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Abstract

Recent advances in the clinical diagnosis and treatment of diseases using cell
transplantation have emphasized the urgent need to cryopreserve many types of cells. In
transfusion medicine, red blood cell (RBC) transfusions are used to treat anemia and
inherited blood disorders, replace blood lost during or after surgery and treat accident
victims and mass casualty events. In regenerative medicine, mesenchymal stem cell
(MSC) therapy offers promising treatment for tissue injury and immune disorders.
Current cryoprotective agents (CPAs) utilized for RBCs and MSCs are 40% glycerol and
10% dimethyl sulfoxide (DMSO), respectively. Although glycerol is required for
successful cryopreservation of RBCs, it must be removed from RBCs post-thaw using
costly and time-consuming deglycerolization procedures to avoid intravascular
hemolysis. Unfortunately, while DMSO prevents cell damage and increases post-thaw
MSC viability and recovery, recent reports have suggested that MSCs cryopreserved in
DMSO display compromised function post-thaw. As a result, improvements to the
current cryopreservation protocols such as reducing post-thaw RBC processing times and
improving MSC function post-thaw are necessary in order to meet the increasing
demands of emerging cellular therapies.

Ice recrystallization has been identified as a significant contributor to cellular injury
and death during cryopreservation. Consequently, the ability to inhibit ice
recrystallization is a very desirable property for an effective CPA, unlike the
conventional CPAs such as DMSO and glycerol that function via a different mechanism
and do not control or inhibit ice recrystallization. Over the past few years, our laboratory
has reported several different classes of small molecules capable of inhibiting ice
recrystallization such as lysine-based surfactants, non-ionic carbohydrate-based
amphiphiles (alkyl and aryl aldonamides) and O-linked alkyl and aryl glycosides. The use
of these small molecule ice recrystallization inhibitors (IRIs) as novel CPAs has become
an important strategy to improve cell viability and function post-thaw.

With the overall goal to identify highly effective inhibitors of ice recrystallization, the
first part of this thesis examines the IRI activity of three diverse classes of small
molecules including carbohydrate-based surfactants bearing an azobenzene moiety,

fluorinated aryl glycosides and phosphate sugars. While the majority of the carbohydrate-



based surfactants and fluorinated aryl glycosides were not effective inhibitors of ice
recrystallization, this work revealed that monosaccharides possessing a phosphate group
could be effective IRIs.

Our laboratory has previously demonstrated that small molecule IRIs B-PMP-Glc and
B-pBrPh-Glc can protect human RBCs from cellular injury during freezing using reduced
concentrations of glycerol (15% w/v). This was significant as reducing the concentration
of glycerol can drastically decrease deglycerolization times. Consequently, structure-
function studies were conducted on B-PMP-Glc and B-pBrPh-Glc to elucidate key
structural features that further enhance their IRI activity and may increase their
cryoprotective ability. In particular, the influence of an azido moiety on the IRI activity
of B-PMP-Glc and B-pBrPh-Glc was investigated and it was determined that the position
of the azide substituent on the pyranose ring is crucial for effective inhibition of ice
recrystallization. Furthermore, the presence of an azido group at C-3 was found to
increase the IRI activity of B-PMP-Glc and B-pBrPh-Glec.

Despite the discovery that B-PMP-Glc and B-pBrPh-Glc are beneficial additives for
the freezing of RBCs, a significant amount of cellular damage occurred during
deglycerolization, resulting in very low cell recoveries. Thus, IRI active azido aryl
glucosides were explored for their cryopreservation potential in RBCs to determine
whether they could function as effective additives that reduce cellular damage post-thaw
and improve cell recovery. One of the most significant results of this thesis is the
discovery that azido aryl glucosides can successfully cryopreserve RBCs in the presence
of 15% glycerol with significantly improved cell recovery. This thesis also explores the
use of small molecule IRIs to improve the cryopreservation of MSCs. In particular, the
addition of an N-aryl-aldonamide (2FA) to the standard 10% DMSO solution was found
to enhance the proliferative capacity of MSCs post-thaw.

Lastly, the ability of small molecule IRIs to cross the cell membrane and behave as
permeating CPAs was evaluated in two different cell models, RBCs and human umbilical
vein endothelial cells (HUVECs). These studies demonstrated that small molecule IRIs
are capable of permeating the cell membrane and controlling intracellular ice

recrystallization.
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Chapter 1: Introduction — Cryopreservation and Small Molecule Ice
Recrystallization Inhibitors

1.1 Principles of Cryopreservation

Cryopreservation is the process whereby biological samples such as cells and tissues
are preserved by cooling to subzero temperatures (-78 °C or -196 °C)." Cryobiology, the
study of life at low temperatures, is an emerging and rapidly expanding field. The
recognition of the importance of cryopreservation to modern medicine is drastically
increasing. Recent advances in the clinical diagnosis and treatment of diseases using cell
and organ transplantation have accelerated cryobiology research and have emphasized the
urgent need to cryopreserve and bank many types of living cells and tissues at low
temperatures.> In the past decade, the explosion of technologies (e.g. nanotechnology,
sequencing, imaging and omics approaches) has facilitated an understanding of human
physiology at the tissue and organ level, making it possible to dramatically accelerate
progress in tissue and organ preservation.*

The need to cryopreserve cells is rapidly increasing due to the high demand of various
cell types in clinical medicine such as red blood cells (RBCs) and mesenchymal stem
cells (MSCs).” In transfusion medicine, the demand for blood products has continually
increased over the past decade. Due to the short shelf life of RBCs (i.e. 42 days),’
hundreds of units are discarded per year, resulting in significant waste.” Furthermore,
given the limited storage time of blood, local shortages are likely to occur and supply can
become disrupted in the wake of mass casualty events.*” Therefore, RBC
cryopreservation has a significant impact on blood supply as it can extend storage time
and prevent frequent blood shortage and disposal of outdated units. In regenerative
medicine, MSC therapy offers promising treatment for tissue injury and immune
disorders, and consequently the number of registered clinical trials has been steadily
increasing since 2004.'" Despite the potential of MSC therapy, these products are
complex biological entities that introduce new challenges. One of the current major
challenges is product storage, to transport cell therapy products between laboratories and
hospitals and clinics at the required time, ensuring the delivery of a high quality, safe and

11,12

efficacious product. Long-term cryopreservation of therapeutic cells is critical to the



ongoing development of cell therapy products as the success of its broad distribution and

use depend largely on the ability to reliably store and transport these products.'

1.1.1 Cellular Preservation Strategies

There are many methods that are used to preserve cells and tissues; however, the
three common strategies are hypothermic preservation, cryopreservation and vitrification.
Hypothermic storage refers to the preservation of cells and tissues at temperatures
ranging between 4 and 10 °C and is often used for short-term transportation.”” The
hypothermia endured by cells at these temperatures reduces metabolism, energy storage
degradation and oxygen demand.'* The use of preservation solutions enables cells to
maintain ionic and osmotic balance, prevent free radical formation and provide energy

. 15,16
substitutes.

However, the temperature-dependent uncoupling of metabolic and
biochemical processes results in the activation of numerous stress response mechanisms
and cell death pathways such as apoptosis and necrosis that are detrimental to cell
survival.'*"> As a result, hypothermic preservation is typically limited to a few days to
weeks. "

Cryopreservation refers to the storage of cells and tissues at subzero temperatures
ranging from -78 to -196 °C and extends storage time from months to years.'” While at
these low temperatures all biological activities are stopped, the challenge of
cryopreservation is to minimize the cellular injury and death that occurs during cooling
and warming. Current strategies focus on reducing the detrimental effects of
physicochemical stressors and membrane disruption that is associated with the formation
of extra- and intracellular ice during the freeze-thaw process by employing cryoprotective
agents (CPAs). The most effective CPA used in cryopreservation is dimethyl sulfoxide

1820 and can necessitate

(DMSO); however, this solvent is toxic to both cells and patients
its removal prior to clinical use. This process can greatly impact the quality of the post-
thaw product.”’ Given the toxic characteristics of DMSO,*** alternative non-toxic CPAs
that afford the same protective ability are much needed.

Vitrification is an alternative approach to cryopreservation that enables cells and
tissues to be stored at cryogenic temperatures in a glass-like state.>* This approach avoids

significant formation of extra- and intracellular ice,” thus reducing mechanical damage



from ice.”® Although vitrification eliminates the requirement to find an optimal cooling
and warming rate for each cell type, this process can only be achieved using a high
concentration of CPA and ultra rapid cooling rates.”®*’ The high concentration of CPA
presents an even greater risk of toxicity. Furthermore, a greater challenge arises during
the warming or thawing process of a vitrified sample where ice crystals are formed
during warming. This is referred to as devitrification. Once these ice crystals are formed,
they recrystallize causing cellular injury.”® The rapid warming rate necessary to avoid
devitrification is a major limitation since such rates cannot be achieved for larger samples
such as tissues.”” Overall, the challenges and implications encountered using these
current preservation methods emphasize the need to improve CPAs and cryopreservation

processes to meet the increasing demands of emerging cellular therapies.

1.1.2 Cryopreservation — Cellular Injury and the Role of Ice Recrystallization

Cellular injury resulting from the process of freezing and thawing in living cells is an
issue that has been extensively studied.”® The concept of cell and tissue preservation has
led scientists to study the overall mechanisms underlying cellular injury that occur during
exposure to cold temperatures for extended periods of time.” It is well known that the
rate at which cells are cooled to low subzero temperatures significantly impacts the
degree of survival. In cells that survive freezing, it was observed that plots of the
percentage of survival versus cooling rate produced inverted U-shaped curves, shown in

2831
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Figure 1. This demonstrated that there is an optimal cooling rate to ensure maximal

cell survival for different cell types.”!
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Figure 1.1 The relationship between cell survival and cooling rate for various cell
32
types.



Mazur also demonstrated that the inverted U-shaped curve results from two opposing
factors. This is known as Mazur’s two-factor hypothesis and is depicted in Figure 1.2.°*
Cells that are exposed to ice formation undergo extensive physical and chemical changes
in their surrounding environment. The cooling of cells to approximately -5 °C causes the
cells and extracellular medium to supercool and remain unfrozen. The formation of
extracellular ice typically occurs spontaneously between the temperatures of -5 and -15
°C. During this time, the cellular contents remain supercooled and unfrozen, and water
moves outside the cell in response to the formation of extracellular ice creating an
osmotic gradient across the cell membrane.”’ At this point, cells undergo two distinct
physical events that are dependent on the rate of cooling. Under slow cooling conditions,
the cells become severely dehydrated and experience significant volume shrinkage prior
to freezing.”' Cellular injury typically results from excessive loss of volume and extended
exposure to high concentrations of electrolytes as ice forms in the extracellular solution.
This damaging effect was termed the “solute effect” and is lethal to cells.”® Under fast
cooling conditions, intracellular ice forms during freezing as the cells have insufficient

time to dehydrate.”*

The rate of water transport out of the cell is governed by the water
permeability of the cell membrane, which is dependent on both temperature and cell type.
Thus, each cell type has its own unique cooling rate to maximize post-thaw viability and

3
recovery.”’
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Figure 1.2 Schematic of physical events in cells during freezing.

As intracellular ice formation (IIF) is dependent upon the water content, cooling rates that
result in IIF greatly vary among different cell types. While it is well documented that the

formation of intracellular ice is detrimental to cell survival, more recent studies have

37,38

shown that IIF itself is not necessarily damaging. The damaging effects of IIF are



attributed to the ice crystal size, whereby larger ice crystals are positively correlated with
increased cell damage.”” Nevertheless, while very rapid cooling rates can result in
negligible cell dehydration and a large amount of intracellular ice with small crystals, the
rate at which the cells are warmed has an even greater impact on the probability of cell
survival.® Cellular damage and death associated with IIF is caused during the thawing

30.40 . . . . . .
" During warming, ice recrystallization occurs; a process that results in the

cycle.
growth and formation of larger ice crystals at the expense of smaller ones. As previously
mentioned, it has been reported that cellular damage is dependent upon ice crystal

28,37

size, and thus the formation of larger ice crystals has a detrimental effect on the cell

and its organelles.””’ Consequently, recrystallization is recognized as a significant

contributing factor to cellular injury and death.***°

1.1.3 Cryoprotective Agents to Improve Post-Thaw Recovery

To mitigate cellular damage and ensure the survival of cells during cryopreservation,
specific chemicals are added to the cell solution prior to freezing known as cryoprotective
agents (CPAs)." CPAs are classified as permeating or non-permeating agents.
Permeating CPAs such as dimethyl sulfoxide (DMSO) and glycerol have the ability to
move freely across the cell membrane of several different cell types** and offer protection
against slow freezing injury. They function by replacing the cell water content, therefore,
they prevent cell dehydration and reduce the concentration of damaging solutes.*****
Non-permeating cryoprotectants such as polyvinylpyrrolidone (PVP), hydroxyethyl
starch (HES), and dextran cannot cross the cell membrane and are limited to the exterior
environment. These CPAs protect cells against rapid freezing injury by increasing the
osmolality of the extracellular solution, thereby facilitating cell dehydration prior to
freezing, and reducing the amount of intracellular ice.* In addition, non-permeating
CPAs also function by stabilizing cell membranes during cryopreservation.”*** While

non-permeating CPAs are typically less toxic than permeating agents,* permeating CPAs

offer superior protection and are required for optimal cryopreservation.

1.1.4 Long-Term Storage of Red Blood Cells

One of the most common cell types that are cryopreserved are RBCs. This is because

blood transfusions are one of the most common forms of cellular therapy and often the



only treatment option for a variety of conditions.” Blood transfusions are life-saving
standard medical procedures used to treat anemia®® and inherited blood disorders,*’
replace blood lost during or after surgery and treat accident victims and mass casualty
events.* It is estimated that approximately 85 million RBC units are transfused annually
worldwide.* While whole blood (WB) consists of several different components such as
plasma, red blood cells, white blood cells (WBCs) and platelets, RBCs are the most
frequently transfused blood component and thus, the need for RBCs is very high. RBC
units are red cell concentrates that are prepared from whole blood collected in a citrate
phosphate dextrose (CPD) anticoagulant.”® RBCs are separated by centrifugation to
remove plasma and filtered to reduce leukocytes.”' The final packed RBC component is
resuspended in an additive solution such as saline-adenine-glucose-mannitol (SAGM) or
additive solution-3 (AS-3) to provide nutrients for extended storage and additional
volume.”

RBC units are typically stored at 1 to 6 °C in a refrigerator for up to 42 days.” >
Although the storage of RBC units has facilitated inventory management in hospitals and
blood banks, the quality of stored RBCs deteriorates beyond this period. During RBC
storage, well-defined biochemical and biomechanical changes occur known as “storage
lesions” that impact both RBC viability and function.®”*>" For example, levels of
adenosine triphosphate (ATP) and 2,3-diphosphoglycerate (2,3-DPG) decline over time,*®
resulting in morphological changes and loss of deformability which can impact tissue

oxygen delivery.””®

It has also been reported that during storage membrane lipid content
decreases due to vesicle formation,”'® free hemoglobin is released from lysed RBCs®
and cytokines are generated and accumulate over time.** In addition, stored RBCs can be
a culture medium for bacterial contamination.®*® At the time of collection, blood units
can become contaminated with bacteria® and although most bacteria do not survive in
cold storage, cold-tolerant bacteria have the ability to survive and grow at the
temperatures used to preserve RBCs.® The storage lesions associated with prolonged
hypothermic storage of RBCs have raised concerns regarding the potential adverse
consequences of transfusing prolonged stored blood. The clinical relevance of RBC

storage lesions has been extensively studied and it has been shown that there is a

relationship between the age of transfused blood and adverse clinical outcomes in



771 For instance, it has been demonstrated that

cardiac, trauma and critically ill patients.
mild to moderately injured patients in the intensive care unit receiving units of blood
stored beyond two weeks were associated with adverse outcomes such as pneumonia,
renal failure and death.””

Since refrigerated blood has a short shelf life of 42 days, this can lead to episodic
shortages in blood supply and the disposal of outdated blood. While the use and supply of
blood products must be constantly balanced, blood supply is always a significant issue in
medicine. Cryopreservation of RBCs is the only current technology that can provide
long-term product storage. This preservation method can extend storage time to at least

73,74

10 years and is primarily used to store RBCs for military combat casualty care and to

maintain an inventory of autologous RBCs and RBCs with rare phenotypes.”’*"
Glycerol is used to protect RBCs against freezing damage and the concentration of
glycerol that is required depends on the cooling rate used during freezing and the storage
temperature.”® Currently, there are two methods that are clinically used for the

cryopreservation of RBCs which are low concentrations of glycerol with rapid cooling

77,78 79,80

rates and high concentrations of glycerol with slow cooling rates. In Europe,
blood banks routinely freeze RBCs using low concentrations of glycerol (15-20% w/v)
with rapid cooling rates (>100 °C/min) prior to storage in liquid nitrogen (-196 °C) or
liquid nitrogen vapor (-165 °C). Using this method, RBCs are thawed rapidly in a 42 to
45 °C water bath. In Canada and the United States, RBCs are typically cryopreserved
using high concentrations of glycerol (40% w/v) with slow cooling rates (1 °C/min) prior
to storage at <-65 °C in a mechanical freezer. Using this method, RBCs are rapidly
thawed in a 37 °C water bath. In each case, post-thaw processing must be performed to
adequately remove the glycerol while ensuring minimal hemolysis and cell recovery of at
least 80% after deglycerolization.” During the removal of glycerol, RBCs are exposed to
decreasing concentrations of saline, which potentially results in damaging osmotic
stress.”® Therefore, to minimize the amount of hemolysis caused by osmotic stress, cells
are washed step-wise with progressively decreasing concentrations of saline.””®' This
process, known as deglycerolization, reduces the glycerol content to less than 1% and is
55,75

necessary to avoid intravascular hemolysis and adverse events after transfusion.

Deglycerolization is typically performed using an automated cell processing system that



subjects the RBCs to multiple washing steps followed by centrifugation and supernatant
removal. This process can be performed in an open system using the COBE 2991 cell
processor; however, deglycerolized RBC units have a limited shelf life of 24 hours due to

potential bacterial contamination.”*®'

The introduction of a completely automated closed
processing system using the Haemonetics ACP 215 device® has enabled deglycerolized
RBC units to be stored at 4 °C for up to a week in SAGM and up to 2-3 weeks in AS-
3.57% The deglycerolization process for the low glycerol method is simpler and takes
approximately 30 minutes to deglycerolize a unit.” In contrast, the high glycerol method
requires more extensive washing and can take up to 60 minutes to deglycerolize a unit.
As a result, frozen RBCs are not routinely used in the clinical setting due to the costly
and time-consuming post-thaw processing.

Alternatively, RBCs have been cryopreserved using hydroxyethyl starch (HES) (a
non-permeating CPA). In this method, RBCs are prepared with 11.5% (w/w) HES and
frozen rapidly by immersion in liquid nitrogen. RBCs are stored in liquid nitrogen or
liquid nitrogen vapor and thawed rapidly in a 48 °C water bath.*” ™ Due to the
biodegradable nature of HES, post-thaw RBCs can be directly transfused, thereby
completely eliminating post-thaw processing.”>”> Additionally, since HES is commonly
used as a volume expander,” it can prevent shock in cases of severe blood loss such as
trauma or surgery. However, it was later demonstrated that the transfusion of HES
cryopreserved RBCs resulted in significantly increased concentrations of plasma
hemoglobin.”’ As a result, HES is not clinically used for the cryopreservation of RBCs
due to the inadequate data regarding the safety of HES in patients receiving repeated
transfusions.”>”

In summary, the cryopreservation of RBCs has the potential to address many of the
current challenges encountered during hypothermic preservation such as limited storage
time and blood shortages. While the standard protocol to cryopreserve RBCs in Canada
uses a high concentration of glycerol (40% w/v) to prevent cellular damage during
freezing and ensure a high RBC recovery, the glycerol must be removed after thawing
prior to transfusion. The deglycerolization process is time-consuming and less-than-ideal

in emergency transfusions where large quantities of RBC units are required in a short

period of time. In addition, since glycerol is a permeating CPA, it only provides cellular



protection against slow freezing injury such as excessive dehydration and high
concentrations of damaging solutes. As such, glycerol is not capable of protecting cells
against lethal intracellular ice recrystallization that accounts for reduced recoveries post-
thaw.”* As a result, improvements to the current protocol, such as reducing post-thaw
processing times and protecting cells against injury by inhibiting ice recrystallization, are
necessary in order to provide access to more readily available RBC units with improved
quality. The routine use of cryopreservation could not only extend the shelf life of RBCs

but could also prevent periodic blood shortages in order to meet patient demand.”

1.1.5 Cryopreservation of Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are multipotent cells that possess the capacities of
self-renewal and multilineage differentiation into osteoblasts, adipocytes, myocytes and
chondrocytes.”* MSCs exist in a variety of tissues and can be obtained primarily from
bone marrow, umbilical cord tissue, and adipose tissue.” Due to the tissue repair
properties of MSCs, these cells have recently gained a significant amount of interest in
cell-based therapies for various inflammatory diseases, ® cardiac repair,”” musculoskeletal
diseases,”® and osteoarthritis.”” Furthermore, the immunosuppressive properties of MSCs
are advantageous compared to other cell types as it permits allogeneic transplantation
without the need for immunosuppressive therapy.'® For clinical applications, where large
numbers of MSCs are required, the cells must be expanded in culture or pooled from
multiple donors.'®! However, not all MSCs can be cultured for long periods of time such
as human amniotic membrane-derived MSCs.'"* Additionally, long-term culture of MSCs
introduces the possibility of contamination, genotypic drift, chromosomal abnormalities

04 . .
92103104 75 avoid such issues and enable the long-term storage

and phenotypic instability.
of MSCs, cryopreservation remains the only viable method to preserve these cells for a
significant period of time. This preservation method would allow therapeutic doses of
MSC:s to be stored on-site at hospitals and clinics, allowing off-the-shelf availability for
the immediate treatment of acute conditions such as stroke and myocardial infarction.'®
While several cryopreservation techniques have been employed to preserve MSCs, the
challenges lie in optimizing the freezing protocols to ensure that post-thaw MSCs

maintain their viability and functional properties, and retain the characteristics of freshly



isolated MSCs. Conventional methods of MSC cryopreservation commonly use 10%
DMSO in an electrolyte solution (ex. PlasmaLyte A, PLA) containing an added protein
(ex. Human Serum Albumin, HSA). The cell solutions are typically frozen in a controlled
rate freezer'” or at a rate of 1 to 5 °C/min to approximately -100 °C at which point the

cells are stored in liquid nitrogen.'”” Although these protocols yield high post-thaw

106

viability and recovery, ~ DMSO is cytotoxic at the concentrations used to preserve cells,

therefore complicating the direct clinical use of frozen-thawed cells. While the most
common DMSO related toxicity includes nausea and vomiting,'”® DMSO has been shown

to possess a wide spectrum of toxicities and adverse effects on the central nervous

109,110 111,112

respiratory, hemolytic,'" gastrointestinal,* hepatic,'"

111,114

system,
cardiovascular and renal systems.”” As a result, this can necessitate the removal of
DMSO from thawed cells prior to use; however, this process is both complex and time-

1% and has been shown to be associated with damaging osmotic shock,”'

consuming
resulting in cell loss. Therefore, while cryopreservation of MSCs simplifies logistics of
cell therapy, DMSO remains the only effective CPA and its toxicity has resulted in the
need for development of alternative cryopreservation medium.

In recent years, there have been several conflicting reports examining the impact of
cryopreservation on MSC functionality, particularly on its immunomodulatory functions.

While some groups have reported no significant decline in post-thaw functionality,'*>'">"

"7 others have shown that cryopreserved MSCs display impaired immunomodulatory and

blood regulatory properties directly after thawing.*>''®'*

These results highlight a
possible cause for the failure of clinical trials on MSC-based immunotherapy using
cryopreserved products immediately post-thaw.”>'**!*! Consequently, the impact of
cryopreservation on MSC function must be well understood in order to advance MSC-

based therapies.

1.2 Controlling Ice Recrystallization During Cryopreservation: A Novel Approach

Given that ice recrystallization is a major contributor to cellular injury and death
during cryopreservation (Section 1.1.2), an understanding of the structure of ice and the
mechanism of ice recrystallization is required prior to a discussion on inhibitors of ice

recrystallization. Importantly, nature’s biological solvent, water, exists as the primary

10



component in all living organisms and is highly influential on the survival of organisms
after exposure to subzero temperatures. Liquid water is transformed to its solid state, ice,
at temperatures of 0 °C, which is well above the temperatures employed for
cryopreservation, making ice formation inevitable in biological systems. Although the
concept of freezing is straightforward, the physical process is rather complex. The unique
physicochemical properties of water are essential for cell function and cryobiological
manipulations have a large impact on the different physical states of water. Consequently,
water plays a central role in cryopreservation and understanding the properties of ice is

essential to the field of cryobiology.

1.2.1 Structure of Ice

Ice exists in numerous structural forms depending on ambient pressure and
temperature. At atmospheric pressure and temperatures below 0 °C, ordinary hexagonal

122123 Within the ice I, crystal lattice, each oxygen atom

ice I is the most common form.
is bonded to two hydrogen atoms and surrounded by four other oxygen atoms in a
tetrahedral arrangement. The approximate distance between the oxygen atoms is 2.76
A."** This arrangement of water molecules produces a crystalline structure having
hexagonal symmetry. The hexagonal ice I lattice unit is identified by four axes labeled
ai, az, as, and ¢, and can be visualized as a hexagonal prism that consists of two basal
faces, which are normal to the c-axis, and six prism faces as shown in Figure
1.3.12212:125126 Once a nucleation event occurs, a hexagonal ice crystal can grow in any
direction, but the growth rate is dependent on the surrounding water temperature and the
extent of cooperative hydration.'””” Normally, at 0 °C and atmospheric pressure,

hexagonal ice crystals grow rapidly along the a axis (basal plane).'?>!*12>128

a3 basal plane A basal plane

a

prism plane ! pyramidal plane

Figure 1.3 Hexagonal ice I, lattice unit consisting of four axes a,, a», a3, and ¢, and the
basal, prism and pyramidal planes.
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Studies have shown that the surface of ice is characterized by a disordered state (quasi-

liquid) at temperatures close to its melting point.'**"*!

This is known as the quasi-liquid
layer (QLL) and is a thin liquid-like layer that is formed by surface melting and exists
between the ice crystal lattice and bulk water phase.'**'**"** The thickness of this layer

135138 and estimated to be approximately 10-15 A

has shown to be temperature dependent
thick."*>!*® While the nature of the QLL has been widely investigated and remains a topic
of debate,”***"'* its importance in the recrystallization of ice and cryopreservation is

well acknowledged.129,130,144

1.2.2 Recrystallization in Ice

The phenomenon of ice recrystallization has been extensively studied over the past 40
years. The recrystallization of ice is a thermodynamically driven process that results in
the growth and formation of larger ice crystals at the expense of smaller ones.”® This
process has been shown to occur through either grain boundary migration or Ostwald
ripening.''*” An ice I, grain is the ordered arrangement of water molecules to produce
a crystalline structure having hexagonal symmetry. The growth and formation of larger
ice grains at the expense of smaller ones can be explained through grain boundary
migration, which refers to the movement of the interface boundary between two ice
crystal grains. Hence, grain boundaries are the interfaces between differently orientated

. . 145,146
ice crystal grains. ™

The boundary between an actively growing ice grain and a
neighboring grain exhibits a certain degree of curvature, which is related to the size of the
grain. The boundaries of large grains tend to be concave (bulge inward) and have a lower
surface energy. In contrast, the boundaries of small grains are more convex (bulge
outward) and have a higher surface energy.'*® Grain boundaries tend to migrate towards
their centers of curvature such that the degree of curvature is reduced. As a result, large
grains with concave boundaries grow larger while smaller grains with convex boundaries
grow smaller and eventually disappear (Figure 1.4)."**'* This process of grain growth
due to grain boundary migration is driven by the reduction in surface energy associated

. . . 148,149
with the decrease in grain boundary curvature. ™
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Grain 2

Figure 1.4 Schematic of grain boundary migration where the shaded area represents the
liquid layer between two curved grain boundaries. The movement of the interface
boundary between two grains occurs such that large grains with concave boundaries
(grain 2) grow larger while small grains with convex boundaries grow smaller (grain 1),
as indicated by the arrows."*

The theory of grain boundary migration is strictly limited to ice at temperatures of -10
°C, where it assumes that grain growth in ice occurs due to the direct transfer of water
molecules from one grain to another.'*® However, at temperatures above approximately -
10 °C, the behavior of the system changes due to changes in the thickness of the QLL. To
account for this, the recrystallization of ice can be explained by an Ostwald ripening
process where large ice crystals grow at the expense of smaller ones at a constant total ice
volume and as a result, the average ice crystal size increases and the total number of ice
crystals decreases.”' In this process, the driving force is the decrease in total energy of

the ice crystal/bulk water interface.”' %

In an ice crystal, an ordered arrangement of
water molecules exists through hydrogen bonding. Water molecules that reside at the
bulk water/ice crystal interface exhibit a lesser extent of hydrogen bonding and thus are
higher in energy than water molecules within the ice crystal lattice.””*>'>> Smaller ice
crystals possess a higher surface-area-to-volume ratio and are less stable than larger ice
crystals.'”>'** Ostwald ripening suggests that water molecules on the surface of small ice
crystals migrate to the surface of larger ice crystals through the QLL and bulk water,
resulting in a decrease in the total surface-area-to-volume ratio.'”>'** Although the exact
mechanism by which ice recrystallization occurs is still a matter of controversy, the

benefits of inhibiting the recrystallization of ice were recognized hundreds of years ago

and have attracted widespread academic and commercial interest.
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1.2.3 Inhibiting Ice Recrystallization with Molecules Other than BAs

Naturally occurring biological antifreezes (BAs), such as antifreeze proteins (AFPs)
and antifreeze glycoproteins (AFGPs), are found in organisms inhabiting sub-zero
environments and provide protection against injury associated with freezing by
controlling the growth of ice.'>*'°® While the antifreeze activity exhibited by BAs has
been investigated for more than 40 years, the exact mechanism of action is still poorly
understood. Several theoretical models of ice growth inhibition by BAs have been
proposed;***"1%% however, the most widely accepted is the adsorption-inhibition model,
whereby native AFPs and AFGPs inhibit ice growth and recrystallization by irreversibly

. . o 154,156,159-162
binding to certain ice crystal surfaces. ”" >

The binding of a BA to an interface of
a growing ice crystal results in curvature on the ice surface between bound BAs. The
increased surface area and curvature make the addition of water molecules along the ice
surface energetically unfavourable, resulting in inhibition of further ice growth (Kelvin
Effect).'®"!%71% This is accompanied by a change in ice crystal morphology and a
localized freezing point depression referred to as thermal hysteresis (TH).'>*!6%164166-168
When the temperature is lowered below this freezing point, the growth of ice occurs and
is characterized by distinct burst patterns as supercooled water rapidly joins the ice

169,170

lattice. The ice shaping effect (depicted in Figure 1.5) and TH activity stem directly

from the ability of a BA to bind to ice and these properties appear to be intertwined such

that proteins that exhibit TH activity also demonstrate an ice shaping effect.>*!”!
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Figure 1.5 Ice crystal morphologies in the presence of various BAs: (A) AFGP-8; (B)
WT LpAFP; (C) Type I AFP; (D) Type III AFP at | mg/mL in water.'””
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While TH and ice shaping are correlated, the ability to inhibit ice recrystallization
appears to function independently and does not necessarily correlate to TH activity.'”
For instance, AFPs such as 7mAFP, type I-hyp AFP from winter flounder and MpAFP
are hyperactive AFPs that are very effective at TH but exhibit relatively low ice
recrystallization inhibition (IRI) activity. On the contrary, AFGP and winter flounder
type I AFP exhibit moderate TH activity but high IRI activity.'® The lack of correlation

173,174
73,17 In

between TH and IRI activity suggests that multiple mechanisms may be present.
a recent study, Wu et al. discovered an ion-specific effect on ice recrystallization
whereby the average size of ice crystals after recrystallization could be regulated by
changing the type of ion in the aqueous solution.'” The ion-specific effect on IRI activity
was investigated with various anions and cations and molecular dynamics simulations
demonstrated that the ability of the ion to be incorporated into the ice lattice plays an
important role in the size of recrystallized ice crystals and thus its ability to inhibit ice
growth.'” Consequently, while binding to ice crystal surfaces is required for TH

134.163,164166-168 +his study suggests that it may not be necessary for IRI activity

activity,
and alternative mechanisms for inhibiting ice recrystallization may exist.

Inspired by the unique function of BAs to inhibit ice growth and recrystallization, a
number of synthetic polymers and materials have recently been developed to control ice
formation and growth. These include ice recrystallization inhibitors such as poly (vinyl
alcohol) (PVA),""*'® block copolymers,'™ nylon-3 polymers,'®* zirconium acetate,'®
graphene oxide,'™ and amphipathic metallohelices.'"™ Among these polymers and
materials, PVA has been extensively studied and remains one of the most IRI active

176-180.186 1ada ef al. showed that the effectiveness of PVA in

synthetic polymers to date.
inhibiting ice recrystallization increased as the molar concentration and molecular weight
of PVA increased.'”® High molecular weight PVA was found to possess comparable IRI
activity to a type I AFP at similar molar concentrations. However, due to the large
difference in molecular weights, the quantity of PVA required to exhibit this IRI activity

was significantly higher than the AFP.'™

The molecular weight dependence of PVA on
IRI activity was re-examined by Gibson ef al. and they demonstrated that high molecular
weight (115,000 Da) PVA was an effective inhibitor of ice recrystallization at a

concentration of 5 mg/mL."”" It was proposed that the IRI activity exhibited by PVA is
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attributed to its ability to interact with the ice crystal lattice. But PVA exhibits very slight
TH activity'®® and ice shaping effects, suggesting adsorption to specific ice crystal

179
surfaces.!”

Koop et al. hypothesized that the spacing of the PVA hydroxyl groups
closely match those of the prism planes of the ice crystal lattice, allowing PVA molecules
to adsorb to these planes.'” However, this speculation was based on a two-dimensional,
straight-line configuration. Recently, Toner ef al. conducted molecular dynamics
simulations at the ice-PVA interfaces to explicitly show the geometrical match between
the PVA hydroxyl groups and the ice lattice and demonstrated that PVA adsorbs to both
the basal and prism planes of ice and short-chain PVA is incorporated into the ice

lattice.'®>'®

Furthermore, it is hypothesized that the PVA chain length (i.e. the number of
hydroxyl groups) has an effect on IRI activity.'®® Despite this, the exact mechanism by
which PVA interacts with ice and inhibits ice recrystallization is not fully understood.'®*"
190

Unlike high molecular weight polymers, our laboratory was the first to report that low
molecular weight (< 340 Da) molecules could inhibit ice recrystallization.'”'"*® Small
molecules are attractive alternatives to high molecular weight polymers since they can be
efficiently synthesized and are amenable to large-scale preparations required for various

applications. In addition, small molecules are less likely to elicit immunogenic responses

than polymers in biological systems.'”’

1.3 Small Molecule Ice Recrystallization Inhibitors

Ice recrystallization has been identified as a significant contributing factor to cellular
injury and death during cryopreservation.”**’ Given that many cryopreservation protocols
are suboptimal, interest has arisen in designing novel inhibitors of ice recrystallization for
their use as cryoprotective agents. Over the past decade, our laboratory has studied
several different classes of naturally occurring biological antifreezes (BAs) found in
organisms inhabiting sub-zero environments.””’ The biological purpose of BAs is to
control ice growth and protect organisms against freezing damage.*’'*”> Although BAs

146

possess the desirable property of ice recrystallization inhibition; ™ they cannot be used

206-209

effectively as CPAs due to the detrimental effects of TH. This can be explained by

the morphological changes in ice crystal habit that occur as a result of BA binding to the
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ice crystal surface. At temperatures well below the TH gap (i.e. cryopreservation
temperatures), ice crystal morphology changes from hexagonal shaped to needle-like

154,210

structures (spicules) that penetrate cell membranes and cause cell damage.*"!

Early work led to the development of carbon-linked (C-linked) AFGP analogues that

191,193,212,213

possess “custom-tailored” antifreeze activity. These analogues exhibit the

ability to inhibit ice recrystallization without the detrimental effects of TH.''202!2
Extensive structure-function studies of the C-linked AFGPs led to the discovery that
small molecules could be effective inhibitors of ice recrystallization. Subsequent to this,
our laboratory has reported several different classes of small molecules capable of
inhibiting ice recrystallization such as lysine-based surfactants, non-ionic carbohydrate-
based amphiphiles (alkyl and aryl aldonamides) and O-linked alkyl and aryl

: 195-198,214
glycosides. ’

1.3.1 Simple Mono- and Disaccharides as Ice Recrystallization Inhibitors

In 2008, our laboratory reported that simple carbohydrates (mono- and disaccharides)
can exhibit moderate IRI activity.'”> Previous work on a series of C-linked AFGP
analogues demonstrated that the relative stereochemistry of the hydroxyl groups of the

"1 Tt was shown that the presence of a highly

carbohydrate moiety influenced IRI activity.
hydrated carbohydrate residue on the glycopeptide resulted in more IRI activity than that
of a less hydrated carbohydrate.'”’ Consequently, this work suggested that the hydration

P! To further investigate the correlation

of a carbohydrate is important for IRI activity.
between carbohydrate hydration and IRI activity, several simple mono- and disaccharides
were assessed for their ability to inhibit ice recrystallization and correlated to their
respective hydration parameters.'”> Among the monosaccharides examined in this study,
D-galactose exhibited the most IRI activity at a concentration of 22 mM. Meanwhile, D-
glucose and D-mannose possessed weak IRI activity and D-talose displayed no IRI
activity."”? In the disaccharides, D-melibiose possessed the most IRI activity, while D-

lactose and D-trehalose displayed weak IRI activity and D-maltose and D-sucrose showed

no IRI activity (Figure 1.6).
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Figure 1.6 Correlation between carbohydrate hydration index and IRI activity.

The hydration layer of a carbohydrate refers to the number of tightly bound water
molecules that surround the carbohydrate.”’>*'” The ability of the sugar to “fit” in or to
be compatible with the three-dimensional hydrogen-bonded network of water depends on

the relative stereochemistry of the hydroxyl groups.*’>*'®

More specifically, it was
shown that the C-2 and C-4 hydroxyl groups are important for the fit of a carbohydrate in
water.””” A new parameter termed the hydration index (HI) was developed and this value
corresponds to the hydration number divided by the partial molar volume of the

carbohydrate.'”?

It was shown that mono- and disaccharides displayed a correlation
between IRI activity and hydration index (Figure 1.6)."”> Consequently, mono- and
disaccharides possessing higher hydration indices were more IRI active.

Since none of these carbohydrates exhibit TH activity or ice shaping effects, it was
unlikely that their IRI activity was due to interactions with the ice lattice. This led to an
alternative proposed mechanism for ice recrystallization inhibition based upon the
compatibility of the carbohydrate within the network of bulk water molecules, which is
linked to hydration.192 As mentioned in Section 1.2.1, a quasi-liquid layer (QLL) exists
between the ice crystal lattice and bulk water phase. During ice recrystallization, there is
a movement of bulk water molecules to the QLL then to the growing ice lattice.”****' It
was proposed that simple carbohydrates localize at the bulk water-QLL interface and
inhibit ice recrystallization by disrupting the pre-ordering of water.'”> Highly hydrated

carbohydrates, such as D-galactose and D-melibiose, fit poorly into the three-dimensional
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hydrogen-bonded network of bulk water and cause greater disruption on the pre-ordering
of water molecules.”">"” This increases the energy associated with the transfer of bulk
water molecules to the QLL and makes this process energetically unfavourable, resulting
in ice recrystallization inhibition. In contrast, less hydrated carbohydrates, such as D-
talose and D-sucrose, fit well into the three-dimensional hydrogen-bonded network of
bulk water and disrupt the pre-ordering of bulk water molecules less. As a result, they

192

exhibit little to no IRI activity. ~ The proposed mechanism for ice recrystallization

inhibition is depicted in Figure 1.7.

Ice Crystal 1
.
QLL 1
Bulk Water
QLL 2
k)%
Ice Crystal 2

Figure 1.7 Proposed mechanism for ice recrystallization inhibition. A carbohydrate,
represented as a red sphere, localized at the bulk water-QLL (quasi-liquid layer) interface
between adjacent ice lattices. The hydration of a carbohydrate is correlated to IRI
activity.'”

While this proposed mechanism is related to the hydration of a carbohydrate and
hypothetically explains how simple carbohydrates (mono- and disaccharides) exhibit IRI

activity, it is crucial to emphasize that the exact mechanism by which small molecules

inhibit ice recrystallization is not known.

1.3.2 Carbohydrate-Based Surfactants as Ice Recrystallization Inhibitors

Given that the proposed mechanism for ice recrystallization inhibition of simple
carbohydrates was based on their ability to disrupt the structure of bulk water,"** this led

195
These molecules possess a

to the discovery of carbohydrate-based surfactants as IRIs.
hydrophilic carbohydrate head group and a hydrophobic tail; thus, they can self-assemble

to form micelles/hydrogels in solution.”* *** Carbohydrate-based surfactants such as n-
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octyl-B-D-glycosides are commonly used detergents for membrane protein solubilization,

225,226

purification and crystallization. However, their ability to inhibit ice recrystallization

had not been previously explored. As such, n-octyl-B-D-glycosides 101 and 102 were

synthesized and assessed for IRI activity (Figure 1.8).'

The glucose analogue 101
showed very little IRI activity at 22 mM, similar to that of D-glucose at the same
concentration. Interestingly, when assessed at 22 mM, the galactose analogue 102
displayed significantly more IRI activity than D-galactose.'”” The results from this study
suggested that hydrophobic moieties such as long alkyl chains at the C-1 position of the

pyranose ring are important for IRI activity.'”>'*

OH Ho OH

HO&O &O@o
H HO \C8H17 HO HO \CBH17
101 102

Figure 1.8 Structures of n-octyl-B-D-glycosides 101 and 102.
1.3.3 Aryl Glycosides as Ice Recrystallization Inhibitors

Despite the discovery that carbohydrate-based surfactants such as n-octyl--D-galactoside
(102) are effective inhibitors of ice recrystallization, their surfactant-like properties
impair their ability to function as novel CPAs since they solubilize cell membranes and

are detrimental to cell survival.?*"**8

Thus, to maintain the amphiphilic nature of these
molecules but eliminate the deleterious effects of long alkyl chains on membrane
structural integrity, other hydrophobic substituents were explored. More specifically, the
hydrophobic alkyl chains at the C-1 position were replaced with hydrophobic aryl
moieties. A structurally diverse class of O-linked aryl glycosides was synthesized and

assessed for IRI activity.'”®

The general structure is shown in Figure 1.9, as well as
structures of certain effective inhibitors of ice recrystallization in this class of molecules
(103-105). Various functional groups were substituted at the ortho-, meta- and para-
positions of the aryl ring; however, it was shown that ortho- and meta-substituted
analogues were significantly less IRI active than para-substituted analogues and
highlighted the importance of having a substituent at the para-position of the aryl ring.””’
Given that n-octyl-B-D-galactoside 102 was shown to be an effective inhibitor of ice

recrystallization, O-aryl galactosides were also explored. However, the O-aryl
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galactosides displayed a very different activity profile than their glucoside counterparts

and exhibited less IRI activity overall.'”®

Within the class of O-aryl glucosides, analogues
103-105 bearing a methoxy group (-OCH3) or a halogen (-Br and —F) at the para-position

of the aryl ring are some of the most effective inhibitors of ice recrystallization.'®

OH OH
° | HO Q
HO"X . HO S
HO " : HO |
=
I3 "

_"R | 103, R = OCHj (B-PMP-Glc)
' 104, R = Br (B-pBrPh-Glc

General Structure 105, R = F (B-pFPh-Glo)

Figure 1.9 General structure of the O-aryl glycosides and structures of effective ice
recrystallization inhibitors in this class of molecules (103-105).

Extensive structure-function studies have revealed critical features that influence the IRI
activity of these molecules including the relative orientation of the hydroxyl groups on
the pyranose ring, the stereochemistry and nature of the C-1 glycosidic bond, and the

substituent on the aromatic ring and its regiochemistry.'”®

The O-aryl glycosides
represent a promising class of small molecule IRIs for use in cellular applications due to
their inability to solubilize cell membranes and synthetic simplicity that is amenable to
large-scale preparations required for in vitro studies. Furthermore, the O-aryl glycosides
have recently been shown to be effective cryo-additives for the freezing of human

RBCs.>?

1.4 Chapter Summary

Cryopreservation remains the only viable method to preserve cell types, such as
RBCs and MSCs, for a significant period of time for transfusion medicine and
regenerative medicine applications. Current CPAs such as DMSO and glycerol prevent
cellular damage and increase post-thaw viability and recovery; however, the toxicity
associated with DMSO remains a key-limiting factor. Although the CPA glycerol is
required for successful cryopreservation of RBCs, it must be removed from RBCs post-
thaw to avoid intravascular hemolysis. The high concentration of glycerol (40% w/v) that
is typically utilized presents a significant limitation due to the costly and time-consuming

deglycerolization process. Consequently, current cryopreservation protocols are
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suboptimal, and the rapidly emerging fields of cell bioprocessing and cellular therapy
have elicited a rising demand for improved protocols that reduce or eliminate the use of
DMSO or glycerol. Due to the fact that ice recrystallization is a major contributor to
cellular injury and death during cryopreservation, compounds that have the ability to
inhibit this process are very attractive candidates as alternative CPAs. Over the years,
several different classes of small molecule IRIs have been discovered. Extensive
structure-function studies have revealed the importance of hydrophobic moieties for IRI
activity. While carbohydrate-based surfactants possessing long alkyl chains were shown
to be effective inhibitors of ice recrystallization, their surfactant-like properties impaired
their ability to function as novel CPAs due to their solubilizing effect on cell membranes.
The subsequent discovery of the O-aryl glycosides represents a novel class of small
molecule IRIs with great potential as CPAs in cryopreservation applications. Overall, the
design and study of IRI active small molecules will aid in identifying additional structural
features that are necessary for effective inhibition of ice recrystallization and facilitate a
better understanding of the mechanisms responsible for inhibiting ice recrystallization. In
addition, further development of small molecule IRIs for their use as novel CPAs can

significantly improve current cryopreservation protocols.
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Chapter 2: Goals and Objectives
2.1 Introduction

The rapidly emerging field of cellular therapeutics has highlighted the importance of
cryopreservation for reliable storage, transport and banking of products.’ To date,
cryopreservation remains the only viable method to preserve various cell types such as
red blood cells (RBCs) and mesenchymal stem cells (MSCs) for a significant period of
time; however, major limitations of this technique still exist. As stated in the introduction
to this thesis, cryoprotective agents (CPAs) are key to the success of these
cryopreservation methods. Permeating CPAs such as dimethyl sulfoxide (DMSO) and
glycerol are commonly used to mitigate cellular damage during cryopreservation and
ensure high post-thaw cell viability and recovery. However, the concentration of DMSO
used to preserve cells is toxic to both cells and patients,”™ therefore complicating the
direct clinical use of frozen-thawed cells. While DMSO can be removed from thawed
cells prior to use, the process is complex and time-consuming and it has been shown to be
associated with damaging osmotic shock, resulting in cell loss.”® Although the CPA
glycerol is required for successful cryopreservation of RBCs, it must be removed from
RBCs post-thaw to avoid intravascular hemolysis.”® The high concentration of glycerol
(40% w/v) that is typically utilized presents a significant drawback due to the costly and
time-consuming deglycerolization process. Consequently, the limitations highlighted
above emphasize the need to improve current CPAs and cryopreservation processes to
reduce or eliminate the use of conventional CPAs such DMSO and glycerol.

It is well documented in the literature that a significant amount of cells experience
cellular injury during cryopreservation due to ice formation and recrystallization.”'® This
process occurs as large ice crystals grow larger at the expense of smaller ones.
Compounds with the ability to inhibit this process are known as ice recrystallization
inhibitors (IRIs). Consequently, the ability to inhibit ice recrystallization is a very
desirable property of an effective CPA, unlike the conventional CPAs such as DMSO and
glycerol that function by a different mechanism and do not control or inhibit ice
recrystallization. From the discovery of biological antifreezes (BAs) possessing IRI and

11-15

TH activity to the first report of “custom-tailored” AFGP analogues exhibiting IRI

16,17

activity only, these significant advancements have not only provided a better
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understanding of the structural features necessary for IRI activity but have led to the

18-22

design of several different classes of small molecule IRIs. The first class of small

molecules reported to exhibit effective inhibition of ice recrystallization were

18,19

carbohydrate-based surfactants possessing long hydrophobic alkyl chains. However,

the surfactant-like nature of these compounds prevented their use in cellular applications

23,24
" Therefore, research efforts focused

due to their solubilizing effect on cell membranes.
on designing a new class of carbohydrate-based small molecules containing hydrophobic
aryl moieties that are more compatible with cell membranes since they are not capable of
membrane solublization.”” The O-aryl glycosides represent a novel class of small
molecules that have the ability to inhibit ice recrystallization and were recently shown to
enable the freezing of human RBCs with greatly reduced concentrations of glycerol.”
These small molecule IRIs constitute a new class of CPAs that function by a different
mechanism than conventional CPAs. This would significantly improve upon current
cryopreservation protocols and further investigation is required in the development of
small molecule IRIs as novel CPAs.

In this thesis, candidate IRIs for cryopreservation applications are identified using the
following screening approach. Small molecules are first assessed for their ability to
inhibit ice recrystallization using a modified “splat-cooling” assay that quantifies IRI
activity using an ICso value.”® This value represents the concentration of IRI that is
required to achieve half of its maximum inhibitory capability. Ideally, these molecules
should be effective inhibitors of ice recrystallization at minimal concentrations to limit
the quantity that could potentially be used to cryopreserve various cell types. An ICsg
threshold of 50 mM was used to distinguish effective from ineffective inhibitors of ice
recrystallization. Thus, compounds with ICsy values greater than 50 mM were considered
ineffective inhibitors. Compounds exhibiting effective inhibition of ice recrystallization
(i.e. ICso < 50 mM) then underwent in vitro cytotoxicity screening in eukaryotic cells to
determine the ICsy value (Figure 2.1). This value refers to the concentration of IRI that
reduces cell viability by 50%. Ideally, these molecules should be non-toxic at maximal
concentrations. Compounds with ICsy values less than 1 mM were considered highly
toxic. By examining the ICso values for IRI activity and cytotoxicity, candidate

compounds for cell cryopreservation were selected and their ability to protect cells
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against injury associated with ice recrystallization was explored utilizing an appropriate
cell model. It is important to emphasize that the cytotoxicity assessment is cell type-
dependent and served as the first round of toxicity screening. Thus, compounds that pass
through this initial screen (i.e. ICso > 1 mM) will undergo further toxicity testing in the
cell type to be cryopreserved. For cryopreservation studies, candidate compounds were
assessed within their safety window, which refers to the concentration of IRI that can

function as a beneficial cryo-additive without causing toxic effects.

Quantitative analysis
of IRI activity

Y
ICSO > 50 mM IC50 <50 mM

No further testing

\i
Cytotoxicity screening
(HepG2 cell line)

Y \

IC50 >1 mM ICSO <1 mM

(i.e. highly toxic)

Y
Candidate for cell
cryopreservation

Figure 2.1 Flow chart describing the screening and selection of molecules for cell
cryopreservation.

Although several structure-function studies have been done over the years to
elucidate key structural features that are important for the IRI activity of small molecules,
few small molecules have shown to be effective inhibitors of ice recrystallization. The
goal of this thesis is to identify novel small molecules that are effective inhibitors of ice
recrystallization and determine additional structural features that are important for the IRI
activity of these molecules. The design and study of IRI active small molecules will
facilitate a better understanding of the underlying mechanisms responsible for inhibiting
ice recrystallization and will aid in the rational design of small molecule IRIs for
cryopreservation applications. Furthermore, the cryopreservation potential of small

molecule IRIs will be explored in model systems including RBCs and MSCs to determine
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if these molecules can be effective cryo-additives and reduce the quantities of glycerol or
DMSO or even eliminate their use. Lastly, recent studies have suggested that the
cryoprotective effects exhibited by the O-aryl glycosides may be due to their ability to
permeate the cell membrane and internalize into cells.”> As such, the internalization of
small molecule IRIs will be investigated to determine if these molecules are crossing the
cell membrane and behaving as permeating CPAs. The objectives of this thesis are

discussed below.

2.2 Objective 1 — Determining Structural Features Important for the IRI Activity of
Small Molecules

2.2.1 Photoswitchable Surfactants

Over the years, several different classes of small molecule IRIs have been identified
and structure-function studies have provided a better understanding of the structural
features necessary for IRI activity. It has been shown that the moderate IRI activity
exhibited by simple carbohydrates (mono- and disaccharides) is correlated to the degree
of hydration, thus, highly hydrated carbohydrates are more IRI active.”” Since
carbohydrate hydration is related to the ability of the sugar to “fit” within the three-
dimensional network of water, carbohydrates that are highly hydrated disrupt the pre-
ordering of water molecules to a greater extent than less hydrated carbohydrates.*’ >’
Based upon this, it was suggested that the compatibility of the carbohydrate within the
three-dimensional hydrogen-bonded network of water is inversely related to IRI activity.
Since the proposed mechanism for ice recrystallization inhibition exhibited by these
simple carbohydrates was based on their ability to disrupt the structure of bulk water,>’
this led to the discovery of carbohydrate-based surfactants, such as n-octyl-B-D-
galactopyranoside, as a new class of small molecule IRIs."® These molecules possess a
hydrophilic carbohydrate head group and a hydrophobic tail. Structure-function studies
revealed that long hydrophobic alkyl chains at C-1 are important for IRI activity and a
more hydrated carbohydrate moiety (i.e. galactose) resulted in better IRI activity as it
further disrupts the pre-ordering of water molecules.”® However, the hydration

characteristics of these molecules are not known. Therefore, since a direct correlation
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between carbohydrate hydration and IRI activity could not be made, it is not known
whether these molecules are inhibiting ice recrystallization by a similar mechanism.
Organic photochromic molecular switches represent a fascinating class of molecules

that allow molecular structure and function to be controlled with light.*'**

Many different
organic photochromic molecules are known in photochemistry; however, azobenzenes
are the most widely used photochromic group due to their reversible photoisomerization

33-35

between cis and frans isomers. The cis and tfrans isomers of functionalized

azobenzenes have a different spatial arrangement of the aromatic moieties, and thus,

these two isomers exhibit drastically different physical and chemical properties.”>~° I

n
particular, trans-cis photoisomerization of functionalized azobenzenes induces a change
in molecular geometry and hydrophobicity of these molecules.”®”’ While the
photoisomerization of azobenzene has been known for decades, this process has only
been recently applied to biological systems for the photo-control of biomolecules.”’
Azobenzene functionalization of a molecule with biological activity, such as a protein,
can permit spatiotemporal control of various biological processes by regulating

333839 Thus, light-sensitive biologically active molecules

enzymatic activity using light.
offer the possibility to study the dynamics of biological processes. Towards this end, it
would be desirable to selectively switch the activity of an IRI active molecule off and on
by light to study the dynamic mechanisms of ice recrystallization inhibition. This could
potentially be accomplished by the introduction of a photosensitive group such as
azobenzene onto the molecule of interest. Consequently, carbohydrate-based surfactants
bearing an azobenzene moiety were investigated as ice recrystallization inhibitors.
Various carbohydrate-based surfactants incorporating an n-butyl azobenzene tail
group were assessed for their ability to inhibit ice recrystallization (Figure 2.2). The
carbohydrate head group was modified with various mono- and disaccharides to
determine its influence on IRI activity as previous studies have suggested that the identity
of the carbohydrate moiety has an impact on IRI activity.'"™’ A triethylene glycolate
spacer was incorporated to promote water solubility. In addition, there was interest in
investigating the nature of the linker at the C-1 position. Consequently, the carbohydrate
moiety was conjugated to the n-butyl azobenzene tail group through an O-glycosidic

linkage and a triazole linkage.
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Figure 2.2 General structures of carbohydrate-based surfactants.

Since the IRI activity of amphiphilic molecules has been shown to be highly sensitive
to changes in the hydrophilic-hydrophobic balance,” the hydrophobicity of the
azobenzene tail was modified by replacing the n-butyl group with a trifluoromethyl group
(-CF3). It was hypothesized that modifying the hydrophilic-hydrophobic balance may
affect the IRI activity of these molecules. The general structure of the carbohydrate-based
fluorosurfactants is shown in Figure 2.3. These molecules possessed a variable mono- or
disaccharide head group conjugated to a hydrophobic fluoroalkyl-substituted azobenzene
tail group via a triazole linkage. The azobenzene ring was substituted with the
trifluoromethyl group in the ortho-, meta- or para-positions relative to the azo group to
examine the effect of regiochemistry on IRI activity. Lastly, trans-cis photoisomerization
of the azobenzene tail group was investigated to determine if the isomeric state of the
azobenzene tail group has an effect on IRI activity. This will provide information in
regards to additional structural features that are necessary for the IRI activity of these

molecules.

