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Abstract 
Given the rising demand for diverse cell types in regenerative and transfusion 

medicines, such as human induced pluripotent stem cell-derived neurons (iPSC-Ns), 

human T/chimeric antigen receptor (CAR) T cells, and human natural killer (NK) cells, the 

ability to cryopreserve cells has become increasingly important. In regenerative medicine, 

iPSC-Ns are powerful tools for treating and modelling neurodegenerative diseases. 

Moreover, transplants/transfusions of T/CAR T cells or NK cells offer promising treatment 

for numerous types of tumors, such as leukemia and multiple myeloma. Cryopreservation 

of cells at sub-zero temperatures (-80 to -196 °C) allows for the development of master cell 

banks that can be used for clinical applications. Conventional cryoprotective agents 

(CPAs), such as dimethylsulfoxide (DMSO) and glycerol, are utilized to protect cells from 

cryoinjuries associated with the freezing process. However, the use of high concentrations 

of DMSO (i.e., 10 to 20%) has been shown to be accompanied with toxic effects on patients 

receiving cell therapies if it is not removed or diluted prior to transfusion. Moreover, 

DMSO does not prevent the occurrence of the cryoinjury associated with ice 

recrystallization, which is one of the major causes of cell death/damage during 

cryopreservation. As a result, there is a surge of attention toward developing new non-toxic 

cryo-additives that inhibit ice recrystallization during cryopreservation to permit future 

advancement in regenerative and transfusion medicines. Moreover, the use of ice 

recrystallization inhibitors (IRIs) as novel CPAs has become a promising strategy to 

improve cell viability and function post-thaw. 

The Ben laboratory heavily invested in synthesizing several classes of 

carbohydrate-based small molecule IRIs (i.e., O-linked alkyl and aryl glycosides, and N-
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aryl-D-gluconamides), and studying the correlation between their IRI activity and 

molecular properties, such as polar surface area to molecular surface area (PSA/MSA) 

ratio. Moreover, compounds that belong to the O-linked aryl glycosides and N-aryl-D-

gluconamides classes of IRIs have been shown to enhance the viability and functionality 

of red blood cells (RBCs), hematopoietic stem cells (HSCs), and induced pluripotent stem 

cells (iPSCs) after thawing.  

 Part of the research presented throughout this thesis focuses on structure-activity 

relationship (SAR) studies of alkyl pyranoses with modified alkyl chain lengths to explore 

any correlations between the IRI activity and the net polarity (i.e., PSA/MSA ratio) of the 

IRI candidates. O- and C-linked alkyl pyranose derivatives with different alkyl chain 

lengths were synthesized and their IRI activity was assessed using the modified splat 

cooling assay. While the IRI activity of the O- and C-linked alkyl glucosides did differ as 

the length of the alkyl chain increased, no correlation between the PSA/MSA ratios and 

their IRI activity was observed. In addition, this work allowed for investigation into the 

effect of the type of the glycosidic bond (i.e., C-O and C-C bonds) at the anomeric position, 

on the IRI activity of the different compounds. The O-linked alkyl glucosides appeared to 

be more IRI active than the C-linked compounds, suggesting the nature of the glycosidic 

bond is important for IRI activity.  

The second part of the research presented in this thesis focuses on examining the 

potential for IRIs to cryopreserve iPSC-Ns, T/CAR T cells, and NK cells. 2-fluorophenyl- 

D-gluconamides (2FA), which is one of the most active IRIs from the N-aryl-D-

gluconamides, has shown promising results in maintaining a high number of viable and 

functional HSCs and iPSCs post-thaw, and therefore it was employed in the 
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cryopreservation protocol of iPSC-Ns, human-derived T/CAR T cells, and human-derived 

NK cells. The efficacy of the cryopreservation protocol being constructed was evaluated 

by assessing the post-thaw viability and recovery rate, as well as the functionality of iPSC-

Ns, T/CAR T cells, and NK cells post-thaw. These studies showed that protecting against 

ice recrystallization during cryopreservation with IRIs increases the number of viable and 

functional iPSC-Ns, and T/CAR T cells. It was also observed that employing IRI 

technology in the cryopreservation protocol of NK cells does not compromise their 

functionality compared to fresh, non-frozen NK cells. Overall, inhibition of ice 

recrystallization using IRIs appeared to enhance the cryopreservation outcomes of the 

different cell types, which will allow for the development of off-the-shelf cell therapy 

products and improvement of the delivery of efficacious cell products to clinics and 

hospitals. 
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Chapter 1: Introduction - Cryopreservation of Cellular Therapy 

Products Using Ice Recrystallization Inhibitor Technology 

 
1.1 Regenerative Medicine, Cell-Based Therapy, and Cryopreservation 

Fundamentals 

Regenerative medicine (RM) and cell-based therapy refer to the regeneration or 

replacement of human cells, tissues, or organs to repair or establish normal function.1-2 The 

principle of cell-based therapy relies on the injection and application of cell cultures, stem 

cells or immunotherapeutic cell products, into pathological tissues or organs to restore their 

function.1 The ability to generate therapeutic cellular products from different cell types has 

led to the significant advancement of the RM and cell-based therapy fields.1,3-5 As the 

application of cell-based therapy in clinics continues to rise, the demand for an optimized 

methodology to preserve biological samples for long-term is warranted.3,5-6  

Cryopreservation is commonly used to increase the shelf-life of cellular products, 

and to develop master cell banks which allows for easier distribution of cell products to 

clinics and hospitals.5-6 Cryopreservation is the process by which biological samples are 

cooled to sub-zero temperature (e.g. -78 °C or -196 °C, depending on the cell type) at a 

controlled rate.6-7 However, the protocols for cryopreserving clinically relevant cell types, 

such as human induced pluripotent stem cells (iPSCs), human T-cells, chimeric antigen 

receptor (CAR)-T cells, and natural killer (NK) cells, are not optimized and result in low 

cell viability and expansion rates.8 Thus, it is important to discover effective 

cryopreservation protocols that produce improved outcomes where the number and 

functionality of cells are not affected post-thaw to work toward delivery of a higher quality, 
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safer, and more efficacious cellular product.9-10 The continued development of cell-based 

therapies for the treatment of chronic diseases necessitates improved cryopreservation of 

different cellular products, which will allow for easier access to cells for both research and 

therapy applications.10-12  

1.1.1 Importance of Cryopreservation  

The rising demand for clinically relevant cell types has rapidly increased the 

requirement to preserve these cells, and thus, the field of cryobiology has risen in tandem. 

Cryobiology is an interdisciplinary field which examines the survival of biological 

material, such as cells and tissues, at low temperatures by assessing how cryopreservation 

techniques affect the viability and functionality of cell products after cryopreservation.13-14 

During cryopreservation, biological processes such as proliferation and metabolism are 

slowed or halted, elongating the shelf-life of cell products.15 Cryopreservation of neuronal 

stem cells allows for the preservation of the neuronal functional properties, including 

neural regeneration and restoration of neural networks, which will help patients suffering 

from different neurodegenerative diseases and spinal cord injuries.15-17 Moreover, the 

ability to freeze and store different types of immune-cell therapy products, such as T-cells 

and NK cells, without compromising their functional properties will assist in treating 

patients suffering from cancer and other immune diseases.18-24 Long-term cryopreservation 

of therapeutic cells is vital for further development of cell therapy products since the 

capacity to properly store and distribute these products is critical to their widespread 

transportation and usage.  
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1.1.2 Preservation Strategies for Cellular Therapy Products and their Limitations  

            Hypothermic storage, vitrification, and cryopreservation are the three fundamental 

methods utilized to preserve cellular therapy products, each with its own set of benefits and 

drawbacks.25 The preservation method used depends on the storage duration as well as the 

cell type.25 Hypothermic storage is the process of preserving cells at temperatures between 

4 and 10 °C, and is often utilized for short-term storage of biological samples, with a shelf-

life  ranging between days to weeks.25 Lowering the temperatures of samples to 4 - 10 °C 

inhibits the degradation of key cellular metabolites as the biological processes are 

significantly reduced.6,13,25-27 Some of the disadvantages associated with hypothermic 

storage include the short shelf-life of preserved cells, as well as the induction of a stress 

response leading to low number of viable and functional cells/organs upon re-warming.25,28   

The process of vitrification is used to preserve cell products in a glass-like state at cryogenic 

temperatures, avoiding ice nucleation.29 During vitrification, it is necessary to supply the 

cryomedia with high concentration of CPAs and to use fast cooling rates.29-30 Some of the 

limitations associated with vitrification are cytotoxicity, as a result of the high 

concentrations of CPA, and cellular torsion or shearing that is caused during warming 

cycles (devitrification).30-32  

            Cryopreservation is defined as a long-term preservation process where cells and 

tissues are stored at sub-zero temperatures (-78 °C to -196 °C), halting biological processes 

in living cells.6,25 Long-term preservation methods have enabled the development of 

biobanks and subsequent wide-spread distribution of cellular products.11 However, the 

occurrence of cryoinjury, such as osmotic stress, and the formation of extra- and intra-

cellular ice, is still a major challenge associated with cryopreservation.27 The challenges 
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are mitigated through the addition of cryoprotective agents (CPAs) to cryo-solutions, 

which will be discussed further in section 1.1.4. Many CPAs, such as dimethyl sulfoxide 

(DMSO) and glycerol, have been described as effective agents for controlling the harmful 

effects of physiochemical stressors associated with osmotic changes.25,33-37 However, it is 

necessary to remove DMSO-containing cryo-solutions prior to clinical use as the solution 

itself can have cytotoxic effects, depending on the DMSO concentration and cell type being 

frozen.25,33-37 Ultimately, the difficulties and consequences of present preservation 

strategies highlight the need to overcome cryoinjuries caused by freezing and warming 

cycles (i.e., ice formation and cellular torsion), and to mitigate the toxic effects associated 

with CPAs, and in order to satisfy the growing demands of cellular therapy. 

1.1.3 Cellular Injury Associated with Cryopreservation and the Impact of Ice 

Crystallization 

There are several modes of cell death that can occur during cryopreservation such 

as chilling injury (cold shock), physical cell rupture, necrosis, and apoptosis, with physical 

cell rupture and apoptosis being the two most common cryopreservation-related cell death 

mechanisms, as shown in Figure 1.1.38-39 It has been well-documented that cell rupture is 

a result of the extreme volumetric fluctuations associated with freezing and thawing cycles, 

where ice crystals form intracellularly, disrupting the integrity of cell membrane (also 

known as the osmometric balance effect).39 Moreover, gene-regulated cell death or 

apoptosis is another form of cryoinjury that is triggered by cold-induced changes in the 

cellular components.38 Apoptosis is an energy-dependent mechanism associated with the 

maintenance of physiological and biochemical events of cells. Some of the characteristics 
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identified for apoptosis are cell shrinkage, nuclear fragmentation, and cellular 

fragmentation into apoptotic bodies.28,39-40 

 
Figure 1.1 Schematic graph of the proposed mechanisms of cell death during freezing 

and thawing processes. Physical ice rupture is illustrated in diagrams A, B, and D. 
Diagrams A, E, F, G describe the different characteristics of apoptosis cell death mode.39 

Figure adapted from Cell Preservation Technology. 1 (1), J.M. Baust, Molecular 
Mechanisms of Cellular Demise Associated with Cryopreservation Failure, 17-31, 2003, 

with permission from Mary Ann Liebert. 

It has been well-documented that cooling rates have a substantial effect on cell 

survival during cryopreservation.20,40-41, As described by Mazur, plotting the percentage of 

cell survival versus cooling rates generated inverted U-shaped curves, demonstrating that 

for different cell types, there is an optimal cooling rate to enable maximum cell survival, 

represented in Figure 1.2.41 The inverted U-shaped curve demonstrates a direct 

relationship between the slow/fast cooling rates and cell death.40,41-42  
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Figure 1.2 The inverted U-shaped curve representing the survival of cell (%) depending 
on the cooling rate (°C/min) in the absence of IRIs.41 Figure adapted from Science, 138 

(3934), P. Mazur, Cryobiology; The Freezing of Biological Systems, 939-949, 1970, with 
permission from American Association for the Advancement. 

The finding of optimum cooling rates for each cell leads to the two-factor 

hypothesis, proposed by Mazur.43 When cells are cryopreserved at sub-zero temperatures, 

they are subjected to ice nucleation (formation of ice), which subsequently, causes 

significant changes in the physical and chemical components of the cells. As depicted in 

Figure 1.3, the extracellular and intracellular components of the cell are supercooled 

(chilled below its freezing point without recrystallization) when cells are held at -5 °C. 

Lowering the temperature further (-10 °C to -15 °C) results in extracellular ice nucleation 

while the intracellular content remains supercooled and unfrozen. The formation of 

extracellular ice creates an osmotic pressure gradient across the cell membrane.42 The 

ensuing osmotic pressure gradient across the plasma membrane acts as a driving factor for 

water efflux from cells, with the rate of efflux being restricted by the plasma membrane's 

water permeability.42,44 With slow cooling rates, the intracellular water travels to the 

outside of the cell in response to osmotic pressure gradient, resulting in a decrease in 

intracellular volume and prolonged exposure to high electrolyte concentration. The cells 

get extremely dehydrated and suffer dramatic volume shrinkage, as shown in Figure 1.3. 

During this time, solutes are concentrated inside the cell (“solute effect”) which is toxic 

and ultimately decreases the viability rate of the cells significantly.42,44-45 On the other 

hand, when cells are subjected to rapid or fast cooling rate, intracellular freezing, also 

known as intracellular ice formation (IIF), can occur.44,46 When cooling rates are high 

enough to induce a large departure from osmotic equilibrium, cells do not have time to 

dehydrate as water is retained inside the cells, and therefore, ice will form intra- and 
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extracellularly, which is a damaging effect that causes cell rupture (Figure 1.3).43 To 

maximize post-thaw viability and recovery, each cell type must be cooled at its optimum 

rate.41  

 

Figure 1.3 Schematic illustration of the physical changes occurring during freezing.43 
Figure created using free licence from BioRender. 

Intracellular ice formation (IIF) is directly proportional to the amount of water in 

the cell during freezing as a result of membrane permeability, and therefore, the cooling 

rates that result in IIF vary substantially between cell types.45 While it is commonly known 

that the production of intracellular ice is harmful to cell survival, new research has 

demonstrated that IIF is not always damaging. The detrimental effect of IIF is mainly 

related to the size of ice crystals that forms during freezing process where large ice crystals 

increase the risk of cell rupture.45 However, research has shown that post-cryopreservation 

cell viability does not only rely on the freezing rate; it also depends on the rate at which 

cells are warmed.31,47-48 As previously indicated, the size of ice crystals is associated with 

several downstream, uncontrolled cellular damage mechanisms, and therefore, the 

formation of large ice crystals (ice recrystallization) during thawing process has a negative 

impact on the cell.31,47-48 While cryoinjuries associated with slow and fast cooling rates 

have been controlled by the utilization of chemical agents that protect cells from ice 

formation during freezing process. The cellular damages caused by ice recrystallization 

during warming process are not fully controlled, and therefore, control of ice 
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recrystallization becomes an important consideration when designing cryopreservation 

protocols. 

1.1.4 Conventional Cryoprotective Agents (CPAs) 

1.1.4.1 Classes of CPAs 

Though the rate at which a sample is frozen or warmed is crucial to cell survival 

post-cryopreservation, further reduction of cryoinjury associated with freezing and thawing 

cycles can be achieved by formulating cryoprotective agents in the freezing medium. 

Cryoprotective agents (CPAs) are chemical additives that are formulated with the cell 

solution before freezing to mitigate the cellular damage caused by ice formation and to 

improve cell survival post-cryopreservation. There are two categories of CPAs: permeating 

and nonpermeating.48-49 Dimethyl sulfoxide (DMSO) and glycerol are the two most 

common penetrating CPAs. They can easily permeate the cell membrane and protect cells 

from any detrimental effects associated with slow freezing rates.48-52 Permeating CPAs 

minimize cryoinjuries by buffering the increase in solute concentration as ice nucleation 

occurs. The main mechanism of protection of permeating CPAs is that they maintain the 

solute concentration during freezing by replacing intracellular water, limiting the effect of 

osmotic shrinkage (i.e., loss of water and the reduction in cell volume) at lower 

temperatures.20,41,51-54 One of the drawbacks to using permeating CPAs is the cytotoxic 

effect on patients which requires their removal or dilution prior to cell injection.55-57 On the 

other hand, non-permeating CPAs are restricted to the extracellular environment as they 

cannot pass through cell membranes. They range from high molecular weight 

cryoprotectants such as polyvinylpyrrolidone (PVP), hydroxyethyl starch (HES), dextran 

40, and polyethylene glycol (PEG) to low molecular weight additives such as sucrose and 
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trehalose.58-64 This class of CPAs concentrates in the extracellular environment which 

raises the osmolality, inducing cell dehydration .41,49-50 The increase in the extracellular 

osmolar concentration will result in a decrease in the freezing rate of the extracellular 

environment, promoting cell dehydration which, in turn, reduces the formation of 

intracellular ice formation (IIF).61-63,65-67 Although non-penetrating CPAs are less toxic 

than other CPAs and they do not necessarily need to be removed following 

cryopreservation, cell survival post-thaw is often lower when utilizing non-permeating 

CPAs compared to permeating CPAs.66 To achieve higher protection and therefore 

improved cell survival during cryopreservation, permeating CPAs are often used, however, 

their toxicity on cellular signaling and other biological activities must be mitigated.56-57  

1.1.4.2 DMSO-Associated Toxicity  

DMSO is formulated in multiple solutions that are used for the cryopreservation of 

various cell types and tissues, including hematopoietic stem cell (HSCs), iPSCs, neurons, 

T-cells, and NK cells.68-74 Much research has reported the damaging toxic effect of DMSO, 

such as protein unfolding,57 decreasing cell membrane thickness,75 induction of stress 

protein,56 reduction in cell viability and changes in the morphological properties of primary 

neurons,68,70 functionality impairment of CD34+ cells,69 decrease in natural killer (NK) cell 

functionality,71 and inhibition in the metabolic activity of CD4+ T cells.72 There is also 

evidence that injection of 10% DMSO-cryopreserved bone marrow and engraftment of 

hematopoietic stem cell (HSCs) results in various unpleasant reactions in patients.73-74,76 

Due to the cytotoxic effects imposed by CPAs on cells, many studies have been conducted 

to optimize the concentrations, as well as the length of exposure, of different CPAs. 

Reduction of DMSO concentrations in cryo-solutions, or co-formulation of DMSO with 
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other non-permeating CPAs (i.e., DMSO + Dextran), has shown to result in increased cell 

survival.77-78 Despite the multiple attempts to explore methods to reduce permeating CPA 

concentrations, these cryopreservation protocols fail to protect against cellular damage that 

is associated with ice recrystallization, growth of large ice crystals at the expense of small 

ones. Therefore, it is of great interest to discover compounds that help to mitigate the 

cellular injury that is caused by ice recrystallization to improve cryopreservation protocols. 

1.2 Regulating Ice Recrystallization: Biological Antifreeze and Ice 

Recrystallization Inhibitors 

Recrystallization of ice is a thermodynamically driven process whereby large ice 

crystals grow at the expense of smaller ones and is the primary cause of cellular 

injury/death during cryopreservation; it occurs primarily during the thawing cycles.79 This 

phenomenon is also described in other scientific areas and the frozen food industry, where 

the recrystallization of ice, and its associated morphological changes that occur during 

freezing and thawing cycles, have been linked to reduced quality of frozen food products.80-

81 Consequently, controlling the damage caused by ice recrystallization is key to optimizing 

cryopreservation protocols for different technologies (i.e., the food industry and biological 

samples). This can be done by developing molecules that inhibit ice recrystallization. Prior 

to this, it is necessary to learn more about the structure of ice, the mechanism of ice 

nucleation and recrystallization. 

1.2.1 Ice Structure and the Mechanism of Ice Nucleation 

The transition of water into its solid form (ice) is a common occurrence, and 

therefore, much research has been conducted to study structural properties of ice and its 

nucleation mechanisms.82-85 Numerous morphological forms of ice exist depending on the 
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temperature and pressure.82-83,86 Two of the most common crystalline forms of ice that 

occur naturally are stable hexagonal ice (Ih) and metastable cubic ice (Ic). Both crystalline 

structures of ice are composed of hydrogen-bonded water molecules ordered in layers of 

six-membered rings; the difference between the two forms lies in the stacking of the 

layers.82,87 Moreover, experiments and dynamic stimulations imply that another form of ice 

structure, meta-stable stacking-disordered ice (Isd) which is a combination of Ic and Ih 

stacking sequences, is formed by either recrystallization at high pressures or warming of 

glassy aqueous solutions.87-92 However, at ambient pressure and high temperature, Isd 

polymorph transform into the stable thermodynamic ice crystalline form, Ih.87 In the Ih 

lattice, there exist four axes (a1, a2, a3, c) that confine eight faces and four planes (basal 

plane, primary prism plane, secondary prism plane and pyramidal plane), as shown in 

Figure 1.4.93-97 The hexagonal ice form is a result of highly ordered water molecules bound 

to each other through hydrogen bonds (H-bonds) whereby each oxygen atom binds two 

neighboring hydrogen atoms.95-97 A hexagonal ice crystal can develop in any orientation 

after ice nucleation, however, the temperature of the surrounding water and the level of 

hydration determine the rate at which ice crystals grow.98 Generally, the hexagonal ice 

shape is developed due to the rapid growth along the a-axis (prism plane) and due to slow 

growth along the c-axis (basal plane).93-94,96,99  
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Figure 1.4 A depicted diagram of the different axes and planes in the hexagonal ice form 

(Ih).94 Figure created using free licence from BioRender. 

The mechanism by which ice nucleates is a three-step process, including 

transportation of water, generation of hydrogen bonds (surface kinetic stage), and 

production of heat. Nucleation is known to be the initial and important event in 

recrystallization process.100 In the initial phases of freezing where ice formation has 

occurred (temperatures below 0 °C), a transitional surface layer starts to form, known as 

the quasi-liquid later (QLL). The QLL acts as an interface between the disordered liquid 

phase of bulk water and the ordered ice crystalline phase of ice.101 The thickness of the 

QLL is temperature-dependent, where it increases as the melting temperature 

approaches.100-103 The geometrical morphology and molecular dynamics of the QLL have 

been studied extensively, and it was found that the QLL gives indications of adhesion 

events and reactions that occur on the ice surface.100-103 Light scattering studies have 

reported that the QLL is thicker on the basal and primary prism faces rather than secondary 

prism and pyramidal plane, in addition, more ice crystals grow into the QLL than the bulk 

water layer.103-105 There are an appreciable number of studies on the characteristics of the 

QLL, however, they vary from one another in the description of the QLL’s structure, 

thickness, water or ice-properties and diffusion constants.98,104-116 Despite the various 
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reports on the exact nature of the QLL, it has been recognized as a significant physical state 

of water molecule organization, which in turn, can play a significant role in the outcome 

of ice recrystallization on cryopreservation.  

1.2.2 Mechanism of Ice Recrystallization  

Ice recrystallization, as defined previously, is a thermodynamic phenomenon that 

takes place through two proposed mechanisms: grain boundary migration and Ostwald 

ripening. 117-118 The arrangement of water molecules in its solid phase (ice) is called an ice 

grain, where the ice is found in its thermodynamically favoured form, hexagonal ice (Ih). 

Thus, grain boundaries are the points where different oriented ice grains meet.117-118 Grain 

boundary migration is influenced by interfacial energy and stress; the migration of 

adversely oriented ice grains to a more favourably oriented one causes grain boundary 

migration.117-119 Ice grains differ in size and their degree of boundary curvature, where 

smaller ice grain boundaries tend to be more curved than larger ones, rendering them more 

convex (bulging outward) and so contain more surface energy.119 The morphological shape 

of larger ice grains appears more concave (less curved), and thus contain less surface 

energy. In order to reduce the energy of the system, grain boundary migration occurs where 

the border of ice grains migrate to the center of the curve to decrease the degree of 

curvature.119 This migration event, illustrated in Figure 1.5, causes smaller ice grains to 

decrease in size (concave shape migrates inward) while large ice grains grow larger 

(concave shape migrates outward).119 It is important to note that, the grain boundary 

migration is limited to temperatures below -10 °C and it is proposed that water molecules 

move directly between small ice grains that are decreasing in size to the growing ice 
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grains.119 This assumption of direct movement ignores the presence of the bulk-water layer, 

as well as the QLL, present between each ice grain.119 

 

Figure 1.5 A pictorial illustration of the grain boundary migration mechanism adapted 
from. Wilson, P., Ed.; InTech Open, Ltd. London, UK 2013, 177–224. Copyright © 2013 
InTechOpen.79 The shaded area represents the liquid layer between two curved ice grains. 
Movement of the interface grain boundary is referred to as arrows where large ice grains 
(Grain 2) grow larger at the expense of small ice grains (Grain 1) which decrease in size. 
Grain boundary migration reduces the energy of the system by decreasing the curvature 

of grain boundaries.  

Ostwald ripening of polycrystalline ice in an aqueous solution, on the other hand, 

takes into account the entire ice grain and liquid water combination.120 The mechanism of 

Ostwald ripening occurs as two crystals merge together to form a large ice grain, while a 

constant ice volume is maintained.120 This process leads to a reduction in the total energy 

of the ice crystal and the bulk water interface by way of an increase in the mean size of ice 

crystals and a decrease in the total number of ice crystals.120-124 As described previously, 

at low temperatures, hydrogen bonds form between water molecules resulting in a highly 

ordered and stable hexagonal ice form.94-97 However, water molecules present at the bulk-

water/ice interface are less ordered. Therefore, the presence of water molecules on the 

surface, rather than within the ice lattice, leads to a high surface free energy. Smaller ice 

crystals have a high surface area to volume ratio which implies a higher surface free energy, 

and thus are less stable. Whereas larger ice crystals have a greater volume to surface area 

ratio, resulting in a lower surface energy and comparably more stable ice crystals. As ice 
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recrystallizes via the Ostwald ripening process, water molecules migrate from the surface 

of smaller ice grains to the surface of larger ones through the QLL and bulk-water layers 

to decrease the total surface free energy.123-126 The ice recrystallization phenomenon is an 

inevitable process that occurs during the freezing and thawing stages of cryopreservation 

and is a major contributor to cellular injury. Therefore, it is of great interest to control the 

recrystallization of ice to ensure high quality biological samples upon thawing post-

preservation.  

1.2.3 Biological Antifreezes (BAs) Activities: Thermal Hysteresis and Ice 

Recrystallization Inhibition 

Species that live in sub-zero temperature environments, such as arctic fish and the 

Lobelia telekii plant, adopt a variety of mechanisms to prevent the damage caused by the 

nucleation and recrystallization processes of ice.127-130 For example, some organisms 

inhibit ice formation by raising the solute concentration in their body fluids, which in turn, 

decreases the freezing point of water, or by removing molecules that induce ice nucleation 

(such organisms are called freeze-avoiding species).120,128 Other species protect themselves 

against freezing injuries associated with freezing by producing special proteins that inhibit 

the growth of ice. These proteins were initially observed in teleost fish and are termed 

antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs), also known as biological 

antifreezes (BAs).93,96-97,127,131-133 While the exact mechanism by which BAs inhibit the 

growth of ice crystals is still debated, the adsorption-inhibition model has been the most 

accepted theory to explain the protective properties of BAs against freeze-associated 

damage. In this model, AFPs and AFGPs are known for their ability to adsorb and bind 

irreversibly onto the non-basal planes of ice crystals, therefore inhibiting ice growth and 
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recrystallization as temperatures are lowered.133-137 This phenomenon can be explained by 

the Kelvin effect, whereby the adsorption of BAs onto the surface of ice increases the 

surface area and the degree of curvature of ice grains, raising the surface free energy which 

makes the adsorption of water molecules onto ice unfavorable, and consequently lowering 

the freezing point.134,138-140 Moreover, the activity of AFPs and AFGPs is proposed to be 

governed by their affinity to bind to ice through specific ice-binding sites on the proteins 

themselves.141-148 Many driving forces have been found to influence the binding of BAs to 

ice, including the generation of a network of ordered water molecules, the formation of 

hydrogen bonds between amino acid (aa) side chains and water molecules, as well as the 

formation of hydrophobic and Van der Waals interactions with ice.144-145,149-156  

Two of the main antifreeze mechanisms associated with BAs have been recognized 

as thermal hysteresis (TH) and ice recrystallization inhibition (IRI).118,132,138 Thermal 

hysteresis (TH) is referred to as the gap between the melting and freezing temperatures of 

a solution. During this phenomenon, ice crystals cannot grow or melt due to the adsorption 

of the AF(G)Ps to the ice surface. AF(G)Ps bind to the prism plane of the hexagonal ice 

crystal lattice blocking the addition of water molecules which will bind to the non-basal 

planes resulting in a burst of ice growth occurring on the c-axis (basal plane) giving rise to 

bipyramidal crystals (dynamic ice shaping, DIS).138,157-160 When AF(G)Ps adsorb on the ice 

crystal, water molecules cannot bind resulting in the growth of the frontal edge of the ice 

to between neighbouring AF(G)Ps which increases the radius of curvature.  As a 

consequence, addition of more water to the curved ice lattice is energetically undesirable 

which results in a freezing point depression (Kelvin effect). 138,157-160  Two mechanisms 

have been proposed to explain the activity of BAs within the TH window: the step-pinning 
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mechanism and the three-dimensional mattress model.118,138,145 In the first one, the step 

pinning model, AF(G)Ps allow the growth of ice crystals at sites along the same plane 

where proteins are not bound,138,145 whereas the second model (three-dimensional mattress 

model) assumes that the growth of ice grains happens perpendicularly to specific ice 

surface.145 Nanoliter osmometry is utilized as method to assess TH activity for BAs. In this 

method, ice crystal morphology changes are observed, and the temperature at which 

solutions freeze and thaw are measured, as shown in Figure 1.6. The resulting difference 

between freezing and melting temperatures represents the TH activity expressed in Kelvin 

(K) or °C.159-163  

 

 

 

Figure 1.6 The different morphological adaptions of ice crystals in the presence of (A) 
water, (B) AFP-8 and (C) WT LpAFP. Image A represents no TH activity in the absence 
of AF(G)P. Images B-C represent TH activity (changes in the ice crystal dynamics) in the 
presence of two different AF(G)Ps.163 Images are adapted from Cryobiology, 70 (2), C. 
Capicciotti, Modulation of Antifreeze Activity and the Effect upon Post-Thaw HepG2 

Cell Viability after Cryopreservation, 79-89, 2015, with permission from Elsevier. 

Not only do AF(G)Ps inhibit ice growth (as a result of their TH activity), but they 

also prevent the recrystallization of ice. Ice recrystallization inhibition by AF(G)Ps is 

regulated by ions and hydrocolloids in solutions different ions adsorb on the surface of 

recrystallized ice, decreasing its size, and thus inhibiting recrystallization.164-168 The ice 

recrystallization inhibition property of BAs is intriguing for cryopreservation technologies; 

however, the associated TH activity has been recognized as a process that significantly 

damages the cells (because of DIS). 169-171 Therefore, over the past several years, there has 

been considerable effort to synthesize AF(G)P analogues that have only IRI activity and to 

A B C 
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test the ability for these analogues to enhance the outcomes of cryopreservation protocols 

for different cell types.  

1.2.4 Ice Recrystallization Inhibitors (IRIs): from Synthetic Macromolecule AF(G)P 

Analogues to Small Molecule IRIs 

 
Several studies of structure-activity relationship (SAR) of AF(G)Ps have been 

conducted to reveal key structural features that control ice formation and growth, toward 

the design of safe ice recrystallization inhibitors (IRIs). Using specific AF(G)P scaffolds, 

numerous “custom tailored” derivatives have been synthesized and assessed for their 

ability to inhibit ice recrystallization. 140,172 These AF(G)P analogues have a greater 

potential to successfully cryopreserve biological samples without causing TH and DIS, 

enhancing the efficacy of these cryopreservation technologies.  

1.2.4.1 Structural Characteristics for AF(G)P Analogues 

Various studies have been conducted to identify key structural features that are 

associated with AF(G)P functional activity.142-143,150-155 One of the proposed theories to 

explain the function of BAs is their ability to bind to ice by either forming hydrogen bonds 

between the hydrophilic groups (hydroxyl groups) or the amino acid residues of AF(G)Ps 

and water molecules in the ice lattice, generating a network of ordered water, or through 

hydrophobic and Van der Waals interactions with ice binding.144-145,149-156,173 Another 

proposed feature is the size of glycoprotein moiety attached to the AF(G)P, in addition to 

the glycosidic bond configuration and its secondary structural arrangement, have been 

found to play a significant role in controlling ice growth.140,172 Further SAR studies have 

used different analysis strategies (i.e., conformational analysis, click chemistry, and 

polymerization studies) to determine the most significant characteristics linked to AF(G)P 
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activity. For instance, polymerization studies have revealed the importance of the distance 

between the AFGP backbone and water hydroxyl groups for the IRI activity of AFGP 

mimetics.172,174-175 From this work, numerous polymer analogues have been identified as 

AF(G)P analogues with a wide range of antifreeze activity.176-179 In addition, C-linked 

glycoconjugate derivatives are one of the first synthesized analogues that exhibit IRI 

activity without TH activity.172,174-183 Synthesis of macromolecule AF(G)P mimetics are 

typically both lengthy and costly,118,184 and this discovery has fueled the search for more 

synthetically accessible small molecules that display IRI activity with no TH.173,185-191  

1.2.4.2 Synthetic Polymers and Glycopeptides as BA Analogues 

Because large scale production of naturally occurring AF(G)Ps is costly and time-

consuming, efforts have been diverted into synthesizing BA analogues such as polymers. 

It was discovered in late 20th century that polyvinyl alcohol (PVA) inhibits the growth of 

ice crystals.118 Further research by Inada et al. revealed that increasing the molecular 

weight (MW) of PVA polymers resulted in enhanced IRI activity, proportional to type I 

AFP.152,176-177,192 Further testing on PVA has shown that its antifreeze activity is also 

attributed to its ability to adsorb onto ice surface, suggesting an ice binding activity, which 

in turn, results in DIS and TH activity.176-177,148,192 It was hypothesized that the different 

linkage length between hydroxyl groups in PVA structures allows for the adsorption onto 

different prism planes of ice grains.178-179,192 More studies have since been conducted to 

synthesize polymers and glycopolymers that display ice recrystallization inhibition without 

any TH activity.193 Gibson et al. reported their success in developing new antifreeze 

macromolecule glycopolymers, such as poly L-glutamate, poly L-lysine, and poly(methyl-

6-O-methacryloyl-α-D-glucopyranoside), as well as polyols such as polyethylene glycol 
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(PEG).194-196 As the efforts to synthesize AF(G)P polymer mimetics and identify their 

mechanism of action continues, ongoing research has identified that smaller carbohydrate 

molecules can display IRI activity. Small molecule IRIs are appealing alternatives to high 

molecular weight polymer because of their ease of synthesis, allowing them to be prepared 

in large quantities for a variety of applications.  

1.2.4.3 Discovery of Novel Small Molecule IRIs  

As described previously, ice recrystallization is a cause of cellular damage and 

death during freezing and thawing processes which needs to be mediated.79 Conventional 

CPAs fail to protect cellular products from ice recrystallization, and thus, the development 

of ice recrystallization inhibitors as cryoprotective additives has become an attractive 

prospect.79,189,197 The Ben laboratory has been investigating antifreeze properties, 

especially IRI activity associated with AF(G)Ps and incorporating some of these features 

(i.e., a tripeptide unit and the linker portion of the glycopeptide) into other synthetically 

accessible molecules to develop different classes of IRIs.79,189,197 

1.2.4.3.1 Early Discovery of IRI Active Compounds and their Structural 

Features: C-linked AF(G)P Analogues 

The first class of IRIs discovered and assessed for their IRI activity by the Ben 

laboratory are carbon-linked or C-linked AFGP analogues, as shown in Figure 1.7.197 In 

this class of IRIs, the carbohydrate component is substituted for mono-α-D-galactose and 

the AAs are substituted for L-lysine and L-glycine (compared to the naturally occurring 

AF(G)Ps), as shown in Figure 1.7 A-B, to bypass any racemization may occur during solid 

phase synthesis.197-198 Altering the length of the polypeptide chain (n = 2, 6 or 9) resulted 

in compounds either bearing moderate IRI activity and small TH activity (n = 6 or 9) or 
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weak IRI activity and low degree of TH activity when n = 2. Increasing the number of 

polypeptide repeats appeared to contribute to increasing the IRI activity of the C-linked 

analogues.174,199 Further research by the Ben laboratory has resulted in the discovery of 

IRI-active C-linked mimetics without TH activity. These mimetics contained four repeats 

of L-serine (Figure 1.7, C) or tripeptide chain (Figure 1.7 D). These results suggest that 

the length of the linker chain, as well as the presence of an amide bond, play a significant 

role in displaying IRI activity without exhibiting TH activity.175,197-198 

 
Figure 1.7 An illustration of the general structures and modifications of AFGPs (A) and 

C-linked AFGP analogues (B-D).  

Further SAR studies have revealed that alterations to the carbohydrate component 

of the AF(G)P also affect the IRI activity. For example, changing the D-galactose sugar to 

a configuration such as D-glucose, D-mannoses, or D-talose sugar is found to show a 

correlation between IRI activity and the hydration index of the carbohydrate, where a more 
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hydrated carbohydrate has greater IRI activity, depicted in Figure 1.8.200 Several 

disaccharides have also been assessed for their IRI activity and have been correlated with 

their hydration index, where melibiose displayed the greatest IRI activity, followed by 

lactose, then sucrose and maltose with very little IRI activity (Figure 1.8).200 The hydration 

index refers to the quantity of water molecules tightly bound to carbohydrates per molar 

volume of the carbohydrate.173,199-202 The experimental results drawn from the correlation 

between the hydration index and IRI activity demonstrated that the higher the hydration 

index, the greater the IRI activity. 173,178-179,192-196, 198-210 

 

Figure 1.8 Structures of the different mono- and disaccharides that have been assessed 
for IRI activity. The hydration index and IRI activity increase from left to right. 

Since small carbohydrate molecules (i.e., monosaccharides) exert ice 

recrystallization inhibition activity with no TH activity, the Ben laboratory has been 

invested in synthesizing novel carbohydrate-based ice recrystallization inhibitors, which 

are less complex and easier to synthesize than AF(G)P analogues.  

1.2.4.3.2 Small Molecule IRIs: Alkyl/Aryl Pyranoses and Aryl Aldonamides 

As mentioned in section 1.2.4.4.1, the discovery of low molecular weight 

compounds possessing IRI activity has led the Ben laboratory to investigate small-
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molecule carbohydrate derivatives as ice recrystallization inhibitors. The first class of small 

molecule IRIs found to be active are pyranose-based surfactant and hydrogelators, shown 

in Figure 1.9.211 This class of IRIs is characterized by its amphiphilic nature (carbohydrate 

portion and alkyl chain).211-213 The surfactant properties of these molecules can cause cell 

membrane solubilization making them not suitable for use as cryo-additives.211 As a result, 

through further SAR studies the Ben laboratory has developed a class of IRIs, known as 

aryl-linked pyranoses. In this class of IRIs, the alkyl chain at the anomeric carbon is 

substituted for an aryl component.163,184,187 SAR studies on this group of compounds 

showed that occupying different substituents on the aryl ring, such as p-bromophenyl-β-D-

glucoside and p-methoxyphenyl-β-D-glucoside (Figure 1.9),  has resulted in a wide library 

of compounds that possess a range of IRI activity without TH activity.163,184,187,190-191,214 

Moreover, some of the IRI active aryl-linked glucosides have been found to be successful 

candidates for enhanced cryopreservation outcomes of red blood cells (RBCs) showing the 

promise of these small molecules as potential cryo-additives.214 

Further manipulation to the carbohydrate-based surfactant has led to the discovery 

of open-chain carbohydrates, N-alkyl-D-gluconamides (Figure 1.9), that have displayed a 

wide range of IRI activity depending on the length of the alkyl chains.211 As these 

molecules also suffer from the detrimental surfactant-like properties, the alkyl chains are 

further modified and are substituted with aryl components.178-179,189-191 Several of the N-

aryl-D-gluconamides (Figure 1.9) are active IRI and have been shown to improve the 

viability and functionality of multiple cellular therapy products such as HSCs and iPSCs. 

178-179,189-191,195-215 
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Figure 1.9 Structures of different classes of small-molecule IRIs. 

Development of different small-molecule ice recrystallization inhibitors is 

undoubtedly more efficient and less expensive compared to the complex AF(G)P 

macromolecule analogues. Moreover, the capability of carbohydrate-based small 

molecules to display IRI activity without the presence of TH activity permit them to be 

more widely applicable to the cryopreservation of biological samples.  

1.2.4.4 Methods for Measuring IRI Activity 

To successfully apply IRI candidates in the cryopreservation protocol of different 

cellular products, it is significant to measure their activity and to determine detailed kinetic 

parameters of their IRI activity, such as the half maximal inhibitory concentration (IC50). 

Multiple strategies have been proposed for the assessment of IRI activity such as the 

capillary assay, the sucrose sandwich assay, and the splat cooling assay.163,216-222 In the 

capillary assay, a series of diluted solution of the AF(G)P analogue is prepared and loaded 

into 10 μL glass capillaries, which are then sealed and snap-frozen to -78 °C. Snap-freezing 

the samples results in a chevron pattern of multi-crystalline ice. The samples are then left 

to anneal at -6 °C overnight (~16 hours). The disappearance of chevron patterns from some 
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capillaries indicates the concentration at which AF(G)P analogues can no longer inhibit ice 

recrystallization (no IRI activity).216 

The sucrose sandwich splat assay entails a 30 to 40% (w/w) of sucrose is employed 

and a 2 μL of the diluted sample is sandwiched between two coverslips. The sample is then 

frozen to -78 °C and then annealed at -6 °C for 30-90 minutes. Images of the ice crystals 

are then taken to monitor the growth of ice crystals which can be further analyzed to 

determine the concentration at which AF(G)P analogues can no longer inhibit ice 

recrystallization.222  

The modified splat cooling assay is another method that is utilized by the Ben 

laboratory to assess IRI activity where a 10 μL droplet of the diluted solution is frozen to -

78 °C using dry ice, then allowed to anneal at -6.4 °C for 5 minutes, as shown in Figure 

1.10.163,220 Images of the ice wafer are then taken using a microscope-fitted camera. In this 

protocol, ice crystals are analyzed at different concentrations where three pictures of each 

concentration can be used to determine the rate of ice crystal growth for the given 

concertation; plotting the rate of ice recrystallization against the concentrations (logarithm 

transformed) tested allows for the generation of a dose-response curve by which an IC50 

value can be determined.163,184,220-223 Active IRIs can undergo further testing, including 

cytotoxicity screening on route to functional cryopreservation applications.184,220-223 

Cytotoxicity of IRIs is measured using resazurin assay which quantifies the number of live 

cells in a sample and monitor cell viability/cytotoxicity. It is cheap, non-toxic to cells at 

low concentrations, and only requires a short incubation time (~4 hours). However, the 

reliability of the calculated number of live cells relies on cell density, the metabolic activity 

across the cell population which can vary from one cell culture to another.220-223   
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Figure 1.10 Graphical representation of the splat cooling assay. Figure created using free 

licence from BioRender.184  

1.3 Cryopreservation Strategies of Different Cell Types 

As discussed in sections 1.1.2 and 1.1.3, there are different preservation strategies 

used depending on the cellular therapy products. In addition, different CPAs can be used 

to prevent cryoinjury during freezing and thawing cycles (section 1.1.4). However, ice 

recrystallization contributes to major cellular death/injury and conventional CPAs often do 

not protect the cells from this injury. Developing compounds that are active IRIs serves as 

potential improvement to conventional cryo-solutions as a solution additive. Different 

classes of IRIs have been synthesized and evaluated in several cell types including RBCs 

and HSCs.187,189 However, IRIs have yet to be tested on primary immunological cell-based 

products (i.e., T cells and NK cells), and on stem cell-derived neurons (i.e., iPSC-Ns). 

Conventional cryo-solution media for the different cell types comprise of dimethyl 

sulfoxide (DMSO) at varying concentrations. Using the conventional cryo-solutions, cell 

viability is often decreased, while functionality is either delayed or disrupted. 224-225 By 
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formulating IRIs into cryo-solutions, it is thought that they will be able to mitigate some of 

the detrimental cryopreservation outcomes.  

