at ambient temperature.
Spectra data were analyzed using MestreNova software or Bruker Topspin software. An example
of how the proportion of photostationary states of surfactants presented in Sections 5.3 and 5.4
were estimated by the integration of signals in 'H spectra is also included. See references 6 and 7

of Appendix III for further analysis.
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Compound 3.71
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Compound 3.87
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Compound 5.26

Example use of a triazole proton signal (e.g. in the "H NMR spectrum of fluorosurfactant 5.26
dissolved at 20 mM in deuterated methanol) to estimate the ratio of molecules in the trans- (top
spectrum) or cis- (bottom) photostationary states.! For further details, refer to: (1) Adam, M. K ;
Hu, Y.; Poisson, J. S.; Pottage, M. J.; Ben, R. N.; Wilkinson, B. L. Photoswitchable
Carbohydrate-Based Fluorosurfactants as Tuneable Ice Recrystallization Inhibitors. Carbohydr.

Res. 2017, 439, 1-8.
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