OH

N. .R
&/0 NN O/ N
By N
HO \A/ \)\/O\/\O/\/O\/\O

CFq
CF.
R= A@\ A@/ 3 A@
CF4

Figure 2.3 General structure of carbohydrate-based fluorosurfactants.
2.2.2 Fluorinated Aryl Glycosides

The O-aryl glycosides represent a novel class of small molecules with the ability to
effectively inhibit ice recrystallization.”> Extensive structure-function studies have
revealed critical features that influence the IRI activity of these molecules.”” These
include the relative orientation of the hydroxyl groups on the pyranose ring, the

stereochemistry and nature of the glycosidic bond, and the substituent on the aromatic
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ring and its regiochemistry. Within this class, some of the most effective inhibitors of ice
recrystallization were shown to possess a D-glucose moiety, a B-glycosidic bond, and
either a methoxy substituent (-OCHj3) or a halogen (-Br or -F) at the para-position of the
aryl ring.”> Although many modifications to the D-glucose moiety have been explored,*
the presence of a fluorine atom on the carbohydrate moiety has not yet been investigated
for its influence on IRI activity. Therefore, a small class of fluorinated aryl glycosides
was synthesized and assessed for IRI activity (Figure 2.4). Three para-substituted O-aryl
glycosides that are effective inhibitors of ice recrystallization were selected for further
investigation. Specifically, the hydroxyl group at C-6 was replaced with a fluorine atom
to assess the importance of the C-6 hydroxyl group of aryl glycosides for IRI activity. In
addition, due to synthetic simplicity, difluorinated aryl glycosides were also synthesized

in which the C-6 and C-3 hydroxyl groups were replaced with fluorine atoms.

F F
HO o) 0
HO R g HO R

R =OCHjg, BrorF

Figure 2.4 Structures of fluorinated aryl glycosides.
2.2.3 Phosphate Sugars

The phosphate group is a biologically important functional group in a variety of
different ways.”' For instance, it is an important structural component of nucleotides,
which are the building blocks of nucleic acids (DNA and RNA).** Phosphate groups are
also a component of energy-rich molecules such as adenosine triphosphate (ATP),*"*
and are bound to coenzymes, such as NADP+ and NADPH, involved in anabolic
reactions such as lipid and nucleic acid synthesis.” Additionally, the phosphate group
comprises the hydrophilic portion of phospholipids in biological membranes.*
Throughout evolution, phosphorylation has become the most important post-translational
modification owing to its versatility and reversibility.*' In phosphorylated proteins, the
unique properties of the phosphate group can be exploited to control important biological
functions.”' In the context of small molecules, the phosphorylation of glucose generates

glucose-6-phosphate, which is an important intermediate in various metabolic processes

including glycolysis.* Despite the importance of phosphate groups in biological systems,
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small molecules bearing biocompatible phosphate groups have not yet been investigated
as ice recrystallization inhibitors. Thus, as a preliminary study, a small diverse class of
monosaccharides possessing a phosphate group was explored for their ability to inhibit
ice recrystallization (Figure 2.5). This will provide preliminary information regarding the
ability of phosphate sugars to inhibit ice recrystallization and further investigation will

likely be required.

NaO, ONa
HO

HO
HO
HO

Etg NO ONEta NaO’ ONa

OH

o, ,ONa

HO OH

Figure 2.5 Structures of monosaccharide phosphate sugars.

2.3 Objective 2 — Determining the Influence of an Azido Moiety on the IRI Activity
of Aryl Glucosides

The O-aryl glycosides represent a class of small molecules that are effective
inhibitors of ice recrystallization.”” Structure-function analysis has revealed several
structural features that are essential for the IRI activity of these molecules such as the
relative orientation of the hydroxyl groups on the pyranose ring, the stereochemistry and
nature of the glycosidic bond, and the substituent on the aromatic ring and its relative
position. Within this class, two of the most effective inhibitors of ice recrystallization are
B-PMP-Glc and B-pBrPh-Gle (Figure 2.6). Furthermore, these small molecule IRIs were
recently shown to be effective cryo-additives for the freezing of human RBCs with the
ability to increase post-thaw RBC integrity in the presence of reduced concentrations of
glycerol (15% w/v) and slow cooling rates.”” This was significant as reducing the
concentration of glycerol can drastically decrease deglycerolization times. This work also
highlighted the potential of small molecule IRIs to function as novel CPAs for the
cryopreservation of RBCs. To aid in the development of these small molecule IRIs as
novel CPAs for the cryopreservation of RBCs, we sought to further investigate the
structural features that are important for the IRI activity of f-PMP-Glc and B-pBrPh-Glec.
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Despite the plethora of interesting functional groups in organic chemistry, the azide
(N3) is the most popular functionality since it possesses unique reactivity and
selectivity.*®* In the field of bioconjugation, azides have become a powerful tool and are

the most widely used bioorthogonal group.*’°

The inertness, small size and stability of
the azide moiety in physiological conditions have permitted azide-derivatized metabolic
precursors to “hijack” the biosynthetic pathways for various biomolecules, and thus, has
enabled azide functionalities to be metabolically incorporated into biomolecules.”' >’
These azide-containing biomolecules provide potential targets for azide-specific

54,55

bioorthogonal labeling. For instance, this method has been utilized to incorporate

azide-bearing unnatural monosaccharides into proteins to label proteins of interest.*°
Evidently, the azide is an appealing moiety due to its bioorthogonal and biocompatible
nature. Consequently, we sought to explore whether chemically modifying B-PMP-Glc
and B-pBrPh-Glc with an azide functional group could increase their IRI activity. An
azide substituent was incorporated at various positions on the pyranose ring as well as the

para-position of the aryl ring to determine the relationship between the position of the

azide and IRI activity. The structures are shown in Figure 2.6.
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2
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Figure 2.6 Structures of B-PMP-Glc, B-pBrPh-Glc and proposed azide derivatives.

2.4 Objective 3 — Assessing the Cryopreservation Potential of Small Molecule Ice
Recrystallization Inhibitors

Cryopreservation remains the only viable method to preserve cell types such as RBCs
and MSCs for a significant period of time for transfusion medicine and regenerative

medicine applications. Traditional CPAs such as glycerol and DMSO prevent cellular
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damage and increase post-thaw cell viability and recovery; however, the lengthy post-
thaw RBC processing times and the toxicity associated with DMSO remain limiting
factors. Consequently, current cryopreservation protocols are suboptimal, and the rapidly
emerging fields of cellular therapy have elicited a rising demand for improved
cryopreservation protocols that reduce or eliminate the use of glycerol or DMSO. As ice
recrystallization is a major contributing factor to cellular injury and death during
cryopreservation, compounds that have the ability to inhibit this process are very
attractive candidates as novel CPAs.

To explore the cryopreservation potential of small molecule IRIs, anucleate human
RBCs were utilized as a suitable in vitro model for assessing post-thaw integrity.
Previous work by our laboratory has demonstrated that small molecule IRIs B-PMP-Glc
and B-pBrPh-Glc (Figure 2.7) are effective additives for the freezing of human RBCs
with the ability to increase post-thaw RBC integrity in the presence of reduced
concentrations of glycerol (15% w/v) and slow cooling rates.” This discovery was
significant since post-thaw processing times would be greatly reduced with low glycerol
concentrations, and would significantly improve the cryopreservation of RBCs. Given
these promising results, RBCs containing -PMP-Glc or B-pBrPh-Glc in 15% glycerol
were subjected to deglycerolization. However, it was shown that a significant amount of
cell damage occurs during deglycerolization, resulting in very low cell recoveries. While
efforts to optimize the deglycerolization conditions for these novel RBC cryo-solutions
remained unsuccessful, these studies were crucial as they provided insight into the
possible cause of failure. The low RBC recoveries observed in the presence of -PMP-
Glc or B-pBrPh-Glc were hypothesized to be the result of membrane interactions during
freezing, causing the RBCs to be more susceptible to osmotic stress during
deglycerolization. Thus, improvements to the deglycerolization process of RBCs frozen
with O-aryl glycosides were explored. Specifically, it was postulated that the
deglycerolization process may be improved using IRI active azide derivatives since these
molecules may be less likely to interact with the RBC membrane during freezing and
thus, facilitate their removal during deglycerolization. Thus, the cryopreservation

potential of IRI active azide derivatives (Figure 2.7) was assessed to determine their
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ability to function as beneficial cryo-additives that reduce cellular damage post-thaw and

improve RBC recovery.

oH OH OH
A A 2
Ho o Ho 0 Ho o
HO OCH, HO Br HO N3
p-PMP-Glc p-pBrPh-Glc B-pN3Ph-Glc

Figure 2.7 Structures of B-PMP-Glc, B-pBrPh-Glc and B-para-azidophenyl-D-
glucopyranoside.

Relying on post-thaw integrity alone, however, is not sufficient because
cryopreserved cells must be functional post-thaw in order to be clinically useful. In
contrast to RBCs, stem cells such as MSCs are nucleated cells that possess the ability to
differentiate into a variety of cell types.”’ Thus, MSCs provide an appropriate in vitro
model for studying the effect of IRIs on cell proliferation and differentiation and
ultimately, provide an assessment of functional capacity.

Given that B-pBrPh-Glc is an effective additive for the freezing of human RBCs,” its
cryopreservation potential was assessed in MSCs. Conversely, IRI active azide
derivatives were not explored in MSCs due to their lengthy chemical syntheses that are
not amenable to large-scale preparations necessary for cryopreservation applications. In
addition to B-pBrPh-Glc, N-(2-fluorophenyl)-D-gluconamide (2FA, Figure 2.8) was also
explored for the cryopreservation of MSCs. It has been previously shown that this class
of novel small molecules, N-aryl-D-aldonamides, possess the ability to inhibit ice
recrystallization and function as beneficial additives to the standard 10% DMSO solution
to improve the post-thaw function of hematopoietic stem and progenitor cells (HSPCs)
from umbilical cord blood (UCB).>® Specifically, it was demonstrated that 2FA was the
most effective inhibitor of ice recrystallization and resulted in a significant increase in the
number of post-thaw committed progenitors and CD34+ cell numbers.”® This highlighted
the ability of 2FA supplemented with 10% DMSO to increase the post-thaw function and
potency of HSPCs from UCB. Consequently, interest arose in examining the ability of
2FA to protect other cellular products. Thus, small molecule IRIs, B-pBrPh-Glc and 2FA,
were assessed for their ability to function as beneficial additives for the cryopreservation

of MSCs to improve post-thaw function.
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Figure 2.8 Structure of N-(2-fluorophenyl)-D-gluconamide (2FA).

Overall, these results will determine the capacity of small molecule IRIs to function as

additives for the cryopreservation of RBCs and MSCs to improve upon current protocols.

2.5 Objective 4 — Investigating the Uptake and Internalization of Small Molecule Ice
Recrystallization Inhibitors

Although the O-aryl glycosides represent a novel class of small molecule IRIs with
the ability to protect RBCs against cryoinjury during freezing in the presence of 15%
glycerol, it is not known whether their cryoprotective ability is the result of
internalization into RBCs. Previous studies have speculated that the increase in post-thaw
RBC integrity observed with B-PMP-Glc may be due to its ability to interact with the
RBC membrane and/or permeate the cell.” These postulations were based on data from a
two-step interrupted freezing experiment in which the “cooling” profile for -PMP-Glc
(110 mM) in 15% glycerol, where RBCs were thawed immediately after slow cooling to
defined sub-zero temperatures, was typical of a cell permeating CPA.***° Furthermore,
incubation studies of B-PMP-Glc in 15% glycerol with RBCs prior to freezing were
shown to yield higher post-thaw integrity with a longer incubation (10 minutes)
compared to no incubation (immediate freezing), suggesting that this molecule may be
internalized into RBCs.”> However, the results from these studies are merely supporting
pieces of data, thus, they do not provide conclusive evidence for internalization.
Therefore, further investigation was performed to determine if these molecules are
crossing the cell membrane and behaving as permeating CPAs. IRI permeation was
evaluated in two different cell models, RBCs and human umbilical vein endothelial cells
(HUVECs). In RBCs, glucose is readily transported across cell membranes through
facilitated diffusion. This process is mediated by glucose transporters (GLUTs) that are

highly expressed on the RBC surface and are substrate specific.®”®'

The transport of
glucose and its analogues is highly dependent on the stereochemistry of the hydroxyl
groups on the pyranose ring and ultimately the shape of the molecule.”*® Consequently,

the uptake of O-aryl glycosides was assessed in RBCs to determine whether these
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molecules are being internalized and if their internalization mechanism is mediated by

GLUTs. This will provide additional information to support the hypothesis of

internalization. Additionally, internalization was assessed in HUVECs to investigate the

ability of small molecule IRIs to permeate into cells and inhibit intracellular ice

recrystallization. Ultimately, the effect of IRIs on the intracellular growth of ice crystals

was explored.
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Chapter 3: Determining Structural Features Important for the IRI
Activity of Small Molecules

3.1 Introduction

Our laboratory has previously reported that simple carbohydrates (mono- and
disaccharides) exhibit moderate IRI activity.' As described in the introduction, the IRI
activity exhibited by these molecules was correlated to their compatibility within the
network of bulk water molecules, which is linked to carbohydrate hydration.' It has been
hypothesized that highly hydrated carbohydrates such as D-galactose and D-melibiose,
concentrated at the bulk water-quasi liquid layer (QLL) interface, fit poorly into the
three-dimensional hydrogen-bonded network of bulk water and cause greater disruption
on the pre-ordering of water molecules.”* For ice recrystallization to occur, there is a
movement of bulk water molecules to the QLL then to the growing ice lattice.™®
Therefore, a greater disruption on the pre-ordering of water molecules increases the
energy associated with the transfer of bulk water molecules to the QLL and makes this an
energetically unfavourable process, resulting in inhibition of ice recrystallization. In
contrast, less hydrated carbohydrates, such as D-talose and D-sucrose, fit well into the
three-dimensional hydrogen-bonded network of bulk water and disrupt the pre-ordering
of bulk water molecules less. As a result, no inhibition of ice recrystallization is
observed.'

Given that the proposed mechanism for inhibition of ice recrystallization by simple
carbohydrates was attributed to their ability to disrupt or disorder the structure of bulk
water,' carbohydrate-based molecules that are known to alter and/or sequester the
structure of bulk water by self-assembling in solution were assessed for IRI activity. Such
compounds included surfactants, organogelators and hydrogelators.” These molecules
possess a hydrophilic carbohydrate head group and a hydrophobic alkyl tail. In particular,
carbohydrate-based non-ionic surfactants such as n-octyl-p-D-galactopyranoside (102,
Figure 3.1) were shown to be effective inhibitors of ice recrystallization. This highlighted
the importance of hydrophobic moieties such as long alkyl chains at the C-1 position of
the pyranose ring for IRI activity.” This study also revealed the importance of having a
more hydrated carbohydrate moiety (i.e. galactose) since substituting this moiety with a

less hydrated D-glucose moiety resulted in decreased IRI activity.” However, the
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hydration characteristics for n-octyl-B-D-galactopyranoside are not known; therefore, a
direct correlation between hydration and IRI activity could not be made. Consequently,
the mechanism by which carbohydrate-based surfactants inhibit ice recrystallization is

not known.

&O@
HO O\C8H17

102
Figure 3.1 Structure of n-octyl-p-D-galactopyranoside 102.

Despite the IRI activity of carbohydrate-based surfactants possessing long alkyl
chains (> 8 carbons in length), the surfactant nature of these compounds is detrimental to
cells due to their solubilizing effect on cell membranes.®” As a result, this prevents their
use in cellular applications such as cryopreservation. Although carbohydrate-based
surfactants are capable of solubilizing cell membranes, this study provided insight into
the importance of hydrophobic moieties at C-1 for ice recrystallization inhibition.
Furthermore, it was previously demonstrated that surfactant-like molecules possessing
shorter alkyl chains (i.e. 4-6 carbons in length) were less cytotoxic than those possessing
longer alkyl chains.'” Thus, to eliminate the deleterious effects of long alkyl chains on
membrane structural integrity, the hydrophobic alkyl chain at C-1 was replaced with a 6-
carbon cyclic ring, in particular an aryl moiety. It was hypothesized that an aromatic ring
would maintain the required hydrophobicity while their cyclic nature would minimize
their ability to solubilize membranes. A variety of O-aryl glycosides were previously

112 Within this class, some of the most

synthesized and assessed for IRI activity.
effective inhibitors of ice recrystallization were shown to possess a D-glucose moiety, a
B-glycosidic bond, and either a methoxy substituent (-OCH3) or a halogen (-Br or -F) at
the para-position of the aryl ring (Figure 3.2).'* This study revealed critical features that
influence the IRI activity of the O-aryl glycosides including the relative orientation of the
hydroxyl groups on the pyranose ring, the stereochemistry and nature of the glycosidic

11,12

bond, and the substituent on the aromatic ring and its regiochemistry. Furthermore,

some of the O-aryl glycosides were recently shown to enable the freezing of human

RBCs with greatly reduced concentrations of glycerol.'>"
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103, R = OCHj (B-PMP-Glc)
104, R = Br (-pBrPh-Glc
105, R = F (B-pFPh-Glc)

Figure 3.2 Structures of O-aryl glycosides 103-105.

Although extensive structure-function studies have been performed on many
molecules to determine key structural features that are important for the IRI activity of
small molecules, few small molecules have been shown to be effective inhibitors of ice
recrystallization. As such, the structural features responsible for the IRI activity of small
molecules have not been definitively determined and the exact mechanism by which
small molecules inhibit ice recrystallization is not known. To facilitate the design of
small molecules that are effective inhibitors of ice recrystallization, further structure-
function studies were conducted to determine additional structural features that are
important for IRI activity. In this chapter, three diverse classes of small molecules were
investigated as ice recrystallization inhibitors with the overall goal to identify novel small
molecules that are effective inhibitors of ice recrystallization. Thus, this chapter will
describe the following:

1. Previous work demonstrated that carbohydrate-based surfactants could be
effective inhibitors of ice recrystallization, however, the precise mechanism by
which these molecules inhibit ice recrystallization remains unknown. Since the
isomerization of azobenzene can provide spatiotemporal control over molecular
structure and properties, it would be desirable to employ this strategy to photo-
modulate IRI activity. This approach could potentially be used as a tool to study
the mechanism of ice recrystallization inhibition. As such, carbohydrate-based
(fluoro)surfactants bearing an azobenzene moiety were examined as ice
recrystallization inhibitors. The results from these studies are discussed in Section
3.2.

2. Given the unique properties of fluorine and its important role in medicinal
chemistry, fluorinated aryl glycosides were investigated as ice recrystallization

inhibitors. In particular, B-PMP-Glec, B-pBrPh-Glc and B-pFPh-Glc were selected
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for further investigation. The results from these studies are discussed in Section
3.3.

3. Considering the importance of phosphate groups in biological systems, a small
diverse class of monosaccharide phosphate sugars were examined for their ability
to inhibit ice recrystallization. This study will generate preliminary data and the

results from these studies are discussed in Section 3.4.

3.2 Photoswitchable Surfactants as Ice Recrystallization Inhibitors

Photochromic molecular switches are an attractive class of molecules that permit the

14,15

control of molecular structure and function when irradiated with light. Members of

this class include azobenzenes, which are the most widely used photochromic group
owing to their reversible photoisomerization between cis and trans isomers.'®'® The
isomerization of the N=N double bond from the trans to cis isomer occurs readily upon

near-UV irradiation and is accompanied by a change in molecular geometry and dipole

16,19

moment. The reverse isomerization is triggered when the cis isomer is irradiated with

visible light or heated.'® Figure 3.3 illustrates the two geometric isomers of azobenezene:

the trans (or E) isomer and the cis (or Z) isomer. The trans isomer is thermodynamically
18,20,21

more stable than the cis isomer and exhibits a smaller dipole moment. The change

in dipole moment between the trams and cis isomers ultimately determines the

hydrophobic and hydrophilic nature of these isomers.'* Since the cis isomer has a larger

dipole moment, it is more polar, and thus more hydrophilic than the trans isomer.'****'

@ uv @
N« >
NN ~— N @
| Visible, A N

Pz

Trans (E) isomer Cis (Z) isomer

Figure 3.3 Reversible photoisomerization of azobenzene upon UV-vis irradiation.

The isomerization of azobenzene has been applied as molecular switches to provide

16,18,20,21

spatiotemporal control over molecular structure and properties. This strategy is

very attractive and has been used as a synthetic tool to control supramolecular
assemblies, to study biomolecular interactions, and to control macroscopic properties of

18,21,22

functional materials. In biological systems, this process has been applied for the
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photo-control of biomolecules.'*'®

For instance, azobenzene-functionalized proteins have
been prepared to photo-control enzymatic activity, thus permitting spatiotemporal control
of various biological processes.'®**** Consequently, light-sensitive biologically active
molecules offer the possibility to study the dynamics of biological processes. Towards
this end, it would be desirable to selectively switch the activity of an IRI active molecule
off and on using light to study the dynamic mechanisms of ice recrystallization inhibition.
This could potentially be accomplished by introducing a photosensitive group such as
azobenzene onto the molecule of interest. Given that the exact mechanism by which
carbohydrate-based surfactants inhibit ice recrystallization is not known, we sought to
examine whether carbohydrate-based surfactants bearing an azobenzene moiety could be
effective inhibitors of ice recrystallization. This could present promising opportunities for
the design of light-responsive tools for studying the mechanism of ice recrystallization
inhibition.

The carbohydrate-based surfactants assessed for IRI activity are shown in Figures 3.4
and 3.5. Their structures consist of a hydrophilic carbohydrate head group and a
hydrophobic azobenzene tail. The carbohydrate head group was modified with various
mono- and disaccharides to determine its influence on IRI activity as previous studies
have suggested that the identity of the carbohydrate moiety greatly affects activity.' A
triethylene glycolate spacer was incorporated to promote water solubility. The
carbohydrate-based surfactants shown in Figure 3.4 contain an n-butyl azobenzene tail
group conjugated to a carbohydrate moiety through an O-glycosidic linkage (301-304) or
a triazole linkage (305-310) to investigate the nature of the linker at C-1. Since the IRI
activity of amphiphilic molecules has been shown to be highly sensitive to changes in the
hydrophilic-hydrophobic balance of a molecule,” the hydrophobicity of the azobenzene
tail was modified by replacing the n-butyl group with a trifluoromethyl group (-CF3). The
carbohydrate-based fluorosurfactants (311-322) shown in Figure 3.5 contain a
trifluoromethyl-substituted azobenzene tail group conjugated to a carbohydrate moiety
through a triazole linkage due to synthetic simplicity. The azobenzene ring was
substituted with a trifluoromethyl group in the ortho-, meta- or para-position to examine

the effect of regiochemistry on IRI activity.
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Figure 3.4 Structures of carbohydrate-based surfactants bearing an n-butyl azobenzene
tail group and a variable mono- or disaccharide head group. Structures 301-304 contain
an O-glycosidic linkage and structures 305-310 contain a triazole linkage.

Ry
OH Rs R,
§/O NS Kﬁ/
(HOl~ e~ NN /@/ N
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311-322
OH Ho OH OH OH OH
HO HO HO HO %o
HO HO HO Ho
118-120, Glc 121-123, Gal 124-126, Man 127-129, Cel

311, R, =CF3 Ry=Rg=H
312, R, =Ry = H, Ry = CF,
313, R; = R, = H, Ry = CFy

314, R; =CF3, Ry, =R3=H
315, Ry =Rg=H, Ry =CF3
316, Ry =Ry, =H, R3 =CF3

317,R; =CFy, Ry =Ry =H
318, Ry =Ry = H, Ry = CF,
319, Ry =R, = H, Ry = CF,

320, Ry = CF3 Ry = Rg=H
321, R, =Ry =H, Ry = CF,
322 Ry =R,=H, Ry =CF,

Figure 3.5 Structures of carbohydrate-based fluorosurfactants possessing a variable
mono- or disaccharide head group conjugated to a trifluoromethyl-substituted azobenzene
tail group via a triazole linkage (311-322). The substituent (-CF3) was attached to the
azobenzene ring at the ortho-, meta- or para-position.

3.2.1 Synthesis of Photoswitchable Surfactants

This work was part of a collaboration and compounds 301-322 were synthesized and

provided by Dr. Brendan Wilkinson from the School of Science and Technology at the
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University of New England. For compounds 301-304, their strategy employed Lewis
acid-promoted glycosidation of the corresponding trichloroacetimidate sugars with n-
butyl azobenzene as the alcohol acceptor.’® Following this, the compounds were
deprotected using sodium methoxide in methanol (Scheme 3.1).”’

OAc /@/% OH /@/\/\
(heoe ‘A%om/ccb HO/\f(ovtO o~k \/to
NH

Trichloroacetimidate Alcohol acceptor
sugar

Scheme 3.1 Synthesis of carbohydrate-based surfactants 301-304. Conditions: 1)
BF3'OEt2, CHzClz, 0°C. 11) NaOMe, MeOH.

The synthesis of compounds 305-310, bearing a triazole linkage, was achieved using the
well-established copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
between the corresponding glycosyl azide and alkyne functionalized azobenzene

28-30

fragment. Base-catalyzed deprotection afforded the final compounds. Compounds

311-322 were synthesized in the same manner using the CuAAC reaction (Scheme 3.2).%!

OAc OH

N, .R
§/0 N §/0 N. R
N + Q/ i, i HO).~C N=n N7
(AcO)s \A"ﬂ \\/o\/\o/\/o\/\o (HO)s \A‘%N\)\/O 0.
Ns = \/\o/\/ \/\O
Glycosyl Alkyne functionalized
azide azobenzene

O, T G

Scheme 3.2 Synthesis of carbohydrate-based surfactants 305-322. Conditions: 1)
CuSO4*5H,0, sodium ascorbate, ~-BuOH/H,0, 40 °C. ii)) NaOMe, MeOH.

3.2.2 IRI Activity of Photoswitchable Surfactants

IRI activity is typically measured using the “splat-cooling” assay where ice

recrystallization is observed by a change in ice crystal size.’*”

In this assay, compounds
are dissolved in a phosphate buffered saline (PBS) solution and a 10 pL aliquot of the
solution is dropped through a two-meter high plastic tube, having a 10 cm diameter, onto
a polished aluminum block cooled to approximately -80 °C with dry ice. The ice wafer is
separated from the surface of the block and transferred to a cryostage, held at -6.4 °C, for
30 minutes. During this time, recrystallization occurs where the ice crystals dramatically
increase in size. The ice crystal wafer is then photographed using a digital camera. Using

a domain recognition software,” the area of 12 randomly selected ice crystals is
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measured and IRI activity is quantified by calculating the percent mean grain size (%
MGS) of ice crystals relative to the positive PBS control for ice recrystallization. Larger
MGS values indicate larger ice crystal size and thus, less inhibition of ice
recrystallization, whereas, smaller MGS values indicate smaller ice crystal size and
greater IRI activity. Thus, molecules that were assessed for IRI activity using this method
are categorized as inactive, moderately active or highly active based upon their % MGS
relative to PBS. The cut-off values for categorization were chosen such that molecules
with a MGS > 80% are inactive, molecules with a MGS < 30% are highly active and
molecules with a MGS between 30 and 80% are moderately active. Although measuring
the % MGS provides a general indication for the degree of IRI activity, this previously
employed method has several limitations and only provides a semi-quantitative
measurement. The reasons for this are that the analysis of 12 randomly selected ice
crystals does not take into account the heterogeneity of ice crystal size within a
population.”* Additionally, molecules are assessed at a single time point of 30 minutes
and a typical concentration of 22 mM and thus the effects of both time and concentration
on IRI activity are neglected.”* To account for these limitations, our laboratory has
recently implemented a more accurate method of quantifying IRI activity based on ICsg
values (half maximal inhibitory concentration). In this assay, the compound is assessed at
various concentrations in a PBS solution as opposed to a single concentration. Our
laboratory also demonstrated that ice recrystallization primarily occurs within the first 5-

3435 . .
= thus, ice wafers are annealed at -6.4 °C for 5 minutes as

10 minutes of annealing,
opposed to 30 minutes. Within the field of view, the area of individual ice crystals are
measured using Imagel software and the ice crystal areas are sorted into discrete bins
based on size and the proportionate area of each bin is measured as a function of time.**
The rate of depletion of the smallest bin size is used to measure the initial rate of ice
crystal growth. Thus, for each inhibitor concentration, rate constants are determined and
normalized to PBS. A dose-response curve is constructed by plotting the normalized rate
constants (ksorm) for each concentration as a function of the corresponding log values of
the concentration. To obtain the ICsy value, a two-parameter sigmoidal curve is fit to the

data. This type of kinetic analysis provides a more quantitative measurement of IRI

activity, compared to the % MGS formerly used, because it takes into account the time

53



and concentration dependence of ice recrystallization as well as the heterogeneity of ice
crystal size.”> Our laboratory implemented this kinetic approach for the screening of new
compounds for their IRI activity in 2015 and it is currently the standard protocol for
screening new compounds.

However, in the case of compounds 301-322, they were initially assessed for IRI
activity prior to implementation of the kinetic approach. As a result, these compounds

2 .
3233 where ice

were assessed for IRI activity utilizing the former “splat-cooling” assay,
crystal size (area) was quantified at a single concentration after an annealing period of 30
minutes at -6.4 °C, and thus their IRI activity is represented as a % MGS relative to PBS.
The IRI activity of carbohydrate-based surfactants 301-310, bearing an n-butyl
azobenzene tail group and a variable mono- or disaccharide head group conjugated via an
O-glycosidic linkage (301-304) or a triazole linkage (305-310), is presented in Figure 3.6.
All compounds were assessed at a concentration of 22 mM in PBS with the exception of

compounds 302 and 304, which were insoluble at 22 mM, thus, they were assessed at

their maximum solubility of 5 uM and 1 mM in PBS, respectively.
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Figure 3.6 Ice recrystallization inhibition (IRI) activity of compounds 301-310.
Compounds are measured as % MGS (mean grain size) of ice crystals relative to a PBS
positive control. Error bars represent the standard error of the mean (SEM). Asterisks
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indicate significant difference relative to the PBS control as determined by the unpaired
Student’s T-test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001.

Similar to the PBS control, compounds 301, 302 and 304, bearing an O-glycosidic
linkage, exhibited weak to no IRI activity. This was surprising since previous studies
have shown that carbohydrate-based surfactants possessing a more hydrated carbohydrate
moiety (i.e. galactose) resulted in higher IRI activity."” In this case, compound 302
possessing a galactose moiety exhibited no IRI activity. Presumably, the lack of IRI
activity may be due to its poor solubility in PBS (5 uM). Remarkably, the D-mannose
derivative 303 was highly IRI active with a MGS of 30% relative to PBS.”” This was
surprising given that 301 and 303 are structurally similar and possess carbohydrate
moieties with comparable hydration indices (D-glucose versus D-mannose).'”® Previous
studies have shown that D-glucose analogues exhibited greater IRI activity than D-
mannose analogues,36 however, in the case of compounds 301 and 303, the trend is
reversed. This further emphasizes that changes in head group stereochemistry and
polarity greatly affect IRI activity. In the case of the triazole-linked compounds, those
possessing a monosaccharide head group (305-307) exhibited similar IRI activity and all
possessed weak activity relative to the PBS control. Surprisingly, compound 307, which
only differs from compound 303 in its linkage, did not retain its IRI activity, as the
incorporation of a triazole linkage was detrimental. Compounds possessing a
disaccharide head group (308-310) exhibited weak to moderate IRI activity relative to
PBS. It has been previously shown that D-lactose is more hydrated than D-maltose and D-
cellobiose,” thus, exhibits greater IRI activity.! Interestingly, in this case, compounds
308, 309 and 310, possessing a D-lactose, D-cellobiose and D-maltose head group,
respectively, all exhibited IRI activities that were not statistically different from one
another (p > 0.15, two-tailed Student’s T-test).

Given that the D-mannose derivative 303 was the most IRI active in this series, a
kinetic analysis was performed using the improved “splat-cooling” assay described above
to quantify IRI activity by an ICsy value.>> The dose-response curve for 303 is shown in
Figure 3.7 and it was found to have an ICsy value of 7 mM. This kinetic analysis
demonstrates the ability of the D-mannose derivative 303 to effectively inhibit ice

recrystallization at low millimolar concentrations.”’
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Figure 3.7 A dose-response curve for compound 303. Rate constants (kyorm) Were
normalized to a PBS control and measured in triplicate. Error bars represent the standard
error of the mean (SEM). A two-parameter sigmoidal curve was fit to the data.

Since compound 303 was shown to be an effective inhibitor of ice recrystallization, it
was also assessed for thermal hysteresis (TH) activity and dynamic ice shaping (DIS)
capability to determine whether this compound was binding to ice in a similar manner as
AFGPs. The TH activity of compound 303 was assessed utilizing nanoliter osmometry.>’
Previously investigated C-linked AFGP analogues and carbohydrate-based surfactants
were assessed for TH activity at a concentration of 10 mg mL™.""” However, due to the
amphiphilic nature of compound 303, it was assessed at a lower concentration (0.5 mg
mL™") than what is typically used. Thus, at this concentration, compound 303 did not
possess TH activity or DIS capability (Figure 3.8), suggesting that this compound does
not interact with the ice lattice.”” This result is consistent with previous studies that
reported the lack of TH activity for IRI active carbohydrate- and amino acid-based

surfactants and hydrogelators.”*’

Figure 3.8 Ice crystal morphology in the presence of compound 303 (0.5 mg mL™")in
water.

The IRI activity of carbohydrate-based fluorosurfactants 311-322, possessing a

variable mono- or disaccharide head group conjugated to a trifluoromethyl-substituted
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azobenzene tail group via a triazole linkage, is presented in Figure 3.9. The substituent (-
CF3) was attached to the azobenzene ring at the para-, meta- or ortho-position relative to
the azo group to examine the effect of regiochemistry on IRI activity. All compounds
were assessed at a concentration of 22 mM in PBS with the exception of the para-
substituted compounds (311, 314, 317 and 320) and compound 318, which were
insoluble at 22 mM, thus, they were assessed at their maximum solubility of 5 pM and
0.5 mM in PBS, respectively. Compounds 317-319 were assessed for IRI activity by my

colleague Madeleine Adam in the Ben laboratory.

100 -
sk

kook sk

80
Hkokskok

dokokk sk deskskook

60 - T
*kokokok

40 -

% MGS Relative to PBS

20 -

0 i -~ - - -~ -~ -~ ~ -~ -~ -~ -~ ~ -

PBS 311 312 313 314 315 316 317 318 319 320 321 322
(5 rM) (S rM) (5 M) (0.5 mM) (5 rM)

Compound in PBS (22 mM)

Figure 3.9 Ice recrystallization inhibition (IRI) activity of compounds 311-322.
Compounds are measured as % MGS (mean grain size) of ice crystals relative to a PBS
positive control. Error bars represent the standard error of the mean (SEM). Asterisks
indicate significant difference relative to the PBS control as determined by the unpaired
Student’s T-test: **p < 0.01; ***p <0.001; ****p < 0.0001.

Relative to the PBS control, the para-substituted compounds (311, 314, 317 and 320)
exhibited weak to no IRI activity. The lack of any appreciable IRI activity may be due to
their poor solubility in PBS. Furthermore, it is evident that replacing the n-butyl group
with a trifluoromethyl group at the para-position greatly reduced solubility (22 mM
versus 5 uM). Interestingly, in each series, a trend was observed where the most IRI

active compounds were those possessing a trifluoromethyl substituent at the ortho-
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position relative to the azo group (313, 316, 319 and 322).” In most cases, IRI activity
progressively decreased when the trifluoromethyl substituent was placed at the meta-
position and finally at the para-position. This highlights the importance of
trifluoromethyl group regiochemistry for the IRI activity of these carbohydrate-based
fluorosurfactants.

A comparison of the ortho-substituted compounds demonstrated that compound 313,
bearing a D-glucose head group, was the most IRI active. Meanwhile, compounds 316,
319 and 322, bearing a D-galactose, D-mannose and D-cellobiose head group,
respectively, possessed weaker IRI activity.”” This result is not consistent with previous
observations where compound 303, bearing a D-mannose head group and an n-butyl
azobenzene tail group, was the most IRI active compared to its corresponding D-glucose-
and D-galactose-based compounds (301 and 302). Additionally, previous studies have
shown that D-galactose analogues exhibited greater IRI activity than D-glucose analogues
due to the higher hydration index (HI) of galactose."” A comparison of the meta-
substituted compounds showed that compound 312 exhibited weaker IRI activity than
compounds 315 and 321, whereas compound 318 showed reduced solubility in PBS (0.5
mM). These results demonstrate that the IRI activity of these compounds is highly
sensitive to changes in head group stereochemistry and tail group hydrophobicity.*

The results discussed above are based on compounds 301-322 in their resting trans-
dominated photostationary state (PSS). To affect frans-cis photoisomerization, aqueous
solutions of the compounds in their trans states were converted into their corresponding
cis states by irradiation with UV light (361 nm) for 10 minutes.””*’ Select compounds
were assessed for IRI activity after trans-cis photoisomerization to examine whether the
isomeric state of the azobenzene tail group has an effect on IRI activity. The compounds
selected for the photoisomerization experiments exhibited varying degrees of IRI activity
in their trans states to establish whether photo-modulation of activity was possible. The
photoisomerization experiments and subsequent IRI testing of the cis isomers were

performed by my colleague Madeleine Adam in the Ben laboratory.
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Figure 3.10 Ice recrystallization inhibition (IRI) activity of compounds 301-303.
Compounds are measured as % MGS (mean grain size) of ice crystals relative to a PBS
positive control. The cis isomers are compared to their corresponding ¢rans isomers.
Error bars represent the standard error of the mean (SEM). Asterisk indicates significant
difference as determined by the unpaired Student’s T-test (*p < 0.05).

The IRI activity of compounds 301-303, in their cis states, was compared to their
corresponding trans isomers to determine whether the trans-cis photoisomerization had
an effect on activity (Figure 3.10). The trans and cis isomers of compounds 301 and 302
both showed nearly identical IRI activity, indicating that photo-modulation of IRI activity
was not observed.”’ Interestingly, frans-cis photoisomerization of the D-mannose
derivative 303 resulted in decreased IRI activity, which may be due to the reduced
hydrophobic nature of the azobenzene tail group. The IRI activity of compounds 311-
313, 316, 319 and 322, in their cis states, was compared to their corresponding trans
isomers (Figure 3.11). The trans and cis isomers of compounds 311-313 exhibited nearly
identical IRI activity, whereas trans-cis photoisomerization of compounds 316, 319 and
322 significantly reduced their IRI activity.”” It is hypothesized that the decrease in IRI
activity observed upon frans-cis photoisomerization is the result of increased
hydrophilicity of the tail group. However, in this case, the photoisomerization studies

demonstrated that only some carbohydrate-based (fluoro)surfactants are affected by the
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change of the isomeric state of the azobenzene tail group. This suggests that some
molecules may be more sensitive to changes in amphiphilicity than others and reiterates

the importance of having carefully balanced hydrophilic and hydrophobic groups for IRI

activity.
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Figure 3.11 Ice recrystallization inhibition (IRI) activity of compounds 311-313, 316,
319 and 322. Compounds are measured as % MGS (mean grain size) of ice crystals
relative to a PBS positive control. The cis isomers are compared to their corresponding
trans isomers. Error bars represent the standard error of the mean (SEM). Asterisk
indicates significant difference as determined by the unpaired Student’s T-test (*p <
0.05).

3.3 Fluorinated Aryl Glycosides as Ice Recrystallization Inhibitors

Recently, O-aryl glycosides have been shown to be effective inhibitors of ice
recrystallization.'* Previous structure-function studies have revealed critical features that
influence the IRI activity of these molecules including the relative orientation of the
hydroxyl groups on the pyranose ring, the stereochemistry and nature of the glycosidic
bond, and the substituent on the aromatic ring and its regiochemistry.'""'* Specifically,
some of the most effective inhibitors of ice recrystallization in this class were shown to

possess a D-glucose moiety, a B-glycosidic bond, and either a methoxy substituent (-
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OCH3) or a halogen (-Br or -F) at the para-position of the aryl ring.'* The structures of
these highly IRI active small molecules, B-PMP-Glc, B-pBrPh-Glc and B-pFPh-Glc, are

shown in Figure 3.12.

OH OH OH
HO o HO 0] HO o
HO OCH, HO Br HO F

B-PMP-Glc B-pBrPh-Glc B-pFPh-Glc

Figure 3.12 Structures of f-PMP-Glc, B-pBrPh-Glc and B-pFPh-Glc.

Although many modifications to the D-glucose moiety have been explored,'' the presence
of a fluorine atom on the carbohydrate moiety has not yet been investigated for its
influence on IRI activity. The small size and electronegativity of fluorine make it a
unique atom that has a profound effect when bound to carbon in small molecules.’®
Fluorinated compounds have attracted considerable attention in the fields of

pharmaceuticals, agrochemicals, and materials science.”*’

In the pharmaceutical field,
fluorinated analogues of natural products have become useful tools for pharmacological
and physiological studies since the introduction of fluorine can result in significant
changes in physical and biological properties.”®*' Consequently, fluorine plays an
important role in medicinal chemistry where installation into a therapeutic small
molecule candidate can enhance biological activity and improve chemical or metabolic
stability.*®

Our laboratory previously correlated IRI activity to carbohydrate hydration and thus it
is hypothesized that the IRI activity of O-aryl glycosides is attributed to their ability to
disrupt the structure of bulk water. The hydration of fluorine atoms has been studied and
it was observed that fluorine atoms behave like hydrocarbons in that they cause water
molecules to become more ordered around themselves.** Fluorine has also been reported
to be more hydrophobic than oxygen and therefore it may have an effect on hydration.*
For instance, it was shown that 4-hydroxyproline was more effectively hydrated than 4-
fluoroproline, suggesting that the formation of hydrogen bonds to the fluorine atoms are
unlikely.* Generally, compounds that cause a greater disruption of water molecules are
well hydrated, whereas those that tend to order water molecules are poorly hydrated. In
the case of fluorine atoms, they behave as hydrophobic groups and cause minimal

disruption of water molecules within the hydration shell and are thus poorly hydrated.

61



Given the unique properties of fluorine, a small class of fluorinated aryl glycosides
was synthesized and assessed for IRI activity. Three para-substituted O-aryl glycosides
(B-PMP-Glc, B-pBrPh-Glc and B-pFPh-Glc) that are effective inhibitors of ice
recrystallization were selected for further investigation. The structures of the fluorinated
aryl glycosides are shown in Figure 3.13. Specifically, the hydroxyl group at C-6 was
replaced with a fluorine atom to assess the importance of the C-6 hydroxyl group of aryl
glycosides for IRI activity (323-325). By substituting the C-6 hydroxyl group for a
fluorine atom, this may alter the hydration of these aryl glycosides and subsequently, may
affect their IRI activity. Due to synthetic simplicity, difluorinated aryl glycosides were
also synthesized in which the C-6 and C-3 hydroxyl groups were replaced with fluorine
atoms. This synthesis employed a nucleophilic fluorinating agent; therefore, inversion of
stereochemistry at the C-3 position furnished difluorinated aryl glycosides, which possess
a D-allose moiety rather than a D-glucose moiety. As a result, the allopyranoside
derivatives (326-328) were not compared to their non-fluorinated counterparts; however,
this will further elucidate structural features that are important for the IRI activity of these
O-aryl glycosides. The synthesis and IRI testing of these compounds were performed
with assistance from two undergraduate students, Genevieve O'Keefe and Olivia Herzog,

both supervised by myself.
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325 R=F 328, R=F

Figure 3.13 Structures of fluorinated aryl glycosides 323-328.
3.3.1 Synthesis of Fluorinated Aryl Glycosides

The synthesis of fluorinated aryl glycosides 323-328 (Scheme 3.3) began with B-D-
glucose pentaacetate. Lewis-acid catalyzed activation of the B-linked anomeric acetate
with boron trifluoride diethyl etherate (BF;*OEt,) allowed for glycosidation with the
appropriate para-substituted phenol (R = OCHs, Br or F) to afford the B-linked aryl
glycosides exclusively (329-331). Deacetylation of compounds 329-331 under Zemplén

conditions afforded the intermediates 103-105,'> which were selectively fluorinated using
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(diethylamino)sulfur trifluoride (DAST).** It has been previously shown that DAST can
react with B-glucosides to prepare monofluorinated products when short reaction times
are employed. Thus, B-glucosides 103-105 were treated with DAST, using short reaction
times (< 30 min), to afford the desired monofluorinated products 323-325, in which the
C-6 hydroxyl group was replaced with a fluorine atom. It is well known in the literature
that B-glucosides also undergo rapid fluorination at the C-3 position of the pyranose ring
to afford 3-fluoroallopyranosides.* Since DAST is a nucleophilic fluorinating agent,"
the reaction of DAST with B-glucosides installs fluorine atoms selectively at the less
sterically hindered C-3 and C-6 positions when longer reaction times are employed (> 24
h).** Thus, B-glucosides 103-105 were treated with DAST overnight to afford the desired
difluorinated products 326-328, in which the C-6 and C-3 hydroxyl groups were replaced
with fluorine atoms. Using this synthetic approach, allopyranoside derivatives 326-328
were obtained, whereby the equatorial C-3 hydroxyl group was converted to an axial
fluorine substituent.*
BF,-OEt, OAc
Aw& CHiCl, $AMS 00 _ A°°$§L NeOweeOH
AcO 44 - 62% AcO (0] 73 - 90%

AcO R

R =OCH;, 329, R =OCH,
R=Br 330, R=Br
R=F 331, R=F

F
DAST, CH,Cl, o
-40°C—~rt  HO
———— HO o
HO R

16 - 33%

323, R=0CH,
324, R=Br
325 R=F

DAST, CH,Cl,
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Scheme 3.3 Synthesis of fluorinated aryl glycosides 323-328.
3.3.2 IRI Activity of Fluorinated Aryl Glycosides

To quantify the IRI activity of compounds 323-328, the kinetic approach was utilized
as this is the standard protocol that is now employed in our laboratory for screening new
compounds (previously described in Section 3.2.2).%> Using this method, IRI activity was

quantified by an ICs, value. Briefly, in this assay, the compound was dissolved at various
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concentrations in a PBS solution and the areas of ice crystals were measured after a 5-
minute annealing period at -6.4 °C. For each concentration, rate constants for ice crystal
growth were determined and normalized to the positive PBS control for ice
recrystallization. A dose-response curve was generated by plotting the normalized rate
constants (ksorm) for each concentration as a function of the corresponding log values of
the concentration. To obtain the ICsy value, a two-parameter sigmoidal curve was fit to
the data. The characteristic dose-response curve that is typically observed shows the
response as a function of the logarithm of concentrations and forms a sigmoidal shape.
These curves contain several data points that fit to a sigmoidal shape: one at the top
plateau (100%), one at the bottom plateau (0%), one at the inflection point, and one each
at the upper and lower ends of the inflection point. Two important properties of IRIs can
be determined from a dose-response curve. The first is efficiency, which refers to the
maximal inhibition of ice recrystallization that a compound can achieve. In other words,
it refers to the ability of a compound to fully inhibit ice crystal growth (kyorm = 0%) at its
maximum solubility in PBS. The second property that can be determined from a dose-
response curve is efficacy, which refers to the concentration of compound necessary to
inhibit ice recrystallization. Thus, compounds can be compared in terms of their
efficiency and efficacy.

The majority of the fluorinated aryl glycosides were not effective inhibitors of ice
recrystallization. With the exception of compound 327, the remaining compounds (323-
326 and 328) failed to achieve full inhibition of ice crystal growth (i.e. kyorm # 0%) When
assessed at their maximum solubility in PBS (Table 3.1). This may be due to their very
poor solubility in aqueous solution. For example, the monofluorinated derivatives 323-
325 were only able to achieve a knorm 0f 72.67%, 78.33% and 46.64%, respectively (Table
3.1). When assessed at their maximum solubility of 5 mM, difluorinated derivatives 326
and 328 were only able to achieve a knorm Of 30.58% and 92.46%, respectively (Table
3.1). As a result, the data was not sufficient to construct a proper sigmoidal curve (data
points only on the upper half) and an ICs value could not be determined for compounds

323-326 and 328.
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Table 3.1 Normalized rate constants (knorm) for fluorinated aryl glycosides 323-328.

Maximum .
Compound Concentration %z;Ttﬂ;zte&Rat;

(mM) norm
323 5 72.67 +4.38%
324 10 78.33 +4.71%
325 40 46.64 +4.35%
326 5 30.58 +5.23%
327 1 0.99 +0.99%
328 5 92.46 + 0.80%

Table 3.2 1Cs values for fluorinated aryl glycosides 323-328.

Compound Icg’n\ﬁ)l ue
323 N/A
324 N/A
325 N/A
326 N/A
327 0.2
328 N/A

Remarkably, compound 327 was capable of fully inhibiting ice crystal growth at its
maximum solubility of 1 mM. A dose-response curve was constructed (Figure 3.14) and
compound 327 was found to have an ICsy value of 0.2 mM (Table 3.2). This

demonstrates that compound 327 is an efficient and efficacious inhibitor of ice

recrystallization.
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Figure 3.14 A dose-response curve for compound 327. Rate constants (knorm) Were

normalized to a PBS control and measured in triplicate. Error bars represent the standard
error of the mean (SEM). A two-parameter sigmoidal curve was fit to the data.
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To assess the importance of the C-6 hydroxyl group of aryl glycosides for IRI
activity, compounds 323-325 were directly compared to their non-fluorinated
counterparts (103-105). As mentioned previously, compounds 326-328 cannot be
compared to these non-fluorinated derivatives because their carbohydrate moiety consists
of D-allose rather than D-glucose. Previously identified IRI active molecules, B-PMP-Glc
(103) and B-pBrPh-Glc (104), were found to have ICsy values of 16 mM and 15 mM,
respectively (Figure 3.15).”> A dose-response curve was generated for B-pFPh-Glc (105)

and it was found to have an ICsy value of 51 mM (Figure 3.15).

OH OH
Ha&o HO O\Q
OCHg HO Br 3
103 104
ICyy =16 mM ICyy=15mM
€ 100-’ . 100 5 )
o -
< &
504 50-
0 T T ¥ . ° T T - \ 0 T » .
0.0 05 1.0 1.5 2.0 0.0 05 1.0 1.5 2.0 1.0 15 2.0 25
log [103] (mM) log [104] (mM) log [105] (mM)

Figure 3.15 Dose-response curves for compounds 103-105. Rate constants (knorm) Were
normalized to a PBS control and measured in triplicate. Error bars represent the standard
error of the mean (SEM). A two-parameter sigmoidal curve was fit to the data.”

Amongst the non-fluorinated compounds, it is evident that B-pFPh-Glc (105) is less
efficacious than B-PMP-Glc (103) and B-pBrPh-Glc (104) since it requires a considerably
higher concentration to elicit an inhibitory response. In comparison, monofluorinated
derivatives 323-325 failed to achieve full inhibition of ice crystal growth (Table 3.1).
This demonstrates that replacing the C-6 hydroxyl group with a fluorine atom decreases
the IRI activity of the aryl glycosides 103-105. It also shows that replacement of the C-6
hydroxyl group with a fluorine atom significantly reduces solubility in aqueous solution.
This is not surprising since fluorine is more hydrophobic than oxygen and cannot form
hydrogen bonds.*’ Ultimately, the solubility constraints may account for the lack of IRI
activity exhibited by these compounds. However, more importantly, fluorine atoms
behave as hydrophobic groups and cause water molecules to become more ordered
around them and are therefore poorly hydrated. As a result, it is not surprising that the
majority of the fluorinated aryl glucosides are ineffective at inhibiting ice

recrystallization. These results suggest that these compounds are poorly hydrated.
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Although our laboratory previously correlated IRI activity to carbohydrate hydration, the
hydration of fluorinated aryl glucosides has not been reported. Consequently, it is not
known whether the fluorinated aryl glucosides are less hydrated than their corresponding

non-fluorinated derivatives and ultimately, a correlation cannot be made.

3.4 Phosphate Sugars as Ice Recrystallization Inhibitors

Simple monosaccharides such as D-glucose and D-mannose were previously shown to
be moderate inhibitors of ice recrystallization.' In search of a novel class of small
molecule IRIs, we sought to commence with examining the ability of small structural
subunits (i.e. monosaccharides) modified with unique functional groups to inhibit ice
recrystallization. In particular, we sought to investigate the ability of monosaccharides
possessing a phosphate group to inhibit ice recrystallization.

The phosphate group is ubiquitously found in biological systems either in its
inorganic form or incorporated into biomolecules where it has many essential roles in
biological processes.*® For instance, phosphate is an important structural component of
nucleotides, which are the building blocks of nucleic acids (DNA and RNA).* It is also a

48,49 .
7 and is

component of energy-rich molecules such as adenosine triphosphate (ATP),
bound to coenzymes, such as NADP+ and NADPH, that are involved in anabolic
reactions including lipid and nucleic acid synthesis.”® Furthermore, the phosphate group
is found in phospholipids in biological membranes where it comprises the hydrophilic
portion.”’ Phosphorylation has evolved as the most important post-translational
modification owing to its versatility and reversibility.*® In phosphorylated proteins, the
unique properties of the phosphate group can be exploited to control important biological
functions.”® Within the context of small molecules, the phosphorylation of glucose
generates an important intermediate that is involved in various metabolic processes
including glycolysis.”* Despite the importance of phosphate groups in biological systems,
small molecules bearing a phosphate group have not yet been investigated as ice
recrystallization inhibitors and represent a novel opportunity to develop pyranoses with
unique functional groups as IRIs. As a preliminary study, a small class of
monosaccharides possessing a phosphate group was explored for their ability to inhibit

ice recrystallization. The structures of the phosphate sugars 332-338 assessed for IRI
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activity are shown in Figure 3.16. This work was part of a collaboration and compounds
332-338 were synthesized and provided by Dr. Janelle Sauvageau from the Department
of Human Health Therapeutics at the National Research Council (NRC). The compounds
assessed for IRI activity are structurally diverse, thus allowing for the generation of
preliminary screening data. Compound 332 is a D-glycero-f-D-manno-heptose sugar
lacking a phosphate group. The structures of compounds 333 and 334 are D-glycero-D-
manno-heptose-based in which the hydrogen of the hydroxyl group at C-1 (333) or C-7
(334) is substituted with a phosphate group bearing sodium counterions. Compounds 335
and 336 are D-mannose-based derivatives possessing a 3-linked phosphate group, which
contains either triethylamine or sodium counterions. Compounds 337 and 338 are D-
glucose-based derivatives containing an a-linked phosphate group and a C-6 phosphate

group each containing sodium counterions, respectively.
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HO: - HO HO! HO HO"- HO
HO&/ HO “Q HO -0
HO OH  HO HO
332 333 00 33 OH
NaO”~ “ONa
o, ,ONa
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Et;NO’ “ONEts NaQo~ ©ONa HO "oy
337 338
NaO ONa

Figure 3.16 Structures of monosaccharide phosphate sugars 332-338 assessed for IRI
activity.

3.4.1 IRI Activity of Phosphate Sugars

The IRI activity of compounds 332-338 was quantified by performing kinetic
analyses utilizing the modified “splat-cooling” assay (previously described in Sections
3.2.2 and 3.3.2).%” Using this kinetic approach, the IRI activities were quantified by an
ICso value. The majority of the phosphate sugars were effective inhibitors of ice
recrystallization with the exception of compounds 332 and 333, which failed to achieve
full inhibition of ice crystal growth (i.e. knorm # 0%) when assessed at their maximum

solubility in PBS (Table 3.3). For instance, D-glycero-f-D-manno-heptose (332) and D-
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glycero-D-manno-heptose derivative possessing an a-linked phosphate group (333) had
normalized rate constants (knom) comparable to that of the PBS control (103.53% and
94.53%, respectively). These compounds were poorly soluble in PBS and could only be
assessed at a maximum concentration of 2 mM, which may account for the lack of IRI
activity. Substitution of the hydrogen of the C-7 hydroxyl group with a phosphate group
(334) drastically increased solubility. Compound 334 was shown to have a maximum
solubility of 150 mM in PBS and was capable of achieving full inhibition of ice crystal
growth (i.e. kporm = 0%). Thus, a complete sigmoidal dose-response curve was
constructed (Figure 3.17) and compound 334 was found to have an ICsy value of 60 mM

(Table 3.4).

Table 3.3 Normalized rate constants (knorm) for phosphate sugars 332-338.

Maximum .
Compound Concentration IZI:(:)I;ln;f;:lzteg‘Rat)e

(mM) norm
332 2 103.53 £5.28%
333 2 94.53 £2.43%
334 150 0.93 £ 0.93%
335 100 5.62 +£1.50%
336 80 2.39+1.19%
337 200 1.74 + 0.88%
338 150 0.00 £+ 0.00%

Table 3.4 1Cs, values for phosphate sugars 332-338.