1.3.1 The Significance of iPSC-Derived Neurons (iPSC-Ns) in Cell-Based Therapy  

Diseases of the central nervous system (CNS) that cause progressive loss of neurons 

are referred to as neurodegenerative diseases (NDs).8,226 Neurodegenerative diseases occur 

in different regions of the brain and spinal cord such as Alzheimer’s disease (AD) and 

Parkinson disease (PD); NDs are the fourth most common cause of death in developed 

world after cardiovascular diseases, cancer and stroke.226-229 Due to the prevalence and 

severity of NDs, interest in modeling and curing these NDs using cellular therapy products, 

such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), has risen 

significantly.230-232 While ESCs impose some ethical and legal challenges that limit 

neuroscience research, iPSCs are easier to generate and are not ethically restricted, and 

thus, they are a better alternative source of cell-based therapy.233 iPSCs can proliferate to 

give more of the same cell type (self-renewal) or can differentiate to generate other cell 

types (pluripotency).233-236 Therefore, Human induced pluripotent stem cells (iPSCs) and 

their derivatives, such as iPSC-derived neurons (iPSC-Ns), are a distinct approach to 

generating new cell-based therapeutics for regenerative medicine and cell-based 

therapy.233-236 iPSC-Ns have proven to be extremely useful in modelling and understanding 

the aetiologies of neurological diseases. Preclinical studies have revealed that iPSC-Ns 

have the potential as a cell replacement therapy for individuals with AD and other 

neurological diseases.237-243 For example, grafting iPSC-Ns has shown to enhance 

cognition in AD-modeled mice by reducing β amyloid oligomers in the culture medium.242 
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1.3.2 Current State of Art in the Cryopreservation of iPSC-Ns 

Differentiating iPSCs into iPSC-Ns is a lengthy process; requiring between 2 to 6 

months, depending on the type of neurons required.244-246 This poses a major challenge for 

the clinical translation of iPSC-Ns since large-scale manufacturing will necessitate 

downstream cryopreservation that can retain high viability and recovery, differentiation 

fidelity and functionality post-thaw. The currently proposed cryo-solutions used to 

preserve iPSC-Ns contain 10% of DMSO to prevent cryoinjuries associated with slow 

freezing.66,244,247 However, DMSO does not protect the cells from the detrimental effects 

imposed by ice recrystallization during cryopreservation. iPSC-Ns hardly survive 

cryopreservation which is implied by the low recovery rate and the delay in establishing 

functionality post-thaw.224 In addition, using DMSO at this concentration has been reported 

to cause neurotoxic effects if it is not washed or diluted prior to any clinical application.224-

225 Thus, developing cryopreservation additives (i.e., IRIs) that account for the cryoinjuries 

associated with ice recrystallization will assist in establishing an effective cryopreservation 

protocol for iPSC-Ns. This will allow for longer-term storage of iPSC-Ns, overcoming the 

lengthy and costly differentiation processes, and thus, permitting the delivery of successful 

iPSC-derived therapies to clinics. 

1.3.3 T Cells and NK Cells for Cancer Immunotherapy and their Cryopreservation 

Protocol 

An immunotherapy revolution has resulted from a greater understanding of the 

immune system's role in cancer treatment, delivering effective and long-lasting treatments 

to patients with previously incurable tumors.248 Manipulations of the immune system 

response using different immunotherapies (T cells or NK cells) result in a redirection of 
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the immune cells to fight various kinds of malignancies. For example, T cell- and NK cell-

based immunotherapies have been used to treat blood malignancies as well as solid 

tumors.250-254 Moreover, the ability to genetically modify these immune system cells by 

expressing different cancer antigens has resulted in the establishment of diverse chimeric 

antigen receptor (CAR) T/NK cells, such as CD19 and epidermal growth factor receptor 

(EGFR) CAR- T/NK cells.250-255 However, the successful application of immunotherapy 

products in clinics for an effective cryopreservation protocol that results in viable and 

functional CAR-T or CAR-NK cells.256-257  

Conventional cryo-solutions containing 10 or 20% of DMSO allow long-term 

preservation of the different immunotherapies, however, post-thaw viability and 

functionality of these cellular products are lowered.18,23-24,78,257-261 The reduction in cell 

viability, proliferation rate and killing functionality of the cells after cryopreservation can 

be linked to cryoinjuries associated with ice recrystallization process, as discussed in 

section 1.2.2. Therefore, effort toward developing cryo-additives (i.e., IRIs) that protect 

immunotherapies from cellular injury during freezing and thawing cycles has risen to 

facilitate the production of master immune cell banks and the delivery of T/NK cell 

products to clinics. 

1.4 Chapter Summary 

Cryopreservation has emerged as a powerful method for extending the shelf-life of 

cells by storing cellular therapy products, such as iPSC-Ns, T cells, and NK cells at low 

sub-zero temperatures. Conventional CPAs such as DMSO are used to protect cells from 

any cellular damages associated with freezing (slow or fast cooling rates). However, 

conventional CPAs are not capable of preventing the cryoinjury associated with ice 
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recrystallization, which is a major contributor to cellular injury and death during 

cryopreservation. Therefore, alternative CPAs that have the ability to inhibit ice 

recrystallization are very appealing additives to cryo-solutions. SAR studies on various 

BAs have facilitated the discovery of key structural features for IRI activity, which in turn, 

have allowed the synthesis of several classes of small molecule carbohydrate-based IRIs. 

O-alkyl glucosides have been demonstrated to be excellent ice recrystallization inhibitors; 

however, their surfactant-like features have limited their application. Substituting the long 

alkyl chain moiety with aryl groups has led to the development of aryl-linked glycosides 

which have been shown to improve the cryopreservation outcomes of RBCs. Further 

investigations led to the discovery of N-aryl-D-gluconamide that have been shown to 

preserve stem cells such as HSCs and iPSCs. Continued SAR studies of IRI-active 

compounds will aid in the identification of additional structural properties required for IRI 

activity and will help in understanding the mechanism of action by which IRIs inhibit the 

ice recrystallization process. Ultimately, the development of small molecule IRIs that 

protect cellular therapy products from the cryoinjury associated with ice recrystallization 

will help to improve current cryopreservation protocols and assist in developing master cell 

banks for different cellular therapies.   
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Chapter 2: Goals and Objectives 

2.1 Introduction 

Regenerative medicine (RM) and cell-based therapy represent a promising path 

toward healing or replacing damaged cells, tissues, and organs.1-3 However, successful 

application of cell-based therapies is dependent on optimizing bio-preservation protocols 

to ensure safe storage, transport, and banking of cell-based therapy products.1-3 Moreover, 

advancements in the field of RM have been made directly due to the increased demand to 

retain biospecimen samples at ultra-low temperatures; these include biorelevant cell types 

such as hematopoietic stem and progenitor cells (HSPCs), red blood cells (RBCs), and 

induced-pluripotent stem cells-derived neurons (iPSC-Ns).4-9 Cryopreservation is one of 

the bio-preservation methods utilized for preserving cellular.10-11 The main consideration 

with this method is the incidence of cryoinjury such as membrane breakdown, as a result 

of extra- and intra-cellular ice formation following freezing and thawing cycles.12 

Therefore, cryoprotective agents (CPAs), such as dimethylsulfoxide (DMSO), have been 

employed as key agents for mitigating the detrimental effects associated with 

cryopreservation protocols.13-17 The use of common CPAs is often associated with toxicity 

effects on cellular signaling and other biological activities, prompting the need for their 

removal prior to clinical use of cellular products.17-20 The removal of CPAs itself, however, 

imposes detrimental consequences on cellular functionality and is time-consuming.21-23 For 

example, DMSO is one the most common permeating CPAs which can easily penetrate the 

cell membrane and protect the cells from damaging effects associated with slow freezing 

rate.13-17 However, toxic effects associated with DMSO are inevitable, for instance, DMSO 

has been reported to cause protein unfolding84 and to decrease cell membrane thickness.85 
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Therefore, it is pertinent to develop a safe cryomedium containing nontoxic cryo-additives 

that prevent cell death associated with ice formation that occurs during freezing and 

thawing.  

Ice recrystallization is a thermodynamic phenomenon where ice crystals grow 

larger at the expense of small one during thawing cycles and is one of the major causes of 

cell death during cryopreservation.86 Thus, compounds that can inhibit the recrystallization 

of ice, also called ice recrystallization inhibitors (IRIs), are promising potential additives 

for future cryopreservation applications.24 The Ben laboratory has been heavily invested in 

the generation and testing of several novel classes of IRIs to help mediate the issue of ice 

recrystallization during ice recrystallization.24,29-31 Structure-activity relationship (SAR) 

studies from naturally occurring antifreeze glycoproteins (AF(G)Ps) allowed for the 

discovery of small molecule IRI candidates, such as alkyl/aryl pyranoses and N-alkyl/aryl-

D-gluconamides.25-31 Alkyl pyranoses such as n-octyl-β-D-glucose are referred to as 

pyranose-based surfactants and hydrogelators and are known for their amphiphilic nature. 

However, due to their membrane solubilizing property, they are not amenable for the 

cryopreservation of biological samples.29,32-33 Despite the fact that alkyl-pyranose 

derivatives cannot be employed to preserve cellular products, they are nevertheless 

interesting due to their IRI activity. Thus, conducting SAR studies on this class of IRIs will 

allow to learn about the structural features correlated to IRI activity. Previous research 

conducted by the Ben lab has introduced n-octyl-β-D-glucose as an active IRI without 

comprehending its mechanism of action. The first goal of this thesis is to study the 

relationship between IRI activity of alkyl pyranoses and the length of alkyl chain 

(hydrophobic component) to better comprehend the importance of 
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hydrophobic/hydrophilic balance for the activity of IRI candidates. This was conducted by 

examining how incremental changes to the length of the hydrophobic component of the 

alkyl pyranoses affect IRI activity. 

Another class of IRI, N-aryl-D-gluconamides, has been shown to be active IRIs and 

to enhance the cryopreservation outcome of different cell types, especially HSPCs.30 One 

of the IRIs in this class, N-2-fluorphenyl-D-gluconamide (2FA), has been shown to increase 

post-thaw functionality and viability of HSPCs which allows the availability and delivery 

of such cellular products into clinics.30,34-35 Similar to HSPCs, induced-pluripotent stem 

cells (iPSCs) and their derivatives (i.e., iPSC-derived neurons, iPSC-Ns) are  powerful 

tools in cell-based therapy for modeling different neurodegenerative diseases (NDs) and 

for enhancing cognition in Alzheimer’s patients.36-38 2FA has shown to successfully 

maintain higher number of iPSCs post-thaw without compromising their pluripotency 

properties nor their proliferation activity.87 Therefore, the second goal of this thesis focuses 

on exploring the potential advantage of employing 2FA to cryopreserve iPSC-Ns, which 

are very sensitive toward cryopreservation due to their post mitotic nature. 

Cell-based immunotherapies have revolutionized the treatment of numerous 

tumors.88 For example, human-derived T cells, and human chimeric antigen receptor 

(CAR)-T cells have been shown to effectively treat tumors such as hematopoietic 

malignancies and solid tumors.39-40 Moreover, human-derived primary natural killer cells 

(pNKs) are key revolutionary elements in immunotherapy due to their cytotoxic 

characteristics against numerous kinds of tumor cells;41 a further benefit is the lack of graft-

versus-host reactions in patients receiving allogenic NK cell transfusions.41-43 Both T cells 

and pNK cells are extremely sensitive to freezing and thawing processes, and therefore, the 
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third and fourth objectives of this thesis are to explore the application of IRIs to the 

cryopreservation protocol of T and pNK cells, with an aim to enhance the post-thaw 

viability, recovery rates, as well as functionality of the cells.  

The overall goals of this thesis are to conduct SAR studies on IRI candidates to 

better understand their activity, and to investigate the novel applications of IRIs in 

cryopreservation protocols to optimize freezing media for biorelevant cell types. The 

preliminary results of in vitro functionality assays presented in this thesis are essential for 

future in vivo studies, and eventually for the translation of IRI technology into clinical 

applications. 

2.2 Objective 1: Determining the Effect of Alkyl Chain Length and 

Glycosidic Linkage on IRI Activity  

 The Ben laboratory has conducted multiple SAR studies to develop different classes 

of IRIs and to comprehend key structural features that are significant for IRI activity. A 

library of various IRIs has been produced including high molecular weight compounds 

such as C-linked AF(G)Ps and small molecular compounds such as alkyl pyranoses, 

presented in Figure 2.1.24,29,44 Alkyl pyranoses (Figure 2.1) are characterized by their 

amphiphilic nature because of the hydrophobic (alkyl chain) and hydrophilic 

(carbohydrate) structural components.33,45-47 
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Figure 2.1 Examples of high molecular weight IRIs (AFGPs) and small molecular weight 

IRIs (alkyl pyranoses) 

Previous research has revealed that compounds bearing a long alkyl chain (i.e., an 

octyl chain) at the β position of the anomeric carbon (C1) of glucose display IRI activity.24,29 

Several SAR studies have been conducted to correlate the IRI activity of the n-octyl-β-D-

glucoside with its structural features, for example, hydration index has been well correlated 

with the IRI activity of glucose.45 However, no correlations can be made between the 

hydration index and IRI activity of n-octyl-β-D-glucose since the hydration parameters are 

currently unknown.24 

Moreover, it has been established that there is no correlation between critical 

micellization concentrations (CMC) and the IRI activity of n-octyl-β-D-glucose, implying 

that formation of micelles in solution does not contribute to inhibition of ice crystal 

growth.24,29 Nonetheless, the counterbalance between hydrophobic and hydrophilic 

moieties of n-octyl-D-glycosides appears to be foundational to IRI activity.48 Further SAR 

studies on a broader scope of N-alkyl-D-gluconamides have confirmed the correlation 

between hydrophobic/hydrophilic moieties and IRI activity.49 In order to study the 

relationship between active IRIs and their amphiphilic nature, the ratio of polar surface 

area to molecular surface area (PSA/MSA) of different derivatives was used as a metric, 

and was correlated with the %MGS of the different N-alkyl-D-aldonamide derivatives.49 
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Moreover, previous Ben lab member, Dr. Jennie Briard, has discovered that increasing the 

length of the alkyl chain linked to the aldonamide structure improves IRI activity, 

suggesting that changing the net polarity of IRI candidates (i.e., increasing PSA/MSA ratio) 

influences its activity.49 Therefore, we seek to conduct similar SAR studies on alkyl 

pyranose derivatives to examine any relationship between PSA/MSA ratios and IRI 

activity. These correlations will assist in determining key structural properties required for 

IRI activity. This objective focuses on (1) studying the relationship between hydrophobic 

moieties at the anomeric position (C1) and the PSA/MSA ratio of different O- or C-linked 

alkyl pyranose derivatives, and (2) on exploring the impact of different glycosidic linkages 

(C-O vs C-C) on IRI activity.  

Initially, the hydrophobic component of O- or C-linked alkyl glucosides, presented 

in Figure 2.2, is studied. Different lengths of alkyl chains are installed at the anomeric 

carbon of glucose and are subjected to kinetic analysis of IRI activity to determine the 

concentration of inhibitor that results in 50% inhibition of ice growth (IC50). Kinetic 

analysis of IRIs using a modified splat cooling assay involves evaluating various 

concentration of IRI candidates to obtain a normalized rate for inhibition activity, as 

mentioned in the introduction chapter. PSA and MSA values of 334 a-g and 339 a-f are 

calculated using Marvin Sketch software (ChemAxon) 83 and are further correlated with 

the log transformed IC50 values to examine potential trends between IRI activity and the 

size of the hydrophobic component. We hypothesize that the lower the PSA/MSA ratio, 

the more active the compound will be, and therefore, the longer the alkyl chain is, the more 

IRI active the compound should be. 
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The second part of the first objective investigates the effect of the glycosidic bond 

on IRI activity. N-octyl-β-D-glycoside, with an oxygen-linked glycosidic bond, have been 

previously reported as an active IRI.48 However, O-glycosidic bond is known for its 

reactivity and instability as the exocyclic alkoxy group that can be metabolized by various 

hydrolase enzymes.50 Interest in synthesizing more stable alternatives has arisen, where the 

O-glycosidic bond could be exchanged for a C-glycosidic bond.50 Thus, the C-linked alkyl 

pyranoses (339 a-f) are synthesized and assessed for IRI activity using the modified splat 

cooling assay. IC50 values of the C-linked derivatives are then compared with those of the 

O-linked parent compounds to examine any significant changes in inhibiting ice 

recrystallization upon the alteration of the glycosidic linkage at C1. The two aspects of this 

objective will help comprehend important structural aspects of carbohydrate-based IRIs 

and their activity.  
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Figure 2.2 Chemical structures of the different O- and C- alkyl linked pyranose 
derivatives. 

 
2.3 Objective 2: Assessing the Potential of Small Molecule Ice 

Recrystallization Inhibitors (IRIs) to Cryopreserve Induced Pluripotent 

Stem Cell-Derived Neurons (iPSC-Ns) 

 iPSCs and their derivatives, such as iPSC-Ns, are powerful tools in the RM and 

cell-based therapy fields because they can be used to study the cause and aetiology of 

different neurological diseases, and to develop potential cellular therapy products.51 iPSCs 

are somatic stem cells which are reprogrammed by overexpressing the pluripotency-

specific transcription factors: SOX2, OCT3/4 and c-MYC.52-54 iPSCs represent a 

differentiated modality toward producing other cell types, which makes them useful in 

modelling and understanding the mechanisms of different diseases, such as Alzheimer’s 

and Parkinson diseases.55-57 The grafting of iPSC-derived myeloid lineage (iPSC-ML) has 

been found to improve cognition in Alzheimer’s-modeled mice.58-59 The growing 

applications of stem-cell based therapies necessitates a large supply of quality-controlled 

working and master cell banks; this, in turn, facilitates the need for efficient and effective 

protocols for the cryopreservation of iPSCs and their derivatives. The sensitivity of iPSCs 

and iPSC-Ns results in low yield and in disrupted functionality following 

cryopreservation.60-61 Conventional cryopreservation protocols suggest freezing iPSCs 

prior to differentiation into iPSC-Ns because the post-mitotic nature of the terminally 

differentiated iPSC-Ns renders them extremely susceptible to cryoinjuries associated with 

the freezing and thawing processes. Moreover, generating iPSC-Ns from iPSCs is a costly 

and lengthy process, taking between 2 and 6 months, depending on the specific type of 
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neurons required.62-63 Therefore, a viable cryopreservation regimen, utilized for freezing 

and thawing iPSC-Ns directly, is paramount for their therapeutic application in clinics.  

In collaboration with Dr. Anna Jezierski and her laboratory (NRC, Human Health 

Therapeutic Department, Ottawa), the supplementation of cryomedia with IRIs is 

examined as an avenue for improved iPSC-Ns cryopreservation. The use of N-2-

fluorophenyl-D-gluconamide (2FA) has been found to enhance the post-thaw viability and 

functionality outcomes of HSPCs and iPSCs.30,64 With this work as a baseline, this thesis 

seeks to investigate whether 2FA may increase the yield of cells post-thaw and shorten the 

timeline required for the re-establishment of synaptic activity of iPSC-Ns post 

preservation. iPSCs are differentiated into iPSC-Ns according to STEMCELL 

Technologies’ protocol (Figure 2.3) to yield post-mitotic neurons.51 iPSC-Ns are then 

frozen in a commercially available, GMP-compatible, cryomedium, Cryostor®10 (CS10), 

in the presence (10 mM, 5 mM, 2.5 mM) or absence of 2FA. The efficacy of the 

cryopreservation protocol of iPSC-Ns is assessed by analyzing the post-thaw viability and 

recovery rate, as well as the firing activity post cryopreservation. The post-thaw 

functionality is determined by monitoring the firing activity and network re-establishment 

of the cryopreserved iPSC-Ns using a microelectrode array system (Figure 2.3). Viable 

and functional iPSC-Ns express key neuronal, membrane- or synaptic-associated markers, 

therefore, iPSC-Ns are also subjected to immunostaining to ensure that the 

cryopreservation protocol does not compromise the expression of fundamental neuronal 

receptors/channels post-thaw. Moreover, the functionality of the different channels and 

receptors is examined via neuropharmacological responses. The cryopreserved iPSC-Ns 

are subjected to a panel of neuroactive drugs to measure the change in the firing activity of 
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neurons and maturity of the different channels/receptors found in iPSC-N culture (Figure 

2.3). The data from this objective will help establish the importance of an IRI active 

component toward an optimized cryopreservation protocol for iPSC-Ns, a highly sensitive 

and clinically relevant cell type. 

 
Figure 2.3 Workflow diagram illustrating the different steps done to characterize the 

efficacy of the proposed cryopreservation protocol. 

2.4 Objective 3: Evaluating the Capacity of IRIs to Cryopreserve Jurkat 

Cell Line and Primary T Cells 

 Adoptive T-cell therapy (ACT), a type of immunotherapy, is a promising treatment 

option for a variety of cancers.65-67 ACT enhances antigen-specific immunity in cancer 

patients through the introduction of modified T cells with specific antigens/receptors to 

selectively target tumor antigens.68-69 Some of the cellular products produced for ACT 

include chimeric antigen receptor T cell (CAR-T cells) and T cell receptor (TCR) 

engineering.69 T cell therapy products have proven to be effective treatments for different 

tumors, such as B-cell malignancies and acute myeloid leukemia (AML).70-72 One of the 

major challenges for these therapies lies in retaining a high yield of functional T cell 

products.73-75 Conventional cryopreservation media currently proposed for freezing T cell 

products result in low recovery rate and loss of functionality post-thaw,73-75 generating the 

need to develop an optimized cryopreservation protocol for these products.  

The third objective of this thesis is to develop IRIs for use in the cryopreservation 

protocol T cell-based therapy products. Initially, two IRIs, 2FA and N-4-chlorophenyl-D-
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gluconamide (4ClA), are compared for T cell preservation in collaboration with Dr. Scott 

McComb and his laboratory (NRC, Human Health Therapeutics Department, Ottawa). 

Jurkat cells (an immortalized line of human-derived primary T cells), as well as primary T 

cells and human CD19 CAR-T cells are first tested where they are frozen with CS10 in the 

presence and absence of 2FA or 4ClA to establish which compound best improves the post-

thaw viability and recovery rate. After the establishment that 2FA yields higher number of 

viable cells, it is further examined on primary T cells obtained at different stages (pre-

activation, day 1 or day 9 post-activation) to further confirm its capacity in preserving high 

numbers of live cells post-thaw.  

 The effect of cryopreservation on the cytotoxic killing functionality of activated-T 

cells (MOCK) and epidermal growth factor receptor (EGFR) CAR-T cells post-thaw is 

then assessed. Delayed onset cell death (DOCD) is one of the cryopreservation-induced 

stressors that affects the recovery and functionality of T cell products. Therefore, MOCK 

T cells and EGFR CAR-T cells are frozen with CS10 in the presence and absence of 2FA 

to investigate any changes in the presence of IRIs. Cryopreserved MOCK T cells and 

EGFR CAR-T cells are then seeded in the presence of tumor cells (SKOV3) and the 

IncuCyte live cell imaging system (Sartorius) is utilized to measure the killing activity of 

the cryopreserved cells. Ultimately, the data obtained from this chapter will assist in 

optimizing the cryopreservation protocol for T cell products to ensure the delivery of safe 

and efficacious T cell therapy products to clinics.   
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2.5 Objective 4: Optimizing the Freezing Solution Used for 

Cryopreserving Primary Natural Killer (pNK) Cells  

 Human-derived natural killer (NK) cells are one of the most powerful tools in 

immunotherapy due to their cytotoxic nature toward various tumor cells.41 Moreover, NK 

cell-based therapy has been shown to be highly efficacious and avoids causing graft-versus-

host reactions post engraftment in cancer patients.41-43,76 Therefore, production of clinical 

scale NK cells from different cell sources such as iPSCs and peripheral blood mononuclear 

cells (PBMCs) has increased significantly.77-79 The successful application of NK-based 

therapy relies on the availability and delivery of NK cellular products to patients, thus, 

establishing improved cryopreservation protocols is vital to meet the rising demand for NK 

cell therapy.  

One of the major challenges in cryopreserving NK cells is that they are highly 

susceptible to cellular damage caused by cycles of freezing and thawing, which necessities 

the investigation of several modified cryomedia formulations.80-81 To date, none of the 

conventionally proposed cryomedia solutions protect NK cells from ice recrystallization 

which is one of the main contributors to cryoinjury associated with cryopreservation.30-31,82 

Consequently, the fourth objective of this thesis investigates the potential for IRIs to 

enhance the yield of NK cells post-thaw, as well as their cytotoxic activity against tumors. 

Four different literature-proposed cryomedia formulations are examined and their 

cryopreservation outcomes are compared with a commercially available, GMP-compatible 

cryo-solution, Cryostore®10 (CS10). The NK92 cell line and pNK cells are frozen in four 

different cryomedia to evaluate the effectiveness of each cryo-solution. DOCD is further 
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monitored by analyzing the 48-hr post-thaw viability and recovery rate to ensure that the 

proposed cryomedia protect cells from any delayed cryoinjuries.  

Given the success of 2FA in our studies on iPSC-Ns and T cells, it is further tested 

as a cryo-additive for pNK cells, to investigate any changes in cell survival and 

functionality. The killing activity of CS10- or 2FA-frozen pNK cells is also assessed and 

compared to the cytotoxic killing functionality of unfrozen pNK cells by co-culturing 

frozen and unfrozen pNK cells with K562 tumor cells. Overall, the preliminary results 

presented in this chapter will determine whether integrating IRIs into current protocols 

enhances the cryopreservation outcomes and allows the delivery of safe and effective NK 

cell products.  

2.6 Chapter Summary 

 The overall goal of this thesis is to study the structural features of IRI candidates to 

assist in future IRI development, and to discover the applicability of IRIs in the 

cryopreservation protocol of several types of cells (iPSC-Ns, T cells, and NK cells). The 

investigation of the overall goal follows the objectives mentioned below: 

1- Investigation of the influence of alkyl chain length and glycosidic linkage on the 

IRI activity of O-linked and C-linked alkyl pyranose derivatives (chapter 3). 

2- Assessing the ability to cryopreserve induced pluripotent stem cell-derived neurons 

(iPSC-Ns) using small molecule ice recrystallization inhibitors (IRIs) (chapter 4). 

3- Determination of the ability of N-aryl-D-gluconamide derivatives to cryopreserve 

Jurkat cell line and primary T cells (chapter 5). 
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4- Evaluation of the conventional cryomedia proposed to preserve primary natural 

killer (pNK) cells, as well as the assessment of an IRI active molecule to enhance 

the cryopreservation outcome of pNK cells (chapter 6). 
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Chapter 3: Structure-Activity Relationship Studies on O- and C-Alkyl 

Glucosides  

3.1 Introduction  

3.1.1 Types of Glycosidic Linkages at the Anomeric Carbon in Antifreeze 

Glycoproteins (AF(G)Ps): O- and C-Glycosidic Bonds 

 Several creatures in nature, such as arctic fish and the Lobelia telekii plant, can 

survive in sub-zero temperatures and protect themselves from cryoinjury due to the 

presence of naturally occurring antifreeze (glyco)proteins (AF(G)Ps).1-11 AF(G)Ps are 

known for their capacity to bind to ice crystals, preventing ice formation and 

recrystallization when temperatures are reduced.9-11 AF(G)Ps have attracted considerable 

interest in the cryobiology field because of their capacity to prevent cryoinjury when 

exposed to cold temperatures.8-10 For example, research has shown that AF(G)Ps enhance 

the viability of various cell types, such as oocytes and spermatozoa, post 

cryopreservation.12 There exist two naturally found types of AF(G)Ps: O-linked or C-

linked AF(G)Ps, shown in Figure 3.1.6-10,12-13 O-linked AF(G)Ps refer to the glycosidic 

bond that is formed between the anomeric carbon of the carbohydrate moiety and the 

hydroxyl group of the peptide chain (Figure 3.1).12-13 Moreover, the linkage between the 

anomeric carbon with the peptide chain via a carbon atom results in the formation of a C-

glycosidic bond, referred to as C-linked AF(G)Ps (Figure 3.1).12,14  
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Figure 3.1 Chemical structures of O-linked and C-linked AF(G)Ps.12 

The antifreeze properties of AF(G)Ps gave rise to many synthetic O- and C-linked 

glycosides (Figure 3.2) after several years of development and optimization, that have also 

been utilized as ice recrystallization inhibitors (IRIs) for the cryopreservation of several 

cell types, such as red blood cells (RBCs) and hematopoietic stem cells (HSCs).1,12,15-17 

While O-linked AF(G)Ps/glycosides are known for their reactivity and the instability of 

their exocyclic alkoxy group, C-linked alternatives are considerably more stable.12 Carbon-

oxygen bonds can be cleaved under acid/base conditions, and can be identified and 

metabolized by several in vivo hydrolase enzymes.12,18-19 On the other hand, the presence 

of the C-C bond in C-linked AF(G)Ps/glycosides results in more stable compounds that 

withstand enzymatic or acid/base hydrolysis, expanding their in vivo applicability.18-19 In 

this chapter, we compare the ice recrystallization inhibition (IRI) activity of O- and C- 

linked alkyl glucoside compounds, where the peptide component of AF(G)Ps is substituted 

for an alkyl chain, to further understand the effect of the glycosidic bond on IRI activity.  
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Figure 3.2 General structures of α/β-O-, and α/β-C-glycosidic bonds. 

3.1.1.1 The Impact of Different Glycosidic Linkages at the Anomeric Carbon on the IRI 

Activity of O- and C-Linked Alkyl Glucosides 

Several structure-function studies conducted by the Ben laboratory have identified 

key properties that impact the activity of different classes of IRI candidates, such as the 

configuration of the C4 hydroxyl group, as well as the configuration and nature of the 

glycosidic bond (α or β and O- or C- linkages).1,16-17,20-22 A glycosidic bond is defined as 

the covalent bond that forms upon the linkage between the anomeric carbon (C1) of 

carbohydrates and a nucleophilic group of another organic compound (i.e., alcohol or 

nucleophilic alkyl).23 It has been reported that several O-linked glucosides, such as n-octyl-

β-D-glucose and 4-bromophenyl-β-D-glucopyranoside, are active IRIs in which the latter 

has been used as a cryoprotectant additive for the cryopreservation of RBCs.1,20  

The Ben laboratory has previously reported that changing the linkage at the 

anomeric carbon of AF(G)Ps from oxygen to carbon bond either maintains or increases IRI 

activity.20,24-26 Consequently, we sought to synthesize different O- and C-linked-β-alkyl-

glucopyranosides and assess their IRI activity to examine any potential relationship 

between the type of glycosidic bond and IRI activity. 
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3.1.2 Previous SAR Studies Highlighting Structural Properties Important for IRI 

Activity 

As discussed previously in Chapter 1, AF(G)Ps have two antifreeze properties: 

thermal hysteresis (TH) and ice recrystallization inhibition (IRI) activity.6-10 Nonetheless, 

TH activity of AF(G)Ps is not compatible for the cryopreservation of cellular products due 

to the often associated phenomenon of dynamic ice shaping (DIS),17 which has been 

recognized as a contributor to cell damage post cryopreservation.27 The Ben laboratory 

conducted several SAR studies to discover key structural characteristics that are linked to 

displaying IRI activity without exhibiting TH activity.1,15,24 As a result, different classes of 

IRIs have been synthesized, ranging from large IRIs, such as C-linked AFGP analogues 

(Figure 3.3), to small-molecule IRIs, such as n-octyl-β-D-glucose and 4-bromophenyl-β-

D-glucopyranoside (Figure 3.3).15,20,24-25 

  

Figure 3.3 Structures of C-linked AFGP analogue, n-octyl-β-D-glucose and 4-
bromophenyl-β-D-glucopyranoside 

Some of the SAR studies that have been demonstrated by the Ben laboratory 

examined the relationship between the activity of IRI candidates and their critical 
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micellization concentration (CMC) value,20 or polar surface area to molecular surface area 

ratio (PSA/MSA) value,28-29 to better understand the mechanism by which IRIs inhibit the 

growth of ice crystals.   

3.1.2.1 Relationship Between the CMC and IRI Activity 

n-Octyl-β-D-glucose has been demonstrated to be effective in the investigation of 

hydrophobic proteins throughout the last two decades.30 It solubilizes most membrane 

proteins effectively and affects the activity of hydrolytic enzymes.30 Moreover, the 

amphiphilic nature of n-Octyl-β-D-glucose can result in the formation of micelles in 

aqueous solutions above a certain concentration.30-31 The concentration of surfactant above 

which micellization occurs (at a certain temperature and pressure) is referred to as the 

critical micellization concentration (CMC).30,32-33 The CMC value of n-octyl-β-D-glucose 

in water has been reported to be 20-25 mM.30-31 Previous work by the Ben laboratory has, 

therefore, attempted to correlate the IRI activity of n-octyl-β-D-glucose with its CMC value 

in an effort to understand the mechanism by which this molecule exhibits IRI activity.20 It 

was hypothesized that the formation of micelles at concentrations above their CMC values 

may be linked to the IRI activity of n-octyl-β-D-glucose.20 Despite the fact that the CMC 

value of n-octyl-β-D-glucoside is stated in water rather than PBS, it has been reported that 

the CMC values are marginally reduced in salt solutions.20 It was observed that n-octyl-β-

D-glucose exhibited no IRI activity at concentrations above its CMC value (i.e., 44 mM). 

This implies that there is no direct relationship between a compound’s ability to inhibit ice 

recrystallization and its micelle formation. However, the results of this study suggest that 

the amphiphilic nature of n-octyl-β-D-glucose where long alkyl side chains are 
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counterbalanced by the hydrophilic moiety of carbohydrates enhances IRI activity 

compared to their parent sugar (i.e., glucose).20,34  

3.1.2.2 Correlations Between the PSA/MSA ratio and IRI Activity 

Another class of surfactants, N-alkyl-D-gluconamides (Figure 3.4 B), has emerged 

as active IRIs.20 The capacity to aggregate and form hydrogen bonds renders this class of 

surfactants significant for drug delivery and tissue engineering.35-36 Moreover, previous 

work conducted by the Ben laboratory revealed that N-alkyl-D-gluconamide analogues 

exhibit a range of IRI activity (%MGS varies between 3 % and 95 %) depending on the 

length of the alkyl chain they possess.28-29 Notably, the IRI activity has been observed to 

increase as the length of the alkyl chain increases (Figure 3.4 A).15,28 It was hypothesized 

that correlating the net polarity of N-alkyl-D-aldonamide derivatives with their IRI 

activities would assist in the discovery of key structural properties that are important for 

IRI activity.15,28 The polar surface area to molecular surface area ratio (PSA/MSA) has, 

therefore, been utilized as a metric to measure the net polarity of the different 

analogues.15,28 The PSA/MSA ratio is a significant physiochemical parameter in medicinal 

chemistry as it is commonly used to evaluate the bioavailability of drugs, in addition, it 

affects the properties of several biological assays.37-39 Previous Ben lab member, Dr. Jennie 

Briard, has reported that there is a positive linear relationship between the PSA/MSA ratio 

and the %MGS of different N-alkyl-D-aldonamide derivatives, presented in Figure 3.4 A-

B, which demonstrates that the net polarity of an IRI candidate affects its activity.15,28 
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Figure 3.4 (A) Correlation between mean grain size percentage and PSA/MSA ratio of 
the different N-alkyl-D-aldonamide derivatives. (B) Chemical structure of N-alkyl-D-
aldonamide derivatives.28 Figure is adapted from Peptide Scinece, 111 (e24086), A. 
Ampaw, Designing the next Generation of Cryoprotectants – from Proteins to Small 

Molecules, 1-12, 2019, with permission from John Wiley and Sons. 

While the precedent work highlighted a positive correlation between the length of 

the alkyl chain in N-alkyl-D-gluconamide analogues and their net polarity,15,28 there were 

some outliers (i.e., the hexyl analogue, Figure 3.4 A) and the dataset was incomplete (i.e., 

pentyl and octyl aldonamide analogues). Consequently, we sought to occupy the anomeric 

position of O- or C-alkyl glucosides with different alkyl chain lengths to determine their 

IRI activity and study any potential relationship with their PSA/MSA ratios. The IRI 

activity was evaluated using the modified splat cooling assay to generate their half-

maximal inhibitory concentration (IC50). The calculated values of PSA/MSA ratios of the 

C- and O-linked compounds were then correlated with their IC50 values to investigate any 

potential relationship the net polarity of the compounds and their IRI activity, which may 

reveal critical structural characteristics for the development of new IRIs. 

3.2 Synthesis and IRI Activity of O-Alkyl-β-D-Glucosides 

  N-octyl-β-D-glucoside (334g, Figure 3.3) has been extensively investigated for a 

variety of applications such as the production of DNA-lipid particles, which can be used 

for drug delivery in vitro and in vivo, and the solubilization of membrane proteins.36,40 As 

mentioned earlier, previous research conducted by the Ben laboratory has investigated the 

A B
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potential application of 334g to inhibit ice recrystallization.1 In this study, we occupy 

different alkyl chain lengths at the C1 position of D-glucose and examine the relationship 

between the different lengths of alkyl chains at the anomeric carbon and the IRI activity. 

We hypothesize that the lower the PSA/MSA ratio, the more active the compound will be, 

and therefore, the longer the alkyl chain is, the more IRI active the compound should be. 

3.2.1 Synthesis of O-Alkyl Glucosides  

 The β-anomer of the O-alkyl glucosides were synthesized based on either a Lewis-

acid mediated glycosidation with the respective glycosyl donor,20 or through a glycosyl 

bromide intermediate.41 The length of the alkyl chain varied from one to eight carbons, 

presented in Scheme 3.1.  

The alkyl chains were introduced at the anomeric carbon using conventional 

synthetic protocols.20,41 A Lewis-acid mediated glycosidation was utilized to functionalize 

C1 position with alkyl chains (methyl, ethyl, propyl, butyl, pentyl, hexyl and octyl groups) 

to afford compounds 334 a-g.1 However, this synthetic route resulted in both the α and β 

anomers of the ethyl compound which was prohibitively difficult to isolate. Therefore, an 

alternative synthetic protocol, utilizing a glycosyl bromide as an intermediate, was 

employed to generate 334 b. 

The different compounds 334 a, and 334 c-g were prepared staring from β-D-

glucose pentaacetate (331), elucidated in Scheme 3.1 A. The Lewis acid, boron trifluoride 

diethyl etherate (BF3.OEt2), allowed for activation of the β-linked anomeric acetate group, 

followed by glycosidation with the appropriate alkyl alcohol to provide alkyl-2,3,4,6-tetra-

O-acetyl-b-D-glucopyranoside intermediates (333 a, and 333 c-g) exclusively.20 On the 

other hand, bromination of β-D-glucose pentaacetate (331) using 33% hydrogen bromide 
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(HBr) in acetic acid (AcOH) generated the α-bromo glycoside intermediate (332), 

presented in Scheme 3.1 B. The bromide sugar (332) was then treated with anhydrous ethyl 

alcohol to afford 333 b.41 Under Zemplén conditions, deacetylation of 333 a-g 

intermediates produced the final compounds (alkyl-b-D-glucopyranosides, 334 a-g), shown 

in Scheme 3.1 A-B.20,41 

 
Scheme 3.1 Synthetic scheme of O-linked alkyl glucoside derivatives (334 a-g). 

 
3.2.2 IRI Activity of O-Alkyl Glucosides 

 Assessment of the IRI activity of the alkyl glucoside compounds (334 a-g) was 

conducted utilizing the modified splat cooling assay.42 Each compound generated a dose-

response curve from which the IC50 values (the concentration of compound required to 

inhibit the rate of ice recrystallization by 50%) were calculated. In the modified splat 

cooling assay protocol, the different O-alkyl glucosides were dissolved in a phosphate 

buffer solution (PBS) at various concentrations, starting from their maximum solubility 

observed in PBS. The areas of ice crystals were evaluated after a 5-minute annealing time 

at -6.4 °C. The rate of ice recrystallization was determined for each concentration using the 

binning approach where ice crystals are categorized in different bins depending on their 
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size as a function of time.43 The rate of ice recrystallization was then determined and 

normalized (vnorm) to the positive control (PBS) for each concentration; it was then plotted 

against the logarithmic values of the concentrations which yielded dose-response curves 

(Figure 3.5). The IC50 value of each compound was then determined using a four-

parameter variable slope fitting of the data (GraphPad Prism). Comparing the IC50 of n-

octyl-β-D-glucoside (334 g) with the other analogues (334 a-f), it is evident that IRIs with 

alkyl chains of less than 8 carbons resulted in a decrease in the IRI activity, Table 3.1. 

However, no correlation was observed between the IRI activity and the length of the alkyl 

chain of the different compounds (334 a-g). 

Overall, reducing the alkyl chain from 8 (334 g) carbons to 3-6 (334 c-f) carbons 

was found to decrease the IRI activity by 1.7- to 2.8-fold. On the other hand, bearing a 

methyl (334 a) or ethyl (334 b) group at the C1 position decreased the IRI activity by 4- to 

6-fold (IC50 = 38.9 mM and 59.6 mM, respectively) compared to 334 g (IC50 = 9.7 mM). 

These results suggest that the IRI activity is influenced by the length of the alkyl chain 

present at the anomeric carbon of O-alkyl glucosides, however, there is no relationship 

between the IRI activity and the length of the alkyl chain. These preliminary data suggest 

that employing alkyl chains with one to eight carbons increases the IRI activity compared 

to D-glucose (IC50 = 118 mM),44 however, the IRI activity of the octyl analogue appeared 

to be higher than the ones with one to six carbons. Therefore, it is pertinent to further 

investigate the IRI activity of O-alkyl glucosides bearing 9 carbons and more, which may 

unveil significant properties for future IRI development 
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Figure 3.5 Dose-response curves for alkyl glucoside compounds (334 a-g). Ice crystals 
growth rates were normalized to PBS and measured in triplicates. Error bars correspond 

to the standard deviation (SD). A four-parameter variable slope sigmoidal curve was 
fitted to the data.  

Table 3.1 Maximum solubility observed in PBS and IC50 values for O-alkyl glucoside 
compounds (334 a-g). Errors for IC50 values are given in standard deviation (SD). 

Compound Maximum solubility 
observed in PBS 

(mM) 

IC50 (mM) 

334a 200 38.9 ± 4.7 
334b 180 59.6 ± 5.1 
334c 180 17.3 ± 5.9 
334d 150 21.5 ± 2.2 
334e 110 23.7 ± 0.5 
334f 100 27.6 ± 6.4 
334g 100 9.7 ± 3.1 

 

3.3 Synthesis and IRI Activity of C-Alkyl-β-D-Glucosides 

 The anomeric carbon-oxygen linkage in O-linked AF(G)Ps is susceptible to 

cleavage under acid/base conditions and by hydrolase enzymes, which limits their use in 

the cryopreservation of several types of cells (i.e., RBCs, MSCs, and HSCs).12,18 Therefore, 

interest in synthesizing C-linked AF(G)P analogues and C-linked alkyl glucosides has risen 

due to the fact that C-C bonds resist enzymatic hydrolysis, extending the in vivo lifetime 

of these compounds.18-19 The Ben laboratory has reported success in synthesizing C-linked 

AF(G)P mimetics that possess IRI activity and can be used in the cryopreservation protocol 

of cells.12 However, the ability for C-linked alkyl glucopyranosides to inhibit ice 

recrystallization has yet to be discovered. Therefore, we sought to examine the effect of a 

C-C linkage of different alkyl chain lengths at C1 on IRI activity in comparison to O-linked 

derivatives. Different lengths of alkyl chains at the anomeric position were employed with 

a C-C linkage and were assessed for their IRI activity. We also evaluated the presence of 
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any relationship between the IRI activity and PSA/MSA ratio of the different C-alkyl 

glucoside compounds. We hypothesized that as the length of the alkyl chain increased, the 

IRI activity of the C-linked compounds would increase; in other words, as the value of 

PSA/MSA ratio decreased, the IRI activity would increase. This will help in understanding 

if there is any correlation between the IRI activity and the net polarity of the C-linked alkyl 

glycosides.  

3.3.1 Synthesis of C-Alkyl Glucoside Compounds  

The alkyl substituents were introduced at the β position of the anomeric carbon (C1) 

of glucose utilizing a literature approach by Kishi et al., where the perbenzylated lactone 

(336) is treated with a Grignard reagent to give a hemiketal intermediate (337 a-f). The 

intermediate is then converted to β-alkyl glucoside (338 a-f) exclusively using triethyl 

silane (Et3SiH, TES), as presented in Scheme 3.2.45-46 

In accordance with the literature procedure, 2,3,4,6-tetra-O-benzyl-D-

glucopyranose (335) was oxidized using acetic anhydride (Ac2O) and anhydrous DMSO to 

provide 2,3,4,6-tetra-O-benzyl-D-gluconolactone (336), presented in Scheme 3.2.46-47 The 

lactone intermediate was treated with a 2.0 M solution of alkyl magnesium chloride 

(RMgCl) in tetrahydrofuran (THF) at -78 °C for 3-4 hours, which allowed the formation 

of 337 a-f.18 Reduction of 337 a-f intermediates using Et3SiH in the presence of boron 

trifluoride diethyl etherate (BF3.OEt2) yielded the formation of 338 a-f.45 Debenzylation of 

338 a-f intermediates using hydrogenolysis conditions (5% palladium on carbon, 5% Pd/C) 

in a solvent system of 1:1 methanol to ethyl acetate (MeOH:EtOAc) afforded the formation 

of the final products 339 a-f, as shown in Scheme 3.2.48  
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Scheme 3.2 A detailed synthetic scheme of C-alkyl glucoside compounds (339 a-f). 