Compound IC:;,n\li/il)lue
332 N/A
333 N/A
334 60
335 28
336 29
337 53
338 35

Compounds 335-337 were also quite soluble; however, they were only capable of
achieving a knyorm Of 5.62%, 2.39% and 1.74%, respectively, when assessed at their
maximum solubility (Table 3.3). Although 335-337 did not achieve full inhibition of ice
crystal growth at these concentrations, it can be seen from the dose-response curves

(Figure 3.17) that knorm is very close to zero. As such, these compounds still exhibit a
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characteristic sigmoidal dose-response curve with identifiable inflection points, enabling
the calculation of an ICsy value. Thus, the ICso values for 335-337 were found to be 28
mM, 29 mM and 53 mM, respectively (Table 3.4). Lastly, compound 338 was shown to
have a maximum solubility of 150 mM in PBS and was capable of achieving full
inhibition of ice crystal growth. A complete sigmoidal dose-response curve was

generated (Figure 3.17) and compound 338 was found to have an ICsy value of 35 mM.
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Figure 3.17 Dose-response curves for compounds 334-338. Rate constants (knorm) Were
normalized to a PBS control and measured in triplicate. Error bars represent the standard
error of the mean (SEM). A two-parameter sigmoidal curve was fit to the data.

Overall, ICsy values could be determined for the majority of the phosphate sugars
examined. It is evident that the D-mannose-based derivatives 335 and 336, possessing a
B-linked phosphate group (either triethylamine or sodium counterions), are the most
efficacious inhibitors of ice recrystallization within this set of compounds. The D-
glucose-based derivative 338 containing a C-6 phosphate group is slightly less
efficacious than 335 and 336 (ICso value of 35 mM versus 28 mM). However, the D-
glycero-D-manno-heptose-based derivative 334 and D-glucose-based derivative 337 are
the least efficacious since they require considerably higher concentrations to elicit an
effective inhibitory response. This preliminary study demonstrates that some phosphate
sugars can be effective inhibitors of ice recrystallization and highlights the need for

further investigation including extensive structure-function studies.
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3.5 Chapter Summary

Our laboratory has reported several different classes of small molecules capable of
inhibiting ice recrystallization. To date, very few of these small molecules are effective
inhibitors of ice recrystallization and the structural features responsible for IRI activity
have not been definitively determined. In this chapter, we sought to investigate three
diverse classes of small molecules as ice recrystallization inhibitors to determine
additional structural features that are important for IRI activity with the overall goal to
identify highly effective inhibitors of ice recrystallization. Previous work demonstrated
that carbohydrate-based surfactants could be effective inhibitors of ice recrystallization,
however, the precise mechanism by which these molecules inhibit ice recrystallization
remains unknown. Since the isomerization of azobenzene can provide spatiotemporal
control over molecular structure and properties, it would be desirable to employ this
strategy to photo-modulate IRI activity. This approach could potentially be used as a tool
to study the mechanism of ice recrystallization inhibition. The first class of small
molecules investigated as ice recrystallization inhibitors were carbohydrate-based
(fluoro)surfactants bearing an azobenzene moiety. These surfactant molecules were
assessed for IRI activity utilizing the former “splat-cooling” assay, in which activity is
reported as the % MGS relative to PBS. The majority of the carbohydrate-based
(fluoro)surfactants were weak to moderate inhibitors of ice recrystallization, with the
exception of the D-mannose derivative 303. By performing a kinetic analysis, this
surfactant molecule was shown to be an effective inhibitor of ice recrystallization with an
ICso value of 7 mM. This study reaffirmed the importance of the identity of the
carbohydrate moiety for IRI activity. In the series of carbohydrate-based
fluorosurfactants, the most active compounds were those possessing a trifluoromethyl
substituent at the ortho-position, highlighting the importance of regiochemistry for the
IRI activity of these molecules. The trans-cis photoisomerization studies demonstrated
that some carbohydrate-based (fluoro)surfactants can exhibit significantly reduced IRI
activity in their cis states, signifying the importance of the isomeric state of the
azobenzene tail group.

The second class of small molecules investigated as ice recrystallization inhibitors

were fluorinated aryl glycosides. In particular, three para-substituted O-aryl glycosides 3-
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PMP-Gle, B-pBrPh-Glc and B-pFPh-Glc have been previously shown to be effective
inhibitors of ice recrystallization. Given the unique properties of fluorine and its
important role in medicinal chemistry, fluorinated derivatives of B-PMP-Glc, B-pBrPh-
Glc and B-pFPh-Glc were assessed for IRI activity by performing kinetic analyses. Most
of the fluorinated aryl glycosides were not effective inhibitors of ice recrystallization,
with the exception of the difluorinated derivative 327 which had an ICsy value of 0.2
mM. A comparative analysis demonstrated that the replacement of the C-6 hydroxyl
group with a fluorine atom decreased the IRI activity and solubility of B-PMP-Glc, B-
pBrPh-Glc and B-pFPh-Glc in all cases.

Lastly, a small diverse class of phosphate sugars were investigated as ice
recrystallization inhibitors given the importance of phosphate groups in biological
systems. This study served to generate preliminary data. Most of the phosphate sugars
examined were effective inhibitors of ice recrystallization with ICsy values ranging from
28-60 mM, with the exception of the D-glycero-D-manno-heptose derivatives 332 and
333. This preliminary study demonstrated that some phosphate sugars can be effective

inhibitors of ice recrystallization and further investigation is required.

3.6 Experimental Procedures and Characterization Data
3.6.1 Traditional Ice Recrystallization Inhibition (IRI) Assay

To assess ice recrystallization inhibition (IRI) activity, the “splat cooling” method
was used.”**® The sample was dissolved in a phosphate buffered saline (PBS) solution.
Using a micropipette, a 10 uL droplet of the solution was dropped through a two-meter
high plastic tube, having a 10 cm diameter, onto a polished aluminum block cooled to
approximately -80 °C with dry ice. The droplet froze immediately upon contact with the
surface of the aluminum block, creating a wafer approximately 1 cm in diameter and 20
um thick. Using precooled tools, the wafer was separated from the surface of the block
and transferred to a cryostage, kept at -6.4 °C. 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. A programmable Peltier unit (S3 Series 800
temperature controller, Alpha Omega Instruments) was used to maintain the temperature

of the cryostage. Three images were taken from each wafer. During flash freezing, small
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ice crystals from the solution are formed very quickly, and during annealing, the ice
crystals dramatically increase in size due to recrystallization. In order to quantitatively
measure the difference in recrystallization inhibition of two compounds, the difference in
the dynamics of ice crystal size distribution was examined. This was done using a novel
domain recognition software (DRS)22 program to analyze the image of the ice wafer.
From this, domain areas from each image were calculated and data was inputted into
Microsoft Excel. Using Microsoft Excel, the data was then plotted and analyzed. The ice
crystal mean grain size (MGS) of the sample was compared to the MGS of the PBS
control for the same day of testing and IRI activity was reported as the percent mean

grain size (% MGS). Each compound was performed in triplicate.

3.6.2 Quantitative Analysis of Ice Recrystallization Inhibition (IRI) Activity

To quantify IRI activity, a modified “splat cooling” method was used.” The sample
was dissolved in a phosphate buffered saline (PBS) solution at various concentrations. A
10 pL droplet of the solution was dropped through a two-meter high plastic tube onto a
polished aluminum block cooled to approximately -80 °C. The wafer was separated from
the surface of the block and transferred to a cryostage, kept at -6.4 °C, to anneal for 5
minutes and then photographed using a digital camera fitted to the microscope. Using
Imagel, ice crystals with well-defined boundaries within the image were circled and the
area of each crystal was calculated. Using Excel, the ice crystal areas were sorted into
discrete bins based on size (bin size increases in increments of 0.001 mm?®) and the
proportionate area of each bin was calculated by adding the area of each crystal within a
bin and dividing by the sum of the areas of all crystals in the image. For each inhibitor
concentration, rate constants were determined and normalized to the positive PBS control
for ice recrystallization. Using GraphPad, a dose-response curve was generated by
plotting the normalized rate constants for each concentration as a function of the
corresponding log values of the concentration. To obtain the half maximal inhibitory
concentration (ICsp), a two-parameter sigmoidal curve was fit to the data. Each

compound concentration was performed in triplicate.

3.6.3 Thermal Hysteresis (TH) Assay

Nanoliter osmometry, using a Clifton nanoliter osmometer (Clifton Technical
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Physics, Hartford, NY), was performed in order to assess TH activity and dynamic ice
shaping (DIS) ability.’” In this assay, a single droplet of an aqueous solution (milli q
water) of compound was enclosed within an oil-filled well in a sample holder. Using a
thermoelectrically-controlled microscope stage, the sample was frozen and then slowly
thawed until a single ice crystal remained. At this point, the morphology of the single ice
crystal was monitored, as the temperature of the sample was gradually decreased, through
a Leitz compound microscope equipped with an Olympus 20X objective, a Leitz Periplan
32X photo eyepiece, and a Hitachi KPM2U CCD camera connected to a Toshiba
MV13K1 TV/VCR system. Non-uniform ice crystal growth is indicative of DIS and TH
activity is measured as the depression of the freezing point of the solution in relation to a

static melting point.

3.6.4 General Experimental

All anhydrous reactions were performed in flame-dried glassware under a positive
pressure of dry argon. Air or moisture-sensitive reagents and anhydrous solvents were
transferred with oven-dried syringes or cannulae. All flash chromatography was
performed with E. Merck silica gel 60 (230-400 mesh). All solution phase reactions were
monitored using analytical thin layer chromatography (TLC) with 0.2 mm pre-coated
silica gel aluminum plates 60 F254 (E. Merck). Components were visualized by
illumination with a short-wavelength (254 nm) ultra- violet light and/or staining (ceric
ammonium molybdate, potassium permanganate, or phosphomolybdate stain solution).
All solvents used for anhydrous reactions were distilled. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone under nitrogen. Dichloromethane (DCM) was
distilled from calcium hydride. N,N-dimethylformamide (DMF) was stored over activated
4A molecular sieves under argon. 'H (300 or 400 MHz) and ">C (100 or 125 MHz)
spectra were recorded at ambient temperature on a Bruker Avance 300 or Bruker Avance
400. Deuterated chloroform (CDCIl;) or water (D,0O) were used as NMR solvents, unless
otherwise stated. Chemical shifts are reported in ppm using the solvent residual peak as
an internal standard. Splitting patterns are designated as follows: s, singlet; d, doublet; t,

triplet; q, quartet; quint, quintet; m, multiplet and br, broad. Low resolution mass
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spectrometry (LRMS) was performed on a Micromass Quatro-LC Electrospray
spectrometer with a pump rate of 20 uL/min using electrospray ionization (ESI).
Compounds 301-322 were generously provided by Dr. Brendan Wilkinson from the
School of Science and Technology at the University of New England. The synthesis and
characterization data for these compounds are reported in the RSC Advances and
Carbohydrate Research manuscripts published in 2016 and 2017, respectively.””* Aryl
glycosides 329-331 and 103-105 were previously reported by our laboratory.'?
Compounds 332-338 were generously provided by Dr. Janelle Sauvageau from the
Department of Human Health Therapeutics at the National Research Council (NRC).
NMR spectra for novel compounds and final compounds assessed for IRI activity are

provided below.

3.6.5 Compound Characterization

4-Methoxyphenyl-6-fluoro-6-deoxy-p-D-glucopyranoside (323)

F
“Oﬁ '
HO 0=
HO \__/~ocH,

323

4-Methoxyphenyl-B-D-glucopyranoside (0.1 g, 0.22 mmol) was added to a flame-dried
flask under a constant flow of argon and suspended in anhydrous CH,Cl, (1.5 mL). The
solution was cooled to -40 °C and DAST (0.17 mL, 1.32 mmol) was added dropwise. The
cooling bath was removed and the mixture was stirred at room temperature until the
solution became clear. The solution was cooled to -40 °C, quenched via dropwise
addition of methanol and concentrated under reduced pressure. Column chromatography
(9.5:0.5 CH,Cly/methanol) afforded 323 as a white powder (16 mg, 25% yield). "H NMR
(400 MHz; Acetone-ds): 6 7.04-7.00 (m, 2H), 6.86-6.82 (m, 2H), 4.87 (d, J = 7.6 Hz,
1H), 4.77-4.52 (m, 3H), 4.46 (dd, J = 21.9, 4.3 Hz, 2H), 3.74 (s, 3H), 3.68 (dddd, J =
24.4,9.8, 5.1, 1.6 Hz, 1H), 3.56-3.50 (m, 1H), 3.46-3.40 (m, 2H). °C NMR (101 MHz;
Acetone-dg): 6 156.1, 152.8, 118.9, 115.2, 103.0, 83.3 (d, J = 171.3 Hz), 77.9, 759 (d, J =
17.9 Hz), 74.7, 70.0 (d, J = 7.4 Hz), 55.8. LRMS (ESI): m/z calcd. for C;3H;7FNaO¢
[M+Na]" 311.1; found, 311.1.

4-Bromophenyl-6-fluoro-6-deoxy-f-D-glucopyranoside (324)
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4-Bromophenyl-f-D-glucopyranoside (0.3 g, 0.89 mmol) was added to a flame-dried
flask under a constant flow of argon and suspended in anhydrous CH,Cl, (5 mL). The
solution was cooled to -40 °C and DAST (0.71 mL, 5.37 mmol) was added dropwise. The
cooling bath was removed and the mixture was stirred at room temperature until the
solution became clear. The solution was cooled to -40 °C, quenched via dropwise
addition of methanol and concentrated under reduced pressure. Column chromatography
(9.5:0.5 CH,Cly/methanol) afforded 324 as a white powder (47 mg, 16% yield). "H NMR
(400 MHz; Acetone-ds): 6 7.46-7.42 (m, 2H), 7.06-7.02 (m, 2H), 5.03 (d, J = 7.6 Hz,
1H), 4.77-4.62 (m, 2H), 4.57-4.51 (m, 1H), 4.47-4.46 (m, 1H), 3.75 (dddd, J = 24.5, 9.8,
4.9, 1.7 Hz, 1H), 3.59-3.42 (m, 3H). °C NMR (101 MHz; Acetone-ds): & 158.0, 133.0,
119.5, 114.8, 101.8, 83.1 (d, J = 171.3 Hz), 77.7, 76.0 (d, ] = 17.9 Hz), 74.5, 69.8 (d, ] =
7.2 Hz). LRMS (ESI): m/z caled. for C;H4BrFNaOs [M+Na]" 359.0; found, 359.0.

4-Fluorophenyl-6-fluoro-6-deoxy-p-D-glucopyranoside (325)

4-Fluorophenyl-B-D-glucopyranoside (0.26 g, 0.95 mmol) was added to a flame-dried
flask under a constant flow of argon and suspended in anhydrous CH,Cl, (5 mL). The
solution was cooled to -40 °C and DAST (0.75 mL, 5.69 mmol) was added dropwise. The
cooling bath was removed and the mixture was stirred at room temperature until the
solution became clear. The solution was cooled to -40 °C, quenched via dropwise
addition of methanol and concentrated under reduced pressure. Column chromatography
(9.5:0.5 CH,Cly/methanol) afforded 325 as a white powder (85 mg, 33% yield). "H NMR
(300 MHz; Acetone-ds): 6 7.12-7.02 (m, 4H), 4.96 (d, J = 7.5 Hz, 1H), 4.80-4.61 (m,
2H), 4.55-4.43 (m, 2H), 3.73 (dddd, J = 24.3, 9.7, 5.0, 1.8 Hz, 1H), 3.58-3.41 (m, 3H).
BC NMR (101 MHz; Acetone-ds): & 158.9 (d, J = 239.0 Hz), 155.0 (d, J = 2.5 Hz), 119.0
(d, J = 8.1 Hz), 116.4 (d, J = 23.0 Hz), 102.5, 83.2 (d, J = 171.4 Hz), 77.8, 76.0 (d, J =
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17.9 Hz), 74.6, 69.9 (d, J = 7.3 Hz). LRMS (ESI): m/z calcd. for C;,H4F,NaOs [M+Na]"
299.1; found, 299.1.

4-Methoxyphenyl-3,6-dideoxy-3,6-difluoro-p-D-allopyranoside (326)

F
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HO \©\OCH3

F
326

4-Methoxyphenyl-B-D-glucopyranoside (0.3 g, 1.05 mmol) was added to a flame-dried
flask under a constant flow of argon and suspended in anhydrous CH,Cl, (6 mL). The
solution was cooled to -40 °C and DAST (0.83 mL, 6.29 mmol) was added dropwise. The
cooling bath was removed and the mixture was stirred overnight at room temperature.
The solution was cooled to -40 °C, quenched via dropwise addition of methanol and
concentrated under reduced pressure. Column chromatography (1:1 Hexanes/ethyl
acetate) afforded 326 as a white powder (120 mg, 39% yield). 'H NMR (400 MHz;
Acetone-dg): & 7.06-7.02 (m, 2H), 6.87-6.83 (m, 2H), 5.12 (dd, J = 8.0, 1.0 Hz, 1H), 5.02
(dd, J =53.2, 0.9 Hz, 1H), 4.83 (d, J = 6.0 Hz, 1H), 4.79-4.57 (m, 3H), 4.03-3.93 (m,
1H), 3.86-3.68 (m, 5H). >C NMR (101 MHz; Acetone-ds): & 155.3, 151.8, 118.0, 114.3,
100.0 (d, J = 3.4 Hz), 93.5 (d, J = 179.0 Hz), 82.4 (d, J = 171.6 Hz), 73.0 (dd, J = 17.9,
3.1 Hz), 70.0 (d, J = 16.9 Hz), 65.7 (dd, J = 18.4, 7.9 Hz), 54.9. LRMS (ESI): m/z calcd.
for C13H;¢F,NaOs [M+Na]" 313.1; found, 313.1.

4-Bromophenyl-3,6-dideoxy-3,6-difluoro-p-D-allopyranoside (327)
F
0}
HO
%O\Q\ Br
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4-Bromophenyl-f-D-glucopyranoside (0.3 g, 0.89 mmol) was added to a flame-dried
flask under a constant flow of argon and suspended in anhydrous CH,Cl, (6 mL). The
solution was cooled to -40 °C and DAST (0.71 mL, 5.37 mmol) was added dropwise. The
cooling bath was removed and the mixture was stirred overnight at room temperature.
The solution was cooled to -40 °C, quenched via dropwise addition of methanol and
concentrated under reduced pressure. Column chromatography (1:1 Hexanes/ethyl
acetate) afforded 327 as a white powder (190 mg, 63% yield). 'H NMR (400 MHz;
Acetone-ds): & 7.47-7.43 (m, 2H), 7.09-7.05 (m, 2H), 5.26 (dd, J = 8.0, 0.8 Hz, 1H), 5.03
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(dd, J = 53.4, 0.5 Hz, 1H), 4.92 (d, J = 6.2 Hz, 1H), 4.79-4.57 (m, 3H), 4.05 (ddd, J =
25.7, 10.4, 4.3 Hz, 1H), 3.89-3.73 (m, 2H). °C NMR (101 MHz; Acetone-ds): & 157.9,
133.1, 119.6, 114.9, 99.8, 94.3 (d, J = 178.1 Hz), 83.1 (d, J = 171.9 Hz), 73.9 (dd, J =
17.9, 3.1 Hz), 70.7 (d, ] = 16.9 Hz), 66.4 (dd, J = 18.4, 7.6 Hz). LRMS (ESI): m/z calcd.
for C1,H;3BrF,NaO4 [M+Na]" 361.0; found, 360.9.

4-Fluorophenyl-3,6-dideoxy-3,6-difluoro-p-D-allopyranoside (328)
F
Q
328
4-Fluorophenyl-B-D-glucopyranoside (0.5 g, 1.82 mmol) was added to a flame-dried
flask under a constant flow of argon and suspended in anhydrous CH,Cl, (10 mL). The
solution was cooled to -40 °C and DAST (1.45 mL, 10.94 mmol) was added dropwise.
The cooling bath was removed and the mixture was stirred overnight at room
temperature. The solution was cooled to -40 °C, quenched via dropwise addition of
methanol and concentrated under reduced pressure. Column chromatography (1:1
Hexanes/ethyl acetate) afforded 328 as a white powder (212 mg, 42% yield). '"H NMR
(400 MHz; Acetone-ds): 6 7.15-7.03 (m, 4H), 5.20 (dd, J = 8.0, 0.8 Hz, 1H), 5.03 (dd, J =
53.3, 0.6 Hz, 1H), 4.92 (d, ] = 6.1 Hz, 1H), 4.79-4.58 (m, 3H), 4.08-3.98 (m, 1H), 3.88-
3.72 (m, 2H). ?C NMR (101 MHz; Acetone-ds): & 159.0 (d, J = 239.0 Hz), 154.9 (d, 2.2
Hz), 119.1 (d, J = 8.1 Hz), 116.5 (d, J = 23.1 Hz), 100.4, 94.3 (d, J = 178.1Hz), 83.2 (d, J

=171.6 Hz), 73.9 (dd, J = 18.0, 3.2 Hz), 70.7 (d, ] = 16.9 Hz), 66.4 (dd, J = 18.3, 7.9 Hz).
LRMS (ESI): m/z caled. for C1,H 3F3NaO, [M+Na]" 301.1; found, 301.0.
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3.6.6 NMR Spectra
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Chapter 4: Determining the Influence of an Azido Moiety on the IRI
Activity of Aryl Glucosides

4.1 Introduction

Previous work by our laboratory has demonstrated that simple monosaccharides are
moderate inhibitors of ice recrystallization.' It was hypothesized that the moderate
activity exhibited by these molecules is attributed to their ability to disrupt the structure
of bulk water." Based upon this hypothesis, carbohydrate-based surfactants that have the
ability to disrupt the structure of bulk water or sequester bulk water were investigated as
inhibitors of ice recrystallization. It was demonstrated that carbohydrate-based surfactants
possessing long alkyl chains at C-1, such as n-octyl-B-D-galactoside, are effective
inhibitors of ice recrystallization.” Due to the fact that the hydration characteristics for n-
octyl-B-D-galactoside are not known, a direct correlation between hydration and IRI
activity cannot be made. However, the results from this study indicated that long alkyl
side chains counter balanced with a hydrophilic moiety increased IRI activity.>’
Although these molecules inhibited ice recrystallization, they also possessed surfactant-
like properties that are detrimental to cells since they solubilize membranes,*” thus
precluding their use in cellular applications.

Given the importance of hydrophobic moieties at C-1, our laboratory sought to
employ an aryl ring instead of a long alkyl chain. A structurally diverse class of O-aryl
glycosides was synthesized and assessed for their ability to inhibit ice recrystallization.*’
Various functional groups were substituted at the ortho-, meta- and para-position of the
aryl ring; however, it was demonstrated that ortho- and meta-substituted analogues were
significantly less IRI active than para-substituted analogues, emphasizing the importance
of having a substituent at the para-position of the aryl ring.® Since n-octyl-B-D-
galactoside was shown to be an effective inhibitor of ice recrystallization,”> O-aryl
galactosides were also investigated. However, the majority of the O-aryl galactosides
were less IRI active than their glucoside counterparts.” Of the O-aryl glucosides assessed,
the para-methoxy (103, B-PMP-Glc) and para-bromo (104, B-pBrPh-Glc) derivatives
were shown to be very effective inhibitors of ice recrystallization (Figure 4.1). By
assessing the kinetics of ice recrystallization inhibition of B-PMP-Glc and -pBrPh-Glc,

ICs values were found to be 16 mM and 15 mM, respectively.®
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Figure 4.1 Structures of B-PMP-Glc (103) and B-pBrPh-Glc (104).

Since B-PMP-Glc and B-pBrPh-Glc are effective inhibitors of ice recrystallization,
our laboratory previously assessed the ability of these molecules to protect human RBCs
against cellular injury during cryopreservation. It was demonstrated that B-PMP-Glc and
B-pBrPh-Glc are beneficial additives for the freezing of human RBCs with the ability to
increase the post-thaw integrity in the presence of reduced concentrations of glycerol
(15% versus 40%) and slow cooling rates.” Specifically, in the absence of p-PMP-Glc or
B-pBrPh-Glc, the post-thaw RBC integrity with a 15% glycerol solution was
approximately 20-30%.” Meanwhile, the addition of p-PMP-Glc (110 mM) or B-pBrPh-
Glc (30 mM) to a solution of 15% glycerol significantly increased the post-thaw RBC
integrity to approximately 50% and 70%, respectively.” This result was significant as
reducing the quantity of glycerol can decrease post-thaw processing times, enabling
frozen RBCs units to be more readily accessible. This work also highlighted the potential
of small molecule IRIs to function as novel CPAs and protect human RBCs against
freezing injury. Consequently, structure-function analyses of -PMP-Glc and B-pBrPh-
Glc may elucidate key structural features that further enhance their IRI activity and

increase their cryoprotective ability.

4.2 Azido Aryl Glucosides as Ice Recrystallization Inhibitors

Despite the plethora of possible functional groups that we could introduce into an ice

recrystallization inhibitor, the azide (N3) is one of the most popular functionalities due to

10,11

its unique reactivity and selectivity. " Numerous methods have been developed for the

introduction of an azide functional group at different positions of sugars; however, one of

the most common methods is nucleophilic substitution of an appropriate leaving group

12,13

with an azide ion. In carbohydrate synthesis, an azide functionality serves as a useful

synthon for amines since they can be easily reduced to amines.'*'* Given that azides are
reasonably stable against various reaction conditions, a useful property of azides is that

12,13,15

they can serve as “masked” amines during synthesis. Furthermore, the diazo
y Y
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transfer reaction permits the use of azides not only as amine synthons but also as
protecting groups for amines."

During the last decade, azides have become a powerful tool in the field of
bioconjugation and are the mostly widely used bioorthogonal group.'"'®'® The

development of two azide-based bioorthogonal reactions'*’

(copper-catalyzed azide-
alkyne [3+2] cycloaddition and the Staudinger ligation) offer the ability to selectively
label and manipulate biomolecules via incorporation of azide tags into biomolecules

21-25

including proteins and glycans. For instance, azide-tagged sugar moieties have been

introduced into glycans using the cell’s biosynthetic machinery and subsequently labeled

with a detectable probe.*® "

Evidently, the azide is an appealing moiety due to its
bioorthogonal and biocompatible nature. Consequently, we sought to explore whether
chemically modifying B-PMP-Glc and B-pBrPh-Glc with an azide functional group could

increase their IRI activity.

4.2.1 Structures and Synthesis of Azido Aryl Glucosides

The structures of the azido aryl glucosides (401-409) are based on the parent
compounds  p-methoxyphenyl-B-D-glucopyranoside (103, pB-PMP-Glc) and p-
bromophenyl-p-D-glucopyranoside (104, B-pBrPh-Glc). Specifically, an azide substituent
was incorporated at various positions (C-6, C-4, C-3 and C-2) on the pyranose ring as
well as the para-position of the aryl ring to determine the relationship between the

position of the azide and IRI activity.

OH
HO 0
Hg&@/o
HO R

103, R = OCH,
104, R = Br

OH OH
HO 0 N 0 HO&/
HS&@/O ﬁ&o Ng o
HO R HO R HO R

401, R = OCH, 403, R = OCHjg 405, R = OCH,4
402, R =Br 404, R =Br 406, R =Br
OH OH
HO 0 0
H&o Hﬂo&@/o
N3 R HO Ny
407, R = OCHjy 409
408, R =Br

Figure 4.2 Structures of azido targets (401-409) based upon 103 and 104.

&9



The azide functional group was specifically introduced at the para-position of the aryl
ring because it has been previously demonstrated that para-substituted analogues are
significantly more IRI active than ortho- and meta-substituted analogues.® The structures
are shown in Figure 4.2. The azido aryl glucosides 401-409 were synthesized using
conventional procedures. The introduction of an azide at the primary carbon of a
carbohydrate is efficiently carried out by an Sn2 reaction. The 6-azido-6-deoxy-p3-D-
glucopyranoside derivatives 401 and 402 were prepared from B-D-glucose pentaacetate
(410) as indicated in Scheme 4.1. Lewis acid catalyzed activation of the P-linked
anomeric acetate with boron trifluoride diethyl etherate (BF;*OEt;) allowed for
glycosidation with the appropriate para-substituted phenol (R = OCHj3 or Br) to provide
the B-linked aryl glycosides 411a and 411b exclusively. Deacetylation of 411a and 411b
under Zemplén conditions afforded the intermediates 103 and 104.” Conversion of the C-
6 primary hydroxyl group to a good leaving group (i.e. tosylate) was selectively achieved,
without the need for protection of the secondary hydroxyl groups, to afford the
intermediates 412a and 412b. Subsequent displacement with sodium azide (NaNsj) at
elevated temperatures afforded the desired 6-azido aryl glucosides 401 and 402 in an

overall yield of 23% and 15%, respectively.

OAc \©\ OAc OH
AcO 0 AcO _NaOMe/MeOH oﬂ TsCl, py, 0 °C
AcO HO 0} -
BF3 OFEty, CHyCly, 0 HO A
411a, R = OCHj (65%) 103, R = OCHj (73%)
411b, R = Br (51%) 104, R = Br (90%)

OTs
& O _NaNg, DMF, 130 °C_ &/ :

412a, R = OCHg (51%) 401, R = OCHj (93%)
412b, R = Br (49%) 402, R = Br (68%)

Scheme 4.1 Synthesis of 6-azido-6-deoxy-p-D-glucopyranoside derivatives 401 and 402.

The introduction of azido groups at the sugar ring system can also be carried out by an
Snx2 reaction. Although this approach is successful, it can sometimes lead to the
formation of products with incorrect stereochemical configuration or elimination
products.” In contrast to substitutions at primary carbons, Sx2 reactions at secondary
carbons of the sugar ring are more complicated since they typically require several

synthetic manipulations to ensure correct stereochemical configuration of the desired
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product. The synthesis of the 4-azido-4-deoxy-B-D-glucopyranoside derivatives 403 and
404 is described in Scheme 4.2. Methyl a-D-galactopyranoside (413) was selectively
benzoylated to give the 2,3,6-tri-O-benzoate 414 due to the lower reactivity of the axial
C-4 hydroxyl compared to C-2, C-3 and C-6.”"° Conversion of the C-4 hydroxyl group
to a good leaving group (i.e. triflate) was achieved using triflic anhydride (Tf,0) to afford
intermediate 415, which then underwent an Sy2 reaction with sodium azide to yield
intermediate 416. Removal of the benzoyl protecting groups with sodium methoxide
resulted in intermediate 417, which was subsequently hydrolyzed with acidic cation
exchange resin (Amberlite® IR-120 (H")) to afford 4-azido-4-deoxy-D-glucose (418).%!
Acetylation of 418 followed by Lewis acid catalyzed glycosidation of glucose
tetraacetate derivative 419 with the appropriate para-substituted phenol (R = OCHj or
Br) yielded intermediates 420a and 420b. Zemplén deacetylation of 420a and 420b
afforded the desired 4-azido aryl glucosides 403 and 404 in an overall yield of 4% and

3%, respectively.

HO OH HO OBz TIO _oBz 0Bz

T,0, py,
O BzOCl, py, 0°C O CH,Cly, 0 °C QO NaNg, DMF,50°C  Nj O NaOMe/MeOH
HO 339 BzO — - Bz 80% (over two steps) B20 80%
HO B20y, BzO BzQ)cn
CHg CHg OCHjs OCHs
413 414 415 416
HO
OH i - OH NaOAc, Ac;0 OAc
Amberlite® IR-120 (H*) aOAc, Acy o
N 0 H,0, reflux N 0 100°C,2h N R
Fo > - Ho = A0 BF4+OEty, CH,Clp, 0 °C
HOLoy, 2% Ho "on  81% AcO "OAc BFs"OFtz CHeCla,
417 0 418 419
OAc OH
N (0] NaOMe/MeOH o)
A%&O\Q\ —— Na= o
AcO R HO R
420a, R = OCH, (48%) 403, R = OCHs (81%)
420b, R = Br (40%) 404, R = Br (87%)

Scheme 4.2 Synthesis of 4-azido-4-deoxy-B-D-glucopyranoside derivatives 403 and 404.

The synthesis of the 3-azido-3-deoxy-f-D-glucopyranoside derivatives 405 and 406 is
shown in Scheme 4.3. The synthesis began with the preparation of diacetone-D-glucose
(422) from D-glucose (421), in which the C-3 position can be directly manipulated.
Swern oxidation of 422 followed by diastereoselective reduction at C-3 using sodium
borohydride (NaBH,) afforded diacetone-D-allose (424), which was then converted to the
azido derivative 426 via a triflation/azide displacement sequence.’”” The furanose

diacetonide derivative 426 was treated with aqueous trifluoroacetic acid (TFA) followed
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by acetylation to furnish the glucose tetraacetate derivative 428. Lewis acid catalyzed
glycosidation of glucose tetraacetate derivative 428 with the appropriate para-substituted
phenol (R = OCH3; or Br) yielded intermediates 429a and 429b. Zemplén deacetylation of
429a and 429b afforded the desired 3-azido aryl glucosides 405 and 406 in each an

overall yield of 1%.
OH CuS0y, HS0, (COCl),, DMSO, EtsN NaBHy, EXOH: H,0 (01
HO/&H _acetone g LS_?  CHiCl, 8% o L;j “ 20 (81
HO 1 oH T s0% HO O O)( "24% (over two steps) (overtwo steps)

421

o T,0, py,
><OL<37 0 CHaClp, -30°C_ X l<_7 NaNg, DMF, 50 °C__ >< o 80%TFAinH,0

= T 8% 87% o 73%
HO 0)( TIO Ng 0)<
424 425 426
OH NaOAc, Ac,0 Ohc \©\ OAc oH
H%ﬂ _100°C,2h _ &g\ & NaOMe/MeOH HN& o
Shon 6% S0 Op BFs'OEt, CH,Clp, 0°C N8 \Q s OR
427 429a, R = OCHj (37%) 405, R = OCHg (86%)
429b, R = Br (28%) 406, R = Br (91%)

Scheme 4.3 Synthesis of 3-azido-3-deoxy-B-D-glucopyranoside derivatives 405 and 406.

Another method for the synthesis of azides is the use of the diazo transfer reaction.” In
contrast to the synthetic methods described above where an entire azido group is
incorporated into the molecule, the diazo transfer reaction converts amines to azides by
transferring a diazo group (-Nz) onto an existing amine, resulting in retention of

configuration,'>**

This method was employed for the preparation of 2-azido aryl
glucosides 407 and 408 as well as p-azidophenyl-B-D-glucopyranoside (409). The
synthetic scheme for the preparation of 2-azido-2-deoxy--D-glucopyranoside derivatives
407 and 408 is displayed in Scheme 4.4. The synthesis began with the preparation of the
diazo transfer reagent imidazole-1-sulfonyl azide (431), which is a shelf-stable and
efficient alternative to the formerly used “diazo donor” triflyl azide (TfN3).** D-
glucosamine hydrochloride was treated with 431 under typical diazo transfer conditions
to give the glucose tetraacetate derivative 433 following acetylation.* The anomeric
acetate was selectively removed using benzylamine (BnNH,) followed by activation with
trichloroacetonitrile (CCI3CN) in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene

3336 Trichloroacetimidates

(DBU) as the base to provide the a-trichloroacetimidate 435.
are useful since the stereochemistry of the resulting glycoside can be controlled.”’ For

instance, under reversible conditions in the presence of DBU as base, the a-
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trichloroacetimidate is the most stable form and is formed preferentially upon quenching
(thermodynamic product). Conversely, under irreversible conditions in the presence of
K>COs as base, the B-trichloroacetimidate would be formed (kinetic product).®”’ In a
glycosidation reaction, a- or B-glycosides can be formed from an a-trichloroacetimidate
depending on the conditions.” The use of a strong promoter (e.g. TMSOTY) results in the
formation of an oxocarbenium ion intermediate, and thus a mixture of a- and -
glycosides is possible, particularly in the absence of a participating group at C-2. In
contrast, the use of a mild promoter (e.g. BF;*OEt,) results in the selective formation of

3338 Thus, the o-trichloroacetimidate moiety

the B-glycoside through an Sx2-like pathway.
of 435 was displaced by the appropriate para-substituted phenol (R = OCHj3 or Br) using
BF;°OEt; to afford B-glycoside intermediates 436a and 436b. Zemplén deacetylation of
436a and 436b furnished the desired 2-azido aryl glucosides 407 and 408 in an overall

yield of 2% and 3%, respectively.

) SO,Clp, MeCN,0°C OH KoCOs, CUSO,+5H,0 OH Acz0, py
i) Imidazole, 3 h /=N HO 0 MeOH HO 0 DMAP, 0 °C
NaN 50% N37§7N\% * Ho *HCI HO 34% (over two steps)
o HzN "OH N3*OH
430 431 432
HO
OAc OAc CCIsCN, DBU OAc \©\
AcO o  BnNHp THF aco 0 CHxCl, 0°C_ Aco 0 R
AcO 76% AcO 52% AcO BF3+OEt,, CH,Cl,, 0 °C
N3"OAc N3"OH Nsb cCls
433 434 a3 Y
NH
OAc OH
Acoé& NaOMe/MeOH HO/&&
AcO @) — - Ho ¢
N3 R N3 R
436a, R = OCHy (41%) 407, R = OCHj (71%)
436b, R = Br 408, R = Br (47% over two steps)

Scheme 4.4 Synthesis of 2-azido-2-deoxy-p-D-glucopyranoside derivatives 407 and 408.

The synthesis of p-azidophenyl-B-D-glucopyranoside (409) is described in Scheme 4.5.
Firstly, 4-aminophenol (437) was treated with benzyl chloroformate (CbzCl) to install a
carboxybenzyl protecting group. Lewis acid catalyzed glycosidation of B-D-glucose
pentaacetate with the Cbz-protected derivative 438 followed by deacetylation afforded
the intermediate 440. Removal of the carboxybenzyl protecting group by hydrogenation
furnished the p-aminophenyl-B-D-glucoside (441) in which the aromatic amine was

converted to an aromatic azide wusing fert-butyl nitrite (+-BuONO) and
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azidotrimethylsilane (TMS-N3).” The desired product 409 was synthesized in an overall
yield of 23%.

CbzCl, 1,4-dioxane

OAc
HO\©\ 10% ag. AcOH HO\©\ . Ao && BFg-OEty, CH,Clp, 0°C. ACO&/
83% 55/
NH, NHCbz O
437

AcO

OH 20% Pd(OH), +BUONO, TMS-Ng OH
NaOMe/MeOH Hﬁ&&/o MeOH, H, MeCN, THF,0°C HOC\O
93% HO ONHCM 71% \©\ N HO \©\N3
440 441 409

Scheme 4.5 Synthesis of p-azidophenyl-p-D-glucopyranoside 409.
4.2.2 IRI Activity of Azido Aryl Glucosides

The IRI activity of the azido aryl glucosides 401-409 was assessed utilizing the
modified “splat-cooling” assay.® Using this method, the ICs, value of each compound was
determined. Briefly, in this assay, the compound was dissolved at various concentrations
in a PBS solution and the areas of ice crystals were measured after a 5-minute annealing
period at -6.4 °C. For each concentration, rate constants for ice crystal growth were
determined and normalized to the positive PBS control for ice recrystallization. A dose-
response curve was generated by plotting the normalized rate constants (knorm) for each
concentration as a function of the corresponding log values of the concentration. To
obtain the ICso value, a two-parameter sigmoidal curve was fit to the data.

The screening approach used for the identification of candidate small molecule IRIs
for cryopreservation applications was previously described in Chapter 2 (Section 2.1).
The majority of the azido aryl glucosides were not effective inhibitors of ice
recrystallization. With the exception of the 3-azido aryl glucosides 405 and 406 and p-
azidophenyl-f-D-glucoside (409), all of the compounds (401-404 and 407, 408) failed to
achieve full inhibition of ice crystal growth (i.e. knorm # 0%) when assessed at their
maximum solubility in PBS (Table 4.1). This is likely due to their very poor solubility in
aqueous solution, particularly the 4-azido aryl glucosides 403 and 404, which possessed a
maximum solubility of 50 pM. For instance, the 6-azido aryl glucosides 401 and 402
were only able to achieve a kyorm Of 89.35% and 74.48%, respectively (Table 4.1). The 4-
azido aryl glucosides 403 and 404 had normalized rate constants comparable to that of
the PBS control (102.24% and 89.40%, respectively). Similarly, the 2-azido aryl
glucosides 407 and 408 could only achieve a knorm of 78.57% and 74.35%, respectively
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(Table 4.1). As a result, a complete sigmoidal dose-response curve could not be

constructed for compounds 401-404 and 407, 408 and an ICsy value could not be

determined (Table 4.2).

Table 4.1 Normalized rate constants (knom) for azido aryl glucosides 401-409.

Maximum .
Compound Concentration %zl;ln;;l Illzte((;‘Rat)e

(mM) norm
401 2 89.35+2.55%
402 10 74.48 +2.28%
403 0.05 102.24 +£2.42%
404 0.05 89.40 + 3.87%
405 30 0.00 = 0.00%
406 10 0.00 = 0.00%
407 10 78.57 £ 2.89%
408 5 74.35 £ 1.09%
409 100 0.85+0.85%

Table 4.2 1Cs values for azido aryl glucosides 401-409.

Compound Icg’n\ﬁ)l ue
401 N/A
402 N/A
403 N/A
404 N/A
405 6
406 0.7
407 N/A
408 N/A
409 26

In contrast, the 3-azido aryl glucosides 405 and 406 and p-azidophenyl-B-D-glucoside
(409) were capable of achieving full inhibition of ice crystal growth (i.e. kporm = 0%).
Thus, complete sigmoidal dose-response curves were generated (Figure 4.3) and
compounds 405, 406 and 409 were found to have ICsy values of 6 mM, 0.7 mM and 26
mM, respectively (Table 4.2). Amongst these compounds, it is evident that the 3-azido
aryl glucosides 405 and 406 are more efficacious inhibitors of ice recrystallization than

409 since they require considerably lower concentrations to elicit a response (ICsy values
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of 6 mM and 0.7 mM versus 26 mM). Nevertheless, the 3-azido aryl glucoside 406 (R =
Br) is the most efficacious within this class of ice recrystallization inhibitors.

In comparison to the parent compounds B-PMP-Glc (103) and B-pBrPh-Glc (104)
which possess ICso values of 16 mM and 15 mM, respectively,” it can be seen that the
incorporation of an azido group at C-6, C-4 and C-2 reduced their IRI activity.
Furthermore, the azide functionality generally decreased solubility in aqueous solution,
which may account for the lack of activity. Interestingly, the incorporation of an azido
group at C-3 increased the IRI activity, as the 3-azido aryl glucosides 405 and 406 were
more efficacious than their corresponding parent compounds (ICsy value of 6 mM versus
16 mM and ICsy value of 0.7 mM versus 15 mM). Although replacing the methoxy (-
OCHs;) or bromo (-Br) substituent at the para-position of the aryl ring with an azido
group (-N3) resulted in a less efficacious inhibitor compared to 103 and 104 (ICs, value
of 26 mM versus 16 mM and 15 mM), compound 409 is nevertheless an effective
inhibitor of ice recrystallization.

oH

OH OH
”%@&o H%&&o M2 o
3 3
HO \©\OCH3 HO \©\Br \©\Na

HO

405 406 409
IC;,= 6 mM IC5, = 0.7 mM IC,, = 26 mM
i 1004 1004
1004 [
§ : :

x50 x 50 x50
0 0 T L s e 0 T T T s
0.0 05 1.0 15 40 05 00 05 10 00 05 10 15 20

log [405] (mM) log [406] (mM) log [409] (mM)

Figure 4.3 Dose-response curves for azido aryl glucosides 405, 406 and 409. Rate
constants (knorm) Were normalized to a PBS control and measured in triplicate. Error bars
represent the standard error of the mean (SEM). A two-parameter sigmoidal curve was fit
to the data.

4.2.3 Assessing Cytotoxicity of IRI Active Azido Aryl Glucosides

Prior to utilizing the IRI active azido aryl glucosides 405, 406 and 409 for
cryopreservation applications, these molecules were assessed for cytotoxic effects in an
immortalized cell line (HepG2 cells) using the conventional MTT assay (3-[4,5-

4042

dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide). This is a colorimetric assay

that measures cellular metabolic activity as a means of assessing cell viability. It is based
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on the ability of mitochondrial and cytosolic dehydrogenase enzymes in metabolically
active cells to reduce the water-soluble yellow tetrazolium dye MTT to its insoluble
purple formazan.*® An isopropanol solubilization solution is added to dissolve the
insoluble formazan, allowing the absorbance of the coloured solution to be measured
using a spectrophotometer to quantify cell viability. Thus, an intense purple colour
represents viable, metabolically active cells whereas a decrease in the intensity of the
purple colour signifies reduced cell number and thus cytotoxicity of a given compound.
Cytotoxic effects of 405, 406 and 409 were determined by assessing cell viability in
HepG2 cells at various concentrations. A dose-response curve was generated by plotting
the average percent cell viability for each concentration as a function of the
corresponding log values of the concentration. A two-parameter sigmoidal curve was fit
to the data. This allowed cytotoxicity to be quantified by an ICsy value, which refers to
the concentration of compound required to reduce cell viability by 50%.**** Thus, the
lower the 1Csy value, the higher the cytotoxic effect of the compound. The 3-azido aryl
glucoside 405 was assessed at concentrations ranging from 1 mM to 60 mM, whereas the
3-azido aryl glucoside 406 was assessed at lower concentrations of 0.1 mM to 15 mM. In
contrast, the p-azidophenyl-B-D-glucoside (409) was assessed at concentrations ranging
from 1 mM to 80 mM. The dose-response curves for 405, 406 and 409 are shown in
Figure 4.4. The azido aryl glucosides 405, 406 and 409 caused significant loss of HepG2
cell viability after incubation for 18 h at 37 °C, displaying ICsy values of 9 mM, 3 mM
and 12 mM, respectively. While the cytotoxicity profiles (i.e. ICso values) for 405 and
409 are similar, 406 had a significantly different profile and was more toxic than 405 and
409. The cytotoxic results of 405 and 406 show that at the concentration required to
inhibit ice recrystallization by 50% (i.e. ICso value (IRI activity) of 6 mM and 0.7 mM),
these compounds exhibit moderate to low toxicity (cell viabilities of ~61% and 96%,
respectively). In contrast, 409 is highly toxic to HepG2 cells at its ICs value for IRI
activity (26 mM) as it resulted in cell viabilities of 0% at concentrations of 20 mM or

higher.
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Figure 4.4 Dose-response curves for azido aryl glucosides 405, 406 and 409. Cell
viability of HepG2 cells was calculated as a percentage of the control following
incubation for 18 h at 37 °C as determined by the MTT assay. Error bars represent the
standard error of the mean (SEM). A two-parameter sigmoidal curve was fit to the data.

Although this assessment provides cytotoxicity data for compounds 405, 406 and 409 in a
nucleated cell line (HepG2 cells) under extended incubation times (i.e. 18 h), these results
may not necessarily translate to anucleated cells such as RBCs. Furthermore, since the
ICs value is dependent on both the type of nucleated cell line and the incubation time,
these values may not be the same for different nucleated cell lines and incubation times
(e.g. shorter incubation). Nevertheless, this assay served to provide first round toxicity
screening and further toxicity testing will be performed prior to cryopreservation studies

depending on the cell type of interest.

4.2.3.1 Measuring Apoptosis of IRI Active Azido Aryl Glucosides

Although the azido aryl glucosides 405, 406 and 409 were capable of causing cell
death in HepG2 cells, the process by which they were achieving this was not known.
Therefore, we sought to investigate whether compounds 405, 406 and 409 were acting
selectively by initiating apoptosis. There are several different forms of cell death;
however, necrosis and apoptosis are the most studied and the best characterized
mechanisms of cell death.* Necrotic cell death typically involves swelling of
mitochondria and cell membrane damage leading to early plasma membrane rupture and
release of intracellular contents into the surrounding medium.*->° Conversely, apoptosis
is a form of programmed cell death that involves the activation of a group of cysteine

aspartic acid-specific proteases known as caspases and an energy-dependent cascade of
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50,51
molecular events.””

There are two main apoptotic pathways: the intrinsic or the
extrinsic pathway (Figure 4.5).

a Intrinsic b Extrinsic
r . . :

B} -~P0z2L or CDOsL ﬁn\:u

growth factor withdrawal A1 L ORor CDOS TNFR1
BB BB TP TYYY T,
BB BB BB Ml
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IPlasma membrane
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Active caspase 9

Active caspase 3.7

Figure 4.5 The intrinsic (a) and extrinsic (b) apoptotic pathways.”'

The intrinsic pathway is triggered by stress or cell damage and includes diverse stimuli
such as chemotherapeutic agents, irradiation or growth factor withdrawal.”' In response
to stress or cell damage, a set of proteins called “pro-apoptotic BH3-only proteins™ are
activated which leads to the activation of BAX and BAK proteins, resulting in disruption
of mitochondrial integrity. This causes the release of cytochrome c¢ and second
mitochondrial activator of caspases (SMAC).”**! Cytochrome ¢ in the cytoplasm prompts
the formation of an apoptosome complex that leads to activation of initiator caspase-9.
This in turn activates executioner caspases-3 and -7, leading to the cleavage of protein
substrates and cell death. Contrarily, the extrinsic pathway is initiated by the binding of

death ligands to receptors, triggering receptor aggregation.’*!

The aggregation of
receptors recruits an adaptor protein, known as FAS-associated DEATH domain protein
(FADD), which in turn recruits initiator caspase-8 to form the receptor-associated death-

inducing signaling complex (DISC). Consequently, caspase-8 is activated and the death
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signal is amplified by the subsequent activation of caspases-3 and -7, resulting in
apoptotic cell death.”™' Ultimately, whether apoptosis occurs via the intrinsic or extrinsic
pathway, the general mechanism of activation is similar such that an apoptotic stimulus
initiates a protein cascade triggering the activation of initiator caspases (caspases-8 and -
9) which subsequently results in the activation of caspases-3 and -7 that are the main
executors of apoptosis.

Thus, to understand if compounds 405, 406 and 409 were causing cell death by
initiating apoptosis, a caspase-3/7 activation assay was conducted. Specifically, the Apo-
ONE® Homogeneous Caspase-3/7 Assay (Promega) was used for the evaluation of
protease activity of caspases-3 and -7. This assay is composed of a cell lysis buffer and a
caspase -3/7 profluorescent substrate rhodamine 110, bis-(N-CBZ-L-aspartyl-L-glutamyl-
L-valyl-L-aspartic acid amide; Z-DEVD-R110). Cleavage of the DEVD (Asp-Glu-Val-
Asp) peptides by active caspases-3 and -7 creates the fluorescent rhodamine 110 which

can be measured spectroscopically (Figure 4.6).

Non-fluorescent Fluorescent
Caspase Substrate Rhodamine 110
Z-DEVD-R110

Figure 4.6 Cleavage of the non-fluorescent caspase substrate Z-DEVD-R110 by
caspases-3/7 to create the fluorescent Rhodamine 110.

To perform this assay, HepG2 cells were cultured and treated with 405, 406 and 409 for
18 h at 37 °C at their ICso concentrations for cytotoxicity. Staurosporine, a known inducer
of apoptosis, was used as a positive control.”> Cells containing culture medium were used
as a negative control and served to quantify caspase-3/7 activity in normal cells as a
function of time. DMSO (1%) was required to solubilize staurosporine and therefore was
added to all wells. The blank control wells contained culture medium without cells and
were used to measure background fluorescence associated with the culture system and
Apo-ONE® Caspase-3/7 Reagent. The blank control was subtracted from experimental
values. Fluorescence measurements were taken over the course of a 48-hour time period

with appropriate time increments to capture peak apoptotic activity and are reported as
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relative fluorescence units (RFUs). Thus, high or low RFUs represent activated or
depressed caspase-3/7 activity, respectively. Figure 4.7 shows the results of the analysis
of caspase-3/7 activity in HepG2 cells treated with 405, 406 or 409. Apoptosis in HepG2
cells treated with and without 405, 406 or 409 was not detectable before 24 hours of
treatment. The results revealed that caspase-3/7 levels in HepG2 cells treated with 405,
406 or 409 did not increase relative to the untreated negative control. This suggests that
executioner caspases-3 and -7 are not activated upon exposure to compounds 405, 406 or
409 and an apoptotic process is not being initiated. Consequently, the cytotoxic effects of
405, 406 and 409 in HepG2 cells may be due to necrosis; however, additional studies

would be required to support the occurrence of a non-apoptotic mechanism of cell death.
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Figure 4.7 Apo-ONE® Homogeneous Caspase-3/7 assay using HepG2 cells incubated
with 405 (9 mM), 406 (3 mM) or 409 (12 mM) for 18 h at 37 °C. HepG2 cells incubated
with vehicle treatment (1% DMSO in MEM) served as the negative control. The positive

control consisted of HepG2 cells incubated with 20 uM staurosporine. Caspase activity

was measured by fluorescence at the indicated time points and reported as relative
fluorescence units (RFUs). Error bars represent the standard error of the mean (SEM).
Asterisks indicate significant difference relative to the negative control as determined by
the unpaired Student’s T-test: *p < 0.05; **p < 0.01; ****p < 0.0001.

101



4.3 Amino Aryl Glucosides as Ice Recrystallization Inhibitors

Given that some of the azido aryl glucosides were effective inhibitors of ice
recrystallization, we sought to investigate whether reducing the azide to an amine could
increase their IRI activity. Furthermore, an amine functionality should increase solubility
in aqueous solution and may circumvent the poor solubility of the majority of the azido
aryl glucosides. Azides can be easily converted to amines by catalytic hydrogenation or

by reaction with thiols or complex hydrides.'"'?

In carbohydrate chemistry, a widely
applied method is the Staudinger reaction using triaryl- or trialkylphosphines.” Thus,
amino derivatives of IRI active azido aryl glucosides (405, 406 and 409) were
synthesized and assessed for their ability to inhibit ice recrystallization. In addition,
amino derivatives of the 6-azido aryl glucosides 401 and 402 were also prepared due to
synthetic simplicity. The remaining azido aryl glucosides were not reduced to their
corresponding amino derivatives due to their complex and lengthy synthesis that is not

amenable to large-scale preparation.

4.3.1 Structures and Synthesis of Amino Aryl Glucosides

The structures of the amino derivatives 441-445 are shown in Figure 4.8. The
majority of the amino aryl glucosides were prepared from their corresponding azido aryl

glucosides and their syntheses are described below.

OH NH, OH
HO 0 HO 0 Hoé&
HC?&@/O Hc&@/o HoN 0
HO NH, HO R HO R
441 442, R = OCHg 444, R = OCH,4
443, R = Br 445, R = Br

Figure 4.8 Structures of amino targets (441-445).

The synthesis of p-aminophenyl-B-D-glucoside (441) was previously described in
Scheme 4.5 (Section 4.2.1). The 6-amino-6-deoxy-B-D-glucopyranoside derivatives 442
and 443 were prepared from their corresponding 6-azido aryl glucosides 401 and 402
(previously described in Scheme 4.1) as indicated in Scheme 4.6. Reduction of the azide
(401) to an amine by palladium-catalyzed hydrogenation afforded the 6-amino aryl
glucoside 442 as a hydrochloride salt upon treatment with 10% HCl. However, the same
synthetic approach could not be used for the preparation of the 6-amino aryl glucoside

443 because the aryl C—Br bond would be cleaved by palladium-catalyzed hydrogenation,

102



resulting in the loss of the bromine substituent at the para-position.”*>> Consequently, we
sought to explore alternative approaches to reduce the azide to an amine without cleaving
the aryl C—Br bond. Another possibility was the Staudinger reaction, which was
successful in converting the azide to an amine; however, removal of the phosphine oxide
by-product from the final product proved to be very difficult and could not be achieved.
Thus, a different synthetic route was attempted using catalytic transfer hydrogenation
with ammonium formate as the hydrogen source in the presence of zinc dust.’® Under
these reaction conditions, several other functionalities including aryl halides were shown
to be well tolerated.”® The azide derivative (402) was treated with zinc and ammonium

formate to give the corresponding 6-amino aryl glucoside 443 as a formate salt.

A)

20% Pd(OH),
_MeOH, H, _ HOZ O o
\©\OCH3 68% HO \©\OCH3

56% HO

Zn/NH,4HCO,
H (0]
&/ O __ MeOH ﬁ&o
Br

Scheme 4.6 Synthesis of 6-amino-6-deoxy--D-glucopyranoside derivatives 442 (A) and
443 (B) from the corresponding azido aryl glucosides 401 and 402.

The 3-amino-3-deoxy-B-D-glucopyranoside derivatives 444 and 445 were also prepared
from their corresponding 3-azido aryl glucosides 405 and 406 (previously described in
Scheme 4.3) as indicated in Scheme 4.7. As described above, the 3-amino aryl glucoside
444 was prepared as a hydrochloride salt by palladium-catalyzed hydrogenation and
subsequent acidic (10% HCI) workup. In contrast, the 3-amino aryl glucoside 445 was
prepared as a formate salt using the zinc/ammonium formate method to avoid cleavage of
the aryl C-Br bond that would otherwise occur utilizing palladium-catalyzed

hydrogenation.”
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Scheme 4.7 Synthesis of 3-amino-3-deoxy-f-D-glucopyranoside derivatives 444 (A) and
445 (B) from the corresponding azido aryl glucosides 405 and 406.

4.3.2 IRI Activity of Amino Aryl Glucosides

The IRI activity of the amino aryl glucosides 441-445 was assessed utilizing the
modified “splat-cooling” assay.® Using this method, the ICs, value of each compound was
determined. As previously described in Section 4.2.2, the compound was dissolved at
various concentrations in a PBS solution and the areas of ice crystals were measured after
a 5-minute annealing period at -6.4 °C. For each concentration, rate constants for ice
crystal growth were determined and normalized to the positive PBS control for ice
recrystallization. A dose-response curve was generated by plotting the normalized rate
constants (ksorm) for each concentration as a function of the corresponding log values of
the concentration. To obtain the ICsy value, a two-parameter sigmoidal curve was fit to
the data.

The amino aryl glucosides 441-443 were effective inhibitors of ice recrystallization,
capable of achieving full inhibition of ice crystal growth (i.e. kporm = 0%) at their
maximum solubility in PBS (Table 4.3). In contrast, the 3-amino aryl glucoside 444 (R =
OCHsj) could only achieve a knyorm of 14.55% when assessed at its maximum
concentration of 100 mM (Table 4.3). The 3-amino aryl glucoside 445 (R = Br) was
poorly soluble in PBS (maximum concentration of 2.5 mM) and possessed a knom
comparable to that of the PBS control (89.22%). As a result, complete sigmoidal dose-
response curves could only be constructed for compounds 441-443 (Figure 4.9). The 1Cs
values for compounds 441-443 were found to be 39 mM, 40 mM and 16 mM,
respectively (Table 4.4).
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Table 4.3 Normalized rate constants (knorm) for amino aryl glucosides 441-445.

Maximum .
Compound Concentration 12‘:;‘2:‘; :lzte((;cRat)e

(mM) norm
441 200 0.00 £ 0.00%
442 200 0.00 £+ 0.00%
443 150 0.00 £+ 0.00%
444 100 14.55 + 1.47%
445 2.5 89.22 +0.96%

Table 4.4 1Cs, values for amino aryl glucosides 441-445.

Compound Icg’n‘g/?)l ue
441 39
442 40
443 16
444 N/A
445 N/A

Based on the ICso values (Table 4.4), it is evident that the 6-amino aryl glucoside 443 (R
= Br) is a more efficacious inhibitor of ice recrystallization than 441 and 442 since it
requires a lower concentration to produce an effective response.

.
OH NH, CT NH; HCO,

o} HO Q
HO o Hﬂoéwo Ho&@/o
HO NH, HO OCH,4 HO Br

441 442 443

IC5 =39 mM IC5y = 40 mM IC5o= 16 mM
100+ 1004 1002
T L]
E
X 504 & 504 x50
s
(1] T T T —2e— 0 T T T —2— (1] T T T . 1
0.0 0.5 1.0 15 20 2.5 0.0 05 1.0 1.5 20 25 0.0 0.5 1.0 1.5 2.0 2.5
log [441] (mM) log [442] (mM) log [443] (mM)

Figure 4.9 Dose-response curves for amino aryl glucosides 441-443. Rate constants
(knorm) Were normalized to a PBS control and measured in triplicate. Error bars represent
the standard error of the mean (SEM). A two-parameter sigmoidal curve was fit to the
data.

To simplify the purification process, the 6-amino aryl glucosides 442 and 443 were
prepared as salts (a hydrochloride salt and a formate salt, respectively) to produce a
crystalline compound that can be recrystallized. The importance of the counterion to IRI

activity has been previously investigated by our laboratory and it was shown that the
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nature of the counterion can affect IRI activity and should be taken into consideration if
the compound is a salt.””’ However, these previous studies were limited to anionic
(chloride, bromide, and iodide) and cationic (lithium, sodium, and potassium) counterions
and thus, the effect of a formate counterion on IRI activity is not known. As a preliminary
investigation, ammonium formate (NH4sHCO;) was assessed for IRI activity at various
concentrations. Interestingly, ammonium formate was found to be IRI active with an ICs

value of 3 mM (Figure 4.10).
1001 IC5y=3 mM

2
X" 50+

0?0 0:5 1.0 1.5 2.0
log [NH,HCO,] (mM)

Figure 4.10 Dose-response curve for ammonium formate. Rate constants (knorm) Were
normalized to a PBS control and measured in triplicate. Error bars represent the standard
error of the mean (SEM). A two-parameter sigmoidal curve was fit to the data.

Given that the 6-amino aryl glucoside 443 possessed an ICsy value of 16 mM suggests
that the formate counterion increases IRI activity. In fact, the IRI activity of 443 may be
solely due to the formate counterion and the differences in IRI activity (i.e. ICso values)
between ammonium formate and 443 may be exclusively due to structural differences in
the cationic component. As a result, further investigation is required and the formate
counterion should be exchanged for a chloride counterion to determine the effect of a
formate counterion on the IRI activity of 443. Ultimately, the nature and effect of the
negative counterion for amino aryl glucosides should be examined in the future.

In comparison to their azido counterparts, the p-aminophenyl-B-D-glucoside (441)
was a less efficacious inhibitor of ice recrystallization (ICso value of 39 mM versus 26
mM), whereas the 6-amino aryl glucosides 442 (R = OCHj3) and 443 (R = Br) possessed
significantly increased IRI activity. On the other hand, the 3-amino aryl glucosides 444
(R= OCH3) and 445 (R = Br) exhibited substantially decreased IRI activity compared to

their corresponding azido derivatives. While it is difficult to establish whether reducing
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the azide to an amine results in increased IRI activity due to the small number of
compounds examined and the absence of any well-defined trend, this study demonstrated
that some amino aryl glucosides can be effective inhibitors of ice recrystallization. In
addition, high aqueous solubility is one of the desired properties for an ice
recrystallization inhibitor for product development as a novel CPA. In this study, the
majority of the amino aryl glucosides were considerably more soluble in aqueous solution
(at least a two-fold increase) than their azido counterparts. Consequently, IRI active
amino aryl glucosides are desirable additives for the cryopreservation of cells and should
be assessed for cytotoxic effects in HepG2 cells in the future prior to their utilization as

potential CPAs.

4.4 Chapter Summary

Previous studies have shown that aryl glucosides B-PMP-Glc and B-pBrPh-Glc are
effective inhibitors of ice recrystallization with the ability to protect human RBCs against
freezing injury. Thus, structure-function analyses of B-PMP-Glc and B-pBrPh-Glc were
performed to elucidate key structural features that further enhance their IRI activity. In
particular, since the azide is an appealing moiety owing to its bioorthogonal and
biocompatible nature, we sought to explore whether chemically modifying B-PMP-Glc
and B-pBrPh-Glc with an azide functional group had an influence on IRI activity. A class
of azido aryl glucosides was synthesized whereby an azide substituent was incorporated
at various positions (C-6, C-4, C-3 and C-2) on the pyranose ring as well as the para-
position of the aryl ring to determine the relationship between the position of the azide
and IRI activity. The majority of the azido aryl glucosides were ineffective inhibitors of
ice recrystallization, with the exception of 3-azido aryl glucosides 405 (R = OCHj3) and
406 (R = Br) and p-azidophenyl-B-D-glucoside (409). By performing kinetic analyses,
these molecules were shown to be effective inhibitors of ice recrystallization with 1Csg
values of 6 mM, 0.7 mM and 26 mM, respectively. A comparative analysis demonstrated
that the incorporation of an azido group at C-3 increased the IRI activity of B-PMP-Glc
and B-pBrPh-Gle. In vitro cytotoxicity screening in HepG2 cells using the MTT assay
revealed that 405, 406 and 409 caused significant loss of cell viability after incubation for
18 h at 37 °C, displaying 1Csy values of 9 mM, 3 mM and 12 mM, respectively. To
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understand if compounds 405, 406 and 409 were causing cell death by initiating
apoptosis, a caspase-3/7 activation assay was conducted and it was demonstrated that
executioner caspases-3 and -7 were not activated upon exposure to 405, 406 or 409, and
thus an apoptotic process was not being initiated.

Since some of the azido aryl glucosides were effective inhibitors of ice
recrystallization, we also sought to investigate whether reducing the azide to an amine
could increase IRI activity. For this study, p-aminophenyl-B-D-glucoside (441), 6-amino
aryl glucosides 442 and 443, and 3-amino aryl glucosides 444 and 445 were prepared and
assessed for IRI activity. Amino aryl glucosides 441-443 were shown to be effective
inhibitors of ice recrystallization with ICsy values of 39 mM, 40 mM and 16 mM,
respectively. With the exception of 441, all of the compounds were prepared as salts
(hydrochloride salt or formate salt). While the counterion effects were not thoroughly
investigated in this study due to time restraints, the nature and effect of the negative
counterion for amino aryl glucosides should be examined in the future. In comparison to
their azido derivatives, it was difficult to establish whether reducing the azide to an amine
resulted in increased IRI activity due to the small number of compounds examined and
the absence of any well-defined trend. Nonetheless, this study demonstrated that some
amino aryl glucosides can be effective inhibitors of ice recrystallization and their high
aqueous solubility is a desirable property for an effective CPA. Thus, IRI active amino
aryl glucosides should be assessed for cytotoxic effects in HepG2 cells in the future prior

to assessing their cryopreservation potential.

4.5 Experimental Procedures and Characterization Data
4.5.1 Quantitative Analysis of Ice Recrystallization Inhibition (IRI) Activity

To quantify IRI activity, a modified “splat cooling” method was used.® The sample
was dissolved in a phosphate buffered saline (PBS) solution at various concentrations. A
10 pL droplet of the solution was dropped through a two-meter high plastic tube onto a
polished aluminum block cooled to approximately -80 °C. The wafer was separated from
the surface of the block and transferred to a cryostage, kept at -6.4 °C, to anneal for 5
minutes and then photographed using a digital camera fitted to the microscope. Using

Imagel, ice crystals with well-defined boundaries within the image were circled and the
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area of each crystal was calculated. Using Excel, the ice crystal areas were sorted into
discrete bins based on size (bin size increases in increments of 0.001 mm?®) and the
proportionate area of each bin was calculated by adding the area of each crystal within a
bin and dividing by the sum of the areas of all crystals in the image. For each inhibitor
concentration, rate constants were determined and normalized to the positive PBS control
for ice recrystallization. Using GraphPad, a dose-response curve was generated by
plotting the normalized rate constants for each concentration as a function of the
corresponding log values of the concentration. To obtain the half maximal inhibitory
concentration (ICsg), a two-parameter sigmoidal curve was fit to the data. Each

compound concentration was performed in triplicate.

4.5.2 HepG?2 Cell Culture

HepG2 (human liver hepatocellular carcinoma cells, ATCC HB-8065) were cultured
in Eagle’s minimum essential media (MEM) supplemented with 10% FBS (fetal bovine
serum), 1% penicillin-streptomycin, 1% non-essential amino acids and 1 mM sodium
pyruvate in 75 cm” Corning® flasks. Cells were incubated in a 37 °C incubator supplied
with 5% CO; and cultures were maintained by changing media every second day until
70-80% confluent. Once confluent, the cells were removed from the flasks using 5 mL

Accutase solution for use in experiments. Passages 8-11 were used in this study.

4.5.3 MTT Viability Assay with HepG2 Cells

The MTT assay was performed as described previously.**

in 96-well plates (~40,000 cells/well) and incubated overnight at 37 °C with 5% CO;to
allow cells to adhere. Cells were then treated with 100 uL. of MEM supplemented with

HepG2 cells were plated

the test compound at various concentrations and incubated at 37 °C with 5% CO, for 18
h. Cells incubated with MEM without supplement were used as a negative control and
cells supplemented with 1% Triton-X were used as a positive control. Following
incubation, the supplemented media was removed and 200 pL of fresh MEM and 50 pL
of MTT solution (5 mg/mL) in HBSS (Hank’s balanced salt solution) was added and the
plates were incubated at 37 °C with 5% CO; for 4 h. The plates were then centrifuged,
the media was removed and 200 pL of MTT solubilization solution (10% Triton X-100,
0.1 N HCI in isopropanol) was added to each well. The plates were incubated for 1-3 h at
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room temperature in the dark and the absorbance of each well was read at a wavelength
of 570 nm with a multi-well plate reader (AD 340C Absorbance Detector, Beckman
Coulter, Inc., Mississauga, ON). Each experiment was repeated at least three times in 10
consecutive wells for each condition. Cell viability was calculated as a percentage of the
control. Using GraphPad, a dose-response curve was generated by plotting the average
percent cell viability for each concentration as a function of the corresponding log values
of the concentration. To obtain the ICsy value (concentration required to reduce cell

viability by 50%), a two-parameter sigmoidal curve was fit to the data.

4.5.4 Apo-ONE® Homogeneous Caspase-3/7 Assay with HepG2 Cells

HepG2 cells were plated in black 96-well plates (~40,000 cells/well) and incubated
overnight at 37 °C with 5% CO, to allow cells to adhere. Cells were then treated with 100
uL of MEM supplemented with the test compound containing 1% DMSO and incubated
at 37 °C with 5% CO, for 18 h. Cells incubated with MEM without supplement
containing 1% DMSO were used as a negative control and cells supplemented with
staurosporine (20 uM) were used as a positive control. Following incubation, the
substrate/buffer solution was prepared according to the procedure supplied by Promega®
and 100 pL was added to each well containing cells for a final volume of 200 pL. The
plates were covered, placed on a shaker to gently mix the contents of the wells and
incubated at room temperature. The fluorescence of each well was measured at 4, 6, 10,
24 and 48 hours using a fluorescence plate reader with an excitation at 499 nm (emission
at 521 nm).* Each experiment was repeated at least two times in 6 consecutive wells for

each condition.

4.5.5 General Experimental

All anhydrous reactions were performed in flame-dried glassware under a positive
pressure of dry argon. Air or moisture-sensitive reagents and anhydrous solvents were
transferred with oven-dried syringes or cannulae. All flash chromatography was
performed with E. Merck silica gel 60 (230-400 mesh). All solution phase reactions were
monitored using analytical thin layer chromatography (TLC) with 0.2 mm pre-coated
silica gel aluminum plates 60 F254 (E. Merck). Components were visualized by

illumination with a short-wavelength (254 nm) ultra-violet light and/or staining (ceric
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ammonium molybdate, potassium permanganate, or phosphomolybdate stain solution).
All solvents used for anhydrous reactions were distilled. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone under nitrogen. Dichloromethane (DCM) was
distilled from calcium hydride. N,N-dimethylformamide (DMF) was stored over activated
4A molecular sieves under argon. 'H (300 or 400 MHz) and ">C (100 or 125 MHz)
spectra were recorded at ambient temperature on a Bruker Avance 300 or Bruker Avance
400. Deuterated chloroform (CDCIl;) or water (D,0O) were used as NMR solvents, unless
otherwise stated. Chemical shifts are reported in ppm using the solvent residual peak as
an internal standard. Splitting patterns are designated as follows: s, singlet; d, doublet; t,
triplet; q, quartet; quint, quintet; m, multiplet and br, broad. Low resolution mass
spectrometry (LRMS) was performed on a Micromass Quatro-LC Electrospray
spectrometer with a pump rate of 20 uL./min using electrospray ionization (ESI).

Aryl glycosides 411a/b, 103 and 104 were previously reported by our laboratory.’
NMR spectra for novel compounds and final compounds assessed for IRI activity are

provided below.

4.5.6 Compound Characterization

4-Methoxyphenyl-6-O-toluenesulfonyl-p-D-glucopyranoside (412a)

OTs
HS&OO

HO OCHj

412a
4-Methoxyphenyl-B-D-glucopyranoside (1.0 g, 3.5 mmol) was added to a flame-dried
flask under a constant flow of argon and dissolved in anhydrous pyridine (15 mL). The
reaction mixture was stirred at 0 °C for 20 minutes and 4-toluenesulfonylchloride (1.3 g,
7.0 mmol) was added to the solution. The reaction mixture was stirred overnight, diluted
with CH,Cl, and extracted with saturated aqueous sodium bicarbonate (2x). The organic
layer was dried over MgSQ, filtered and concentrated under reduced pressure. Column
chromatography (98:2 CH,Cly/methanol) afforded 412a as a white powder (0.79 g, 51%
yield). "H NMR (300 MHz; DMSO-dy): & 7.75-7.71 (m, 2H), 7.38 (m, 2H), 6.94-6.89 (m,
2H), 6.86-6.82 (m, 2H), 5.37 (d, ] =4.9 Hz, 1H), 5.32 (d, ] = 5.4 Hz, 1H), 5.19 (d, ] = 4.8
Hz, 1H), 4.72 (d, J = 7.5 Hz, 1H), 4.24 (dd, J = 10.6, 1.7 Hz, 1H), 4.05 (dd, J = 10.6, 6.4

111



Hz, 1H), 3.72 (s, 3H), 3.55 (ddd, J] = 9.6, 6.4, 1.9 Hz, 1H), 3.26-3.04 (m, 3H), 2.38 (s,
3H). °C NMR (101 MHz; DMSO-d;): & 154.5, 151.2, 144.9, 132.2, 130.1, 127.6, 117.8,
114.4, 101.2, 76.2, 73.26, 73.11, 69.9, 69.3, 55.4, 21.1. LRMS (ESI): m/z calcd. for
C20H24NaOoS [M+Na]" 463.1; found, 463.3.

4-Bromophenyl-6-O-toluenesulfonyl-$-D-glucopyranoside (412b)
OTs

HO 0
H6§§£:§L/C
Br

HO
412b

4-Bromophenyl-f-D-glucopyranoside (0.5 g, 1.5 mmol) was added to a flame-dried flask
under a constant flow of argon and dissolved in anhydrous pyridine (8 mL). The reaction
mixture was stirred at 0 °C for 20 minutes and 4-toluenesulfonylchloride (570 mg, 3.0
mmol) was added to the solution. The reaction mixture was stirred overnight, diluted with
CH,Cl, and extracted with saturated aqueous sodium bicarbonate (2x). The organic layer
was dried over MgSOQ,, filtered and concentrated under reduced pressure. Column
chromatography (9.5:0.5 CH,Cly/methanol) afforded 412b as a white powder (0.36 g,
49% yield). "H NMR (400 MHz; DMSO-dy): & 7.71-7.69 (m, 2H), 7.45-7.41 (m, 2H),
7.34-7.32 (m, 2H), 6.94-6.91 (m, 2H), 5.43 (d, J = 5.0 Hz, 1H), 5.35 (d, J = 5.4 Hz, 1H),
5.23 (d, J = 4.8 Hz, 1H), 4.89 (d, J = 7.5 Hz, 1H), 4.24 (dd, J = 10.5, 1.3 Hz, 1H), 4.06
(dd, J=10.7, 6.3 Hz, 1H), 3.65-3.61 (m, 1H), 3.28-3.07 (m, 3H), 2.36 (s, 3H). °C NMR
(101 MHz; DMSO-dy):): & 156.3, 144.8, 132.1, 132.0, 130.0, 127.5, 118.5, 113.5, 99.8,
76.0, 73.2, 72.9, 69.7, 69.1, 21.1. LRMS (ESI): m/z calcd. for CjoHpBrNaOgS [M+Na]”
511.0; found, 511.2.

4-Methoxyphenyl-6-azido-6-deoxy-p-D-glucopyranoside (401)
N

3
HO &
Ho&@/o
OCH,

HO
401

Compound 412a (0.48 g, 1.1 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous DMF (30 mL). Sodium azide (0.24 g, 3.7
mmol) was added and the reaction mixture was stirred at 130 °C overnight. The resulting
solution was concentrated under reduced pressure and column chromatography (9.5:0.5

CH,Cly/methanol) afforded 401 as a white powder (315 mg 93% yield). '"H NMR (300
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MHz; D,0): § 7.13-7.08 (m, 2H), 7.00-6.94 (m, 2H), 5.03 (d, J = 7.6 Hz, 1H), 3.79 (s,
3H), 3.74-3.67 (m, 1H), 3.63 (m, 1H), 3.57-3.43 (m, 4H). °C NMR (101 MHz; D,0): &
154.8, 150.7, 118.3, 115.0, 101.1, 75.3, 74.8, 72.9, 70.3, 55.8, 50.9. LRMS (ESI): m/z
caled. for C13H,7N3NaOg [M+Na]" 334.1; found, 334.0.

4-Bromophenyl-6-azido-6-deoxy-f-D-glucopyranoside (402)
N

3
HO 0
Ho&@/o
HO Br

402

Compound 412b (0.3 g, 0.61 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous DMF (20 mL). Sodium azide (0.14 g, 2.1
mmol) was added and the reaction mixture was stirred at 130 °C overnight. The resulting
solution was concentrated under reduced pressure and column chromatography (9.5:0.5
CH,Cly/methanol) afforded 402 as a white powder (0.15 g 68% yield). '"H NMR (400
MHz; D,0): 6 7.55-7.51 (m, 2H), 7.09-7.05 (m, 2H), 5.14 (d, J = 7.6 Hz, 1H), 3.78 (ddd,
J=09.5, 6.8, 2.6 Hz, 1H), 3.68 (dd, J = 13.6, 2.5 Hz, 1H), 3.63-3.46 (m, 4H). °C NMR
(101 MHz; D,0): & 155.5, 132.6, 118.5, 115.1, 100.0, 75.2, 74.9, 72.8, 70.3, 50.9. LRMS
(ESI): m/z caled. for Ci,H4BrN3NaOs [M+Na]" 382.0; found, 382.1.

Methyl 2,3,6-tri-O-benzoyl-o-D-galactopyranoside (414)
HO 0Bz

(0]
BzO

B200CH,

414
Methyl-a-D-galactopyranoside (2.0 g, 10.3 mmol) was added to a flame-dried flask under

a constant flow of argon and dissolved in anhydrous pyridine (40 mL). The solution was
cooled to 0 °C and benzoyl chloride (4.2 mL, 36.1 mmol) was added dropwise. The
solution was allowed to warm to room temperature slowly and stirred overnight, then
diluted with CH,Cl,, washed with 10% aqueous HCI, saturated aqueous sodium
bicarbonate, H,O, dried over MgSQy, filtered and concentrated under reduced pressure.
Column chromatography (7:3 hexanes/ethyl acetate) afforded 414 as a white powder (1.7
g, 33% yield). '"H NMR (300 MHz; CDCl;): & 8.08-8.04 (m, 2H), 8.02-7.97 (m, 4H),
7.61-7.34 (m, 9H), 5.76 (dd, J = 10.7, 3.0 Hz, 1H), 5.68 (dd, J = 10.7, 3.5 Hz, 1H), 5.22
(d, J=3.5Hz, 1H), 4.69 (dd, J =11.4, 6.0 Hz, 1H), 4.56 (dd, ] = 11.4, 6.7 Hz, 1H), 4.40-
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4.33 (m, 2H), 3.45 (s, 3H). °C NMR (101 MHz; CDCL): & 166.6, 166.2, 165.9, 133.56,
133.43, 133.40, 129.99, 129.93, 129.86, 129.78, 129.51, 129.43, 128.62, 128.53, 97.7,
70.9, 69.0, 68.3, 67.8, 63.4, 55.7. LRMS (ESI): m/z calcd. for CosHyNaOg [M+Na]"
529.1; found, 529.1.

Methyl 4-azido-4-deoxy-2,3,6-tri-O-benzoyl-a-D-glucopyranoside (416)

OBz

N O

B2O
B200CH,
416

Compound 414 (1.47 g, 2.9 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous CH,Cl, (20 mL). Anhydrous pyridine (5.8 mL,
72.6 mmol) was added and the solution was cooled to 0 °C. Triflic anhydride (4.8 mL,
28.4 mmol) was added slowly and the solution was stirred at 0 °C for 30 minutes, then at
room temperature for 45 minutes. The reaction mixture was quenched with methanol,
washed with H,O (2x), dried over MgSQO,, filtered and concentrated under reduced
pressure to afford a crude triflate 415, which was dissolved in anhydrous DMF (100 mL).
Sodium azide (0.97 g, 14.9 mmol) was added and the solution was stirred at 50 °C
overnight. The solution was allowed to cool to room temperature and concentrated under
reduced pressure. The resulting residue was partitioned between CH,Cl, and H,O, dried
over MgSO0,, filtered and concentrated under reduced pressure to afford 416 as a yellow
oil (1.23 g, 80% yield over two steps). Characterization data is consistent with that
previously reported.”®”’ "H NMR (400 MHz; CDCls): § 8.13-8.10 (m, 2H), 8.02-7.96 (m,
4H), 7.64-7.60 (m, 1H), 7.54-7.48 (m, 4H), 7.41-7.36 (m, 4H), 6.01 (t, J = 9.8 Hz, 1H),
5.22-5.17 (m, 2H), 4.71 (dd, J = 12.2, 2.3 Hz, 1H), 4.64 (dd, J = 12.2, 4.6 Hz, 1H), 4.07
(ddd, J = 10.5, 4.5, 2.3 Hz, 1H), 3.87 (t, ] = 10.1 Hz, 1H), 3.44 (s, 3H). °C NMR (101
MHz; CDCls): 8 166.3, 166.0, 165.7, 133.59, 133.56, 133.47, 130.08, 129.92, 129.87,
129.79, 129.20, 129.03, 128.68, 128.59, 128.58, 97.3, 72.0, 71.2, 68.1, 63.5, 61.2, 55.8.
LRMS (ESI): m/z calcd. for C,5HsN3NaOg [M+Na]" 554.2; found, 554.0.

Methyl 4-azido-4-deoxy-a-D-glucopyranoside (417)

OH
Ng 0
Ho0
OCHj
417

114



Compound 416 (1.23 g, 2.3 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was then
neutralized with Amberlite® IR-120 (H") ion-exchange resin, filtered and concentrated
under reduced pressure to afford 417 as a white powder (0.4 g, 80% yield). "H NMR (300
MHz; D,0): 6 4.83 (d, J = 3.8 Hz, 1H), 3.89-3.76 (m, 3H), 3.65-3.58 (m, 2H), 3.42 (dd, J
= 10.5, 9.6 Hz, 1H), 3.40 (s, 3H). °C NMR (101 MHz; D,0): § 99.3, 72.2, 71.1, 70.1,
61.7, 60.7, 55.1. LRMS (ESI): m/z calcd. for C;H;3N3NaOs [M+Na]" 242.1; found,
242.0.

4-Azido-4-deoxy-D-glucopyranoside (418)
OH

N3 0
HO
HO "OH
418

Compound 417 (0.29 g, 1.3 mmol) was suspended in H,O (10 mL) and Amberlite® IR-
120 (H") ion-exchange resin (4.0 g) was added. The reaction mixture was refluxed
overnight and the solution was allowed to cool to room temperature, filtered to remove
the resin and concentrated under reduced pressure. Column chromatography (8.5: 1.5
CH,Cly/methanol) afforded 418 as a mixture of anomers (0.14 g, 52% yield). '"H NMR
(400 MHz; D,0): 6 5.24 (d, ] = 3.7 Hz, 0.6 H), 4.61 (d, J = 8.0 Hz, 1H), 3.90-3.73 (m,
5H), 3.65-3.57 (m, 2H), 3.47-3.40 (m, 3H), 3.29 (dd, J = 9.4, 8.0 Hz, 1H). ’C NMR (101
MHz; D,0): § 95.9, 92.2, 75.1, 74.4, 74.2, 71.9, 71.4, 70.0, 61.88, 61.76, 60.93, 60.82.
LRMS (ESI): m/z calcd. for C¢H;N3;NaOs [M+Na]' 228.1; found, 228.1.

1,2,3,6-Tetra-0O-acetyl-4-azido-4-deoxy-D-glucopyranoside (419)
OAc

N (0]
o

AcO OAc
419

Compound 418 (0.15 g, 0.7 mmol) and sodium acetate (0.16 g, 1.9 mmol) were
suspended in acetic anhydride (0.46 g, 4.5 mmol) and the reaction mixture was refluxed
at 100 °C for 2 hours. The solution was allowed to cool to room temperature and
dissolved in CH)Cl,, extracted with H,O (2x), dried over MgSO., filtered and
concentrated under reduced pressure. Column chromatography (7:3 hexanes/ethyl

acetate) afforded 419 as a mixture of anomers (0.22 g, 81% yield). '"H NMR (400 MHz;
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CDCl): § 6.24 (d, J = 3.7 Hz, 1H), 5.65 (d, J = 8.3 Hz, 1H), 5.43 (t, ] = 10.0 Hz, 1H),
5.19 (t, ] = 9.6 Hz, 1H), 5.03-4.99 (m, 2H), 4.36-4.30 (m, 2H), 4.26-4.22 (m, J = 1.5 Hz,
2H), 3.84 (ddd, J = 10.6, 3.6, 2.4 Hz, 1H), 3.69-3.63 (m, 2H), 3.58 (ddd, T=10.4,4.2, 2.1
Hz, 1H), 2.13 (s, 2H), 2.09 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H), 1.99 (s, 3H),
1.98 (s, 2H). °C NMR (101 MHz; CDCl): & 170.47, 170.45, 169.86, 169.81, 169.6,
168.82, 168.79, 91.6, 89.2, 73.6, 72.9, 70.48, 70.43, 70.2, 69.3, 62.48, 62.41, 59.89,
59.71, 20.92, 20.81, 20.78, 20.77, 20.73, 20.65, 20.57, 20.49. LRMS (ESI): m/z calcd. for
C14H19N3NaOg [M+Na]" 396.1; found, 396.0.

4-Methoxyphenyl-2,3,6-tri-O-acetyl-4-azido-4-deoxy-f-D-glucopyranoside (420a)
OAc

T@&‘@@
AcO OCH,4
420a

Compound 419 (107 mg, 0.29 mmol) was added to a flame-dried flask (with 4 A MS)
under a constant flow of argon and dissolved in anhydrous CH)Cl, (5 mL). 4-
Methoxyphenol (43 mg, 0.34 mmol) was added and the reaction mixture was stirred at 0
°C, slowly adding boron trifluoride diethyl etherate (0.32 mL, 2.6 mmol). The reaction
mixture was stirred overnight, then diluted with CH,Cl, and quenched with saturated
aqueous sodium bicarbonate. The solution was filtered through Celite® and extracted
with CH,Cl,. The organic layer was washed with saturated aqueous sodium bicarbonate,
H,0, saturated brine, then dried over MgSQO,, filtered and concentrated under reduced
pressure. Column chromatography (8:2 hexanes/ethyl acetate) afforded 420a as a clear oil
(60 mg, 48% yield). '"H NMR (400 MHz; CDCls): 8 6.94-6.89 (m, 2H), 6.82-6.78 (m,
2H), 5.25-5.12 (m, 2H), 491 (d, J = 7.8 Hz, 1H), 4.42 (dd, J = 12.2, 2.3 Hz, 1H), 4.28
(dd, J=12.2, 4.9 Hz, 1H), 3.74-3.71 (m, 1H), 3.55 (ddd, J = 10.3, 4.9, 2.3 Hz, 1H), 2.12
(s, 3H), 2.10 (s, 3H), 2.07 (s, 3H). °C NMR (101 MHz; CDCl;): § 170.5, 170.0, 169.7,
156.0, 150.9, 118.9, 114.7, 100.4, 73.8, 72.3, 71.6, 62.8, 60.1, 55.7, 20.84, 20.76, 20.74.
LRMS (ESI): m/z calcd. for C19H23N3NaOg [M+Na]" 460.1; found, 460.1.

4-Bromophenyl-2,3,6-tri-O-acetyl-4-azido-4-deoxy-p-D-glucopyranoside (420b)

OAc

N (0]
A%&o
AcO Br

420b
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Compound 419 (97 mg, 0.26 mmol) was added to a flame-dried flask (with 4 A MS)
under a constant flow of argon and dissolved in anhydrous CH)Cl, (5 mL). 4-
Bromophenol (54 mg, 0.31 mmol) was added and the reaction mixture was stirred at 0
°C, slowly adding boron trifluoride diethyl etherate (0.29 mL, 2.3 mmol). The reaction
mixture was stirred overnight, then diluted with CH,Cl, and quenched with saturated
aqueous sodium bicarbonate. The solution was filtered through Celite® and extracted
with CH,Cl,. The organic layer was washed with saturated aqueous sodium bicarbonate,
H,0, saturated brine, then dried over MgSQO,, filtered and concentrated under reduced
pressure. Column chromatography (8.5: 1.5 hexanes/ethyl acetate) afforded 420b as a
clear oil (51 mg, 40% yield). '"H NMR (400 MHz; CDCls): § 7.41-7.37 (m, 2H), 6.87-
6.83 (m, 2H), 5.27-5.14 (m, 2H), 5.00 (d, J = 7.7 Hz, 1H), 4.43 (dd, J = 12.2, 2.3 Hz, 1H),
4.28 (dd, J = 12.2, 5.1 Hz, 1H), 3.74 (dd, J = 9.9, 9.9 Hz, 1H), 3.59 (ddd, J = 10.3, 5.1,
2.3 Hz, 1H), 2.13 (s, 3H), 2.10 (s, 3H), 2.06 (s, 3H). °C NMR (101 MHz; CDCls): &
170.5, 170.0, 169.7, 155.9, 132.7, 119.0, 116.2, 99.2, 73.7, 72.5, 71.4, 62.8, 60.0, 20.85,
20.79, 20.75. LRMS (ESI): m/z caled. for C;sHy0BrN3NaOg [M+Na]® 508.0; found,
508.0.

4-Methoxyphenyl-4-azido-4-deoxy-p-D-glucopyranoside (403)

OH
N (0]
ﬁ&/o
HO OCH,4
403

Compound 420a (60 mg, 0.14 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was neutralized
with Amberlite® IR-120 (H') ion-exchange resin, filtered and concentrated under
reduced pressure to afford 403 as a white powder (35 mg, 81% yield). "H NMR (400
MHz; D,0): 6 7.12-7.08 (m, 2H), 6.99-6.95 (m, 2H), 4.98 (d, J = 7.9 Hz, 1H), 3.90 (dd, J
=12.6, 1.7 Hz, 1H), 3.80 (s, 3H), 3.79-3.70 (m, 2H), 3.62-3.50 (m, 3H). °C NMR (101
MHz; D,0): 6 154.8, 150.8, 118.2, 115.0, 101.1, 74.9, 74.5, 72.9, 61.5, 60.7, 55.8. LRMS
(ESI): m/z caled. for Ci3H;7N3NaOg [M+Na]" 334.1; found, 334.1.

4-Bromophenyl-4-azido-4-deoxy-f-D-glucopyranoside (404)

N O
ﬁoé&o
HO Br
404
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Compound 420b (51 mg, 0.11 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was neutralized
with Amberlite® IR-120 (H') ion-exchange resin, filtered and concentrated under
reduced pressure. Column chromatography (9.5:0.5 CH,Cly/methanol) afforded 404 as a
white powder (33 mg, 87% yield). "H NMR (400 MHz; DMSO-ds): & 7.48-7.44 (m, 2H),
7.00-6.97 (m, 2H), 5.78 (d, J = 5.9 Hz, 1H), 5.61 (d, J = 5.2 Hz, 1H), 4.95 (d, J = 7.7 Hz,
1H), 4.87 (t, ] = 5.8 Hz, 1H), 3.62-3.41 (m, 5H), 3.33-3.26 (m, 1H). °C NMR (101 MHz;
DMSO-ds): 6 156.4, 132.1, 118.4, 113.4, 99.8, 75.2, 74.3, 73.2, 61.5, 60.3. LRMS (ESI):
m/z caled. for C;,H,4BrN;NaOs [M+Na]" 382.0; found, 382.0.

1,2:5,6-Di-O-isopropylidene-a-D-glucofuranose (422)

o)
%olgoj.o
HO ”o)<
422

Compound was prepared as previously described.®® All spectral data was consistent with

that reported in the literature.'

1,2:5,6-Di-O-isopropylidene-o-D-allofuranose (424)

424
A flame dried flask was charged with anhydrous CH,Cl, (350 mL) and cooled to -78 °C.

Freshly distilled oxalyl chloride (8.9 g, 69.9 mmol) was added followed by anhydrous
DMSO (10.5 g, 134.5 mmol) and the mixture was allowed to stir for 10 minutes where
compound 422 (14.0 g, 53.8 mmol, dissolved in anhydrous CH,Cl,) was cannulated in
down the side of the flask. The cloudy white mixture was allowed to stir for 15 minutes
before triethylamine (20.7 g, 204.4 mmol) was added. The mixture was allowed to stir for
20 minutes at -78 °C before being warmed to room temperature. The reaction mixture
was quenched with saturated aqueous ammonium chloride and the organic phase was
extracted with brine (3x), then dried over MgSOQ,, filtered and concentrated under
reduced pressure. The resulting mixture was resuspended in diethyl ether and filtered

through Celite® to remove oxalic acid. The crude ketone 423 (11.4 g, 44.1 mmol) was
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dissolved in a 9:1 mixture of ethanol: water. The solution was cooled to 0 °C in an ice
bath and sodium borohydride (4.3 g, 114.8 mmol) was added. The resulting mixture was
stirred at 0 °C for 1 hour. Saturated aqueous ammonium chloride was added to destroy
unreacted borohydride and the resulting mixture was concentrated under reduced
pressure. The residue was extracted with CH,Cl, (3x) and the combined extracts were
washed with H,O (2x), dried over MgSQO,, filtered and concentrated under reduced
pressure. Column chromatography (7:3 hexanes/ethyl acetate) afforded 424 as white
crystals (3.3 g, 24% yield over two steps). '"H NMR (300 MHz; CDCl;): & 5.81 (d, J=3.8
Hz, 1H), 4.61 (dd, J = 5.1, 4.0 Hz, 1H), 4.31 (td, J = 6.5, 4.7 Hz, 1H), 4.11-3.99 (m, 3H),
3.81(dd, J=8.5,4.7 Hz, 1H), 2.54 (d, J = 8.3 Hz, 1H), 1.58 (s, 3H), 1.46 (s, 3H), 1.38 (s,
3H), 1.37 (s, 3H). °C NMR (101 MHz; CDCls): & 113.0, 110.0, 104.1, 79.9, 79.1, 75.8,
72.7, 66.0, 26.7, 26.7, 26.5, 25.4. LRMS (ESI): m/z caled. for C1;H,006 [M+Na] 283.1;
found, 284.2.

1,2:5,6-Di-O-isopropylidene-3-O-trifluoromethanesulphonyl-o-D-allofuranose (425)
0
HoX 0

..O

425
Compound 424 (3.3 g, 12.7 mmol) was added to a flame-dried flask under a constant

flow of argon and dissolved in anhydrous CH,Cl, (30 mL) containing pyridine (2 mL).
The solution was cooled to -30 °C and freshly distilled triflic anhydride (4.3 g, 15.3
mmol) was added dropwise over 15 minutes. The solution was stirred at -30 °C for a
further 30 minutes and quenched with methanol. The clear solution was allowed to warm
to room temperature and washed with H,O (2x), dried over MgSOQ,, filtered and
concentrated under reduced pressure to afford 425 as a light yellow oil (4.3 g, 87% yield).
'H NMR (300 MHz; CDCls): § 5.83 (d, J] = 3.8 Hz, 1H), 4.90 (dd, J = 7.0, 5.3 Hz, 1H),
4.76 (dd, J = 5.2, 3.9 Hz, 1H), 4.23-4.08 (m, 3H), 3.92-3.88 (m, 1H), 1.58 (s, 3H), 1.44
(s, 3H), 1.38 (s, 3H), 1.34 (s, 3H). °C NMR (76 MHz; CDCL): & 120.6, 114.5, 110.4,
104.3, 83.0, 77.9, 77.8, 75.3, 66.4, 27.0, 26.6, 26.4, 24.9. LRMS (ESI): m/z calcd. for
C13HoF305S [M+Na]" 415.0; found, 414.2.

1,2:5,6-Di-O-isopropylidene-3-azido-3-deoxy-a-D-glucofuranose (426)
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Compound 425 (4.3 g, 11.1 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous DMF. Sodium azide (1.4 g, 22.1 mmol) was
added and the mixture was stirred at 50 °C overnight. The solution was allowed to cool to
room temperature and the solvent was evaporated under reduced pressure. The residue
was partitioned between CHCI; and H,O, dried over MgSQO,, filtered and concentrated
under reduced pressure to afford 426 as a light yellow oil (2.8 g, 87% yield).
Characterization data is consistent with that previously reported.®” '"H NMR (300 MHz;
CDCl3): 6 5.78 (d, ] = 3.6 Hz, 1H), 4.55 (d, ] = 3.6 Hz, 1H), 4.21-4.14 (m, 1H), 4.09-4.00
(m, 3H), 3.90 (dd, J = 8.6, 4.8 Hz, 1H), 1.44 (s, 3H), 1.36 (s, 3H), 1.30 (s, 3H), 1.25 (s,
3H). >C NMR (101 MHz; CDCL): § 112.5, 109.7, 105.2, 83.6, 80.6, 73.2, 67.8, 66.5,
27.0, 26.8, 26.3, 25.3. LRMS (ESI): m/z calcd. for C,H9N3;0s [M+Na]" 308.1; found,
308.2.

3-Azido-3-deoxy-D-glucopyranoside (427)
OH

N3

OH "OH
427

Compound 426 (2.7 g, 9.7 mmol) was dissolved in 80% TFA in H,O and stirred at room
temperature for 1 hour. The solvent was evaporated under reduced pressure and the crude
product was dissolved in toluene (3x) and volatiles were evaporated to remove residual
H,O as an azeotrope. Column chromatography (9:1 CH,Cl,/MeOH) afforded 427 as a
mixture of anomers (1.4 g, 73% yield). "H NMR (300 MHz; D,0): & 5.20 (d, J = 3.6 Hz,
1H), 4.68 (d, J = 7.9 Hz, 1H), 3.89-3.83 (m, 2H), 3.80-3.64 (m, 4H), 3.56-3.41 (m, 5H),
3.27-3.21 (m, 1H). °C NMR (76 MHz; D,0): § 95.9, 91.5, 76.5, 72.8, 71.2, 70.3, 68.62,
68.50, 65.8, 60.57, 60.41. LRMS (ESI): m/z caled. for C¢H N3;Os [M+Na]" 228.1; found,
228.1.

1,2,4,6-Tetra-0O-acetyl-3-azido-3-deoxy-D-glucopyranoside (428)
OAc
L,
N3
AcO "OAc

428
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Compound 427 (1.4 g, 7.0 mmol) and sodium acetate (1.5 g, 18.3 mmol) were suspended
in acetic anhydride (4.4 g, 42.8 mmol) and refluxed at 100 °C for 2 hours. The resulting
mixture was dissolved in CH,Cl; and extracted with H,O (2x), dried over MgSOQy, filtered
and concentrated under reduced pressure to afford 428 as a mixture of anomers (1.6 g,
62% yield). "H NMR (300 MHz; CDCls): § 6.30 (d, J = 3.6 Hz, 0.5H), 5.67 (d, ] = 8.3
Hz, 1H), 5.07-4.99 (m, 2H), 4.95 (dd, J = 10.7, 3.6 Hz, 0.5H), 4.23 (ddd, J = 12.6, 8.0,
4.6 Hz, 1H), 4.12-4.01 (m, 2H), 3.96 (t, J = 10.4 Hz, 0.5H), 3.78 (ddd, J = 9.9, 4.7, 2.3
Hz, 1H), 3.68 (t, J = 10.1 Hz, 1H), 2.18 (s, 1H), 2.13 (s, 1H), 2.13 (s, 3H), 2.12 (s, 3H),
2.11 (s, 3H), 2.09 (s, 1H), 2.09 (s, 1H), 2.08 (s, 3H). °C NMR (101 MHz; CDCls): &
170.7, 170.6, 169.4, 169.2, 169.1, 169.1, 169.0, 168.6, 91.9, 88.8, 73.6, 70.2, 70.1, 70.0,
67.9, 67.8, 64.3, 61.6, 61.5, 60.9, 20.9, 20.8, 20.7, 20.6, 20.6, 20.5. LRMS (ESI): m/z
calcd. for C14H;9N300 [M+Na]* 396.1; found, 396.2.

4-Methoxyphenyl-2,4,6-tri-O-acetyl-3-azido-3-deoxy-f-D-glucopyranoside (429a)

OAc

AcO o
N&O
OCHj4

AcO
429a

Compound 428 (0.77 g, 2.1 mmol) was added to a flame-dried flask (with 4 A MS) under
a constant flow of argon and dissolved in anhydrous CH,Cl, (20 mL). 4-Methoxyphenol
(0.3 g, 2.5 mmol) was added and the reaction mixture was stirred at 0 °C, slowly adding
boron trifluoride diethyl etherate (1.5 mL, 12.4 mmol). The reaction mixture was stirred
overnight, then diluted with CH,Cl, and quenched with saturated aqueous sodium
bicarbonate. The solution was filtered through Celite® and extracted with CH,Cl,. The
organic layer was washed with saturated aqueous sodium bicarbonate, H,O, saturated
brine, then dried over MgSQOy, filtered and concentrated under reduced pressure. Column
chromatography (7:3 hexanes/ethyl acetate) afforded 429a as a white powder (0.3 g, 37%
yield). "H NMR (300 MHz; CDCl;): & 6.96-6.91 (m, 2H), 6.84-6.78 (m, 2H), 5.16 (dd, J
=10.2, 7.9 Hz, 1H), 5.06 (dd, J = 9.9, 9.9 Hz, 1H), 4.89 (d, J = 7.9 Hz, 1H), 4.26 (dd, J =
12.3, 5.3 Hz, 1H), 4.15 (dd, J = 12.3, 2.7 Hz, 1H), 3.77 (s, 3H), 3.79-3.73 (m, 1H), 3.69
(dd, T=10.1, 10.1 Hz, 1H), 2.16 (s, 3H), 2.14 (s, 3H), 2.08 (s, 3H). °C NMR (101 MHz;
CDCl): 6 170.8, 169.3, 169.1, 156.0, 151.0, 118.8, 114.7, 100.7, 73.0, 71.2, 68.6, 64.4,
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62.1, 55.8, 20.9, 20.8, 20.8. LRMS (ESI): m/z calcd. for CoH3N309 [M+Na]" 460.0;
found, 460.3.

4-Bromophenyl-2,4,6-tri-O-acetyl-3-azido-3-deoxy-p-D-glucopyranoside (429b)

OAc

AcO 0
N&/O

AcO Br
429b

Compound 428 (0.9 g, 2.5 mmol) was added to a flame-dried flask (with 4 A MS) under
a constant flow of argon and dissolved in anhydrous CH,Cl, (20 mL). 4-Bromophenol
(0.5 g, 3.0 mmol) was added and the reaction mixture was stirred at 0 °C, slowly adding
boron trifluoride diethyl etherate (1.9 mL, 15.1 mmol). The reaction mixture was stirred
overnight, then diluted with CH,Cl, and quenched with saturated aqueous sodium
bicarbonate. The solution was filtered through Celite® and extracted with CH,Cl,. The
organic layer was washed with saturated aqueous sodium bicarbonate, H,O, saturated
brine, then dried over MgSQO, filtered and concentrated under reduced pressure. Column
chromatography (7:3 hexanes/ethyl acetate) afforded 429b as a white powder (0.3 g, 28%
yield). "H NMR (300 MHz; CDCl;): & 7.42-7.37 (m, 2H), 6.89-6.84 (m, 2H), 5.17 (dd, J
=10.1, 7.8 Hz, 1H), 5.05 (dd, J = 9.9, 9.9 Hz, 1H), 4.97 (d, J = 7.8 Hz, 1H), 4.24 (dd, J =
12.3, 5.5 Hz, 1H), 4.15 (dd, J = 12.3, 2.6 Hz, 1H), 3.80 (ddd, J = 9.9, 5.5, 2.6 Hz, 1H),
3.71 (dd, T = 10.0, 10.0 Hz, 1H), 2.14 (s, 6H), 2.08 (s, 3H). °C NMR (101 MHz; CDCl5):
3 170.6, 169.3, 169.0, 156.0, 132.6, 118.9, 116.1, 99.4, 73.1, 71.0, 68.4, 64.2, 62.1, 20.8,
20.7,20.7. LRMS (ESI): m/z calcd. for C1sH,0BrN3;Og [M+Na]" 508.0; found, 508.1.

4-Methoxyphenyl-3-azido-3-deoxy-p-D-glucopyranoside (405)

OCHj

Compound 429a (0.3 g, 0.8 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was neutralized
with Amberlite® IR-120 (H') ion-exchange resin, filtered and concentrated under
reduced pressure to afford 405 as a white powder (0.2 g, 86% yield). '"H NMR (300 MHz;
D,0): & 7.11-7.06 (m, 2H), 6.98-6.92 (m, 2H), 5.03 (d, J = 6.4 Hz, 1H), 3.88 (dd, J =
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12.4, 1.9 Hz, 1H), 3.78 (s, 3H), 3.72 (dd, J = 12.4, 5.2 Hz, 1H), 3.65-3.49 (m, 4H). °C
NMR (101 MHz; D,0): § 154.8, 150.8, 118.2, 115.0, 101.2, 76.6, 71.6, 68.4, 68.3, 60.3,
55.8. LRMS (ESI): m/z calcd. for C13H;7N304 [M+Na]* 334.1; found, 334.2.

4-Bromophenyl-3-azido-3-deoxy-f-D-glucopyranoside (406)

Compound 429b (0.3 g, 0.7 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was neutralized
with Amberlite® IR-120 (H') ion-exchange resin, filtered and concentrated under
reduced pressure to afford 406 as a white powder (0.2 g, 91% yield). '"H NMR (400 MHz;
DMSO-dp): & 7.49-7.45 (m, 2H), 7.01-6.99 (m, 2H), 5.96 (d, J = 5.8 Hz, 1H), 5.64 (d, ] =
6.4 Hz, 1H), 4.99 (d, ] = 7.7 Hz, 1H), 4.66 (t, ] = 5.6 Hz, 1H), 3.68-3.64 (m, 1H), 3.50-
3.40 (m, 3H), 3.31-3.21 (m, 2H). >C NMR (101 MHz; DMSO-dy): 5 156.4, 132.2, 118.6,
113.5, 100.1, 77.5, 71.6, 69.7, 67.9, 60.2. LRMS (ESI): m/z caled. for C,H;4BrN;Os [M-
H] 358.0; found, 358.0.

Imidazole-1-sulfonyl azide (431)

N g N/§N
3_ 1 a —
5=
431
Compound was prepared as previously described.>* All spectral data was consistent with

that reported in the literature.”*

1,3,4,6-Tetra-0O-acetyl-2-azido-2-deoxy-D-glucopyranoside (433)

OAc

AcO ]
AcO
N3 "OAc
433

D-Glucosamine hydrochloride (3.0 g, 13.9 mmol), potassium carbonate (2.9 g, 20.9
mmol) and copper (II) sulfate pentahydrate (35 mg, 0.14 mmol) were dissolved in
methanol (75 mL). Imidazole-1-sulfonyl azide 431 (2.9 g, 16.7 mmol) was added and the
mixture was stirred at room temperature for 2 hours. The mixture was concentrated under

reduced pressure and co-evaporated with toluene (2x). The crude residue 432 was
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dissolved in anhydrous pyridine (70 mL) and the solution was cooled to 0 °C in an ice
bath. Acetic anhydride (70 mL) and a crystal of DMAP were added and the reaction
mixture was stirred overnight. The solution was diluted with CH,Cl,, washed with 10%
aqueous HCI (2x) and the combined aqueous layers were extracted with CH,Cl, (3x). The
combined organic layers were washed with saturated aqueous sodium bicarbonate,
saturated brine, dried over MgSO4, filtered and concentrated under reduced pressure.
Column chromatography (7.5:2.5 hexanes/ethyl acetate) afforded 433 as a mixture of
anomers (1.79 g, 34% yield over two steps). Characterization data is consistent with that
previously reported.” "H NMR (400 MHz; CDCls): § 6.27 (d, J = 3.6 Hz, 1H), 5.54 (d, J
= 8.6 Hz, 1H), 5.43 (dd, J = 10.2, 9.7 Hz, 1H), 5.11-4.99 (m, 3H), 4.27 (dt, J = 12.5, 4.0
Hz, 2H), 4.04 (td, J = 12.4, 2.0 Hz, 2H), 3.79 (ddd, ] = 9.6, 4.4, 2.1 Hz, 1H), 3.64 (td, ] =
7.2, 3.0 Hz, 1H), 2.17 (s, 5H), 2.08 (s, 2H), 2.07 (s, 3H), 2.05 (s, 5H), 2.02 (s, 2H), 2.00
(s, 3H). C NMR (101 MHz; CDCls): & 170.6, 170.1, 169.83, 169.68, 169.59, 168.62,
168.56, 92.6, 90.0, 72.78, 72.75, 70.8, 69.8, 67.95, 67.85, 62.6, 61.49, 61.47, 60.4, 20.99,
20.95, 20.76, 20.74, 20.69, 20.62. LRMS (ESI): m/z calcd. for C14HoN3;NaOy [M+Na]"
396.1; found, 395.9.

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-D-glucopyranoside (434)

OAc

AcO 0
AcO
N3 OH
434

Compound 433 (1.64 g, 4.4 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous THF (55 mL). Benzyl amine (0.72 mL, 6.6
mmol) was added and the reaction mixture was stirred at room temperature overnight.
The solution was diluted with ice-cold H,O and extracted with CH,Cl, (3x). The organic
layer was washed with ice-cold 10% aqueous HCI, saturated aqueous sodium
bicarbonate, saturated brine, dried over MgSQy, filtered and concentrated under reduced
pressure. Column chromatography (6:4 hexanes/ethyl acetate) afforded 434 as a mixture
of anomers (1.11 g, 76% yield). '"H NMR (400 MHz; CDCl): § 5.52 (dd, T = 10.5, 9.3
Hz, 1H), 5.39 (d, J = 3.4 Hz, 1H), 5.08-4.98 (m, 2H), 4.73 (d, J = 8.0 Hz, 1H), 4.29-4.20
(m, 3H), 4.15-4.08 (m, 2H), 3.73-3.69 (m, J = 2.3 Hz, 1H), 3.50-3.46 (m), 3.42 (dd, J =
10.5, 3.4 Hz, 1H), 2.09 (s, 2H), 2.08 (s, 5H), 2.04 (s, 3H), 2.02 (s, 1H). °C NMR (101
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MHz; CDCl3): § 171.02, 170.98, 170.29, 170.23, 169.97, 169.88, 96.3, 92.2, 72.7, 72.1,
70.6, 68.7, 68.5, 67.7, 65.0, 62.1, 61.6, 20.87, 20.83, 20.8, 20.74, 20.7. LRMS (ESI): m/z
calcd. for C1,H,7N3NaOg [M+Na]" 354.1; found, 354.0.

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-D-glucosyl trichloroacetimidate (435)
OAc

AcO 0
AcO
N3

0
435

NH

CCl,

Compound 434 (1.11 g, 3.4 mmol) was added to a flame-dried flask under a constant
flow of argon, dissolved in anhydrous CH,Cl, (60 mL) and cooled to 0 °C in an ice bath.
Trichloroacetonitrile (3.4 mL, 33.5 mmol) and DBU (0.25 mL, 1.68 mmol) were added
and the reaction mixture was stirred for 2 hours at 0 °C. The solution was concentrated
under reduced pressure and column chromatography (8:2 hexanes/ethyl acetate) afforded
435 as a white solid (0.83 g, 52% yield). '"H NMR (400 MHz; CDCls): & 8.83 (s, 1H),
6.48 (d, ] = 3.6 Hz, 1H), 5.51 (dd, J = 10.5, 9.4 Hz, 1H), 5.15 (dd, J = 10.2, 9.4 Hz, 1H),
427 (dd, J =12.3, 4.3 Hz, 1H), 4.21 (ddd, J = 10.2, 4.3, 1.9 Hz, 1H), 4.09 (dd, J = 12.3,
2.1 Hz, 1H), 3.77 (dd, T = 10.5, 3.6 Hz, 1H), 2.11 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H). °C
NMR (101 MHz; CDCls): 6 170.6, 169.95, 169.77, 160.7, 94.2, 90.7, 70.8, 70.3, 68.1,
61.5, 60.8, 20.81, 20.78, 20.72. LRMS (ESI): m/z calcd. for C;4H;7C13N4NaOg [M+Na]"
497.0; found, 496.9.

4-Methoxyphenyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-f-D-glucopyranoside (436a)

OAc

AcO 9]
AcO&\VO
OCHs

Na

436a
Compound 435 (0.32 g, 0.67 mmol) was added to a flame-dried flask (with 4 A MS)
under a constant flow of argon and dissolved in anhydrous CH,Cl, (15 mL). 4-
Methoxyphenol (0.1 g, 0.81 mmol) was added and the solution was cooled to 0 °C in an
ice bath. Boron trifluoride diethyl etherate (0.17 mL, 1.34 mmol) was added dropwise
and the reaction mixture was stirred for 2 hours. Triethylamine was added and the

resulting mixture was filtered through Celite® and concentrated under reduced pressure.
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Column chromatography (9.5:0.5 toluene/acetone) afforded 436a (0.12 g, 41% yield). 'H
NMR (400 MHz; CDCls): 6 7.05-7.01 (m, 2H), 6.86-6.82 (m, 2H), 5.10-5.02 (m, 2H),
4.81 (d, J = 8.1 Hz, 1H), 4.30 (dd, J = 12.3, 5.3 Hz, 1H), 4.14 (dd, ] = 12.3, 2.4 Hz, 1H),
3.78 (s, 3H), 3.79-3.74 (m, 2H), 2.11 (s, 3H), 2.09 (s, 3H), 2.03 (s, 3H). °C NMR (101
MHz; CDCl): 6 170.7, 170.1, 169.7, 156.1, 150.9, 119.0, 114.8, 101.8, 72.5, 72.1, 68.5,
63.7, 62.1, 55.8, 20.84, 20.83, 20.72. LRMS (ESI): m/z caled. for C;9H23N3NaOyg
[M+Na]" 460.1; found, 460.1.