3.3.2 IRI Activity of C-Alkyl Glucoside compounds  

The modified splat cooling assay was used to assess the IRI activity and to 

determine the IC50 value for each C-linked alkyl glucopyranoside compound (339 a-f).13 

Dose response curves were generated for the different compounds by plotting the 

normalized growth rate of ice crystals (vnorm) against the logarithmic values of the 

concentrations, depicted in Figure 3.6. The IC50 values of compounds 339 a-f are presented 

in Table 3.2. Since the IRI activity of 339f did not appear to improve when six carbons 

were employed in the alkyl chain with an IC50 of 68 mM (low IRI activity), no further 

compounds were synthesized (i.e., heptyl and octyl C-linked derivatives). 

Although the IRI activity of 339 a-f changed as the length of the alkyl chain was 

altered, no relationship between their IC50 values and the alkyl chain length was observed. 

The IRI activity of 339 a-f did not increase nor decrease with increasing the length of the 

alkyl chain from one carbon to six carbons. This implies that there is no relationship 

between the alkyl chain length and the IRI activity of C-linked glucoside compounds. 

Overall, the IRI activity of the C-linked alkyl glucopyranose compounds, except for 339b, 

appeared to be lower than the O-alkyl glucopyranose compounds, suggesting that 

exchanging the glycosidic linkage to a C-C bond decreases the IRI activity. 
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Figure 3.6 Dose-response curves for C-linked alkyl glucoside compounds (339 a-f). Ice 

crystals growth rates were normalized to PBS and measured in triplicates. Error bars 
correspond to the standard deviation (SD). A four-parameter variable slope sigmoidal 

curve was fitted to the data. 

 
Table 3.2 Maximum solubility observed in PBS and IC50 values for C-linked alkyl 

glucoside compounds (339 a-f). Errors for IC50 values are given in standard deviation 
(SD). 

Compound Maximum solubility 
observed in PBS 

(mM) 

IC50 (mM) 

339a 580 49.1 ± 6.1 
339b 500 10.4 ± 4.7 
339c 100 43.9 ± 4.0 
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339d 150 79.5 ± 1.5 
339e 160 32.5 ± 0.4 
339f 200 68.0 ± 1.3 

 

3.4 Investigating the Effect of Different Glycosidic Bond on IRI activity  

 Identification of key structural requirements for the activity of small-molecule IRIs 

will assist in building a larger library of active IRIs that may be applicable for the 

cryopreservation of cell-based therapy products. Previous SAR studies on AF(G)Ps have 

revealed that an α configuration of the O-glycosidic bond linking the disaccharide 

component to the peptide chain is key for their antifreeze activity.50 Further SAR studies 

conducted by our laboratory have reported a variety of large and small active IRIs that 

possess α or β configurations.1,16-17,20-22,49 However, the effect of the glycosidic linkage on 

IRI activity has yet to be fully investigated. Sections 3.2 and 3.2 display the IRI activity 

of both O- and C-alkyl glucosides, respectively. Moreover, the IRI activity of most C-

linked compounds appeared to be lower than that of O-linked ones. Thus, we sought to 

investigate the difference in IRI activity between C-linked-β-alkyl-D-glucopyranoside and 

their O-linked parent compounds, shown in Figure 3.7. This was performed by directly 

comparing their IC50 values, which may reveal new structural features necessary for IRI 

activity.  
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Figure 3.7 Chemical structures of C-linked-β-alkyl-D-glucopyranosides and their O-

linked parent compounds. 

3.4.1 The Effect of Altering the C-O Glycosidic Bond into C-C Linkage on IRI Activity 

Through Direct Comparison of the IC50 Values  

The IRI activities of O-linked alkyl glycosides were compared with their C-linked 

analogues by directly comparing the IC50 values of both glycosides. From Table 3.3, it is 

evident that the IRI activity of the O-linked parent compounds increases when the anomeric 

carbon is occupied with alkyl chains, for instance, the IC50 of 330 is 118 mM,44 while the 

IC50 values of 334 a-e range between 18 mM to 60 mM, implying that occupying a 

functional group at the anomeric carbon (i.e., alkyl chain) is significant for the IRI activity 

of O-liked glucosides. Moreover, a direct comparison between the IC50 values of O- and 

C-linked analogues revealed that the IRI activity of C-linked analogues (339 a and c-f) was 

moderate (IC50 values range between 33 mM and 68 mM), except for 339 b which appeared 

to be an active IRI (IC50 = 10 mM), presented in Table 3.3.  
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Table 3.3 IC50 values of O-linked parent compounds and their corresponding C-linked 
compounds determined by the modified splat cooling assay. Errors for IC50 values are 

given in standard deviation (SD). 

O-linked parent 
compounds 

IC50 (mM) C-linked compounds IC50 (mM) 

 

118 ± 24 44 

 

49.1 ± 6.1 

 

38.9 ± 4.7 

 

10.4 ± 4.7 

 

59.6 ± 5.1 

 

44.0 ± 4.0 

 

17.3 ± 5.9 

 

79.5 ± 1.5 

 

21.5 ± 2.2 

 

32.5 ± 0.4 

 

23.7 ± 0.5 

 

68.0 ± 1.3 

 
3.4.1.1 Discussion on the Effect of O-C vs C-C glycosidic bond on the IRI activity of the 

O-linked and C-linked Glucoside Compounds  

From the results presented in Table 3.3, it is notable that changing the glycosidic 

bond from C-O to C-C influences the IRI activity of the different alkyl glucosides. 

Moreover, the IC50 values of the O-linked parent compounds appeared to be lower than 

those of C-linked ones, implying higher IRI activity. These findings may be due to the 

presence of an exo-anomeric effect in the O-alkyl glycoside derivatives.51  In the exo-

anomeric effect, the lone pairs on the exocyclic oxygen are delocalized to the antibonding 
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orbital (σ*) of the anomeric carbon, which may contribute to having higher IRI activity 

compared with C-linked analogues, as depicted in Figure 3.8.51-54 From the Newman 

projection shown in Figure 3.8, the alignment of the lone pair of the exocyclic oxygen with 

the antibonding orbital (σ*) allows for delocalization of the lone pair on the exocyclic 

oxygen onto the σ* orbital of the anomeric carbon. Alternatively, the C-linked derivatives 

do not have lone pairs available to delocalize onto the σ* orbital of the anomeric carbon. 

The presence of the exo-anomeric effect in the β anomers of O-linked analogues may 

translate to the higher IRI activity, especially when comparing the IC50 of 334 c-e vs 339 

d-f. Another reason that may explain why the O-linked compounds are mostly more active 

than the C-linked compounds is due to the presence of additional hydrogen bonds that can 

be formed between the exo-cyclic oxygen and water molecules which may affect the 

inhibition of ice recrystallization. 

Moreover, it is evident that the length of the alkyl chain plays a role in the IRI 

activity, for instance, having one or two carbons linked with an exocyclic oxygen to the 

anomeric carbon 334 a-b results in lower IRI activity, while their C-linked counterparts 

339 b-c have higher IRI activity. Notably, the IRI activity of D-glucose (330) appears to be 

much lower than the O-linked compounds. This can be related to the fact having an alkoxy 

group at the anomeric position of the O-linked compounds prevents the conversion of the 

carbohydrate ring into other confirmations (i.e., cyclic vs. linear aldoses), unlike the 

reducing sugar which can convert into linear aldose, which may have lower IRI activity 

compared to the cyclic sugar. From these preliminary data, it is evident that the nature of 

the glycosidic bond and the length of the alkoxy chain at the anomeric position influence 

the IRI activity of the different analogues. Previous study conducted in the Ben laboratory 
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has investigated the importance of the N- and S-linked aryl glycosides for IRI activity.55 

Therefore, it is significant to study the effect of other glycosidic bonds (i.e., N- or S-linked 

aryl/alkyl glycosides) to better comprehend the influence of the glycosidic linkage at the 

anomeric bond, which will assist in establishing key structural features for future IRI 

development.  

 
Figure 3.8 Structural illustration showing the exo-anomeric effect in O- and C-linked 

alkyl glycoside derivatives. 

3.5 Assessing the Relationship Between the PSA/MSA Ratio and the IRI 

Activity of O- and C-Linked Alkyl Glucosides 

 Through various SAR studies, the Ben laboratory has generated a library of 
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PSA/MSA ratio is considered as a significant parameter during drug discovery as it can be 

correlated to the rate of adsorption of pharmaceutical agents by the body, which can assist 

in understanding structural properties (i.e., size and net polarity) that are important for 

future drug development.37-39 Therefore, the PSA/MSA values of the O- and C-alkyl 
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3.5.1 Correlations Between the PSA/MSA Ratio and the IRI Activity of O-Alkyl 

Glucoside Compounds  

Previous research work has demonstrated that there is a positive relationship 

between the percent of the mean grain size (%MGS) of ice crystals generated from the splat 

cooling assay and the PSA/MSA ratio of different N-alkyl-D-aldonamide derivatives, 

shown in Figure 3.4.28 In this study, we investigated any correlations between the IC50 

values of the C- or O-alkyl glucopyranoside derivatives and their calculated PSA/MSA 

ratio.  

Several computational software programs have been designated to calculate the 

values of different molecular properties (i.e., log P, PSA, and MSA) of chemical molecules, 

such as Marvin Sketch (ChemAxon), and VCCLAB (Virtual Computational Chemistry 

Laboratory).56-59 Marvin Sketch (ChemAxon) was utilized to compute the polar surface 

area (PSA) and molecular surface area (MSA) values of compounds 334 a-g and 339 a-f. 

The rationale for using Marvin Sketch (ChemAxon) to generate PSA and MSA values is 

because it is easy to utilize, and because the calculated values of molecular properties, such 

as the octanol-water partition coefficient (log P), are very similar to known experimental 

values. For instance, the experimental and calculated (Marvin Sketch) log P values of D-

glucose sugar were found to be -3.10 and -2.93, respectively.59-60 The PSA and MSA values 

of compounds 334 a-g are presented in Table 3.4. Compounds 334 a-g all had the same 

calculated PSA (99.38), whereas the MSA values of 334 a-g increased as the length of the 

alkyl chain increased (ranging from 278.34 to 493.17). Because the molecular surface area 

rises while the polar surface area remains the same as the length of the alkyl chain increases, 
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the PSA/MSA ratio of the O-linked compounds decreased as the length of the alkyl chain 

increased (Table 3.4).  

Table 3.4 The IC50 values of the different O-alkyl glucopyranosides (334 a-g) and 
PSA/MSA ratio calculated using Marvin Sketch. Errors for IC50 values are given in 

standard deviation (SD). 

Compound IC50 (mM) PSA  
(Marvin 
Sketch) 

MSA 
(Marvin 
Sketch) 

PSA/MSA 

334a 38.9 ± 4.7 99.38 278.35 0.36 
334b 59.6 ± 5.1 99.38 308.90 0.32 
334c 17.3 ± 5.9 99.38 340.61 0.29 
334d 21.5 ± 2.2 99.38 371.22 0.27 
334e 23.7 ± 0.5 99.38 401.71 0.25 
334f 27.6 ± 6.4 99.38 432.30 0.23 
334g 9.7 ± 3.1 99.38 493.17 0.20 

 

As discussed in section 3.2.2, the O-linked compounds bearing three to eight 

carbons at the anomeric position appeared to be more active than the ones bearing one or 

two carbons (IC50 = 9.7-27.5 mM vs 38.9 and 59.6 mM, respectively). However, no 

correlation appeared to exist between the length of the alkyl chain and the IRI activity of 

334 a-g because the IC50 values of 334 a-g compounds did not increase, nor did they 

decrease as the number of the carbons in the alkyl chain increased. Thus, we sought to 

further confirm if there is a relationship between the net polarity of 334 a-g and their IRI 

activity by plotting the logarithmic values of IC50 and their calculated PSA/MSA ratio 

(Figure 3.9). The R2 value of the linear relationship was found to be 0.55, suggesting that 

the relationship between the IRI activity and PSA/MSA ratio of 334 a-g is very weak. This 

further proves that there is no relationship between the length of the alkyl chain and the IRI 

activity of the O-linked compounds.  
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Important to note, however, there appeared to be a trend between the PSA/MSA 

values and the IRI activity of compounds 334 c-f, where the IRI activity increased as the 

net polarity (PSA/MSA ratio) decreased. Overall, it is suggested that there is a very weak 

linear relationship (R2 = 0.55) between the IRI activity of O-linked alkyl glucopyranosides 

and their calculated PSA/MSA ratio.   

 
Figure 3.9 Linear correlation between the log IC50 values of the different O-alkyl 

glucopyranoside derivatives and their calculated PSA/MSA ratio. The R2 value of the 
linear relationship is 0.55. 

3.5.2 Correlations Between the PSA/MSA Ratio and the IRI Activity of C-Alkyl 

Glucoside Compounds  

We also sought to discover any trend between the IRI activity of C-linked 

compounds and their PSA/MSA ratio. The PSA value of 339 a-f compounds using Marvin 

Sketch software (ChemAxon) was found to be 90.15 (Table 3.5), which is lower than the 

O-linked alkyl glucoside compounds. This may be due to the loss of one oxygen atom at 

the anomeric position, decreasing the net polarity of C-linked derivatives. The MSA values 

of 339 a-f compounds (ranging from 262.72 to 415.99) increased as the length of the alkyl 

chain increased, and as a result the PSA/MSA ratio value of the different compounds 

decreased accordingly (Table 3.5). 
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Table 3.5 IC50 values of the different C-linked alkyl glucopyranosides (339 a-f) and 
PSA/MSA ratio calculated using Marvin Sketch. Errors for IC50 values are given in 

standard deviation (SD). 

Compound IC50 (mM) PSA 
(Marvin 
Sketch) 

MSA 
(Marvin 
Sketch) 

PSA/MSA 

339a 49.1 ± 6.1 90.15 262.72 0.34 
339b 10.4 ± 4.7 90.15 293.16 0.31 
339c 43.9 ± 4.0 90.15 323.95 0.28 
339d 79.5 ±1.5 90.15 354.84 0.25 
339e 32.5 ± 0.4 90.15 385.87 0.23 
339f 68.0 ± 1.3 90.15 415.99 0.22 

 

As discussed in section 3.3.2, no trend was observed between the IRI activity of C-

linked alkyl glucoside derivatives and the length of the alkyl chain. Furthermore, the 

logarithmic values of the IC50 of the C-linked compounds were plotted against their 

calculated values of PSA/MSA ratio to investigate the presence of any linear correlation 

(Figure 3.10). The R2 value of the linear correlation was found to be 0.17, indicating no 

linear relationship between PSA/MSA ratio and the IC50 values of the different C-linked 

alkyl glucosides.  

 
Figure 3.10 Linear correlation between the log IC50 values of the different C-linked alkyl 

glucopyranoside derivatives and their calculated PSA/MSA ratio. The R2 value of the 
linear relationship is 0.17. 
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3.5.3 Discussion on the Correlation Between the PSA/MSA and IC50 Values of O- and 

C-Alkyl Glucoside Compounds  

The IRI activities of compounds 334 a-f and 339 a-f were correlated with their 

PSA/MSA ratios that were computed using Marvin Sketch software (ChemAxon) to 

investigate any relationship between their IRI activities and the length of the hydrophobic 

moiety (alkyl chain) linked to the anomeric carbon. It was hypothesized that increasing the 

alkyl chain length will result in increasing the IRI activity of both O- and C-linked 

derivatives. However, Figures 3.9 and 3.10 demonstrate that there is either a very weak 

relationship (O-linked compounds) or no relationship (C-linked compounds) between the 

PSA/MSA ratio and the IRI activity of 334 a-g and 339 a-f derivatives, respectively. The 

R2 values were found to be 0.55 and 0.17 for O- and C-linked derivatives, respectively. 

These preliminary data suggest that altering the length of the alkyl chain at the anomeric 

carbon of glucoside compounds may result in an increase or a decrease in the IRI activity. 

However, there appears to be no linear relationship between the net polarity (PSA/MSA 

ratio) and IRI activity independent on the nature of the glycosidic linkage (C-C or C-O) at 

the anomeric position. Important to note, however, even though no relationship was 

observed between the IRI activity of the synthesized O- and C-linked compounds and their 

PSA/MSA ratio, there could be a special correlation between the log IC50 values of these 

compounds and the values of their net polarity which can be investigated using other types 

of statistical tests (i.e., Spearman’s rank correlation), which should be further examined. 

Although previous research revealed the presence of a positive linear relationship 

between the PSA/MSA ratio and the IRI activity of N-alkyl-D-aldonamide derivatives,15,28 

no relationship was observed for the C- and O-alkyl glucoside derivatives. This may be 
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due to the difference in the assay utilized to measure the IRI activity. The IRI activity of 

N-alkyl-D-aldonamide compounds was assessed by the conventional splat cooling assay 

which generates the measure of IRI activity as %MGS (Figure 3.3).30 In the past few years, 

a modified version of the splat cooling assay was discovered as a better alternative of the 

conventional one, where the rate of  ice recrystallization can be measured using the 

“binning process”.43 The IC50 value of IRI candidates can also be determined by the 

modified splat cooling assay (Figures 3.5 and 3.6). The %MGS value measures the IRI 

activity of a compound by a direct comparison between the grain size of the compound and 

the PBS control at a single concentration.15,28 On the other hand, the modified splat cooling 

assay allows for a more accurate measurement where the rate of ice recrystallization and 

the IC50 values can be determined from several tested concentrations.43 Therefore, the 

modified splat cooling assay was utilized to measure the IRI activity of the O- and C-linked 

compounds. Based upon chapter 3 data, it implies that the nature of the assay utilized for 

assessing the IRI activity results in different measurements of the IRI activity (i.e., %MGS 

and IC50 value). %MGS and IC50 values may also differ in the way they correlate to the 

molecular properties of the IRI candidates (i.e., PSA/MSA ratio). Therefore, future studies 

must be conducted to reveal the difference in the correlations between the %MGS or IC50 

values and the molecular properties of the IRI candidates.  

3.6 Chapter Summary   

Several classes of IRIs have been discovered and reported by the Ben laboratory. 

Moreover, SAR studies have been conducted to establish key structural features that cause 

a compound to be an active IRI. Previous studies conducted in our lab have shown that 

there is a positive linear correlation between the IRI activity of N-alkyl-D-aldonamide 
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derivatives and their PSA/MSA ratio. In this study, two classes of alkyl glucoside 

derivatives, C-linked and O-linked alkyl glucopyranosides, were synthesized and evaluated 

by the modified splat cooling assay to investigate any correlations between the length of 

the alkyl chain at the anomeric position and the IRI activity. We hypothesized that 

increasing the alkyl chain length will increase the IRI activity of the compound. 

Amongst the seven O-linked alkyl glucopyranosides (334 a-g), n-Octyl-β-D-

glucosides (334 g) demonstrated the lowest IC50 value, and hence, it was the most active 

IRI. Employing a methyl group at the anomeric position (334 a) resulted in increasing the 

IC50 value by 4-fold compared to 334 g. Moreover, reducing the length of the alkyl chain 

from 8 carbons to 2-6 carbons was also found to increase the IC50 value of 1.7- to 2.8-fold. 

To better understand whether the length of the alkyl chain affects the IRI activity of this 

class of IRI candidates, the PSA/MSA ratio of 334 a-g was calculated using Marvin Sketch 

(ChemAxon) and was plotted against the logarithmic value of their IC50. The R2 value of 

the linear relationship was found to be 0.55, meaning the activity by which these 

compounds (334 a-g) inhibit ice recrystallization is weakly correlated to the length of the 

hydrophobic moiety (alkyl chain).  

Six new compounds were synthesized (339 a-f) by altering the glycosidic linkage at 

the anomeric position to C-C. The IC50 values of the different C-linked compounds did not 

appear to decrease as the length of the alkyl chain increased, indicating no correlation 

between the IRI activity of this class of IRI and the length of the alkyl chain (Table 3.2). 

This was further confirmed by plotting the logarithmic values of IC50 of the different C-

linked compounds and their calculated PSA/MSA ratio. The value of R2 of the linear 



 111 

correlation was found to be 0.17, representing no linear relationship between the length of 

the alkyl chain and the IRI activity of C-linked compounds.  

Comparing the findings from this study with a previous work where a positive 

correlation was observed between the length of the alkyl chain and the IRI activity of N-

alkyl aldonamides, it is suggested that the measurement of the IRI activity (i.e., %MGS vs 

IC50 values) that is utilized to correlate to the molecular properties of IRI candidates (i.e., 

PSA/MSA ratio) may yield different observations in the linear relationship between the IRI 

activity and their PSA/MSA ratio. 

Lastly, most of the O-alkyl glucosides were effective IRIs (IC50 < 20 mM), unlike C-

linked alkyl glucosides (IC50 > 20mM). This indicates that the nature of the glycosidic bond 

at the anomeric position may also influence the IRI activity. Therefore, further 

investigations to study the IRI activity of candidate with other glycosidic bonds (i.e., C-S 

or C-N bond) are required. 

3.7 Experimental Procedures and NMR Characterization  

All reactions were performed under anhydrous conditions, using flame-dried 

glassware and a positive pressure of dry argon. Air or moisture-sensitive reagents and 

anhydrous solvents were transferred with oven-dried syringes or cannulae. 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 by staining (p-anisaldehyde or 

orcinol/sulphuric acid stain solution). Flash chromatography was performed using 

SiliCycle (QC) or E. Merck silica gel 60 (230-400 mesh). DCM and THF solvents used for 

anhydrous reactions were dispensed from a benchtop solvent purifier (SPBT-1, LC 
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Technology Solutions Inc, Salisbury, MA) or purchased and stored over activated 4 Å 

molecular sieves. All anhydrous alkyl alcohol reagents and Grignard reagents were 

purchased from Sigma Aldrich without further purifications unless indicated.  

Nuclear magnetic resonance (NMR) spectroscopy, 1H (300 or 400 MHz) and 13C 

(100 or 125 MHz) spectra, were recorded at ambient temperature on a Bruker Avance 300 

or Bruker Avance 400 (Bruker, Madison, WI). Deuterated chloroform (CDCl3), water 

(D2O) or methanol (MeOD) were used as NMR solvents, unless otherwise stated. Chemical 

shifts were reported in ppm using the solvent residual peak as an internal standard. Splitting 

patterns were designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; quint, 

quintet; m, multiplet; br, broad; dd, doublet of doublets; ddd, doublet of doublet; dt, doublet 

of triplet. Low resolution mass spectrometry (LRMS) was performed on a Micromass 

Quatro-TOF mass spectrometer (Waters Corporation, Milford, MA) with a positive 

electrospray ionization mode (ESI+) at John L. Holmes Mass Spectrometry Facility at the 

University of Ottawa.  

3.7.1 General Procedure for Preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside Compounds (333 a, and 333 c-g).16 

1,2,3,4,6-penta-O-acetyl-b-D-glucopyranose (331) (1 equivalent) and anhydrous alcohol (2 

equivalents) were dissolved in anhydrous CH2Cl2 (0.12 M) in the presence of 4 Å MS. The 

mixture was stirred at 0 °C under argon, and boron trifluoride diethyl ether (4 equivalents) 

was then added slowly. The reaction mixture was stirred overnight, then diluted with 

CH2Cl2 and quenched with a saturated solution of sodium bicarbonate in water. The 

solution was filtered through Celite® and then extracted with CH2Cl2. The organic layer 

was washed with saturated NaHCO3, H2O, saturated brine, then dried over MgSO4 and 
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concentrated. Column chromatography (6:4 Hexanes/EtOAc) afforded n-alkyl-2,3,4,6-

tetra-O-acetyl-b-D-glucopyranoside (333 a, and 333 c-g) as white solids. 

3.7.2 General Procedure for Preparing Ethyl-2,3,4,6-tetra-O-acetyl-b-D

 glucopyranoside derivative (333 b).41,61 

1,2,3,4,6-penta-O-acetyl-b-D-glucopyranose (331) (2.0 g, 5.1 mmol) was cooled to 0°C in 

an ice bath and HBr (13 mL, 33% in AcOH) was added. The solution was stirred for 3 

hours, and then diluted with CH2Cl2 (15.7 mL). The product was washed several times with 

H2O (20 mL) until pH 7 was reached, and then washed with brine (2 x 50 mL). The organic 

layers were dried with MgSO4, filtered, and concentrated to give 2,3,4,6-tetra-O-acetyl-a-

D-glucopyranosyl bromide (332) as a white powder that was stored in the freezer under 

argon overnight and used directly for the next reaction. Glycosyl bromide (332) (0.5 g, 1.2 

mmol) was dissolved in anhydrous CH2Cl2 (7.6 mL). Anhydrous ethanol (0.95 mL, 16.2 

mmol) and Ag2CO3 (0.33 g, 1.2 mmol) were then added. The reaction mixture was stirred 

for 24 hours, diluted with CH2Cl2 (16 mL), filtered through Celite®, washed consecutively 

with saturated NaHCO3 (10 mL) and brine (10 mL), and concentrated under vacuum. 

Column chromatography (6:4 Hexanes/EtOAc) afforded Ethyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside (333 b) as a white solid. 

3.7.3 General Procedure for Preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane (337 a-f).18 

2,3,4,6-Tetra-O-benzyl-b-D-gluconolactone (336) (1 equivalent) was dissolved in 

anhydrous THF (0.36 M). A 2.0 M solution of alkylmagnesium chloride solution in THF 

(2 equivalents) was added at -78 °C and the reaction mixture was stirred for 2 hours. The 
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reaction was then treated with 5% NH4Cl solution and extracted with ethyl acetate which 

afforded compounds (337 a-f) exclusively as white oils. 

3.7.4 General Procedure for Preparing (2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane (338 a-f).18 

1-hydroxy-1-(2,3,4,6-Tetra-O-benzyl-b-D-glucopyranosyl)-alkane derivatives (337 a-f, 1 

equivalent) were dissolved in anhydrous DCM (0.21 M). Et3SiH (3 equivalents) and 

BF3.OEt2 (2 equivalents) were then added to the reaction mixture at -78 °C. The reaction 

was stirred for 18 hours. The reaction mixture was then treated with saturated NaHCO3 and 

extracted with DCM. The organic layer was then dried over MgSO4 and concentrated. 

Column chromatography (6:4 Hexanes/EtOAc) afforded intermediates (338 a-f) as white 

solids. 

 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide 

 

Using the general procedure for preparing Ethyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside afforded 332 as white powder (2.1 g, 97%). Characterization data was 

consistent with that previously reported in literature.72 1H NMR (400 MHz, CDCl3): δ 6.61 

(d, J = 4.3 Hz, 1H), 5.56 (t, J = 9.8 Hz, 1H), 5.16 (t, J = 9.8 Hz, 1H), 4.84 (dd, J = 4.3, 10.5 

Hz, 1H), 4.35-4.28 (m, 2H), 4.13 (dd, J = 1.8, 12.3 Hz,1H), 2.10 (s, 3H), 2.09 (s, 3H), 2.,05 

(s, 3H), 2.03 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 170.5, 169.9, 169.8, 169.5, 85.55, 

72.1, 70.6, 70.2, 67.2, 60.9, 20.7, 20.67, 20.6, 20.5. LRMS (ESI) m/z calcd. for C14H19O9Br 

[M+Na]+ 433.0; found 433.1. 
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Methyl-2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (333 a)      

 

Using the general procedure for preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside derivatives with anhydrous methanol yielded (0.55 g, 30%).  

Characterization data was consistent with that previously reported in literature.75 1H NMR 

(400 MHz, CDCl3): δ 5.21 (t, J = 9.5 Hz, 1H), 5.10 (t, J = 10.0 Hz, 1H), 4.99 (dd, J = 7.9, 

9.5 Hz, 1H), 4.44 (d, J = 7.9 Hz, 1H), 4.27 (dd, J = 4.5, 12.4 Hz, 2H), 4.16 (dd, J = 2.4, 

12.4 Hz, 1H), 3.72-3.68 (m, 1H), 3.51 (s, 3H), 2.10 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 2.01 

(s, 3H). 

Ethyl-2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (333 b)      

 

Using the general procedure for preparing Ethyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside yielded (0.34 g, 74%). Characterization data was consistent with that 

previously reported in literature.53 1H NMR (400 MHz, CDCl3): δ 5.18 (t, J = 9.5 Hz, 1H), 

5.06 (t, J = 9.8  Hz, 1H), 4.95 (dd, J = 7.9, 9.5 Hz, 1H), 4.49 (d, J = 7.9 Hz, 1H), 4.25 (dd, 

J = 4.6, 12.3 Hz, 1H), 4.11 (dd, J = 2.4, 12.3 Hz, 1H) 3.88 (dq, J = 7.1, 9.6 Hz, 1H) 3.70-

3.64(m, 1H), 3.56 (dq, J = 7.1, 9.6 Hz, 1H) , 2.06 (s, 3H), 2.02 (s, 3H), 2.00 (s, 3H), 1.98 

(s, 3H), 1.18 (t, J = 7.2 Hz, 3H). 
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Propyl -2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (333 c)      

 

Using the general procedure for preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside derivatives with anhydrous propanol yielded (0.58 g, 29%). 

Characterization data was consistent with that previously reported in literature.73 1H NMR 

(400 MHz, CDCl3): δ 5.21 (t, J = 9.4 Hz, 1H), 5.10 (t, J = 9.6  Hz, 1H), 5.01 (dd, J = 7.8, 

9.6 Hz, 1H), 4.50 (d, J = 8.1 Hz, 1H), 4.27 (dd, J = 4.5, 12.0 Hz, 2H), 4.16 (dd, J = 2.6, 

12.0Hz, 1H), 3.85 (dt, J = 6.2, 9.6 Hz, 1H), 3.71-3.67 (m, 1H), 3.43 (dt, J = 6.2, 9.6 HZ, 

1H), 2.10 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H), 1.62-1.58 (m, 2H), 0.90 (t, J = 

7.3 Hz, 3H). 

Butyl-2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (333 d) 

                            

Using the general procedure for preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside derivatives with anhydrous butanol yielded (0.58 g, 29%). 

Characterization data was consistent with that previously reported in literature.76 1H NMR 

(400 MHz, CDCl3): δ 5.17 (t, J = 9.9 Hz, 1H), 5.06 (t, J = 9.7  Hz, 1H), 4.96 (dd, J = 7.9, 

9.6 Hz, 1H), 4.46 (d, J = 8.3 Hz, 1H), 4.24 (dd, J = 4.6, 12.2 Hz, 1H), 4.11 (dd, J = 2.1, 

12.3 Hz, 1H), 3.85 (dt, J = 6.2, 9.6 Hz, 1H), 3.68-3.64 (m, 1H), 3.45 (dt, J = 6.5, 9.6 HZ, 

1H), 2.06 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.97 (s, 3H), 1.55-1.49 (m, 2H), 1.35-1.29(m, 

2H), 0.87 (t, J = 7.5 Hz, 3H). 
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Pentyl-2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (333 e) 

 

Using the general procedure for preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside derivatives with anhydrous pentanol yielded (0.70 g, 33%). 

Characterization data was consistent with that previously reported in literature.73 1H NMR 

(400 MHz, CDCl3): δ 5.16 (t, J = 9.5 Hz, 1H), 5.04 (t, J = 9.7  Hz, 1H), 4.94 (dd, J = 7.3, 

9.6 Hz, 1H), 4.45 (d, J = 8.0 Hz, 1H), 4.18 (dd, J = 4.7, 12.3 Hz, 1H), 4.09 (dd, J = 2.3, 

12.3 Hz, 1H), 3.83 (dt, J = 6.3, 9.6 Hz, 1H), 3.67-3.63 (m, 1H), 3.43 (dt, J = 6.6, 9.5 HZ, 

1H), 2.04 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.57-1.49 (m, 2H), 1.29-1.21(m, 

4H), 0.84 (t, J = 7.1 Hz, 3H). 

Hexyl-2,3,4,6 -tetra-O-acetyl-b-D-glucopyranoside (333 f) 

 

Using the general procedure for preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside derivatives with anhydrous hexanol yielded (0.77 g, 35%). 

Characterization data was consistent with that previously reported in literature.76 1H NMR 

(400 MHz, CDCl3): δ 5.20 (t, J = 9.6 Hz, 1H), 5.08 (t, J = 9.6 Hz, 1H), 4.98 (dd, J = 7.9, 

9.6 Hz, 1H), 4.48 (d, J = 7.9 Hz, 1H), 4.26 (dd, J = 4.7, 12.2 Hz, 1H), 4.13 (dd, J = 2.3, 

12.2 Hz, 1H), 3.87 (dt, J = 6.6, 9.4 Hz, 1H), 3.70-3.66 (m, 1H), 3.46 (dt, J = 7.0, 9.8 Hz, 

1H), 2.08 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.00 (s, 3H), 1.58-1.53 (m, 2H), 1.31-1.27 (m, 

6H), 0.87 (t, J = 6.7 Hz, 3H). 
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Octyl-2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (333 g) 

 

Using the general procedure for preparing Alkyl-2,3,4,6-tetra-O-acetyl-b-D-

glucopyranoside derivatives with 1-anhydrous octanol yielded (0.84g, 36%). 

Characterization data was consistent with that previously reported in literature.29 1H NMR 

(400 MHz, CDCl3): δ 5.21 (t, J = 9.9 Hz, 1H), 5.09 (t, J = 9.9 Hz, 1H), 4.99 (dd, J = 8.0, 

9.9 Hz, 1H), 4.49 (d, J = 8.0 Hz, 1H), 4.26 (dd, J = 4.3, 12.3 Hz, 1H), 4.14 (dd, J = 2.5, 

12.3 Hz, 1H), 3.87 (dt, J = 6.8, 9.9 Hz, 1H), 3.71-3.64 (m, 1H), 3.47 (dt, J = 6.9, 9.9 HZ, 

1H), 2.09 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.56 (br, 2H), 1.27 (br, 10H), 

0.87 (t, J = 6.6 Hz, 3H). 

Methyl-b-D-glucopyranoside (334 a) 

 

Compound 333 a (0.55 g, 1.5 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (16 mL) and stirred at room temperature until the disappearance of starting 

material (monitored by TLC). The solution was then neutralized with Amberlite® IR-120 

(H+) ion-exchange resin, filtered and concentrated. The product was purified by column 

chromatography (9:1 CH2Cl2/MeOH) to afford 334 a as a white powder (0.29 g, 99%). 

Characterization data was consistent with that previously reported in literature.78 1H NMR 

(400 MHz, D2O) δ 4.38 (d, J = 7.9 Hz, 1H), 3.93 (dd, J = 2.4, 12.4 Hz, 1H), 3.72 (dd, J = 

6.2, 12.4 Hz, 1H), 3.57 (s, 3H), 3.52-3.45 (m, 2H), 3.38 (t, J = 9.2 Hz, 1H), 3.26 (dd, J 
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=8.0, 9.1 Hz, 1H). 13C NMR (100 MHz, D2O): δ 103.2, 75.9, 75.8, 73.1, 69.7, 60.8, 57.2. 

LRMS (ESI) m/z calcd. for C7H14O6 [M+Na]+ 217.1 ; found 217.1. 

Ethyl-b-D-glucopyranoside (334 b) 

 

Compound 333 b (0.34 g, 0.90 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (9 mL) and stirred at room temperature until the disappearance of starting 

material (monitored by TLC). The solution was then neutralized with Amberlite® IR-120 

(H+) ion-exchange resin, filtered and concentrated. The product was purified by column 

chromatography (9:1 CH2Cl2/MeOH) to afford 334 b as a white powder (0.23 g, 98%). 

Characterization data was consistent with that previously reported in literature.78 1H NMR 

(400 MHz, D2O) δ 4.44 (d, J = 8.2 Hz, 1H), 3.96-3.92 (m, 2H), 3.88 (dd, J = 2.3, 10.2 Hz, 

1H), 3.72-3.66 (m, 2H), 3.45-3.40 (m, 2H), 3.33 (t, J = 9.2 Hz, 1H), 3.22 (dd, J = 5.7, 8.0 

Hz, 1H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, D2O): 101.8, 75.8, 75.6, 73.1, 69.6, 

66.1, 60.7, 22.1, 14.2. LRMS (ESI) m/z calcd. for C9H18O6 [M+Na]+ 231.1; found 231.2. 

Propyl-b-D-glucopyranoside (334 c) 

 

Compound 333 c (0.58 g, 1.5 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (15.8 mL) and stirred at room temperature until the disappearance of starting 

material (monitored by TLC). The solution was then neutralized with Amberlite® IR-120 

(H+) ion-exchange resin, filtered and concentrated. The product was purified by column 

chromatography (9:1 CH2Cl2/MeOH) to afford 334 c as a white powder (0.33 g, 99%). 
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Characterization data was consistent with that previously reported in literature.79 1H NMR 

(400 MHz, D2O) δ 4.43 (d, J = 7.9 Hz, 1H), 3.90-3.81 (m, 2H), 3.68 (dd, J = 6.0, 12.4 Hz, 

1H), 3.60 (dt, J = 6.7, 9.8 Hz, 1H), 3.47-3.39 (m, 2H), 3.35 (d, J = 9.0 Hz, 1H), 3.22 (dd, J 

= 7.9, 9.4 Hz, 1H), 1.62-1.55 (m, 2H), 0.88 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, D2O): 

102.1, 75.9, 75.8, 73.1, 72.2, 69.6, 60.7, 22.1, 9.5. LRMS (ESI) m/z calcd. for C9H18O6 

[M+Na]+ 245.1; found 245.2. 

Butyl-b-D-glucopyranoside (334 d) 

 

Compound 333 d (0.64 g, 1.6 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (17.5 mL) and stirred at room temperature until the disappearance of starting 

material (monitored by TLC). The solution was then neutralized with Amberlite® IR-120 

(H+) ion-exchange resin, filtered and concentrated. The product was purified by column 

chromatography (9:1 CH2Cl2/MeOH) to afford 334 d as a white powder (0.41 g, 98%). 

Characterization data was consistent with that previously reported in literature.79 1H NMR 

(400 MHz, D2O) δ 4.43 (d, J = 7.9 Hz, 1H), 3.93-3.87 (m, 2H), 3.69 (dd, J = 5.9, 12.5 Hz, 

1H), 3.64 (dt, J = 6.8, 9.8 Hz, 1H), 3.48-3.40 (m, 2H), 3.34 (t, J = 9.8 Hz, 1H), 3.22 (dd, J 

= 7.4, 9.8 Hz, 1H), 1.62-1.54 (m, 2H), 1.37-1.32(m, 2H), 0.88 (t, J = 7.5 Hz, 3H). 13C NMR 

(100 MHz, D2O): δ 102.1,75.8, 75.8, 73.1, 70.4, 69.6, 60.7, 30.8, 18.4, 13.0. LRMS (ESI) 

m/z calcd. for C10H20O6 [M+Na]+ 259.1; found 259.2. 

Pentyl-b-D-glucopyranoside (334 e) 
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Compound 333 e (0.70 g, 1.7 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (19.1 mL) and stirred for one hour at room temperature. The solution was then 

neutralized with Amberlite® IR-120 (H+) ion-exchange resin, filtered and concentrated. 

The product was purified by column chromatography (9:1 CH2Cl2/MeOH) to afford 334 e 

as a white powder (0.42 g, 99%). Characterization data was consistent with that previously 

reported in literature.79 1H NMR (400 MHz, D2O) δ 4.41 (d, J = 7.9 Hz, 1H), 3.88 (d, J = 

2.3 Hz, 1H), 3.86 (quint, J = 2.2 Hz, 1H), 370-3.60 (m, 2H), 3.46-3.39 (m, 2H), 3.33 (dd, 

J = 8.9, 9.6 Hz, 1H), 3.21 (dd, J = 8.1, 9.3 Hz, 1H), 1.60-1.57 (m, 2H), 1.29-1.27(m, br, 

4H), 0.84 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, D2O): δ 102.1,75.9, 75.8, 73.1, 70.7, 

69.6, 60.7, 28.4, 27.3, 21.7, 13.2. LRMS (ESI) m/z calcd. for C11H22O6 [M+Na]+ 273.1; 

found 273.2. 

Hexyl-b-D-glucopyranoside (334 f) 

 

Compound 333 f (0.77 g, 1.8 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (21.0 mL) and stirred for one hour at room temperature. The solution was then 

neutralized with Amberlite® IR-120 (H+) ion-exchange resin, filtered and concentrated. 

The product was purified by column chromatography (9:1 CH2Cl2/MeOH) to afford 334 f 

as a white powder (0.47 g, 99%). Characterization data was consistent with that previously 

reported in literature.79 1H NMR (400 MHz, D2O) δ 4.42 (d, J = 8.0 Hz, 1H), 3.89 (dd, J = 

6.8, 9.1 Hz, 1H), 3.86 (q, J = 2.5 Hz, 1H), 3.70-3.61 (m, 2H), 3.47-3.40 (m, 2H), 3.35 (d, 

J = 8.9 Hz, 1H), 3.22 (dd, J = 7.9, 9.3 Hz, 1H), 1.59 (quint, J = 6.9 Hz, 2H), 1.35-1.25 (m, 

br, 6H), 0.84 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, D2O): δ 102.1, 75.9, 75.8, 73.1, 
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70.7, 69.6, 60.7, 48.8, 30.7, 28.7, 24.7, 21.9, 13.3. LRMS (ESI) m/z calcd. for C12H24O6 

[M+Na]+ 287.1; found 287.3. 

Octyl-b-D-glucopyranoside (334 g)     

                                                                          

Compound 333 g (0.84 g, 1.8 mmol) was dissolved in a solution of 1 M sodium methoxide 

in methanol (41 mL) and stirred for one hour at room temperature. The solution was then 

neutralized with Amberlite® IR-120 (H+) ion-exchange resin, filtered and concentrated. 

The product was purified by column chromatography (9:1 CH2Cl2/MeOH) to afford 334 g 

as a white powder (0.52 g, 99%). Characterization data was consistent with that previously 

reported in literature.29 1H NMR (400 MHz, D2O) δ 4.45 (d, J = 8.2 Hz, 1H), 3.95-3.89 (m, 

2H), 3.74-3.66 (m, 2H), 3.48 (t, J = 8.9 Hz, 1H), 3.25 (dd, J = 8.0. 9.1 Hz, 1H), 1.63 (quint, 

J = 6.1 Hz, 2H), 1.32-1.28 (m, br, 10H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, 

D2O): δ 102.2, 75.9, 75.8, 73.2, 70.7, 69.7, 31.1, 28.7, 28.4, 28.3, 25.0, 22.0, 13.4. LRMS 

(ESI) m/z calcd. for C14H28O6 [M+Na]+ 315.2; found 315.3. 

2,3,4,6-tetra-O-benzyl-b-D-gluconolactone (336)                                              

 

Acetic acid anhydride (12.0 mL) was added to a mixture of 2,3,4,6-tetra-O-benzyl-D-

glucopyranoside (3.09 g, 5.7 mmol) in DMSO (18.1 mL). The reaction mixture was stirred 

overnight and then diluted with H2O (100 mL) and extracted with EtOAc. The combined 

organic phase was then washed with saturated brine and dried with MgSO4, filtered, and 

concentrated under reduced pressure. The residue was purified by column chromatography 
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(4:1 Hexanes:EtOAc) to give compound 336 as a colorless oil (1.82 g, 58.9%). 

Characterization data was consistent with that previously reported in literature.80 1H NMR 

(400 MHz, CDCl3): δ 7.39-7.27 (m, 18H), 7.18-7.15 (m, 2H), 4.98 (d, J = 11.5 Hz, 1H), 

4.74-4.43 (m, 8H), 4.11 (d, J = 6.7 Hz, 1H), 3.96 (t, J = 6.8 Hz, 1H), 3.90 (t, J = 6.3 Hz, 

1H), 3.72 (dd, J = 2.1, 10.5 Hz, 1H), 3.66 (dd, J = 3.4, 11.3 Hz, 1H). 13C NMR (100 MHz, 

CDCl3): δ 169.3, 137.6, 137.5, 137.5,136.9, 128.5, 128.4, 128.4, 128.0, 128.0, 127.8, 81.0, 

78.1, 77.4, 76.1, 73.9, 73.7, 73.6, 68.3. 

1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-methane (337 a) 

 

Using the general procedure for preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane with 2.0 M methyl magnesium chloride solution in THF yielded 

(0.44 g, 73.8%). Characterization data was consistent with that previously reported in 

literature.81 1H NMR (400 MHz, CDCl3): δ 7.33-7.30 (m, 18H), 7.17-7.15 (m, 2H), 4.94 

(d, J = 10.9 Hz, 1H), 4.89 (d, J = 2.6 Hz, 2H), 4.82 (d, J = 10.7 Hz, 1H), 4.71 (d, J = 11.3 

Hz, 1H), 4.63 (d, J = 12.2 Hz, 1H), 4.55 (t, J = 12.2 Hz, 2H), 4.02-3.95 (m, 2H), 3.74 (dd, 

J = 4.0, 10.7 6.3 Hz, 1H), 3.70-3.63 (m, 2H), 3.37 (d, J = 9.4 Hz, 1H), 2.57 (br, 1H), 1.42 

(s, 3H). 

1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-ethane (337 b) 

 

Using the general procedure for preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane with 2.0 M ethyl magnesium chloride solution in THF yielded 
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(0.51 g, 83.3 %). Characterization data was consistent with that previously reported in 

literature.81 1H NMR (400 MHz, CDCl3): δ 7.34-7.28 (m, 18H), 7.21-7.19 (m, 2H), 4.95-

4.91 (m, 2H), 4.85 (dd, J = 10.9, 14.4 Hz, 2H), 4.69 (d, J = 10.9 Hz, 1H), 4.63 (dd, J = 5.9, 

10.7  Hz, 1H), 4.56-4.51 (m, 2H), 4.03-3.97 (m, 2H), 3.77 (dd, J = 3.9, 11.1 Hz, 1H), 3.67 

(dd, J = 1.8, 10.9 Hz, 2H), 3.44 (d, J = 9.3 Hz, 1H), 2.53 (br, 1H), 1.74-1.71 (m, 2H), 0.90 

(t, J = 7.4 Hz, 3H). 

1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranos-1-yl)-2-propene (337 c) 

 

Using the general procedure for preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane with 2.0 M allyl magnesium chloride solution in THF yielded 

(0.552 g, 88.9%). Characterization data was consistent with that previously reported in 

literature.71 1H NMR (400 MHz, CDCl3): δ 7.35-7.17 (m, 20H), 5.93-5.73 (m, 1H), 5.20-

5.05 (m, 2H), 5.02-4.48 (m, 8H), 4.14-4.08 (m, 1H), 4.03-3.93 (m, 1H), 3.75 (dd, J = 3.7, 

10.9 Hz, 1H), 3.69-3.61 (m, 2H), 3.43 (d, J = 9.3 Hz, 1H), 2.73 (br, 1H), 2.47-2.32 (m, 

2H). 

1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-butane (337 d) 

 

Using the general procedure for preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane with 2.0 M butyl magnesium chloride solution in THF yielded 

(0.43 g, 67.5 %). Characterization data was consistent with that previously reported in 

literature.82 1H NMR (400 MHz, CDCl3): δ 7.33-7.26 (m, 18H), 7.21-7.19 (m, 2H), 4.93-
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4.53 (m, 8H), 4.02-3.96 (m, 2H), 3.76 (dd, J = 4.4, 10.6 Hz, 1H), 3.66 (d, J = 10.6 Hz, 2H), 

3.42 (d, J = 8.8 Hz, 1H),  2.52 (br, 1H), 1.66-1.63 (m, 2H), 1.37-1.35 (m, 1H), 1.28-1.22 

(m, 3H), 0.86 (t, J = 7.1 Hz, 3H). 

1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-pentane (337 e) 

 

Using the general procedure for preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane with 2.0 M pentyl magnesium chloride solution in THF yielded 

(0.58 g, 88.6 %). Characterization data was consistent with that previously reported in 

literature.74 1H NMR (400 MHz, CDCl3): δ 7.34-7.27 (m, 18H), 7.21-7.19 (m, 2H), 4.93 

(d, J = 12.2 Hz, 2H), 4.85 (dd, J = 11.0, 15.3 Hz, 2H), 4.68 (d, J = 11.0 Hz, 1H), 4.62 (dd, 

J = 3.5, 12.4 Hz, 1H), 4.54 (d, J = 12.4 Hz, 1H), 4.02-3.96 (m, 2H), 4.02-3.95 (dd, J = 4.0, 

11.0 Hz, 1H), 3.68-3.62 (m, 2H), 3.43 (d, J = 9.3 Hz, 1H), 2.55 (br, 1H), 1.66-1.62 (m, 

2H), 1.30-1.20 (m, 6H), 0.87 (t, J = 6.7 Hz, 3H). 

1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-hexane (337 f) 

 

Using the general procedure for preparing 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-b-D-

glucopyranosyl)-alkane with 2.0 M hexyl magnesium chloride solution in THF yielded 

(0.49 g, 74.5 %). 1H NMR (400 MHz, CDCl3): δ 7.33-7.27 (m, 18H), 7.21-7.11 (m, 2H), 

4.94-4.47 (m, 8H), 4.02-3.95 (m, 1H), 3.78-3.62 (m, 3H), 3.49-3.41 (m, 2H), 2.66 (br, 1H), 

1.93-1.86 (m, 1H), 1.80-1.74 (m, 1H), 1.41-1.22 (m, 8H), 0.88 (dt, J = 2.6, 6.7 Hz, 3H).  

(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-methane (338 a)   
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Using the general procedure for preparing 1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane yielded 338 a (0.32 g, 75.6%). Characterization data was consistent with that 

previously reported in literature.83 1H NMR (400 MHz, CDCl3): δ 7.34-7.27 (m, 18H), 

7.14-7.12 (m, 2H), 4.94 (d, J = 10.9 Hz, 1H), 4.89-4.79 (m, 4H), 4.67-4.59 (m, 2H), 4.56-

4.51 (m, 2H), 3.71 (dd, J = 2.1, 10.6 Hz, 1H), 3.67 (br, 1H), 3.64 (dd, J = 6.1, 10.6 Hz, 

1H), 3.59 (t, J = 9.5 Hz, 1H), 3.45-3.35 (m, 2H), 3.20 (t, J = 9.1 Hz, 1H), 1.32 (d, J = 6.1 

Hz, 3H). 

(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-ethane (338 b) 

 

Using the general procedure for preparing 1-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane yielded 338 b (0.43 g, 87.3%). Characterization data was consistent with that 

previously reported in literature.83 1H NMR (400 MHz, CDCl3) δ 7.38-7.27 (m, 18H), 7.20-

7.16 (m, 2H), 4.91-4.55 (m, 8H), 3.74-3.59 (m, 4H), 3.44-3.39 (m, 1H), 3.30 (t, J = 8.3 Hz, 

1H), 3.19 (ddd, J = 2.6, 8.8, 11.0 Hz, 1H), 1.95-1.87 (m, 1H), 1.58-1.45 (m, 1H), 1.01 (t, J 

= 7.4 Hz, 3H). 

(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-2-propene (338 c)       
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Using the general procedure for preparing (2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane yielded 338 c (0.39 g, 72.1%). Characterization data was consistent with that 

previously reported in literature.44 1H NMR (400 MHz, CDCl3): δ 7.34-7.28 (m, 18H), 

7.18-7.16 (m, 2H), 5.97-5.90 (m, 1H), 5.12-5.06 (m, 2H), 4.90-4.55 (m, 8H), 3.71-3.67 (m, 

3H), 3.60 (t, J = 9.2 Hz, 1H), 3.42-3.40 (m, 1H), 3.34-3.32 (m, 2H), 2.62-2.57 (m, 1H), 

2.34-2.28 (m, 1H). 

(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-butane (338 d)   

    

Using the general procedure for preparing (2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane yielded 338 d (0.31 g, 73.7%). Characterization data was consistent with that 

previously reported in literature.83 1H NMR (400 MHz, CDCl3) δ 7.35-7.27 (m, 18H), 7.18-

7.15 (m, 2H), 4.89-4.80 (m, 4H), 4.63 (dd, J = 5.7, 10.9 Hz, 2H), 4.56 (dd, J = 3.7, 10.8 

Hz, 2H), 3.74-3.65 (m, 3H), 3.59 (t, J = 9.3 Hz, 1H), 3.40-3.37 (m, 1H), 3.29-3.20 (m, 1H), 

1.84-1.77 (m, 1H), 1.50-1.25 (m, 5H), 0.88 (t, J = 7.1 Hz, 3H). 

(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-pentane (338 e)     

            

Using the general procedure for preparing (2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane yielded 338 e (0.36 g, 63.3%). Characterization data was consistent with that 

previously reported in literature.74 1H NMR (400 MHz, CDCl3) δ 7.34-7.28 (m, 18H), 7.18-

7.16 (m, 2H), 4.89-4.80 (m, 4H), 4.65-4.54 (m, 4H), 3.74-3.66 (m, 3H), 3.59 (t, J = 9.6 Hz, 
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1H), 3.41-3.37 (m, 1H), 3.27 (t, J = 9.3 Hz, 1H), 3.22 (dd, J = 2.0, 9.3 Hz, 1H), 1.83-1.77 

(m, 1H), 1.29-1.25 (m, 7H), 0.88 (t, J = 6.7 Hz, 3H). 

(2,3,4,6-Tetra-O-benzyl-b-D-glucopyranosyl)-hexane (338 f) 

 

Using the general procedure for preparing (2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)-

alkane yielded 338 f (0.42 g, 87.4%). 1H NMR (400 MHz, CDCl3): δ 7.31-7.26 (m, 18H), 

7.16-7.14 (m, 2H), 4.87 (s, 1H), 4.86 (d, J = 11.0 Hz, 1H), 4.79 (d, J = 11.0, 1H), 4.61 (dd, 

J = 4.8, 11.0 Hz, 2H), 4.54 (dd, J = 3.8, 10.8 Hz, 2H), 3.72-3.62 (m, 3H), 3.57 (t, J = 9.4 

Hz, 1H), 3.38-3.35 (m, 1H), 3.27-3.18 (m, 2H), 1.81-1.75 (m, 1H), 1.45-1.38 (m, 1H), 

1.344-1.25 (m, 8H), 0.85 (t, J = 6.5 Hz, 3H). 

1-(b-D-glucopyranosyl)-methane (339 a)  

                               

A solution of MeOH:EtOAc (10 mL :10 mL) was added to a round bottom flask containing 

5% Pd/C and compound 338 a (0.32 g, 0.59 mmol).49 The reaction mixture was stirred 

under H2 gas at room temperature for 16 hours. The mixture was then filtered through celite 

and concentrated to give 339 a as a white solid (0.09 g, 88.4%). 1H NMR (400 MHz, D2O). 

δ 3.76 (dd, J = 2.2, 12.2 Hz, 1H), 3.68 (dd, J = 5.8, 12.2 Hz, 1H), 3.48-3.36 (m, 4H), 3.14 

(t, J = 9.3 Hz, 1H), 1.29 (d, J = 6.1 Hz, 3H). 13C NMR (100 MHz, D2O) δ 79.5, 77.1, 75.6, 

75.0, 70.0, 60.9, 16.8. LRMS (ESI) m/z calcd. for C7H14O5 [M+Na]+ 201.1; found 201.2. 

1-(b-D-glucopyranosyl)-ethane (339 b)     
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A solution of MeOH:EtOAc (10 mL:10 mL) was added to a round bottom flask containing 

5% Pd/C and compound 338 b (0.43 g, 0.78 mmol).49 The reaction mixture was stirred 

under H2 gas at room temperature for 16 hours. The mixture was then filtered through celite 

and concentrated to give 339 b as a white solid (0.13 g, 87.2%). 1H NMR (400 MHz, D2O): 

δ 3.90 (dd, J = 1.8, 12.1 Hz, 1H), 3.68 (dd, J = 5.9, 12.2 Hz, 1H), 3.48-3.45 (t, J = 8.5 H, 

1H), 3.37-3.36 (m, 2H), 3.26-3.19 (m, 2H), 1.89-1.83 (m, 1H), 1.49-1.42 (m, 1H), 0.98 (t, 

J = 7.5 Hz, 3H). 13C NMR (100 MHz, D2O) δ 80.5, 79.6, 77.5, 73.1, 70.2, 70.0, 61.1, 23.9, 

8.8. LRMS (ESI) m/z calcd. for C8H16O5 [M+Na]+ 215.1; found 215.2.                 

1-(b-D-glucopyranosyl)-propane (339 c)   

           

A solution of MeOH:EtOAc (16.8 mL:16.8 mL) was added to a round bottom flask 

containing 5% Pd/C and compound 338 c (0.39 g, 0.69 mmol).49 The reaction mixture was 

stirred under H2 gas at room temperature for 16 hours. The mixture was then filtered 

through celite and concentrated to give 339 c as a white solid (0.13 g, 90.5%). 1H NMR 

(400 MHz, MeOD): δ 3.82 (dd, J = 2.2, 11.8 Hz, 1H), 3.64-3.60 (m, 2H), 3.24 (t, J = 9.1 

Hz, 1H), 3.19-3.10 (m, 2H), 3.04, (t, J = 8.9 Hz, 1H), 1.80 (ddd, J = 2.0, 7.6, 10.4 Hz, 1H), 

1.61-1.59 (m, 1H), 1.42-1.37 (m, 2H), (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, MeOD): δ 

80.1, 79.2, 78.5, 74.1, 70.7, 61.7, 33.6, 29.2, 22.8, 18,2, 13.1. LRMS (ESI) m/z calcd. for 

C9H18O5 [M+Na]+ 228.1; found 228.3.          
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1-(b-D-glucopyranosyl)-butane (339 d)    

 

A solution of MeOH:EtOAc (13.4 mL:13.4 mL) was added to a round bottom flask 

containing 5% Pd/C and compound 338 d (0.31 g, 0.53 mmol).49 The reaction mixture was 

stirred under H2 gas for 16 hours. The mixture was then filtered through celite and 

concentrated to give 339 d as a white solid (0.10 g, 88.3%). 1H NMR (400 MHz, MeOD). 

δ 3.80 (dd, J = 2.3, 11.6 Hz, 1H), 3.60 (dd, J = 5.2, 11.6 Hz, 1H), 3.3 (d, J = 3.9 H, 1H), 

3.20 (d, J = 8.7 Hz, 1H), 3.16-3.12 (m, 1H), 3.11-3.06 (m, 1H), 3.01 (t, J = 8.5 Hz, 1H), 

1.85-1.79 (m, 1H), 1.56-1.52 (m, 1H), 1.37-1.26 (m, 4H), 0.89 (t, J = 7.2 Hz, 3H). 13C 

NMR (100 MHz, MeOD) δ 80.2, 79.5, 78.5, 73.1, 74.1, 70.7, 61.7, 31.2, 27.3, 22.4, 12.9. 

LRMS (ESI) m/z calcd. for C10H20O5 [M+Na]+ 243.1; found 243.2.                 

1-(b-D-glucopyranosyl)-pentane (339 e)      

                    

A solution of MeOH:EtOAc (15.8 mL:15.8 mL) was added to a round bottom flask 

containing 5% Pd/C and compound 338 e (0.36 g,  0.61 mmol).49 The reaction mixture was 

stirred under H2 gas at room temperature for 16 hours. The mixture was then filtered 

through celite and concentrated to give 339 e as a white solid (0.12 g, 86.9%). 1H NMR 

(400 MHz, MeOD). δ 3.75 (dd, J = 2.0, 11.7 Hz, 1H), 3.55 (dd, J = 5.2, 11.7 Hz, 1H), 3.20-

2.94 (m, 4H), 1.79-1.71 (m, 1H), 1.56-1.50 (m, 1H), 1.34-1.20 (m, 6H), 0.84 (t, J = 6.9 Hz, 

3H). 13C NMR (100 MHz, MeOD) δ 80.2, 79.5, 78.5, 74.1, 70.7, 61.7, 31.7, 31.4, 24.8, 

22.2, 13.0. LRMS (ESI) m/z calcd. for C11H22O5 [M+Na]+ 256.1; found 256.2.                                     
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1-(b-D-glucopyranosyl)-hexane (339 f)    

                                                            

A solution of MeOH:EtOAc (18.1 mL:18.1 mL) was added to a round bottom flask 

containing 5% Pd/C and compound 338 f (0.42 g, 0.69 mmol).49 The reaction mixture was 

stirred under H2 gas at room temperature for 16 hours. The mixture was then filtered 

through celite and concentrated to give 339 f as a white solid (0.15 g, 89.7%). 1H NMR 

(400 MHz, MeOD). δ 3.82 (dd, J = 2.4, 11.8 Hz, 1H), 3.62 (dd, J = 5.3, 11.8 Hz, 1H), 3.27-

3.00 (m, 4H), 1.87-1.80 (m, 1H), 1.59-1.55 (m, 1H), 1.42-1.30 (m, 8H), 0.89 (t, J = 6.5 Hz, 

3H). 13C NMR (100 MHz, MeOD) δ 80.2, 79.5, 78.5, 74.1, 70.7, 61.7, 31.6, 31.5, 29.2, 

25.0, 22.3, 13.0. LRMS (ESI) m/z calcd. for C12H24O5 [M+Na]+ 271.2; found 271.3.    
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3.9 NMR Spectra of Compounds in Chapter 3 
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Chapter 4: Small Molecule Ice Recrystallization Inhibitors (IRIs) as 

Potential Cryoprotective Agents for Human Induced Pluripotent Stem 

Cell Derived Neurons (iPSC-Ns) 

4.1 Introduction: iPSCs and iPSC-Ns as Promising Cellular Therapy 

Products for Neurodegenerative Diseases 

Neurodegenerative disorders are diseases of the central nervous system (CNS) that 

involve a gradual loss of neurons, affecting different parts of the brain and spinal cord.1-3 

Alzheimer’s (AD) and Parkinson’s (PD) diseases are the two most common 

neurodegenerative diseases impacting aging populations.1,4-6 Different mechanisms have 

been proposed as the leading cause of the gradual loss of neurons such as aggregation of 

misfolded proteins, genetic mutations, and impairment in mitochondrial function.7-9 

Although there are several food and drug administration (FDA)-approved drugs that are 

used to treat AD and PD, there are significant side effects and complications that are 

accompanied with their consumption.10-11 Consequently, regenerative medicine has 

emerged as a therapeutic option for the treatment of some neurodegenerative diseases.8,12 

For example, it has been shown that transplantation of fetal neural tissues and human 

embryonic CNS tissues into lesions of rat spinal cord have restored axonal regeneration 

and neuronal functionality at the injury site.13-16  Moreover, embryonic stem cell (ESC)-

derived neurons have been used in treating PD in mice.19 Nonetheless, ESCs encounter 

ethical and legal issues in neuroscience research, and therefore, human induced pluripotent 

stem cells (iPSCs) are a better alternative source of stem cells since they are easy to 

generate and are not complicated by ethical limitations.20 iPSCs and their derivatives (i.e., 

iPSC-derived neurons (iPSC-Ns) have become invaluable and powerful tools for disease 
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modeling, drug discovery and cell replacement therapy.20-22  

iPSCs are reprogrammed from somatic stem cells by overexpressing pluripotency-

specific transcription factors, such as SOX2, OCT3/4, and c-MYC.22-23 iPSCs can self-

renew to produce more of the same cell type and differentiate to produce other cell types.23-

25 iPSCs and their derivatives are thus a unique tool that can be used to develop new cell-

based treatments for regenerative medicine. iPSC-Ns have proven to be extremely useful 

in modelling and understanding the aetiologies of neurological disease.23-31 For instance, 

iPSC-Ns assist in understanding the relationship between Parkin dysfunction in human 

dopaminergic neurons and the development of PD in vitro.23-31 Moreover, grafting induced 

pluripotent stem cell-derived myeloid lineage (iPSC-ML) cells are shown to reduce β 

amyloid oligomers in culture medium, enhancing the cognition in Alzheimer’s modeled 

mice.17-18 However, future stem cell-based research and therapies will require vast numbers 

of quality-controlled master cell banks, hence, cryopreservation of iPSC and iPSC-Ns is 

required. iPSCs are extremely susceptible to the cryoinjury associated with freezing and 

thawing procedures, leading to significant decreases in survival and growth rates as well 

as spontaneous differentiation.119-120 Not only do conventional cryopreservation regimes 

reduce cell viability and recovery, but they also cause phenotypic variation and/or 

alterations in their pluripotency properties as a result of selective genetic/epigenetic 

pressures on the iPSCs, which can affect the reproducibility and downstream differentiation 

efficiencies.120  

The differentiation process of iPSCs into iPSC-Ns takes anywhere from 2 to 6 

months, depending on the type of neurons required, which represents a major challenge for 

the clinical translation of iPSC-Ns.32-33 The post-mitotic nature of terminally differentiated 
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iPSC-Ns renders them more sensitive to cryoinjury compared to iPSCs.59,65 Consequently, 

it is necessary to develop an effective cryopreservation protocol that maintains high 

viability, recovery, and functionality of iPSC-Ns in order to deliver high-quality cell 

products to patients.34-35   

4.2 Cryopreservation of iPSC-Ns: From Conventional Cryomedia to IRI-

Formulated Cryomedia 

Cryopreservation allows for the storage of cellular therapy products for months or 

years depending on the exact cell type.37 However, there are different factors that must be 

taken into consideration with cryopreservation, such as the cooling and warming rates, to 

maintain high post-thaw viability and functional activity.38-40 Recrystallization of intra- 

and/or extra-cellular ice is a major cause of cellular injury and death during 

cryopreservation.40-43 Therefore, depending on the cell type and its required cooling rate, 

permeating and non-permeating cryoprotective agents (CPAs) have been employed in an 

attempt to mitigate cryoinjuries associated with cryopreservation.44-46  

4.2.1 Conventional Cryopreservation Protocols for Primary Neurons and iPSC-Ns  

Cryopreservation of neurons differentiated from different cell sources offers several 

advantages to regenerative medicine. For example, it allows the delivery of neurons for 

clinical applications, such as neural transplantation, providing scalable sources of cells for 

emerging cell replacement therapy.47-48 Mitigation of cellular injury caused by 

cryopreservation has been achieved by the addition of CPAs, that are either permeating or 

non-permeating, to cryopreservation solutions. For example, dimethyl sulfoxide (DMSO) 

penetrates cell membranes and protects iPSCs when freezing with slow cooling rates.1 The 

postulated mechanism of protection from cryoinjury by DMSO is that it replaces 
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intracellular water, minimizing the osmotic effect (i.e., water loss and cell volume 

reduction) at lower temperatures.49-51 Conventional cryopreservation protocols for primary 

neurons, or iPSC-Ns, utilize slow cooling rates (-1 to -2 °C/min) at -80 °C overnight, 

followed by transfer of the cells to liquid nitrogen for several months/years.52-64  

Numerous conventional cryomedia solutions have been proposed for the 

preservation of neuronal precursors (i.e., neural progenitor cells, NPCs), or primary and 

iPSC-derived neurons. Most of these cryomedia solutions contain DMSO, or a combination 

of DMSO and another non-permeating CPA such as ethylene glycol.57,60 Supplementing 

Dulbecco’s Modified Eagle Medium (DMEM) with 10 % DMSO results in 35-41% post-

thaw viability of neurons, or 80% post-thaw viability of NPCs. 52,59,65 Another conventional 

cryomedium used for preserving primary and iPSC-derived neurons is fetal bovine serum 

(FBS) supplemented with 10% or 20% DMSO which results in 32% and 75% post-thaw 

viability of neurons, respectively.1,48,56,66 NeuroB medium supplemented with 10% FBS 

and 10% DMSO has also been used to preserve iPSC-Ns and has shown to result in 80% 

post-thaw viability.54 However, none of these cryomedia formulations can be used in 

clinical settings because they contain animal components (i.e., FBS). Some commercially 

available cryomedia, serum free cryo-solutions containing 5% or 10% DMSO have been 

found to enhance the cryopreservation outcomes for primary neurons and iPSC-Ns, such 

as Cryostor®5 or 10 (CS5 or CS10), and Neurostore, which have shown to result in post-

thaw viabilities of 50%, 70%, and 90%, respectively.53,58,62-63,67 Nonetheless, the 

morphology and electrophysiological functionality of iPSC-Ns appeared to decrease post-

thaw,48,56,66-67 which can be related to a secondary cryoinjury that is associated with the 

prolonged exposure to ice crystals post cryopreservation or to the toxic effect associated 
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with DMSO.68,77 To explain, none of the proposed cryomedia contain additives that protect 

sensitive cells (i.e., iPSC-Ns) from the cryoinjury associated with ice recrystallization.77 In 

addition, using DMSO at the higher concentrations (i.e., 10-20 %) has been reported to 

cause neurotoxic effects if it is not washed or diluted prior to clinical application.68-71 

Consequently, the need to improve current CPAs and cryopreservation protocols has risen 

to reduce or eliminate the use of DMSO. 

4.2.2 N-2-Fluoropnehyl-D-Gluconamide (2FA) as a Potential Cryoprotective Agent  

Given the fact that ice recrystallization results in significant cellular damage in a 

considerable number of cells during cryopreservation, efforts to developing ice 

recrystallization inhibitors for use as new CPAs has risen.43-44 As discussed in the 

introduction chapter, ice recrystallization causes an increase in the average size of ice 

crystals in biological samples, which can cause mechanical damage to cell membranes. 

Slow warming of cryopreserved cells has been shown to accelerate ice recrystallization, 

significantly reducing cell viability.72-73 Therefore, biological samples are often thawed 

rapidly (i.e., 45 °C/min and 113 °C/min) to avoid ice recrystallization.72-73 While 

conventional CPAs, such as DMSO, fail to control ice recrystallization, ice recrystallization 

inhibitors (IRIs) can improve post-thaw viability and functionality outcomes by preventing 

the growth of ice crystals.74,76 The use of IRIs can also reduce the need for DMSO,76 

limiting the undesirable cytotoxic effects imposed by DMSO which will help in 

establishing optimal cryopreservation protocols for different cell types.  

As mentioned in the introduction chapter, small-molecule IRIs have been 

successfully synthesized by the Ben laboratory.74-78 Moreover, IRIs from different classes 

have been shown to enhance the cryopreservation outcomes of different cell types.74,76 For 
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example, some molecules from the N-aryl-D-gluconamide class of IRIs, presented in 

Figure 4.1, have been shown to be excellent inhibitors of ice recrystallization and can be 

used as effective additives to preserve different stem cell-based therapies, such as 

hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs).73-77  

 

Figure 4.1 General chemical structure of N-aryl-D-gluconamide class of IRIs 

4.2.2.1 Assessment of the Cryoprotective Feature of N-Aryl-D-Gluconamide Class of 

IRIs in iPSCs 

A panel of N-aryl-D-gluconamide IRIs, presented in Figure 4.2, has been shown to 

improve the post-thaw functionality of different stem cells (i.e., HSCs and MSCs).77-78 

Because of the success in preserving the functionality of HSCs and MSCs after 

cryopreservation, these compounds are promising candidates for additional 

cryopreservation studies, and thus, they were chosen to be tested on iPSCs. These 

compounds were N-2-fluorophenyl-D-gluconamide (2FA, 4.1), N-4-methoxyphenyl-D-

gluconamide (PMA, 4.2), N-4-chlorophenyl-D-gluconamide (4ClA, 4.3), and N-2,6-

difluorobenzyl-D-gluconamide (2,6 DFB, 4.4).  
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Figure 4.2 Chemical structures of the different N-aryl-D-gluconamide used for 
cryopreservation of iPSC and iPSC-Ns. 77-78 

 

The IRI activity of these compounds was previously examined using the modified 

splat cooling assay, which generates dose response curves (Figure 4.3), from which the 

IC50 values for each compound were determined. Previous Ben lab student, Dr. Madeline 

Adam, found the IC50 values of 2FA, PMA, 4ClA, and 2,6 DFB to be 4.1 mM, 5.1 mM, 

12.0 mM, and 10.8 mM, respectively.77-78    

 
Figure 4.3 Dose response curves for 4ClA, 2,6 DFB, PMA, and 2FA generated by the 

modified splat cooling assay. IC50 curves were adapted from Dr. Madeline Adam’s 
doctoral disseration.78 

A previous work conducted by a former master’s student at the Ben laboratory, 

Karishma Chopra, aimed to examine the ability for the four selected IRIs (2FA, PMA, 

4ClA, and 2,6 DFB) formulated in a commercially available cryomedium, mFreSR™ 

(STEMCELL Technologies), to improve the post-thaw viability and functionality of 

iPSCs.84 According to Karishma Chopra, formulating 0.5 mM of 4ClA, 5 mM and 10 mM 

of 2FA,  and 15 mM of PMA in mFreSR™ resulted in a 20% increase in the immediate 
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post-thaw viability compared to iPSCs frozen with mFreSR™ alone (control), S. Figure 

4.1 A.84 Moreover, 48-hour post-thaw toxicity of the four different IRIs was assessed using 

the BioRad Zoe™ imaging system by comparing cell density and morphology between the 

different conditions and the control (mFreSR™), as shown in S. Figure 4.1 B.84 It is 

evident that the formulation of 10 mM 2FA in mFreSR™ did not alter the colony size and 

morphology compared to mFreSR culture. Wherease 4ClA, PMA and 2,6 DFB cultures 

had a delayed cytotoxicity effect, as suggested from the change in the colony size and 

morphology compared to control (mFreSR™). This suggests that supplementing 10 mM 

2FA in mFreSR may enhance the cryopreservation outcomes (i.e., higher viability and no 

toxicity effects) post-thaw.84  

 Chopra also assessed of the post-thaw functionality of 2FA-frozen iPSCs using an 

in vivo xenograft teratoma assay to confirm the ability of iPSCs to generate three germ 

layers (the ectoderm, endoderm, and mesoderm layers).84-85 As shown in S. Figure 4.2, 

iPSCs frozen with 10 mM 2FA supplemented in mFreSR™ did not alter the capability of 

iPSCs to generate the three germ layers compared to cultures that were frozen with 

mFreSR™ alone.  

 Overall, formulation of 10 mM 2FA in mFreSR™ (STEMCELL Technologies) 

resulted in a higher post-thaw viability compared to mFreSR™ alone. 2FA-frozen iPSCs 

also retained their pluripotency features (assessed by a teratoma assay).84 Therefore, we 

sought to discover whether 2FA could enhance the cryopreservation outcomes of iPSC-Ns 

which are more sensitive to freezing and thawing processes. 
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4.2.2.2 Differentiation of iPSCs into iPSC-Ns and the Evaluation of IRIs to Enhance 

Cryopreservation Outcomes of iPSC-Ns 

As mentioned in section 4.1, given the length of time required to differentiate iPSCs 

into functionally mature neurons and the post-mitotic nature of iPSC-Ns, cryopreservation 

of these cells remains key to support research and development as well as clinical 

applications.32-33 In this project, STEMCELL Technologies’ protocol for differentiating 

iPSCs into iPSC-Ns was used to generate a mixed population of forebrain neurons.121 As 

shown in Figure 4.4, iPSCs were thawed and cultured in mTeSR1 media (STEMCELL 

Technologies) for 5 days. Induction and expansion of iPSCs into iPSC-NPCs were initiated 

using directed monolayer SMAD inhibition-mediated differentiation medium 

(STEMCELL Technologies), which took 14 days to fully obtain iPSC-NPCs. iPSC-NPCs 

were then differentiated into neurons by transitioning to BrainPhys Neuronal Medium 

supplemented with SM1 (STEMCELL Technologies), followed by the addition of 

neurotrophic growth factors which are the glial cell line-derived neurotrophic factor 

(GDNF), the brain-derived neurotrophic factor (BDNF), dibutyryl cyclic adenosine 

monophosphate (dbcAMP), and ascorbic acid, to assist the maturation of iPSC-Ns.121  

The generation of fully differentiated and mature iPSC-Ns from iPSC-NPCs 

required 49 days. Once the iPSC-Ns were fully matured, they were frozen in duplicates in 

a GMP-compatible cryo-solution that contains 10% of DMSO, Cryostor®10 (CS10, 

STEMCELL Technologies), or in CS10 supplemented with different concentrations of 

2FA (10 mM, 5 mM, and 2.5 mM). Frozen iPSC-Ns were allowed to cool to -80 °C using 

a Mr. Frosty rate-controlled freezing container (-1 °C/min) overnight. iPSC-Ns were then 

transferred to a liquid nitrogen dewar for long-term storage. iPSC-Ns were thawed two 
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months after cryopreservation. The post-thaw viability as well as the electrophysiological 

firing activity were assessed using the Trypan blue exclusion assay and microelectrode 

array (MEA), respectively.  

 
Figure 4.4 A schematic diagram of the iPSC-Ns differentiation protocol. Human iPSCs 

were cultured in mTeSR1 for 5 days. The medium was switched to STEMdiff neural 
progenitor medium (14 days) to stimulate the differentiation into neural progenitor cells 
(iPSC-NPCs). After the expansion of iNPCs, the medium was switched into BrainPhys, 
containing SM1, for 26 days to drive the differentiation into iPSC-Ns. The neurotrophic 
factors BDNF and GDNF, as well as dbcAMP and ascorbic acid were then added to the 
medium to induce neuronal maturation and specification (10-12 days). At day 63, the 

cells were lifted and counted for cryopreservation (control cryo-solution medium: 
Cryostor®10, or 2FA-formulated in Cryostor®10). Live and dead cells were counted 
immediately upon thawing using Trypan Blue exclusion assay. The thawed iPSC-Ns 

were also plated on microelectrode array plates (MEAs) to assess post-thaw functionality. 
Figure created using a free license from BioRender. 

4.3 Post-Thaw Viability and Recovery Rate of 2FA-Frozen iPSC-Ns 

Cellular injuries associated with cryopreservation often alter cell membrane 

integrity,  exposing cellular components such as the cytoplasm and nucleus.86 Many dye-

exclusion tests, such as with Trypan blue, allow for the measurement of post-thaw viability 

and recovery, relying on the fact that viable cells have intact cell membrane, and thus, they 

are not permeable unlike a dead cell with a damaged cell membrane that is permeable and 

can absorb the dye.86 In the Trypan blue exclusion assay, the dye permeates the cell 

membrane and binds to intracellular proteins, which causes the staining and the blue 

colouring of the dead cells.86  
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Two of the initial parameters to consider when evaluating cryopreservation 

procedures are post-thaw viability and recovery rates.127 Viability refers to the number of 

live cells over the total number of cells (both live and dead cells) counted post-thaw, 

whereas recovery rate (percent yield) takes into consideration the number of cells that were 

frozen initially, in other words, it represents the percentage of viable cells over the total 

quantity of frozen cells.127  

4.3.1 Cryoprotective Capacity of 2FA in iPSCs  

 Previously, Chopra reported that formulation of 10 mM 2FA in a commercially 

available cryomedium (mFreSR™) resulted in an increase in the post-thaw viability (~20% 

fold) and the proliferation rate of iPSCs (~ 2-fold increase) in comparison to mFreSR™-

frozen iPSCs.84 In addition, cryopreservation of iPSCs in the presence 2FA did not alter 

their functionality which was confirmed by xenograft teratoma assay.84 Therefore, 2FA 

was further tested on iPSC-Ns.  

4.3.2 Potential IRIs for the Cryopreservation of iPSC-Ns 

Fully matured neurons were reached on day 63; they were then dissociated and 

frozen at a concentration of 1E6 cells in 1 mL of CS10 cryomedia in the presence or 

absence of 2.5 mM, 5 mM, or 10 mM 2FA. The iPSC-Ns were thawed approximately two 

months after cryopreservation utilizing a fast rate of thawing by submerging the cryovials 

in a 37 °C waterbath. Frozen iPSC-Ns were cultured in BrainPhys Neuronal Medium 

supplemented with SM1, growth factors, and ROCK inhibitor (Y-27632), also known as 

Rho-associated, coiled-coil containing protein kinase inhibitor, which are important 

component for the maturation of neurons and the formation of neurites.122-123 The presence 

of ROCK inhibitor (Y-27632) in iPSC-Ns culture within 24 hours post-thaw is vital to 
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prevent cell death associated with the loss of E-cadherin and to assist in the establishment 

of neural networks.79,124-126 Since neurite branching is regulated, in part, by the rho kinase 

pathway, ROCK inhibitor treatment has been shown to increase neurite formation (within 

24 hours) without any adverse effects on neuronal maturity or electrophysiological 

properties in iPSC-Ns as well as other neuronal cell types.124-126  Therefore, cryopreserved 

iPSC-Ns were seeded in the presence of 10 µM of ROCK inhibitor. 

Immediate post-thaw viability and recovery rates were quantified using the Trypan 

blue exclusion assay. As shown in the bar graph in Figure 4.5 A, it is evident that mean 

post-thaw viability of iPSC-Ns frozen with 5 mM and 2.5 mM 2FA in CS10 increased 

compared to CS10 alone: (65.3% ± 5%), and (67.2% ± 6%) vs (54% ± 1%), respectively. 

The mean post-thaw viability of 10 mM 2FA-frozen iPSC-Ns was similar to that of CS10, 

which was found to be 56.7% ± 1%. The post-thaw viability of CS10-frozen iPSC-Ns is 

consistent with CS10 viability statistics that were published previously for other iPSC-N 

subtypes (~70%).67 Moreover, a one-way ANOVA test with Dunnett’s multiple 

comparisons suggests that there is no trend in the number of viable cells vs formulations 

of 2FA in CS10, where the number of viable 2FA-frozen iPSC-Ns did not increase (P value 

> 0.1, n = 2) compared to CS10-frozen ones.  

The mean recovery rate of iPSC-Ns frozen with 2.5 mM 2FA was found to be lower 

than that of CS10 (Figure 4.5 B). Whereas the recovery rate of 10 mM and 5 mM 2FA-

frozen iPSC-Ns were found to be higher than CS10-frozen cells (~ 1.5-fold increase, 

Figure 4.5 B). The percentage mean recovery for CS10 was 32.2% ± 1%, 10 mM 2FA was 

45.0% ± 0.7%, 5 mM 2FA was 50.3% ± 2%, and 2.5 mM 2FA was 35.0% ± 6%. A one-

way ANOVA test where the recovery of 2FA-frozen iPSC-Ns were compared to the CS10-
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frozen ones suggest that there is an increase in the average percent yields for both 10 mM 

and 5 mM 2FA cultures compared to CS10 alone ( P value < 0.1, n = 2), emphasizing the 

necessity of evaluating the post-thaw recovery rate in addition to viability when analyzing 

the efficacy of cryopreservation protocols.127 These preliminary results suggest that 

controlling ice growth and recrystallization during cryopreservation is valuable. This was 

implied by the capacity of an IRI, 2FA, to maintain a high number of viable and mature 

iPSC-Ns. 

                    
Figure 4.5 (A) The mean post-thaw viability of iPSC-Ns and (B) the mean post-thaw 

recovery of the different freezing conditions. iPSC-Ns were cryopreserved in duplicates 
in CS10 in the presence or absence of 2FA (10 mM, 5 mM, and 2.5 mM). iPSC-Ns were 
thawed in a 37 °C water bath after two months and the immediate post-thaw viability and 
recovery were assessed using the Trypan blue exclusion assay. Error bars are presented as 
the standard error of mean (SEM). One-way ANOVA test was performed where the 2FA-
frozen iPSC-Ns were compared to the CS10-frozen ones. Immediate post-thaw recovery 

rate of iPSC-Ns frozen with 10 mM and 5 mM 2FA significantly increased in comparison 
with CS10-frozen iPSC-Ns (* = P value < 0.1, n = 2). 

4.4 Elucidating the Effect of 2FA on the Morphology of the 

Cryopreserved iPSC-N Cultures 

 Neurons are specialized cells that can send and receive electrical impulses and 

neurochemical signals to process information in the CNS.67 The transmission of electrical 

signals and neurotransmitters is done via synaptic- or membrane-associated 

receptors/channels, such as gamma aminobutyric acid (GABA) receptor and 
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synaptotagmin.67,87-101 iPSC-Ns can also be differentiated into different kinds of neurons, 

such as dopaminergic or GABAergic neurons.54,67 Nonetheless, cryopreservation of iPSC-

Ns can result in detrimental effects on the morphology of the cells as well as the expression 

of the receptors and channels. Therefore, we sought to examine whether employing IRIs in 

the cryopreservation protocol of iPSC-Ns would maintain the morphology of the cells as 

well as the expression of significant synaptic and membrane-associated receptors. 

4.4.1 Synaptic and Membrane-Associated Neuronal Markers  

Cryopreserved iPSC-Ns were subjected to immunostaining to identify any variation 

in the expression of important neural markers. The neural markers that were stained for 

were: β tubulin III, GFAP, MAP2, NeuN, NMDAR, GABA, synaptotagmin, GAD, VGlut, 

ChaT, Synaptophysin, and Nestin. The primary and secondary antibodies utilized to stain 

for the different markers/receptors are described in Supplementary Tables (S. Tables) 

4.2-4.3. 

A. β tubulin III 

 General tubulins play a wide range of roles in the cellular processes such as mitosis 

and motility, however, beta (β) tubulin III is specifically localized in neurons. β tubulin III 

belongs to the tubulin protein family that form the microtubule network.87-88 β tubulin III 

compromises the major components of microtubules in neurons, and therefore, it has been 

used as a marker to identify neurons that are differentiated from stem cells.121 

B. GFAP 

Glial fibrillary acidic protein, GFAP, is a type III intermediate filament protein that 

is expressed in the cytoskeleton of different types of CNS cells, such as astrocytes and 

ependymal cells. GFAP plays role in cell communication and function with blood brain 
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barrier.89-90 Staining for GFAP allows for differentiation between astrocytes and neurons 

in a mixed population.121  

C. MAP-2 

 Microtubule-associated proteins (MAPs) are diverse proteins that conjugate to 

tubulins and promote the assembly of microtubules. MAP-2 is a heat-stable, 

phosphoprotein and is specifically found in the dendrites of neurons, which are important 

for transmitting electrical information to the cell body.91 Staining for MAP-2 permits the 

identification of mature neurons in a mixed population.121   

D. NeuN  

 Neuronal nuclear protein (NeuN) is a specific neuronal marker because it is only 

found in the nuclei and perinuclear cytoplasm of post-mitotic neurons.92 Therefore, 

immunocytochemistry analysis of a mixed population of iPSC-Ns by staining for NeuN 

allows for the identification of differentiating and terminally differentiated neurons.121  

E. NMDAR 

N-methyl-D-aspartate receptors (NMDARs) are glutamate-specific receptors that 

are significant for higher functions in the CNS, such as learning and memory.93 NMDARs 

are ligand-gated ion channels which cause an influx of cations, initiating signal 

transduction.93 Staining for NMDARs confirms the presence of glutaminergic neurons in 

an iPSC-N population.121 

F. GABA 

 Gamma aminobutyric acid (GABA) is an inhibitory neurotransmitter that is 

produced by GABAergic neurons.94,121 The inhibitory mechanism of action is related to 

chloride or potassium efflux which reduces the action potential and inhibits synaptic 
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function.94 GABAB receptors are G-protein linked and transmembrane receptors that are 

found in the neuronal membrane.94 Immunocytochemistry analysis helps to identify 

GABAergic neurons in a mixed population of iPSC-Ns.121  

G. Synaptotagmin 

 Synaptotagmins (Syts) are proteins that are found on synaptic vesicles and allow 

fast synaptic transmission.95 They are referred to as membrane-trafficking proteins that 

consist of an N-terminal transmembrane region, a linker, and two C-terminal domains.95 

Synaptotagmins are found in mature neuronal networks, and therefore, they are key neural 

markers for identifying fully differentiated iPSC-Ns.121  

H. GAD 65 and 67 

 Glutamic acid decarboxylase (GAD) is an enzyme that catalyzes the synthesis of 

the GABA neurotransmitter.96 It exists in two isoforms GAD 65, which is expressed in 

CNS and pancreas, and GAD 67, which is CNS-specific.96 Immunostaining for GAD 65 

and 67 identifies mature GABAergic neurons.121 

I. VGlut2 

 Vesicular glutamate transporter 2 (VGlut2) is a protein that is expressed in the 

synapses of neuron-rich regions for transporting the excitatory glutamate 

neurotransmitter.97 VGlut2 function is highly dependent on the concentration of 

extravesicular chloride.97 VGlut2 exchanges chloride for glutamate when the concentration 

of chloride is high in the extravesicular region.97 Staining for VGlut2 determines the 

presence of selective vesicles in the synapsis, allowing the identification of a mature 

glutaminergic neural network in an iPSC-N population.121 

J. ChAT 
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 Choline Acetyltransferase (ChAT) is an enzyme that catalyzes the synthesis of the 

acetylcholine neurotransmitter which is significant for signal transduction.98 The presence 

of ChAT in an iPSC-N population indicates the presence of cholinergic neurons.121   

K. Synaptophysin 

 Synaptophysin (Syp) is a calcium-binding glycoprotein that is found in the 

presynaptic vesicle membranes.99 It plays a significant role in exocytosis, synapse 

formation and endocytosis.99 Therefore, it is a key neuronal marker as it helps to identify 

mature synapses in iPSC-N cultures.121  

L. Nestin 

Nestin, neuroepithelial stem cell protein, belongs to type VI intermediate filament 

protein category. It is specifically found in neural progenitor cells (NPCs).100 NPCs give 

rise to neurons following differentiation process, and thus, nestin is replaced by neural-

specific proteins.100 Staining for nestin allows for the identification of undifferentiated 

neurons, specifically iPSC-NPCs.121 

4.4.2 2FA Does Not Compromise the Expression of Key Neural Markers 

 Immunofluorescence staining for different neural markers was done on 

cryopreserved iPSC-Ns to identify any changes in the morphology of the cells and the 

expression of key neuronal receptors/channels post-thaw. CS10- and 2FA-frozen iPSC-Ns 

were plated and matured for 28 days on 12-well plates with 15 mm round coverslips that 

were coated with Matrigel in growth medium. The cells were then incubated with primary 

and secondary antibodies (S. Tables 4.2 and 4.3) to stain for the different markers and 

receptors: β tubulin III, GFAP, MAP2, NeuN, NMDAR, GABA, synaptotagmin, GAD, 

VGlut2, ChaT, synaptophysin, and nestin. 
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As depicted in Figure 4.6, immunostaining was conducted on all cryopreserved 

iPSC-Ns to verify the expression of neural markers. The iPSC-Ns frozen in 2FA and CS10 

had a neuronal morphology with distinct cell bodies and neurite extensions, as well as the 

expression of key neural markers such as β III tubulin (a microtubule element exclusive for 

neurons, S. Figure 4.3), MAP2 (an excellent marker of neuronal cells, S. Figure 4.4) and 

NeuN (neuronal nuclei, stains mature neurons, S. Figure 4.4). The presence of synapses 

was assessed by the expression and localization of synaptic proteins, such as synaptotagmin 

(S. Figure 4.6) and synaptophysin (S. Figure 4.7). Staining for some of the iPSC-N 

channels and receptors (i.e., GABAA receptor and NMDAR, S. Figure 4.5) allowed for the 

identification of the specific type of neurons present in the cryopreserved iPSC-N cultures 

(i.e., GABAergic and glutaminergic neurons). Furthermore, staining of the different neural 

markers and receptors in the cryopreserved cultures of iPSC-Ns was compared to the 

unfrozen cultures of iPSC-Ns that was reported by Jezierski et al (S. Figure 4.9).121 

Comparing Figure 4.6 with S. Figure 4.9 confirmed that employing IRIs in the 

cryopreservation protocol of iPSC-Ns did not change their morphology, nor did it 

compromise the development of key neural receptors/channels.  