4-Methoxyphenyl-2-azido-2-deoxy-p-D-glucopyranoside (407)
OH

HO &
Ho&wo
OCHj,

N3
407

Compound 436a (0.12 g, 0.27 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was neutralized
with Amberlite® IR-120 (H') ion-exchange resin, filtered and concentrated under
reduced pressure. Column chromatography (9.5:0.5 CH,Cly/methanol) afforded 407 as a
white powder (60 mg, 71% yield). '"H NMR (400 MHz; D,0): & 7.13-7.09 (m, 2H), 6.98-
6.94 (m, 2H), 5.03 (d, J = 7.7 Hz, 1H), 3.90 (dd, J = 12.3, 1.2 Hz, 1H), 3.79 (s, 3H), 3.75
(dd, J=12.3, 4.5 Hz, 1H), 3.62-3.48 (m, 4H). >C NMR (101 MHz; D,0): & 154.9, 150.5,
118.3, 115.1, 100.5, 76.1, 74.1, 69.3, 65.5, 60.4, 55.8. LRMS (ESI): m/z caled. for
C13H7N3NaOg [M+Na]" 334.1; found, 334.1.

4-Bromophenyl-2-azido-2-deoxy-f-D-glucopyranoside (408)
OH

HO &
H&O
Br

N3

Compound 435 (0.27 g, 0.57 mmol) was added to a flame-dried flask (with 4 A MS)
under a constant flow of argon and dissolved in anhydrous CH,Cl, (15 mL). 4-
Bromophenol (0.12 g, 0.68 mmol) was added and the solution was cooled to 0 °C in an
ice bath. Boron trifluoride diethyl etherate (0.14 mL, 1.14 mmol) was added dropwise
and the reaction mixture was stirred for 2 hours. Triethylamine was added and the

resulting mixture was filtered through Celite® and concentrated under reduced pressure.
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Column chromatography (8:2 hexanes/ethyl acetate) afforded 436b containing an
impurity which was removed in the next step by dissolving the crude compound in a
solution of sodium methoxide in methanol and stirring for two hours at room
temperature. The solution was neutralized with Amberlite® IR-120 (H") ion-exchange
resin, filtered and concentrated under reduced pressure. Column chromatography (9.5:0.5
CH,Cly/methanol) afforded 408 as a white powder (95 mg, 47% yield over two steps). 'H
NMR (400 MHz; DMSO-ds): 6 7.51-7.47 (m, 2H), 7.03-6.99 (m, 2H), 5.66 (d, J = 5.8
Hz, 1H), 5.30 (d, J = 5.5 Hz, 1H), 5.07 (d, J = 8.0 Hz, 1H), 4.65 (t, ] = 5.8 Hz, 1H), 3.68
(ddd, J = 11.8, 5.6, 1.6 Hz, 1H), 3.50-3.34 (m, 4H), 3.25-3.19 (m, 1H). °C NMR (101
MHz; DMSO-ds): 8 155.9, 132.2, 118.5, 113.9, 98.3, 77.1, 74.6, 69.6, 66.0, 60.4. LRMS
(ESI): m/z caled. for Ci,H4BrN3NaOs [M+Na]" 382.0; found, 382.0.

4-(Benzyloxycarbonyl)aminophenol (438)

“CL
NHCbz

438
4-Aminophenol (7.0 g, 64.2 mmol) was dissolved in 150 mL of 10% aqueous AcOH and

stirred for 5 minutes. A solution of benzyl chloroformate (16.4 g, 96.2 mmol) in 1,4-
dioxane (140 mL) was added dropwise and the mixture was stirred at room temperature
for 24 hours. The mixture was quenched with H,O and extracted with CH,Cl, (3x). The
combined organic extracts were washed with saturated aqueous sodium bicarbonate,
brine, dried over MgSQy, filtered and concentrated under reduced pressure to afford 438
as white crystals (13.0 g, 83% yield). "H NMR (300 MHz; MeOD): § 7.41-7.26 (m, 5H),
7.20 (d, J = 8.6 Hz, 2H), 6.73-6.68 (m, 2H), 5.14 (s, 2H). °C NMR (101 MHz; MeOD): &
156.33, 154.62, 138.21, 131.91, 129.47, 129.02, 128.88, 122.18, 116.27, 67.40. LRMS
(ESI): m/z calcd. for C14H3NO; [M+Na]" 266.1; found, 266.1.

4-(Benzyloxycarbonyl)aminophenyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside
(439)
OAc

AcO 0

ACO/&/ 0]
AcO NHCbz
439
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1,2,3,4,6-Penta-O-acetyl-B-D-glucopyranoside (10.0 g, 25.6 mmol) was added to a flame-
dried flask (with 4 A MS) under a constant flow of argon and dissolved in anhydrous
CH,ClI, (200 mL). Compound 438 (6.9 g, 28.2 mmol) was added and the reaction mixture
was stirred at 0 °C, slowly adding boron trifluoride diethyl etherate (79 mL, 640.5
mmol). The reaction mixture was stirred overnight, then diluted with CH,Cl, and
quenched with saturated aqueous sodium bicarbonate. The solution was filtered through
Celite® and extracted with CH,Cl,. The organic layer was washed with saturated
aqueous sodium bicarbonate, H,O, saturated brine, then dried over MgSQ,, filtered and
concentrated under reduced pressure. Column chromatography (7:3 hexanes/ethyl
acetate) afforded 439 as a white powder (8.1 g, 55% yield). Characterization data is
consistent with that previously reported.” '"H NMR (300 MHz; CDCls): & 7.42-7.33 (m,
5H), 7.30 (d, J = 8.9, 2H), 6.97-6.92 (m, 2H), 6.62 (br s, 1H), 5.32-5.21 (m, 2H), 5.19-
5.12 (m, 3H), 5.00 (d, J = 7.7 Hz, 1H), 4.28 (dd, ] = 12.3, 5.3 Hz, 1H), 4.16 (dd, ] = 12.3,
2.4 Hz, 1H), 3.82 (ddd, ] = 9.9, 5.3, 2.4 Hz, 1H), 2.08 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H),
2.03 (s, 3H). °C NMR (101 MHz; CDCls): & 170.7, 170.4, 169.5, 169.4, 153.6, 153.1,
136.1, 133.6, 128.7, 128.5, 128.4, 120.4, 118.0, 99.8, 72.8, 72.2, 71.3, 68.4, 67.2, 62.1,
20.8, 20.7, 20.7, 20.7. LRMS (ESI): m/z calcd. for CosH3NO;, [M+Na]" 596.2; found,
596.2.

4-(Benzyloxycarbonyl)aminophenyl-B-D-glucopyranoside (440)
OH

MOS0

HO 0]
HO NHCbz
440

Compound 439 (8.0 g, 13.9 mmol) was dissolved in a solution of sodium methoxide in
methanol and stirred for two hours at room temperature. The solution was neutralized
with Amberlite® IR-120 (H') ion-exchange resin, filtered and concentrated under
reduced pressure to afford 440 as a white powder (5.2 g, 93% yield). Characterization
data is consistent with that previously reported.” '"H NMR (300 MHz; MeOD): & 7.42-
7.27 (m, 7H), 7.07-7.02 (m, 2H), 5.16 (s, 2H), 4.83 (d, J = 7.5 Hz, 1H), 3.89 (dd, J = 11.9,
1.7 Hz, 1H), 3.69 (dd, J = 11.9, 5.1 Hz, 1H), 3.46-3.37 (m, 4H). °C NMR (101 MHz;
MeOD): § 156.1, 155.1, 138.2, 129.5, 129.1, 128.9, 121.3, 118.3, 102.9, 78.1, 77.9, 74.9,
71.4, 67.5, 62.5. LRMS (ESI): m/z calcd. for Co0Hp3NOg [M+Na]" 428.1; found, 428.2.
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4-Aminophenyl-p-D-glucopyranoside (441)
OH

MO

HO o
HO NH,
aM

Compound 440 (5.2 g, 12.8 mmol) was dissolved in methanol and 20% palladium (II)
hydroxide on carbon (0.9 g, 1.28 mmol) was added, the atmosphere was removed from
the flask using a water aspirator and a positive pressure of hydrogen gas was added. The
mixture was stirred overnight at room temperature, after which the mixture was filtered
over a bed of Celite® and concentrated under reduced pressure to afford 441 as light
brown crystals (2.5 g, 71% yield). Characterization data is consistent with that previously
reported.” "H NMR (300 MHz; D,0): § 7.02-6.97 (m, 2H), 6.84-6.79 (m, 2H), 4.95 (d, J
=7.5Hz, 1H), 3.91 (dd, J = 12.4, 2.1 Hz, 1H), 3.74 (dd, J = 12.4, 5.3 Hz, 1H), 3.61-3.44
(m, 4H). C NMR (101 MHz; D,0): & 150.1, 141.7, 118.2, 117.5, 101.3, 76.0, 75.6,
73.0, 69.4, 60.5. LRMS (ESI): m/z calcd. for C;;H;7NOg [M+Na]' 294.1; found, 294.1.

4-Azidophenyl-B-D-glucopyranoside (409)

OH
o)

v

409
Compound 441 (2.5 g, 9.2 mmol) was added to a flame-dried flask and suspended in a
mixture of anhydrous acetonitrile (50 mL) and tetrahydrofuran (50 mL). The solution was
cooled to 0 °C in an ice bath. To this stirred mixture, tert-butyl nitrite (3.4 mL, 28.7
mmol) was added followed by azidotrimethylsilane (TMS-N3) (3.0 mL, 23.0 mmol)
dropwise. The mixture was stirred at room temperature and concentrated under reduced
pressure. Column chromatography (9:1 CH,Cl,: MeOH) afforded 409 as brown crystals
(2.1 g, 75% yield). '"H NMR (300 MHz; D,0): § 7.16-7.11 (m, 2H), 7.09-7.04 (m, 2H),
5.06 (d, J =7.4 Hz, 1H), 3.91 (dd, J = 12.4, 2.1 Hz, 1H), 3.73 (dd, J = 12.4, 5.6 Hz, 1H),
3.63-3.44 (m, 4H). °C NMR (101 MHz; D,0): & 153.8, 134.6, 120.2, 118.1, 100.6, 76.1,
75.5, 72.9, 69.4, 60.5. LRMS (ESI): m/z calcd. for C2H;sN30¢ [M+Na]" 320.1; found,
320.1.

4-Methoxyphenyl-6-amino-6-deoxy-p-D-glucopyranoside hydrochloride (442)
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+ _
NH, Ci

HO 9]

HO&WO
HO OCH,4
442

Compound 401 (0.15 g, 0.48 mmol) was dissolved in methanol and 20% palladium (II)
hydroxide on carbon (34 mg, 0.048 mmol) was added, the atmosphere was removed from
the flask using a water aspirator and a positive pressure of hydrogen gas was added. The
reaction mixture was stirred at room temperature until no starting material remained as
per TLC. The mixture was filtered over a bed of Celite® and concentrated under reduced
pressure. The crude product was dissolved in methanol and neutralized with 10% HCI,
concentrated under reduced pressure and recrystallized by dissolving in a minimum
amount of methanol and adding diethyl ether until a precipitate formed to afford 442 as a
white powder (106 mg, 68% yield). 'H NMR (400 MHz; D,0): § 7.15-7.11 (m, 2H),
7.03-6.99 (m, 2H), 5.09 (d, J = 7.5 Hz, 1H), 3.83 (s, 3H), 3.81-3.78 (m, 1H), 3.65-3.56
(m, 2H), 3.53-3.42 (m, 2H), 3.20 (dd, J = 13.5, 8.7 Hz, 1H). °C NMR (101 MHz; D,0):
0 154.9, 150.5, 118.3, 115.1, 101.1, 75.0, 72.7, 71.8, 71.1, 55.8, 40.3. LRMS (ESI): m/z
calcd. for C13H20NOg [M+H]" 286.1; found, 286.0.

4-Bromophenyl-6-amino-6-deoxy-p-D-glucopyranoside hydroformate (443)
NH; HCO,

HO 0
HO&@/O
HO Br

443

Compound 402 (0.1 g, 0.28 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous methanol (2 mL). Ammonium formate (35 mg,
0.56 mmol) and zinc dust (36 mg, 0.56 mmol) was added and the reaction mixture was
stirred at room temperature overnight and concentrated under reduced pressure. The
residue was dissolved in water, filtered over a bed of Celite® and concentrated under
reduced pressure. The crude product was recrystallized by dissolving in a minimum
amount of methanol and adding diethyl ether until a precipitate formed to afford 443 as a
white powder (59 mg, 56% yield). '"H NMR (400 MHz; D,0): & 8.43 (s, 1H), 7.55-7.51
(m, 2H), 7.06-7.02 (m, 2H), 5.17-5.15 (m, 1H), 3.81 (ddd, ] =9.7, 8.7, 3.2 Hz, 1H), 3.64-
3.56 (m, 2H), 3.48-3.41 (m, 2H), 3.14 (dd, J = 13.6, 8.7 Hz, 1H). °C NMR (101 MHz;
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D,0): & 171.0, 155.5, 132.6, 118.5, 115.2, 100.0, 75.0, 72.6, 72.1, 71.0, 40.4. LRMS
(ESI): m/z caled. for C,H,7BrNOs [M+H]" 334.0; found, 334.1.

4-Methoxyphenyl-3-amino-3-deoxy-p-D-glucopyranoside hydrochloride (444)

OH

HO 0
HO OCHj
444

Compound 405 (0.2 g, 0.64 mmol) was dissolved in methanol and 20% palladium (II)
hydroxide on carbon (45 mg, 0.064 mmol) was added, the atmosphere was removed from
the flask using a water aspirator and a positive pressure of hydrogen gas was added. The
reaction mixture was stirred at room temperature until no starting material remained as
per TLC. The mixture was filtered over a bed of Celite® and concentrated under reduced
pressure. The crude product was dissolved in methanol and neutralized with 10% HCI,
concentrated under reduced pressure and recrystallized by dissolving in a minimum
amount of methanol and adding diethyl ether until a precipitate formed to afford 444 as a
white powder (97 mg, 46% yield). '"H NMR (400 MHz; D,0): & 7.15-7.11 (m, 2H), 7.01-
6.97 (m, 2H), 5.08 (d, J = 7.7 Hz, 1H), 3.94 (dd, J = 12.5, 2.0 Hz, 1H), 3.82 (s, 3H), 3.81-
3.66 (m, 4H), 3.29 (t, J = 10.0 Hz, 1H). °C NMR (101 MHz; D,0): § 154.9, 150.8,
118.3, 115.1, 101.5, 76.9, 69.9, 66.2, 60.0, 57.6, 55.8. LRMS (ESI): m/z calcd. for
C13H,0NOg [M+H]" 286.1; found, 285.9.

4-Bromophenyl-3-amino-3-deoxy-p-D-glucopyranoside hydroformate (445)

OH
HO &
oy H:;[\&/O
HCOZ HO Br
445

Compound 406 (0.15 g, 0.42 mmol) was added to a flame-dried flask under a constant
flow of argon and dissolved in anhydrous methanol (3 mL). Ammonium formate (53 mg,
0.83 mmol) and zinc dust (54 mg, 0.83 mmol) was added and the reaction mixture was
stirred at room temperature overnight and concentrated under reduced pressure. The
residue was dissolved in water, filtered over a bed of Celite® and concentrated under
reduced pressure. The crude product was recrystallized by dissolving in a minimum

amount of methanol and adding diethyl ether until a precipitate formed to afford 445 as a
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white powder (64 mg, 41% yield). '"H NMR (400 MHz; D,0): & 8.43 (s, 1H), 7.53-7.49
(m, 2H), 7.07-7.03 (m, 2H), 5.15 (d, J = 7.7 Hz, 1H), 3.92 (dd, J = 12.3, 1.5 Hz, 1H),
3.79-3.68 (m, 4H), 3.32-3.27 (m, 1H). *C NMR (101 MHz; D,0): & 171.0, 155.7, 132.6,
118.5, 115.2, 100.5, 76.9, 69.6, 66.0, 59.9, 57.6. LRMS (ESI): m/z calcd. for
C1,H;7BrNOs [M+H]" 334.0; found, 334.0.
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4.5.7 NMR Spectra
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Chapter 5: Assessing the Cryopreservation Potential of Small Molecule
Ice Recrystallization Inhibitors

5.1 Introduction

Cryopreservation is the process whereby biological samples such as cells and tissues
are preserved by cooling to subzero temperatures (-78 °C or -196 °C)." It enables the
storage of cells for 10-20 years depending on the cell type, and thus it is an attractive
method for the long-term preservation of cellular products. However, cryopreserving
cells while maintaining their viability is a very complex process that requires adequate
sample volumes, optimal cooling and warming rates, and cryoprotective agents (CPAs) to

maximize post-thaw viability and recovery.””

Many theories and mechanisms of
cryoinjury have been proposed; however, the formation and recrystallization of intra- and
extracellular ice is widely recognized as a significant contributor to cellular injury and
death during cryopreservation.®” This has been extensively described by Peter Mazur in
his two-factor hypothesis which states that each cell type has an optimal cooling and
warming rate depending on the water permeability of the cell membrane.® Under optimal
cooling rates, the cell has time to sufficiently dehydrate, preventing injury from excessive
loss of volume and extended exposure to high concentrations of electrolytes as well as
intracellular ice formation.

Cryoprotective agents are employed to mitigate cellular damage and ensure the
survival of cells during cryopreservation. There are two classes of CPAs that are typically
utilized, permeating or non-permeating agents, depending on the cell type and cooling

ra‘[e.g’10

Permeating CPAs such as dimethyl sulfoxide (DMSO) and glycerol are the most
widely used agents for the cryopreservation of clinical products. Although these CPAs
ensure high post-thaw cell viability and recovery, the concentration of DMSO used to

preserve cells is highly toxic to both cells and patients,'" "

thus complicating the direct
clinical use of frozen-thawed cells. While DMSO can be removed from thawed cells prior
to use, the process is complex and time-consuming and it has been shown to be

associated with damaging osmotic shock, resulting in cell loss.'*"

In the case of glycerol,
it is required for successful cryopreservation of red blood cells (RBCs); however, it must
be removed post-thaw to avoid intravascular hemolysis.>'® The high concentration of

glycerol employed is a significant impediment for routine clinical use owing to the costly
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and time-consuming deglycerolization process. Consequently, there is a need to improve
current CPAs and cryopreservation protocols to reduce or eliminate the use of DMSO or
glycerol.

Given that a significant amount of cells experience cellular injury during
cryopreservation due to ice formation and recrystallization,”'” interest has arisen in
designing inhibitors of ice recrystallization for use as novel CPAs. Unlike DMSO and
glycerol that do not have the ability to control or inhibit ice recrystallization, it is
hypothesized that ice recrystallization inhibitors (IRIs) will be beneficial additives for
cryopreservation that can increase post-thaw cell viability and recovery, and thus the
quantities of DMSO or glycerol may be reduced.

Our laboratory has previously reported that O-aryl glucosides, B-PMP-Glc (103) and
B-pBrPh-Glc (104), are effective inhibitors of ice recrystallization and can function as

%19 Fyrthermore, Chapter 4

beneficial additives for the freezing of human RBCs.
identified a novel class of small molecule IRIs that are azide derivatives. The structures
are provided in Figure 5.1. Since these molecules were shown to be effective inhibitors of
ice recrystallization (i.e. ICso < 50 mM), they have great potential for use as novel CPAs
to improve upon current cryopreservation protocols. In addition to assessing IRI activity,
some of the IRI active azido aryl glucosides were also examined for cytotoxic effects in
HepG2 cells and it was demonstrated that there was a significant decrease in cell viability
following long-term exposure to 405, 406 and 409 at 37 °C. However, it is important to
emphasize that the toxic response varies depending on cell type. In other words, the
cytotoxic effects exhibited by 405, 406 and 409 in HepG2 cells may not necessarily
translate to other types of cells such as RBCs. Thus, prior to performing cryopreservation
studies utilizing RBCs, the toxicity of 405, 406 and 409 will be evaluated to ensure that
these compounds do not cause a significant amount of cellular damage in the absence of
freezing. The cryopreservation potential of the following molecules (405, 406 and 409,
Figure 5.1) was explored in RBCs obtained from human peripheral blood to determine if
they can be effective cryo-additives.

In addition to RBCs, the cryopreservation of stem cells such as mesenchymal stem
cells (MSCs) utilizing small molecule IRIs as additives was also explored. In particular,

given that B-pBrPh-Glc (104) is a very effective additive for the freezing of human
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RBCs,"” its cryopreservation potential was assessed in MSCs. Conversely, IRI active
azide derivatives (405, 406 and 409) were not explored in MSCs due to their lengthy
chemical syntheses that are not amenable to large-scale preparations necessary for
cryopreservation applications. Additionally, it has been previously demonstrated by our
laboratory that N-(2-fluorophenyl)-D-gluconamide (2FA (501), Figure 5.1) is an effective
inhibitor of ice recrystallization with the ability to function as a beneficial additive for the
freezing of hematopoietic stem and progenitor cells (HSPCs) from umbilical cord blood
(UCB).* Consequently, we sought to examine the ability of 501 (2FA) to protect other

cellular products such as MSCs obtained from human bone marrow.

OH OH
HO Q HO&&
H&o Ho 0
HO OCH,4 HO Br

103 (B-PMP-Glc) 104 (B-pBrPh-Gic)

OH OH OH
Ns&g/o K o HO o
HO HO Br HO Na
405 406

OCH, 408
F H QH QH
Y Y on
O OH OH
501 (2FA)

Figure 5.1 Structures of IRI active aryl glucosides 103 (B-PMP-Glc) and 104 (B-pBrPh-
Glc), azido aryl glucosides (405, 406 and 409) and N-aryl-D-aldonamide 501 (2FA).

5.2 Cryopreservation Ability of Small Molecule IRIs with Human RBCs
5.2.1 Introduction — Cryopreservation of Human RBCs

Red blood cells (RBCs) are the most frequently transfused blood product with
approximately 85 million RBC units transfused annually worldwide.*' Blood transfusions
are a common form of cellular therapy used for surgeries or cancer treatments, for
patients with symptomatic anemia and for acute to severe blood loss.”>** Thus, the need
for a readily accessible supply of RBCs is very high. RBC units are typically stored at 1

2425 The limited storage time can lead to

to 6 °C in a refrigerator for up to 42 days.
episodic shortages in blood supply and the disposal of outdated blood. In addition, the
quality of stored RBCs significantly deteriorates beyond this period as a result of storage

lesions that affect the function and in vivo survival of transfused RBCs.?* %
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Cryopreservation is the only current technology that can provide long-term storage of
blood products. This preservation method can extend storage time to at least 10 years™"
and is primarily used to store RBCs for military combat casualty care and to maintain an
inventory of autologous RBCs and RBCs with rare phenotypes.'®***' One of the main
reasons this preservation method is not routinely utilized in the clinical setting as a
method to manage blood supply is that current cryopreservation protocols employ
glycerol as a permeating CPA, which does not allow the direct transfusion of RBCs post-
thaw. After thawing, deglycerolization is required to ensure an intracellular glycerol
concentration of less than 1% prior to transfusion to avoid intravascular hemolysis.™'
The deglycerolization process is time-consuming and less-than-ideal in emergency
transfusions where large quantities of RBC units are required in a short period of time. As
a result, improvements to the current protocol, such as reducing post-thaw processing
times, are necessary in order to provide access to more readily available RBC units.

There are currently two methods that are clinically used for the cryopreservation of
RBCs. In Europe, blood banks typically use low concentrations of glycerol (15-20% w/v)

33,34
" In Canada

with rapid cooling rates (> 100 °C/min) prior to storage in liquid nitrogen.
and the United States, clinical cryopreservation protocols utilize high concentrations of
glycerol (40% w/v) with slowing cooling rates (1 °C/min) followed by storage at <-65 °C
in a mechanical freezer.”>*®> While these methods ensure high RBC recoveries, post-thaw
processing is required in each case to adequately remove the glycerol. However, the
deglycerolization process for the low glycerol method is simpler and takes half the
amount of time to deglycerolize a unit compared to the high glycerol method.*’
Consequently, in Canada and the United States, great interest has arisen in developing
methods that allow for a reduction in the concentration of glycerol to decrease post-thaw
processing times without drastically altering the current clinical cryopreservation
protocols.

Improvements to the cryopreservation protocol for RBCs have focused on several
different aspects including improving the current deglycerolization procedures to allow
frozen RBCs to be rapidly prepared for emergency transfusions. Current
deglycerolization methods are time-consuming due to limitations on how quickly the

glycerol can be removed without causing significant cellular damage. Recently, it was
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demonstrated that glycerol could be removed from frozen-thawed RBCs in as little as
three minutes with minimal hemolysis using a mathematically optimized three-step
removal procedure.’® However, this rapid deglycerolization process required careful
control over the composition of the extracellular solution at a time scale of seconds,
which is not practical for large-scale use.’® Thus, recent research has focused on
designing microfluidic devices for rapid glycerol removal from full RBC units.>’

Alternative CPAs have also been explored including non-permeating agents such as
hydroxyethyl starch (HES), polyvinylpyrrolidone (PVP), dextran and trehalose.™*™*!
Recently, it was reported that RBCs could be cryopreserved using a combination of HES
and poly (vinyl alcohol) (PVA) to obtain high cell recoveries, while eliminating the need
for glycerol.*” Furthermore, it was also demonstrated that highly hydroxylated block
copolymer worms were a suitable replacement for HES, and in combination with PVA
could result in high recovery.” However, these methods require rapid cooling rates to
achieve high RBC recovery, which are less economical. The application of trehalose as a
CPA for RBC cryopreservation has also been recently explored and these studies focus
on methods for the intracellular delivery of trehalose into RBCs.**

The use of small molecule IRIs as novel CPAs for various cell types has been an
active area of research in our laboratory. It has been previously demonstrated that human
RBCs could be cryopreserved utilizing reduced concentrations of glycerol (15% versus
40%) in the presence of small molecule IRIs while using current clinical cryopreservation
protocols.” This result was significant as reducing the quantity of glycerol can decrease
post-thaw processing times, enabling frozen RBCs units to be more readily accessible.
The details of this work are further described in Section 5.2.2. All of the RBC

cryopreservation work was done in collaboration with Dr. Jason Acker’s laboratory at

Canadian Blood Services (CBS) in Edmonton, Alberta.

5.2.2 Cryopreservation of RBCs using fj-PMP-Glc and f-pBrPh-Glc in the Presence of
15% Glycerol

Previous work by our laboratory has shown that two O-aryl glucosides, -PMP-Glc
(103) and B-pBrPh-Glc (104), are beneficial additives for the freezing of human RBCs
with the ability to increase the percentage of intact RBCs post-thaw in the presence of

reduced concentrations of glycerol (15%) and slow cooling rates."” In these initial studies,
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RBCs were incubated for 10 minutes at room temperature with 15% glycerol or 15%
glycerol containing 103 (110 mM) or 104 (30 mM). Samples (300 pL volume) were
cooled to -5 °C before nucleation was induced. Controlled nucleation was performed to
ensure that ice nucleation occurs at the same subzero temperature in each vial. The
samples were then cooled to -40 °C (rate of 1 °C/min) and upon stabilization at -40 °C,
samples were rapidly thawed in a 37 °C water bath. RBC hemolysis was measured and
the results are reported as the percentage of intact RBCs post-thaw (100 - % hemolysis).
In the absence of 103 or 104, the percentage of intact RBCs post-thaw with the 15%
glycerol solution was approximately 40%. Remarkably, the addition of 103 (110 mM) or
104 (30 mM) to a solution of 15% glycerol significantly increased the percentage of
intact RBCs post-thaw to approximately 70% and 80%, respectively (Figure 5.2). A
concentration scan was previously performed and the optimal concentrations of 103 and

104 for the freezing of RBCs were found to be 110 mM and 30 mM, respectively.*®

100

80

OH
HO O
Ho&wo
60 HO OCHj
103 (B-PMP-Glc)
40 OH
HO 0
Ho&@/o
20 HO Br

Intact RBCs Post-Thaw (%)

104 (B-pBrPh-Gic)

15% Glycerol 103 104
(110 mM) (30 mM)

Concentration (mM) in 15% Glycerol

Figure 5.2 Percentage of intact RBCs post-thaw using 15% glycerol in combination with
103 (110 mM) or 104 (30 mM). Samples were frozen at a rate 1 °C/min to -40 °C and
thawed at 37 °C in a water bath. These freezing conditions were repeated in duplicate for
each solution. Error bars represent the standard error of the mean (SEM).

Given that 103 and 104 could function as beneficial additives for the freezing of
RBCs with significantly reduced concentrations of glycerol, deglycerolization conditions
were explored. The removal of glycerol is a time-consuming process due to limitations on
how quickly glycerol can be removed from frozen-thawed RBCs without causing

significant cellular damage.’® The addition and removal of glycerol results in large
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osmotic gradients that can lead to cell volume changes, which can be damaging.’®*~"!

RBCs experience hemolysis if they swell beyond a maximal volume or if they are
returned to isotonic conditions after shrinking below a minimal volume.’****® The high
concentrations of glycerol (40%) utilized for RBC cryopreservation in Canada and the
United States requires multistep deglycerolization protocols to minimize the amount of

32,36,54

hemolysis caused by osmotic stress. The most commonly used method for the

removal of glycerol employs an initial wash with 12% saline, an intermediate wash with
1.6% saline and a final wash with 0.9% saline (isotonic).**

Previous attempts to deglycerolization RBCs in the presence of 103 or 104 employed
washing conditions typically utilized for the low glycerol method.”* However, a
significant amount of hemolysis was observed during deglycerolization.*® Since it was
evident that the deglycerolization protocol for the low glycerol method did not translate
to the cryosolutions containing 103 or 104 in 15% glycerol, the osmotic tolerance of
RBCs suspended in a cryosolution containing 103 or 104 in 15% glycerol was previously
examined to aid in determining the gradient steps of washing solutions that are tolerated
and can be used to deglycerolize the RBCs (described in Section 5.2.4).*® The RBC
recoveries for samples (I mL volume) that were frozen by placing into dry ice (-78 °C)
and deglycerolized using the washing conditions determined from the osmotic tolerance
experiments (wash 1 = 5% saline, wash 2 = 1.5% saline and wash 3 = 0.9% saline) are
presented in Figure 5.3. The RBC recoveries were quite low in the presence of 103 or
104, resulting in less than 20% using this method. Ultimately, the deglycerolization of
RBCs containing 103 or 104 in 15% glycerol is problematic, resulting in a significant

amount of hemolysis.
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Figure 5.3 Percentage RBC recovery using 15% glycerol in combination with 103 (110
mM) or 104 (30 mM). Samples were frozen by placing into dry ice (-78 °C) and thawed
at 37 °C in a water bath. The samples were deglycerolized using wash solutions
determined from the osmotic tolerance experiments. These freezing conditions were
repeated in duplicate for each solution. Error bars represent the standard error of the
mean (SEM).

5.2.2.1 Removal of Excess Cryosolution Pre-Freeze

In an attempt to improve the deglycerolization process, the excess cryosolution was
removed prior to freezing to determine whether this could facilitate CPA removal. It was
hypothesized that removal of the excess cryosolution containing 103 or 104 may aid in
mitigating osmotic imbalances during freezing and may result in less cellular damage
during deglycerolization.

In this study, RBCs were suspended in a cryosolution containing 15% glycerol or
15% glycerol + 103 (110 mM) or 104 (30 mM). The RBC samples (1 mL volume) were
then centrifuged and the excess cryosolution was removed prior to freezing
(“Cryosolution Removal Pre-Freeze”). The samples were frozen rapidly by placing into
dry ice (-78 °C) or liquid nitrogen (-196 °C) to ensure that immediate post-thaw
hemolysis was low, affording the greatest quantity of RBCs proceeding through the
deglycerolization process. The samples were subsequently thawed in a 37 °C water bath.
A control experiment was performed in parallel in which the excess cryosolution was

removed after thawing (“Cryosolution Removal Post-Thaw’’). RBCs were deglycerolized
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using the washing conditions previously determined from the osmotic tolerance
experiments (wash 1 = 5% saline, wash 2 = 1.5% saline and wash 3 = 0.9% saline).*®
Following deglycerolization, RBC hemolysis was measured and the results are reported

as the percentage of intact RBCs (Figure 5.4).
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Figure 5.4 Percentage of intact RBCs post-process using 15% glycerol in combination
with 103 (110 mM) or 104 (30 mM). Excess cryosolution was removed prior to freezing.
Samples were frozen by placing into dry ice (-78 °C) or liquid nitrogen (-196 °C) and
thawed at 37 °C in a water bath. These freezing conditions were repeated in duplicate for
each solution. Error bars represent the standard error of the mean (SEM).

Since rapid freezing rates are required for the low glycerol cryopreservation method,* a
greater number of intact RBCs would be expected for RBCs frozen in liquid nitrogen.
The freezing rate for RBC samples that are frozen by placing into dry ice is likely slower
than liquid nitrogen and this is reflected by the different percentage of intact RBCs.
Under rapid freezing conditions to -196 °C, the percentage of intact RBCs remains
unchanged in the presence of 103 or 104 when the excess cryosolution is removed prior
to freezing. However, under slower freezing conditions to -78 °C, the percentage of intact
RBCs decreases in the presence of 103 when the excess cryosolution is removed prior to
freezing. This may suggest that excess amounts of 103 in the extracellular solution confer

additional protection during freezing. During deglycerolization, after each wash the
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supernatant was removed and the amount of hemoglobin (Hgb) in the supernatant was
quantified spectrophotometrically using Drabkin’s assay.’®’ The amount of Hgb in the
supernatants was used to evaluate the extent of cellular damage that occurred post-thaw
and through each of the washes. The results are reported as the percentage of Hgb lost in
each wash step relative to the total amount of Hgb in each sample. The results are
presented in Figure 5.5. It is evident that a large amount of Hgb (> 40%) was lost in the
wash 3 supernatant for 104 in 15% glycerol for all conditions, indicating that a great
amount of RBCs were hemolyzed in the third wash step.

Overall, the results indicate that removal of the excess cryosolution prior to freezing
does not facilitate CPA removal. A decrease in the percentage of intact RBCs post-
process was observed in the presence of 103 when the excess cryosolution was removed
prior to freezing. Furthermore, the highest percentage of hemoglobin was lost in the wash
3 supernatant for both 103 and 104 for all conditions, suggesting that the step-down in
osmolality between wash 2 and wash 3 cannot be tolerated, causing hemolysis. Although
an additional wash step could be employed to provide a more gradual gradient in
osmolality changes, this would be undesirable as it would lengthen the deglycerolization

process.
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Figure 5.5 Percentage of hemoglobin lost post-thaw and in each wash step during the
deglycerolization process when the excess cryosolution was removed prior to freezing.
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These freezing conditions were repeated in duplicate for each solution. Error bars
represent the standard error of the mean (SEM).

5.2.3 Cryopreservation of RBCs using fj-PMP-Glc and f-pBrPh-Glc in the Presence of
Hydroxyethyl Starch

Since the deglycerolization of RBCs containing 103 or 104 in 15% glycerol remained
problematic, we sought to explore an alternative approach using hydroxyethyl starch
(HES) (a non-permeating CPA). HES is an effective CPA for the cryopreservation of
RBCs with the added benefit that its removal from thawed RBCs is not required prior to
transfusion.”*******" Since HES is degraded in the bloodstream by a-amylase,” it can be
directly administered with RBCs,®' thus eliminating the need for post-thaw processing.
Ultimately, this method would eliminate the problems associated with glycerol-preserved
RBCs such as osmotic stress that is incurred during the addition and removal of glycerol.
In addition to its use as a CPA, HES is the main component in plasma expanders used for
the treatment of hypovolemia (low blood volume).®> However, since HES is a non-
permeating CPA, ultra-fast cooling rates and extremely low storage temperatures (-165

63765 Therefore, it was

°C or -195 °C) are required to ensure high RBC recovery.
hypothesized that the addition of 103 or 104 to the HES solution could permit the use of
slower cooling rates while maintaining high RBC recoveries.

To investigate this, the original protocol for the cryopreservation of RBCs with HES
described by Sputtek ef al. was utilized.”> RBCs were suspended in the cryosolution
containing HES (11.5% w/w [200/0.5]) supplemented with either 103 (110 mM) or 104
(30 mM). The concentrations selected for each compound were based on the optimal
concentrations for the freezing of RBCs using 15% glycerol. The samples (1 mL volume)
were cooled rapidly to —196 °C (rate of 115 °C/min) or —78 °C (rate of 5 °C/min) by
placing the samples directly into liquid nitrogen or dry ice, or cooled slowly by
placement in a —80 °C mechanical freezer (rate of ~2 °C/min). Samples were rapidly
thawed at 48 °C in a water bath, diluted with 0.9% saline, and RBC hemolysis was

measured using the Drabkin’s assay.’®’ The results are reported as the percentage of

intact RBCs post-thaw (100 - % hemolysis) and shown in Figure 5.6.%°
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Figure 5.6 Percentage of intact RBCs post-thaw using HES (11.5% w/w in 30 mM NaCl)
in combination with 103 (110 mM) or 104 (30 mM). Samples were frozen by placing in
liquid nitrogen (-196 °C), dry ice (-78 °C) or a -80 °C freezer and thawed at 48 °C in a
water bath. These freezing conditions were repeated in duplicate for each solution. Error
bars represent the standard error of the mean (SEM).

Rapid cooling to —196 °C resulted in a high percentage of intact RBCs post-thaw for all
cryosolutions (Figure 5.6). This was expected because the cryopreservation of RBCs
using HES as a CPA requires fast cooling rates.’” In contrast, when the samples were
cooled to =78 °C in dry ice, the percentage of intact RBCs with 11.5% HES alone
decreased dramatically (from 93% to 50% intact RBCs). This was attributed to the slower
cooling rate. The addition of 103 to the HES cryosolution did not improve the percentage
of intact RBCs compared to the control. Remarkably, a 30 mM solution of 104 in HES
resulted in a 20% increase in the percentage of intact RBCs compared to the HES control.
When utilizing even slower cooling rates, which were achieved by placing the samples
directly into a —80 °C mechanical freezer, a higher percentage of intact RBCs was
observed when 104 was present in solution compared to the HES control. This indicated
that 104 was effective at increasing the percentage of intact RBCs post-thaw, compared
to the HES control, when slower cooling rates were utilized.®

Since a 30 mM solution of 104 in HES could significantly increase the percentage of

intact RBCs post-thaw, we then sought to examine the cell recovery post-thaw. RBC
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recovery was calculated based on changes in RBC volume, hematocrit, and specific

689 and quantifies the number of RBCs that are recovered after thawing. As

gravity
depicted in Figure 5.7, the addition of 103 did not improve RBC recovery compared to
the HES control when frozen by placing into dry ice (-78 °C) or into a -80 °C freezer.
Remarkably, a 30% increase in cell recovery was seen with the addition of 104 under the

same freezing conditions.
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Figure 5.7 Percentage RBC recovery post-thaw using HES (11.5% w/w in 30 mM NaCl)
in combination with 103 (110 mM) or 104 (30 mM). Samples were frozen by placing in
liquid nitrogen (-196 °C), dry ice (-78 °C) or a -80 °C freezer and thawed at 48 °C in a
water bath. These freezing conditions were repeated in duplicate for each solution. Error
bars represent the standard error of the mean (SEM).

This result was encouraging as the addition of 104 in HES resulted in significantly higher
RBC recovery than HES alone using slower cooling rates (5 °C/min). Thus, interest arose
in exploring post-thaw storage of previously frozen RBCs. For these experiments, RBCs
were frozen in a cryosolution containing HES (11.5% w/w) supplemented with either 103
(110 mM) or 104 (30 mM) by placement into dry ice (=78 °C). Samples (1 mL volume)
were rapidly thawed at 48 °C in a water bath and diluted with 0.9% saline. Thawed
samples were stored at 4 °C in a refrigerator and hemolysis was measured at different
time points (immediate, 24 h, 48 h). The results are reported as the percentage of intact
RBCs (Figure 5.8). It can be seen that the percentage of intact RBCs for the HES control

or HES supplemented with 103 does not drastically change over the course of 48 hours.
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However, for RBCs frozen with 104, there is a reduction in the percentage of intact RBCs
after 48 hours of storage (62% versus 33%). These results suggest that RBCs
cryopreserved with 104 in HES can only be stored up to 24 hours post-thaw prior to

transfusion, after which significant hemolysis occurs and RBC quality decreases.
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Figure 5.8 Percentage of intact RBCs post-thaw after 48 hours of storage at 4 °C in a
refrigerator. After thawing, hemolysis was measured immediately, 24 and 48 hours after
storage. These conditions were repeated in duplicate for each solution. Error bars
represent the standard error of the mean (SEM).

In some cases, it is desirable to remove the HES from thawed RBCs. The main reason
for this is that the high concentrations of HES required for cryopreservation lead to
highly viscous mixtures,”” which are difficult to transfuse into patients (i.e. relatively

slow).®”"!

Therefore, lowering the viscosity of the RBC-HES mixture by partially or fully
removing the HES after thawing can permit more rapid administration to patients.””’!
This can be accomplished by dilution or a simple wash procedure after thawing to obtain
the required viscosity for rapid transfusion.®””" As such, we assessed how the removal of
the CPA solution post-thaw would impact the recovery of RBCs.

RBCs were suspended in the cryosolution containing HES (11.5% w/w)
supplemented with either 103 (110 mM) or 104 (30 mM). The samples (1 mL volume)
were cooled rapidly to —196 °C (rate of 115 °C/min) or —78 °C (rate of 5 °C/min) by

placing the samples directly into liquid nitrogen or dry ice. Samples were rapidly thawed
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at 48 °C in a water bath and diluted with 0.9% saline, centrifuged, the supernatants were
removed and RBCs were resuspended in 0.9% saline (“wash”). Samples treated as “no
wash” were diluted with 0.9% saline after thawing and performed in parallel as a control
experiment. RBC recovery was calculated to quantify the number of RBCs that are
recovered after washing. The results are depicted in Figure 5.9. Recoveries are the
highest when the samples were frozen more rapidly (-196 °C). Interestingly, when RBCs
are cryopreserved with HES in combination with 103 or 104, a significant reduction in
RBC recovery was observed after washing. Under slower cooling conditions (-78 °C), an
even greater reduction in RBC recovery was observed after washing. These results
indicate that a significant amount of cells are damaged and lost throughout the washing
process. Overall, the removal of the CPA solution post-thaw is detrimental to cell

recovery as it causes additional damage.

OCHs

120
~ OH
X
< 10 MR
=, HO ~ o
S 80
2 103 (B-PMP-Gic)
(3
& 60 OH

HO 0

8 40 - Ho&@/o
m HO Br

104 (B-pBrPh-Glc)

20 7

Wash

HES ‘103 (110 mM)| 104 (30 mM)‘ HES ‘103 (110 mM)| 104 (30 mM)‘
‘ +HES ‘ +HES ‘

Rapid Freeze (-196 °C) ‘ Rapid Freeze (-78 °C) ‘

Figure 5.9 Percentage RBC recovery post-thaw after a simple wash procedure. These
freezing conditions were repeated in duplicate for each solution. Error bars represent the
standard error of the mean (SEM).

Overall, the results from this study demonstrate that RBCs treated with 104 in HES
result in significantly higher recovery post-thaw utilizing slower cooling rates (5 °C/min).
Additionally, no washing procedure is required, and in principle, frozen RBC units can be

thawed and immediately transfused. However, despite these promising results, it has been
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reported that the transfusion of HES cryopreserved RBCs results in significantly
increased concentrations of plasma hemoglobin.”* As a result, HES is not clinically used
for the cryopreservation of RBCs due to the inadequate data regarding the safety of HES
in patients receiving repeated transfusions.™'® While the use of HES as a CPA for RBCs
has no practical clinical use, this study was important because it indicated that 104 could
be successfully utilized with different cryosolution formulations. Nevertheless, further
studies utilizing IRIs in the presence of HES for the cryopreservation of RBCs were not

performed.

5.2.4 Azido Aryl Glucosides as Cryoprotectants for RBCs

Thus far, the deglycerolization of RBCs cryopreserved with 103 (B-PMP-Glc) or 104
(B-pBrPh-Glc) in 15% glycerol has been problematic, resulting in a significant amount of
cell damage. Since efforts to optimize the deglycerolization conditions for these novel
RBC cryosolutions remained unsuccessful, we sought to investigate different small
molecule IRIs, particularly azido aryl glucosides identified in Chapter 4.

The deglycerolization studies and analysis of RBC recoveries have revealed
important insights into the possible cause of failure in regards to RBCs cryopreserved
with 103 or 104 in 15% glycerol. The low RBC recoveries observed in the presence of
103 or 104 were hypothesized to be the result of membrane interactions during freezing,
causing the RBCs to be more susceptible to osmotic stress during deglycerolization. This
hypothesis was based on observations made from the RBC osmotic tolerance studies as
explained below. Previous studies examined the osmotic tolerance of RBCs after
treatment with 103 or 104 in 15% glycerol to aid in determining the gradient steps of
washing solutions that are tolerated and can be used to deglycerolize the RBCs.*® The
osmolalities of the NaCl solutions are provided in Table 5.1. In these studies, RBCs were
incubated at room temperature with either 15% glycerol, 103 (110 mM) + 15% glycerol
or 104 (30 mM) + 15% glycerol. A SAGM control (saline-adenine-glucose-mannitol)
was included since RBCs are typically stored in this isotonic solution. Following
incubation, the samples were centrifuged, the supernatants were removed and the packed
RBCs were resuspended in various NaCl solutions and hemolysis was measured

spectrophotometrically to determine the appropriate NaCl concentration for wash 1. The
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percentage hemolysis after resuspension in the NaCl Table 5.1 Measured
osmolalities (mOsm/kg) of

solutions following incubation with each cryosolution is NaCl solutions. Osmolalities
. . . greater than 3000 mOsm/kg

shown in Figure 5.10. The osmotic tolerance profiles yere notable to be

accurately read and are

indicated that after incubation with the cryosolutions, RBCs " . +7 (p (no reading).

could be resuspended in NaCl solutions ranging from 4.0- [ % NaCl [ Osmolality
6.0% NaCl, where minimal hemolysis was observed. These (v(;"/r) (mO;gn/kg)
NaCl concentrations correspond to osmolalities of 1235-1760 8§ Sg
mOsm/kg (Table 5.1). Therefore, after thawing, RBC 0.35 114
samples should be washed with NaCl solutions between 4.0- gg }21
6.0% without causing significant hemolysis.** 06.565 gg
Subsequently, NaCl solutions that could be tolerated after 0.65 208
wash 1 were investigated. Following incubation with the 06795 ;gg
cryosolutions and removal of the supernatants, the packed 1%5 431%
RBCs were resuspended in the selected wash 1 solution (5% 2 623
NaCl, 1498 mOsm/kg). The samples were centrifuged, the 235 ;Zg
supernatants were removed and the packed RBCs were 345 ig;‘s‘
resuspended in various NaCl solutions and hemolysis was 4.5 1374
measured  spectrophotometrically to  determine  the 5?5 1232
appropriate NaCl concentration for wash 2. The osmotic ;5 };6)2
tolerance profiles following wash 1 are shown in Figure 5.11. 7 2064
It was observed that both 15% glycerol and 103 (110 mM) + 75'55 g?;g
15% glycerol could be resuspended and washed in an 8; EE g iggg;
isotonic solution (0.9% NaCl, 300 mOsm/kg) following wash 9.5 NR (> 3000)
10 NR (> 3000)

1. In contrast, 104 (30 mM) + 15% glycerol could only be
resuspended in NaCl solutions greater than 3% (> 929 mOsm/kg). NaCl solutions at
concentrations less than 3% resulted in significant hemolysis.* Interestingly, these results
indicated that when 104 is present in the cryosolution, the RBCs have a significantly

lower osmotic tolerance than RBCs with 15% glycerol alone.
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Figure 5.11 Osmotic tolerance of RBCs after wash 1. Following removal of cryosolution

supernatant, packed RBCs were resuspended in wash 1 solution consisting of 5% NaCl.

After incubation with wash 1, packed RBCs were resuspended in various NaCl solutions

- 48
and assessed for hemolysis.

It was hypothesized that this was the result of a potential interaction with the RBC

membrane as RBCs that were suspended in a solution of 104 (30 mM) + 15% glycerol

were very susceptible to hemolysis by large differences in solution osmolalities.
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Accordingly, it was postulated that the low RBC recoveries observed in the presence of
104 were due to membrane interactions during freezing, causing the RBCs to be more
susceptible to osmotic stress during deglycerolization, leading to an increase in cell
damage. Thus, improvements to the deglycerolization process of RBCs frozen with O-
aryl glycosides were explored by investigating different small molecule IRIs. In
particular, it was hypothesized that IRI active azido aryl glucosides (Chapter 4) could
improve the deglycerolization process because these molecules may be less hydrophobic
than 104 (B-pBrPh-Glc), and thus they may be less likely to interact with the RBC
membrane during freezing. This could facilitate their removal during deglycerolization
and avoid extensive osmotic stress. The following azido aryl glucosides (Figure 5.12)
were assessed to determine their ability to function as beneficial cryo-additives that
reduce cellular damage post-thaw and improve RBC recovery.

OH OH OH

"o W0, e,
405 406

OCH,
409

Figure 5.12 Structures of azido aryl glucosides (405, 406 and 409).
5.2.4.1 In Vitro Toxicity of Azido Aryl Glucosides in RBCs

In Chapter 4 (Section 4.2.3), the cytotoxic effects of 405, 406 and 409 were assessed
in HepG2 cells using the conventional MTT assay and dose-response curves were
generated to quantify cytotoxicity (ICsp). It was demonstrated that the azido aryl
glucosides 405, 406 and 409 caused significant loss of HepG2 cell viability after
incubation for 18 h at 37 °C, displaying ICsy values of 9 mM, 3 mM and 12 mM,
respectively. Since these compounds were shown to be quite toxic to HepG2 cells, the
toxicity of 405, 406 and 409 was examined in RBCs prior to performing cryopreservation
studies. To determine whether these compounds cause hemolysis, a hypothermic storage
experiment was performed where RBCs were suspended in 0.9% saline/0.2% dextrose
containing 405 (30 mM), 406 (10 mM) or 409 (20 mM) and stored at 4 °C in a
refrigerator for 7 days. The concentrations selected for each IRI were based on their
maximum solubility in 0.9% saline/0.2% dextrose. The percentage of hemolysis was
measured at different time points (immediate, 24 h, 48 h and 7 days). Thus, the amount of

hemolysis after 7 days of hypothermic storage was used to evaluate the degree of toxicity
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in RBCs. The percentage of RBC hemolysis after hypothermic storage with 405 (30
mM), 406 (10 mM) or 409 (20 mM) is shown in Figure 5.13. It is evident that even after
7 days of storage at 4 °C, less than 0.6% hemolysis was observed for all solutions,
indicating that 405, 406 and 409 do not exhibit any toxicity in RBCs at their maximal
concentrations. This result was encouraging and demonstrated that compounds 405, 406

and 409 are suitable candidates for RBC cryopreservation studies.
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Figure 5.13 Percentage of RBC hemolysis after hypothermic storage (4 °C) with the
indicated solution for up to 7 days. These conditions were repeated in duplicate for each
solution. Error bars represent the standard error of the mean (SEM).

In addition to assessing hemolysis, other RBC parameters such as mean cell volume
(MCYV), the percentage of methemoglobin (MetHb) and membrane deformability were
assessed at each time point (immediate, 24 h, 48 h and 7 days). Mean cell volumes were
measured using an automated hematology analyzer. A normal range for MCV is between
80 and 96 fL.”> A low MCV (i.e. < 80 fL) or a high MCV (i.e. > 96 fL) indicate either
RBC shrinkage or swelling as a result of osmotic imbalances or abnormal RBC
morphologies.”* Mean cell volumes of RBCs after hypothermic storage at 4 °C in a
solution of 405, 406 or 409 in 0.9% saline/0.2% dextrose are shown in Figure 5.14.
Similar to the 0.9% saline/0.2% dextrose control, RBCs stored in 0.9% saline/0.2%
dextrose containing 405 or 406 have normal MCVs over the course of 7 days (~92-96
fL). In contrast, RBCs stored in 0.9% saline/0.2% dextrose containing 409 have
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considerably larger than normal MCVs at each time measurement (~114 fL). It is
important to note that variations in RBC deformability and morphology can lead to
artifacts in the electronic determination of MCV.” Electronic cell counters have a limited
range for accurate MCV determination and changes in morphology can result in false

clevations of the MCV value.”®8

Thus, the increased MCV value may suggest that 409
is causing morphological changes or that 409 is being internalized, leading to an increase
in the intracellular solute concentration which may cause RBC swelling. However, it is
not possible to determine whether 409 is internalized based on MCV alone and thus

internalization was further assessed in Chapter 7.
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Figure 5.14 Mean cell volume after hypothermic storage (4 °C) with the indicated
solution for up to 7 days. These conditions were repeated in duplicate for each solution.
Error bars represent the standard error of the mean (SEM).

The percentage of methemoglobin (metHb) was also measured. RBCs are exposed to
several oxidizing agents during their life span, resulting in the oxidation of hemoglobin to
methemoglobin.”” However, the metHb that is formed in normal RBCs is reduced to
hemoglobin enzymatically in order to maintain metHb levels less than 3%.*"®" While
hemoglobin is capable of carrying oxygen, facilitating delivery from the lungs to tissues,
its oxidized form (metHb) cannot bind oxygen under physiological conditions, therefore
leading to a decrease in the ability of RBCs to transport oxygen.”®' Thus, evaluating the
extent of hemoglobin oxidation during storage of RBCs is an important biological marker
of oxidative stress. The percentage of methemoglobin after hypothermic storage of RBCs

at 4 °C in a solution of 405, 406 or 409 in 0.9% saline/0.2% dextrose is depicted in
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Figure 5.15. Compared to the 0.9% saline/0.2% dextrose control, it can be seen that
metHD levels for RBCs stored in 0.9% saline/0.2% dextrose containing 405 or 409 were
higher after 24 hours. After 7 days of hypothermic storage, the percentage of metHb for
RBCs stored with 405 or 409 increased substantially (30% and 14%, respectively). In
contrast, the percentage of metHb for RBCs stored in 0.9% saline/0.2% dextrose
containing 406 did not change throughout storage and remained similar to the control.
After 7 days of hypothermic storage, RBC metHb levels for the 0.9% saline/0.2%
dextrose control and 406 were within the physiological range (< 3%).* These results
suggest that 405 and 409 behave as oxidizing agents in RBCs, accelerating the oxidation
of hemoglobin and eventually overwhelming the capacity of reducing endogenous
systems.” It has been reported in the literature that 4-methoxyphenol is capable of
initiating oxidation of hemoglobin to methemoglobin.*’ Given the structure of 405, which
contains a methoxy substituent (-OCH3) at the para-position of the aryl ring, it seems
plausible that 405 may be oxidizing hemoglobin via a mechanism similar to that of 4-
methoxyphenol. Thus, it is not surprising that RBCs stored with 405 result in elevated

levels of metHb.
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Figure 5.15 Percentage of methemoglobin after hypothermic storage (4 °C) with the
indicated solution for up to 7 days. These conditions were repeated in duplicate for each
solution. Error bars represent the standard error of the mean (SEM).

RBC membrane deformability was measured by ektacytometry using the laser
assisted optical rotational cell analyzer (LORCA).** The ability of RBCs to deform is

essential for their navigation through the microvasculature and subsequent delivery of
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oxygen to tissues.” In recent years, studies have demonstrated that hypothermically
stored RBCs have decreased deformability, which can affect their ability to enter the
microvasculature, resulting in impaired perfusion and oxygen delivery to tissues.” ™
RBC deformability is measured by subjecting a suspension of RBCs in a high viscous
medium to flow stress and applying varying shear stresses, causing RBC deformation.**
By passing a laser through the suspension, the deformability of RBCs can be measured
from the diffraction patterns of the laser.* This results in a characteristic deformability
curve which is then linearized via the Eadie-Hofstee technique to obtain two parameters
describing RBC deformation; Elpa and Kg** Elne is defined as the maximum
elongation index predicted at an infinite shear stress and therefore it is an indicator of
overall RBC deformability.™ Kg; is defined as the shear stress required to elongate to half
of the El . and thus it is an indicator of RBC rigidity.84 Therefore, a high El,, indicates
very deformable RBCs whereas a high Kg; indicates very rigid RBCs as more shear stress
is required to reach half of the Elnax. Elmax and Kgr values after hypothermic storage of
RBCs at 4 °C in a solution of 405, 406 or 409 in 0.9% saline/0.2% dextrose are shown in
Figure 5.16. Normal ranges for Elm.x and Kg; values are 0.56-0.58 and 2.40-2.94,
respectively.** Compared to the 0.9% saline/0.2% dextrose control, the El.x values for
RBCs stored in 0.9% saline/0.2% dextrose containing 405 or 406 were of similar
magnitude throughout 7 days of hypothermic storage. In contrast, the Eln, value for
RBCs stored with 409 was immediately considerably lower than the control and did not
change throughout storage. The markedly decreased Ely.x value of ~0.24 indicates that
the RBCs are less deformable in the presence of 409. In other words, the RBCs do not
retain the ability to elongate. At the immediate time measurement, RBCs stored in 0.9%
saline/0.2% dextrose containing 405 or 406 had Kg; values that were similar to the
control, whereas RBCs stored in 409 had a noticeably decreased Kg; value. The decreased
Kgr value (~0.78) is indicative of a decrease in cellular rigidity. However, after 7 days of
hypothermic storage, Kg; values for RBCs stored in 405, 406 or 409 were similar to the
0.9% saline/0.2% dextrose solution. Collectively, the observed decrease in Ely.x and Kg;
values suggests potential alterations to the structure of the RBC membrane, resulting in
changes in membrane rigidity (increase in membrane fluidity).*** Overall, it is evident

that RBCs stored with 409 lead to impairment of RBC deformability.
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Figure 5.16 RBC deformability parameters (A) Eln.x and (B) Kg; after hypothermic
storage (4 °C) with the indicated solution for up to 7 days. These conditions were
repeated in duplicate for each solution. Error bars represent the standard error of the

mean (SEM).