Quantification of GABA and glutamine receptors using GABAA (S. Figure 4.5), 

GAD 65 + 67 (S. Figure 4.7), VGLUT2 (S. Figure 4.8), and NMDAR (S. Figure 4.5) 

pictures revealed the presence of ~65% GABAergic neurons and ~35% glutaminergic 

neurons. Jezierski et al. previously reported that using STEMCELL Technologies’ protocol 

for differentiating iPSCs into iPSC-Ns results in a mixed population of GABAergic and 

glutaminergic (65% and 35%, respectively) neurons in non-frozen cultures of iPSC-Ns 121 

which was in agreement with that of the iPSC-N cultures that were frozen in the presence 
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or absence of 2FA. This confirmed that CS10 and formulations of 2FA in CS10 did not 

alter the expression of the different inhibitory and excitatory receptors on iPSC-Ns post-

thaw.121 

 

 
Figure 4.6 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers at day 28 post-thaw. Cryopreserved iPSC-Ns were plated on coverslips and 
grown for 28 days, followed by fixing the cells in 10% formalin and staining with 
different neuronal markers: β III tubulin, GFAP, MAP2, NeuN, NMDAR, GABA, 

synaptotagmin, GAD, VGlut2, ChaT, Synaptophysin, Nestin. Cells were counter stained 
with Hoechst (blue). Scale bar = 20 µm.  

From immunocytochemistry analyses, it is evident that 2FA-frozen iPSC-Ns 

retained the expression of key neural markers, confirming the maintenance of mature 

neurons after cryopreservation. The efficacy of the cryopreservation protocol was further 

assessed by examining the firing activity of the frozen iPSC-Ns in the presence or absence 
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of neuroactive drugs. The functionality of the cryopreserved iPSC-Ns was also compared 

to that of the non-frozen cultures to confirm whether incorporating IRIs in the 

cryopreservation protocol of iPSC-Ns alters their post-thaw functionality. 

4.5 Assessment of the Capacity of 2FA to Maintain Functional iPSC-Ns 

Post-Thaw 

 Given that CS10- and 2FA-frozen iPSC-Ns retained the expression of key neural 

receptors and channels, suggested by immunofluorescence staining, we then analyzed their 

functional output using a microelectrode array (MEA) system to assess their 

electrophysiological activities.67 Mature, and functional neural networks produce 

spontaneous electrical activity which can be translated into action potential spikes and 

synchronized patterns of action potential bursts.102,105 An MEA monitors the activity 

patterns of neural networks, allowing for a better understanding of the effect of cellular 

damage associated with cryopreservation on iPSC-Ns.102-107 Therefore, we sought to 

evaluate the post-thaw functionality of the cryopreserved iPSC-Ns by assessing the firing 

activity between neural networks and the pharmacological responses upon treatment with 

a panel of neuroactive drugs.  

4.5.1 Microelectrode Array (MEA) Methodology for Recording iPSC-Ns Activity  

 iPSC-Ns have been employed as effective in vitro model systems for disease 

modelling and drug discovery research.107 They are projected to reproduce human neural 

networks more accurately than rodent neurons.107,121 Therefore, it is significant to establish 

an optimized cryopreservation protocol to maintain viable and functional iPSC-Ns. From 

sections 4.3.2 and 4.4.2, we observed that 2FA-frozen iPSC-Ns had higher recovery rate 

compared to cells frozen with CS10 alone, and that cryopreservation of iPSC-Ns with 2FA 
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did not compromise the expression of key neural markers and receptors. However, a key 

characteristic of a successful cryopreservation procedure is to have neurons that can 

produce electrical signals post-thaw. Therefore, we evaluated the electrophysiological 

activity of cryopreserved iPSC-Ns by microelectrode array (MEA).67 MEA is a non-

invasive methodology for recording neuronal activity because it depends on the 

extracellular activity of neuronal networks. MEAs were first discovered by Thomas et al. 

in 1972 and are described as small glass plates containing multiple microelectrodes that 

can detect the neural signals produced by fully mature, differentiated iPSC-Ns, as shown 

in Figure 4.7.4,108 

Different aspects of in vitro network activity, such as bursting and spike count, can 

be monitored and measured using the raw data generated from recordings of the electrical 

activity of neurons cultured on MEAs.121 Many computational toolboxes such as MatLab 

and Neuroexplorer have been used to extract neural activity parameters (i.e., the number 

of active electrodes as a function of time, presented as a raster plot in Figure 4.7).4,109 

Viable and functional cryopreserved iPSC-Ns can establish synaptic connections and 

display synchronous electrophysiological activity patterns that can be recorded using 

MEA.4,102-108 Functional alterations detected by MEA recordings, such as a decreased 

number of spikes, implies an impaired neuronal network.4,102-108 Therefore, MEA 

technology can help detect malfunctioning neuronal networks resulting from any delayed 

effects of cryopreservation on iPSC-Ns. 
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Figure 4.7 A figure representing the microelectrode array (MEA) methodology utilized 

to measure neural activity. Cryopreserved iPSC-Ns are plated on MEAs and grown for 19 
days before recording. 20-minute recording of iPSC-Ns network activity allowed for the 

extraction of multiple parameters, such as the number of active electrodes as a function of 
time (raster plot). 

4.5.2 Enhanced Synaptic Activities of 2FA-Frozen iPSC-Ns 

 CS10- and 2FA-cryopreserved iPSC-Ns were plated on poly-L-orthenine (PLO) 

coated MEA dishes at a density of 12E3 cell/mL and grown for 19 days prior to recording 

to give the neurons enough time to adhere to the MEA surface and to form synaptic 

connections, as shown in Figure 4.8.  

 
Figure 4.8 Pictures of the cryopreserved iPSC-Ns plated on PLO-coated MEA dishes. 
CS10- and 2FA-iPSC-Ns were plated and grown on MEA dishes for 19 days prior to 

recording. A routinely change of media was performed twice a week where half of the 
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media is drawn and replaced with a fresh complete media (BrainPhys+SM1+ Growth 
factors). Scale bar: 50 µm.  

The development of spontaneous neuronal activity and bursting behavior of iPSC-

Ns was assessed by recording the electrophysiological activity of the neuronal networks of 

each MEA dish for 20 minutes. MatLab software was used to process the data and to 

generate raster plots, which present the number of active electrodes (y-axis) as a function 

of time (x-axis), shown in Figure 4.9. At 20 days in vitro (DIV), the iPSC-Ns started to 

generate some sporadic electrical activity in a few electrodes but minor activity overall for 

all cryomedia conditions. From the developmental raster plots of iPSC-Ns frozen with 

CS10 alone (Figure 4.9 A), it is apparent that there was a significant delay in establishing 

neuronal network activity when compared to 5 mM and 2.5 mM 2FA cultures, with a robust 

synchronous firing activity being observed only after 130 DIV (S. Figure 4.10: 

representative developmental raster plots of CS10 culture).  

Although formulation of 10 mM 2FA in CS10 significantly increased the post-thaw 

recovery rate in comparison to CS10 frozen cells (Figure 4.5), the number of active 

electrodes in 10 mM 2FA-frozen cultures appeared to be similar to that of CS10-frozen 

iPSC-Ns (Figures 4.9 A vs B, 27 and 48 DIV). 10 mM 2FA-frozen iPSC-Ns started to 

develop some activity at 27 DIV, however, there exist to be a delay in the establishing 

neuronal networks with synchronous firing activity where the number of active electrodes 

appeared to increase only after 130 DIV (Figure 4.9 B). The complete developmental 

recordings of 10 mM 2FA cultures are shown in S. Figure 4.11. After 27 DIV, the iPSC-

Ns that were cryopreserved in 5 mM 2FA, started to show robust synchronous electrical 

activity, and an increase in the number of electrodes with robust bursting behavior 

developing by 48, 130, 156, and 190 DIV (Figure 4.9 C) with sustained activity over the 
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course of 236 days in culture (S. Figure 4.12: representative developmental raster plots of 

5 mM 2FA culture). A similar trend was observed for 2.5 mM 2FA-frozen iPSC-Ns where 

the number of active electrodes with robust and synchronous electrical activity at 27 DIV 

was higher than that of CS10-frozen ones as shown in Figure 4.9 A vs D. From Figures 

4.9 C and D, it is evident that supplementing 5 mM or 2.5 mM of 2FA in CS10 assists in 

re-establishing the functional synaptic connections between the neural networks of the 

cryopreserved iPSC-N cultures. The full developmental recordings of 2.5 mM 2FA cultures 

are presented in S. Figure 4.13.  

The delayed response in the appearance of synchronous activity in CS10 media 

alone as well as 10 mM 2FA-frozen iPSC-Ns suggests that re-establishment of the neural 

network as well as the electrical signaling activity of iPSC-Ns is negatively affected post-

thaw, compared to 2.5 mM and 5 mM 2FA-frozen cells. In addition to enhanced synaptic 

activity, 2FA-cryopreserved iPSC-Ns survived significantly longer on MEAs compared to 

CS10 cryopreserved iPSC-Ns, 236 vs 204 DIV respectively, as shown in S. Figures 4.10-

4.13. 
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Figure 4.9 Developmental microelectrode array raster plots of cryopreserved iPSC-Ns 
(A: CS10, B: 10 mM 2FA, C: 5 mM 2FA, D: 2.5 mM 2FA) at 20, 27, 48, 130, 156 and 

190 days in vitro (DIV). Microelectrode array system obtained from MultiChannel 
Systems (Reutlingen, Germany), with the headstage accommodating a 60-electrode MEA 

dish. Cryopreserved iPSC-Ns were recorded after 19 DIV. Spike analyses were 
performed using MatLab software. Raster plots showing developmental profile of 
spontaneous activity in a representative MEA of iPSC-Ns. The y axis in each plot 

represents the electrode or channel number (1-59) and the x-axis represents the recording 
time (20 min). 

The developmental recordings of cryopreserved iPSC-Ns were further compared 

with the non-frozen cultures that were previously reported by Jezierski et al.121 As shown 

in S. Figure 4.14, the non-frozen iPSC-N cultures showed robust firing activity within two 

weeks of plating on PLO-coated MEA dishes which can be detected by the raster plots 

generated from the developmental recordings.121 Comparing the developmental raster plots 
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of the cryopreserved iPSC-Ns cultures with the non-frozen cultures further confirms that 

employing IRIs in the cryopreservation protocol of iPSC-Ns does not compromise the 

period at which the neural networks and synaptic activity are re-established.  

4.5.3 Quantification of the Neural Activity of the Cryopreserved iPSC-Ns 

The electrophysiological activity that was recorded for each culture of the 

cryopreserved iPSC-Ns was further quantified using NeuroExplorer (Nex technologies) 

software. The median number of bursts and the median number of spikes were determined 

to assess the functionality of the cryopreserved iPSC-Ns.110 The number of spikes refers to 

the electrophysiological activity (firing activity) of each neural network detected by the 

MEAs. The number of bursts, on the other hand, refers to a collection of spikes within 20 

minutes of recording, meaning each burst consists of multiple spikes within a time interval.  

The raw voltage recordings were analyzed offline to yield multi-unit activity using 

NeuroExplorer (Nex technologies). Electrodes that have number of spikes (active 

electrodes) of less than 50 were excluded. The median number of spikes per electrode as 

well as the median number of bursts were obtained for each freezing condition and 

presented as a scatter plot (Figure 4.10 A and B). A generalized linear model (GLM) 

statistical analysis was conducted on the median number of spikes and bursts to examine 

any significance in the firing activity of 2FA-frozen neurons in comparison with CS10-

frozen ones.  GLM analysis indicates that there is a statistically significant difference in 

the median number of spikes (P < 0.001), as suggested in Figure 4.10 A, as well as the 

median number of bursts (P < 0.001), as depicted in Figure 4.10 B. The difference in the 

number of spikes and bursts come from 5 mM 2FA-cryopreserved iPSC-Ns which 

displayed a significantly higher number of active electrodes (i.e., number of spikes and 
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bursts)  post 56 DIV compared to CS10-frozen ones It is also evident that 2.5 mM and 5 

mM 2FA-frozen iPSC-Ns survived longer (236 DIV) and sustained higher numbers for 

firing activity, unlike CS10 cryopreserved ones which were dropped after 204 DIV due to 

a low number of active electrodes. 

Overall, 5 mM 2FA-cryopreserved iPSC-Ns have shown earlier establishment of 

neural network, suggested by the higher number of spikes and bursts (56 DIV), and 

sustained their electrophysiological activity for longer compared to CS10-frozen ones.  

 

 
Figure 4.10 Scatter plots presenting (A) the median number of spikes per electrode, and 

(B) the median number of bursts per electrode assessed by MEA and quantified using 
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NeuroExplore. (A) represents the median of spikes which was determined by taking the 
median number of spikes per electrode per MEA dish. (B) corresponds to the median 

number of bursts which was obtained by taking the median number of bursts per 
electrode per MEA dish The red dashed line refers to 204 DIV, the last day where CS10 
MEA dishes were recorded. A generalized linear model (GLM) analysis suggests that 
there is a significant difference in the median number of spikes (DIV ≥ 48) and bursts 

(DIV ≥ 48) between the treatments (*** = P value < 0.001, n=3). 

Moreover, the mean percentage of active electrodes was quantified using 

NeuroExplorer (Nex technologies) and presented in Figure 4.11. The percent of the mean 

active electrodes of 5 mM 2FA-frozen iPSC-Ns was found to be ~ 30%, while the one of 

CS10 cultures was ~ 15%. It is evident that there was a two-fold increase in the mean 

percentage of active electrodes when 5 mM of 2FA was formulated in CS10, with a 

statistically significant difference compared to the CS10-frozen cells, suggested by a one-

way ANOVA test (P value < 0.001, n = 3). This further confirmed that protection against 

ice recrystallization during cryopreservation using 2FA enhances the post-thaw 

functionality outcome of iPSC-Ns. 

 
Figure 4.11 Scatter plot representing the mean percentage of active electrodes over 236 

Days in vitro (DIV). The percentage of active electrodes was quantified using 
NeuroExplorer where electrodes that have less than 50 spikes were excluded. A one-way 
ANOVA is used to test statistical significance where *** indicates significance P value < 

0.001, n = 3.   

Overall, the increased recovery rate that was observed for 2FA cultures, especially 

for 5 mM 2FA-frozen iPSC-Ns, earlier in section 4.3.1 can be subsequently translated to 

*** 
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the increased post-thaw maturation and electrophysiological activity of 2FA-cryopreserved 

iPSC-Ns compared to CS10-frozen iPSC-Ns. Although the cryopreserved cultures of iPSC-

Ns showed a delay in establishing synchronous and spontaneous activity on MEAs 

compared to non-frozen iPSC-Ns (18 DIV vs 27 DIV, S. Figure 4.14 vs. Figure 4.9), this 

delay was much shorter compared to iPSC-N cultures that were frozen with CS10 alone. 

To explain, Jezierski et al. have addressed that the number of active electrodes in non-

frozen iPSC-N cultures over 11 weeks increases continuously, presented in S. Figure 4.14 

B.121 Similarly, the median number of spikes and bursts per electrode for 5 mM and 2.5 

mM 2FA cultures increased continuously over 30 weeks (Figure 4.10 A-B). Ultimately, 

formulations of 5 mM of 2FA in CS10 did not only enhance the post-thaw recovery but 

also decreased the time frame required for re-establishing the firing activity of 

cryopreserved iPSC-Ns as suggested from the number of spikes, bursts, and percent active 

electrodes. 

4.5.4 Assessment of the Pharmacological Responses of the Cryopreserved iPSC-Ns  

Changes in the firing activity (i.e., firing rate) were examined after treatment with 

a panel of neuroactive drugs to verify that the functionality of the different channels and 

receptors present on the cryopreserved iPSC-Ns was not compromised post-thaw.121 The 

concentration of each drug was chosen higher than its IC50 to ensure an effect on the firing 

activity.111-118,121 The same panel of GABA agonists/antagonists and glutamate receptor 

antagonists was evaluated in CS10- and 2FA-frozen iPSC-Ns.111-118,121 5 mM 2FA-frozen 

iPSC-Ns were further treated with acetylcholine agonist, sodium channel antagonists, 

calcium channel antagonists and potassium channel antagonists.121 The treatment regimen 

for neuropharmacological assessment is depicted in Figure 4.12. CS10- and 2FA- frozen 
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iPSC-Ns were plated and grown on MEA dishes for 47 days prior to treating them with 

neuroactive drugs. Before each recording, the MEAs were equilibrated for 10 minutes after 

transferring the MEA dish to the head-stage housed within a 37 °C incubator. Prior to 

treatment, a pre-drug recording was performed to acquire the mean firing rate (MFR) for 

each active electrode, which was then normalized to 100% to allow relative comparisons 

of the effect of a drug on the MFR of each electrode. Upon treatment with a neuroactive 

drug, the spiking frequency per electrode per MEA may increase or decrease depending on 

the drug’s mechanism of action, as depicted in the raster plots in Figure 4.12. 

 
Figure 4.12 Treatment regimen for the neuropharmacological assessment of 

cryopreserved iPSC-Ns using MEAs. CS10- and 2FA-iPSC-Ns were plated and grown on 
MEA dishes for 47 days prior to treating them with neuroactive drugs. Before each 

recording, the MEAs were equilibrated for 10-15 minutes after transferring the MEA dish 
to the headstage housed within a 37 oC incubator. The cells were recorded for 20 minutes 

pre-drug treatment, followed by a 20-minute recording of the MEA upon the 
supplementation with neuroactive drug. Rastor plots generated from MEA recordings 
allowed for the detection of the drug effect on each MEA (activation or inactivation of 

neuronal receptors/channels). The drug was then washed out and the medium was 
restored to the MEA.  
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4.5.4.1 The Mechanism of Action of the Neuroactive Drugs Utilized for the 

Neuropharmacological Assessment 

A panel of neuroactive drugs was selected to be tested on cryopreserved iPSC-Ns 

to measure the change in the MFR upon treatment. The effect of each drug on the 

cryopreserved iPSC-Ns was then compared to that of the non-frozen iPSC-N cultures.121 

Below is a description of each drug and their mechanism of action: 

A. GABA Receptor Agonists/Antagonists: 

From the immunocytochemistry analysis, it was observed that 65% of the mixed 

population of iPSC-Ns was GABAergic neurons, meaning they express GABA receptors. 

Therefore, the maturity and functionality of these receptor was evaluated by the treatment 

with GABA agonists and antagonists. GABA is an inhibitory neurotransmitter in the CNS 

system, and therefore, activation of GABA receptors results in a deactivation of the firing 

activity of neurons.111-112  

A GABA agonist impacts one or more of the GABA receptors (GABAA, GABAB 

and GABAC), whereas muscimol is a potent GABAA receptor agonist.111 Upon the binding 

of such drugs, the inhibitory GABA receptors get activated which results in the inhibition 

of the firing activity of iPSC-Ns.111 On the other hand, GABA antagonist drugs such as 

bicuculline competitively bind onto GABA receptors and inhibit the action of GABA, 

resulting in a continuous firing activity of iPSC-Ns.112   

B. Glutamate Receptor Antagonists: 

There were ~35% of glutaminergic neurons present in the subpopulation of the 

cryopreserved iPSC-Ns, as discussed in section 4.2.2. Therefore, CS10- and 2FA-frozen 
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iPSC-N cultures were treated with glutamate receptor antagonists to evaluate their 

functionality post-thaw. 

There are two main subtypes of glutamate receptors: the N-methyl-D-

aspartate (NMDA) receptor and the α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 

(AMPA) receptor.113 Glutamate antagonists such as memantine (an NMDAR-specific 

antagonist) and 2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX, an AMPAR-

specific antagonist) work by inhibiting the excitatory activity of glutamate receptors in the 

brain,113 resulting in inactivation of the firing activity of iPSC-Ns, and thus the MFR of the 

cryopreserved iPSC-Ns decreases.  

C. Acetylcholine Receptor Agonists: 

The differentiation of iPSCs into iPSC-Ns generates a mixed population of 

forebrain neurons.121 Moreover, staining of the cryopreserved iPSC-Ns revealed that the 

iPSC-N cultures express ChAT enzyme (Choline Acetyltransferase) which catalyzes the 

synthesis of acetylcholine neurotransmitter (section 4.2.2). Therefore, the CS10- and 2FA-

frozen iPSC-Ns were treated with an acetylcholine receptor agonist (i.e., nicotine) to 

further verify the presence of functional acetylcholine receptors.  

Acetylcholine is an excitatory neurotransmitter that binds to acetylcholine receptors 

found in the neuromuscular junctions.114 Nicotine is an example of an acetylcholine agonist 

that activates the receptor and causes depolarization of the target cells.114 Therefore, 

treatment with nicotine can either increase or maintain the bursting activity of iPSC-Ns.   

D. Calcium Channel Antagonists:  

Neurons are highly polarized cells with distinct functional and morphological 

characteristics between dendrites and axons. The expression of voltage-gated ion channels 
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is a crucial determinant for the molecular and functional identity of axonal and dendritic 

segments.128 Several ion channels, such as calcium channels, are distributed between 

dendrites and axons, therefore, the mixed population of cryopreserved iPSC-Ns was treated 

with a calcium channel antagonist (i.e., verapamil) to examine the integrity of their 

functionality post-thaw. 

Blockers of calcium (Ca2+) channels such as verapamil suppress the movement of 

calcium through Ca2+ channels, which in turn decreases the firing activity of iPSC-Ns, and 

therefore the MFR decreases.115,121  

E. Potassium Channel Antagonists: 

The functionality of other ion channels that may be expressed on iPSC-Ns, such as 

potassium (K+) channels, was further evaluated by the treatment with a K+ antagonist. 

Inhibitors of potassium channels such as 4-aminopyridine (4AP) block the strong K+ 

currents, increasing the action potential duration and firing activity of iPSC-Ns.116 Thus, 

treatment with 4AP results in an increase in the MFR of the cryopreserved iPSC-Ns.  

F. Sodium channel Antagonists: 

The functionality of sodium (Na+) channels was also tested by treating the 

cryopreserved iPSC-N cultures with Na+ antagonists. Blockers of sodium channels such as 

phenytoin and tetrodotoxin (TTX) inhibit the influx of Na+ ions which slows the rate and 

amplitude of depolarization and reduces the cell excitability.117-118 This, in turn, results in 

a decrease in the firing activity and the MFR of iPSC-Ns. 

4.5.4.2 The Effect of the Neuroactive Drugs on the MFR of the Cryopreserved iPSC-Ns 

Depending on the mechanism of action of each neuroactive drug, the firing activity 

of the neural networks of the cryopreserved iPSC-Ns may increase or decrease. Figures 
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4.13 A-C represent raster plots of the spontaneous recordings obtained before and 

following the addition of GABA agonist (10 µM), muscimol (1 µM), and NBQX + 

memantine (10 µM + 10 µM), to assess any changes in the activity of GABA and glutamate 

receptors in the cryopreserved iPSC-N cultures. It is evident that the treatment of iPSC-Ns 

with GABA agonist drugs, such as GABA agonist and muscimol (Figures 4.13 A-B), 

resulted in a significant reduction in the firing activity, which is implied by a reduction in 

the number of active electrodes over the recording time (20 minutes). This confirms that 

cryopreservation of iPSC-Ns with CS10 and 2FA did not compromise the expression of 

GABA receptors nor their inhibitory activity post-thaw. Moreover, the addition of a 

mixture of NBQX (10 µM) and memantine (10 µM) (glutamate receptor antagonists) onto 

iPSC-N cultures resulted in the deactivation of the glutamate receptors which is detected 

by the reduction in the number of active electrodes in raster plots, presented in Figure 4.13 

C. This indicates that incorporation of IRIs into the cryopreservation protocol of iPSC-Ns 

did not disrupt the activity of glutamate receptors post-thaw. 
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Figure 4.13 Representative raster plots of CS10- and 2FA-cryopreserved iPSC-Ns prior 

and post treatment with (A) GABA agonist (B) Muscimol (C) NBQX+Memantine.  

 
Quantification of the difference in the MFR upon treatment was evaluated using 

NeuroExplorer (Nex technologies) software where the number of spikes was assessed 

based on all pre-drug recordings. The pre-drug recordings for each active electrode were 

normalized to 100% to allow for a relative assessment of the drug effect. As presented in 

Table 4.1, the number of spikes significantly decreased for all conditions upon treatment 

with GABA agonist (general GABA receptor agonist): CS10 = 1.0 ± 0.5 (P value < 0.1), 

10 mM 2FA = 2.9 ± 0.9 (P value < 0.0001), 5 mM 2FA = 0.5 ± 0.2 (P value < 0.0001), and 

2.5 mM 2FA = 0.5 ± 0.1 (P value < 0.0001). A similar trend was observed upon muscimol 

(specific agonist for GABAA receptors) treatment where all iPSC-N cultures had a 

significant decrease in the MFR: CS10 = 0.7 ± 0.3 (P value < 0.0001), 10 mM 2FA = 19.2 

± 19.0 (P value < 0.0001), 5 mM 2FA= 0.7 ± 0.2 (P value < 0.0001), and 2.5 mM 2FA = 1 

Prior to NBQX + Memantine 10 µM NBQX + 10 µM Memantine

CS10

10mM 2FA

5mM 2FA

2.5mM 2FA

C 
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± 0.6 (P value < 0.0001). Activation of GABA receptors using GABA agonist and 

muscimol results in inhibiting the firing activity of neurons which is implied by the 

decrease in the number of active electrodes (number of spikes) in all cryopreserved iPSC-

N cultures. This confirms that incorporation of IRIs in the cryomedia of iPSC-Ns does not 

compromise the expression nor the activity of GABA receptors in the mixed population of 

the differentiated iPSC-Ns.  

Moreover, deactivation of glutamate receptors using glutamate antagonists, such as 

NBQX and memantine, also results in a reduction in the signaling activity of neurons 

which, in turns, decreases the MFR of the iPSC-N cultures. As shown in Table 4.1, there 

was a significant decrease in the MFR (P value < 0.0001) for 5 mM and 2.5 mM 2FA-

frozen iPSC-Ns upon treatment with the mixture of NBQX and memantine: 37.7 ± 4.7 

and 29.0 ± 6.3, respectively. However, the MFR of the CS10- and 10 mM-2FA 

cryopreserved iPSC-Ns did not show in a significant decrease upon treatment with NBQX 

+ memantine (P value > 0.1): 50.3 ± 27.1 and 74.7 ± 18.7, respectively. This confirms that 5 

mM and 2.5 mM 2FA iPSC-N cultures consist of a higher number of active glutaminergic 

neurons than CS10- and 10 mM 2FA-cryopreserved iPSC-Ns.  

The pharmacological responses of the cryopreserved iPSC-N cultures upon treatment with 

GABA agonists and glutamate antagonists were compared with that of the non-frozen 

iPSC-Ns that was reported previously by Jezierski et al.121 As depicted in S. Table 4.1, 

treatment of the non-frozen cultures of iPSC-Ns with GABA agonist, muscimol, and 

NBQX + memantine resulted in a significant decrease in the MFR of the non-frozen iPSC-

N cultures,121 which is consistent with the pharmacological responses observed for the 

frozen iPSC-Ns. This further confirms that protection against ice recrystallization during 



 202 

cryopreservation by employing IRIs in the cryomedia of iPSC-Ns results in a high number 

of viable neurons without altering the functionality of the GABA and glutamate 

receptors.121 

Table 4.1 The effect of neuroactive drugs on the mean firing rate of 5 mM 2FA-
cryopreserved iPSC-Ns quantified using NeuroExplorer software, where ns = P value > 

0.1; * = P < 0.1, ** = P < 0.01, *** = P < 0.001; **** = P < 0.0001. 

Freezing condition Number of active 

electrodes 

Mean Firing Rate 

(MFR, %) 

50 µM 4-Aminopyridine 
 

5mM 2FA 37 113.1 ± 48.3 **** 

50 µM Bicuculline 

5mM 2FA 51 154.3 ± 25.4, ** 

1000 µM Nicotine 

5mM 2FA 63 130.6 ± 9.4 * 

1 µM TTX 

5mM 2FA 58 0.0 ± 0.0 **** 

20 µM Verapamil 

5mM 2FA 88 2.1 ± 0.8 **** 

 

To confirm that the functionality of the different receptors and channels expressed 

in the mixed population of iPSC-Ns was not altered post-thaw, the MFR of the 5 mM 2FA-

frozen iPSC-N cultures was compared with that of the non-frozen iPSC-N cultures. 

Jezierski et al. reported changes in the firing rates after treatment with a similar panel of 

neuroactive drugs to determine the presence of functional channels/receptors in iPSC-N 
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cultures, presented in S. Table 4.1.121 The pharmacological responses of the non-frozen 

iPSC-Ns after the treatment with GABA agonist, muscimol, NBQX + memantine, TTX, 

and verapamil were consistent with those of the cryopreserved iPSC-Ns where the MFR 

decreased significantly, confirming the presence of mature and functional GABA 

receptors, NMDA/AMP receptors, Na+ channels, and Ca2+ channels.121 The MFR after 

treatment with 4AP, bicuculline, and nicotine appeared to increase in the frozen iPSC-Ns 

cultures (Table 4.2), unlike non-frozen iPSC-N cultures (S. Table 4.1).121 This can be 

linked to an abundance of K+ channels, GABAA receptors, and acetylcholine receptors in 

the cryopreserved iPSC-N cultures. The difference in the abundance of the different 

channels/receptors in frozen and non-frozen iPSC-N cultures is normal because the pattern 

of gene expression during the course of differentiation can differ from one culture to 

another.129 Overall, it is evident that cryopreservation of iPSC-Ns with CS10 or 2FA 

formulations in CS10 did not alter the functionality of the different receptors or channels 

expressed on iPSC-N cultures. 

4.6 Discussion 

 In this study, we validated whether employing IRIs in the cryopreservation 

protocols of iPSC-Ns would enhance the cryopreservation outcomes (i.e., recovery and 

functionality) post-thaw, and whether the IRI supplementation should be the standard 

procedure for the cryopreservation of iPSC-Ns. Recent improvements in the differentiation 

of iPSC-Ns have made it possible to model neurodegenerative diseases, accelerating the 

development of cell replacement therapies.53,56,58-59 Despite the fact that current 

differentiation techniques can produce high yields of iPSC-Ns, cell line-to-cell line 

variations and other sources of variation persist, owing in part to the protocol's 
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complexity.53 Different human iPSC lines have been shown to have varying potencies for 

guided differentiation into neurons and other cell types.53 One way to address this is to 

create a quality-controlled cryopreserved bank of iPSC-Ns from which all research and 

transplants can be started. Human iPSCs and iPSC-Ns have been subjected to 

cryopreservation in several studies, and a number of cryo-solutions have been proposed for 

their cryopreservation.53,56,58-59,61-63,102,104,121 This series of studies demonstrated that cell 

viability and recovery rate after the cryopreservation process vary depending on the stage 

at which the neurons they are frozen and the cryomedia used for freezing.53,56,58-59,61-63,102 

Moreover, the morphology and electrical activity of primary neurons and iPSC-Ns have 

been observed to deteriorate after thawing.48,56,66-67 To this day, there have been no studies 

that directly compare freezing protocols in the presence or absence of IRIs, nor are there 

any guidelines governing the preservation of iPSC-Ns for clinical use.  

 We employed an IRI in a clinical-grade cryopreservation solution (CS10), to 

analyze several components of the cryopreservation process, such as the post-thaw 

viability, recovery rate and activity of iPSC-Ns, in an attempt to maximize the yield of 

viable and functional iPSC-N cells. Since there is significant cell loss associated with 

freezing and thawing of neurons, we hypothesize that protecting the cells against ice 

recrystallization will increase the cell survival rate and improve the post-thaw 

electrophysiological activity of iPSC-Ns.  

A previous study conducted by Drummond et al. reported that the immediate post-

thaw viability of iPSC-Ns frozen with CS10 was 70%, and the number of live iPSC-Ns 

appeared to decrease 24 hours post-thaw, where the cell viability was reduced to ~ 60%.53 

Through quantification of apoptosis, Drummond et al. revealed that the decrease in the 
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viability 24-hour post-thaw was due to cryopreservation-induced delayed onset of cell 

death.53 One of the main causes of cryopreservation-induced cell death is the prolonged 

exposure to ice crystals during freezing and thawing processes,74,77-78 and therefore, IRIs 

are potential cryoprotective additives that have proven to enhance the post-thaw viability 

and functionality of several types of stem cells, such as HSCs, MSCs, and iPSCs.77-78,84 

This study compares the efficacy of the cryopreservation solution utilized to freeze iPSC-

Ns, CS10, in the absence and present of an active IRI, 2FA, by measuring the immediate 

post-thaw viability, recovery and neural firing activity. The increase in the number of live 

cells was observed to be statistically different between CS10 and the formulations of 10 

mM and 5 mM 2FA in CS10 (P value < 0.1, n = 2) when the post-thaw recovery rate was 

calculated. The number of live cells appeared to increase significantly upon the addition of 

10 mM or 5 mM 2FA in CS10, implying that inhibition of ice recrystallization is important 

to maximize the number of viable iPSC-Ns post-thaw. Moreover, 5 mM 2FA-frozen iPSC-

Ns appeared to retain their neuronal networks and electrophysiological activity much 

earlier than CS10 (27 DIV vs 130 DIV). This suggests that the formulation of 5 mM 2FA 

in CS10 avoids the occurrence of delayed onset cell death that may be cause by ice 

recrystallization during the thawing cycles. Although the mechanism by which 2FA 

inhibits the growth of ice crystals is not fully understood, we postulate that inhibition of 

ice recrystallization using 2FA decreases the apoptotic-mediated cell death. This can be 

further assessed by conducting a Live Cell Event Caspase 3/7 assay to evaluate the extent 

of apoptosis post-thaw in the presence or absence of IRIs.84  

Overall, this study provides the results of the first investigation of cryopreservation 

conditions in the presence or absence of IRIs. We found that formulations of 5 mM 2FA in 
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a clinical-grade cryomedium (CS10) increased the yield and enhanced the 

electrophysiological activity of iPSC-Ns post-thaw. These findings are similar to what was 

observed in the literature, where supplementation of 2FA in the freezing media of HSCs, 

MSCs, and iPSCs improved their post-thaw viability and functionality post-thaw.77-78,84 

However, more experiments need to be done to further validate the findings and to study 

the cryopreservation outcomes in the presence of IRIs when various cooling rates (i.e., -1 

vs -2 °C/min) are incorporated. Cryopreserved iPSC-Ns with high post-thaw recovery rate 

and signaling functionality will be a significant resource for the neuroscience research and 

will substantially aid efforts to develop a cell replacement therapy for neurodegenerative 

diseases. 

4.7 Chapter summary 

In recent years, significant progress has been achieved in constructing neuronal 

differentiation techniques for a variety of central nervous system neuronal subtypes, which 

will help in the development of the next generation of iPSC-derived cell-based therapeutics 

for treating a variety of neurodegenerative diseases.121 The generation of master cell banks 

of iPSCs and their derivatives (i.e., iPSC-Ns) is required for the manufacturing process of 

iPSC-derived cell therapies, as well as for future clinical applications. Therefore, an 

optimal cryopreservation protocol is necessary for the preservation of quality-controlled 

iPSC-N cell products.10,50 Due to the susceptible nature of fully differentiated iPSC-Ns 

toward cryoinjuries associated with cryopreservation, the majority of iPSC-derived 

neuronal cryopreservation strategies have focused on neural precursor/progenitors cells 

(i.e., iPSCs or iPSC-NPCs).10,50,68-69 These  precursor cells are highly proliferative and can 

be differentiated into a variety of neurons, however, the differentiation process requires 2 
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weeks to 6 months to obtain fully differentiated and mature iPSC-Ns.32-33,121 This limits the 

accessibility and availability of iPSC-N cell-based therapy to patients, thus, it is significant 

to develop an optimal cryopreservation protocol that maintains a high number of viability, 

recovery rate, and long-term electrophysiological functionality of terminally differentiated 

post-mitotic neurons. 

Given the success of 2FA in a previous iPSC study, we sought to assess whether 

the formulation of 2FA in a GMP-compatible cryomedium, CS10, would enhance the 

cryopreservation outcomes of iPSC-Ns. Although there was an increase in the immediate 

post-thaw viability of 5 mM and 2.5 mM 2FA-frozen iPSC-Ns compared to CS10-frozen 

cells, the differences were not statistically significant (P value > 0.1, n = 2). However, 

analysis of the immediate post-thaw recovery rate of iPSC-Ns revealed that there was a 

statistically significant increase for 10 mM and 5 mM 2FA-frozen cells compared to CS10-

frozen iPSC-Ns (P value > 0.1, n = 2). Both measurements (post-thaw viability and 

recovery rate) are critical to developing a cryopreservation protocol because they provide 

a preliminary indication of how different cell lines or primary cells behave to 

cryopreservation. The recovery rates appeared to be lower than the viability percentages 

because assessment of post-thaw viability only includes cells with damaged membranes 

that were stained with Trypan blue, while recovery rate analysis examines all cells with 

severe damaged membranes that were not stained with Trypan blue (i.e., cell debris). The 

increase in the number of viable cells in 10 mM and 5 mM iPSC-N cultures may be due to 

the protection against cell death caused by ice recrystallization.  

Moreover, the increased recovery rate of 5 mM 2FA-frozen iPSC-Ns was 

subsequently translated to the increased post-thaw maturation and electrophysiological 
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activity on MEAs compared to CS10 (27 DIV vs 130 DIV, respectively). The increase in 

cell survival and the early establishment of neural network in 5 mM 2FA-frozen cultures 

may be due to the inhibition of ice crystal growth during cryopreservation, which masked 

the cells from cryoinjuries associated with ice recrystallization post-thaw. Comparison 

between the electrophysiological activity of the frozen iPSC-N cultures with the non-frozen 

cells revealed that there was a delay is establishing synchronous and spontaneous activity 

on MEAs compared to non-frozen iPSC-N cultures (18 DIV vs 27 DIV).121 However, this 

delay was much shorter in 5 mM 2FA-frozen iPSC-Ns compared to CS10-frozen cells, 

which further confirms that employing IRIs in the cryopreservation protocol of iPSC-Ns 

may increase the availability of iPSC-N cell therapy in clinics and hospitals. 

Furthermore, the 2FA cryopreserved iPSC-Ns retained expression of key neuronal 

specific and terminally differentiated markers and displayed functional 

neuropharmacological responses following treatment with a panel of neuroactive agonists 

and antagonists. These results confirm that cryopreservation did not negatively affect the 

function of these receptors and channels with similar neuropharmacological responses as 

observed for non-frozen iPSC-Ns.121 Most intriguingly, 5 mM 2FA-cryopreserved neurons 

retained a higher spiking and bursting activity over long-term cultures (up to 236 DIV), 

and a higher mean percent of active electrodes than CS10-frozen iPSC-Ns. These long-

term functional parameters are important considerations toward ensuring high cell quality 

of post-thaw cells, particularly if they are to be delivered to patients. 

The application of 2FA in a GMP-compatible cryomedium (CS10) increased the 

post-thaw recovery rate and decreased the timeframe required to establish neural network, 

which demonstrates pre-clinical feasibility for clinical application in a variety of 
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neurodegenerative disorders. However, other variables, such as using rate-controlled 

freezers during freezing and lowering the DMSO concentration in the cryo-solution 

formulation, should be addressed to further improve the cryopreservation process. Overall, 

given the complexity and duration of iPSC-N differentiation strategies, optimizing 

cryopreservation of terminally mature and functional iPSC-Ns will revolutionize the field 

of cell-based therapy and will support the delivery of successful iPSC-derived therapies to 

the clinic. 

4.8 Experimental Procedures 

4.8.1  Synthesis and NMR Characterization of 2FA 

D-gluconic acid-δ-lactone (2.5 g, 14.0 mmol) was dissolved in acetic acid (25 mL). 2-

fluoroaniline (4 mL, 54.4 mmol) was then added and the reaction was stirred under reflux 

for 2 hours. Hexanes was then added to precipitate the crude product. The solid product 

was then recrystallized using ethanol (EtOH) to obtain white powder (84.15%). 1H NMR 

(400 MHz, DMSO-d6): δ 9.21 (br. s, 1H), 8.14 (td, J =15.9 Hz, 7.9, 1H), 7.30-7.25 (m, 1H), 

7.20-7.10 (m, 2H), 5.94 (d, J = 4.8 Hz, 1H), 4.66 (d, J = 7.3 Hz, 1H), 4.61 (dd, J = 13.1, 

5.5 Hz, 2H), 4.37 (t, J = 5.0 Hz, 1H), 4.24 (dd, J = 7.6, 3.6 Hz, 1H), 4.04-4.01 (m, 1H), 

3.53-3.44 (m, 3H), 3.42-3.36 (m, 1H). 13C NMR (100 MHz, DMSO-d6) δ 172.0, 152.0, 

126.4, 126.3, 125.2, 125.1, 125.0, 125.0, 122.5, 115.8, 115.6, 74.4, 72.7, 72.0, 70.7, 63.7.  
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4.8.2  Differentiation of iPSC into Mixed Forebrain Neurons (iPSC-Ns)  

As described in Figure 4.7, iPSCs that were obtained from CCRM were thawed and 

cultured in mTeSR1 media (STEMCELL Technologies, catalogue # 85850) on a Matrigel- 

coated 6-well plate (Corning) for 5 days. Neural progenitors were derived using a directed 

monolayer SMAD inhibition-mediated differentiation protocol (STEMCELL 

Technologies) by switching the medium to STEMdiff Neural Induction Medium and 

STEMDiff Neural Induction Supplement (STEMCELL Technologies, catalogue # 08581). 

Neural progenitor cells (iPSC-NPCs) were expanded in STEMDiff Neural Progenitor 

Medium for 1-2 passages. iPSC-NPCs were then differentiated into neurons (iPSC-Ns) by 

transitioning to BrainPhys Neuronal Medium supplemented with SM1 (STEMCELL 

Technologies, catalogue # 05792). Approximately half of media change was performed 

every two days as routine maintenance of the iPSC-Ns. iPSC-Ns were maintained in 

BrainPhys Neuronal Medium supplemented with SM1 for a minimum of three weeks, 

followed by the addition of maturation growth factors (20 ng/ml GDNF (STEMCELL 

Technologies, catalogue # 78139), 20 ng /ml BDNF (STEMCELL Technologies, catalogue 

# 78133), 250 µM dbcAMP (Millipore Sigma, catalogue # D0627) and 200 nM ascorbic 

acid (Millipore Sigma, catalogue # PHR1008) to obtain fully matured iPSC-Ns. 

4.8.3  Freezing Protocol of iPSC-Ns  

Once the iPSC-Ns were fully matured (Day 63), they were frozen in a control cryo-solution 

(Cryostor®10, CS10, STEMCELL Technologies, catalogue # 07930) in the presence or 

absence of 2FA. iPCS-Ns were lifted with Accutase (STEMCELL Technologies) and 

collected as small cell clumps by centrifugation at 300 g for 5 minutes. The iPSCs were 

resuspended in CS10 or CS10 supplemented with 2FA at different concentrations (2.5mM, 
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5mM, 10mM) at 1.0 x 106 cell/mL. The iPSC-Ns were transferred into 1-mL cryovials 

(Nunc). Cryovials were then placed in a Mr. Frosty rate-controlled freezing container, 

which was then placed in a −80 °C freezer for 24 hours. The cryovials were then transferred 

to a liquid nitrogen dewar for long-term storage (2 months). 

4.8.4  Thawing of iPSC-Ns and Assessment of Immediate Post-Thaw 

Viability/Recovery 

iPSC-Ns were thawed 2 months after freezing using a fast-thawing method. Cryovials were 

warmed in a 37 oC water bath for approximately 3 minutes. The cells were washed with 

1mL of warm BrainPhys + SM1 media and spun at 300 g for 5 minutes. The cell pellets 

were then resuspended in 1 mL of fresh BrainPhys + SM1 + GFs and counted using Trypan 

blue (0.4 liquid, Millipore Sigma, catalogue # T8154) to assess immediate post-thaw 

viability and recovery. Immediate post-thaw viability was obtained using the formula 

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝐶𝑒𝑙𝑙𝑠�𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒 + 𝐷𝑒𝑎𝑑	𝑐𝑒𝑙𝑙𝑠	�, whereas post-thaw recovery 

rate was obtained using 

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝑐𝑒𝑙𝑙𝑠�𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑓𝑟𝑜𝑧𝑒𝑛	𝑐𝑒𝑙𝑙𝑠	(1𝐸6)�. Statistical analysis 

was completed using one-way ANOVA™ (Dunnett’s multiple comparisons) in GraphPad 

Prism. 

4.8.5  Immunocytochemistry 

iPSC-Ns were plated on 12-well plates with 15 mm round coverslips that were coated with 

Matrigel in growth medium. The cells were fixed using 10% formalin (Fisher Scientific, 

catalogue # SF1004) after 28 days in maturation and stored in PBS at 4oC until use. The 

cells were then permeated using 0.2% Tween-20 (Millipore Sigma) for 10 minutes at room 

temperature, which was followed by washing with 1X PBS. Cells were then blocked with 
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Protein block serum free solution for an hour at room temperature and then incubated with 

primary antibodies (S. Table 4.2) for an hour. The primary antibodies were then washed 

two times with 1x PBS, and the cells were incubated with secondary antibodies (S Table 

4.3) for an hour at room temperature. The cells were then washed twice with 1X PBS and 

mounted in DAKO fluorescent Mounting Medium (Agilent, catalogue # S302380-2) 

containing 5µg/mL of Hoechst 33258 (Millipore Sigma, catalogue # 94403) for the purpose 

of counterstaining the nuclei. Images were captured using the Axiovert 200M microscope 

(ZEISS), using different fluorophores (S. Figure 4.4). Cells were imaged using 20 

X/0.4LD Archroplan Korr (DICII) objective. 

To estimate the percentage of glutamatergic and GABAergic neurons in iPSC-Ns cultures, 

five randomly chosen immunofluorescence images were acquired. The total number of 

cells, and cells positive for VGLUT-2 and GABAA markers, were counted manually and 

percentages were determined per image. The final percentage is an average of 5 different 

images.  

4.8.6  Microelectrode Arrays (MEAs)-Developmental Recordings 

MEA systems were obtained from MultiChannel Systems (Reutlingen, Germany), with the 

head-stage accommodating a 60-electrode MEA dish. The thawed iPSC-Ns were plated at 

a density of 12E3 cells/mL in a 10 -15 µL droplet onto 0.005% PLO coated MEA plates. 

The iPSC-Ns were fed 2 times per week by replacing 50% of the medium with fresh 

BrainPhys + SM1 + GFs. The plated iPSC-Ns were grown on the MEAs for 19 days before 

recording. To record spontaneous activity in neurons, conditioned medium was replaced 

with fresh BrainPhys media + SM1 supplement and growth factors. For each recording 

session, a 10- to 15-minute equilibration period was allowed after transfer of the MEA dish 
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to the head-stage housed within a 37 oC incubator, followed by a 20 min recording. Raw 

voltage recordings were analyzed offline to yield multi-unit activity using custom software 

written in MATLAB and NeuroExplorer (Nex technologies). Some electrodes were 

inactive due to lack of neuron coverage and were eliminated from analysis if they display 

a spike number less than 50. Statistical analysis was completed using one-way ANOVA™ 

(Dunnett’s multiple comparisons) in GraphPad Prism. 

4.8.7  Neuropharmacology Using MEAs 

The thawed iPSC-Ns were also assessed for the maturity and functionality of the 

channels/receptors expressed on the neurons by treating them with a panel of neuro-active 

drugs. iPSC-Ns were fed twice a week by removing 50% of the media and replacing it with 

fresh growth factor-supplemented media. The neuropharmacological responses were 

assessed after growing the cryopreserved iPSC-Ns on MEAs for 48 days in vitro (DIV). A 

pre-drug treatment recording was first conducted by transferring the MEA dish to the head-

stage housed within a 37 oC incubator. Following a 20-minute pre-drug recording, 50% of 

the respective media was drawn from the MEA and replaced by 2x the final concentration 

of the selected neuroactive drug supplemented in fresh medium, and a 20-minute recording 

was performed. The drug was then washed out and the media was restored to the MEA. 

Raw voltage recordings were analyzed offline to yield multi-unit activity using a custom 

software written in MATLAB and NeuroExplorer (Nex technologies). Statistical analysis 

was completed using one-way ANOVA™ with Dunnett’s multiple comparisons in 

GraphPad Prism. 
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4.8.8  MATLAB Analysis  

Following the recording with MEA 2100-Lite, the files were converted to H5 files using 

Multi Channel Data Manager. The H5 files were then located and opened in the MATLAB 

R2014a program. Once the files were opened in the program, analysis was started, and 

raster plot files were generated. 

4.8.9  NeuroExplorer Analysis  

Following the recording with MEA 2100-Lite, the files were converted to .NEX files using 

Multi Channel DataManager. The NEX files were then located and opened in 

NeuroExplorer program using File Directory.  

To obtain the number of Spikes, “detect spikes” tab was utilized and the following 

properties were entered: (Reference electrode, Band-pass filter, threshold, Segments before 

and after threshold and other variables, as shown in the figure below). Properties were 

selected based on a Manuscript written by Cotterill.119 Neuron and spike waveforms were 

then generated. The neuron waveforms were then selected by checking the box associated 

with each of the electrodes-middle section of NeuroExplorer program (select 60 out of 120 

electrodes). For Burst Analysis, burst analysis tab was opened and the described in Cotterill 

manuscript119 were entered to conduct the analysis based on “interval specifications”. A 

burst duration plot was generated for each electrode. To obtain numerical results, 

“Numerical results window” was opened from the view tab. The data were then copied to 

excel sheet for further manipulations. To generate raster plots, all continuous variables 

were deselected from the waveforms list, and “template” was selected from the top menu. 

Analysis was then run, which was then followed by generating raster plots by selecting 
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“RasterOneColumn”. Post data analysis was done in an excel sheet using established 

Macros to remove parameters that will not be analyzed (Ymin, Ymax, etc.).  

Using the developer tab, enter an established script (below) to remove data rows that have 

spikes less than 50:  

Sub DeleteRows() 

    Application.ScreenUpdating = False 

    Application.Calculation = xlCalculationManual 

    Dim i As Long 

    For i = Range("B" & Rows.Count).End(xlUp).Row To 1 Step -1 

        If Not (Range("B" & i).Value > 50) Then 

            Range("B" & i).EntireRow.Delete 

        End If 

    Next i 

    Application.Calculation = xlCalculationAutomatic 

    Application.ScreenUpdating = True 

End Sub 

Similarly, using the Developer Tab, enter established script (below) to remove any 

data rows that have ‘Bursts’ less then and equal to 20. 

Sub DeleteRows() 
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    Application.ScreenUpdating = False 

    Application.Calculation = xlCalculationManual 

    Dim i As Long 

    For i = Range(“J" & Rows.Count).End(xlUp).Row To 1 Step -1 

        If Not (Range(“J" & i).Value > 50) Then 

            Range(“J" & i).EntireRow.Delete 

        End If 

    Next i 

    Application.Calculation = xlCalculationAutomatic 

    Application.ScreenUpdating = True 

End Sub 

Finally, the Average, Count, Standard Deviation and Standard Error were calculated, which 

can be performed by electrode-by-electrode method (each electrode counts as a data point). 
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4.9 Supplementary Figures and Tables 

 

 

 

 

 

 

 

S. Figure 4.1 (A) Post-thaw viability percentage of iPSCs frozen with mFreSR and 2FA-, 
4ClA-, PMA- and 2,6 DFB-supplemented in mFreSR™. Percent viability is presented as 
the mean and standard error of the mean (SEM). One-way analysis of variance (ANOVA) 

suggested statistical difference compared to mFreSR™, where * = P ≤ 0.05, ** = P ≤ 
0.01, and *** = P ≤ 0.001 (n=2). (B) Phase-contrast images of 48-hour post-thawed iPSC 

cultures presenting cell morphology and density. Figures were adapted from Karishma 
Chopra’s master’s dissertation.84 
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S. Figure 4.2 Pictures of the teratomas generated by 20mM 2FA- and mFreSR™-frozen 

iPSCs xenografted into nude or severe combined immune-deficient (SCID) mice. Pictures 
A and D indicate the ectoderm germ layer, while pictures B and E represent the 

endoderm layer, pictures C and F represent the mesoderm layer. Pictures were adapted 
from Chopra’s master’s dissertation.84 

 

S. Figure 4.3 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers: β III tubulin and GFAP. Scale bar = 50µm. 
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S. Figure 4.4 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers: MAP-2 and NeuN. Scale bar = 50µm. 

 

 

S. Figure 4.5 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers: NMDAR and GABA. Scale bar = 50µm. 

 

S. Figure 4.6 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers: synaptophysin and nestin. Scale bar = 50µm. 
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NMDAR GABA

Synaptophysin Nestin
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S. Figure 4.7 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers: synaptotagmin and GAD 65+67. Scale bar = 50µm. 

 

 

S. Figure 4.8 Pictures of immunofluorescence staining for the cryopreserved iPSC-Ns 
markers: VGlut2 and ChaT. Scale bar = 50µm. 

Synaptotagmin GAD

VGlut ChaT
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S. Figure 4.9 Pictures of immunofluorescence staining of non-frozen iPSC-Ns. The 

neural markers that were stained for are: MAP-2, NeuN, β-III Tubulin, NCAM, 
VGLUT2, Synaptophysin, Synaptotagmin NMDAR-1, GAD65 + 67, GABAA and GFAP. 

Hoechst (Blue) was used to counter stain the cells. Scale bare = 20 µm. Figure adapted 
from Stem Cell Reviews and Reports, A. Jezierski, Electrophysiological‑ and 

Neuropharmacological‑Based Benchmarking of Human Induced Pluripotent Stem 
Cell‑Derived and Primary Rodent Neurons, 2021, with permission from Springer Nature. 
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S. Figure 4.10 Developmental microelectrode arrays raster plots of CS10-cryopreserved 
iPSC-Ns. 
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S. Figure 4.11 Developmental microelectrode arrays raster plots of 10mM 2FA-
cryopreserved iPSC-Ns. 
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S. Figure 4.12 Developmental microelectrode arrays raster plots of 5mM 2FA-
cryopreserved iPSC-Ns. 
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S. Figure 4.13 Developmental microelectrode arrays raster plots of 2.5mM 2FA-
cryopreserved iPSC-Ns. 

 

 
 

S. Figure 4.14 (A) Raster plots of non-frozen iPSC-N cultures plated on PLO-coated 
MEA dishes. (B) The number of active electrodes of non-frozen iPSC-Ns over 11 weeks 

in vitro.121 Figures adapted from Stem Cell Reviews and Reports, A. Jezierski, 
Electrophysiological‑ and Neuropharmacological‑Based Benchmarking of Human 
Induced Pluripotent Stem Cell‑Derived and Primary Rodent Neurons, 2021, with 

permission from Springer Nature. 

215 DIV 222 DIV 229 DIV
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S. Table 4.1 Effect of drugs on mean frequency rate (MFR) of non-frozen iPSC-N 
cultures.121 Table adapted from Stem Cell Reviews and Reports, A. Jezierski, 

Electrophysiological‑ and Neuropharmacological‑Based Benchmarking of Human 
Induced Pluripotent Stem Cell‑Derived and Primary Rodent Neurons, 2021, with 

permission from Springer Nature. 

Drug Drug Class Conc'n (µM) Neuron Spiking Rate (%) 
AF-iN 

TTX Na+ channel 
antagonist 

1 0.3 ± 0.1 **** 

Memantine/NBQX NMDAR & 
AMPAR 

antagonist 

10,10 39.4 ± 10 **** 

4-aminopyridine K+ channel 
agonist 

50 64.8 ± 8.6 ** 

GABA GABA 
receptor 
agonist 

10 19 ± 5.3 **** 

Muscimol  GABAA 
receptor 
agonist 

1 58.6 ± 4.5 **** 

Bicuculline GABAA 
receptor 

antagonist 

50 62.6 ± 4.8 **** 

Verapamil L-type voltage-
gated Ca 

channel antag 

20 36 ± 8.3 **** 

Nicotine ACh receptor 
agonist 

1000 46.7 ± 39.4 **** 
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S. Table 4.2 List of the primary antibodies used for immunocytochemistry experiment. 

Primary antibody Source Dilution (in antibody 

diluent) 

Mouse anti Oct 3/4 sc-5279/ Santa Cruz 1:100 

Rabbit anti Sox2 In-house 1:5000 

Goat anti Nanog AF1997/R&D Systems 1:100 

Rabbit anti Pax6 901301/ Biolegent 1:100 

Rabbit anti Nestin ABD69/ Millipore 1:500 

Rabbit anti NueN MAB377/Millipore 1:300 

Mouse anti MAP-2 M1406/ Sigma 1:200 

Rabbit anti GABA A AB33299/ Abcam 1:100 

Mouse anti NMDAR1 AB134308/ Abcam 1:50 

Mouse anti BIII tubulin MAB1637/ Millipore 1:300 

Mouse anti 

Synaptotagmin 

ADI-SYA-130D/Enzo 1:100 

Mouse anti 

Synaptophysin 

S5768-2mL/ Sigma 1:100 

Rabbit anti GFAP Z0334/ Dako 1:700 

Mouse anti VGLUT-2 MAB5504/ Millipore 1:100 

Goat anti ChaT AB144P-200/ Chemicon 1:100 

Mouse anti TH   1:100 

Rabbit anti 

GAD65+GAD67 

AB11070/Abcam 1:100 

Mouse VGlut-1 MAB5502/ Millipore 1:100 
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S. Table 4.3 List of secondary antibodies used for immunocytochemistry experiment. 

Secondary antibody  Source  Dilution (in antibody 

diluent) 

Goat anti mouse Alexa 

488 

A11008/ Invitrogen 1:500 in 1XPBS 

Goat anti rabbit Alexa 

488 

A11001/ Invitrogen 1:500 in 1XPBS 

Donkey anti goat Alexa 

488 

A11055/ Invitrogen 1:500 in 1XPBS 

Goat anti mouse Alexa 

568 

A11036/ Invitrogen 1:500 in 1XPBS 

Goat anti rabbit Alexa 

568 

  

  1:500 in 1XPBS 
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S. Table 4.4 List of the fluorophores used to detect the different markers using Axiovert 
200M microscope (ZEISS). 

 
Fluorophores Fluorescent molecule Excitation (nm) Emission (nm) 

Hoechst33342 Hoechst 350 461 

Sox2, Pax6, NueN,GABA, 

NMDAR1, VGLUT-2, ChAT, 

TH, Peripherin, -ve Ctrl (2o Ab 

only) 

Alexa 488 495 518 

Nestin, MAP-2, BIII tubulin, 

Synaptotagmin, Synaptophysin, 

GFAP, GAD65+GAD67 

Alexa 568 578 603 
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Chapter 5: Cryopreservation of Primary T Cells Using Small Molecule 

Ice Recrystallization Inhibitors (IRIs)  

5.1 Introduction: T Cells as Efficacious Cell Therapy Products for 

Various Tumors 

In Canada, cancer is a major cause of death, accounting for 30% of all deaths; it is 

a serious public health issue that affects people all over the world.1-2 A cancerous tumor 

develops in a  microenvironment, which contains various types of immune system cells 

such as T lymphocytes, neutrophils, and natural killer (NK) cells.2-3 Efforts to understand 

the complex interplay between tumors and their immunological microenvironment has led 

to the development of immunotherapies.2,4 Research has shown that each tumor has an 

antigenic fingerprint that can be recognized by the human immune system, specifically by 

autologous T lymphocytes, which plays a vital role in directing an immune response to 

defeat tumor cells.5-7 An example of immunotherapy as a promising strategy for the 

treatment of various cancers is adoptive T cell therapy (ACT).4,8-9  

5.1.1 State-of-the-Art Immunotherapies 

ACT relies on the augmentation of antigen-specific immunity where engineered T 

cells with selective antigens or receptors are introduced to a compromised immune system 

to target specific tumor and fight cancer cells.8-13 One of the most effective ACT 

approaches is using chimeric antigen receptor T cells (CAR T cells).12  CAR T cells are 

genetically modified cells that consist of a specialized tumor targeting domain.16 The 

overall structure of a CAR T cell consists of four domains: the extracellular antigen binding 

domain, a hinge region, a transmembrane domain and an intracellular signaling domain.95  
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Engineering CAR T cells involves attaching proteins, known as chimeric antigen receptors, 

to patient-derived activated T cells.16-18 These receptors have been engineered to target 

antigens found naturally on the surface of cancer cells, allowing the immune system of 

cancer patients to fight tumors on their own.16-17 For example, epidermal growth factor 

receptor (EGFR) is a transmembrane protein that belongs to the receptor tyrosine kinase 

family, and plays a role in the development and growth of multiple cancers.83-86 Anti 

EGFR-CAR T cells have been used for the treatment of gastric, lung, and colorectal 

carcinomas.83-86 Another clinically-relevant CAR T cell product is CD19-transduced CAR 

T cells; CD19 antigen is a transmembrane glycoprotein that is expressed in B-

lymphocytes.21,75-76 Anti CD19 CAR T cells have shown promising results in the treatment 

of B-cell malignancies and acute lymphocytic leukemia, where the growth of tumor cells 

regresses significantly, and the duration of response lasts for longer than 3 years.16-22,75-76,95    

The manufacturing process of CAR T cells starts with the extraction and isolation 

of T cells from a blood donor, such as healthy donors or cancer patients who did not 

undergo treatments such as chemotherapy or radiation. This is followed by purification, 

multiplication and activation using specialized beads (anti-CD3/anti-CD28). Expression of 

the chimeric antigen receptor is then done by either retroviral or lentiviral transduction, as 

shown in Figure 5.1.10,17,77-78  
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Figure 5.1 A depicted illustration of the steps required for engineering CAR T cells. 

Figure created using free license from BioRender. 

Overall, the promise of cancer immunotherapies is becoming a prominent area of 

interest in the research field due to the continuous increase in the number of cancer 

patients.1,58 T cells and their derivatives (i.e., CAR T cells) have emerged as effective 

immunotherapies for treating different kinds of tumors.59-63 The quality of T cell products 

is dependent on the cell sources (i.e., cancer patients or healthy donors). Moreover, the 

production of engineered CAR T cells requires large numbers of healthy T cells which 

raises significant challenges in terms of clinical applications. The process of harvesting 

enough T cells to justify the manufacturing process of CAR T cells takes a considerable 

amount of time and money, limiting the availability of such treatment. 77-78  Moreover, the 

clinical process of T cell extraction, transduction, and delivery requires a good quality-

controlled cryopreservation protocol that allows the transit of viable and efficacious cells 

throughout the manufacturing process of CAR T cell therapy products, as shown in Figure 

5.2.77-78 Thus, it is critical to establish an efficient cryopreservation protocol that permits T 

cells and CAR T cells to be stored for extended periods of time, allowing the delivery of a 

sufficient amount of T cell therapy products to clinics and hospitals. 
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Figure 5.2 A pictorial representation of the multiple stages where cryopreservation is 
required throughout the manufacturing process and transit of CAR T cell therapy. Figure 

created using free license from BioRender. 

 
5.2 The Optimization of the Cryopreservation Protocol of T Cell Utilizing 

IRIs  

5.2.1 Conventional Cryopreservation Media for T cells 

 The success of cell-based immunotherapies is dependent on the transit of T cell 

products from the manufacturing site to the patient.24,30 Current commercial designs rely 

on a frozen product that can be transported to clinics and stored, then thawed and infused 

into patients when required. However, cryopreservation-induced stressors, generally 

known as delayed onset cell death (DOCD), severely limit the viability and growth of T 

cell products after thawing.24,30-32 The use of CPAs such as DMSO has shown to reduce 

the cellular damage induced by cryopreservation and to increase the viability of cells.33-35 

The conventional cryopreservation protocol for T cells and their derivatives (i.e., CAR T 

cells) utilizes a slow cooling rate (-1 °C/min) until - 80 °C is reached, followed by final 

storage in liquid nitrogen (- 196 °C ) to store cells for several months/years.30,36-37  
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 To successfully optimize the cryopreservation protocol and media utilized to freeze 

T cells and CAR T cells, an immortalized lymphocyte cell line (i.e., Jurkat cells) is typically 

used to measure the efficacy of the cryopreservation protocol being established.31,39 Jurkat 

cells are an immortalized cell line of human acute lymphocytic leukemia cells that have 

been employed in numerous investigations, including the activation and cryopreservation 

of T cells, as well as T cell receptor signaling.31,39 One of the primary cryomedia proposed 

for the preservation of the Jurkat cell line is fetal bovine serum (FBS) supplemented with 

10 % or 20 % DMSO.30,32,38-39 Some commercially available, serum-free cryomedia, such 

as Cryostor®5 (CS5) or Cryostor®10 (CS10), have also been proposed for the preservation 

of Jurkat cells.30,32 The post-thaw viability and recovery rate of Jurkat cells vary between 

50 to 90 %, depending on the cryomedium used for storage.30,38 Moreover, CS5 has been 

shown to improve the proliferation activity of Jurkat cells post-thaw compared to FBS 

supplemented with 10 % or 20 % DMSO.30  

In research, supplementation of FBS with 10 % DMSO has been used as the main 

cryomedium for the cryopreservation of human-derived T cells and CAR T cells.40  RPMI-

1640 supplemented with 10 % FBS and 10 % DMSO, phosphate-buffered saline (PBS, 

Dulbecco USP grade) supplemented with 50% human albumin and 10 % DMSO, 

Cryostor®10 (CS10), and Synth-a-Freeze™ medium are examples of other cryo-solutions 

that have been studied for the preservation of T cells.40-48 The post-thaw viability of T-cells 

and CAR T cells range between 70 - 90 % and 40 - 60 %, respectively, depending on the 

cryomedium used to store T cell products.40-49 The post-thaw viability of CAR T cells is 

lower than that of T cells, as they are more complex cells and behave differently compared 
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to non-engineered cell types, and thus, CAR T cells are more susceptible to 

cryoinjuries.47,49 

Using conventional cryomedia solutions, the post-thaw functionality of T cells and 

CAR T cells, such as the proliferation and killing activities, have been shown to be 

compromised post cryopreservation.40,43-46 For example, electroporation method is utilized 

to assess the transfection of T cells into CAR T cells by measuring the expression of green 

fluorescence protein (GFP).45 Research has shown that the expression of GFP appears to 

decrease after T cells cryopreservation due to cellular damage, and therefore, T cell 

activation is required to increase the electro-transfection efficiency for cryopreserved T 

cells.45 In addition, some cryo-solution formulations contain animal components (i.e., FBS) 

which limits their use in clinical settings. While other commercially available cryo-

solutions (i.e., CS10 and Synth-a-Freeze™) contain high concentrations of DMSO (10 – 

20 %) which has been reported to cause many neurotoxic effects if not washed or diluted 

prior to any clinical applications.50-52 Furthermore, none of the conventional cryomedia 

account for the cryoinjuries caused by ice recrystallization, meaning, they do not contain 

additives (i.e., IRIs) that protect cells from the detrimental effects caused by the prolonged 

ice exposure or ice recrystallization. Consequently, establishing an optimized cryomedium 

that is clinically relevant and contains IRIs is an attractive approach for increasing the 

availability of T cell-based therapies in clinics and hospitals. 

5.2.2 IRI-Supplemented Cryomedia for Jurkat and T Cells  

 Ice recrystallization is one of the major causes of cellular damage/death during 

freezing and thawing processes, and therefore, efforts have been guided toward the 

development of ice recrystallization inhibitors (IRIs) for use as novel cryoprotective 
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additives.27,34,53 While conventional CPAs such as DMSO have been utilized to mitigate 

cellular damage during freezing,23-24 they do not protect cells from the cryoinjury 

associated with ice recrystallization. The Ben laboratory has successfully synthesized a 

library of IRIs ranging from large to small molecules with IRI activity.54-57 Moreover, 

different classes of IRIs have been found to enhance the cryopreservation outcomes of 

different cells. For instance, O-aryl glucoside IRIs (Figure 5.3) have been shown to 

increase the post-thaw viability of red blood cells (RBCs) and to maintain the membrane 

integrity of RBCs post-thaw.55 Another class of IRIs, N-aryl gluconamide IRIs (Figure 

5.3), have been shown to improve the post-thaw functionality of hematopoietic stem cells 

(HSCs) and iPSCs.56-57 Consequently, we sought to discover the capacity of IRIs to 

enhance the cryopreservation outcome of T cells and CAR T cells. 

 
Figure 5.3 General structures of O-aryl-D-glucoside and N-aryl-D-gluconamide IRIs. 

The selection of the IRIs that were tested on Jurkat and T cells was based on a 

previous study where a specific class of IRIs, N-aryl-D-gluconamides, showed an 

improvement in the post-thaw recovery rate and functionality of iPSCs and iPSC-Ns 

(chapter 4), as well as HSCs.56-57 Two active IRIs that showed an increase in the post-thaw 

viability of iPSCs,93 and HSCs56-57 were further tested on Jurkat cells and T cells. 

As mentioned previously in chapter 4, the viability of iPSCs that were frozen with 

N-2-fluorophenyl-D-gluconamide (2FA, Figure 5.4) and N-4-chlorophenyl-D-gluconamide 

(4ClA, Figure 5.4) increased post-thaw. And consequently, 2FA and 4ClA were 
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formulated in a GMP-compatible cryomedium to further test their cryoprotective properties 

on T cells and CAR T cells.  

      
Figure 5.4 The chemical structures of 2FA and 4ClA that were used for the 

cryopreservation of Jurkat cells and T cells. 

To successfully optimize the concentrations of IRIs for the preservation of T and 

CAR T cells, IRIs were first tested on the lymphocyte cell line (Jurkat cells). Jurkat cells 

play a significant role in the study of T cell activation, T cell receptor signaling, CAR 

transduction, as well as cryopreservation of T cells.31,39,69 Therefore, Jurkat cells were 

cryopreserved with CS10 in the presence or absence of 2FA or 4ClA to establish the 

appropriate concentrations for the cryopreservation of T cells. Jurkat cells were obtained 

from American Type Culture Collection (ATCC), thawed, and cultured in RPMI 

supplemented with 10% FBS, 100 units/mL penicillin, 100 units/mL streptomycin, and 2 

mM L-glutamine for 7 days. Jurkat cells were then frozen in CS10 alone, or in IRI-

supplemented CS10 (2FA or 4ClA). The cells were allowed to cool to -80 °C using a Mr. 

Frosty rate-controlled freezing container (-1°C/min). Jurkat cell samples were then moved 

to a liquid nitrogen dewar until they were thawed. Post-thaw viability, as well as recovery 

rate, were assessed using the Trypan blue exclusion assay. The maximum concentrations 

tested for 2FA and 4ClA depended on their maximum solubility that was observed in CS10, 

which was found to be 15 mM for 2FA and 5 mM for 4ClA. 

 Following the establishment of the concentrations of 2FA and 4ClA that improve 

the post-thaw viability and recovery rate of Jurkat cells, 2FA and 4ClA were further tested 
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on human-derived T cells and CD19-CAR T cells. In a typical clinical setting, T cells are 

extracted from cancer patients, followed by activation and then transduction into CAR T 

cells. T cells and CAR T are grown for 9-14 days prior to transfusion to increase the number 

of cells per dose.90 Therefore, we sought to investigate the difference in cryopreservation 

outcomes on T cells obtained at day 0 (prior to the addition of anti CD3 and CD28 beads), 

and T cells obtained at the beginning (day 1) or the end of the activation process (day 9) in 

the presence or absence of IRIs, as depicted in Figure 5.5. EGFR- or CD19- transduced 

CAR T cells were grown for 9 days post transduction, and then were frozen in the presence 

or absence of IRIs to investigate any improvement in the cryopreservation outcomes when 

IRI technology is applied (Figure 5.5). To assess the efficacy of the cryopreservation 

protocol being established, post-thaw viability and recovery rates of T cells and CAR T 

cells, as well as the killing activity of EGFR-CAR T cells were examined. 

 
Figure 5.5 Schematic diagram of T cell isolation, activation, transduction, and 

cryopreservation. T cells were obtained from blood donors and were frozen either at day 
0, or at days 1 and 9 post-activation. Figure created using free license from BioRender. 
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5.3 Assessment of the Post-Thaw Viability and Recovery of 2FA- and 

4ClA-Frozen Jurkat Cells, T Cells and CD19-CAR T Cells  

Cryopreservation causes cellular injuries that compromise the integrity of the cell 

membrane, causing cellular components including cytoplasm and nucleus to be susceptible 

to damage. Many dye-exclusion assays such as Trypan blue or acridine orange and 

propidium iodide (AO/PI) can be used to determine post-thaw viability/recovery. To 

explain, live cells have an undamaged cell membrane, and hence, are impermeable, 

whereas dead/damaged cells are permeable and can absorb the dye.70-71,79 Post-thaw 

viability and recovery rates are two of the primary measures that are determined while 

assessing cryopreservation protocols.92  

Post-thaw recovery rate refers to the number of live cells post-thaw compared to 

the total number of cells that were initially frozen. Whereas percent viability refers to the 

number of live cells compared to the total number of live and dead cells that were counted 

post-thaw, with the latter tending to give higher values than the former.92 Both 

measurements are crucial for the initial stages of establishing a cryopreservation protocol 

because they offer a preliminary indication on how different cell lines or primary cells 

respond to cryopreservation.79,92 

5.3.1 Analysis of the Post-Thaw Viability and Recovery rate of IRI-Frozen Jurkat Cells  

 Jurkat cells were cultured in complete RPMI medium for 7 days; they were then 

frozen in triplicate in either CS10 or CS10-formulated with 2FA or 4ClA (Figure 5.4). The 

concentrations of 2FA and 4ClA were selected depending on their maximum solubility in 

CS10 that was established previously in iPSCs and iPSC-Ns.93 2FA was formulated in 

CS10 at 15 mM, 10 mM, and 5 mM, while 4ClA was formulated in CS10 at 5 mM and 0.5 
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mM. Jurkat cells were thawed approximately 7 days after cryopreservation. Immediate 

post-thaw viability and recovery rate were quantified using the Trypan blue exclusion 

assay.  

As shown in Figure 5.6 A, the mean post-thaw viability for CS10-, 2FA- and 4ClA-

frozen Jurkat cells ranged between 60% and 68% with no statistical difference (n = 3) as 

suggested by one-way ANOVA with Dunnett’s multiple comparison test. However, taking 

into consideration the number of cells that were frozen initially allowed for the 

determination of post-thaw recovery (survival rate) for the different freezing conditions. 

As depicted in Figure 5.6 B, the mean recovery rates of 5 mM 2FA- as well as 5 mM 4ClA-

frozen Jurkat cells were statistically higher than CS10-frozen ones, with a 1.7-fold increase 

(n = 3, P value < 0.01). The percent recovery rates were found to be 82.9 ± 4.3 %, 77.7 ± 

8.8 % and 46.9 ± 4.6 %, for 5 mM 2FA, 5 mM 4ClA, and CS10-frozen cells, respectively. 

On the other hand, the difference in mean post-thaw recovery rates between CS10-frozen 

Jurkat cells and 15 mM 2FA-, 10 mM 2FA-, and 0.5 mM 4ClA-frozen cells was not 

statistically significant (n = 3, P value > 0.1), where the recovery rates were found to be 

51.7 ± 9.9 %, 63.1 ± 13 % and 38.9 ± 5.3 %, respectively (Figure 5.6 B). 

 
Figure 5.6 Bar graph representing the mean (A) immediate post-thaw viability and (B) 

immediate post-thaw recovery rate of Jurkat cells using the Trypan blue exclusion 
assay. Jurkat cells were cultured in complete RPMI for 7 days and then frozen in 

triplicate (n = 3). Jurkat cells were cryopreserved in either CS10, or in 2FA- or 4ClA-

A B **
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supplemented CS10. Error bars represent the standard error of the mean (SEM). One-way 
ANOVA test suggested that (A) there was no statistically significant difference between 
post-thaw viability of CS10 and the different freezing conditions (P value > 0.1, n=3), 

however, (B) there was a statistically significant difference between the post-thaw 
recovery of CS10, 5 mM 2FA and 5 mM 4ClA (** = P value < 0.01, n=3). 

From these preliminary data, formulation of 5 mM 2FA or 5 mM 4ClA in CS10 

results in a higher number of live Jurkat cells compared to CS10-alone, which indicates 

that protection against ice recrystallization improves the cryopreservation outcome for 

Jurkat cells. This further implies that 2FA and 4ClA may serve as potential cryo-additives 

for the cryopreservation of Jurkat cells. Moreover, these data also suggest that the selected 

concentrations of 2FA and 4ClA are suitable for the preservation of Jurkat cells, and 

therefore, they may be further applied in the cryopreservation protocol of T cells and CAR 

T cells.  

5.3.2 Determination of the Post-Thaw Viability and Recovery Rate of IRI-Frozen 

Primary T Cells  

 T cell-based therapy products represent a distinct approach to the development of 

innovative immunotherapeutic for cancer treatment, however, their successful application 

in cell replacement therapies relies on an effective cryopreservation protocol that maintains 

viable and functional T cells post freezing.19-22 As mentioned in section 5.2.1, several 

freezing solutions have been proposed for the cryopreservation of primary T cells, 

however, the presence of animal components, such as FBS, in their formulations limits 

their application in a clinical setting. Thus, it is vital to develop a GMP-compatible cryo-

solution (i.e., CS10) that allows the delivery and use of frozen T cells in clinics. While 10 

– 20 % DMSO is essential for the protection of cells from cryoinjuries associated with slow 

freezing process,50-52 DMSO fails to mitigate cellular injuries caused by ice 

recrystallization. Therefore, the two IRIs that were tested on Jurkat cells, 2FA and 4ClA, 
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were further employed in the cryopreservation protocol of T cells to investigate whether 

protection against ice recrystallization may increase the number of live T cells post-thaw. 

IRIs were employed in the freezing process of T cells that were obtained at different stages 

(i.e., prior or post activation). T cells that were obtained prior to activation/multiplication 

(i.e., addition of anti CD3, anti CD28) are referred to as day 0-T cells. While T cells that 

were frozen at day 1 or day 9 post activation/multiplication are referred to as day 1- or day 

9-T cells. The purpose of testing the cryopreservation outcome on day 1- and day 9-T cells 

is to observe and compare any differences in the T cell response to freezing and thawing 

both at the beginning and end of the activation process. 

5.3.2.1 Assessment of the Viability and Recovery Rate of T Cells Frozen on Day 0 

 Primary T cells are susceptible to cryoinjuries induced by freezing and thawing.37-

38 Therefore, we sought to discover whether employing IRIs while freezing T cells prior to 

the activation/multiplication process (i.e., day 0-T cells) may assist in maintaining high 

viability and recovery rate post-thaw. As presented in section 5.3.1, formulations of 5 mM 

of 2FA or 4ClA in CS10 appeared to enhance the survival (recovery) rate of Jurkat cells, 

and therefore, these two IRIs were further applied on day 0-T cells.  

Figure 5.7 represents both the immediate post-thaw viability and recovery rate of 

primary T cells that were obtained from donor 85 and frozen on day 0.  From Figure 5.7 

A, it appears that formulating 5 mM 2FA or 4ClA in CS10 resulted in a statistically 

significant increase in the immediate post-thaw viability compared to CS10-frozen T cells 

(P value < 0.01 and P value < 0.1, respectively, n = 2), where the mean percentage of the 

post-thaw viability of 5 mM 2FA, 5 mM 4ClA, and CS10 samples were found to be 81.9 

± 0.6 %, 69.8 ± 0.3 %, and 48.8 %, respectively.  On the other hand, formulation of 15 mM 
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2FA and 10 mM 2FA in CS10 did not appear to increase the post-thaw viability of T cells 

when they were compared with CS10 using a one-way ANOVA test with Dunnett’s 

multiple comparison (P value > 0.1, n = 2), as shown in Figure 5.7 A.   

Taking into consideration the total number of cells that were frozen initially, the 

post-thaw recovery rates of the different freezing conditions were also evaluated and 

presented in Figure 5.7 B. It appeared that formulation of 10 mM and 5 mM of 2FA in 

CS10 statistically increased the post-thaw recovery rate (P value < 0.01, n = 2) in 

comparison with CS10 (69.6 ± 8.7 % and 81.1 ± 4.0 % vs 44.1 %, Figure 5.7 B). However, 

the immediate post-thaw survival rate of 15 mM 2FA- and 5 mM 4ClA-frozen cells did not 

appear to statistically differ than that of CS10-frozen ones (P value > 0.1, n = 2).  

The values of the recovery rates are lower than those of the viability percentages 

because the viability assessment only considers the cells that have damaged membranes 

and were stained by Trypan blue, while the cell survival analysis takes into consideration 

all the cells that have severe damaged membranes and were not stained by Trypan blue 

(cell debris). Overall, 10 mM and 5 mM 2FA increased cell survival which implies that 

protection against ice recrystallization helps in maintaining a higher number of live T cells 

which can be beneficial for future clinical applications.  

 
Figure 5.7 Bar graph represents the mean of (A) the immediate post-thaw viability and 

(B) the immediate post-thaw recovery of primary T-cells using the Trypan blue 
exclusion assay. Human T-cells were isolated from a blood donor 85. The cells were 

frozen at day 0 in duplicate (n = 2) for each condition, except Cryostor10 which had one 

A B
** **
*
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sample only. Primary T-cells were cryopreserved in a CS10 in the presence or absence of 
2FA 4ClA. Error bars represent the standard error of the mean (SEM). Statistical 

significance marked by asterisks assessed by one-way analysis of variance (ANOVA) for 
comparison with CS10, where ns = P > 0.1, * = P ≤ 0.1, ** = P ≤ 0.01, n = 2. One-way 

ANOVA Test suggests that (A) there was a statistically significant difference between the 
post-thaw viability of CS10, 5 mM 2FA and 5 mM 4ClA, (B) whereas only 10 mM and 5 

mM 2FA samples showed a statistical significance compared to CS10. 

 Some 2FA formulations (i.e., 10 mM and 5 mM) showed a significant increase in 

both viability and recovery rate for T cells obtained on day 0, while 4ClA only resulted in 

an improvement in the post-thaw viability. Displaying statistically significant changes in 

both measurements (recovery and viability) is crucial in the process of evaluating the 

efficacy of any cryopreservation protocols,92 and therefore, 2FA at concentrations less than 

15 mM were further tested on T cells that were obtained on day 0 from two additional 

different donors (donor 92 and 97) to confirm the capacity of 2FA in maintaining high 

survival rate of T cells. 

  T cells were extracted from donors 92 and 97 and were frozen in triplicate for each 

donor with CS10 in the presence or absence of 10 mM, 5 mM, and 2.5 mM 2FA (n = 3). 

As presented in Figure 5.8 A, there was no statistically significant difference in the 

immediate post-thaw viability of primary T cells frozen on day 0 with the different 2FA 

formulations compared to CS10-alone as suggested by one-way ANOVA test (P value > 

0.1). On the other hand, the immediate post-thaw recovery rates for 5 mM 2FA and CS10-

alone samples were found to be 75.8 ± 11.3 % and 54.1 ± 9.9 %, respectively. Further, it 

was evident that the formulation of 5 mM 2FA in CS10 significantly enhanced the 

immediate post-thaw recovery rate compared to CS10-frozen cells (P value < 0.1, n = 6, 

Figure 5.8 B). Overall, the presence of 5 mM 2FA appeared to statistically increase the 

survival rate of T cells compared to CS10 alone, indicating the importance of preventing 
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the occurrence of ice recrystallization during cryopreservation for maximizing the number 

of viable T cells. 

 
Figure 5.8 Bar graph represents the mean (A) immediate post-thaw viability and (B) 

immediate post-thaw recovery of primary T-cells using the Trypan blue exclusion 
assay. Human T-cells were isolated from blood donors 92 and 97. The cells were frozen 

on day 0 in triplicate for each donor (n = 6, in total). Primary T-cells were 
cryopreserved in CS10 in the presence or absence of 2FA (10 mM, 5 mM, and 2.5 mM). 

Error bars represent the standard error of the mean (SEM). One-way ANOVA test 
suggests that (A) there was no statistically significant difference between the post-thaw 

viability of the different conditions in comparison with CS10 (P value > 0.1), (B) whereas 
the post-thaw recovery rate of CS10 and 5 mM 2FA showed a statistical difference (* = P 

value < 0.1, n = 6). 

Figures 5.7 and 5.8 suggest that despite the diverse variations present between 

blood donors (donor 85, 92, and 97), such as age and health, formulation of 5 mM 2FA in 

CS10 increased the post-thaw recovery rate. This implies that inhibiting ice 

recrystallization enhances the cryopreservation outcomes on T cells, and consequently, 

2FA was further tested on T cells that were obtained on day 1 and day 9 post activation.  

5.3.2.2 Analysis of the Viability and Recovery Rate of T Cells Frozen on Day 1 Post 

Activation 

 As suggested in Figure 5.5 primary T cells were extracted, purified, and subjected 

to activation and expansion prior to freezing or transduction. The activation process of T 

cells using anti CD3/anti CD28 beads is significant for in vitro T cell expansion and for the 

expression of antigens on the cell surface of T cells.74,94 In a clinical setting, T cells are 
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extracted and expanded for 10-14 days before transfusion or cryopreservation.90 In our 

experimental model, we sought to investigate the difference in the number of viable cells 

post-thaw when they were frozen at the beginning (day 1 post activation) and the end (day 

9 post activation) of the activation process. Cryopreserved and activated T cells that expand 

more readily post-thaw are healthy T cells that can be further transduced into CAR T cells. 

This will serve as an indicator for whether inhibiting ice recrystallization improves the 

cryopreservation outcomes regardless of the stage at which the cells were frozen.  

T cells were extracted from blood donor 97, purified, and activated using anti 

CD3/antiCD28 beads for one day.  Cells were then obtained on day 1 post-activation and 

frozen in triplicate (n = 3) with CS10 in the absence or presence of 2FA (10 mM, 5 mM, 

and 2.5 mM). Post-thaw viability and recovery rate were assessed using the Trypan blue 

exclusion assay. From Figure 5.9 A, it is evident that 10 mM 2FA improved the immediate 

post-thaw viability compared to CS10, 79.3 ± 1.0 % vs 62.3 ± 4.6 %, respectively. 

Moreover, one-way ANOVA test comparing the mean post-thaw viability between 10 mM 

2FA and CS10 confirmed that there was a statistically significant increase in the number 

of live cells (P value < 0.1). However, the mean post-thaw viability of 5 mM and 2.5 mM 

2FA-frozen T cells did not show any statistical difference compared to CS10-

cryopreserved cells.  

The immediate post-thaw recovery rate of the different freezing conditions was 

evaluated and presented in Figure 5.9 B. It appeared that the formulation of 5 mM 2FA in 

CS10 resulted in a higher cell survival rate compared to CS10 alone, 84.3 ± 1.0 % vs 46.4 

± 4.3 %, respectively (Figure 5.9 B). A one-way ANOVA test with Dunnett’s multiple 

comparison also revealed that the difference in the survival rate is statistically significant 
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for 5 mM 2FA, P values < 0.0001 (n = 3). In contrast, 10 mM, and 2.5 mM 2FA 

formulations did not show a statistically significant increase in the immediate post-thaw 

recovery rates compared to CS10 alone (Figure 5.9 B). 

Comparing the cryopreservation outcomes of the T cells that were frozen prior to 

activation (day 0, Figures 5.7 and 5.8) with the ones frozen on day 1 post activation 

(Figure 5.9), it is apparent that the post-thaw viability percentages vary from one another. 

Nonetheless, the formulation of 5 mM 2FA in CS10 developed consistent observations in 

the immediate post-thaw recovery rate of both stages, where the survival rate of 5 mM 

2FA-frozen cells appeared to increase significantly in comparison with CS10-frozen ones. 

This further confirms the importance of employing IRIs in the cryopreservation protocol 

of T cells which will increase the availability of T cell doses for clinical applications.  