In summary, the hypothermic storage study indicated that RBCs stored in 0.9%

saline/0.2% dextrose containing 405, 406 or 409 do not exhibit any toxicity as less than

0.6% hemolysis was observed after 7 days of storage. Thus, given the non-toxic nature of

compounds 405, 406 and 409 in RBCs, they are suitable candidates for RBC

cryopreservation studies. Furthermore, the hypothermic storage study provided some

insight into how these compounds affect RBC quality in the absence of freezing by

measuring mean cell volumes, methemoglobin levels and membrane deformability.
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5.2.4.2 Freezing of RBCs using Azido Aryl Glucosides in the Presence of 15% Glycerol

To assess the ability of azido aryl glucosides 405, 406 and 409 to effectively
cryopreserve RBCs in the presence of 15% glycerol, an initial study was performed
where RBCs were suspended in a cryosolution containing 15% glycerol or 15% glycerol
+ 405 (30 mM), 406 (10 mM) or 409 (20 mM). The concentrations selected for each
compound were based on their maximum solubility. RBCs were incubated for 10 minutes
at room temperature prior to cooling to -5 °C. The samples (300 pL volume) were then
nucleated at -5 °C to ensure that ice nucleation occurred at the same subzero temperature
in each vial and subsequently cooled to -40 °C (rate of 1 °C/min) or -78 °C by placement
into dry ice. The samples were rapidly thawed in a 37 °C water bath and RBC hemolysis
was measured utilizing the Drabkin’s assay.”®>’ The results are reported as the percentage

of intact RBCs post-thaw (100 - % hemolysis) shown in Figure 5.17.
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Figure 5.17 Percentage of intact RBCs post-thaw using 15% glycerol in combination
with 405 (30 mM), 406 (10 mM) or 409 (20 mM). Samples were frozen to -40 °C (1
°C/min) or -78 °C by placement into dry ice and thawed at 37 °C in a water bath. These
freezing conditions were repeated in duplicate for each solution. Error bars represent the
standard error of the mean (SEM).

Under rapid freezing conditions (i.e. -78 °C), the percentage of intact RBCs post-thaw

were above 80% for all conditions. This was expected because the cryopreservation of

33,34

RBCs using 15% glycerol requires fast cooling rates. Under slow cooling conditions
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(i.e. -40 °C at a rate of 1 °C/min), the 15% glycerol control resulted in approximately
40% intact RBCs post-thaw. The addition of 409 (20 mM) to a solution of 15% glycerol
significantly increased the percentage of intact RBCs post-thaw to approximately 95%.
Unfortunately, the addition of 406 (10 mM) to a solution of 15% glycerol resulted in only
a slight increase in the percentage of intact RBCs post-thaw (56% intact RBCs), whereas
405 (30 mM) was ineffective in increasing the percentage of intact RBCs post-thaw
relative to the 15% glycerol control. Since 409 was capable of significantly increasing the
percentage of intact RBCs post-thaw using slow cooling rates (1 °C/min), we sought to
explore whether concentrations lower than 20 mM could be utilized in combination with
15% glycerol. As such, 409 was prepared at a final concentration of 5 mM, 10 mM and
15 mM in 15% glycerol and RBC samples were frozen at a controlled rate of 1 °C/min to
-40 °C, rapidly thawed in a 37 °C water bath and hemolysis was measured to determine
the lowest concentration of 409 that could be used to effectively cryopreserve RBCs. A
20 mM solution of 409 in 15% glycerol was included for comparison. The percentage of
intact RBCs post-thaw in the presence of different concentrations of 409 in 15% glycerol
is depicted in Figure 5.18. It is evident that the optimal concentration of 409 for the
freezing of RBCs is 20 mM as this concentration results in the highest percentage of
intact RBCs post-thaw. At concentrations lower than 20 mM, a reduction in the
percentage of intact RBCs post-thaw was observed. It is important to note that a
concentration scan was not performed on 405 and 406 since lowering their concentrations

would unlikely improve their effectiveness.
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Figure 5.18 Percentage of intact RBCs post-thaw using 15% glycerol in combination
with 409 at the indicated concentrations. Samples were frozen to -40 °C at a rate of 1
°C/min) and thawed at 37 °C in a water bath. These freezing conditions were repeated in
duplicate for each solution. Error bars represent the standard error of the mean (SEM).

Since 409 was capable of significantly increasing the percentage of intact RBCs post-
thaw in the presence of 15% glycerol and slow cooling rates, we also sought to explore
whether the concentration of glycerol could be reduced further. For this study, 409 was
prepared at a final concentration of 20 mM in either 10%, 5% or 0% glycerol and RBC
samples were cooled to -40 °C (rate of 1 °C/min) or -78 °C by placement into dry ice and
subsequently thawed in a 37 °C water bath. RBC hemolysis was measured and the results
are reported as the percentage of intact RBCs post-thaw (100 - % hemolysis) shown in
Figure 5.19. A 20 mM solution of 409 in 15% glycerol was included for comparison.
Under rapid freezing conditions (i.e. -78 °C), the percentage of intact RBCs post-thaw
were well below 80% for conditions that employed glycerol concentrations less than
15%. The addition of 409 (20 mM) to a solution of 15% glycerol was as effective as 15%
glycerol alone under rapid freezing conditions. Under slow cooling conditions (i.e. -40 °C
at a rate of 1 °C/min), a solution of 409 (20 mM) in 15% glycerol remained the most
effective for freezing RBCs as glycerol concentrations lower than 15% resulted in a

significant reduction in the percentage of intact RBCs post-thaw. Overall, these studies
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indicated that the optimal cryosolution resulting in a high percentage of intact RBCs post-

thaw is 15% glycerol supplemented with 409 (20 mM).
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Figure 5.19 Percentage of intact RBCs post-thaw using various concentrations of
glycerol in combination with 409 (20 mM). Samples were frozen to -40 °C (1 °C/min) or
-78 °C by placement into dry ice and thawed at 37 °C in a water bath. These freezing
conditions were repeated in duplicate for each solution. Error bars represent the standard
error of the mean (SEM).

5.2.4.3 Osmotic Tolerance of RBCs after Treatment with 15% Glycerol and Azido Aryl
Glucosides

With the ability of 409 to significantly increase the percentage of intact RBCs post-
thaw relative to 15% glycerol alone, the ability to deglycerolize RBCs was then
investigated. However, prior to deglycerolizing RBCs frozen with 409 (20 mM) in 15%
glycerol, the osmotic tolerance of RBCs was examined to aid in determining the gradient
steps of washing solutions that are tolerated and can be used to deglycerolize the
RBCs.>> The osmolalities of the NaCl solutions are provided in Table 5.1 (Section
5.2.4). Although the addition of 405 (30 mM) or 406 (10 mM) to a solution of 15%
glycerol was ineffective in increasing the percentage of intact RBCs post-thaw, the

osmotic tolerance of RBCs suspended in these cryosolutions was also examined as proof
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of concept that azido aryl glucosides may interact with the RBC membrane less and may
be less susceptible to osmotic stress.

In these studies, RBCs were incubated at room temperature with either 15% glycerol,
405 (30 mM) + 15% glycerol, 406 (10 mM) + 15% glycerol or 409 (20 mM) + 15%
glycerol. A SAGM control (saline-adenine-glucose-mannitol) was included since RBCs
are typically stored in this isotonic solution. Following incubation, the samples were
centrifuged, the supernatants were removed and the packed RBCs were resuspended in
various NaCl solutions and hemolysis was measured spectrophotometrically to determine
the appropriate NaCl concentration for wash 1. The percentage hemolysis after
resuspension in the NaCl solutions following incubation with each cryosolution is shown
in Figure 5.20. The osmotic tolerance profiles indicate that after incubation with the
cryosolutions, RBCs could be resuspended in NaCl solutions ranging from 4.5-6.0%
NaCl, where minimal hemolysis was observed. These NaCl concentrations correspond to
osmolalities of 1374-1760 mOsm/kg (Table 5.1). Therefore, after thawing, RBC samples
should be washed with NaCl solutions between 4.5-6.0% without causing significant

hemolysis.
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Figure 5.20 Osmotic tolerance of RBCs incubated with SAGM or cryosolutions. After
incubation with the indicated solution, packed RBCs were resuspended in various NaCl
solutions and assessed for hemolysis.

Subsequently, NaCl solutions that could be tolerated after wash 1 were investigated.

Following incubation with the cryosolutions and removal of the supernatants, the packed
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RBCs were resuspended in the wash 1 solution (4.5% NaCl, 1374 mOsm/kg). This
solution was selected because it was the lowest saline concentration that the RBCs could
tolerate without causing significant hemolysis (Figure 5.20). The samples were
centrifuged, the supernatants were removed and the packed RBCs were resuspended in
various NaCl solutions and hemolysis was measured spectrophotometrically to determine
the appropriate NaCl concentration for wash 2. The osmotic tolerance profiles following
wash 1 are shown in Figure 5.21. It was observed that both 15% glycerol and 409 (20
mM) + 15% glycerol could be resuspended and washed in an isotonic solution (0.9%
NacCl, 300 mOsm/kg) with less than 5% hemolysis. In addition, 405 (30 mM) and 406 (10
mM) could also be subjected to a final wash with isotonic saline (0.9% NaCl, ~20%
hemolysis). These studies indicated that the ideal wash solutions for 405 (30 mM), 406
(10 mM) and 409 (20 mM) in 15% glycerol are as follows: wash 1 = 4.5% NaCl (~1400
mOsm/kg); wash 2 = 0.9% NaCl (isotonic, ~300 mOsm/kg). Thus, a two-step wash
procedure can be used to deglycerolize RBCs cryopreserved with 405, 406, or 409 in
15% glycerol and the RBCs can be returned to isotonic conditions.
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Figure 5.21 Osmotic tolerance of RBCs after wash 1. Following removal of cryosolution

supernatant, packed RBCs were resuspended in wash 1 solution consisting of 4.5% NaCl.

After incubation with wash 1, packed RBCs were resuspended in various NaCl solutions
and assessed for hemolysis.

These results were encouraging as RBCs treated with 405, 406, or 409 + 15% glycerol

could tolerate large differences in solution osmolalities without causing extensive cell
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damage resulting in hemolysis. It was previously shown that the second wash of the
deglycerolization process was problematic, resulting in a significant amount of
hemolysis, especially in the presence of 104.** Specifically, it was demonstrated that
RBCs suspended in a cryosolution containing 104 (30 mM) + 15% glycerol could only be
washed with NaCl solutions greater than 3% (> 929 mOsm/kg) (previously discussed in
Section 5.2.4). Compared to the osmotic tolerance profile for 104 following wash 1, the
profiles for 405, 406, or 409 shift drastically to lower osmolalities and the RBCs can
tolerate resuspension in an isotonic (0.9%) saline solution for wash 2 (Figure 5.22). These
results clearly indicate that RBCs suspended in 405, 406, or 409 + 15% glycerol have
higher osmotic tolerances than 104 in 15% glycerol. It was hypothesized that compounds
405, 406, and 409 may be less hydrophobic than 104 and thus they may be less strongly
affiliated with the RBC membrane. As a result, RBCs treated with 405, 406, or 409 are
less susceptible to osmotic stress. Thus, RBCs cryopreserved with 405, 406, or 409 in
15% glycerol may suffer less osmotic damage during deglycerolization, resulting in less

hemolysis and higher cell recoveries.
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Figure 5.22 Comparison of osmotic tolerance profiles for RBCs suspended in the
indicated solution after wash 1.
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5.2.4.4 Post-Thaw Deglycerolization of RBCs in the Presence of 15% Glycerol and
Azido Aryl Glucosides

The ideal washing conditions, established from the osmotic tolerance studies, were
then applied for the deglycerolization of RBCs frozen with either 15% glycerol, 405 (30
mM) + 15% glycerol, 406 (10 mM) + 15% glycerol or 409 (20 mM) + 15% glycerol. In
this experiment, two different cooling rates were utilized. The reason for this was; (1) the
faster cooling rate (~5 °C/min) would ensure that immediate post-thaw hemolysis was
lower to afford a greater quantity of RBCs proceeding through the deglycerolization
process and (2) the slower cooling rate (~1 °C/min) would more closely mimic the
freezing conditions that are employed clinically in Canada for RBC cryopreservation.

RBCs suspended in the appropriate cryosolution were cooled rapidly to -78 °C (rate
of ~5 °C/min) by plunging the samples directly into dry ice or cooled slowly by placing
the samples in a -80 °C mechanical freezer (rate of ~1 °C/min). The samples (1 mL
volume) were thawed quickly at 37 °C in a water bath and subjected to deglycerolization
using the following wash conditions: wash 1 = 4.5% NaCl (~1400 mOsm/kg); wash 2 =
0.9% NaCl (~300 mOsm/kg); resuspension in 0.9% saline. After each wash, the
supernatant was removed and the amount of hemoglobin (Hgb) in the supernatant was
quantified spectrophotometrically using Drabkin’s assay.’®’ The amount of Hgb in the
supernatants was used to evaluate the extent of cellular damage that occurred post-thaw
and through each of the washes. The results are reported as the percentage of Hgb lost in
each wash step relative to the total amount of Hgb in each sample. The results are
presented in Figure 5.23. It is evident that a large amount of Hgb (> 40%) was lost in the
post-thaw supernatant for 15% glycerol, 405 (30 mM) + 15% glycerol and 406 (10 mM)
+ 15% glycerol for both freezing conditions, indicating extensive RBC damage during
the freeze-thaw process. This was not surprising since 405 and 406 were initially shown
to be ineffective in increasing the percentage of intact RBCs post-thaw (Section 5.2.4.2,
Figure 5.17) without deglycerolization. Conversely, RBCs cryopreserved with 409 (20
mM) + 15% glycerol resulted in less than 30% Hgb lost in the post-thaw supernatant for
both freezing conditions. The % Hgb lost in the wash 1 supernatant for all cryosolutions
and freezing conditions ranged from 8-18%, indicating that this first wash solution does

not cause a substantial amount of hemolysis. Remarkably, despite the large difference in
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osmolality between wash 1 (~1400 mOsm/kg) and wash 2 (~300 mOsm/kg), less than
10% Hgb was lost in the wash 2 supernatant for all cryosolutions and freezing conditions.
These results demonstrate that RBCs cryopreserved with 405, 406 or 409 in 15% glycerol
experience less cellular damage during deglycerolization, resulting in less hemolysis

through each of the washes.
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Figure 5.23 Percentage of hemoglobin lost post-thaw and in each wash step during the
deglycerolization process. These freezing conditions were repeated in duplicate for each
solution. Error bars represent the standard error of the mean (SEM).

The overall RBC recoveries after the deglycerolization process are shown in Figure
5.24. Under rapid freezing conditions (i.e. -78 °C at a rate of 5 °C/min), RBCs that were
cryopreserved with 405 (30 mM) or 406 (20 mM) + 15% glycerol afforded a recovery of
16% and 47%, respectively, compared to the 15% glycerol control which yielded a
recovery of 35%. A significant increase in recovery was observed in the presence of 409
(20 mM) + 15% glycerol (recovery of 57%). Conversely, under slower cooling conditions
(i.e. -80 °C at a rate of 1 °C/min), a reduction in RBC recovery was observed for 406.
Interestingly, RBCs that were cryopreserved with 409 (20 mM) + 15% glycerol resulted
in no substantial decrease in recovery, despite utilizing even slower cooling rates. These
results were encouraging for two reasons; (1) significantly higher recoveries were

obtained with 409 compared to 104 (B-pBrPh-Glc) (recovery of 57% versus 3%) and (2)
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slow cooling rates can be effectively utilized with 409 in the presence of 15% glycerol.
These deglycerolization experiments were performed using a total volume of 1 mL.
Consequently, given the promising results on a 1 mL scale, we sought to examine the

ability of 409 + 15% glycerol to effectively cryopreserve RBCs utilizing a larger volume.
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Figure 5.24 Percentage RBC recovery after deglycerolization using 15% glycerol in
combination with 405 (30 mM), 406 (10 mM) or 409 (20 mM). Samples were frozen to -
78 °C (~5 °C/min) by placement into dry ice or -80 °C (~1 °C/min) by placement in a
freezer and thawed at 37 °C in a water bath. These freezing conditions were repeated in
duplicate for each solution. Error bars represent the standard error of the mean (SEM).

5.2.4.5 Large-Scale Cryopreservation of RBCs in the Presence of 409 and 15%
Glycerol

To evaluate the potential of 409 + 15% glycerol in clinical applications, a scale-up
method was explored. The volume of a typical RBC unit is approximately 300 mL.>* The
previous studies focused on the cryopreservation of relatively small volumes, typically in
cryovials (1 mL). In such sample volumes, heat transfer is relatively rapid and uniform
cooling rates are achieved.”’ However, in larger sample volumes, heat transfer occurs
more slowly as a result of the low surface area to volume ratio and thus the cooling rate
in large volumes is significantly slower.”' In addition, with larger volumes, the thawing
rate is considerably slower,” increasing the extent of ice recrystallization resulting in
increased cellular damage. As a result, the variation in the cooling and warming rates can

negatively impact successful cryopreservation. Towards this end, the slower freezing and
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warming rates for a larger volume are beneficial since it has been demonstrated that 409
can protect RBCs from ice recrystallization injury associated with slow cooling rates.

The previous small-scale cryopreservation studies demonstrated the following: (1) the
optimal cryosolution resulting in a high percentage of intact RBCs post-thaw is 15%
glycerol supplemented with 409 (20 mM), (2) the ideal wash solutions to deglycerolize
the RBCs are 4.5% NaCl (wash 1) and 0.9% NaCl (wash 2) and (3) slow cooling rates
can be effectively utilized with 409 in the presence of 15% glycerol. At this point, prior
to performing large-scale cryopreservation, we sought to explore additional factors of the
freezing process such as cell concentration. The influence of cell concentration during

d.”*® In particular, it

freezing on post-thaw viability and recovery has been well studie
has been shown that increasing the hematocrit (i.e. packed cell volume) during the
cryopreservation of RBCs increases hemolysis upon thawing.”>** Considering the effect
of hematocrit on the recovery of RBCs after cryopreservation, it was hypothesized that
decreasing the hematocrit may improve the percentage of intact RBCs post-thaw. To test
this hypothesis, different cell:cryoprotectant volume ratios were investigated to determine
the optimal ratio that could result in the highest percentage of intact RBCs post-thaw. It is
important to note that in the initial deglycerolization studies utilizing 1 mL volumes
(Section 5.2.4.4), the final cell:cryoprotectant volume ratio was 1:1 representing a
hematocrit of approximately 30%. In this experiment, RBCs were suspended in the
cryosolution containing 409 (20 mM) + 15% glycerol at RBC:CPA ratios of either 1:1,
1:1.5, 1:2, 1:2.5 or 1:3 while maintaining the same total volume per sample (3 mL). This
experiment was performed using a 3 mL volume since the cooling and warming rates
would be slower than those observed with the 1 mL volume, providing a better
representation of a large sample volume. The samples were incubated for 10 minutes at
room temperature prior to cooling to either -78 °C (rate of 2.4 °C/min) by placement into
dry ice or -196 °C (rate of 77 °C/min) by immersion in liquid nitrogen. The samples were
rapidly thawed in a 37 °C water bath and RBC hemolysis was measured utilizing the
Drabkin’s assay.’®”’ The results are reported as the percentage of intact RBCs post-thaw

(100 - % hemolysis) shown in Figure 5.25.
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Figure 5.25 Percentage of intact RBCs post-thaw following cryopreservation at different
RBC:CPA ratios. Samples were frozen to -78 °C (rate of 2.4 °C/min) by placement into
dry ice (A) or -196 °C (rate of 77 °C/min) by immersion in liquid nitrogen (B) and
thawed at 37 °C in a water bath. These freezing conditions were repeated in duplicate for
each solution. Error bars represent the standard error of the mean (SEM).

Under rapid freezing conditions (i.e. -196 °C at a rate of 77 °C/min), the percentage of
intact RBCs post-thaw was above 90% for all conditions with no observed difference in
the cell:cryoprotectant volume ratios. This was expected because the cryopreservation of

4 .
33% Under slower cooling

RBCs using 15% glycerol requires fast cooling rates.
conditions (i.e. -78 °C at a rate of 2.4 °C/min), RBCs cryopreserved in 15% glycerol had

less than 40% intact RBCs post-thaw, irrespective of the cell:cryoprotectant ratio.
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However, a RBC cryosolution containing 409 (20 mM) + 15% glycerol in a 1:3
cell:cryoprotectant ratio was considerably more effective than a 1:1 ratio, resulting in the
highest percentage of intact RBCs post-thaw. This study validated the hypothesis and
indicated that a 1:3 ratio of RBCs to cryoprotectant solution (409 (20 mM) + 15%
glycerol) should be utilized in conjunction with slow cooling rates to maximize the
percentage of intact RBCs post-thaw. Thus, for the preliminary large-scale
cryopreservation experiment, a 1:3 ratio of RBCs to cryoprotectant solution was used in
combination with the ideal wash solutions determined from the osmotic tolerance
experiments for deglycerolization. Although these conditions differed from the previous
small-scale protocol, they were a logical starting point to evaluate the scale-up method.
For the large-scale experiment, RBCs were prepared in a 1L Origen freezing bag in a
1:3 ratio of RBCs to cryoprotectant solution (15% glycerol or 409 (20 mM) + 15%
glycerol) to obtain a total sample volume of 250 mL. The samples were frozen directly in
dry ice (-78 °C) or liquid nitrogen (-196 °C) prior to storage in a -80 °C freezer. The
samples were thawed in a 37 °C water bath, a 2 mL aliquot was taken and tested
immediately for hemolysis (Figure 5.26). The results are reported as the percentage of
intact RBCs post-thaw and signify the amount of cellular damage that occurred during
the freeze-thaw process. Under both freezing conditions, the percentage of intact RBCs
post-thaw was greater than 80%, indicating minimal RBC damage during the freeze-thaw
process. However, the percentage of intact RBCs post-thaw was slightly higher using
liquid nitrogen freezing conditions. This was expected since the cooling rate utilizing
liquid nitrogen would be faster than dry ice and the cryopreservation of RBCs using 15%

3334 Nevertheless, these results demonstrated that

glycerol requires fast cooling rates.
immediate post-thaw hemolysis was low and a large quantity of RBCs was proceeding

through the deglycerolization process.
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Figure 5.26 Percentage of intact RBCs post-thaw using 15% glycerol in combination
with 409 (20 mM). Samples were frozen to -78 °C by placement into dry ice or -196 °C
by immersion in liquid nitrogen, thawed at 37 °C in a water bath and aliquots were taken

(n =2). Error bars represent the standard error of the mean (SEM).

The RBC samples were deglycerolized utilizing the washing conditions determined
from the osmotic tolerance experiments: wash 1 = 4.5% NaCl (~1400 mOsm/kg) and
wash 2 = 0.9% NaCl (~300 mOsm/kg) followed by resuspension in AS-3 to obtain a
hematocrit of 50%. However, a pre-dilution step was employed prior to wash 1 to provide
a more gradual step-down from the high osmolality of the cryosolution (> 3000
mOsm/kg) to the significantly lower osmolality of wash 1 (~1400 mOsm/kg). This pre-
dilution step involved the addition of the wash 1 solution (~750 mL of 4.5% NaCl) to the
RBCs suspended in cryosolution to gradually decrease the osmolality of the cryosolution
closer to the osmolality of the wash 1 solution. It was hypothesized that using a pre-
dilution step prior to wash 1 would result in the RBCs being more tolerable to
resuspension in lower osmolality solutions. After each wash, the supernatant was
removed and the amount of hemoglobin (Hgb) in the supernatant was quantified
spectrophotometrically using Drabkin’s assay.”®’ The amount of Hgb in the supernatants

was used to evaluate the extent of cellular damage that occurred through each of the
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washes. The results are reported as the percentage of Hgb lost in each wash step relative

to the total amount of Hgb in each sample. The results are presented in Figure 5.27.
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Figure 5.27 Percentage of hemoglobin lost in each wash step during the
deglycerolization process (n = 1).
Remarkably, very little hemoglobin (less than 10%) was lost in each step during
deglycerolization, indicating that the RBCs experience minimal cellular damage during
the washing procedure, resulting in less hemolysis through each of the washes.

The overall RBC recovery after the deglycerolization process is depicted in Figure
5.28. Under liquid nitrogen freezing conditions, RBCs cryopreserved with 15% glycerol
alone or 409 (20 mM) + 15% glycerol afforded recoveries of 62% and 65%, respectively,
suggesting that the addition of 409 (20 mM) to a solution of 15% glycerol provided no
additional protection under these conditions. However, under slower cooling conditions
(i.e. dry ice), RBCs cryopreserved with 409 (20 mM) + 15% glycerol afforded a
considerably higher recovery than those cryopreserved with 15% glycerol alone
(recovery of 70% versus 30%). For the small volume cryopreservation experiments (1
mL), placement of the samples into dry ice produced a cooling rate of approximately 5
°C/min. Although the exact cooling rate was not determined for the large sample volume
(250 mL), it is likely much slower because heat transfer will be significantly

compromised compared with those achieved in cryovials. This preliminary large-scale
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study further emphasizes that RBCs can be effectively cryopreserved with 409 in the
presence of 15% glycerol using slow cooling rates. Furthermore, these RBCs can be
deglycerolized without causing extensive cell damage. These preliminary results

highlight the need for optimization studies.
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Figure 5.28 Percentage RBC recovery after deglycerolization using 15% glycerol in
combination with 409 (20 mM). Samples were frozen to -78 °C by placement into dry
ice or -196 °C by immersion in liquid nitrogen and thawed at 37 °C in a water bath (n =

1).
5.2.4.6 RBC Functional Analysis After Cryopreservation with 409 + 15% Glycerol

The in vitro quality of RBCs frozen with 409 (20 mM) + 15% glycerol in dry ice (-78
°C), stored in a -80 °C freezer, deglycerolized and stored at 4 °C in AS-3 for 7 days was
assessed and compared to RBC units cryopreserved with 40% glycerol. In vitro assays
included an assessment of hemolysis; measurements of mean cell volume (MCV),
adenosine triphosphate (ATP), 2,3-diphosphoglycerate (DPG), and methemoglobin
(MetHb) concentration; oxygen affinity; membrane deformability; and extracellular
potassium and sodium levels. These assays were performed 24 hours and 7 days after
deglycerolization and the measurements are listed in Table 5.2. In RBCs frozen with 15%
glycerol or 409 (20 mM) + 15% glycerol, the percentage of hemolysis was less than 5%
after storage at 4 °C for 7 days, indicating that minimal cell damage was occurring

throughout storage. Mean cell volumes were measured using an automated hematology
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analyzer. A typical range for MCV values for RBCs cryopreserved in 40% glycerol,
deglycerolized and stored at 4 °C for 24 hours is 84.2-97.2 fL.* RBCs cryopreserved
with 15% glycerol or 409 (20 mM) + 15% glycerol had larger than normal MCVs after
24 hours and 7 days of post-thaw storage. A high MCV (i.e. > 97.2 fL) indicates either
RBC swelling as a result of osmotic imbalances or abnormal RBC morphologies.”* Since
15% glycerol has a noticeably higher than normal MCV (~120 fL), this may suggest that
either the residual glycerol concentration is above 1%, causing RBC swelling or that
cryopreservation and subsequent deglycerolization affect RBC morphology.

The percentage of methemoglobin (metHb) was also measured. RBCs are exposed to
several oxidizing agents during their life span, resulting in the oxidation of hemoglobin to
methemoglobin.” However, the metHb that is formed in normal RBCs is reduced to
hemoglobin enzymatically in order to maintain metHb levels less than 3%.*"®' While
hemoglobin is capable of carrying oxygen, facilitating delivery from the lungs to tissues,
its oxidized form (metHb) cannot bind oxygen under physiological conditions, therefore

781 Thus, evaluating the

leading to a decrease in the ability of RBCs to transport oxygen.
percentage of methemoglobin after deglycerolization is an important biological marker of
oxidative stress. The percentage of methemoglobin after 24 hours and 7 days of post-
thaw storage is shown in Table 5.2. A typical range for metHb (%) for RBCs
cryopreserved in 40% glycerol, deglycerolized and stored at 4 °C for 24 hours is 0.32-
1.32%.% The metHb levels for RBCs cryopreserved with 15% glycerol or 409 (20 mM) +
15% glycerol were elevated 24 hours after deglycerolization (~6%). It is likely that
cryopreservation and subsequent deglycerolization affect the metHb reduction pathway in
RBCs. While the metHb levels for RBCs frozen with 15% glycerol decreased to 3.2%
after storage for 7 days, the metHb levels for RBCs frozen with 409 (20 mM) + 15%
glycerol increased to 9.0%. This is consistent with previous results that revealed that

RBCs stored at 4 °C with 409 for greater than 24 hours possess elevated levels of metHb
(Section 5.2.4.1, Figure 5.15).
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Table 5.2 RBC quality measurements after 24 hours and 7 days of post-thaw storage.

15% Glycerol 409 (20 mM) + 15% Glycerol

(n=1) (n=1)
RBC hemolysis, % 3.4(4.2) 3.1 (4.1)
Mean cell volume, fL 120.8 (119.2) 108 (107.7)
Methemoglobin, % 6.3 (3.2) 6.4 (9.0)
ATP, umol/g Hb 3.3(0.4) 3.6 (1.1)
2,3-DPG, umol/g Hb 0.2 1.7
p350, mmHg 16.5 (15.8) 16.6 (15.3)
El.. 0.41 (0.41) 0.45(0.43)
Kg; 1.77 (2.13) 1.93 (1.90)
Extracellular potassium, mmol/L <1.0(3.4) 1.1 (4.5)
Extracellular sodium, mmol/L 193 (196) 227 (218)

*Value in brackets represents day 7 testing

The storage of RBCs at 4 °C is associated with several biochemical changes that
result in the loss of in vivo properties.”” For instance, these changes include a decrease in
intracellular ATP and 2,3-DPG levels.'” ' Reduced levels of ATP impair RBC
metabolic activities including glycolysis and maintenance of membrane integrity, thereby
reducing RBC deformability and promoting alterations in their shape, which results in
decreased RBC viability.'” "% The ease with which hemoglobin releases oxygen to the
tissues is controlled by 2,3-DPG.'” 2,3-DPG alters the oxygen affinity of hemoglobin
such that an increase in the concentration of 2,3-DPG reduces the affinity of hemoglobin

106

for oxygen.  Therefore, increased levels of 2,3-DPG improve tissue oxygenation

1% Dye to the interaction of 2,3-DPG

whereas decreased levels can lead to tissue hypoxia.
with hemoglobin and its subsequent effect on oxygen affinity, changes in the
concentration of 2,3-DPG will shift the oxygen-hemoglobin dissociation curve which is
characterized by the p50 value (the partial pressure of oxygen at which hemoglobin is
50% saturated with oxygen).'” Thus, low levels of 2,3-DPG shift the oxygen-

hemoglobin dissociation curve to the left and decrease the p50 value. In other words, the
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affinity of hemoglobin for oxygen increases and the ability of RBCs to deliver oxygen to
tissues becomes limited.* Conversely, high levels of 2,3-DPG shift the oxygen-
hemoglobin dissociation curve to the right and increase the p50 value.'” The levels of
ATP were measured after 24 hours and 7 days of post-thaw storage (Table 5.2). A normal
range for ATP levels for RBCs cryopreserved in 40% glycerol, deglycerolized and stored
at 4 °C for 24 hours is 2.98-3.78 umol/g Hb.*" After storage for 24 hours, RBCs
cryopreserved with 15% glycerol or 409 (20 mM) + 15% glycerol possessed ATP levels
within the normal range. However, after storage for 7 days, ATP levels were depleted for
RBCs cryopreserved with 15% glycerol (0.4 umol/g Hb) or 409 (20 mM) + 15% glycerol
(1.1 pmol/g Hb), indicating decreased RBC viability.'”” This is expected as ATP levels
decrease over time with hypothermic storage.'”'%* Conversely, re-suspension of
deglycerolized RBCs in AS-3 solution for 24 hours likely provided additional nutrients to
maintain ATP levels post-cryopreservation.

The levels of 2,3-DPG were also measured 24 hours after deglycerolization (Table
5.2). A typical range for 2,3-DGP levels for RBCs cryopreserved in 40% glycerol,
deglycerolized and stored at 4 °C for 24 hours is 0.72-9.60 pmol/g Hb.** RBCs
cryopreserved with 15% glycerol or 409 (20 mM) + 15% glycerol possessed 2,3-DPG
levels of 0.2 umol/g Hb and 1.7 umol/g Hb, respectively. It appears that 2,3-DPG levels
for RBCs cryopreserved with 15% glycerol alone are reduced compared to RBC units
cryopreserved with 40% glycerol, which may indicate an increased affinity of
hemoglobin for oxygen and a decreased ability of RBCs to deliver oxygen to tissues.
However, due to the small number of samples examined (n = 1), it is not possible to
conclude whether this value is statistically different. Nevertheless, RBCs cryopreserved
with 409 (20 mM) + 15% glycerol possessed 2,3-DPG levels within the normal range,
suggesting that oxygen transport function is not impaired.

The partial pressure of oxygen at which hemoglobin is 50% saturated, known as the
p50, was measured after 24 hours and 7 days of post-thaw storage (Table 5.2). The p50 is
a conventional measure of hemoglobin affinity for oxygen such that an increased p50
value indicates decreased affinity whereas a lower p50 value indicates higher affinity.'"
Typical p50 levels for RBCs cryopreserved in 40% glycerol, deglycerolized and stored at

108

4 °C for 24 hours are approximately 21.4 mmHg. ™ RBCs cryopreserved with 15%
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glycerol or 409 (20 mM) + 15% glycerol possessed similar p50 levels (~17 mmHg) after
storage for 24 hours. After 7 days of storage at 4 °C, the p50 levels were consistent with
those previously reported for RBC units cryopreserved with 40% glycerol.'” These
results further suggest that oxygen transport function is not reduced.

RBC membrane deformability was measured by ektacytometry using the laser
assisted optical rotational cell analyzer (LORCA).** The ability of RBCs to deform is
essential for their navigation through the microvasculature and subsequent delivery of
oxygen to tissues.”> As such, a decrease in RBC deformability can affect their ability to
enter the microvasculature, resulting in impaired perfusion and oxygen delivery to

888 RBC deformability is measured by subjecting a suspension of RBCs in a high

tissues.
viscous medium to flow stress and applying varying shear stresses, causing RBC
deformation.™ By passing a laser through the suspension, the deformability of RBCs can
be measured from the diffraction patterns of the laser.* This results in a characteristic
deformability curve which is then linearized via the Eadie-Hofstee technique to obtain
two parameters describing RBC deformation; El. and Kgp.** Elpa is defined as the
maximum elongation index predicted at an infinite shear stress and therefore it is an
indicator of overall RBC deformability.** Kg; is defined as the shear stress required to
elongate to half of the Eland thus it is an indicator of RBC rigidity.** Thus, a high
Elmnax indicates very deformable RBCs whereas a high Kg; indicates very rigid RBCs as
more shear stress is required to reach half of the Elnax. Elmax and Kgp values after RBC
cryopreservation with 15% glycerol or 409 (20 mM) + 15% glycerol are shown in Table
5.2. RBC deformability was measured after 24 hours and 7 days of post-thaw storage.
Typical Elnax and Kg; values for RBCs cryopreserved in 40% glycerol, deglycerolized
and stored at 4 °C for 24 hours are approximately 0.55 and 2.36, respectively.'®"''° The
Elmax values for RBCs cryopreserved with 15% glycerol or 409 (20 mM) + 15% glycerol
were similar (~0.4) to those previously reported and remained unchanged after 7 days of
storage. Similarly, RBCs cryopreserved with 15% glycerol or 409 (20 mM) + 15%
glycerol possessed comparable Kg; values to those reported for 40% glycerol.'” These
results suggest that cryopreservation utilizing 409 (20 mM) + 15% glycerol and

subsequent deglycerolization does not impact RBC deformability.
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Extracellular potassium (K') and sodium (Na') were measured after 24 hours and 7
days of post-thaw storage. Under normal conditions, the RBC membrane functions as a
permeability barrier, allowing the cell to maintain different concentrations of ions

" The sodium/potassium adenosine triphosphate (Na'/K*~ ATPase) pump

intracellularly.
is responsible for correcting minor ion leakages such that potassium is pumped into the
cell in exchange for sodium, maintaining a gradient where potassium is the principal

111,112

intracellular cation and sodium is the principal extracellular cation. However, at

temperatures of 4 °C, typically employed for the storage of RBCs, the Na'/K" ATPase

pump has limited functionality.''"-!">!!*

This results in changes in cation gradients such
that potassium progressively leaks from the RBCs into the surrounding medium,
gradually increasing the extracellular potassium concentration.''> A typical range for
extracellular potassium and extracellular sodium for RBCs cryopreserved in 40%
glycerol and deglycerolized is 0.6-1.0 mmol/L and 137.9-140.7 mmol/L, respectively.'"
After 24 hours of storage, RBCs cryopreserved with 15% glycerol or 409 (20 mM) +
15% glycerol possessed extracellular potassium concentrations of approximately 1.0
mmol/L. This is consistent with previously reported values as thawed RBC units usually
have low potassium content due to the removal of these extracellular substances during
washing.''® During storage, the extracellular potassium concentration increased from 1.0
mmol/L 24 hours after deglycerolization to approximately 4.0 mmol/L after 7 days of
storage. This is expected as extracellular potassium levels can increase by 0.5-1.0
mmol/L per day of refrigerated storage.''” Extracellular sodium concentrations for RBCs
cryopreserved with 15% glycerol or 409 (20 mM) + 15% glycerol appeared to be slightly
elevated compared to those reported for 40% glycerol, which may be due to altered
permeability of the RBC membrane resulting from cell damage during cryopreservation.
Overall, the in vitro assays suggest that RBCs frozen with 409 (20 mM) + 15%
glycerol in dry ice (-78 °C), stored in a -80 °C freezer, deglycerolized and stored at 4 °C
in AS-3 possess comparable quality and function to those cryopreserved with 40%
glycerol. However, a major limitation of this study was the small number of samples
studied (n = 1), which did not permit the adequate examination of RBC in vitro quality

and function. Nevertheless, the findings obtained from this preliminary large-scale study

underscore the need for further investigation.
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5.2.5 Summary for RBC Cryopreservation

Previous work by our laboratory demonstrated that small molecule IRIs 103 (B-PMP-
Glc) and 104 (B-pBrPh-Glc) are effective additives for the freezing of RBCs with the
ability to increase the percentage of intact RBCs post-thaw in the presence of 15%
glycerol and slow cooling rates. This initial discovery was significant since post-thaw
processing times would be greatly reduced with low glycerol concentrations and would
provide access to more readily available RBC units. The next steps involved exploring
deglycerolization conditions to determine whether the glycerol could be adequately
removed from RBCs cryopreserved with 103 or 104 in 15% glycerol; however, it was
shown that a significant amount of cellular damage occurred, resulting in very low cell
recoveries. An attempt to improve the deglycerolization process focused on removing the
excess cryosolution prior to freezing; however, this did not facilitate CPA removal as a
decrease in the percentage of intact RBCs post-process was observed. Furthermore, an
alternative approach using HES was explored since this method would eliminate the
problems associated with glycerol-preserved RBCs. It was demonstrated that the addition
of 104 to a solution of HES was capable of increasing the percentage of intact RBCs
post-thaw and cell recovery when slow cooling rates were utilized. However, HES is not
clinically used for the cryopreservation of RBCs due to the inadequate data regarding the
safety of HES in patients receiving repeated transfusions and therefore, this study served
to demonstrate that 104 can be successfully utilized with different cryosolution
formulations.

While efforts to optimize the deglycerolization conditions for these novel RBC
cryosolutions remained unsuccessful, these studies were crucial because they provided
insight into the possible cause of failure. In particular, osmotic tolerance studies that were
previously performed demonstrated that RBCs suspended in 104 + 15% glycerol had
significantly lower osmotic tolerances following wash 1. It was hypothesized that this
was the result of a potential interaction with the RBC membrane, and ultimately low cell
recoveries were observed because of membrane interactions during freezing, causing the
RBCs to be more susceptible to osmotic stress during deglycerolization. Thus, it was
postulated that IRI active azido aryl glucosides may improve the deglycerolization

process since these molecules may be less likely to interact with the RBC membrane
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during freezing, facilitating their removal during deglycerolization. Given the non-toxic
nature of 405, 406 and 409 in RBCs, their cryopreservation potential was explored and it
was initially demonstrated that 409 was a more effective cryoprotectant than 405 or 406
in the presence of 15% glycerol and slow cooling rates. Osmotic tolerance studies were
performed to help determine the gradient steps of washing solutions that are tolerated and
can be used to deglycerolize the RBCs. It was immediately evident that RBCs suspended
in 405, 406 or 409 + 15% glycerol had a much higher osmotic tolerance after wash 1 and
could be resuspended in isotonic saline (0.9%). Therefore, a two-step wash method was
employed and initial small-scale (1 mL volume) deglycerolization studies demonstrated
that RBCs cryopreserved with azido aryl glucosides experience less RBC damage during
deglycerolization. The most remarkable observation was that RBCs cryopreserved with
409 + 15% glycerol resulted in significantly higher recoveries than those obtained with
104 (B-pBrPh-Glc) utilizing slow cooling conditions. The potential of this IRI in clinical
applications was evaluated by exploring a scale-up method in which the total sample
volume was increased to 250 mL. An increase in cell recovery was observed when RBCs
were frozen with 409 (20 mM) + 15% glycerol by placement into dry ice (recovery of
70%). RBC quality parameters were measured to evaluate the function of RBC
metabolism and membrane post-cryopreservation and the in vitro assays suggested that
RBCs frozen with 409 (20 mM) + 15% glycerol possess comparable quality and function
to those cryopreserved with 40% glycerol.

Overall, these results demonstrate that azido aryl glucosides are beneficial additives
for the freezing of RBCs in the presence of reduced concentrations of glycerol. More
importantly, while a number of modifications to the large-scale cryopreservation protocol
were made, this preliminary work demonstrates that it is possible to successfully scale up
to larger volumes (~250 mL) using 409 (20 mM) in 15% glycerol. Further optimization is
required to utilize automated deglycerolization methods, which could yield greater RBC
recovery with increased removal of free hemoglobin, and would reduce operator time and

increase the overall efficiency of the deglycerolization process.
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5.3 Cryopreservation Ability of Small Molecule IRIs with MSCs
5.3.1 Introduction — Cryopreservation of MSCs

Mesenchymal stem cells (MSCs) are multipotent stem cells with the capacity to
differentiate into osteocytes, adipocytes, and chondrocytes as well as neurocytes and

118

hepatocytes.” ~ MSCs were initially isolated from bone marrow; however, various tissues

such as adipose tissue, amniotic fluid, endometrium, dental tissue and umbilical cord

tissue have been reported to harbor potential MSCs.''®

Due to the tissue repair properties
of MSCs,'" they are ideal candidates for several biomedical applications, in particular
cell-based therapies for the treatment of various inflammatory diseases,'”’ cardiac
repair,121 musculoskeletal ~ diseases,'”> and osteoarthritis.'">  Furthermore, the
immunosuppressive properties of MSCs are advantageous compared to other cell types as
it permits allogeneic transplantation without the need for immunosuppressive therapy.'*
Despite the great advantages that MSCs have over other stem cells, their clinical
applications are impeded by several barriers of which include obtaining a sufficient
amount of cells. Typically, large numbers of MSCs are obtained by culturing or pooling
from multiple donors;'** however, not all MSCs can be cultured for long periods of time
as it has been shown that they lose their potency during in vitro expansion.''® When
MSCs are continuously subcultured, it increases the possibility of contamination,
genotypic drift, chromosomal abnormalities and phenotypic instability.'*'*’ In addition,
early passage MSCs were shown to display increased differentiation ability to osteocytes,
adipocytes and chondrocytes compared to those at higher passage numbers and on long-

term culture.'?®

It has also been reported that the engraftment efficiency of MSCs
decreases with higher passage number.'” Consequently, the only feasible method that
can provide a large number of MSCs in an “off-the-shelf” format for clinical applications
is cryopreservation and cell banking.

Several cryopreservation techniques have been employed to preserve MSCs;
however, the challenges lie in optimizing the freezing protocols to ensure that post-thaw
MSCs maintain their viability and functional properties, and retain the characteristics of
freshly isolated MSCs. Conventional methods of MSC cryopreservation commonly use

10% DMSO in an electrolyte solution (ex. PlasmalLyte A, PLA) containing an added

protein (ex. Human Serum Albumin, HSA). The cell solutions are typically frozen in a
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controlled rate freezer'*” or at a rate of 1 to 5 °C/min to approximately -100 °C at which

point the cells are stored in liquid nitrogen."”' Although these protocols yield high post-

130

thaw viability and recovery, ©~ DMSO is cytotoxic at the concentrations used to preserve

cells, therefore complicating the direct clinical use of frozen-thawed cells. Upon the
infusion of MSCs frozen in DMSO, it has been shown that patients develop mild
complications such as nausea and vomiting.">> Furthermore, DMSO has been reported to

possess a wide spectrum of toxicities and adverse effects on the central nervous

133,134 135,136

respiratory, hemolytic,"’ gastrointestinal,’ hepatic,"’

135,138

system,
cardiovascular and renal systems."> Due to these toxic effects, it can necessitate the
removal of DMSO from thawed cells prior to use; however, this process is both complex
and time-consuming'* and has been shown to be associated with damaging osmotic
shock," resulting in cell loss. Nevertheless, despite its toxicity, DMSO remains the only
effective CPA.

Considering the therapeutic potential of MSCs for a variety of diseases, there is a
need to ensure that cryopreserved MSCs maintain their functional capacity in order to be
effective therapeutics. In recent years, several research groups have examined the impact
of cryopreservation on MSC functionality, particularly on its immunomodulatory
functions. It has been suggested that freshly thawed MSCs display impaired

immunomodulatory and blood regulatory properties.'>”"*"!*!

These results highlight a
possible cause for the failure of clinical trials on MSC-based immunotherapy using
freshly thawed cell products as compromised MSC function may result in diminished
efficacy.'””'*""'** Consequently, since the treatment efficacy of MSC transplantation
depends on the quality of transplanted MSCs, the impact of cryopreservation on MSC
function must be well understood in order to advance MSC-based therapies.
Improvements to the cryopreservation protocol for MSCs have primarily focused on
developing procedures that utilize reduced concentrations of DMSO to minimize toxicity
or that replace DMSO with non-toxic alternatives. In particular, several studies have
demonstrated that the concentration of DMSO could be reduced to 5% without
significantly comprising the post-thaw viability of MSCs.'*'*” Furthermore, a DMSO-
free cryopreservation protocol for MSCs has recently been reported which involves the

addition of different sugars (sucrose, trehalose or raffinose) into the cell culture medium
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for 24 h prior to cryopreservation and subsequent freezing in the presence of sugars.'**'*

The application of sugars on both the pre-treatment and cryopreservation stages was

shown to result in a significant increase in MSC viability.'**

The majority of these studies
limited their assessment of cellular function post-thaw to membrane integrity, failing to
adequately provide insight on the functional capacity of MSCs. A recent study examined
the effects of optimized DMSO-free cryopreservation solutions on the molecular, cellular

and biological properties of MSCs."

In this study, MSCs were cryopreserved in
solutions containing different combinations of sugars, sugar alcohols and small molecule
additives and post-thaw MSC samples underwent extensive functional characterization
including immunomodulatory functions, gene expression analysis of growth factors,
adhesion molecules, transcription factors, chemokines, and stress genes, which are all

159 1t was demonstrated that MSCs

associated with the functionality and potency of MSCs.
frozen using these osmolyte-based cryopreservation solutions exhibited comparable post-
thaw recovery and improved post-thaw attachment compared to MSCs cryopreserved
with DMSO." In addition, these novel cryosolutions retained the differentiation ability
of MSCs and were shown to improve post-thaw function of MSCs via effects on the
epigenome and expression of cytoprotective genes.'™°

Given the recent evidence that suggests that freshly thawed MSCs may have
compromised function, we sought to examine the ability of small molecule IRIs to
function as beneficial additives to improve the post-thaw function of MSCs. Furthermore,
since MSCs are nucleated cells that possess the ability to differentiate into a variety of

cell types,"”' they are an appropriate in vitro model for studying the effects of IRIs on cell

proliferation and differentiation.

5.3.2 Cryopreservation of MSCs using [-pBrPh-Glc and 2FA in the Presence of
DMSO

It has been previously demonstrated that 104 (B-pBrPh-Glc) is an effective additive
for the freezing of human RBCs with the ability to increase the percentage of intact RBCs
post-thaw in the presence of reduced concentrations of glycerol (15%) and slow cooling
rates. However, this relied on post-thaw integrity alone, which is not indicative of
functional capacity. Thus, the cryopreservation potential of 104 (B-pBrPh-Glc) was

explored in MSCs to assess its functional capacity and determine whether post-thaw
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MSC function could be improved in the presence of 104. Conversely, although IRI active
azido aryl glucosides were shown to be effective additives for the freezing of RBCs
(Section 5.2.4), they were not explored in MSCs due to their lengthy chemical syntheses
that are not amenable to large-scale preparations necessary for cryopreservation
applications. In addition to 104 (B-pBrPh-Glc), N-(2-fluorophenyl)-D-gluconamide (501
(2FA), Figure 5.29) was also explored for the cryopreservation of MSCs. It has been
previously demonstrated that this class of novel small molecules, N-aryl-D-aldonamides,
possess the ability to inhibit ice recrystallization and function as beneficial additives to
the standard 10% DMSO solution to improve the post-thaw function of hematopoietic
stem and progenitor cells (HSPCs) from umbilical cord blood (UCB).?’ Specifically, it
was demonstrated that 501 (2FA) was the most effective inhibitor of ice recrystallization
and resulted in a significant increase in the number of post-thaw committed progenitors
and CD34+ cell numbers.*’ This highlighted the ability of 501 (2FA) supplemented with
10% DMSO to increase the post-thaw function and potency of HSPCs from UCB.
Consequently, interest arose in examining the ability of 501 (2FA) to protect other
cellular products. Thus, small molecule IRIs, 104 (B-pBrPh-Glc) and 501 (2FA), were
assessed for their ability to function as beneficial additives for the cryopreservation of

MSCs to improve post-thaw function.
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Figure 5.29 Structures of 104 (B-pBrPh-Glc) and 501 (2FA).

This preliminary study involved the use of bone marrow-derived MSCs, which were
prepared at 2.0 x 10° cells/mL in standard freezing media (5% Human Albumin (HA) and
10% DMSO in PlasmaLyte A (PLA)) supplemented with either 104 (30 mM) or 501 (15
mM). Human albumin is a protein that provides cellular stabilization and PlasmaLyte A
is an electrolyte solution that provides physiological osmolality and pH.'>* Thus, the
standard media formulation for MSC freezing is suitable for clinical use."” The
concentration selected for 104 was based on the previous optimal concentration for the
freezing of human RBCs, whereas the concentration selected for 501 was based on its

maximum solubility in standard freezing media (5% HA-PLA and 10% DMSO) at 37 °C.
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The samples were frozen in a controlled rate freezer using an optimized step-down
program in which the starting temperature was set at 18 °C, and the temperatures were
subsequently modulated as indicated: 5 °C/min until the chamber reached 4 °C, 1 °C/min
until the sample reached -6 °C, 30 °C/min until the chamber reached -40 °C, 10 °C/min
until the chamber reached -18 °C, 1 °C/min until the chamber reached -40 °C, 5 °C/min
until the chamber reached -80 °C, 10 °C/min until the chamber reached -180 °C, followed
by transfer to liquid nitrogen storage. This step-down program was initially optimized for
a solution of 5% HA-PLA and 10% DMSO to ensure high post-thaw viability and
recovery. Thus, to ensure that this step-down program could be utilized for solutions
containing 104 or 501 in 5% HA-PLA and 10% DMSO, freezing curves were recorded.
The cooling profiles are depicted in Figure 5.30.

A) B)
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0 0

-50

-50

-100 -100

Temperature ( °C)
Temperature ( °C)

-150 -150

-200 -200
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Time (minutes) Time (minutes)

Figure 5.30 Cooling profiles for solutions of 104 (A) or 501 (B) in 5% HA-PLA and
10% DMSO using the optimized step-down program.

The cooling and warming steps of the freezing profile (30 °C/min to -40 °C, 10 °C/min to
-18 °C) correspond to a downward spike in the temperature of the chamber included to
“flatten” the temperature rebound of the sample resulting from the latent heat of fusion of
ice formation (nucleation).” This method of rapid temperature reduction is often used in
controlled rate freezers to control ice nucleation and provide temperature compensation

31t is

for release of the latent heat of fusion to result in improved post-thaw viability.
evident that the step-down program previously optimized can be utilized for solutions
containing 104 or 501 as uniform cooling profiles were achieved with minimal latent heat
evolution upon freezing (Figure 5.30).

Samples were removed from liquid nitrogen storage and thawed at room temperature

until no ice was observed. Cell viability after thawing was measured by Trypan Blue
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exclusion and Annexin V and propidium iodide (PI) staining, and cell recovery was
calculated. Viable cells were identified as both Annexin V and PI negative. The results

are shown in Table 5.3.

Table 5.3 Cell viability, recovery and proliferation post-thaw.

5% HA-PLA and 104 (30 mM) in 5% HA-PLA 501 (15 mM) in 5% HA-PLA

10% DMSO and 10% DMSO and 10% DMSO
(=1 (n=3) (n=2)
(C;”yl;éibg;';ye’)% 92.5 87.6+0.8 90.9+0.9
(C/;ell/l_/v;;z;{a)ility, % 823 82.0+4.2 91.7+0.6
Cell recovery, % 80.0 73.3+6.7 91.3+0.7
g_rpo}izcj;ezation, % in 6.9 56+05 23.6+1.9

*Results shown as mean + SEM.

MSC:s cryopreserved in 5% HA-PLA and 10% DMSO possessed a recovery of 80% and
cell viabilities of 92.5% and 82.3% as measured by Trypan Blue exclusion and Annexin
V and PI staining, respectively. In comparison, MSCs cryopreserved in 5% HA-PLA and
10% DMSO containing 104 (30 mM) or 501 (15 mM) had similar recoveries of 73.3 £
6.7% or 91.3 £+ 0.7%, respectively. In the presence of 104 (30 mM) or 501 (15 mM), cell
viability post-thaw was also comparable to the control (5% HA-PLA and 10% DMSO).
In addition to assessing cell viability and recovery, cell proliferation was measured 48
hours post-thaw as a surrogate marker of recovery. The S-phase of the cell cycle
represents the period in which cells replicate their DNA,"* and thus cell proliferation is
characterized by de novo DNA synthesis during this phase.™ Cell proliferation was
analyzed in post-thaw samples cryopreserved with 104 or 501 using the EAU (5-ethynyl-

2’-deoxyuridine) assay.'”

EdU is a thymidine nucleoside analog containing an alkyne
that is incorporated into newly synthesized DNA strands of proliferating cells. The
alkyne group of the incorporated EdU is then detected through its reaction with a
fluorescent-labeled azide in a Cu(I)-catalyzed [3+2] cycloaddition reaction (“click”
chemistry).'” Using flow cytometry, the percentage of S-phase cells in the population
can be determined. The results are shown in Table 5.3. In the control sample (5% HA-

PLA and 10% DMSO), approximately 7% of cells were in the S-phase of the cell cycle.
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However, an increase in the fraction of cells in the S-phase of the cell cycle was observed
for those cryopreserved with 501 (23.6 = 1.9%), indicating that de novo DNA synthesis is
occurring at a much higher rate. This effect was specific to 501 because cells
cryopreserved with 104 possessed a similar fraction of cells in the S-phase to that of the
control.

In addition, post-thaw samples were cultured for three days to evaluate cell
attachment and growth. After three days in culture, MSCs were harvested, counted and
cell viability was measured by Trypan Blue exclusion and Annexin V and PI staining. In
addition, the cells were imaged and there were no apparent morphological changes in

those cryopreserved with 104 or 501 compared to the control (Figure 5.31).

Figure 5.31 Morphology of post-thaw MSCs after three days in culture.

After three days in culture, MSCs cryopreserved in 5% HA-PLA and 10% DMSO
supplemented with 104 (30 mM) or 501 (15 mM) possessed cell viabilities comparable to
the control as measured by Trypan Blue exclusion and Annexin V and PI staining (Table
5.4). The characteristics of cultured MSCs were measured in terms of population
doubling and population doubling time (Table 5.4). Population doubling refers to the total
number of times the cells in culture have increased two-fold (doubled).'”® The population
doublings for MSCs cryopreserved with 501 (15 mM) in 5% HA-PLA and 10% DMSO
and cultured post-thaw for three days were greater (2.7 + 0.3) than those cryopreserved in
5% HA-PLA and 10% DMSO, signifying that these cells possess augmented replicative
capacity. There were no differences observed between those cryopreserved with 104 (30
mM) in 5% HA-PLA and 10% DMSO and the control in terms of population doublings.
The ability of MSCs to proliferate in vitro was also evaluated by measuring the
population doubling time, which refers to the time required for a population to double the

number of cells.””” MSCs cryopreserved with 501 (15 mM) in 5% HA-PLA and 10%
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DMSO and cultured post-thaw for three days had lower doubling times (27.4 + 3.6 h)
compared to those cryopreserved with 104 (30 mM) or 5% HA-PLA and 10% DMSO
alone, which did not show differences in their doubling times (59.7 £ 5.3 h versus 52.2
h). These results are significant because greater proliferation of MSCs post-thaw when
cryopreserved with 501 would allow for shorter culture time or large expansion to

generate a sufficient quantity of MSCs for clinical use.

Table 5.4 Cell viability, population doubling and doubling time after 3 days in culture
post-cryopreservation.

5% HA-PLA and 104 (30 mM) in 5% HA-PLA 501 (15 mM) in 5% HA-PLA

10% DMSO and 10% DMSO and 10% DMSO
n=1) n=3) (n=3)

Cell viability, %

(Trypan Blue) 92.8 89.1+1.6 95.3+0.6
Cell viability, %

(AV-/PL) 91.5 94.5+0.07 93.2+1.2
Population doubling 1.4 1.2+£0.1 2.7+£0.3
Doubling time, h 52.2 59.7+53 274+3.6

*Results shown as mean + SEM.

5.3.3 Summary for MSC Cryopreservation

It has been previously demonstrated that 104 (B-pBrPh-Glc) and 501 (2FA) are
effective additives for the freezing of human RBCs and the freezing of HSPCs from
UCB, respectively. As a result, we sought to explore the cryopreservation potential of
104 and 501 in bone marrow-derived MSCs to examine their ability to function as
beneficial additives to improve MSC function post-thaw. In this preliminary study, MSCs
were cryopreserved in 5% HA-PLA and 10% DMSO supplemented with either 104 (30
mM) or 501 (15 mM) using an optimized step-down program. Upon thawing, cells were
assessed for viability, recovery and proliferation. Although there were no differences in
cell viability and recovery post-thaw for all conditions, analysis of proliferation showed
that proliferative capacity was substantially increased when MSCs were cryopreserved in
5% HA-PLA and 10% DMSO containing 501 (15 mM). Furthermore, MSCs that were
cultured after cryopreservation with 501 had lower doubling times and underwent more

population doublings. These results are encouraging given that MSCs cryopreserved with
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501 (15 mM) in 5% HA-PLA and 10% DMSO demonstrate marked improvement in
post-thaw MSC function. Additional testing is currently on-going to increase the number
of technical and biological replicates and ultimately, further functional analysis is

required.

5.4 Experimental Procedures

Small molecule IRIs 103 (B-PMP-Glc), 104 (B-pBrPh-Glc) and 501 (2FA) used in
this chapter for cryopreservation studies were prepared as previously described.””'>® IRI
active azido aryl glucosides 405, 406 and 409 used in this chapter for cryopreservation
studies were prepared as described in the experimental section of Chapter 4.
Cryopreservation protocols for RBCs and MSCs are described below. Culture of MSCs,
cryopreservation, and EdU cell proliferation assays were done in collaboration with
Liliana Davila, a research technician under the supervision of Dr. David Courtman at the

Ottawa Hospital Research Institute (OHRI).

5.4.1 Blood Collection and Preparation

All RBCs were obtained from NetCAD (Canadian Blood Services’ Network Centre
for Applied Development). Whole blood was collected from healthy volunteers using
standardized phlebotomy guidelines approved by Canadian Blood Services (CBS).
Informed consent was obtained from all donors. All experimental protocols were
approved by NetCAD and CBS. Ethics approvals were obtained from Research Ethics
Board (REB) at CBS and the University of Alberta. For cryovial experiments, whole
blood units were collected and processed by NetCAD (Vancouver, BC). The whole
blood was processed using the buffy coat (BC) method to produce leukocyte reduced
SAGM RBC units, which has been previously described.”® ABO matched RCCs were

pooled and split to reduce donor to donor variability.

5.4.2 RBC Freezing and Thawing Experiments using 15% Glycerol

The freezing solution consisted of a 30% glycerol solution prepared from a
commercially available glycerol solution (57 Glycerolyte, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 150 pL of

RBC:s for a final volume of 300 pL. The final concentrations of all freezing solutions are
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as indicated in the text. RBC suspensions were transferred to cryotubes and incubated at
room temperature for 10 minutes prior to immersion in a methanol bath cooled to -5 °C.
A thermocouple was inserted into a RBC/15% glycerol sample (temperature probe) to
monitor temperature at 1 s intervals. Once the internal solution from the temperature
probe reached -5 °C, ice nucleation was induced by touching the cryotubes with pre-
cooled (in liquid nitrogen) forceps. RBC samples were then held at -5 °C for 5 minutes.
Samples were then cooled at a rate of 1 °C/min to -40 °C or placed into dry ice (-78 °C)
and thawed in a 37 °C water bath.

5.4.3 Post-Thaw Hemolysis

Post-thaw hematocrits (hct) and percentage hemolysis were determined for all
freezing experiments by comparing the supernatant hemoglobin concentration to total
hemoglobin concentration using the cyanmethemoglobin Drabkin’s method.’®” The
percentage of intact RBCs post-thaw was calculated using the measured percentage
hemolysis values according to the following equation: % intact RBCs post-thaw = 100 -

% hemolysis.

5.4.4 RBC Deglycerolization Experiments

The freezing solution consisted of a 30% glycerol solution prepared from a
commercially available glycerol solution (57 Glycerolyte, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 500 pL of
RBC:s for a final volume of 1.0 mL. The final concentrations of all freezing solutions are
as indicated in the text. RBC suspensions were transferred to cryotubes and incubated at
room temperature for 10 minutes prior to placement into dry ice (-78 °C) or a —80 °C
freezer. A thermocouple was inserted into a RBC/15% glycerol sample (temperature
probe) to monitor temperature at 1 s intervals. Following thawing at 37 °C in a water
bath, RBC samples were centrifuged at 2,200 g for 5 minutes at 4 °C and the supernatant
was removed. Packed RBCs were then resuspended in wash 1 solution by adding an
equal volume of the removed supernatant. Samples were centrifuged at 2,200 g for 5
minutes at 4 °C and the supernatant was removed. This process was repeated for wash 2
and wash 3 (if necessary). Following removal of the supernatant, the remaining packed

RBCs were resuspended in 0.9% saline or AS-3 solution.
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5.4.5 Calculation of RBC Recovery

All empty vials, pre-processed vials and post-deglycerolized vials were weighed and
recorded. Percentage cell recovery was calculated based on changes in RBC volume and
hematocrit (hct) according to the following equation: % cell recovery = (post-weight (g)
X post-specific gravity (g/mL) x post-hct)/ (pre-weight (g) x pre-specific gravity (g/mL) x
pre-hct) x 100.

5.4.6 RBC Deglycerolization Experiment with Removal of Excess Cryosolution Pre-
Freeze

The freezing solution consisted of a 30% glycerol solution prepared from a
commercially available glycerol solution (57 Glycerolyte, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 500 puL of
RBC:s for a final volume of 1.0 mL. The final concentrations of all freezing solutions are
as indicated in the text. RBC suspensions were transferred to cryotubes and incubated at
room temperature for 10 minutes. RBC samples were centrifuged at 2,200 g for 5 minutes
at 4 °C and the supernatant was removed prior to placement into dry ice (-78 °C) or
immersion in liquid nitrogen (-196 °C). A thermocouple was inserted into a RBC/15%
glycerol sample (temperature probe) to monitor temperature at 1 s intervals. Following
thawing at 37 °C in a water bath, RBCs were suspended in wash 1 solution (500 pL) and
centrifuged at 2,200 g for 5 minutes at 4 °C and the supernatant was removed. This
process was repeated for wash 2 and wash 3. Following removal of wash 3 supernatant,

the remaining packed RBCs were resuspended in 0.9% saline.

5.4.7 RBC Freezing and Thawing Experiments using 11.5% HES

The freezing solution consisted of an HES solution (23% w/w in 60 mM NaCl)
prepared from commercially available 200/0.5 HES (Fresenius Kabi) by diluting it with
60 mM NaCl. An equal volume of freezing solution was added to 500 pL of RBCs for a
final volume of 1.0 mL. The final concentrations of all freezing solutions are as indicated
in the text. Samples were cooled by plunging into liquid nitrogen (=196 °C) or dry ice (—
78 °C), or by placing in a —80 °C freezer, and thawed immediately in a 48 °C water bath.
After thawing, RBCs were diluted with 0.9% saline (500 pL). Samples treated with a

simple wash procedure were centrifuged at 16,000 g for 5 minutes at 4 °C, the
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supernatant was removed and RBCs were resuspended in 0.9% saline (500 pL).

5.4.8 RBC In Vitro Toxicity (Hypothermic Storage)

An equal volume of 0.9% saline/0.2% dextrose was added to 5.5 mL of RBCs for a
final volume of 11 mL. The final concentrations of all solutions are as indicated in the
text. RBC properties were measured immediately or after 24 h, 48 h or 7 days of storage

at 4 °C in a refrigerator.

5.4.9 RBC Indices

Mean cell volume (MCV) was measured using a hematology analyzer (Coulter AcT

8, Beckman Coulter, Inc., Fullerton, CA).

5.4.10 Hemoglobin Oxidation

Hemoglobin oxidation was measured according to methods previously described.™
Briefly, RBC samples were diluted (1:500) in distilled water and absorbance was read in
a microplate at 560, 576, 630, and 700 nm. The percentage of methemoglobin (metHb)

was determined using extinction coefficients of oxyhemoglobin (oxyHb) and metHb.'

5.4.11 Ektacytometric Analysis

RBC deformability was measured according to methods previously described.'®
Briefly, RBCs were suspended in high molecular weight polymer polyvinylpyrrolidone
(PVP) and analyzed using a laser-assisted optical rotational cell analyzer (LORCA)
(Lorrca® Maxsis osmoscan, Mechatronics). The data were linearized using an Eadie-
Hofstee analysis and two parameters were extracted: (1) Elp.x (the maximum RBC
elongation under shear stress); and (2) Ky, (the shear stress required for RBCs to reach

half of their EI

max)'

5.4.12 RBC Osmotic Tolerance

RBCs (500 pL) were suspended with cryosolutions (500 pL) and incubated at room
temperature for 10 minutes. Following incubation, 10 pL of the RBC/cryosolution
mixture was added to 1 mL of different concentrations of saline (concentrations indicated

in the text). RBCs were allowed to incubate in the saline solutions for 30 minutes at room
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temperature, centrifuged at 2,200 g for 5 minutes at room temperature and the absorbance
of the supernatant was measured at 540 nm. For the osmotic tolerances after washes,
following incubation with cryosolution or wash solution, samples were centrifuged at
2,200 g for 5 minutes at 4 °C and the supernatant was removed. Packed RBCs were then
resuspended in the desired wash solution (wash 1 after cryosolution incubation; wash 2
after wash 1 incubation). Following this, 10 pL of the RBC/wash solution mixture was
added to 1 mL of different concentrations of saline (concentrations indicated in the text).
RBCs were allowed to incubate in the saline solutions for 30 minutes at room
temperature, centrifuged at 2,200 g for 5 minutes at room temperature and the absorbance
of the supernatant was measured at 540 nm. Hemolysis was calculated as described

above.

5.4.13 RBC Freezing and Thawing Experiment using Different RBC:CPA Ratios

RBC freezing solutions were prepared at 1:1, 1:1.5, 1:2, 1:2.5 and 1:3 (RBC:CPA) in
such a way to maintain a final concentration of 15% glycerol. The total sample volumes
were 3.0 mL and the final concentrations of all freezing solutions are as indicated in the
text. RBC suspensions were transferred to cryotubes and incubated at room temperature
for 10 minutes prior to placement into dry ice (-78 °C) or immersion in liquid nitrogen (—
196 °C). A thermocouple was inserted into a RBC/15% glycerol sample (temperature
probe) to monitor temperature at 1 s intervals. Samples were then thawed in a 37 °C

water bath.

5.4.14 Large-Scale RBC Deglycerolization Experiment

RBCs were prepared in 1L Origen freezing bags using a 1:3 ratio of
RBCs:cryosolution for a final volume of 250 mL. The final concentrations of all freezing
solutions are as indicated in the text. The samples were placed into metal freezing
cassettes and frozen by placement into dry ice (-78 °C) or immersion in liquid nitrogen (-
196 °C) prior to storage in a -80 °C freezer. The samples were thawed in a 37 °C water
bath for approximately 5-10 minutes. The 1L bags were deglycerolized manually using
centrifugation with supernatant extraction between washes. After thawing, wash 1
solution (~750 mL) was added, centrifuged at 2,200 g for 10 minutes at 4 °C and the

supernatant was removed using a plasma extractor. Packed RBCs were then resuspended
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in wash 1 solution (~750 mL), centrifuged at 2,200 g for 10 minutes at 4 °C and the
supernatant was removed using a plasma extractor. Lastly, wash 2 solution (~750 mL)
was added, centrifuged at 2,200 g for 10 minutes at 4 °C and the supernatant was
removed using a plasma extractor. The remaining packed RBCs were resuspended in AS-
3 solution to obtain a hematocrit of 50%. The pre-processed bag and post-deglycerolized

bag were weighed and recorded to determine cell recovery.

5.4.15 Adenosine Triphosphate Concentration

Adenosine triphosphate (ATP) concentrations were measured according to methods
previously described.”® RBC samples were deproteinized on ice in 10 or 12%
trichloroacetic acid at 5:6 or 1:1 dilution, respectively, centrifuged at 3,000 g for 10
minutes at 4 °C to obtain a clear supernatant and ATP was measured using a commercial
kit (ATP Hexokinase FS, DiaSys Diagnostic Systems GmbH, Holzheim, Germany)
adapted to a microplate method from the manufacturer’s protocol. Absorbance was read
at 340 nm, which measured the reduction of NAD*to NADH. The increase in NADH
was directly proportional to the concentration of ATP, which was converted to pmol/g
Hb. A commercial standard (ATP Standard FS, DiaSys Diagnostic Systems GmbH or

Rolf Greiner BioChemica) was run with every batch as a control for the assay.

5.4.16 2,3-Diphosphoglycerate Concentration

2,3-Diphosphoglycerate (DPG) concentrations were measured according to methods
previously described.’® RBC samples were deproteinized in 0.6 mol/L perchloric acid at a
dilution of 1:5 on ice, centrifuged at 3,000 g for 10 minutes at 4 °C to obtain a clear
supernatant, which was diluted (8:1) with 2.5 mol/L potassium carbonate and incubated
on ice for 60 minutes. Extracts were centrifuged at 3,000 g for 5 minutes at 4 °C and
measured using a commercial kit (2,3-DPG, Roche, Mannheim, Germany) adapted from
the manufacturer’s protocol to a microplate method. Absorbance (340 nm) measured the
reduction of NADH, which was directly related to the concentration of 2,3-DPG. An in-
house 2.5 mmol/L standard was used as an assay control (2,3-diphospho-d-glyceric acid

pentasodium salt). The 2,3-DPG concentration was converted to umol/g Hb.
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5.4.17 Oxygen Affinity (p50)

Oxygen affinity was measured according to methods previously described.’® RBCs
(50puL) were added to 5 mL of buffer solution (Hemox, TCS Scientific Corp., New Hope,
PA), 10 pL of antifoaming agent (TCS Scientific), and 20 uL. of 22% bovine serum
albumin. The p50 value was determined using an automated blood oxygen analyzer
(Hemox, Model B, TCS Scientific) following the manufacturer’s protocol. Briefly, dual-
wavelength spectrophotometry was used to measure Hb at 560 and 570 nm, and a Clark
electrode was used to measure the partial pressure of oxygen. Samples were oxygenated
with air and equilibrated to 37 °C, deoxygenated with nitrogen gas, and then an oxygen
equilibrium curve was plotted. A tonometered blood gas control (QC 463 Equil Plus
Level 2, RNA Medical, Devens, MA) was used for quality control.

5.4.18 Extracellular K" and Na*

Extracellular potassium (K') and sodium (Na') concentrations were measured
according to methods previously described.”® RBC samples were centrifuged at 2,200 g
for 10 minutes at 4 °C, and extracellular K" and Na" were measured in the supernatant

using an automated chemistry analyzer (DXC800, Beckman Coulter, Inc.).

5.4.19 MSC Culture

Donor MSCs previously cryopreserved in passage 1 in Master cell banks were thawed
and cultured in NutriStem XF media supplemented with 0.6% NutriStem XF supplement
mix and 10 pg/mL gentamicin in 175 cm® Corning® flasks. Cells were incubated in a 37
°C incubator supplied with 5% CO, and cultures were maintained by changing media
every three days. After four days in culture, the cells were removed from the flasks using

10 mL TrypLE Select for use in experiments.

5.4.20 MSC Freezing and Thawing Experiments

MSCs were cultured and detached as described above. Cells were diluted with culture
media and counted using a hemocytometer. Aliquots containing 2 x 10° cells were added
to 15 mL conical tubes and cells were pelleted by centrifugation at 400 g for 5-15
minutes at room temperature. The supernatant was removed and the cells were

resuspended in 1 mL of 5% HA-PLA and 10% DMSO supplemented with the desired
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IRI. The final concentrations of all freezing solutions are as indicated in the text. Cell
suspensions were transferred to 2 mL cryogenic vials and frozen in a controlled rate
freezer using an optimized step-down program (described in the text). Samples were then
stored in the vapor phase of liquid nitrogen (-196 °C). Following storage, samples were
thawed slowly at room temperature by adding 1 mL of pre-warmed media (37 °C) to the

vial.

5.4.21 MSC Viability

Cell viability was evaluated using Trypan Blue exclusion method.'®" An aliquot of the
cell suspension was diluted 1:4 in Trypan Blue and the cells were loaded immediately
onto a hemocytometer. The number of viable and non-viable cells was counted and the
percentage of viable cells was calculated. A standard apoptosis assay was also performed
by staining cells with Annexin V-Alexa Fluor 488 and propidium iodide (PI), and

162 viable cells were identified as both

quantifying fluorescence on a flow cytometer.
Annexin V and PI negative. Time between thawing and analysis by flow cytometry was

less than 1 h.

5.4.22 MSC Recovery

Cell counts were obtained with a hemocytometer and percentage cell recovery was

calculated by dividing the total cell count by the initial cell count and multiplying by 100.

5.4.23 EdU Cell Proliferation Assay

Thawed cell contents were seeded in 75 cm” Corning® flasks at 200,000 cells/flask
and incubated in a 37 °C incubator supplied with 5% CO, for two days. Cultures were
then incubated with 10 uM EdU for 4 hours. After 4 hours, the cells were removed from
the flasks using TrypLE Select and the cell suspension was centrifuged at 400 g for 5
minutes at room temperature. The supernatant was removed and the cells were washed
once with 1% bovine serum albumin (BSA) in PBS. The cells were resuspended in 1%
BSA in PBS, fixed for 15 minutes in 4% paraformaldehyde in PBS and washed with 1%
BSA in PBS. Following membrane permeabilization, the cells were directly incubated for
30 minutes at room temperature in the EAU detection cocktail (Invitrogen, Click-iT EdU

Alexa Fluor 488 Flow Cytometry assay). For 1 sample reaction, the following amounts of
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the reaction components were mixed in 438 ul PBS: 10 pl copper (II) sulfate solution
(Component F, 100 mM CuSQy,), 2.5 pl Alexa Fluor 488 azide (Component B in 130 pl
DMSO) and 50 pl buffer additive (Component G). The cells were washed and
resuspended in 1X Click-iT saponin-based permeabilization and wash reagent. The

samples were analyzed using a flow cytometer.

5.4.24 MSC Population Doublings and Doubling Time

Population doubling time was calculated using the following equation:

N() = N(0) x 2
Where:
N(t) = Number of cells harvested after “t” days
N(0) = Number of cells seeded initially
t = Number of days in culture
d = Doubling Time

Based on the equation, (t/d) = population doublings.
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Chapter 6: Investigating the Ability of Small Molecule IRIs to Mitigate
Cell Lysis During Transient Warming

6.1 Introduction

The formation and recrystallization of intra- and extracellular ice is widely
recognized as a significant contributor to cellular injury and death during
cryopreservation.'” The phenomenon of ice recrystallization occurs when intra- or
extracellular ice formed during freezing melts and coalesces to form larger, more
damaging ice crystals during warming.’ While the amount of ice stays constant, changes
in ice crystal shape and size can cause injury to cells.” Conventional cryoprotective
agents (CPAs) such as dimethyl sulfoxide (DMSQO) and glycerol ensure high post-thaw
cell viability and recovery by replacing the cell water content, therefore, they prevent cell
dehydration and reduce the concentration of damaging solutes."*” Consequently, DMSO
and glycerol function by a number of different mechanisms but do not mitigate or control
ice recrystallization.

Over the past few years, our laboratory has reported several different classes of small
molecules capable of inhibiting ice recrystallization such as lysine-based surfactants,
non-ionic carbohydrate-based amphiphiles (alkyl and aryl aldonamides) and O-linked
alkyl and aryl glycosides.'" The use of these small molecule ice recrystallization
inhibitors (IRIs) as novel CPAs has become an important strategy to improve cell
viability and function post-thaw. In particular, it has been previously reported that O-aryl
glucosides, B-PMP-Glc (103) and B-pBrPh-Glc (104), are effective inhibitors of ice
recrystallization and can function as beneficial additives for the freezing of human red
blood cells (RBCs) in the presence of reduced concentrations of glycerol (15% w/v).''"!?
This discovery was significant as reducing the concentration of glycerol can decrease
deglycerolization times, enabling frozen RBC units to be more readily accessible.
Furthermore, Chapter 4 identified a novel class of small molecule IRIs that are azide
derivatives. These molecules were shown to be effective inhibitors of ice recrystallization
with the ability to protect RBCs from cryoinjury during freezing and thawing (Chapter 5).
The structures are provided in Figure 6.1. Given the ability of these small molecule IRIs

to function as effective additives for the freezing of RBCs, we sought to explore whether
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their ability to mitigate ice growth in vitro is correlated to increased post-thaw viability

using RBCs as an appropriate model.

OH OH
Mo o2
HO/%O HO o)
HO HO

OCH;, Br
103 (B-PMP-Glc) 104 (B-pBrPh-Glc)
OH OH OH
N:&@/O Ny 0 HO o
HO OCHs HO Br HO Na
405 406 409

Figure 6.1 Structures of IRI active aryl glucosides 103 (B-PMP-Glc) and 104 (B-pBrPh-
Glc) and azido aryl glucosides (405, 406 and 409).

In recent years, there has been an increase in the number of studies examining the
impact of transient warming events (TWEs) on cryopreserved cellular therapy

P18 TWEs are described as brief exposures of a cryopreserved product to

products.
temperatures above the critical storage temperature.” These uncontrolled temperature
fluctuations on the frozen product can occur during shipping and transfer between
cryogenic containers or even during storage where routine sample access of cell banks
stored in liquid nitrogen can expose adjacent samples to ambient temperatures.'” It has
been established that TWEs on frozen cells are a major contributor to reduced post-thaw
viability and functionality in sperm,'” placental cord blood,">'* peripheral blood

151 and mesenchymal stem cells.'””'® Thus, this chapter also explores

mononuclear cells,
whether small molecule IRIs can protect RBCs against injury resulting from ice

recrystallization during transient warming events.

6.2 Controlling Ice Growth In Vitro

It was previously demonstrated that small molecule IRIs 103 (B-PMP-Glc, 110 mM)
and 104 (B-pBrPh-Glc, 30 mM) are effective cryoprotectants for RBCs with the ability to
increase the percentage of intact RBCs post-thaw to 70-80% using only 15% glycerol and
slow cooling rates (Chapter 5, Section 5.2.2). It was hypothesized that the increase in the
percentage of intact RBCs post-thaw was associated with a reduction in ice crystal size in
the presence of an IRI. Although 103 and 104 were previously shown to effectively
reduce ice crystal size, this assay was performed in a PBS solution in the absence of

cells."' Thus, we sought to explore whether these molecules were capable of reducing the
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ice crystal size in the presence of RBCs. For these studies, compound 104 (B-pBrPh-Glc)
was initially selected because it was shown to be a more effective cryoprotectant for
RBCs than 103 (B-PMP-GIc). An experiment was performed in which RBCs were frozen
using a Linkam Cryostage and the ice was imaged.” Using this approach, RBCs were
suspended in 15% glycerol or 104 (30 mM) + 15% glycerol and cooled to -40 °C at a rate
of 25 °C/min. The sample was warmed to -10 °C at a rate of 10 °C/min and held at this
temperature for 10 minutes prior to taking an image. During this time, ice
recrystallization occurred. This experiment was also repeated in the absence of RBCs.
The images of the ice crystals are shown in Figure 6.2. It is evident that the percentage of
ice in the presence of 15% glycerol or 104 (30 mM) + 15% glycerol stays constant even
in the presence of RBCs.” This indicates that the presence of RBCs does not appear to
have an influence on the amount of ice in the sample. However, in the presence of 104
(30 mM) + 15% glycerol (with and without RBCs), less ice was observed compared to
the 15% glycerol control. It is important to note that in these images, the percentage of
the frozen fraction is small because the holding temperature of -10 °C is close to the
colligative freezing point depression of the 15% glycerol solution (-4 °C) and thus a large

portion of the sample is unfrozen.*’

OH
HO O
Ho&&/o
HO Br
104 (B-pBrPh-Gic)

Figure 6.2 Images of ice in the presence of (A) 15% glycerol; (B) 15% glycerol + RBCs;
(C) 104 (30 mM) + 15% glycerol; (D) 104 (30 mM) + 15% glycerol + RBCs. Samples
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were cooled to -40 °C (rate of 25 °C/min), warmed to -10 °C (rate of 10 °C/min) and
held at this temperature for 10 minutes prior to taking an image.

However, the typical assay utilized to evaluate the IRI activity of 104 was performed in
conditions with high amounts of ice present. Thus, the experiment described above was
repeated at a lower holding temperature of -20 °C to ensure higher ice volume.*’ Briefly,
RBCs were suspended in 15% glycerol or 104 (30 mM) + 15% glycerol and cooled to -40
°C at a rate of 25 °C/min. The sample was warmed to -20 °C at a rate of 10 °C/min and
held at this temperature for 10 minutes prior to taking an image. The images of the ice
crystals are shown in Figure 6.3. It is evident that a larger fraction of the sample is frozen
which more closely mimics the situation in a frozen sample. The ice crystal size is
noticeably reduced in the presence of 104 (30 mM) + 15% glycerol compared to the 15%
glycerol control.”® Using a domain recognition software,”> the percentage of frozen
fraction in each image was calculated. In the presence of 104 (30 mM) + 15% glycerol,
the percentage of frozen fraction was 86% relative to 92% for 15% glycerol alone. The
average ice crystal size was also found to be smaller (4x) when 104 was present in the
15% glycerol solution compared to 15% glycerol alone. This study demonstrated that 104
(30 mM) + 15% glycerol is capable of reducing the average ice crystal size of
extracellular ice compared to 15% glycerol alone, supporting the positive correlation

between inhibition of ice recrystallization and increased percentage of intact RBCs post-

thaw.

104 (B-pBrPh-Glc)

Figure 6.3 Images of ice in the presence of RBCs with (A) 15% glycerol; (B) 104 (30
mM) + 15% glycerol. Samples were cooled to -40 °C (rate of 25 °C/min), warmed to -20
°C (rate of 10 °C/min) and held at this temperature for 10 minutes prior to taking an
image.
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6.3 Exacerbating Cellular Injury from Ice Recrystallization

Given the fact that the addition of 104 to a solution of 15% glycerol resulted in
smaller ice crystal size in vitro, we sought to explore whether this molecule could
maintain smaller ice crystal size when the extent of ice recrystallization in the frozen
sample was increased. An experiment was performed using a cryomicroscope in which
RBCs were suspended in 15% glycerol or 104 (30 mM) + 15% glycerol and rapidly
cooled to -80 °C at a rate of 90 °C/min, held at this temperature for 15 minutes and then
rapidly warmed to -20 °C at a rate of 90 °C/min.”® The sample was held at this
temperature for 15 minutes prior to being cooled to -80 °C again and warmed to -20 °C

before being thawed. Images of the ice crystals were acquired throughout the experiment

and are presented in Figure 6.4.

Figure 6.4 Images of ice in the presence of RBCs with (A1-A4) 15% glycerol; (B1-B4)
104 (30 mM) + 15% glycerol. Freezing and warming rates were 90 °C/min and each
phase of the cycle (RT to -80 °C, -80 °C to -20 °C etc.) was held for 15 minutes.

Remarkably, in the presence of 104 (30 mM) + 15% glycerol, the ice crystal sizes
remained constant throughout the experiment even after warming to -20 °C and repeated
cycling. Moreover, the average ice crystal size did not change from the initial ice crystal
size observed upon cooling to -80 °C.*” In contrast, in the presence of 15% glycerol
alone, the ice crystal sizes began to increase after several warming and cooling cycles.
This was expected since the amount of ice recrystallization will increase with each
successive cycle and glycerol is not capable of mitigating or controlling ice
recrystallization. This experiment demonstrated that 104 was capable of controlling and

preventing subsequent ice crystal growth in a frozen sample upon repeated warming.”
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The 15% glycerol control is representative of transient warming events that occur when
frozen samples are transferred to and from freezers and between blood banks.
Importantly, TWEs on frozen cells have been recognized as a major contributor to

reduced post-thaw viability and functionality in sperm,” placental cord blood,'>"

15,16 17,18

peripheral blood mononuclear cells, ™° and mesenchymal stem cells.

Based on the observation that 104 could maintain smaller ice crystal size even after
several warming and cooling cycles, it was hypothesized that IRIs could prevent transient
warming injury by inhibiting ice recrystallization during freezing and thawing/warming,
resulting in increased post-thaw viability. An experiment was performed using small
molecule IRIs 103 and 104 in which RBCs were suspended in 15% glycerol, 103 (110
mM) + 15% glycerol or 104 (30 mM) + 15% glycerol and frozen by placement into dry
ice at -78 °C and then warmed to -20 °C in a methanol bath.** Upon stabilization at -20
°C, the sample was cooled to -78 °C and this process was repeated for several cycles (1,
3, and 5 cycles) before the sample was thawed in a 37 °C water bath (depicted in Figure
6.5). This experiment was designed in such a way to mimic transient warming. Fast
cooling rates were chosen to maximize the quantity of RBCs that would survive using

only 15% glycerol, making it easier to observe a decrease in the percentage of intact

RBC:s after several warming and cooling cycles.

0°C —i— : : I‘C_\clc 3 ‘(“_\clc‘ S 5‘(‘_\ cles (‘)

Thaw

=20 °C ——---\
4 4 4 4 4
Warm

Freeze

-80 °C——

Figure 6.5 A schematic representation of the transient warming experiment. Each -78 °C
to -20 °C to -78 °C transition represents one cycle.

After thawing, hemolysis was measured and the results are reported as the percentage of
intact RBCs post-thaw (Figure 6.6). The percentage of intact RBCs post-thaw was
compared to a 15% glycerol control. It is evident that after one cycle, 15% glycerol has a
high percentage of intact RBCs post-thaw, signifying very little hemolysis. However, 103
(110 mM) + 15% glycerol appeared to be less effective, resulting in approximately 50%
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intact RBCs post-thaw. In contrast, 104 (30 mM) + 15% glycerol was as effective as 15%
glycerol. Increasing the amount of ice recrystallization by subjecting the samples to three
cycles decreased the percentage of intact RBCs post-thaw for both the 15% glycerol
control (55%) and 103 (110 mM) + 15% glycerol (40%). Interestingly, the percentage of
intact RBCs post-thaw for 104 (30 mM) + 15% glycerol remained constant (92%).*
After five cooling and warming cycles, RBCs frozen with 15% glycerol and 103 (110
mM) + 15% glycerol had only 36% and 39% intact RBCs post-thaw, respectively.
However, RBCs frozen with 104 (30 mM) + 15% glycerol were capable of maintaining a
high percentage of intact RBCs post-thaw (90%). Each successive cooling and warming
cycle increases the amount of ice recrystallization and thus, increases the extent of
cellular damage. Consequently, it is not surprising that a decrease in the number of intact
RBCs post-thaw was observed with 15% glycerol since it is not capable of mitigating or
controlling ice recrystallization. The most remarkable observation is that 104 (30 mM) +
15% glycerol is very effective at preventing cellular injury resulting from ice

recrystallization during TWEs.*’
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Glycerol | (110 mM) | (30 mM) | Glycerol | (110 mM) | (30 mM) | Glycerol | (110 mM) | (30 mM)
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Figure 6.6 Percentage of intact RBCs post-thaw after transient warming injury using
15% glycerol in combination with 103 (110 mM) or 104 (30 mM). Samples were frozen
by placement into dry ice (-78 °C), warmed to -20 °C and allowed to stabilize prior to
cooling to -78 °C (represents one cycle). After 1, 3 and 5 cycles, the samples were
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thawed in a 37 °C water bath. These freezing conditions were repeated in duplicate for
each solution. Error bars represent the standard error of the mean (SEM).

Given the significant results obtained with 104 (30 mM) + 15% glycerol, we sought
to explore whether azido aryl glucosides 405, 406 and 409 could prevent transient
warming injury. The experiment was performed as described above. Briefly, RBCs were
suspended in 15% glycerol, 405 (30 mM) + 15% glycerol, 406 (10 mM) + 15% glycerol
or 409 (20 mM) + 15% glycerol and frozen by placement into dry ice at -78 °C and then
warmed to -20 °C in a methanol bath. Upon stabilization at -20 °C, the sample was
cooled to -78 °C and this process was repeated for several cycles (1, 3, and 5 cycles)
before the sample was thawed in a 37 °C water bath. The concentrations selected for each
compound were based on their maximum solubility. The results are reported as the
percentage of intact RBCs post-thaw (Figure 6.7) and are compared to the 15% glycerol

control.

100

Intact RBCs Post-Thaw (%)

Glycerol |(30 mM) (10 mM) |(20 mM) | Glycerol |(30 mM) |(10 mM) (20 mM) | Glycerol (30 mM) |(10 mM) (20 mM)
+15% Glycerol +15% Glycerol +15% Glycerol

1 Cycle 3 Cycles 5 Cycles

Figure 6.7 Percentage of intact RBCs post-thaw after transient warming injury using
15% glycerol in combination with 405 (30 mM), 406 (10 mM) or 409 (20 mM). Samples
were frozen by placement into dry ice (-78 °C), warmed to -20 °C and allowed to
stabilize prior to cooling to -78 °C (represents one cycle). After 1, 3 and 5 cycles, the
samples were thawed in a 37 °C water bath. These freezing conditions were repeated in
duplicate for each solution. Error bars represent the standard error of the mean (SEM).

After one cycle, 15% glycerol had a high percentage of intact RBCs post-thaw, signifying
very little hemolysis. Similarly, 405 (30 mM), 406 (10 mM) and 409 (20 mM) in 15%
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glycerol appeared to be as effective, displaying no substantial difference relative to 15%
glycerol. As the amount of ice recrystallization in the samples was increased after three
cycles, the percentage of intact RBCs post-thaw decreased significantly for 405 (30 mM)
+ 15% glycerol (29%) while RBCs frozen with 406 (10 mM) + 15% glycerol possessed a
similar number of intact RBCs post-thaw to that of 15% glycerol. However, the
percentage of intact RBCs post-thaw for 409 (20 mM) + 15% glycerol remained constant
(87%). After five cooling and warming cycles, RBCs frozen with 405 (30 mM) + 15%
glycerol had only 19% intact RBCs post-thaw. RBCs frozen with 15% glycerol or 406
(10 mM) + 15% glycerol were similar, possessing 63% and 56% intact RBCs post-thaw,
respectively. Interestingly, RBCs frozen with 409 (20 mM) + 15% glycerol were capable
of maintaining a high percentage of intact RBCs post-thaw (85%). This result was
encouraging as 409 (20 mM) + 15% glycerol was previously shown to be an effective
cryoprotectant for RBCs using slow cooling rates and also enabling successful
deglycerolization without causing extensive cell damage (Chapter 5, Section 5.2.4.4).
The fact that 409 (20 mM) + 15% glycerol was also very effective at preventing transient
warming injury further demonstrates the utility of this ice recrystallization inhibitor as a

cryoprotectant.

6.4 Chapter Summary

Previous work by our laboratory demonstrated that small molecule IRIs 103 (B-PMP-
Glc) and 104 (B-pBrPh-Glc) are effective additives for the freezing of RBCs with the
ability to increase the percentage of intact RBCs post-thaw in the presence of 15%
glycerol and slow cooling rates. It was hypothesized that this increase in the percentage
of intact RBCs post-thaw was associated with a reduction in ice crystal size in the
presence of an IRI. To determine whether these molecules were capable of mitigating ice
growth in vitro, cryomicroscopy studies were conducted in the presence of RBCs. It was
found that 104 was capable of reducing the average ice crystal size of extracellular ice in
the presence of RBCs, supporting the positive correlation between inhibition of ice
recrystallization and increased percentage of intact RBCs post-thaw. It was also
demonstrated that 104 and 409 in 15% glycerol are very effective at preventing cellular

injury resulting from ice recrystallization during transient warming events. These
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attributes make small molecule IRIs very valuable as novel CPAs with a unique mode of

action.

6.5 Experimental Procedures

Small molecule IRIs 103 (B-PMP-GIc) and 104 (B-pBrPh-Glc) used in this chapter for

d.'""* IRI active azido aryl

cryopreservation studies were prepared as previously describe
glucosides 405, 406 and 409 used in this chapter for cryopreservation studies were

prepared as described in the experimental section of Chapter 4.

6.5.1 Blood Collection and Preparation

All RBCs were obtained from NetCAD (Canadian Blood Services’ Network Centre
for Applied Development). Whole blood was collected from healthy volunteers using
standardized phlebotomy guidelines approved by Canadian Blood Services (CBS).
Informed consent was obtained from all donors. All experimental protocols were
approved by NetCAD and CBS. Ethics approvals were obtained from Research Ethics
Board (REB) at CBS and the University of Alberta. For cryovial experiments, whole
blood units were collected and processed by NetCAD (Vancouver, BC). The whole
blood was processed using the buffy coat (BC) method to produce leukocyte reduced
SAGM RBC units, which has been previously described.”* ABO matched RCCs were

pooled and split to reduce donor to donor variability.

6.5.2 RBC Cryomicroscopy

Cryomicroscopy was performed according to methods previously described.”’ The
nucleation and growth of extracellular ice in solutions containing IRIs were documented
using a cryomicroscope that consists of a Nikon 80i fluorescent microscope with a long
working distance condenser and objectives, CCD cameras (Hammamatsu ORCA)
interfaced to a personal computer and a convection cryomicroscope stage (Linkam
FDCS196). The freezing and thawing of samples was imaged in real time and the ice

crystal areas were assessed using Image J software.

6.5.3 RBC Transient Warming Experiments

The freezing solution consisted of a 30% glycerol solution prepared from a
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commercially available glycerol solution (57 Glycerolyte, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 150 pL of
RBC:s for a final volume of 300 pL. The final concentrations of all freezing solutions are
as indicated in the text. RBC suspensions were transferred to cryotubes and incubated at
room temperature for 10 minutes prior to placement into dry ice (-78 °C). A temperature
probe was used for temperature measurements at 1 s intervals. Once the internal solution
reached -78 + 2 °C, the samples were immersed in a methanol bath cooled to -20 °C.
Once the internal solution reached -20 °C, the samples were placed into dry ice again.
RBC samples were held in dry ice until the internal solution from the temperature probe
reached -78 + 2 °C, after which the samples were either thawed (representing one cycle
of transient warming) or immersed in a methanol bath cooled to -20 °C. One, three and
five cycles of immersion in a -20 °C methanol bath and dry ice were performed. Samples

were thawed in a 37 °C water bath.

6.5.4 Post-Thaw Hemolysis

Post-thaw hematocrits (hct) and percentage hemolysis were determined for all
freezing experiments by comparing the supernatant hemoglobin concentration to total
hemoglobin concentration using the cyanmethemoglobin Drabkin’s method.”*** The
percentage of intact RBCs post-thaw was calculated using the measured percentage
hemolysis values according to the following equation: % intact RBCs post-thaw = 100 -

% hemolysis.
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Chapter 7: Investigating the Uptake and Internalization of Small
Molecule Ice Recrystallization Inhibitors

7.1 Introduction

The most widely utilized cryoprotectants are permeating agents such as dimethyl
sulfoxide (DMSO) and glycerol. Permeating cryoprotective agents (CPAs) have the
ability to move freely across the cell membrane of several different cell types' and offer
protection against slow freezing injury by replacing the intracellular water content,
thereby preventing cell dehydration and reducing the concentration of damaging
solutes.' > In general, permeating CPAs provide a better cryoprotective effect than non-
permeating CPAs and are required for optimal cryopreservation. However, the major
problem with cell permeating CPAs such as DMSO and glycerol is cytotoxicity.*® Thus,
there is a need to develop novel CPAs that are as effective as permeating agents but
exhibit significantly less toxicity.

Small molecule ice recrystallization inhibitors (IRIs) represent a new class of CPAs
that function by a different mechanism than conventional CPAs (i.e. DMSO and glycerol)
and protect cells against cryoinjury by controlling or inhibiting ice recrystallization. The
use of small molecule IRIs as an alternative to DMSO and glycerol for the
cryopreservation of various cell types is attractive as they exhibit less toxicity. However,
it is not known whether small molecule IRIs are functioning as cell permeating CPAs.

The O-aryl glycosides represent a novel class of small molecule IRIs with the ability
to protect red blood cells (RBCs) against cryoinjury during freezing in the presence of
reduced concentrations of glycerol (15%) and slow cooling rates.” Previous studies have
speculated that the increase in the percentage of intact RBCs post-thaw observed with
103 (B-PMP-Glc) may be due to its ability to interact with the RBC membrane and/or
permeate the cell.” These postulations were based on studies that were carried out using
an interrupted graded freezing protocol to determine the mechanism of cryoinjury in the
presence of 103. The interrupted graded freezing technique has been previously
demonstrated to be an excellent analytical technique for simulating and identifying the
progressive cell injury that occurs during freezing and thawing of biological systems and

8-11
I

to evaluate differential protective effects of intra- and extracellular cryoprotectants. n

this experiment, samples were cooled at a low linear cooling rate to defined subzero
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temperatures before being either thawed directly to assess the impact of cryoinjury during
the initial cooling (direct thaw) or plunged into a low storage temperature (-78 °C) before
thawing to assess the impact of damage from rapid cooling (plunge thaw). It was found
that the percentage of intact RBCs post-thaw significantly increased following slow
cooling when 103 was added to a 15% glycerol solution and that the cryobiological
response was consistent with that of a cell permeating cryoprotectant (Figure 7.1).” This

suggested that 103 was being internalized into RBCs.
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Figure 7.1 Interrupted graded freezing of RBCs with 103 (B-PMP-Glc). Percentage of
intact RBCs post-thaw (100 — % hemolysis) with and without 110 mM 103 in 15%
glycerol. Samples were cooled at a rate of 1 °C/min to predefined subzero temperatures
then either directly thawed (dashed lines) or plunged into dry ice (=78 °C) prior to
thawing in a 37 °C water bath (solid lines). These freezing conditions were repeated in
duplicate for each solution. Error bars represent the standard error of the mean (SEM).’

Since the “cooling” profile for 103 suggested that this compound might be conferring
protection against cryoinjury through a mechanism consistent with that of a cell
permeating CPA, subsequent studies were carried out to investigate whether the observed
increase in the percentage of intact RBCs post-thaw was the result of internalization of
103. It has been previously demonstrated that the rate of sugar transport across the cell
membrane can be considerably slowed at 0 °C."* Thus, an experiment was performed

where RBCs were incubated with 103 in 15% glycerol for 0, 5, 10 and 30 minutes at
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room temperature or 0 °C prior to freezing to determine whether the internalization of
103 was important for its cryoprotective ability.” The pre-incubation study was shown to
yield a higher percentage of intact RBCs post-thaw with a longer incubation (10 minutes)
compared to no incubation (immediate freezing) and slowing the rate of sugar transport at
0 °C was shown to result in a decrease in the percentage of intact RBCs post-thaw.” This
data suggested that this molecule may be internalized into RBCs and internalization may
be important for its protective effect during freezing. Given these preliminary results, we
sought to further investigate the internalization of small molecule IRIs to determine if
these molecules are crossing the cell membrane and behaving as permeating CPAs. IRI
permeation was evaluated in two different cell models, RBCs and human umbilical vein

endothelial cells (HUVECsS).

7.2 Internalization Studies for the Freezing of RBCs in the Presence of IRIs
7.2.1 Interrupted Graded Freezing of RBCs

Previous work by our laboratory has shown that 104 (B-pBrPh-Glc) is a beneficial
additive for the freezing of human RBCs with the ability to increase the percentage of
intact RBCs post-thaw in the presence of 15% glycerol and slow cooling rates.” However,
an interrupted graded freezing protocol has not yet been performed with 104. Thus, the
freezing of human RBCs was carried out using an interrupted graded freezing protocol to
assess the cryoprotective effectiveness of this IRI and determine the mechanism of
cryoinjury in the presence of 104." This would determine whether the “cooling” profile
for 104 is consistent with that of a permeating CPA.

An interrupted graded freezing procedure allows for the separation of cell damage,
which occurs during an initial cooling phase, from that which occurs during subsequent
cooling to a storage temperature. In this experiment, samples were cooled at a low linear
cooling rate to defined subzero temperatures before being either thawed directly to assess
the impact of cryoinjury during the initial cooling (direct thaw) or plunged into a low
storage temperature (-78 °C) before thawing to assess the impact of damage from rapid
cooling (plunge thaw)."> Thawing was performed in a 37 °C water bath and RBC

14,15

hemolysis was measured utilizing the Drabkin’s assay. The results are reported as the

percentage of intact RBCs post-thaw (100 - % hemolysis) shown in Figure 7.2. In the
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presence of 15% glycerol, RBCs that were thawed immediately after slow cooling (1
°C/min) to a defined subzero temperature showed a significant decrease in the percentage
of intact RBCs post-thaw with lower subzero temperatures.'® This decrease in the number
of intact RBCs post-thaw is attributed to the deleterious effect of exposure to increasing
concentrations of extracellular solutes, which is not completely mitigated by the presence
of intra- and extracellular glycerol. At temperatures above —25 °C, slow freezing resulted
in a high percentage of intact RBCs post-thaw, as glycerol has the ability to permeate the
cell membrane and reduce the amount of ice formed, thereby reducing osmotic and

chemical damage from the increasing solute concentrations.
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Figure 7.2 Interrupted graded freezing of RBCs with 104 (B-pBrPh-Glc). Percentage of
intact RBCs post-thaw (100 — % hemolysis) with and without 30 mM 104 in 15%
glycerol. Samples were cooled at a rate of 1 °C/min to predefined subzero temperatures
then either directly thawed (dashed lines) or plunged into dry ice (=78 °C) prior to
thawing in a 37 °C water bath (solid lines). These freezing conditions were repeated in
duplicate for each solution. Error bars represent the standard error of the mean (SEM).
When 104 (30 mM) was used in combination with 15% glycerol, the percentage of intact
RBCs during slow cooling (direct thaw) was significantly higher than the 15% glycerol
alone at the lower subzero temperatures. At —50 °C, the percentage of intact RBCs post-

thaw was considerably higher (79%) in the presence of 104 (30 mM) compared with 15%
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glycerol alone (13%)." In comparison to samples that were directly thawed from defined
subzero temperatures, RBC samples that were rapidly cooled (plunged) to —78 °C after
slow cooling generated additional injury, as shown in Figure 7.2. Damage during the
plunge from high subzero temperatures is attributed to injury associated with the
formation of intracellular ice.*'® These experiments were performed using small sample
volumes (300 pL) to achieve fast cooling rates that are required to induce intracellular ice
formation. In the presence of 15% glycerol alone, the percentage of intact RBCs
progressively decreased when samples were slowly cooled to temperatures below —15
°C. When 104 (30 mM) was used in combination with 15% glycerol, the percentage of
intact RBCs increased as a function of temperature by 10 to 55% compared with the
glycerol-only control group."

In the cryopreservation of RBCs, glycerol functions as a permeating cryoprotectant to
mitigate damage during freezing and thawing.'®'” As shown in Figure 7.2, when used
alone, glycerol is able to maintain the integrity of RBCs that are thawed directly from
high subzero temperatures (direct thaw) or rapidly cooled to =78 °C (plunge thaw) from
high subzero temperatures. However, if slow cooling occurs to sufficiently low subzero
temperatures (—15 to —25 °C) before the direct thaw or plunge thaw, then significant
damage can occur. This cryobiological behavior is consistent with the “two-factor
hypothesis” of freezing injury,'® where the permeant cryoprotectant glycerol functions to
displace intracellular water and thereby minimize the probability of damage from
intracellular ice formation but is unable to fully protect cells from the damaging osmotic
and toxic effects of concentrating solutes that occur during slow cooling. The addition of
104 (30 mM) to the 15% glycerol solution significantly increased the percentage of intact
RBCs post-thaw under both slow cooling (direct thaw) and rapid cooling (plunge thaw)
conditions (Figure 7.2)." The increase in the percentage of intact RBCs after slow
cooling to defined subzero temperatures (direct thaw) suggests that 104 has the ability to
mitigate damage caused by prolonged exposure to high solute concentrations. The ability
to maintain RBC integrity following rapid cooling to —78 °C over a large range of
subzero temperatures (—5 to —30 °C) before damage from solute concentration during
slow cooling further suggests that 104 is being internalized into RBCs."”

Alternatively, the increased cellular damage in samples that were rapidly cooled to
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=78 °C (plunge thaw) may also be attributed to additional damage that results from
increased exposure to damaging solute concentrations during cooling. In this instance, the
increase in the percentage of intact RBCs following cooling to =78 °C in the presence of
104 suggests that this IRI also has the ability to mitigate damage caused by the formation
of extracellular ice."

In Chapter 5, it was shown that azido aryl glucoside 409 was also a beneficial
additive for the freezing of RBCs with the ability to increase the percentage of intact
RBCs post-thaw in the presence of 15% glycerol and slow cooling rates. Thus, similar
studies were performed with 409 to determine the mechanism of cryoinjury. As described
above, the freezing of RBCs was carried out using an interrupted graded freezing
protocol in which samples were cooled at a low linear cooling rate to defined subzero
temperatures before being either thawed directly to assess the impact of cryoinjury during
the initial cooling (direct thaw) or plunged into a low storage temperature (-78 °C) before
thawing to assess the impact of damage from rapid cooling (plunge thaw). Thawing was
performed in a 37 °C water bath and RBC hemolysis was measured utilizing the

14,15

Drabkin’s assay. The results are reported as the percentage of intact RBCs post-thaw

(100 - % hemolysis) shown in Figure 7.3.
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Figure 7.3 Interrupted graded freezing of RBCs with 409. Percentage of intact RBCs
post-thaw (100 — % hemolysis) with and without 20 mM 409 in 15% glycerol. Samples
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were cooled at a rate of 1 °C/min to predefined subzero temperatures then either directly

thawed (dashed lines) or plunged into dry ice (=78 °C) prior to thawing in a 37 °C water

bath (solid lines). These freezing conditions were repeated in duplicate for each solution.

Error bars represent the standard error of the mean (SEM).

The “cooling” profile for 15% glycerol (Figure 7.3, dashed lines) is typical of that
observed with a cell permeating cryoprotectant. RBCs that were thawed immediately
after slow cooling (1 °C/min) to a defined subzero temperature showed a progressive
decrease in the percentage of intact RBCs post-thaw with lower subzero temperatures. At
temperatures above -25 °C, slow freezing resulted in a high percentage of intact RBCs
post-thaw whereas slow freezing to lower subzero temperatures (i.e. below -30 °C)
resulted in a lower number of intact RBCs. When 409 (20 mM) was used in combination
with 15% glycerol, the “cooling” profile was similar to that obtained for 104. During
slow cooling (direct thaw), the addition of 409 resulted in a significant increase in the
percentage of intact RBCs compared to 15% glycerol alone at the lower subzero
temperatures. For instance, at =40 °C, the percentage of intact RBCs with a 15% glycerol
solution was 24% whereas this value increased to 77% with the addition of 409 (20 mM).
A similar result was also obtained at -50 °C where the percentage of intact RBCs post-
thaw was significantly higher (56%) in the presence of 409 (20 mM) relative to 15%
glycerol alone (22%). Compared to samples that were directly thawed from defined
subzero temperatures, RBC samples that were rapidly cooled (plunged) to -78 °C after
slow cooling generated additional injury resulting from the formation of intracellular
ice.®!” As previously described, in the presence of 15% glycerol, the percentage of intact
RBCs post-thaw progressively decreased when samples were slowly cooled to
temperatures below -15 °C. However, the addition of 409 (20 mM) to 15% glycerol
resulted in an increase in the percentage of intact RBCs post-thaw at all temperatures
below -25 °C (Figure 7.3, solid lines). Analogous to the results obtained with 104, the
addition of 409 to the 15% glycerol solution significantly increased the percentage of
intact RBCs post-thaw under both slow cooling (direct thaw) and rapid cooling (plunge
thaw) conditions. However, the fact that the addition of 409 to the 15% glycerol solution
resulted in a higher percentage of intact RBCs (reduced hemolysis) under slow cooling

(direct thaw) conditions is consistent with the profile of a cell permeating cryoprotectant.
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Collectively, the results from the interrupted graded freezing protocol suggest that both
104 and 409 are being internalized into RBCs.

7.2.2 The Effect of Pre-Freeze Incubation on Post-Thaw Recovery of RBCs

The “cooling” profiles obtained for both 104 and 409 in 15% glycerol suggest that
these IRIs may be conferring protection against cryoinjury through a mechanism
consistent with that of a cell permeating cryoprotectant. Thus, we sought to explore
whether the observed increase in the percentage of intact RBCs post-thaw was the result
of internalization of 104 and 409. In RBCs, glucose is readily transported across the cell
membrane through facilitated diffusion. This process is mediated by glucose transporters
(GLUTS) that are highly expressed on the RBC surface and are substrate specific.'”*” The
transport of glucose and its analogues is highly dependent on the stereochemistry of the
hydroxyl groups on the pyranose ring and ultimately the shape of the molecule.”'** As a
result, depending on the structure, glucose derivatives may not be transported or the rate
of transport across the cell membrane may be significantly decreased.

It has been demonstrated that the rate of sugar transport across the cell membrane can
be considerably slowed at reduced temperatures (i.e. 0 °C) and accelerated at elevated

°C).'*#28 T elucidate whether the internalization of 104 and 409 is

temperatures (i.e. 37
important for their cryoprotective ability, an experiment was performed where RBCs
were incubated with 104 (30 mM) or 409 (20 mM) in 15% glycerol for 5, 10, 30 and 60
minutes at either 0 °C, room temperature (RT) or 37 °C prior to freezing. The logic
behind this experiment was that if internalization is slow, increased incubation time and
temperature will increase the rate of sugar transport across the cell membrane and yield
higher post-thaw recovery. It is important to note that the incubation time for RBC
samples that were placed in a 37 °C water bath was limited to 30 minutes because if the
rate of sugar transport is in fact faster at this temperature, an incubation time of 30
minutes would be sufficient to observe a difference in post-thaw recovery. Following
incubation, RBC samples were cooled to -5 °C in a methanol bath and nucleated at this
temperature (-5 °C) to ensure that ice nucleation occurred at the same subzero

temperature in each vial. The samples were then cooled to -40 °C (rate of 1 °C/min) and

rapidly thawed in a 37 °C water bath. RBC hemolysis was measured utilizing the
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Drabkin’s assay and the results are reported as the percentage of intact RBCs post-

thaw (100 - % hemolysis) shown in Figures 7.4 and 7.5.
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Figure 7.4 The effect of pre-freeze incubation of cryosolutions on the percentage of
intact RBCs post-thaw. RBC samples were incubated for the indicated time and at the
indicated temperature with a solution of 104 (30 mM) + 15% glycerol prior to freezing to
-40 °C (rate of 1 °C/min). Samples were thawed at 37 °C in a water bath. These
conditions were repeated in duplicate for each solution. Error bars represent the standard
error of the mean (SEM).