 
Figure 5.9 Bar graph represents the mean (A) immediate post-thaw viability and (B) 

immediate post-thaw recovery of primary T-cells using the Trypan blue exclusion 
assay. Human T-cells were isolated from a blood donor 97. The cells were frozen on day 
1 post-activation in triplicate (n = 3). Primary T-cells were cryopreserved in CS10 in 
the absence or presence of 2FA (10 mM, 5 mM, and 2.5 mM). Error bars represent the 

standard error of the mean (SEM). (A) One-way ANNOVA test suggested that there was 
a statistically significant difference between post-thaw viability percentage of 10 mM 
2FA and CS10 (* = P value < 0.1, n = 3), (B) whereas the post-thaw recovery of CS10 

and 5 mM 2FA showed statistically significant difference (**** = P value < 0.0001, n = 
3). 
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5.3.2.3 Evaluation of the Viability and Recovery Rate of T Cells Frozen on Day 9 Post 

Activation  

 T cells can further be manipulated by transduction to express different antigens, 

such as EGFR and CD19, or can be cryopreserved.90 2FA formulations in CS10 showed 

promising results for improving the recovery rate of T cells that were frozen at day 0 or 

day 1 post activation, and thus, we sought to further examine any changes in the post-thaw 

viability or recovery of primary T cells frozen on day 9 post-activation. Freezing of T cells 

at the end of the activation process will reduce the time required to obtain a high number 

of active T cells post-thaw, thereby reducing the amount of time for a patient to receive 

treatment. 

The cells were extracted from three different donors (donor 93, 96, and 97), and 

frozen on day 9 post activation in triplicate for each donor with CS10 in the presence or 

absence of 2FA (10 mM, 5 mM, and 2.5 mM). Viability and recovery rate were assessed 

using the Trypan blue exclusion assay immediately post-thaw. As presented in Figure 5.10 

A, the mean immediate post-thaw viability of 5 mM 2FA- and 2.5 mM 2FA-cryopreserved 

T cells were found to be 73.6 ± 7.4 % and 76.3 ± 5.8 %, respectively, while CS10-frozen 

T cells had a post-thaw viability of 68.0 ± 4.4 %. A one-way ANOVA test with Dunnett’s 

multiple comparisons revealed that there was a statistically significant increase in the post-

thaw viability for 5 mM and 2.5 mM 2FA-frozen cells compared to CS10-frozen cells, P 

value < 0.1 and P value < 0.01, respectively (n = 9). T cells cryopreserved with 10 mM 

2FA did not show any statistical difference in the mean post-thaw viability compared to 

CS10 ones.  
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The mean immediate post-thaw recovery rates were also evaluated and are 

presented in Figure 5.10 B. The survival rates were found to be 66.6 ± 7.9 % for 10 mM 

2FA, 75.0 ± 8.0 % for 5 mM 2FA, 73.1 ± 7.1 % for 2.5 mM 2FA and 55.7 ± 7.6 % for 

CS10 alone. Analysis of the post-thaw recovery for the different freezing conditions, and 

comparison with the control medium (CS10) displayed a statistically significant increase 

in the recovery rate of 10 mM, 5 mM, and 2.5 mM 2FA cultures when they were compared 

to CS10, with P values < 0.1, < 0.0001, and < 0.001, respectively (n = 9). The difference 

in the observations between viability and recovery rate comes from the fact that the latter 

measurement takes into consideration the damaged cells that were not stained by Trypan 

blue. 

 
Figure 5.10 Bar graph represents the mean (A) immediate post-thaw viability and (B) 
immediate post-thaw recovery rate of primary T-cells using the Trypan blue exclusion 
assay. Human T-cells were isolated from blood donors 93, 96 and 97 and frozen on day 9 

post activation in triplicate for each donor (n = 9, in total). Primary T-cells were 
cryopreserved in CS10 in the presence or absence of 2FA (10 mM, 5 mM, and 2.5 mM). 

Error bars represent the standard error of the mean (SEM). Statistical significance marked 
by asterisks assessed by one-way analysis of variance (ANOVA) for comparison with 

CS10, where * = P ≤ 0.1, ** = P ≤ 0.01, *** = P ≤ 0.001 and **** = P ≤ 0.0001 (n = 9). 
One-way ANOVA Test suggests that (A) there is a statistically significant difference 

between post-thaw viability of 5 mM 2FA and 2.5 mM 2FA in comparison with CS10. 
(B) On the other hand, a statistically significant increase in post-thaw recovery was 

observed for 10 mM 2FA-, 5 mM 2FA- and 2.5 mM 2FA-frozen cells in comparison with 
CS10-frozen T cells. 

Comparing the results of the post-thaw viability and recovery rates of T cells frozen 

on day 0, day 1 post activation, and day 9 post activation, it is notable that the formulation 
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of 5 mM 2FA in CS10 significantly raised the cell survival rate regardless of the stage at 

which the cells were frozen. Overall, these preliminary data offer evidence that employing 

IRIs in the cryopreservation protocol of T cells will protect the cells from cryoinjury 

associated with ice recrystallization, increasing the number of viable cells post-thaw, and 

thus, increasing the doses of T cell available for cancer patients. 

5.3.3 Analysis of the Post-Thaw Viability and Recovery of IRI-Frozen CD19-CAR T 

Cells 

 Engineered T cell-based therapies, such as CAR T cells, hold considerable potential 

as future cancer treatments.21,75-76 CAR T cells are reprogrammed by overexpressing a 

specific antigen, such as CD19, on the extracellular domain of T cells. CD19-directed CAR 

T cells have shown promising clinical results in treating B-cell malignancies and acute 

lymphocytic leukemia.21,75-76,95  

The production process of CD19-CAR T cells is lengthy and costly as it requires 

~14 days and numerous reagents/materials to produce a sufficient number of doses of 

CD19-CAR T cells.90,95 Thus, it is significant to optimize the cryopreservation protocol of 

CAR T cells to increase the availability of multiple CAR T cell doses for cancer patients. 

Conventional cryopreservation protocols proposed for CAR T have been reported to reduce 

the number of viable and functional cells.76 The post-thaw viability of CAR T cells ranges 

between 47 to 69 % depending on the cryomedium used for freezing and the quality of the 

donor cells.76 Therefore, we sought to investigate whether employing IRI technology in the 

CAR T cell freezing protocol would improve the post-thaw viability and recovery rate. The 

IRIs that were tested previously on Jurkat cells and primary T cells (i.e., 2FA and 4ClA) 

were further applied on CD19-CAR T cells. Frozen CD19-CAR T cells (donor 1) were 
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thawed and grown in complete ImmunoCult™-XF medium (with IL2) for a week. The 

cells were then cryopreserved in duplicate (n = 2) in CS10 or CS10 formulated with either 

4ClA (5 mM, 2.5 mM, and 0.5 mM) or 2FA (15 mM, 10 mM, and 5 mM). As presented in 

Figure 5.11 A, the mean post-thaw viability for the control medium (CS10) and the 

different formulations ranged between 54.6 % and 66.2 % with no statistically significant 

difference compared to CS10 alone (one-way ANOVA test, P value > 0.1, n = 2).  

The immediate post-thaw recovery rates for the different freezing conditions were 

assessed and presented in Figure 5.11 B. It is evident that the number of viable cells in 5 

mM 2FA cultures increased in comparison with CS10-treated cells, 83.9 ± 4.4 % vs 63.0 ± 

1.5 %, respectively. Moreover, one-way ANOVA test with multiple comparisons 

suggested that the difference in the cell survival for 5 mM 2FA-frozen CD19-CAR T cells 

was statistically significant compared to CS10-frozen ones. The survival rate of the other 

formulations (15 mM 2FA, 10 mM 2FA, 5 mM 4ClA, 2.5 mM 4ClA, and 0.5 mM 4ClA) 

ranged between 40 and 60 %, and one-way ANOVA test revealed that there was no 

statistical difference compared to CS10 (P value > 0.1, n = 2).  
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Figure 5.11 Bar graph represents the mean (A) immediate post-thaw viability and (B) 

immediate post-thaw recovery of human CD19-CAR T cells of donor 1 using the 
Trypan Blue exclusion assay. Human CD19-CAR T cells were cultured for 7 days in 

ImmunoCult™-XF supplemented with IL2. The cells were frozen on day 8 in duplicate 
with CS10 in the presence or absence of 2FA or 4ClA. Error bars represent the standard 

error of the mean (SEM). (A) One-way ANOVA test suggested that there was no 
statistical significance between the post-thaw viability of the different freezing conditions 

compared to CS10 (P value > 0.1, n=2). (B) On the other hand, there was a statistically 
significant difference between the post-thaw recovery of CS10 and 5 mM 2FA (P value < 

0.1, n=2). 

Since 4ClA did not show any advantageous effects on the post-thaw recovery rate 

or viability of CD19-CAR T cells (Figure 5.11 A-B), it was dropped from further 

experiments. 2FA was further tested on CD19-CAR T cells obtained from a different donor 

(donor 2) to account for donor-to-donor variability. 2FA was formulated in CS10 at 15 

mM, 10 mM, and 5 mM, and post-thaw recovery and viability were assessed to evaluate 

and confirm the capacity of 2FA to preserve CD19-CAR T cells. 

From Figures 5.12 A-B, it is evident that 5 mM 2FA formulations in CS10 

improved the post-thaw viability and recovery rates in comparison with the control freezing 

medium (CS10) for donor 2. The mean immediate post-thaw viability for 5 mM 2FA and 

CS10 were found to be 74.6 ± 5.7 % and 40.0 ± 4.8 %, respectively. While the mean of the 

immediate post-thaw recovery rate was 85.8 ± 1.3 % and 62.0 ± 10.8 % for 5 mM 2FA and 

CS10, respectively. Moreover, a one-way ANOVA test with Dunnett’s multiple 

comparisons revealed that the difference in the post-thaw viability and recovery rate of 5 
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mM 2FA-frozen cells compared to CS10 ones is statistically significant (P value < 0.1, n 

= 2). This further confirms that the addition of 5 mM 2FA in CS10 maintains higher number 

of viable CD19-CAR T cells, similar to what was observed in Figure 5.11.  

 
Figure 5.12 Bar graph represents the mean (A) immediate post-thaw viability and (B) 

immediate post-thaw recovery of human CD19-CAR T cells of donor 2 using the 
Trypan blue exclusion assay. Human CD19-CAR T cells were cultured for 7 days in 

ImmunoCult™-XF supplemented with IL2. The cells were frozen on day 8 in duplicate 
with CS10 in the presence or absence of 2FA. Error bars represent the standard error of 

the mean (SEM). One-way ANOVA test suggested that there was a statistically 
significant difference in post-thaw viability and recovery of 5 mM 2FA (P value < 0.1, 

n=2) in comparison with CS10. 

The difference in the post-thaw viability between Figures 5.11 and 5.12 A can be 

accounted by for by the variation variables between blood donors (i.e., health condition, 

age, and gender) as well as the variation in the number of cells lost during cryopreservation 

processes. Notably, the post-thaw recovery rates of CAR T cells obtained from two 

different donors were consistent and showed that 5 mM 2FA maximized the number of 

viable cells in comparison to CS10 alone (Figures 5.11 B and 5.12 B). Ultimately, 

inhibition of ice recrystallization during cryopreservation by employing IRIs in the 

cryopreservation protocol of CAR T cells appeared to improve the cell survival outcome 

post-thaw, increasing the number of viable cells, and thus, increasing the availability of 

CD19-CAR T cell doses for future clinical applications.  
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5.4 Assessment of Post-Thaw Functionality of 2FA-Frozen T and CAR T 

Cells  

T lymphocytes play a pivotal role in immunity and immunopathology due to their 

antigen-directed cytotoxicity.80 The accessibility of T and CAR T cell therapies to patients 

is greatly dependent on an effective cryopreservation protocol that results in viable and 

functional T/CAR T cell products post-thaw. As presented in section 5.3, employing IRI 

technology in the cryopreservation protocol leads to a higher survival rate of T and CD19-

CAR T cells. Therefore, we sought to further investigate the cryoprotective capacity of an 

IRI-formulated cryo-solution to maintain the killing activity of T cell products (i.e., MOCK 

T cells and EGFR-CAR T cells).  

5.4.1 The Applicability of MOCK T Cells and EGFR-CAR T Cells in Immunotherapy 

 The activation process of T lymphocytes is crucial for the expansion of the cells as 

well as the expression of antigens on the surface of the cells.74,94 For instance, MOCK cells 

are CD4+-transduced T cells that utilize T cell receptors (TCRs) to identify peptides from 

extracellular proteins, allowing the host immune system to start a defense mechanism to 

fight external antigens.81-82 Moreover, anti EGFR-CAR T cells are powerful cell-based 

products in immunotherapy as they treat multiple carcinomas (i.e., lung and gastric 

carcinomas).83-86 Therefore, both MOCK T cells and EGFR-CAR T cells were frozen using 

IRI supplemented cryomedium to monitor their post-thaw functionality.  

T cells were isolated from a healthy patient (donor 116) and transduced to either 

MOCK T cells or EGFR-CAR T cells using special viral vectors. MOCK T cells and 

EGFR-CAR T cells were grown for 8 days in ImmunoCult™-XF with IL2, and then 

cryopreserved on day 9 post transduction in triplicate (n = 3) in either CS10 or CS10 
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formulated with 10 mM, 5 mM, or 2.5 mM 2FA. Cells were then thawed, washed with 

sterile PBS, cultured in complete ImmunoCult medium (with IL2), and assessed for post-

thaw viability/recovery using AO/PI dye and a Nexcelom cell counter. MOCK T cells and 

EGFR-CAR T cells were then co-plated with tumor target cells, SKOV3 and RAJI 

(ATCC), to test their killing activity post-thaw. 

5.4.2 Assessment of the Viability and Recovery of 2FA-Frozen MOCK T Cells and 

EGFR-CAR T Cells 

 The viability and recovery rate were two of the first measurements assessed for 

MOCK T cells and EGFR-CAR T cells. Acridine orange (AO)/propidium iodide (PI) dyes 

and an automated cell counter (Nexcelom cell counter) were utilized to quantify the number 

of live and dead cells following cryopreservation. AO dye can penetrate both live and dead 

cell membranes, staining all nucleated cells and emits a green fluorescent signal. While PI 

can only penetrate cells with compromised membranes (dead cells) and emits red 

fluorescent signal. The Nexcelom cell counter allows for automatic counting of the number 

of live and dead cells based on the detected fluorescent signals from AO and PI.  

Assessment of the immediate post-thaw viability of MOCK T cells revealed that 

there was not a statistically significant increase in the number of viable cells across the 

different conditions compared to CS10-frozen cells (P value > 0.1, n = 3), presented in 

Figure 5.13 A. The immediate post-thaw viability was found to be 62.9 ± 16.7 %, 75.5 ± 

10.1 %, 68.9 ± 10.2 %, 61.5 ± 8.9 % for CS10, 10 mM, 5 mM, and 2.5 mM 2FA, 

respectively. However, taking into consideration the number of cells that were initially 

frozen, the recovery rate revealed a significant difference between 5 mM 2FA- and CS10-

frozen cells (Figure 5.13 B). The immediate post-thaw recovery rate of MOCK T cells was 
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found to be 48.0 ± 6.1 % and 78.1 ± 5.9 % for CS10 and 5 mM 2FA, respectively. A one-

way ANOVA test with Dunnett’s multiple comparisons suggest that formulation of 5 mM 

2FA in CS10 significantly increased the survival rate of MOCK T cells (P value < 0.001, 

n = 3, Figure 5.13 B), which is consistent with what was observed previously for the 

cryopreservation outcome of T cells.  

 
Figure 5.13 Bar graph represents the mean (A) immediate post-thaw viability and (B) 

immediate post-thaw recovery of human MOCK T cells of donor 116 using AO/PI dyes 
and the Nexcelom Cell Counter. Human MOCK T cells were cultured for 8 days in 

ImmunoCult™-XF supplemented with IL2. The cells were frozen on day 9 in triplicate. 
CS10 represents the control freezing medium. 2FA was formulated at different 

concentrations in CS10. Error bars represent the standard error of the mean (SEM). One-
way ANOVA test suggests a statistically significant difference in post-thaw recovery of 5 

mM 2FA (P value < 0.001, n = 3) compared to CS10 alone. 

 Similarly, analysis of the immediate post-thaw viability and recovery of 2FA-

frozen EGFR-CAR T cells revealed that a statistically significant difference was found in 

the survival rate of 5 mM 2FA-frozen cells compared to CS10 alone. The immediate post-

thaw viability percentages for CS10, 10 mM, 5 mM, and 2.5 mM 2FA were found to be 

78.7 ± 4.3 %, 71.3 ± 8.9 %, 73.1 ± 7.3 %, 55.2 ± 3.9 %, respectively (Figure 5.14 A). A 

one-way ANOVA test with Dunnett’s multiple comparisons suggested that there was no 

significant difference in the post-thaw viability of the different conditions compared to 

CS10 (P value > 0.1, n = 3, Figure 5.14 A). On the other hand, the immediate post-thaw 

recovery rates of EGFR-CAR T cells were found to be 39.8 ± 4.5 %, 38.7 ± 8.9 %, 70.9 ± 

7.3 %, 28.8 ± 11.6 % for CS10-, 10 mM, 5 mM, and 2.5 mM 2FA-frozen cells, respectively 
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(Figure 5.14 B). A one-way ANOVA test comparing the different formulations of 2FA 

with CS10 revealed that the presence of 5 mM 2FA in CS10 would be beneficial for future 

clinical applications as it significantly increases the post-thaw recovery rate, allowing for 

more CAR T cell doses to be available for cancer patients. 

 
Figure 5.14 Bar graph represents the mean (A) immediate post-thaw viability and (B) 
immediate post-thaw recovery rate of human EGFR-CAR T cells of donor 116 using 
AO/PI dyes and the Nexcelom Cell Counter. Human EGFR-CAR T cells were cultured 
for 8 days in ImmunoCult™-XF supplemented with IL2. The cells were frozen on day 9 

in triplicate. CS10 represents the control freezing medium. 2FA was formulated at 
different concentrations in CS10. Error bars represent the standard error of the mean 

(SEM). One-way ANOVA test suggests that there was a statistically significant 
difference in the post-thaw recovery of 5 mM 2FA (P value < 0.01, n = 3) compared to 

CS10 alone. 

5.4.3 Evaluation of the Killing Activity of 2FA-Frozen MOCK T Cells and EGFR-CAR 

T Cells 

 Since IRI-formulated CS10 appeared to increase the cell survival of T cells and 

CAR T cells, we further sought to discover the capacity of a CS10 in the presence of IRI 

to maintain the killing functionality of MOCK T cells and EGFR-CAR T cells post-thaw. 

Two types of target cells, SKOV3 and RAJI, were utilized to assess the cytotoxic killing 

activity of both MOCK and EGFR-CAR T cells. SKOV3 are ovarian adenocarcinoma cells 

that contain high expressions of EGFR antibodies; and therefore, they are highly 

susceptible to anti EGFR-CAR T cells.87 On the other hand, RAJI cell lines are human B 
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lymphoblastoid cells that do not express EGFR antibodies, and thus, they are EGFR-

negative targets.88  

The three different samples of CS10- and 2FA-frozen MOCK T cells and EGFR-

CAR T cells were plated with either SKOV3 or RAJI target cells. IncuCyte Live-Cell 

Analysis system (Sartorius) was then utilized to monitor the red area confluency, a 

measurement of cell-killing activity based on area (shown in S. Figures 5.1-5.4).89 Red 

area confluence is indicative of the number of target cells (SKOV3) in the presence of 

CS10- and 2FA-frozen EGFR-CAR T cells, where a higher red area confluence indicates 

a greater number of SKOV3 cells present. As presented in Figure 5.15, freezing EGFR-

CAR T cells in CS10 with or without 2FA did not compromise their killing activity against 

SKOV3 tumor cells, suggested by the decrease in the mean red area confluence throughout 

the 136 hours of recording. The number of tumor cells (SKOV3) appeared to increase in 

the first 28 hours where the red area confluence ranged between 1.2-1.5 % for all conditions 

(Figure 5.15). However, the EGFR-CAR T cells appeared to have reached a sufficient 

population after 28 hours and started attacking SKOV3 target cells until the red area 

confluence reached 0 % for all 2FA cultures at 100 hours, implying that the EGFR-CAR T 

cells were able to kill all expected tumor cells. The red area confluence in CS10 cultures, 

on the other hand, reached 0.5 % at 100 hours (Figure 5.15). A generalized linear model 

(GLM) analysis revealed that there is a significant difference in the mean of the killing 

activity of the different treatments at different time points (P < 0.001, n = 3). The statistical 

significance in the cytotoxic activity of the frozen cells comes from the difference in the 

killing activity of 2.5 mM- and 5 mM-frozen EGFR CART cells between 48 and 96 hours. 

However, comparing 5 mM 2FA-frozen EGFR-CAR T with CS10-frozen cells suggests 
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that there is not significant difference in their cytotoxic killing activity (P value > 0.1, n = 

3), suggesting that employing IRIs in the cryomedium does not compromise the 

functionality of CAR T cells. 

 
Figure 5.15 Analysis of the red area confluence (normalized to zero hour) as a function 
of time (hours). Human EGFR-CAR T cells were cultured for 8 days in ImmunoCult™-
XF supplemented with IL2. The cells were frozen on day 9 in triplicate in CS10 in the 
presence or absence of 2FA. EGFR-CAR T cells were thawed and plated in duplicate in 
three different 96-well cells in the presence of SKOV3 target cells to measure the killing 
activity of EGFR-CAR T cells post-thaw. Red Area Confluence was quantified using the 
IncuCyte live cell analysis system and plotted against time. A GLM analysis suggests that 

there is a statistically significant difference in the killing activity of the different 
treatments at different time points (P value < 0.001, n = 3).    

Although formulations of 5 mM-2FA in CS10 appeared to increase the number of 

viable cells significantly compared to CS10 (shown in Figures 5.13-5.14), no significant 

increase in the post-thaw functionality of EGFR-CAR T cells was observed in comparison 

with CS10-frozen cells (Figure 5.15). Given the fact that supplementing 5 mM 2FA in 

CS10 resulted in higher yield of viable of EGFR-CAR T cells with sufficient killing 

activity, 2FA can potentially be used as a cryo-additive for the cryopreservation of CAR T 

cell products, increasing the number of CAR T doses available for cancer patients.  
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Moreover, plotting the mean red area confluence of RAJI target cells that were co-

plated with CS10- or 2FA-frozen EGFR-CAR T cells further revealed that the presence of 

2FA did not compromise the expression of EGFR antigens on CAR T and did not affect 

their specificity in killing EGFR-positive tumor cells (SKOV3). It is evident that the 

number of RAJI cells increased over time when they were co-cultured with EGFR-CAR T 

cells, where the red area confluence reached 4-8% confluence at 136 hours for the different 

cultures (presented in Figure 5.16 A), while the red area confluence of SKOV3 co-cultures 

with EGFR-CAR T cells, presented in Figure 5.16 B, decreased, and reached 0 % 

confluence at 136 hours. A GLM analysis revealed that there is a significant difference in 

the mean of the killing activity of the different treatments at different time points (P < 

0.0001, n = 3). The statistical significance comes from the difference in the growth of RAJI 

target cells that were co-plated with 2.5 mM-frozen EGFR-CART cells and CS10-frozen 

cells between 96 and 136 hours.  
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Figure 5.16 Analysis of the red area confluence (normalized to zero hour) of (A) EGFR-

CAR T cells + Raji (B) EGFR-CAR T cells + SKOV3 as a function of time. Red Area 
Confluence refer to the number of target cells (SKOV3 or RAJI) in the presence of CS10 
and 2FA-frozen EGFR-CAR T cells. CS10- and 2FA-frozen EGFR-CAR T cells were co-

plated in duplicate in three different 96-well cells in the presence of SKOV3 or RAJI 
target cells. The red area confluence was quantified using the IncuCyte live cell analysis 
system and plotted against time. All graphical data refer to the mean red area confluence 

of each condition against the different time points normalized to 0 hr. Error bars represent 
the standard error of the mean (SEM). A GLM analysis suggests that there is a 

statistically significant difference in growth of RAJI target cells in the presence of the 
different treatments of EGFR-CART cells (P value < 0.0001, n = 3). 

 CD4+ effector (MOCK) T cells exhibit a cytotoxic killing activity against SKOV3 

tumor cells; however, their killing activity is expected to be less effective than that of 

EGFR-CAR T cells. Therefore, the post-thaw killing activity of EGFR-CAR T cells of the 

different freezing conditions was compared with their perspective MOCK T cells to 
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monitor any difference in the cytotoxic activity between CD4+ effector cells (MOCK) and 

EGFR-specific CAR T cells against SKOV3 target cells. From Figure 5.17 A-B, it is 

evident that EGFR-CAR T frozen cells kill SKOV3 targets faster and more effectively than 

MOCK T cells, suggesting that the protection against ice recrystallization retains the killing 

activity of MOCK T and EGFR-CAR T cells. The red area confluence of EGFR-CAR T 

cells reached 0 % at 136 hours, while it ranged between 2% and 4% for MOCK T cells. 

This implies that MOCK T cells possess cytotoxic killing activity against EGFR-positive 

tumors, however, their killing function is less efficient than EGFR-directed CAR T cells. 

In addition, a GLM analysis confirmed that there was a statistically significant difference 

in the number of tumor cells for the different treatments at multiple time points. The 

statistical significance comes from the difference in the killing activity of 2.5 mM as well 

as 10 mM 2FA-frozen CAR T cells vs 5 mM 2FA- and CS10-frozen cells where the number 

of target cells (SKOV3) is significantly reduced between 84 and 112 hours (P value < 

0.0001, n = 3). Overall, employing IRI technology in the cryopreservation protocol of T 

cell products appeared to increase the number of viable cells without compromising their 

killing activity against tumor cells. 
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Figure 5.17 Analysis of the red area confluence (normalized to zero hour) of (A) MOCK 

T cells + SKOV3 (B) EGFR-CAR T cells as a function of time. Red Area Confluence 
refer to the number of target cells (SKOV3) in the presence of CS10 and 2FA-frozen 

EGFR-CAR T cells or MOCK T cells. Cryopreserved EGFR-CAR T and MOCK cells 
were co-plated in duplicate in three different 96-well cells in the presence of SKOV3 

target cells to measure their killing activity post-thaw. Red Area Confluence was 
quantified using the IncuCyte live cell analysis system and plotted against time. All 

graphical data refer to the mean red area confluence of each condition against different 
time points normalized to 0 hr. Error bars represent the standard error of the mean (SEM). 

A one-way ANOVA test with Dunnett’s multiple comparisons suggest that there is a 
statistically significant difference in the mean killing activity of frozen MOCK cells 

compared to EGFR-CAR T cells (P value < 0.0001, n = 3). 

5.5. Discussion  

 The production of master T cell banks is a prerequisite for the manufacturing 

process of CAR T cell therapy and for future clinical applications.77-78 Moreover, the 

A 
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preservation of high quality-controlled T cell products requires an optimal 

cryopreservation protocol.77-78 Conventional cryopreservation strategies, however, reduce 

the viability of the frozen T cells and cause an impairment in their proliferation activity, 

limiting the availability of CAR T cell therapy products for patients as the cryopreserved 

T cells require time to grow/expand post-thaw.24,30-32 Although studies have found that the 

proliferation activity of frozen T cells could be partially recovered by activation post-

thaw,31,39,45 techniques for a robust cryopreservation must be developed to generate an off-

the-shelf CAR T cell product. In this study, we report the first comprehensive testing of 

IRIs in the cryopreservation protocol of T/CAR T cells, in an effort to optimize a GMP-

compatible freezing protocol and to maximize the number of viable T and CAR T cells 

post-thaw, which will facilitate the development of an off-the-shelf CAR T cell product. 

We hypothesize that employing IRIs in the freezing protocol of T/CAR T cells will protect 

the cells against the cryoinjury associated with ice recrystallization, which, in turn, will 

increase the survival rate of T/CAR T cells, maximizing the accessibility of T cell-based 

therapy products to patients.  

T cells are collected from cancer patients, activated, and then transduced into CAR T 

cells for clinical applications. To increase the number of cells per dose, T cells and CAR T 

are cultured for 9-14 days before being transfused or cryopreserved.90 A previous study 

conducted by MacDonald et al. reported that the stage at which the T cells are frozen (i.e., 

day 1 vs. day 3 post activation) is a crucial factor in the manufacturing protocol of T cell 

therapy.97 MacDonald et al. demonstrated that cryopreservation of T cells at different time 

points (i.e., 1-2 days vs. 3-8 days post activation) differ in their recovery rate, viability, and 

functional properties that would be acceptable for clinical grade cell product upon thawing. 
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MacDonald et al. observed a significant decrease (~ 20-40% reduction) in the cell recovery 

rate when they were frozen at day 3 and 5 post activation.97 According to MacDonald et 

al. the decrease in the number of viable cells is influenced by many factors, such as 

metabolic state, osmotic shock, membrane permeability, and ice recrystallization.97 Ice 

recrystallization is one of the major contributors to cell death post-thaw, and therefore, 

employing IRIs in the freezing medium of T cells may mitigate the cryoinjury associated 

with ice recrystallization, maximizing the number of viable T/CAR T cells post-thaw. To 

our knowledge, the essential effect of inhibiting ice recrystallization during the 

cryopreservation of T cells frozen at different time points has never been described, and 

therefore, we sought to assess the post-thaw survival rate of T cells that were frozen prior 

to activation, at day 1 post activation, at day 9 post activation, as well as CAR T cells. 

Freezing T cells near the end of the activation phase (day 9) or when they are transduced 

to CAR T cells reduces the time it takes cancer patients to receive treatment.  

A clinically relevant cryomedium, CS10, was utilized as control; CS10 was also 

formulated with an active IRI, 2FA, that has shown to enhance the post-thaw viability and 

functionality of HSC 56 and iPSC-Ns (chapter 4). Primary T cells that were obtained and 

frozen prior to activation, at day 1 post activation and at day 9 post activation, as well as 

transduced T cells (i.e., CAR T cells) showed a statistically significant increase in the 

survival rate when 5 mM 2FA was formulated in CS10 compared to CS10 alone. This 

implies that the formulation of 5 mM 2FA in CS10 prevents the occurrence of the 

cryoinjury associated with ice recrystallization, increasing the number of viable T/CAR T 

cells. This also indicates that 2FA protects T cells regardless of the time point at which 

they were frozen (i.e., day 1, day 9 post activation, or CAR T cells), unlike what 
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MacDonald et al. reported previously.97 Furthermore, the cytotoxic killing activity of 2FA-

frozen EGFR-CAR T and activated T cells (i.e., MOCK T cells) did not appear to be 

compromised post-thaw, where both cells were able to kill SKOV3 tumor cells efficiently 

over 136 hours post-thaw. These preliminary results suggest that protection against ice 

recrystallization during cryopreservation processes is a vital parameter that must be 

accounted for in the freezing protocol of T cells, to produce high quality-controlled T/CAR 

T cell therapy products.  

Although supplementation of IRIs in the CS10 appeared to enhance the number of 

viable T/CAR T cells post-thaw, further studies are required to determine the underlying 

mechanism by which 2FA enhances the survival rate and to assess the applicability of IRIs 

in clinics by conducting in vivo studies. One limitation of our studies is that the Trypan 

blue exclusion assay only considers cells that have damaged cell membrane and are 

permeable to the dye. However, there are other factors, such as free radical production and 

accumulation, cytoskeleton disassembly, and protein denaturation, that cause 

cryopreservation-induced cell death and may not stain the cells by the dye exclusion 

assay.96 Therefore, further metabolomic and proteomic studies will need to be conducted 

on frozen T cell products to better finetune the cryopreservation protocol. Other factors 

should also be considered to better optimize the cryopreservation protocol are the use of 

rate-controlled freezers during freezing and the decrease of DMSO concentration in the 

cryo-solution formulation. Overall, the development of technologies that assist the 

optimization of the cryopreservation protocol of cell-based therapies is critical for the 

successful production of an off-the-shelf CAR T cell therapy product. 
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5.6 Chapter Summary  

  T cells and their cellular products, such as chimeric antigen receptor (CAR) T cells, 

hold promising potential for the treatment of various cancer types. The applicability of T 

cell immunotherapies is highly dependent on an efficacious cryopreservation protocol that 

maintains viable and functional cells post-thaw. As mentioned in section 5.3.4, employing 

IRI technology with a clinically relevant cryomedium increased the post-thaw survival rate 

of primary T cells and CD19-CAR T cells. Further studies were conducted to assess any 

changes in the post-thaw cytotoxic killing activity of two different T cell products, MOCK 

and EGFR-CAR T cells. 5 mM 2FA formulations in CS10 were shown to increase the post-

thaw recovery rate of both MOCK and EGFR-CAR T cells, assessed by AO/PI staining 

with the Nexcelom cell counter. We further evaluated the cytotoxic killing activity of both 

MOCK and EGFR-CAR T cells by co-plating the cells with SKOV3 and RAJI target cells. 

Notably, no statistically significant changes in the mean red area confluence were observed 

when 2FA formulations were compared with CS10 alone, suggesting that 5 mM 2FA 

increased the number of viable MOCK and EGFR-CAR T cells without compromising 

their killing functionality. Further in vivo studies will be conducted in the future to 

investigate the potential applicability of IRI technology for clinical use. Overall, 

application of IRIs in the cryopreservation protocol of T cell products protects the cells 

against the cryoinjury associated with ice recrystallization and maximizes the availability 

of efficacious T cell products for patients.    
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5.7 Experimental Procedures 

5.7.1 Jurkat Cell Culture  

Jurkat cells were acquired from American Type Culture Collection (ATCC, Clone E6-1, 

TIB-152™). Jurkat cells were cultured in T75 culture flasks (Thermo Fisher Scientific) in 

RPMI-1640 medium (Sigma Aldrich, catalogue number: R8758). Culture media was 

supplemented with 10% FBS (Sigma-Aldrich, C8056), and gentamicin. A total of 1E6 of 

Jurkat cells were seeded in T75 flasks containing 30 mL of culture medium and incubated 

in a 5% CO2 atmosphere in humidified incubator at 37˚C. Culture media was changed 

every other day until a sufficient number (~ 22E6) of Jurkat cells was obtained to freeze.  

5.7.2 PBMC Collection and T Cell Isolation 

Blood samples were collected from healthy donors (Ottawa Hospital Research Institute). 

Fresh peripheral blood mononuclear cells (PBMCs) were isolated from blood samples 

using SOP 00.T.26 (confidential, NRC). T cells were then isolated from PBMCs using a T 

cell isolation kit (SOP 00.T.27, confidential, NRC). The collected T cells were either frozen 

at this stage (prior to activation) or were further activated/expanded. 

5.7.3 T Cell Activation  

Freshly isolated T cells were activated using specific beads according to SOP 00.T.31 

(confidential, NRC). Activated T cells were then plated with specific antibodies. At day 1 

post-activation, T cells are supplemented with interleukin 2 (IL2). At this stage, activated 

T cells were either frozen (day 1 post-activation), or further expanded for 8 days. Activated 

T cells obtained at day 9 post-activation were then frozen. 
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5.7.4 MOCK T Cell, CD19-, and EGFR-CAR T Cell Transduction 

T lymphocytes obtained post-activation were further transduced into MOCK, CD19-CAR 

T or EGFR-CAR T cells using lentiviral transduction procedure (SOP 00.T.28, 

confidential, NRC). Transduced T cells were further expanded or frozen.  

5.7.5 Freezing and Thawing Protocol 

A. Freezing   

Cryostor®10 was obtained from STEMCELL Technologies (catalogue number: 07930). 

N-2-fluorophenyl-D-gluconamide (2FA) and N-4-chlorophenyl-D-gluconamide (4ClA) 

were synthesized and purified as previously described (Ben Laboratory, University of 

Ottawa).57 2FA and 4ClA were supplemented in CS10 at different concentrations (15 mM, 

10 mM, 5 mM, or 2.5 mM for 2FA; 5 mM, 2.5 mM, or 0.5 mM for 4ClA). Cells were 

counted using AO/PI (catalogue number: CS2-0106) and the Nexcelom Cellometer 

(Nexcelom Bioscience) (SOP 00.E.141, confidential, NRC). Cells were then washed with 

sterile PBS (5 mL) and centrifuged at 300g for 5 minutes. The supernatant was removed 

and cell pellets were resuspended at a concentration of 1E6 cell/mL with either CS10 alone 

or CS10 supplemented with 2FA or 4ClA. Cells were transferred to 1 mL cryovials. 

Cryovials were placed in Mr. Frosty rate-controlled freezing container (-1˚C/min) which 

was then placed in a -80 ˚C freezer for 24 hours. The cryovials were then transferred to a 

liquid nitrogen (LN2) dewar for long-term storage.  

B. Thawing 

Cryovials were obtained from the liquid nitrogen dewar and quickly thawed in a 37 ˚C 

water bath for approximately 3 minutes. Cells were then washed with 2 mL of sterile PBS 

and centrifuged at 300g for 5 minutes. Cell pellets were then resuspended in 1 mL of fresh 
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Complete RPMI culture medium for Jurkat cells or in 1 mL of ImmunoCult™-XF with 

IL2 (with a final concentration of 20 IU/mL for IL2) for T or CAR T cells.  

5.7.6 Viability and Recovery Assessment  

Immediate post-thaw viability and recovery were assessed by counting the number of live 

and dead cells per sample. Trypan blue (0.4% liquid, catalogue number: T8154) and 

hemacytometer or AO/PI (catalogue number: CS2-0106) and the Nexcelom Cellometer 

(Nexcelom Bioscience) were used to stain live/dead cells. Immediate post-thaw viability 

was calculated using the formula 	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝐶𝑒𝑙𝑙𝑠�𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒 +

𝐷𝑒𝑎𝑑	𝑐𝑒𝑙𝑙𝑠	�, whereas post-thaw recovery rate was calculated using  the formula 

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝑐𝑒𝑙𝑙𝑠�𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑓𝑟𝑜𝑧𝑒𝑛	𝑐𝑒𝑙𝑙𝑠	(1𝑥𝐸6)�. Statistical analysis 

was completed using One-Way ANOVA™ (multiple comparisons) in GraphPad Prism. 

5.7.7 Cytotoxicity Killing Assay  

SKOV3 (HTB-77) and RAJI (CCL-86) target cells were obtained from ATCC. 

Cytotoxicity killing assay was conducted following protocol MP5-40 (NRC). Thawed 

MOCK T cells and EGFR-CAR T cells were plated in duplicate in three 96-well plates at 

concentrations of 4K cell/well or 1K cell/well. RAJI or SKOV3 target cells were then co-

plated at a concentration of 2K cell/well. The 96-well plates were then placed in IncuCyte 

(in a 5% CO2 atmosphere in humidified incubator at 37 ˚C). The IncuCyte (Sartorius) 

device was set to image the plates every 4 hours for 6 days. The plates were left in IncuCyte 

for 136 hours to monitor the cell’s killing activity against SKOV3 and RAJI tumor cells. 

Red Area Confluence was obtained for the different plates from IncuCyte software using 

the setup analysis template to quantify the number of target cells (Nuclight-Red+). The red 

area confluence of the different wells was then analyzed using GraphPad Prism. 
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5.8 Supplementary Figures 

 
S. Figure 5.1 Pictures extracted from IncuCyte live cell analysis system showing red area 
confluence in the presence of CS10-frozen EGFR-CAR T cells at 0 hr, day 1, day 2, day 

3, day 4, day 5, and day 6 post-thaw. 

 

 
S. Figure 5.2 Pictures extracted from IncuCyte live cell analysis system showing red area 
confluence in the presence of 10 mM 2FA-frozen EGFR-CAR T cells at 0 hr, day 1, day 

2, day 3, day 4, day 5, and day 6 post-thaw. 

 

CS10- frozen EGFR (4K cell/well) with SKOV3 (2K cell/well)

10mM 2FA- frozen EGFR (4K cell/well) with SKOV3 (2K cell/well)
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S. Figure 5.3 Pictures extracted from IncuCyte live cell analysis system showing red area 
confluence in the presence of 5 mM 2FA-frozen EGFR-CAR T cells at 0 hr, day 1, day 2, 

day 3, day 4, day 5, and day 6 post-thaw. 

 

 
S. Figure 5.4 Pictures extracted from IncuCyte live cell analysis system showing red area 
confluence in the presence of 2.5 mM 2FA-frozen EGFR-CAR T cells at 0 hr, day 1, day 

2, day 3, day 4, day 5, and day 6 post-thaw. 

 
 
 
 
 
 

5mM 2FA- frozen EGFR (4K cell/well) with SKOV3 (2K cell/well)

2.5mM 2FA- frozen EGFR (4K cell/well) with SKOV3 (2K cell/well)
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Chapter 6: Investigating the Potential of Small Molecule Ice 

Recrystallization Inhibitors in Improving Cryopreservation of Primary 

Natural Killer (pNK) Cells  

6.1 Introduction: Primary Natural Killer (pNK) Cells and Chimeric 

Antigen Receptor (CAR)-NK Cells as the Future Cell-Based Therapy for 

Immuno-Oncology Diseases 

 Cancer is one of the major public health problems that impacts individuals all 

around the world.1-2 However, continuous research in the immuno-oncology field has led 

to advanced cancer treatments based on stimulation of the immune system to recognize and 

fight tumor cells.3-6 As mentioned in chapter 5, adoptive T cell therapy (ACT) has been 

found as a promising treatment option for various types of malignancies. ACT treatments, 

such as chimeric antigen receptor (CAR) T cell therapy, rely on enhancing antigen-specific 

immunity by introducing modified T cells engineered with specific antigens/receptors to a 

weakened immune system, allowing them to target specific tumor antigens and kill cancer 

cells.7-10 Despite these achievements, the clinical effect of ACT has been confined to a 

small group of patients and tumor types.3,7-11 CAR T cell therapy treatments are also 

accompanied by cytokine released syndrome, graft versus host disease, and neurological 

toxicities, implying the need for new effective off-the-shelf CAR therapy products.3,7-11  

One novel strategy is to activate innate immunity by recruiting cytotoxic natural 

killer (NK) cells to increase immune responses against tumor cells.3,11 pNK cells are the 

future of cellular immunotherapy because of their natural cytotoxic characteristics against 

numerous kinds of tumor cells and the lack of graft-versus-host reactions in patients 



 303 

receiving allogenic NK cell transfusions.12-16 NK cells serve as a potential efficacious 

allogenic solution for treating several kinds of cancer, such as acute myeloid leukemia 

(AML) and neuroblastoma.12-16 Moreover, CAR technology has been applied to NK cells 

because they can be more easily fine-tuned to prevent treatment-related toxicity and 

immune-mediated adverse events.7-16 As a result, NK cells are being explored as an 

alternative platform for CAR engineering and are becoming recognized as important 

players in the next generation of off-the-shelf cellular therapies targeting cancer.7-11  

In the allogenic setting, NK cells can be derived from human peripheral blood 

mononuclear cells (PBMCs) or cord blood (CB), as shown in Figure 6.1, which consist of 

10-15% and 25% NK cells, respectively.17-19 The derivation and expansion of NK cells 

from PBMCs and CB leads to long production times, as well as donor-to-donor 

variability.20-21 Moreover, the need to develop clinically applicable procedures for 

producing higher numbers of fully functional NK cells has increased, and therefore, recent 

research has shown that CD34+ stem cells from cord blood and induced pluripotent stem 

cells (iPSCs) can be differentiated into pNK and CAR-NK cells, as shown in Figure 

6.1.18,20-26 Developing NK cell-based immunotherapies from iPSCs circumvents the time 

and scalability constraints while providing off-the-shelf capabilities.20,24  
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Figure 6.1 Schematic diagram of the different NK cell sources, isolation, transduction, 

and transfusion of NK and CAR-NK cells. Figure created using free license from 
BioRender. 

Given the substantial potential of CAR-NK cell treatments, fundamental challenges 

must be resolved to expand their use in clinics and hospitals.65 Because NK cells are known 

to be sensitive to the freezing and thawing processes, one of these challenges is the 

development of an effective cryopreservation protocol.65-66 In order to bring NK cell 

immunotherapy to clinics, it's critical that NK cell products can be cryopreserved and 

thawed without losing their tumor killing function, and that they have the same activity as 

freshly isolated NK cells.65-66 Therefore, efforts have been drawn toward establishing an 

effective freezing protocol that maintains viable and functional NK cells.18-21   

6.2 The Cryopreservation Protocol of NK Cell-Based Therapy Products 

 Cryopreservation is essential for the production of off-the-shelf cell therapy 

products where cellular products are stored for months or years and used as multiple 

doses.28-29 However, various parameters, such as freezing and thawing rates, have a major 

impact on the cells viability and functionality following cryopreservation.28 DMSO and 

glycerol are examples of conventional CPAs that have been used to mitigate cryoinjuries 
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associated with freezing; however, they are unsuccessful at protecting the cells from the 

cryoinjury associated with ice recrystallization.30-34 Consequently, it is necessary to 

improve current cryopreservation protocols to account for cryoinjuries associated with both 

the freezing and thawing processes.    