The 15% glycerol solution resulted in a similar percentage of intact RBCs post-thaw
independent of the pre-freeze incubation time or temperature (approximately 20-35%
intact RBCs, Figure 7.4). This is not surprising since it is well established that RBCs are
highly permeable to glycerol even at 0 °C.""***° Consequently, at the lower temperatures
and shorter pre-freeze incubation times, the RBCs are likely glycerolized before freezing.
Interestingly, in the presence of 104 (30 mM), the percentage of intact RBCs increased as
a function of pre-freeze incubation time and temperature. For instance, with a pre-freeze
incubation of 5 minutes at 0 °C, the percentage of intact RBCs post-thaw with a solution
of 104 (30 mM) in 15% glycerol was 51% whereas this value increased to 75% with
elevated temperatures (i.e. 37 °C). Similar results were also obtained at 10 and 30
minutes. A pre-freeze room temperature incubation appeared to result in an intermediate
percentage of intact RBCs post-thaw between 0 °C and 37 °C (Figure 7.4). However, it is
evident that utilizing a pre-freeze incubation of 30 minutes at 37 °C is as effective as a

pre-freeze incubation of 60 minutes at room temperature as there were no differences in
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the percentage of intact RBCs post-thaw. This data suggests that this molecule may be
internalized into RBCs and internalization may be important for its protective effect
during freezing.

Figure 7.5 depicts the effect of pre-freeze incubation of a solution of 409 (20 mM) in
15% glycerol on the percentage of intact RBCs post-thaw. As described above, the 15%
glycerol solution resulted in a similar percentage of intact RBCs post-thaw independent
of the pre-freeze incubation time or temperature (approximately 20-35% intact RBCs,

Figure 7.5).
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Figure 7.5 The effect of pre-freeze incubation of cryosolutions on the percentage of
intact RBCs post-thaw. RBC samples were incubated for the indicated time and at the
indicated temperature with a solution of 409 (20 mM) + 15% glycerol prior to freezing to
-40 °C (rate of 1 °C/min). Samples were thawed at 37 °C in a water bath. These
conditions were repeated in duplicate for each solution. Error bars represent the standard
error of the mean (SEM).

Interestingly, in the presence of 409 (20 mM), the percentage of intact RBCs post-thaw
also remained constant independent of the pre-freeze incubation time or temperature
(approximately 72-80% intact RBCs). In fact, there were no drastic differences in the
percentage of intact RBCs post-thaw for all pre-freeze incubation conditions. This trend
is consistent with that observed for a solution of 15% glycerol alone which is known to
permeate RBCs very fast. The fact that a solution of 409 (20 mM) in 15% glycerol is
capable of increasing the percentage of intact RBCs post-thaw independent of the pre-

freeze incubation time or temperature suggests that IRI permeation may occur quickly

even at lower temperatures. As a result, a sufficient quantity of 409 may be internalized
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prior to freezing. Alternatively, the increased percentage of intact RBCs post-thaw may
be attributed to the ability of 409 to function as an extracellular (non-permeating)
cryoprotectant. However, this seems less likely since previous work has suggested that
this compound might be conferring protection against cryoinjury through a mechanism
consistent with that of a cell permeating CPA (Section 7.2.1).

Given the interesting results described above, we sought to examine the morphology
of the RBCs in the presence of 104 and 409 in 15% glycerol in the absence of freezing. In
this experiment, RBCs were suspended in a solution containing 104 (30 mM) or 409 (20
mM) in 15% glycerol and examined under a microscope. The RBCs were imaged
immediately (~1 min), at approximately 5 minutes and after 15-20 minutes total elapsed

time from the addition of the cryosolution. The images are depicted in Figure 7.6.

~15 to 20 min
~ 1 min incubation (RT) ~ 5 min incubation (RT) incubation (RT)

15% Glycerol

104 (30 mM) +
15% Glycerol

409 (20 mM) +
15% Glycerol

Figure 7.6 The effect of incubation of cryosolutions on RBC morphology. RBC samples
were incubated for the indicated time at room temperature (RT) with a solution of 15%
glycerol, 104 (30 mM) + 15% glycerol or 409 (20 mM) + 15% glycerol.

Normal, mature RBCs are biconcave, disc-shaped cells; however, it is well established
that RBCs undergo shape transformations when subjected to various physical and

chemical factors.’' In the presence of 15% glycerol, a characteristic change in the shape
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of the RBCs was seen such that there was moderate crenation of the RBCs (i.e. spiky
appearance) immediately and even after 15-20 minutes of incubation (Figure 7.6). In
contrast, RBCs incubated at room temperature with 104 (30 mM) in 15% glycerol
appeared swollen and spherocytic immediately (~1 min) and at approximately 5 minutes.
However, after 15-20 minutes of incubation, there was a drastic change in RBC
morphology from that observed at 5 minutes. It appeared as though the RBCs recovered
to their normal biconcave disc shape with few crenated cells. Conversely, RBCs
incubated at room temperature in the presence 409 (20 mM) + 15% glycerol were sphere-
shaped even after 15-20 minutes, suggesting that cell flexibility may be altered.’> The
qualitative morphological analysis showed that both 104 and 409 induced changes in the
shape of the RBCs that were different from those observed with 15% glycerol alone.
These morphological alterations may suggest changes to the RBC surface or changes in

membrane properties in the presence of IRIs.

7.3 Assessing the Uptake of Small Molecule IRIs by RBCs

Thus far, the internalization of small molecule IRIs into RBCs has been assessed
under cryopreservation conditions. While the studies described above (Section 7.2)
suggest that these molecules behave as cell permeating CPAs, IRI permeation has not yet
been investigated in the absence of freezing. Consequently, the uptake of O-aryl
glycosides (Figure 7.7) by RBCs was assessed to provide additional information to
support the hypothesis of internalization.
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Figure 7.7 Structures of O-aryl glucosides assessed in RBC uptake experiments.

As previously mentioned, glucose is readily transported across the cell membrane
through facilitated diffusion, a process that does not require energy but involves
molecular binding of the sugar to a specific site(s) on the membrane.”' This process is
mediated by GLUTs that display strong specificity for D-stereoisomers of pentoses and

hexoses adopting the chair configuration of the pryanose ring (i.e. D-glucose, D-
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galactose).”’ As such, the transport of glucose and its analogues is highly dependent on
the stereochemistry of the hydroxyl groups on the pyranose ring and the shape of the
molecule.”"** GLUT1 was the first glucose transporter isoform to be identified and is one
of the most extensively studied of all membrane transport proteins.'® In RBCs, GLUT] is
highly expressed on the RBC surface and is quantitatively the only significant isoform,
comprising 10-20% of the integral membrane protein content.'””> As a result, glucose
transport in RBCs has been extensively characterized. GLUT1 possesses high substrate
specificity for D-glucose and sugar transport is proposed to occur via an asymmetric
mechanism with two conformational states (Figure 7.8).*' Studies by Barnett ef al.
suggested that the hydroxyl groups at C-1 and C-3 of D-glucose serve as hydrogen bond
acceptors when D-glucose is positioned in the GLUT1 sugar uptake site (outward-facing

conformation).'**'

The binding of D-glucose to the outward-facing binding site triggers a
conformational change in the transporter, effectively moving the bound glucose through
the protein where it is now bound to the inward-facing binding site. After the release of
glucose into the RBC, it is rapidly phosphorylated to glucose-6-phosphate by hexokinase,
preventing it from leaving the cell.’® This aids in keeping the intracellular concentration
of free glucose low to maintain the concentration gradient.'” There is also some evidence
to suggest that the C-4 hydroxyl group of D-glucose may form a hydrogen bond with
GLUT1 as D-galactose (C-4 epimer of D-glucose) has 10-fold lower affinity for the

19,21

transporter than D-glucose. Alternatively, it is possible that the non-gluco

1921 1t was also

configuration of the sugar hydroxyl group may sterically hinder transport.
demonstrated that the C-6 hydroxyl group does not appear to form a hydrogen bond with
GLUT! and bulky substituents are tolerated at this position. Conversely, bulky
substituents at C-1 are not tolerated.'”*' However, for the sugar exit site (inward-facing
conformation), the reverse appears to be true such that bulky substituents at C-1 are

121 These studies clearly demonstrate the

tolerated but large substituents at C-6 are not.
stringent structural requirements for binding to the GLUT! transport system. Towards
this end, it was hypothesized that the transport of O-aryl glycosides (Figure 7.7) across
the RBC membrane will not be mediated by GLUT1 as these molecules contain bulky
substituents at C-1. To test this hypothesis, the uptake of O-aryl glycosides by RBCs was

evaluated in the absence and presence of a GLUT1 inhibitor.
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Figure 7.8 Possible model for sugar transport in the human red blood cell.*!

The uptake of O-aryl glycosides by RBCs was studied using capillary
electrophoresis-mass spectrometry (CE-MS) and the experimental protocol is depicted in
Figure 7.9. Prior to performing the experiment, RBCs were suspended in ten volumes of
isotonic phosphate buffered saline solution (PBS) and incubated for 20 minutes at 37 °C
to deplete endogenous intracellular sugar.”> The obtained RBCs were then suspended in a
PBS solution containing 103, 104, 405, 406, or 409. All compounds were assessed at a
concentration of 15 mM with the exception of 406, which was insoluble at 15 mM, thus,

it was assessed at 10 mM in PBS.

Incubate RBCs
with IRT at RT (15 min) ——

Add HgCl, solution . | Aliquot RBC pellet

(+/- inhibitor) Wash with PBS x3
Cool to -20 °C Heat to 80 °C Lyse and extract
Clarify by centrifugation (30 min) (1:1 EtOH:H,0)

| Analyze by CE-MS |

Figure 7.9 Flow chart of the experimental protocol of the RBC uptake study.

RBC samples were incubated for 15 minutes at room temperature prior to adding ice-cold
stopping solution consisting of 1% NaCl aqueous solution containing 2 mM mercuric
chloride (HgCl,) and 1.25 mM potassium iodide (KI) to quench sugar flux across the cell

2235 The RBCs were washed with PBS three times to remove excess

membrane.
compound and the contents of the isolated cells were released upon the addition of
aqueous ethanol. The RBC samples were heated to 80 °C for 30 minutes to denature

proteins, cooled to -20 °C to further precipitate proteins and debris and clarified by
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centrifugation. The supernatants were analyzed by CE-MS to qualitatively assess uptake.
Capillary electrophoresis (CE) is a powerful analytical technique for the separation of
polar molecules.’® In this separation method, analytes migrate within a capillary tube
filled with a conducting buffer solution under the influence of an applied electric field.”’
The inner surface of the capillary is negatively charged and an electrical double layer is
formed on the capillary wall when cations of the buffer solution bind to the negatively
charged capillary wall. *” When an electric field is applied, cations move to the negatively
charged cathode, resulting in a solution flow, the electroosmotic flow (Figure 7.10).>” The
mobility of an individual molecule through the capillary depends on several factors
including the charge on the molecule, buffer system (pH and ionic strength), voltage
applied, temperature, length and diameter of the capillary, and the nature of the capillary

1.7 The difference in mobilities between the different analytes in the sample leads

wal
to their separation. CE coupled to mass spectrometry (MS) combines the high separation
efficiency of CE and identification of molecular masses in MS. For CE-MS, the typical
liquid-to-gas ion transformation method used is electrospray ionization (ESI) as analytes

can be sprayed directly into the mass spectrometer from the CE.*
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Figure 7.10 Schematic diagram of the interior of a capillary tube in the presence of a
buffer solution.

As the analytes appear in the mass spectrometer detector, their presences are signaled by
a peak. Thus, a chromatogram displays the detector responses (intensity) against the
retention time and provides a spectrum of peaks for a given sample, which represents the

analytes present in the sample eluting from the column at different times. From the mass

269



spectrum that is produced, the component of each peak can be identified from the mass-
to-charge ratio (m/z) of the molecular ion. Using this method, it allows us to identify
whether the desired compound is present, and the area of the peak reflects the amount of
compound that is present. Thus, for this experiment, a qualitative analysis was performed
in which the presence of the desired molecular ion peak in the mass spectrum of the cell
lysate indicated that the analyte of interest was present in the sample, suggesting
internalization into RBCs.

The incubations were also carried out in the presence of the GLUTI1 inhibitor
cytochalasin B (CCB) to determine whether the uptake of 103, 104, 405, 406, and 409
was mediated by the GLUT1 transporter. Cytochalasin B, the best-characterized GLUT1
inhibitor, is a membrane-permeable, intracellular sugar-transport inhibitor such that it
binds at or close to the GLUT1 sugar efflux site.”'***' Thus, it acts as a non-competitive

inhibitor of sugar uptake.***

For comparative purposes, the uptake experiment was
carried out with a non-metabolizable glucose analogue, 3-O-methyl-D-glucose (3-OMG),
since it is transported across the RBC membrane by GLUT1 with an affinity that is not
much lower than that of D-glucose.* Furthermore, it is well established that the uptake of
3-OMG into RBCs can be inhibited by cytochalasin B.*

The CE-MS results are shown in Figure 7.11 and are reported as the area under the
curve (AUC). For all compounds assessed, the desired molecular ion peak was present in
the mass spectrum of the cell lysate, suggesting internalization into RBCs. It is important
to note that the y-axis scale (i.e. AUC) differs for each compound because different
analytes have different affinities for the detector. Since the AUC is based on the number
of counts taken by the MS detector at the point of retention, analytes with higher affinity
for the detector will give a larger peak area. This is turn can falsely indicate the amount
of compound present. As a result, in order to directly compare different compounds,
standard curves with known concentrations of analytes should be generated in the future
to provide a quantitative analysis. As depicted in Figure 7.11, for each compound, AUC
values are shown for RBC samples treated with (“+ inhibitor””) and without (“- inhibitor”)
the GLUTI1 inhibitor (cytochalasin B). The areas under the curve of the identified
molecules were used as a measure of the difference in uptake between samples treated

without and with inhibitor. The glucose analogue 3-OMG was used as a positive control
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considering that its transport across the RBC membrane is mediated by GLUTI1. In the
absence of the GLUT1 inhibitor, a peak corresponding to the molecular weight of 3-
OMG was detected, indicating that this compound was internalized. The value of the
AUC was found to be considerably lower (6x) in the presence of the GLUTI inhibitor,
indicating that the quantity of compound detected was less. Consequently, this confirmed
that cytochalasin B was in fact inhibiting the GLUT1 transporter, resulting in decreased
uptake of 3-OMG by RBCs. The extent of the difference in uptake of 3-OMG between

samples treated without and with inhibitor was thus used as a standard for comparison.
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Figure 7.11 Values of area under the curve (AUC) for RBC samples treated with the
indicated IRI in the presence (“+ inhibitor”) or absence (““- inhibitor”’) of the GLUT1
inhibitor (cytochalasin B). These conditions were repeated in triplicate for each solution.
Error bars represent the standard error of the mean (SEM).

Relative to 3-OMG, RBC samples that were incubated with compounds 104, 405 or 406
in the absence or presence of the GLUTI inhibitor displayed AUC values that were
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similar. In contrast, RBC samples treated with compounds 103 or 409 displayed AUC
values that were 1.5 times less and 0.6 times more in the presence of the GLUTI1
inhibitor, respectively. In the case of 103, although the quantity of compound detected in
the cell lysate was less in the presence of the GLUTI inhibitor, the extent of the
difference in uptake was not comparable to that obtained with 3-OMG, a known substrate
of GLUTI. As a result, it seems likely that 103 is not transported across the RBC
membrane by GLUT1. Overall, these results suggest that compounds 103, 104, 405, 406,
and 409 have the ability to cross the RBC membrane, leading to internalization. This is
consistent with previously reported results that demonstrated that sugars substituted at C-
1 such as phenyl-B-D-glucopyranoside have the ability to permeate the RBC membrane.”'
The experiments in the presence of the GLUTI inhibitor validate the hypothesis that the
uptake of O-aryl glucosides by RBCs is not mediated by GLUT1. These findings are also
consistent with previously reported results that demonstrated that the substitution of
glucose at the anomeric position (C-1) leads to compounds with low or no binding to
GLUT]1.2!"*** Therefore, the uptake of compounds 103, 104, 405, 406, and 409 by RBCs
seems to support a mechanism of permeation different from the use of the GLUTI1

transporter.

7.4 Controlling Intracellular Ice Recrystallization in HUVECs

In Sections 7.2 and 7.3, the internalization of small molecule IRIs was evaluated in
RBCs. Specifically, an interrupted graded freezing technique was used to evaluate IRI
permeation into RBCs and mitigate cell damage during freezing and thawing. It was
shown that the addition of 103, 104 or 409 to 15% glycerol significantly increased the
percentage of intact RBCs post-thaw during slow cooling compared with the 15%
glycerol-only control group (Section 7.2.1)." The characteristics of the cryobiological
behavior of the RBCs subjected to the interrupted graded freezing suggested that these
aryl glycoside-based IRIs are internalized into the RBCs. To extend our understanding of
the internalization of these molecules, IRI permeation was evaluated in a different cell
model, in particular human umbilical vein endothelial cells (HUVECs). Since HUVECs
have been used to study intracellular ice formation and growth,**° this provided a novel

opportunity to investigate the ability of small molecule IRIs to permeate the cell
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membrane of vascular endothelial cells and inhibit intracellular ice recrystallization."
Our approach does not attempt to prevent intracellular ice formation but rather control ice
growth once intracellular ice formation has occurred to minimize subsequent cellular
damage.

The consequences of rapid cooling and the formation of intracellular ice have been
reported and studied for over 30 years. While a current tenet in cryobiology is that
intracellular ice formation is lethal to cells, the degree to which intracellular ice is
damaging and the mechanism by which this injury occurs has been largely speculative.
The most widely held view is that intracellular ice formation damage occurs as a result of
mechanical damage due to recrystallization;'® however, it has been suggested that the
amount, size, or location of intracellular ice may be critically important.” Small molecule
IRIs provide an ideal tool to study intracellular ice formation in much more detail than
has been previously possible.

The effect of IRIs (103 and 104) on the intracellular growth of ice crystals was
assessed in HUVECs using fluorescence cryomicroscopy."> Unfortunately, 409 could not
be assessed because under fluorescence illumination, the aryl azide functionality
underwent photolytic decomposition, resulting in the formation of a nitrene and nitrogen
gas.*” The evolution of nitrogen gas was evident under the microscope, producing large

47-49
4 For

bubbles. This was not surprising since aryl azides are known to be photolabile.
the cryomicroscopy experiments,’’ HUVECs were treated with SYTO 13 in a 0.9% NaCl
solution and frozen using fast cooling rates (90 °C/min). These fast cooling rates were
selected to prevent cellular dehydration associated with slow cooling rates. In addition,
extracellular ice was not nucleated (or seeded) in the samples, as nucleated samples
frozen with high cooling rates greatly affect intracellular ice formation.”' Rapid cooling
(90 °C/min) of HUVECsS in 0.9% NaCl to —40 °C resulted in intracellular ice in all of the
cells (Figure 7.12)."° In these images, the ice crystals appear as large black spots in the
cell nuclei, as the nucleic-acid-bound SYTO 13 fluorophore is excluded from the ice
lattice. As the sample warmed, ice recrystallization resulted in the formation of larger ice
crystals. These ice crystals grew steadily in size, and, ultimately, the number of ice

crystals decreased as the average surface area of the total ice in the cell was reduced

(Figure 7.12A). For example, at —40 °C, we observed 57 distinct ice crystals, at =20 °C,
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we observed 23, and at —10 °C, only 10 ice crystals were observed (Figure 7.12A). Also,
the average ice crystal size in the nuclei of the cells was very homogeneous, and the
number of ice crystals in each cell appeared to be proportional to the volume of the

13
nucleus.

A

-40°C -20°C -10°C

57 ice crystals/nucleus |23 ice crystals/nucleus | 10 ice crystals/nucleus

-40 °C -20°C -10°C

59 ice crystals/nucleus |10 ice crystals/nucleus | 3 ice crystals/nucleus

0.9% NaCl

Figure 7.12 Intracellular ice formation at different warming rates. HUVECs were cooled

at 90 °C/min to —40 °C in 0.9% NaCl with SYTO 13 (5 pM). (A) Warming at 25 °C/min

and (B) warming at 2 °C/min. Under fluorescence illumination, intracellular ice crystals
appear as black spots in the nuclei of the cells.

The experiment was repeated in the same manner; however, the frozen cells were
warmed at a significantly slower rate of 2 °C/min (Figure 7.12B). This increased the rate
of ice recrystallization, and consequently, larger ice crystals were observed. In addition,
significantly more cellular damage would be expected with the slower warming rate.”>>*
As illustrated in Figure 7.12B, the intracellular ice looks similar to that in Figure 7.12A
when HUVECs were frozen at a cooling rate of 90 °C/min to —40 °C. In fact, the number
of ice crystals at —40 °C was 59, whereas in Figure 7.12A, there were 57.1 However,
upon slowly warming the sample, the number of ice crystals in each nucleus decreased
and the average size of each crystal increased. For instance, at —20 and —10 °C, there
were fewer ice crystals, and the average size of each was much larger than those observed
with faster warming rates. At —10 °C, slower thawing resulted in three ice crystals,
whereas with the faster thawing rate, we observed 10."

The number of ice crystals in each HUVEC nucleus in the expanded field of view

. . . 55 . .
was counted, and the mean grain size (MGS) was determined.” In some instances, it was
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not possible to examine every cell in the field of view because some cells were not in
focus, so only those with clearly visible ice crystals were measured. On average, one to
nine different nuclei were measured per field of view. This data were plotted as a
function of temperature (Figure 7.13)."° Both curves are exponential in nature, and
whereas the initial ice crystal size is equal under both fast and slow thaw conditions, ice

crystal size is considerably larger under slow thaw conditions.

4x%10°54
—— 0.9% NaCl (Fast Thaw)

s —— 0.9% NaCl (Slow Thaw)
x ™) -

Mean Grain Size (mm?)
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L ‘———//l
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-40 -30 -20 -10

Temperature (°C)

Figure 7.13 Mean grain size (mm?) of ice crystals as a function of temperature (°C)
under faster (25 °C/min) and slower thawing (2 °C/min) conditions. Error bars represent
the standard error of the mean (SEM). The solid lines through the data points were fitted

using a monoexponential growth equation.

Given that we were able to observe intracellular ice recrystallization in the nuclei of
HUVECs and verify the warming rate dependence, these experiments were repeated in
the presence of 103 and 104 because they have proven to be very effective at inhibiting
ice recrystallization (Figures 7.14 and 7.15). Compound 103 (B-PMP-Glc) was dissolved
in 0.9% NacCl to a final concentration of 110 mM. This is the optimal concentration that
has been utilized previously in our work with human RBCs.” It is immediately evident
from the images in Figure 7.14 that after rapid cooling to —40 °C, the intracellular ice
crystals are extremely small compared to those observed with HUVECs in 0.9% NaCl
(Figure 7.12) with identical cooling rates.”’ In comparison with the 0.9% NaCl control
(Figure 7.12), it is evident that there are very little changes in the intracellular ice
between the temperatures of —40 to —20 °C when 103 is present in solution. While ice
recrystallization does ultimately occur, there is a very rapid change in the ice structure;
however, this does not occur until —10 °C (Figure 7.14A). At temperatures below —10 °C,

there are no visible changes in the intracellular ice. It is also worth pointing out that even
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at —10 °C the size of the ice crystals is smaller than those observed with 0.9% NaCl under
the same cooling and warming conditions.”” This is consistent with less ice
recrystallization occurring. However, thawing the cells at a slower rate of 2 °C/min
produces very different results. At —20 °C, individual ice crystals are clearly visible
(Figure 7.14B) and ice recrystallization is evident, but the average size of these crystals is
much smaller than those observed in the 0.9% NaCl control with fast thawing rates
(Figure 7.12A). However, these ice crystals are larger than those observed in Figure
7.14A at —20 °C. As expected, the total number of ice crystals present in each nucleus is
greater because the inhibition of ice recrystallization is not as effective at a slower
warming rate. The fact that intracellular ice recrystallization is inhibited and we observe
smaller ice crystals with 103 suggests this compound is internalized in HUVECs." This
result further supports the previous RBC work with this compound suggesting that

internalization is occurring.’

103 (110 mM)

Figure 7.14 Intracellular ice formation at different warming rates in the presence of 110
mM 103 (-PMP-Glc). HUVECs were cooled at 90 °C/min to —40 °C in 0.9% NaCl with
SYTO 13 (5 uM). (A) Warming at 25 °C/min and (B) warming at 2 °C/min. Under
fluorescence illumination, intracellular ice crystals appear as black spots in the nuclei of
the cells.
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Compound 104 is also very effective at inhibiting intracellular ice recrystallization
(Figure 7.15) but at a lower concentration of 30 mM compared with 110 mM. A
concentration of 30 mM was chosen because this is the optimal concentration that has
been utilized previously in our work with human RBCs. Rapid cooling of HUVECs: in the
presence of 30 mM 104 (B-pBrPh-Glc) produced very similar results to those observed
with 103. At —40 °C, there is a larger number of ice crystals, and the average size of each
ice crystal is much smaller (Figure 7.15) than that observed with the 0.9% NaCl control."?
The intracellular ice is initially composed of very small crystals and remains unchanged
even when the sample is warmed to approximately —20 °C. However, ice recrystallization

occurs rapidly at —10 °C, but the size of the ice crystals remains much smaller than the

0.9% NacCl control.

104 (30 mM)

Figure 7.15 Intracellular ice formation at different warming rates in the presence of 30
mM 104 (B-pBrPh-Glc). HUVECs were cooled at 90 °C/min to —40 °C in 0.9% NaCl
with SYTO 13 (5 uM). (A) Warming at 25 °C/min and (B) warming at 2 °C/min. Under
fluorescence illumination, intracellular ice crystals appear as black spots in the nuclei of
the cells.

As described above, the number of ice crystals in each HUVEC nucleus in the expanded
field of view was counted, the mean grain size (MGS) was determined,” and the data
was plotted as a function of temperature. Figure 7.16 illustrates the mean grain size of

intracellular ice as a function of temperature when samples are thawed at 25 °C/min (fast
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thaw). It is evident that 103 and 104 are effective inhibitors of intracellular ice

recrystallization. Each curve is exponential in nature, as observed with 0.9% NaCl."

1.5%10-
—— 0.9% NaCl
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-
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5.0%10-- &w @

_J/ 104 (B-pBrPh-Glo)

o.c T T 1
-40 -30 -20 -10
Temperature (°C)

Mean Grain Size (mm?)

Figure 7.16 Correlation of intracellular ice crystal size (mm?) as a function of
temperature (°C) using a warming rate of 25 °C/min. Error bars represent the standard
error of the mean (SEM). The solid lines through the data points were fitted using a
monoexponential growth equation.

Figure 7.17 shows the data obtained from the slower thawing rate experiments. Under
slower thawing conditions, it is apparent that 104 (B-pBrPh-Glc) is a much better
inhibitor than 103 (B-PMP-GlIc) and is able to effectively inhibit ice recrystallization;
however, 103 is only effective up to temperatures of —15 °C, at which point it is no

longer effective. Yet under faster thawing conditions, 103 is an effective inhibitor of

intracellular ice recrystallization (Figure 7.1 6)."

S0 0.9% NaCl
& —— U.Y7% Na
E 4x10%54 —— 103 (110 mM) &w O
- OCH
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Figure 7.17 Correlation of intracellular ice crystal size (mm?) as a function of
temperature (°C) using a warming rate of 2 °C/min. Error bars represent the standard
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error of the mean (SEM). The solid lines through the data points were fitted using a
monoexponential growth equation.

This work demonstrates that small molecule IRIs 103 and 104 are capable of permeating
the cell membrane of vascular endothelial cells and controlling the rate and extent of
intracellular ice recrystallization in the nuclei of HUVECS over a broad range of subzero
temperatures. These findings are highly significant because controlling intracellular ice
growth using small molecule IRIs can be an important approach to improve the recovery
and function of cryopreserved cells and tissues. These results emphasize the potential of
IRIs as cell permeating cryoprotectants for the preservation of cells and tissues and

provide insight into the mechanism of intracellular ice growth.

7.4.1 Assessing Cytotoxicity of p-pBrPh-Glc in HUVECs

HUVECs treated with the IRIs were shown to retain a large number of small ice
crystals during warming to high subzero temperatures and demonstrated a significant
inhibition of intracellular ice recrystallization. In particular, 104 (B-pBrPh-Glc) was
shown to be very effective at inhibiting intracellular ice recrystallization under both fast
and slow thawing conditions. The ability of 104 to control intracellular ice growth
emphasizes its tremendous potential as a CPA for the preservation of cells and tissues to
improve post-thaw recovery and function. Ideally, the optimal CPA should also exhibit
little to no cytotoxicity. Thus, we sought to examine the cytotoxicity of 104 in HUVECs
in the absence of freezing using the Alamar Blue (resazurin) assay.’® This is a
colorimetric assay that measures cellular metabolic activity as a means of assessing cell
viability. It is based on the ability of mitochondrial and cytosolic dehydrogenase enzymes
in metabolically active cells to reduce the water-soluble blue non-fluorescent dye
resazurin to the pink, highly fluorescent resorufin.’® Fluorescence is measured using a
spectrophotometer to quantify cell viability. Thus, an intense pink colour represents
viable, metabolically active cells whereas a purple/blue colour signifies reduced cell
number and thus cytotoxicity of a given compound.

The cytotoxic effect of 104 was determined by assessing cell viability in HUVECs at
various concentrations (Figure 7.18). It is evident that 104 is highly cytotoxic even at low

concentrations. A 1 mM solution of 104 resulted in a cell viability of 77% and increasing
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this concentration to 5 or 10 mM drastically decreased viability to approximately 10%. A
further increase in the concentration of 104 (i.e. 20 mM) increased these cytotoxic

effects, resulting in a cell viability of 0%.

100
OH

0
80 HS&OO
Br

HO
104 (B-pBrPh-Gic)

60

Cell Viability (%)

40

20
I

0 -
Control 1 mM 5 mM 10 mM 20 mM

Concentration of 104

Figure 7.18 Percent cell viability of HUVECS treated with various concentrations of 104
(B-pBrPh-Glc) following incubation for 24 h at 37 °C as determined by Alamar Blue
assay. Error bars represent the standard error of the mean (SEM).

Sugar conjugates are ubiquitous and found in virtually all eukaryotic cells. Examples
of these conjugates include O-glycosides such as oligosaccharides and glycolipids. Given
the ubiquitous nature of O-glycosides, enzymes that are responsible for the hydrolysis of
carbohydrate moieties are also found in all living organisms.’””* Consequently, it is well
established that O-glycosides are susceptible to cleavage by hydrolytic enzymes such as
glycosidases.” Towards this end, it was hypothesized that the glycosidic linkage in 104
may be enzymatically cleaved to produce glucose (Gle) and p-bromophenol (pBrPh) in
which the latter component (pBrPh) may be responsible for the observed cytotoxicity in
HUVECs. To investigate this, HUVECs were treated with the individual components of
104 that would be formed upon cleavage (i.e. Gle and/or pBrPh) and cytotoxicity was
determined by assessing cell viability as described above. HUVECs were also treated
with 104 for comparison. The results are presented in Figure 7.19. As shown previously,
a 1 mM solution of 104 resulted in a cell viability of 70%. In contrast, it is evident that
glucose (Gle) is non-toxic at concentrations of 1 mM. However, a 1 mM solution of p-

bromophenol (pBrPh) is highly cytotoxic, resulting in a cell viability of 15%. Similarly,
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a solution of equal concentrations of glucose (Gle) and p-bromophenol (pBrPh) was
found to be highly cytotoxic (cell viability of 15%). Thus, it is apparent that even at low
concentrations of 1 mM, pBrPh is highly cytotoxic to HUVECs. Similar results were
obtained at higher concentrations in which a 5 mM solution of glucose (Gle) exhibited
low toxicity (cell viability of 86%) whereas solutions containing pBrPh (5 mM) were
highly toxic to HUVECs (cell viabilities of 0%). The fact that a 5 mM solution of 104 is
considerably more toxic than a 1 mM solution suggests that cytotoxicity may be
dependent on the relative concentration of pBrPh in solution. Overall, these results
indicate that the cytotoxicity exhibited by 104 in HUVECs may be due to cleavage of the
glycosidic linkage via the action of glycosidases and subsequent release of the toxic
product p-bromophenol (pBrPh). Interestingly, compound 104 (B-pBrPh-Glc) that is a
beneficial, non-toxic additive for the freezing of human RBCs is highly cytotoxic to
HUVECs. This demonstrates that the cytotoxicity of 104 is cell type-dependent and that
104 is better suited as a CPA for RBCs.
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Figure 7.19 Percent cell viability of HUVECs treated with 104 (B-pBrPh-Glc) and its
individual components (Glec and pBrPh) following incubation for 24 h at 37 °C as
determined by Alamar Blue assay. Error bars represent the standard error of the mean
(SEM).
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7.5 Chapter Summary

Previous studies by our laboratory have speculated that the increase in the percentage
of intact RBCs post-thaw observed with 103 (B-PMP-Glc) may be due to its ability to
interact with the RBC membrane and/or permeate the cell. Consequently, further
investigation was performed to determine if small molecule IRIs are crossing the cell
membrane and behaving as permeating CPAs. In addition to 103, it has also been
demonstrated that 104 (B-pBrPh-Glc) and azido aryl glucoside 409 are effective additives
for the freezing of human RBCs. Thus, an interrupted graded freezing protocol was
performed to determine the mechanism of cryoinjury in the presence of 104 and 409. It
was found that the percentage of intact RBCs post-thaw was significantly increased
following slow cooling when 104 or 409 was added to a 15% glycerol solution and that
the cryobiological response was consistent with that of a cell permeating CPA,
suggesting that 104 and 409 are internalized into the RBCs. Since the rate of sugar
transport across the RBC membrane is known to be temperature-dependent, additional
studies were conducted in which RBCs were incubated with 104 or 409 in 15% glycerol
for various time periods at different temperatures prior to freezing to explore whether the
observed increase in the percentage of intact RBCs post-thaw was the result of
internalization. In the presence of 104, the percentage of intact RBCs post-thaw increased
as a function of pre-freeze incubation time and temperature whereas in the presence of
409, the percentage of intact RBCs post-thaw remained constant independent on the pre-
freeze incubation time or temperature. This suggests that the rates of transport of 104 and
409 across the RBC membrane may be different; however, further studies are required to
support this claim.

To extend our understanding of the internalization of these molecules, the uptake of
glucose derivatives (O-aryl glucosides) by RBCs was studied in the absence of freezing
using CE-MS. Additionally, to determine whether the uptake of O-aryl glucosides was
mediated by the GLUTI transporter, these experiments were carried out in the presence
of a GLUTTI inhibitor (cytochalasin B). It was demonstrated that the O-aryl glucosides
have the ability to cross the cell membrane utilizing a mechanism different from the use

of the GLUTT1 transporter.
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Lastly, we investigated the ability of small molecule IRIs 103 (B-PMP-Glc) and 104
(B-pBrPh-Glc) to permeate the cell membrane of HUVECs and control intracellular ice
recrystallization using fluorescence cryomicroscopy. HUVECs treated with the IRIs were
shown to retain a large number of small ice crystals during warming to high subzero
temperatures and demonstrated a significant inhibition of intracellular ice
recrystallization. Under slow thawing conditions, 104 (B-pBrPh-Glc) was shown to be
most effective at inhibiting intracellular ice recrystallization. This work suggests that
these IRIs are capable of permeating the cell membrane of vascular endothelial cells and
further supports the RBC work with these compounds suggesting that internalization is
occurring. Collectively, the results from the internalization studies described in this

chapter provide additional evidence supporting the hypothesis of internalization.

7.6 Experimental Procedures

Small molecule IRIs 103 (B-PMP-Glc) and 104 (B-pBrPh-Glc) used in this chapter for
internalization studies were prepared as previously described.”” IRI active azido aryl
glucosides 405, 406 and 409 used in this chapter for internalization studies were prepared
as described in the experimental section of Chapter 4. The capillary electrophoresis-mass
spectrometry experiments were done in collaboration with Dr. Gleb Mironov, a former
graduate student under the supervision of Dr. Maxim Berezovski at the University of

Ottawa.

7.6.1 Blood Collection and Preparation

All RBCs were obtained from NetCAD (Canadian Blood Services’ Network Centre
for Applied Development). Whole blood was collected from healthy volunteers using
standardized phlebotomy guidelines approved by Canadian Blood Services (CBS).
Informed consent was obtained from all donors. All experimental protocols were
approved by NetCAD and CBS. Ethics approvals were obtained from Research Ethics
Board (REB) at CBS and the University of Alberta. For cryovial experiments, whole
blood units were collected and processed by NetCAD (Vancouver, BC). The whole
blood was processed using the buffy coat (BC) method to produce leukocyte reduced
SAGM RBC units, which has been previously described."* ABO matched RCCs were

pooled and split to reduce donor to donor variability.
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7.6.2 Interrupted Graded Freezing of RBCs

The freezing solution consisted of a 30% glycerol solution prepared from a
commercially available glycerol solution (Glycerolyte 57, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 150 pL of
RBC:s for a final volume of 300 pL. The final concentrations of all freezing solutions are
as indicated in the text. RBC suspensions were transferred to glass vials (6 x 50 mm
culture tubes) and incubated at room temperature for 10 min prior to immersion in a
methanol bath precooled to —5 °C. A thermocouple was inserted into a RBC/15%
glycerol sample to monitor temperature at 1 s intervals. Once the internal temperature of
the solution reached —5 °C, extracellular ice nucleation was induced in each sample by
touching the vials with precooled (in liquid nitrogen) forceps. Samples were held at —5
°C for 5 min and then cooled at 1 °C/min to defined subzero temperatures before being
either immediately thawed in a 37 °C water bath or rapidly cooled by plunging into dry
ice (=78 °C) and then thawed in a 37 °C water bath.

7.6.3 Post-Thaw Hemolysis

Post-thaw hematocrits (hct) and percentage hemolysis were determined for all
freezing experiments by comparing the supernatant hemoglobin concentration to total
hemoglobin concentration using the cyanmethemoglobin Drabkin’s method.'*"” The
percentage of intact RBCs post-thaw was calculated using the measured percentage
hemolysis values according to the following equation: % intact RBCs post-thaw = 100 -

% hemolysis.

7.6.4 RBC Incubation Experiments

The freezing solution consisted of a 30% glycerol solution prepared from a
commercially available glycerol solution (Glycerolyte 57, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 150 pL of
RBC:s for a final volume of 300 pL. The final concentrations of all freezing solutions are
as indicated in the text. RBC suspensions were transferred to glass vials (6 x 50 mm
culture tubes) and incubated either at 0 °C (in an ice bath slurry in the refrigerator), at

room temperature or at 37 °C in a water bath for various time periods (5, 10, 30 and/or 60
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minutes) prior to immersion in a methanol bath cooled to -5 °C. A thermocouple was
inserted into a RBC/15% glycerol sample (temperature probe) to monitor temperature at
1 s intervals. Once the internal solution from the temperature probe reached -5 °C, ice
nucleation was induced by touching the cryovials with pre-cooled (in liquid nitrogen)
forceps. RBC samples were then held at -5 °C for 5 minutes. Samples were cooled at a

rate of 1 °C/min to -40 °C and thawed in a 37 °C water bath.

7.6.5 RBC Wet Preparation Microscopy

The freezing solution consisted of a 30% glycerol solution prepared from a
commercially available glycerol solution (Glycerolyte 57, Baxter) by diluting it with
0.9% saline/0.2% dextrose. An equal volume of freezing solution was added to 100 pL of
RBCs for a final volume of 200 pL. Using a capillary tube, a small drop of the RBC
sample was placed on a glass slide and covered with a glass coverslip. The slide was
immediately placed on a microscope and the cells were imaged immediately, at
approximately 5 minutes and after 15-20 minutes total elapsed time from the addition of

the freezing solution.

7.6.6 RBC Internalization Experiments

RBCs were washed in ten volumes of Dulbecco’s phosphate buffered saline (DPBS),
centrifuged at 3,500 rpm for 15 min at room temperature, resuspended in DPBS for 20
minutes in a 37 °C water bath, centrifuged and washed three more times at room
temperature.”> An equal volume of IRI prepared in PBS was added to 150 pL of washed
RBC:s for a final volume of 300 pL and samples were incubated at room temperature for
15 minutes prior to adding 1 mL of ice-cold stopping solution consisting of 2 mM HgCl,
1.25 mM KI and 1% NaCl aqueous solution. The final concentrations of all solutions are
as indicated in the text. RBC samples were centrifuged at 1,000 g for 3 min at 4 °C, the
supernatant was removed and RBCs were washed twice with DPBS. An 80 pL aliquot of
the RBC pellet was added to 0.5 mL of 1:1 EtOH: H,O and vortexed to lyse cells. RBC
samples were placed on a Thermomixer at 80 °C for 30 minutes and cooled to -20 °C in a
refrigerator for 10 minutes followed by centrifugation (17,200 RCF, 10 min, 4 °C) to
clarify the lysate. The supernatant was mixed with 15 mM Tris-Acetate buffer for

analysis of internalization by capillary electrophoresis-mass spectrometry (CE-MS).
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7.6.7 RBC Internalization Experiments in the Presence of GLUT-1 Inhibitor

RBCs were washed in ten volumes of Dulbecco’s phosphate buffered saline (DPBS),
centrifuged at 3,500 rpm for 15 min at room temperature, resuspended in DPBS for 20
minutes in a 37 °C water bath, centrifuged and washed three more times at room
temperature.”> Prior to adding an equal volume of IRI prepared in PBS to 150 uL of
washed RBCs, the GLUT1 inhibitor (Cytochalasin B, 200 uM) was added and samples
were incubated at room temperature for 5 minutes. RBC samples were then treated as

described above.

7.6.8 Capillary Electrophoresis-Mass Spectrometry

All solutions were filtered through 0.22-pm pore size nylon membrane filters
(Millipore). The bare-silica capillary was purchased from Polymicro (Phoenix, USA).
The sample storage and capillary temperature were maintained at 4 + 0.5 and 15 + 0.5 °C,
respectively. The electric field in CE separation was 330 V/cm with a positive electrode
at the injection end. For all experiments, the capillary was 90 cm long with an inner
diameter of 50 pum and an outer diameter of 360 pum. The equilibrium mixture was
injected into the capillary from the inlet end by a pressure pulse of 6 s X 5 psi. Before
each experiment, the capillary was rinsed by 75 psi pressure with: 0.1 M NaOH for 3
min, ddH,O for 3 min, 15 mM tris-acetate buffer for 5 min. A Synapt G2 high definition
mass spectrometer from Waters (UK) was coupled with a PA800plus Pharmaceutical
Analysis CE system (Beckman Coulter, USA) through a CE-ESI sprayer from Micromass
(UK) and used in all CE-MS experiments. Liquid cooling tubing was home modified to
apply the cooling liquid to the whole capillary. Electrospray ionization conditions were as
follows: capillary voltage 3.2 kV, positive mode, sampling cone voltage 80 V, extraction
cone voltage 5 V, source temperature 120 °C, cone gas 50 L/h, nano flow gas 0.15 Bar,
purge gas 3 L/h, mobility cell bias voltage 3 V. Sheath liquid (50:50 methanol:1% acetic

acid) was delivered with flow rate of 1.5 pl/min.

7.6.9 HUVEC Culture for Cryomicroscopy Experiments

Human umbilical vein endothelial cells (HUVECs; C2519A, Lonza) were purchased

as pooled primary cells frozen at passage 1 in a cryopreservation medium containing
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endothelial growth medium (EGM) with 10% fetal bovine serum (FBS) and 10% DMSO.
The cells were cultured at 37 °C and 5% CO, in EGM consisting of endothelial basal
media (EBM) supplemented with a bullet kit (LONZA, CC-3162) containing human
recombinant fibroblast growth factor B, epidermal growth factor, vascular endothelial
growth factor, insulin growth factor, hydrocortisone, ascorbic acid, heparin, and FBS and
in the absence of antibiotics. Cells were harvested when they reached 80% coverage by
treatment with trypsin-EDTA (Lonza, CC-5012) for 2 to 3 min at room temperature,
followed by the addition of trypsin neutralizing solution (Lonza, CC-5002). Cell
suspensions were centrifuged at 1000 rpm for 5 min in an Eppendorf 5810R tabletop
centrifuge, resuspended in EGM, and counted using a Coulter Z; particle count and size
analyzer (Beckman Coulter). Confluent monolayers were obtained by growing cells on

sterile, fibronectin-coated, 12 mm circular coverslips placed in 24-well plates.

7.6.10 Freezing of HUVEC Monolayers and Visualization of Intracellular Ice

The nucleation and growth of intracellular ice was documented using a
cryomicroscope that consisted of a Nikon 80i fluorescence microscope with a long
working distance condenser and objectives, CCD cameras (ORCA, Hammamatsu)
interfaced to a personal computer, and a convection cryomicroscope stage (FDCS196,
Linkam Scientific). To study intracellular ice formation without seeding of ice at a
predefined subzero temperature, samples were cooled (rate of 90 °C/min) from room
temperature (23 °C) to —40 °C. The samples were then warmed slowly (rate of 2 °C/min)
or quickly (rate of 25 °C/min) to room temperature, and images were taken every 10 °C.
The number and area of individual intracellular ice crystals were assessed, as previously
described,” by manually circling all of the ice crystals within a field of view using
ImagelJ with corrections made for the magnification of the image.

To visualize and characterize intracellular ice formation, samples were stained with 5
uM of SYTO 13 in 0.9% NacCl solution prior to freezing on the cryomicroscope for 10
min at room temperature. In cases where the IRIs were present, the compounds were
predissolved in 100 pL of 0.9% NaCl, and SYTO 13 was then added to the solution.
SYTO 13 is a DNA/RNA binding stain that permeates the cell nucleus and fluoresces

upon excitation by UV light. After incubation at room temperature for 10 min, the

287



solution was removed, the coverslip was washed, and 0.9% NaCl was added prior to the

coverslip being placed in the Linkam stage.

7.6.11 HUVEC Culture for Cytotoxicity Experiments

Human umbilical vein endothelial cells (HUVECs; C2519A, Lonza) were purchased
as pooled primary cells frozen at passage 1 in a cryopreservation medium containing
endothelial growth medium (EGM) with 10% fetal bovine serum (FBS) and 10% DMSO.
The cells were cultured at 37 °C and 5% CO, in EGM consisting of endothelial basal
media (EBM) supplemented with a bullet kit (LONZA, CC-3162) containing human
recombinant fibroblast growth factor B, epidermal growth factor, vascular endothelial
growth factor, insulin growth factor, hydrocortisone, ascorbic acid, heparin, and FBS and
in the absence of antibiotics. Cells were harvested for use in experiments when they
reached 80% coverage by treatment with trypsin-EDTA (Lonza, CC-5012) for 2 to 3 min
at room temperature, followed by the addition of trypsin neutralizing solution (Lonza,

CC-5002).

7.6.12 Alamar Blue Assay with HUVECs

HUVECs were plated in 96-well plates (~10,000 cells/well) and incubated overnight
at 37 °C with 5% CO;to allow cells to adhere. Cells were then treated with 100 pL of
EGM supplemented with the test compound at various concentrations and incubated at 37
°C with 5% CO, for 23 h. Cells incubated with EGM without supplement were used as a
negative control and cells supplemented with 1% Triton-X were used as a positive
control. Following incubation, 10 pL of resazurin solution (125 pg/mL) in DPBS
(Dulbecco’s phosphate buffered saline) was added to each well and the plates were
incubated at 37 °C with 5% CO, for 1 h. The fluorescence of each well was measured
using a fluorescence plate reader with an excitation at 530 nm (emission at 590 nm). Each
experiment was repeated at least two times in 6 consecutive wells for each condition. Cell

viability was calculated as a percentage of the control.
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Conclusions

The overall goal of this thesis was to design and synthesize novel small molecules
that are effective inhibitors of ice recrystallization. Given that many cryopreservation
protocols are suboptimal, small molecule IRIs are attractive for their use as novel
cryoprotectants to improve upon current protocols. The objectives of this thesis were: (1)
to elucidate additional structural features that are important for the IRI activity of small
molecules; (2) to determine the influence of an azido moiety on the IRI activity of aryl
glucosides; (3) to explore the cryopreservation potential of small molecule IRIs in RBCs
and MSCs; and (4) to investigate whether small molecule IRIs are crossing the cell
membrane and functioning as permeating cryoprotectants.

The first part of this thesis examined the IRI activity of three diverse classes of small
molecules. Carbohydrate-based surfactants were previously found to be effective
inhibitors of ice recrystallization; however, the precise mechanism by which these
molecules inhibit ice recrystallization remains unknown. As the isomerization of
azobenzene can provide spatiotemporal control over molecular structure and properties,
this strategy could potentially be employed to photo-modulate IRI activity and may be
used as a tool to gain mechanistic insight. Thus, the first class of small molecules
investigated were carbohydrate-based (fluoro)surfactants bearing an azobenzene moiety.
While the majority of the carbohydrate-based (fluoro)surfactants were weak to moderate
inhibitors of ice recrystallization, the results reaffirmed the importance of the identity of
the carbohydrate moiety and regiochemistry for the IRI activity of these molecules. The
trans-cis photoisomerization studies also highlighted the importance of the isomeric state
of the azobenzene tail group for IRI activity as some carbohydrate-based
(fluoro)surfactants exhibited reduced activity in their cis states. The second class of small
molecules investigated were fluorinated aryl glycosides, as aryl glycosides have been
previously shown to be effective inhibitors of ice recrystallization and a fluorine atom on
the carbohydrate moiety has not yet been investigated for its influence on IRI activity.
Generally speaking, the results indicated that fluorinated aryl glycosides were not
effective inhibitors of ice recrystallization and replacing the C-6 hydroxyl group with a
fluorine atom decreased both IRI activity and solubility. Lastly, a small diverse class of

monosaccharides bearing a phosphate group was investigated as IRIs. This study
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represented a novel opportunity to develop pyranoses with unique functional groups as
IRIs and served to generate preliminary data. This work demonstrated that the majority of
the phosphate sugars examined were effective inhibitors of ice recrystallization,
highlighting the potential importance of phosphate functional groups for IRI activity.

In addition, aryl glycosides such as B-PMP-Glc and B-pBrPh-Glc were previously
found to effectively inhibit ice recrystallization. Furthermore, these small molecule IRIs
were shown to be effective cryo-additives for the freezing of human RBCs with the
ability to increase post-thaw RBC integrity utilizing reduced concentrations of glycerol
(15% w/v) and slow cooling rates. This was significant as decreased glycerol
concentrations can result in faster deglycerolization methods. Therefore, structure-
function studies were carried out on B-PMP-Glc and B-pBrPh-Glc to elucidate key
structural features that increase their IRI activity and may increase their cryoprotective
ability. In particular, this work explored the influence of an azido moiety on the IRI
activity of B-PMP-Glc and B-pBrPh-Glc. The most effective inhibitors of ice
recrystallization were the 3-azido analogues of B-PMP-Glc and B-pBrPh-Glc and the
para-azido glucoside. In fact, the 3-azido analogues of B-PMP-Glc and B-pBrPh-Glc
were found to be significantly more IRI active than their parent compounds.

This thesis also explored the cryopreservation potential of small molecule IRIs in
RBCs and MSCs. Previous work demonstrated that B-PMP-Glc and B-pBrPh-Glc can
protect RBCs from cellular injury during freezing using 15% glycerol, thus, RBCs
cryopreserved with these novel cryosolutions were subjected to deglycerolization.
However, it was found that a significant amount of cellular damage occurred, resulting in
low cell recoveries. Although efforts to optimize the deglycerolization conditions for
these novel RBC cryosolutions remained unsuccessful, these studies were crucial because
they provided insight into the possible cause of failure. The low RBC recoveries observed
in the presence of B-PMP-Glc or B-pBrPh-Glc were hypothesized to be the result of
membrane interactions during freezing, causing the RBCs to be more susceptible to
osmotic stress during deglycerolization. Thus, this led to the hypothesis that IRI active
azido aryl glucosides may improve the deglycerolization process since these molecules
may be less likely to interact with the RBC membrane during freezing, facilitating their

removal during deglycerolization. The most promising results were obtained with the
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para-azido glucoside, which was discovered to be a beneficial additive for the freezing of
RBCs. The addition of this IRI to a solution of 15% glycerol significantly improved cell
recovery. This work demonstrated that the structure of an IRI could be rationally
modified for a specific in vitro application.

The ability of small molecule IRIs to improve the cryopreservation of MSCs was
investigated and it was found that the addition of an N-aryl-aldonamide (2FA) to the
standard 10% DMSO solution improved the post-thaw function of MSCs. Specifically,
results from this study demonstrated that significantly higher proliferation rates were
observed post-thaw in MSCs cryopreserved with 2FA. This is significant because freshly
thawed MSCs were found to display compromised function and this may result in
diminished efficacy.

Lastly, this thesis also investigated the ability of small molecule IRIs to cross the cell
membrane and function as permeating cryoprotectants utilizing two different cell models,
RBCs and HUVECs. These studies suggested that aryl glycoside IRIs are capable of
permeating the cell membrane of RBCs and vascular endothelial cells to mitigate the
response of these cells to freezing and thawing. This work also demonstrated that B-PMP-
Glc and B-pBrPh-Glc can control the rate and extent of intracellular ice recrystallization
in the nuclei of HUVECs over a broad range of subzero temperatures. These findings are
highly significant because controlling intracellular ice growth using small molecule IRIs
can be an important approach to improve the recovery and function of cryopreserved
cells and tissues.

Overall, the work presented in this thesis emphasizes that small molecule IRIs have
tremendous potential as novel cell-permeating cryoprotectants for the preservation of

cells and tissues that can improve upon current protocols.

293



Future Directions

The aim of this thesis was to design novel small molecules that are effective
inhibitors of ice recrystallization for their use as cryoprotective agents. Throughout this
thesis, several different classes of small molecule IRIs were identified that can help direct
future research in the field.

A consistent theme throughout this thesis was the emphasis on identifying highly
effective inhibitors of ice recrystallization for cryopreservation applications. In Chapter 3,
carbohydrate-based surfactants bearing an azobenzene moiety proved to be weak to
moderate inhibitors of ice recrystallization and their use in cellular applications was
limited due to their surfactant-like nature. Within the class of fluorinated aryl glycosides,
difluorinated derivative 327 was one of the most effective IRIs reported in this thesis.
However, cryopreservation applications are limited due to its poor aqueous solubility. It
was apparent that monosaccharides bearing a phosphate group could be effective
inhibitors of ice recrystallization and this preliminary work highlighted the potential
importance of phosphate functional groups for IRI activity. The relationship between the
phosphate group and IRI activity needs to be further explored through the IRI testing of
novel synthesized phosphate sugars.

The results from Chapter 4 demonstrated that certain azido derivatives of B-PMP-Glc
and B-pBrPh-Glc could be effective inhibitors of ice recrystallization. In particular, the 3-
azido aryl glucosides 405 and 406 have proven to be the most effective small molecule
IRIs. However, the use of these IRIs as novel cryoprotectants is limited due to their
complex and lengthy synthesis that is not amenable to large-scale preparation and their
poor aqueous solubility. Contrarily, amino aryl glycosides represent a promising new
class of IRIs owing to their ability to effectively inhibit ice recrystallization and their
improved aqueous solubility. The amino aryl glycosides prepared in this thesis should be
evaluated for cytotoxicity and cryopreservation ability in order to determine if they can
be effective cryoprotectants.

In Chapter 5, human RBCs cryopreserved with azido aryl glycoside 409 + 15%
glycerol were shown to result in increased cell recovery compared to 15% glycerol alone
utilizing slow cooling conditions. These results demonstrate that IRI 409 is a beneficial

additive for the freezing of RBCs in the presence of reduced concentrations of glycerol.
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While deglycerolization conditions were explored, further optimization is still required to
increase cell recovery. The utilization of automated deglycerolization methods could
yield greater RBC recovery with increased removal of free hemoglobin, and would
reduce operator time and increase the overall efficiency of the deglycerolization process.
Future studies should also focus on optimizing the glycerolization stage and freezing
stage of the cryopreservation protocol.

Another major theme throughout this thesis was investigating the internalization of
small molecule IRIs to determine whether these molecules are crossing the cell
membrane and behaving as permeating cryoprotectants. In Chapter 7, the internalization
of small molecule IRIs into RBCs and HUVECs provided insight into how these
molecules are behaving as cryoprotectants. These studies suggested that small molecule
IRIs are capable of permeating the cell membrane and controlling intracellular ice
recrystallization. While this work suggests that these molecules are being internalized and
behaving as permeating cryoprotectants, substantial work lies ahead to provide
conclusive evidence for internalization. Furthermore, it remains unclear as to how these
molecules are crossing the cell membrane. Additional studies are needed to further probe
the mechanism of internalization of small molecule IRIs. The azido aryl glycosides
presented in this thesis can be used as tools for studying internalization in greater detail
considering that the azide can be tagged with probes using click chemistry. Therefore,
future work should include utilizing the azido aryl glycosides to further study
internalization and cellular localization of these molecules in order to gain mechanistic

insight.
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