6.2.1 Conventional Cryopreservation Protocol for NK cells 

The development of an efficacious NK cell-based therapy is dependent on 

cryopreservation to extend their usage in hospitals and clinics.65-66 Conventional 

cryopreservation protocols utilized to store NK cell-based therapy products result in a 

severe reduction in the viability and activity of NK cells immediately after thawing.67-68 

Because NK cells are more susceptible to freezing and thawing cycles compared to other 

lymphocytes, most conventional cryopreservation protocols depend on freezing the sources 

of NK cells such as PBMCs and CB. However, the NK cell population within PBMC/CB 

are quite low, and therefore, enriching NK cells and freezing expanded populations at 

meaningful concentrations is key.35,37 Recent studies have reported the successful freezing 

of NK cells directly using different formulations of cryomedia.18,36-37 In both cases, cells 

are cooled to -80 °C using a controlled freezing container (-1 °C/min), followed by the 

transfer of cryovials into a liquid nitrogen dewar (- 196 °C) for long-term storage.35-37   

In order to optimize the cryopreservation protocol and media used to freeze pNK 

cells and CAR NK cells, an immortalized lymphocyte cell line (i.e., NK-92 cells) is often 

used to test the efficacy of the cryopreservation technique being constructed.39,54 NK-92 

cells are an interleukin-2 (IL-2) dependent natural killer cell line obtained from the PBMCs 

of a 50-year old male with fast progressing non-Hodgkin’s lymphoma.39,41 the NK-92 cell 

line has been extensively utilized to generate immunotherapies and to study the cytotoxic 
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functionality of pNK cells.62-63 Some of the formulations that have been proposed for the 

cryopreservation of NK-92 cells are 10% DMSO in fetal bovine serum (FBS), as well as 

5% dextran and 7.5% carbonylated ε-poly-L-lysine in DMEM.41 The cryopreservation of 

NK-92 cells with FBS and DMSO results in a 65.5 ± 1.2 % post-thaw viability, whereas 

the dextran-containing cryomedium results in a 73.3 ± 5.3% post-thaw viability.41 The 

post-thaw cytotoxic killing activity of NK-92 cells frozen with these cryomedia against 

tumor target cells (i.e., K562) appeared to decrease compared to unfrozen NK-92 cells.41 

Several formulations of cryomedia have been described for freezing pNK cells and 

their sources, such as PBMCs and CB. For example, culture media (i.e., RPMI) with 20% 

DMSO has been used for cryopreserving PBMCs, resulting in 88% of viable PBMCs, 

however, the viability of the NK subpopulation is very low (~ 6%).35 Another cryomedium 

described for freezing PBMCs is human serum albumin with 25% DMSO and 8% glucose, 

which results in 99% viable PBMCs.39 Nonetheless, the post-thaw viability of the pNK 

subpopulation remains low at 19%, and pNK cells frozen with albumin containing DMSO 

and glucose suffer a significant decrease in their cytotoxic killing functionality.38-39 Due to 

the low abundance of NK cells in their cryopreserved sources and the impairment of their 

cytotoxic killing functionality, interest has risen in developing suitable cryomedia for 

cryopreserving pNK cells directly.21,27,36-44 For instance, some of the formulations 

proposed for the cryopreservation of pNK cells derived from CB are human AB serum 

(serum collected from donors with AB blood type) with 10% DMSO, and DMEM with 

10% human AB serum and 10% DMSO, which have been found to result in recovery rates 

of 44% and 25%, respectively.42 This suggests that lowering the concentration of AB serum 

decreases the number of viable and functional NK cells.42 Damodhara et al. have also 
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reported a 79% post-thaw viability of pNK cells using PlasmaLyte with 40% human AB 

serum and 10% DMSO. However, the post-thaw recovery rate of pNK cells frozen with 

this solution has been found to decrease to ~ 22%.43 Formulation of RPMI1640 with 20% 

albumin, 25% dextran and 5% DMSO has also been found effective for maintaining viable 

and functional PBMC-derived pNK cells.35-36 The post-thaw viability of cells frozen with 

this solution was found to be 90% and the functionality of the cryopreserved NK cells did 

not appear to decrease post-thaw,36 however, this high viability rate has not been robustly 

reproduced in the literature. Commercially available cryomedia, such as Cryostor®10 

(CS10), have also been proposed as clinically relevant cryo-solutions that preserve iPSC-

derived NK cells.21 The post-thaw viability of iPSC-NK cells frozen with CS10 was found 

to be 40%.21 However, the viability of iPSC-NK cells decreased significantly 2 days post-

thaw where it reached 20%, suggesting the occurrence of delayed cell death.21 

Most of the conventional cryomedia utilized for preserving NK-92 and pNK cells 

contain high concentrations of DMSO (10 – 20 %) which has been linked to a variety of 

neurotoxic effects when not washed or diluted prior to therapeutic usage.45-47 In addition, 

the presence of animal components in some of the formulations of conventional cryomedia, 

such as FBS, limits the use of frozen NK cell products in clinics and hospitals. Most cryo-

solutions described previously also result in an impairment in the cytotoxic killing activity 

of NK-92 and pNK cells.21,36,41 Furthermore, none of the proposed cryomedia account for 

the cryoinjury associated with ice recrystallization and prolonged ice exposure.48-50 

Consequently, we sought to employ ice recrystallization inhibitors (IRIs) in the clinically 

relevant cryo-solution, CS10, to examine their potential in maintaining a high number of 
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viable and functional NK cell products, which will assist in developing an off-the-shelf NK 

cell products for future clinical use.  

6.2.2 IRI-Supplemented Cryomedia as the Next Generation of CPAs   

 Molecules that inhibit ice recrystallization (i.e., IRIs) have emerged as the next 

generation of cryoadditives.48-51 For example, it has been found that an active IRI, N-2-

fluorophenyl-D-gluconamide (2FA, Figure 6.2), from the N-aryl-D-gluconamide class of 

IRIs (Figure 6.2) can enhance the post-thaw viability and functionality of HSCs,50 iPSCs, 

iPSC-Ns (chapter 4), T-cells and CAR-T cells (Chapters 5). Consequently, we sought to 

further discover the cryoprotective characteristic of 2FA on pNK cells. 

     
Figure 6.2 General structure of N-aryl-D-gluconamide IRIs and N-2-fluorophenyl-D-

gluconamide (2FA). 

6.2.2.1 Optimizing the Cryomedia Utilized for pNK Cells 

 Several studies have been conducted to optimize the cryomedium used to freeze 

NK-92, pNK and CAR-NK cells, as mentioned in section 6.2.1. However, most of the 

proposed formulations contain animal components which limits the use of cryopreserved 

NK cells for future clinical applications. Therefore, it is significant to develop a GMP-

compatible cryomedia (i.e., CS10) that improves the post-thaw viability and functionality 

of NK-92 and pNK cells. As a consequence, we examined the cryoprotective properties of 

CS10 on NK-92 and pNK cells by comparing the post-thaw viability and recovery rate of 

CS10-frozen cells with three different non-GMP formulations of cryomedia, as shown in 
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Figure 6.3. The three cryo-solution formulations that were chosen were RMPI 1640 with 

10% DMSO (RP10), FBS with 10% DMSO (FBS10), and RMPI1640 with 20% albumin, 

25% dextran, and 5% DMSO (RP5).  

Since pNK cells are sensitive to cryopreservation, the NK-92 cell line was first used 

to investigate the cryopreservation capacity of the four different cryomedia. Wildtype (Wt)- 

and CAR-NK-92 cells were obtained from Dr. Lee’s laboratory (Department of 

Biochemistry, Microbiology, and Immunology, University of Ottawa), cultured in 

complete RPMI 1640 media for 13 days, and frozen in the proposed cryomedia in triplicate 

at day 14. PBMC-derived NK cells were then frozen in the four cryo-solutions (Figure 6.3) 

to further investigate changes in the cryopreservation outcomes that were observed for NK-

92 cells (i.e., post-thaw viability and recovery rates) 

 
Figure 6.3 Illustration of the different cryomedia formulations used to freeze NK92 and 
pNK cells in comparison with CS10. Figure created using free license from BioRender.  

Following the establishment of CS10’s capacity to cryopreserve NK-92 and pNK 

cells, 2FA was then formulated in CS10 at different concentrations (10 mM, 5 mM, and 

2.5 mM) to examine its potential in preserving pNK cells. Fresh PBMCs were isolated from 

blood donors, followed by NK cell enrichment, and ex-vivo expansion using feeder cells 

for 14 days. Cells were then frozen at day 14 with CS10 or 2FA-formulated CS10 in 

triplicate. Frozen pNK cells were allowed to cool to - 80 °C overnight using a Mr. Frosty 
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container (- 1 °C/min) which was then followed by the transfer the cryovials to liquid 

nitrogen (- 196 °C) for 7 to 14 days, as illustrated in Figure 6.4 A. In parallel, freshly 

isolated pNK cells were objectified to a cytotoxicity assay to assess and compare any 

changes in their killing functionality after cryopreservation. Frozen pNK cells were thawed 

using a fast-warming process by submerging cryovials in a 37 °C water bath, depicted in 

Figure 6.4 B. Cryopreserved pNK cells were then cultured in complete culture medium 

(RPMI 1640 with L-glutamine was supplemented with 1 mM Hepes, 10% FBS, 55 mM 

mercaptoethanol, 100X Pen/Strep, and 100 U/mL IL2). Cryopreserved pNK cells were 

expanded using feeder cells for 6 days, followed by an in vitro cytotoxicity assay to assess 

their post-thaw killing activity compared to the killing functionality of fresh cells, shown 

in Figure 6.4 B.  

 
Figure 6.4 Illustration of (A) freezing and (B) thawing protocols used for the 

cryopreservation of pNK cells. Figure created using free license from BioRender. 

6.3 Assessing the Viability and Recovery Rate of NK cells Frozen with 

Four Cryo-solutions 

 Viability and recovery rates are the initial parameters that can be quantified 

following the thawing process.64 Post-thaw viability refers to the percentage of cells that 

A 

B 
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survived cryopreservation over the total number of live and dead cells, whereas recovery 

rate measures the number of live compared to the total number of cells that were frozen 

initially.64 Viability and recovery rates can be determined using dye exclusion assays, such 

as with Trypan blue or live/dead fixable Near-IR stains.52-53 Dye exclusion assays allow 

for the staining of dead cells while viable cells remain unstained due to the presence of 

intact cell membrane, permitting the assessment of both live and dead cell numbers.52-53   

6.3.1 The Post-Thaw Viability and Recovery Rate of Wt-NK-92 and CAR-NK-92 Cells 

Frozen in Four Different Cryomedia 

NK-92 cells are an immortalized NK lymphocyte cell line, and are invaluable tools 

for conducting cytotoxicity functionality assays and for optimizing the cryopreservation 

protocol of NK cells.39,41,62-63 The NK-92 cell line has also been used as a robust alternative 

for pNKs in the immunotherapeutic field.54 Wildtype (Wt) and chimeric antigen receptor 

(CAR)-transduced NK-92 cells were grown in complete RPMI 1640 media with 100 U/mL 

IL2 for 13 days. Wt-NK-92 and CAR-NK-92 cells were then frozen on day 14 in triplicate 

in the proposed cryomedia: Cryostor®10 (CS10), RMPI 1640 with 10% DMSO (RP10), 

FBS with 10% DMSO (FBS10), and RMPI 1640 with 20% albumin, 25% dextran and 5% 

DMSO (RP5).35-36,41 In this set of experiments, Wt-NK-92 and CAR-NK-92 cells were 

thawed 4 days after cryopreservation; immediate and 48 hr-post-thaw viability and 

recovery rates were determined using the Trypan blue exclusion assay.  

6.3.1.1 Analysis of the Cryopreservation Outcomes on Wt-NK-92 Cells 

As depicted in Figure 6.5 A, the average immediate post-thaw viability for Wt-

NK-92 cells frozen with CS10, FBS10, RP10 and RP5 were found to be 69.4 ± 4.8 %, 69.5 

± 4.9 %, 61.1 ± 5.6 %, 50.0 ± 0.1 %, respectively. While the average recovery rates 
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immediately post-thaw for CS10-, FBS10-, RP10-, and RP5-frozen Wt-NK-92 cells were 

found to be 38.8 ± 9.6 %, 34.7 ± 2.4 %, 30.5 ± 4.8 %, 25 ± 0.2 %, respectively (Figure 6.5 

B). A one-way ANOVA test with Dunnett’s multiple comparisons suggested that there was 

a statistically significant decrease in the immediate post-thaw viability and recovery of 

RP5-frozen Wt-NK-92 cells in comparison with CS10-frozen cells (P value < 0.01, and < 

0.1, respectively, n = 3). Notably, the post-thaw viability and recovery rates of FBS10- and 

RP10-frozen cells did not show a significant difference compared to CS10-frozen cells (P 

value > 0.1, n = 3), implying that CS10 can be used to cryopreserve Wt-NK-92 cells.  

Delayed cell death is one of the common factors that results in a decrease in cell 

viability and functionality 24-48 hours post-thaw. Therefore, we sought to examine any 

changes in the viability and recovery rates 48 hours post-thaw using the Trypan blue 

exclusion assay. As shown in Figures 6.5 A-B, CS10 resulted in similar or higher viability 

and recovery immediately post-thaw compared to the other cryomedia formulations, 

moreover, CS10-frozen Wt-NK-92 cells maintained similar viability and recovery rates 48 

hours post-thaw compared to the immediate post-thaw values, at 64.4 ± 3.9 % and 39.8 ± 

5.8 %, respectively (Figures 6.5 C-D). On the other hand, the number of live cells 48 hours 

post-thaw increased for FBS10-, RP10-, and RP5-frozen cells, which could be detected by 

the increase in viability and recovery rates. 48-hr post-thaw viability of cells frozen with 

FBS10-, RP10-, and RP5 were 73.8 ± 8.0 %, 72.7 ± 6.7 % and 55.6 ± 9.6 %, respectively 

(Figure 6.5 C), while 48-hr post-thaw recovery rate were 50.6 ± 5.9 %, 36.9 ± 4.3 %, 41.7 

± 14.4 %, respectively (Figure 6.5 D). A one-way ANOVA test with multiple comparisons 

suggested that there is no statistical difference in the 48-hr post-thaw viability and recovery 

rate of the three formulated cryomedia (FBS10, RP10, and RP5) compared to CS10. The 
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values of 48-hr post-thaw viability and recovery rate were expected to increase compared 

to the values of the immediate post-thaw viability and recovery because the cells would 

have started to proliferate and grow. However, there was no increase in the viability and 

recovery rate of CS10-frozen cells 48 hours post-thaw compared to FBS10-, RP10, and 

RP5-frozen cells, indicating that CS10 may not protect cells from delayed cryoinjuries or 

cell death, affecting their growth rate.  

 

 
Figure 6.5 Bar graphs represent the mean (A-B) immediate post-thaw viability and 

recovery rate of Wt-NK-92 cells, respectively, while (C-D) correspond to the 48-hour 
post-thaw viability and recovery rate of Wt-NK-92 cells, respectively. Post-thaw viability 

and recovery were assessed using the Trypan Blue exclusion Assay immediately or 48 
hours post-thaw. WT-NK-92 cells were cultured for 13 days, and frozen in triplicate with 

CS10, FBS 10, RP10, and RP5 at day 14. Error bars represent the standard error of the 
mean (SEM). Asterisks represent a statistically significant difference compared to CS10 
which was determined by one-way ANOVA test, where * = P < 0.1, ** = P < 0.01, and 

ns = P > 0.1 (n = 3). 

6.3.1.2 Analysis of the Cryopreservation Outcomes on CAR-NK-92 Cells 

 NK cells can be engineered to express a chimeric antigen receptor (CAR) with a 

specific tumor targeting domain such as B-cell maturation antigen (BCMA), yielding 
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BCMA-CAR-NK cells which can be used to eradicate multiple myeloma.54-55 

Conventional cryomedia utilized for the preservation of CAR-NK cell products have been 

shown to decrease their viability and killing activity post-thaw.35,38,41 Therefore, we further 

investigated the capacity of the GMP-compatible cryomedium, CS10, to cryopreserve 

CAR-NK-92 cells, by comparing the immediate and 48-hr post-thaw viability and recovery 

rates with the other cryomedia formulations. Figure 6.6 A represents the average post-thaw 

viability percentages of CAR-NK-92 cells frozen with CS10, FBS10, RP10 and RP5 which 

were found to be 85.0 ± 2.9 %, 74.7 ± 5.3 %, 74.6 ± 3.0 %, and 63.7 ± 4.2 %, respectively. 

A one-way ANOVA test with Dunnett’s multiple comparisons suggested that there was a 

statistically significant increase in the immediate post-thaw viability of CS10-frozen cells 

compared to the other formulations (P value < 0.1, and < 0.001, n = 3). On the other hand, 

the immediate post-thaw recovery rates of CAR-NK cells frozen in the four different 

cryomedia were found to be 65.0 ± 9.0 %, 53.4 ± 2.9 %, 46.7 ± 7.6 %, and 47.1 ± 7.5 % 

for CS10, FBS10, RP10, and RP5, respectively (Figure 6.6 B). A statistically significant 

increase in the recovery rate was observed for CS10-frozen cells compared to RP10 and 

RP5- frozen ones (one-way ANOVA test, P value < 0.1, n = 3), as shown in Figure 6.6 B, 

demonstrating the capacity of CS10 to successfully cryopreserve CAR-NK-92 cells. 

 Although CS10 resulted in increased viability and recovery rate immediately post-

thaw, it failed to protect the cells from delayed cell death/cryoinjury, which is indicated by 

the decrease in the 48-hr post-thaw viability and recovery rate (Figures 6.6 C-D). It is 

evident that 48-hr post-thaw viability of CS10-frozen cells decreased to 58.9 ± 10.3 %, 

while the number of live cells maintained the same or increased in FBS10, RP10, and RP5 

cell cultures where viability was determined to be 76.5 ± 1.5 %, 76.7 ± 0.8 %, and 71.7 ± 
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4.1 %, respectively. A one-way ANOVA test also suggested that there was a statistically 

significant decrease in CS10 post-thaw viability compared to RP10 and RP5 (P < 0.1, n = 

3), shown in Figure 6.6 C. Similarly, the 48-hr post-thaw recovery rate of CS10-frozen 

CAR-NK-92 cells appeared to decrease to 45.7 ± 10.1 % (Figure 6.6 D), whereas the 

recovery rates of FBS10-, RP10-, and RP5- were found to either maintain the same or 

increase (51.7 ± 7.8 %, 47.7 ± 13.1 %, 51.3 ± 53 %, respectively), signifying that CS10 

cannot prevent the occurrence of delayed cellular death.  

 
Figure 6.6 Bar graphs represent the mean of (A-B) immediate post-thaw viability and 

recovery of CAR-NK92 cells, respectively, while (C-D) correspond to 48-hour post-thaw 
viability and recovery of CAR-NK92 cells, respectively. Post-thaw viability and recovery 

were assessed using Trypan Blue exclusion Assay immediately or 48 hours post-thaw. 
CAR-NK92 cells were cultured for 17 days and frozen in triplicate with Cryostor® 10, 
FBS + 10% DMSO, RMPI+10% DMSO and RPMI+20% Albumin+25% Dextran+5% 
DMSO for 4 days. Error bars represent the standard error of the mean (SEM). Asterisks 
represent a statistically significant difference compared to CS10 which was determined 

by One-Way ANOVA test, where **= P < 0.1 and ***= P < 0.001 and ns= P > 0.1 (n = 
3). 

 From these preliminary data, it is evident that the capacity of CS10 to cryopreserve 

NK-92 cells is higher than FBS10, RP10 and RP5 formulations, suggested by the increase 

in immediate post-thaw viability and recovery rates for both Wt- and CAR-NK-92 cells. 
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However, CS10 failed to protect both types of the cryopreserved NK-92 cells from the 

delayed cryoinjuries associated with freezing and thawing processes, suggested by the 

decreased 48-hr post-thaw viability and recovery rate assessments compared to the other 

cryomedia formulations. We, therefore, set to examine the cryopreservation outcomes on 

pNK cells using the GMP-compatible cryo-solution, CS10, and the previously described 

non-GMP-compatible cryomedia formulations. 

6.3.2 The Post-Thaw Viability and Recovery Rate of pNK Cells Frozen in the Four 

Proposed Cryomedia 

pNK cells were derived from PBMCs of blood donor, cultured in complete RPMI 

1640 medium, and expanded using feeder cells for 13 days in Dr. Lee’s laboratory 

(Department of Biochemistry, Microbiology, and Immunology, University of Ottawa). 

Cells were then frozen in triplicate using the four cryomedia described previously (CS10, 

FBS10, RP10, and RP5). Cells were thawed after four days and cultured in complete RPMI 

1640 medium, without the addition of feeder cells, to test the capacity of the cryopreserved 

pNK cells to grow/expand without the help of feeder cells. The number of live/dead cells 

were determined immediately and 48 hours post-thaw using the Trypan blue exclusion 

assay. Viability and recovery rates were then calculated to examine the capacity of each 

cryomedium to protect pNK cells from cryoinjuries associated with freezing and thawing. 

 Figure 6.7 A represents the immediate post-thaw viability for cells frozen in CS10, 

FBS10, RP10, and RP5, which were found to be 79.2 ± 3.8 %, 73.8 ± 3.7 %, 84.5 ± 2.1 %, 

and 68.7 ± 4.7 %, respectively. A one-way ANOVA test suggested that there was a 

significant increase in the immediate post-thaw viability of CS10-frozen pNK cells 

compared to RP5 (P value < 0.1, n = 3). On the other hand, no significant difference was 
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found when cells were frozen in FBS10 or RP10 (P value > 0.1, n = 3) compared to CS10. 

The immediate post-thaw recovery across the different media was found to be 66.1 ± 9.0%, 

79.4 ± 2.9 %, 63.1 ± 3.6 %, and 53.5 ± 7.5 % for CS10, FBS10, RP10, and RP5, 

respectively, with no statistically significant differences compared to CS10 (P value > 0.1, 

n = 3), as shown in Figure 6.7 B.   

Moreover, determination of the 48-hr post-thaw viability and recovery rates 

allowed for the detection of the occurrence of delayed cell death, where the number of live 

cells decreases progressively post-thaw. As shown in Figures 6.7 C-D, it is apparent that 

delayed cryoinjuries which can be related to ice formation and recrystallization occurred 

in CS10-frozen cell cultures where the post-thaw viability and recovery rates decreased to 

59.9 ± 7.8 % and 41.7 ± 5.2 %, respectively. Contrastingly, the 48-hr post-thaw viability 

of FBS10, RP10, and RP5-frozen pNK cells appeared to be similar to the immediate post-

thaw viability, which were found to be 73.6 ± 3.1 %, 72.9 ± 5.0 %, and 65.3 ± 0.7%, 

respectively, shown in Figure 6.7 C. In addition, a one-way ANOVA test suggested that 

there was a statistically significant decrease in the viability of CS10-frozen pNK cells 

compared to FBS10 and RP10. As depicted in Figure 6.7 D, the 48-hr post-thaw recovery 

rates of CS10-, FBS10, RP10-, and RP5- frozen pNK cells were found to be 41.7 ± 5.2 %, 

67.1 ± 8.1 %, 57.5 ±15.3 %, and 55.4 ± 11.6 %, respectively. A one-way ANOVA test with 

Dunnett’s multiple comparisons suggested that there was a significant decrease in the 

number of live cells in CS10-frozen cell cultures (P value < 0.01, n = 3). From both Figures 

6.7 C-D, it is observed that the number of live cells did not increase across the different 

cultures, implying that the growth rate of pNK cells may be impaired in all four cryomedia 

tested.  
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Figure 6.7 Bar graphs represents the mean (A-B) immediate post-thaw viability and 

recovery of pNK cells, respectively, while (C-D) correspond to the 48-hour post-thaw 
viability and recovery of pNK cells, respectively. The post-thaw viability and recovery 

were assessed using the Trypan Blue exclusion Assay immediately or 48 hours post-thaw. 
pNK cells were isolated from PBMCs of Donor 1, cultured in complete RMPI 1640 

medium for 13 days at Dr. Lee’s laboratory.  Cells were obtained at day 14 and frozen in 
triplicate with CS10, FBS10, RP10, and RP5 for 4 days. Error bars represent the standard 

error of the mean (SEM). Asterisks represent a statistically significant difference 
compared to CS10 which was determined by one-way ANOVA test, where * = P < 0.1 

and ** = P < 0.01 and ns = P > 0.1 (n = 3). 

CS10 appeared to increase the immediate post-thaw viability and recovery rate of 

pNK cells compared to other cryomedia formulations (i.e., RP5), however, it is evident that 

there was a significant decrease in the viability and recovery rate in CS10 cultures after 48 

hours post-thaw, which can be related to delayed cell death/cryoinjury. Moreover, the 

cryopreserved pNK cells were cultured in complete RMPI-1640 with IL-2 for 48 hours 

post-thaw without the addition of feeder cells, which are important for the growth and 

expansion of pNK cells post cryopreservation. This may be another reason to the decrease 

in the number of viable cells 48 hours post-thaw. In a clinical setting, frozen pNK cells are 
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thawed and injected into patients without expansion with feeder cells, and therefore, feeder 

cells were not added in the pNK cultures post-thaw to monitor their capacity in growing 

and expanding without the help of feeder cells, which will assist in determining the 

applicability of the cryopreservation protocol in clinical settings. In the next set of 

experiments, we sought to employ an IRI, 2FA, in the GMP-compatible cryomedium 

(CS10) to investigate the outcome of inhibiting ice recrystallization during the 

cryopreservation of pNK cells in the presence of feeder cells post-thaw.   

6.4 Evaluating the Post-Thaw Viability, Recovery, and Functionality of 

pNK Cells Frozen with an IRI-Supplemented Cryo-solution 

NK cells are the first line of defense against different malignancies in the innate 

immune system.3-5 NK cells, unlike T cells, do not need to be pre-sensitized (i.e., 

expressing antigen-specific receptors) to produce cytotoxicity and do not cause graft-

versus-host diseases.12,36 The killing activity of NK cells is dependent on cytokine 

production such as interferon (IFN)-γ and tumor necrosis factor (TNF)-α.12-13 Interest in 

producing and cryopreserving NK cells from different sources has risen to produce high 

quality and off-the-shelf NK cell products..21,27,35-44  

In section 6.3, we tested three different cryomedia formulations: RMPI 1640 with 

10% DMSO (RP10), FBS with 10% DMSO (FBS10), and RMPI 1640 with 20% albumin, 

25% dextran and 5% DMSO (RP5). The post-thaw viability and recovery rate of the three 

different formulations were compared with the ones that were frozen with CS10.35-36,41 

From the results presented in section 6.3, it was evident that cryopreservation of WT-NK-

92 and CART-NK-92, as well as pNK cells in CS10 yields a higher number of viable cells 

than the three other formulations immediately post-thaw. However, the growth of CS10-
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frozen cells decreased over 48 hours post-thaw, which may be a result of delayed cell 

death/cryoinjury or the absence of feeder cells in the NK cell cultures post-thaw. Thus, we 

sought to discover whether protecting against ice recrystallization by employing IRI 

technology would enhance the long-term recovery outcome (i.e., the 48-hr post-thaw 

recovery rate) of pNK cells cryopreserved in the GMP-compatible cryomedium, CS10, in 

the presence of feeder cells. pNK cells were isolated from PBMCs, cultured in IL2-

supplemented in complete RPMI1640 medium, and expanded using K562-mbIL21-4-

1BBL feeder cells for 14 days by an undergraduate student, Bryan Marr, at Dr. Lee’s 

laboratory (Department of Biochemistry, Microbiology, and Immunology, University of 

Ottawa). The cells were then counted using flowcytometry, washed with sterile PBS, and 

frozen with either CS10 alone or CS10 supplemented with 10 mM, 5 mM, and 2.5 mM 

2FA. A month later, the samples were thawed, counted, and cultured in 12-well plate with 

feeder cells for 7 days. The thawed pNK cells were then subjected to a functionality assay 

where they were co-plated with K562 tumor target cells to measure their cytotoxic killing 

activity post-thaw.  

6.4.1 Analysis of the Viability and Recovery Rate of pNK Cells Frozen with 2FA 

pNK cells were derived from PBMCs of blood donor 2 and grown for 13 days. Cells 

were then frozen in triplicate in either CS10 or CS10 formulated with 10 mM, 5 mM, or 

2.5 mM 2FA. Samples were thawed and cultured in complete RPMI 1640 medium. The 

number of live/dead cells was determined immediately and 3 hours post-thaw using 

flowcytometry to measure the viability and recovery rate of each freezing condition. The 

forward and side scatter (FSC and SSC) plots with a gate to detect CS10- and 2FA-frozen 

pNK cells are presented in S. Figures 6.1-6.4. From Figure 6.8 A, the immediate post-
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thaw viability based on live/dead cells with FSC/SSC of NK cells that were frozen with 

CS10-alone, 10 mM 2FA, 5 mM 2FA, and 2.5 mM 2FA were found to be 95.1 ± 1.2 %, 

95.3 ± 0.6 %, 96.0 ± 0.5 %, and 95.2 ± 0.6 %, respectively. On the other hand, the 

immediate post-thaw recovery rate was found to be 56.8 ± 14.9 %, 57.4 ± 3.6 %, 49.9 ± 

3.7 %, and 42.5 ± 4.2 % for CS10, 10 mM 2FA, 5 mM 2FA, and 2.5 mM 2FA, respectively, 

presented in Figure 6.8 B. A one-way ANOVA test with Dunnett’s multiple comparisons 

suggested that there was no statistically significant increase in the immediate post-thaw 

viability and recovery rate of 2FA-frozen pNK cells compared to cells frozen with CS10 

alone, indicating that inhibition of ice recrystallization by formulating 2FA in CS10 does 

not increase the number of viable NK cells. 

 
Figure 6.8 Bar graphs represent the mean (A) immediate post-thaw viability and (B) 

recovery of pNK cells. Immediate post-thaw viability and recovery were assessed using 
flowcytometry. pNK cells were isolated from PBMCs of donor 2, cultured in complete 
RMPI 1640 medium with IL2 for 13 days at Dr. Lee’s laboratory. Cells were frozen at 

day 14 in triplicate with CS10 in the presence or absence of 10 mM 2FA, 5 mM 2FA, and 
2.5 mM 2FA. Error bars represent the standard error of the mean (SEM). A one-way 

ANOVA test with Dunnett’s multiple comparisons suggested that there was no 
significant difference in post-thaw viability and recovery rates amongst different 

conditions (ns = P > 0.1, n = 3). 

Moreover, the post-thaw viability and recovery rate were measured prior to adding 

feeder cells (3 hours post-thaw) to examine any change in the number of viable cells before 

stimulating expansion of pNK cells. Figure 6.9 A represents the mean viability 3 hours 

post-thaw for CS10, 10 mM 2FA, 5 mM 2FA, 2.5 mM 2FA based on live/dead cells with 
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FSC/SSC of NK cells; the viabilities were found to be 95.6 ± 2.4 %, 96.8 ± 1.43 %, 97.3 ± 

1.68 %, and 97.9 ± 0.19 %, respectively. It is evident that the viability 3 hours post-thaw 

is very similar to the values that were calculated immediately post-thaw. Notably, the 

recovery rate of CS10, 10 mM 2FA, 5 mM 2FA, and 2.5 mM 2FA 3 hours post-thaw were 

higher than the ones that were measured immediately, which were found to be 66.5 ± 16.5 

%, 70.9 ± 1.42 %, 65.5 ± 4.6 %, and 63.1 ± 5.1 %, respectively, as shown in Figure 6.9 B. 

The increase in the values of 3-hr post-thaw recovery rates suggest that the pNK cells 

started to grow, however, there was no significant difference compared to the values of the 

immediate post-thaw recovery rate.  Important to note, however, there appeared to be a 

slight increase in the number of viable pNK cells when 2FA was formulated at 10 mM in 

CS10 when compared with CS10-alone frozen cells (71% vs 66%). However, a one-way 

ANOVA test with Dunnett’s multiple comparisons revealed that there was no significant 

difference in the 3-hr-post-thaw recovery rate nor viability of 2FA-frozen cells compared 

to the cells frozen with CS10 alone (P value > 0.1, n = 3) 

 
Figure 6.9 Bar graphs represent the 3-hr post-thaw (A) viability and (B) recovery of pNK 
cells. 3-hr post-thaw viability and recovery were assessed using flowcytometry, prior to 

the addition of feeder cells. pNK cells were isolated from PBMCs of donor 2, cultured in 
complete RMPI 1640 medium with IL2 for 13 days. Cells were then frozen at day 14 in 
triplicate with CS10 in the presence or absence of 10 mM 2FA, 5 mM 2FA, and 2.5 mM 
2FA. Error bars represent the standard error of the mean (SEM). A one-way ANOVA test 
with Dunnett’s multiple comparisons suggested that there was no statistically significant 

increase in the post-thaw viability and recovery rate amongst the different freezing 
conditions (ns = P > 0.1, n = 3). 
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6.4.2 Assessing the Post-Thaw Activity of 2FA-Frozen pNK Cells   

The cytotoxicity function of pNK cells comes from natural killer cell stimulatory 

factor (NKSF) that induces the secretion of IFN-γ and TFN-α, which play a significant role 

in the in vivo resistance to tumor growth.56-57 Cryopreservation of NK cell therapy products 

often result in increased cell death, delayed cell growth, and loss of cytotoxic killing 

activity.39,41 In this section, we evaluated the capacity of CS10 in the presence or absence 

of 2FA to maintain the killing capacity of pNK cells post-thaw. The cryopreserved pNK 

cells were co-cultured with K562 target tumor cells to measure their killing activity.59 K562 

are a human erythroleukemic or myelogenous leukemia cell line with low human leukocyte 

antigen (HLA) expressions and high levels of activatory NK receptor ligands, making them 

vulnerable to NK cell-mediated cytotoxicity.59-61  

CS10- and 2FA-frozen pNK cells were cultured in complete RPMI 1640 medium 

with IL2 for 7 days post-thaw in the presence of feeder cells. pNK cells were counted at 

days 4 and 6 post-thaw, prior to the functionality assay, using flowcytometry to determine 

the growth and number of live pNK cells. As depicted in Figure 6.10, the average number 

of live cells for CS10-, 10 mM 2FA-, 5 mM 2FA-, and 2.5 mM 2FA-frozen cells prior to 

feeder cells addition were 6.7E5 ± 9.5E4 cells/mL, 7.1E5 ± 8.2E3 cells/mL, 6.6E5 ± 2.7E4 

cells/mL, and 6.3E5 ± 2.9E4 cells/mL, respectively, with no statistically significant 

difference between the different conditions (two-way ANOVA test with multiple 

comparisons test, P value > 0.1). The average number of live cells post feeder cells 

addition, at day 4, were found to be similar for CS10-, 10 mM 2FA-, and 5 mM 2FA-frozen 

cells: 9.3E5 ± 2.4E4 cells/mL, 9.2E5 ± 7.7E4 cells/mL, 8.8E5 ± 4.2E4 cells/mL, 

respectively. However, the growth of 2.5 mM 2FA-frozen cells appeared to be much lower 
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than the other conditions with an average number of live cells of 5.5E5 ± 8.1E4 cell/mL. 

The average number of live cells for the different conditions at day 6 was found to be: 

2.6E6 ± 1.7E5 cells/mL for CS10, 2.0E6 ± 1.1E5 cells/mL for 10 mM 2FA, 1.8E6 ± 7.0E3 

cells/mL for 5 mM 2FA, 1.4E6 ± 1.8E5 cells/mL for 2.5 mM 2FA. A generalized linear 

model (GLM) analysis revealed that there was a statistically significant difference in the 

growth of frozen pNK cells at different times points (P < 0.1, 0.001, and 0.0001, n = 3). 

The statistical significance comes from 2.5 mM 2FA-frozen pNK cells at day 4 vs the other 

treatments where there is ~1.7 folds decrease in the growth of 2.5 mM 2FA-frozen cells. 

In addition, the growth of 2.5 mM, 5 mM and 10 mM 2FA-frozen cells at day 6 appeared 

to be significantly lower than that of CS10-frozen ones, as shown in Figure 6.10.  

Although inhibition of ice recrystallization (i.e., 2FA cell cultures) did not appear 

to increase the number of viable cells, it is apparent that the addition of feeder cells in all 

cultures resulted in cell proliferation/expansion, where the number of live cells increased 

continuously post-thaw (Figure 6.10). This implies that feeder cells are important for the 

growth of pNK cell cultures post cryopreservation.  

 
Figure 6.10 Scatter plot representing the number of live pNK cells at 0, 4, and 6 days 

post-thaw. Analysis of live/dead cells was done using a Live/Dead Fixable near-IR stain 
kit and flowcytometry. CS10- and 2FA- frozen pNK cells were counted prior to adding 
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feeder cells (day 0), and after adding feeder cells (day 4 and 6) to measure growth. A 
GLM analysis suggests that there is a significant difference between the treatments at 

different time points (* = P value < 0.1, *** = P value < 0.001, **** = P value < 0.0001, 
n = 3). Error bars represent the standard error of the mean (SEM). 

A functionality assay was then conducted on the pNK cells prior to freezing as well 

as post-thaw following freezing to examine any difference in killing target tumor cells. 

K562 target cells were co-platted at different ratios with pNK cells (1:1 and 1:3 of 

pNK:K562 cells) and incubated for 4 hours. Following co-incubation, surface staining (anti 

CD56, anti CD107, and anti CD16), as well as intracellular staining (anti IFN-γ) were 

employed to identify pNK cells and dead target cells, respectively. Samples were then 

analyzed using flowcytometry to measure the percentage of IFN-γ+ produced by the 

cryopreserved pNK cells. The scatter plots representing the percentage of IFN-γ+ in the 

absence and presence of target cells K562 for the different freezing conditions are 

represented in S. Figure 5. As shown in Figure 6.11, The percentage of IFN-γ+ in 1:1 ratio 

of pNK:K562 for pre-frozen cells was found to be 24.8%, for CS10-frozen cells was 28.4 

± 5.4%, for 10 mM 2FA-frozen ones was 30.1 ± 7.8%, for 5 mM 2FA-frozen cells was 

24.7 ± 0.7%, and for 2.5 mM 2FA-frozen cells was 23.7 ± 2.6%. A two-way ANOVA test 

comparing the killing activity of (1) pre-frozen cells with frozen cells, and of (2) the 

different 2FA formulations with CS10-frozen cells suggested that there was no statistically 

significant change in the cytotoxic activity of pNK when they were co-platted in a 1:1 ratio 

of pNK:K562 (P value > 0.1, n = 3).  

Moreover, K562 target cells were also plated at a higher concentration (1:3 

pNK:K562) to further probe the killing capacity of unfrozen and frozen pNK cells. As 

presented in Figure 6.11, the percentage of IFN-γ+ in 1:3 ratio of pNK:K562 for pre-frozen 

cells was similar to that of 1:1 ratio, at 29.5%, indicating that the performance of pNK cells 
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in the presence of high or low concentrations of K562 cells does not differ. This suggests 

that pNK cells possess a high cytotoxic killing activity against K562 tumor cells and can 

efficiently destroy tumor cells regardless their number. Moreover, the killing capacity of 

CS10-, 10 mM 2FA-, 5 mM 2FA-, and 2.5 mM 2FA-frozen cells was found to be 34.7 ± 

0.7 %, 37.4 ± 2.6 %, 37.2 ± 0.2 %, and 34.5 ± 2.2 %, respectively. The killing activity of 

the frozen pNK cells appeared to increase slightly when they were co-incubated with higher 

concentrations of target tumor cells for the different freezing conditions. Although the 

percentage of IFN-γ+ in the presence of unfrozen cells is lower than that of frozen cells, a 

two-way ANOVA test revealed that there was no significant difference in the killing 

activity when the different freezing conditions were compared to pre-frozen cells. In 

addition, a two-way ANOVA comparing 2FA formulations to CS10 alone revealed that 

there was not a significant difference in the killing activity. From these preliminary data, it 

is evident that the cytotoxic killing activity of pNK cells does not get compromised upon 

freezing with CS10 or 2FA formulations. Furthermore, no changes in the cytotoxic 

functionality of CS10- or 2FA-frozen pNK appeared in the presence of K562 target cells, 

which may be related to the fact that frozen pNK cells were allowed to expand using feeder 

cells for 7 days prior to performing the functionality assay.  
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Figure 6.11 Scatter plot representing the percentage of IFN-γ+ in the absence and 

presence of target cells K562. Pre-frozen and frozen pNK cells were plated in triplicate 
for each condition in the absence (1:0 pNK:K562) and presence (1:1 and 1:3 pNK:K562) 
of target cells. A two-way ANOVA test with multiple comparisons revealed there was no 

statistically significant difference in the percentage of IFN-γ+ between pre-frozen cells 
and the different freezing conditions (P value > 0.1, n = 3). Error bars represent the 

standard error of the mean (SEM). 

Section 6.3 revealed that the absence of feeder cells from the CS10-cryopreserved 

pNK cultures affected their growth, which was implied by the decrease in the 48-hr post-

thaw recovery rate. Moreover, section 6.4 showed that protection against ice 

recrystallization and the presence of feeder cells in the frozen pNK cultures retained the 

growth of the cells post-thaw, which was implied by the increase in the number of live cells 

at days 4 and 6 post-thaw. Further studies will be conducted to investigate the potential to 

discard the use of feeder cells post-thaw and examine whether employing IRI technology 

in the freezing protocol of pNK cells may result in similar or increased growth and 

functionality outcomes post cryopreservation, which will decrease the timeline required to 

obtain a high number of viable and functional pNK cells for future clinical applications.  
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6.5 Discussion 

Allogeneic NK cells are being employed as an effective immunotherapy.12-16 

Donor-derived PBMCs are one of the main sources utilized to generate pNK cells and are 

processed by either NK cell enrichment or NK cell expansion to produce a clinically 

relevant NK cell densities.17-19 Due to the variability and scarcity of donor cells, using this 

production process has limited the availability and scalability of NK cell-based therapies.17-

19 These limitations necessitate the development of a quality-controlled cryopreserved bank 

of NK cells for the manufacturing process of CAR NK cell therapy and for future clinical 

applications. However, conventional cryopreservation protocols utilized for preserving NK 

cell products result in low recovery rates and impairment in their killing functionality, 

limiting the accessibility of NK cell doses for patients, as the cryopreserved cells require 

long timeframes to grow and restore their functionality post-thaw.20-21,65-66  

Human-derived NK cells have been subjected to cryopreservation in several 

studies, and several cryo-solutions have been proposed for their cryopreservation.21,35-43 

This series of studies demonstrated that the number of viable and functional NK cells 

decreases post-thaw.35-43 To date, There have been no studies that objectively compare 

freezing protocols in the presence or absence of IRIs, and no guidelines controlling the 

preservation of pNK cells for clinical application have been published. In order to increase 

the yield of viable and functional pNK cells, we applied an IRI in a clinically related 

cryopreservation solution (CS10) to examine the efficacy of the cryopreservation protocol 

in the presence of IRIs. Since freezing and thawing of pNK cells result in a significant cell 

loss, we expect that protecting the cells from ice recrystallization will improve cell survival 

and post-thaw killing activity of pNKs. 
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Zeng et al. attempted to implement a GMP-compatible cryopreservation protocol 

for iPSC-NK cells, where they utilized CS10 as the freezing medium.21 They reported that 

the immediate post-thaw viability was 40%, moreover, the viability appeared to decrease 

~ 20% when it was evaluated 48 hours post-thaw.21 Moreover, other studies revealed that 

the post-thaw recovery rate of pNK cells ranges between 20 to 40%, depending on the 

cryomedia formulation used.21,27,35-44 Our study revealed that employing CS10 in the 

cryopreservation protocol of pNK cells resulted in a ~ 20% decrease in the recovery rate 

when the cryopreserved pNK cells were counted immediately and 48-hr post-thaw. This 

indicates that current GMP-compatible cryo-solution formulations significantly reduce the 

viability of cryopreserved NK cells, regardless of their source (i.e., PBMCs or iPSCs). Zeng 

et al. proposed that expanding of the cryopreserved NK cells using feeder cells would allow 

for the generation of the required cell densities for clinical application.21 However, this 

limits the number of doses available for patients and increases the time needed to produce 

NK cell therapies.  

Ice recrystallization is one of the major causes of cell death during 

cryopreservation, and therefore, IRIs are promising cryoprotective additives that have been 

shown to improve the survival and functionality of a variety of cell types, including iPSC-

Ns, and T/CAR T cells, after they have been frozen (Chapters 4 & 5). Consequently, we 

sought to examine the efficacy of the cryopreservation solution used to freeze NK cells, 

CS10, in the absence and presence of an active IRI, 2FA by analyzing the post-thaw 

viability, recovery rate and killing activity. The viability and recovery rate of frozen pNK 

cells were assessed using Live/Dead near IR stain and flowcytometry immediately and 3 

hours post-thaw. No significant difference was observed in the immediate nor 3-hr post-
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thaw viability and recovery rate of pNK cells when 2FA was formulated in CS10 compared 

to CS10 alone. Assessment of the post-thaw cytotoxic killing functionality of 2FA-frozen 

pNK cells against tumor cells in comparison with CS10-frozen cells, as well as non-frozen 

cells, further confirmed that employing IRIs in the cryopreservation protocol of pNK cells 

did not compromise their functionality post-thaw. These preliminary data suggest that IRI 

supplementation in a GMP-compatible cryo-solutions, CS10, may enable the production 

of scalable and quality controlled pNK cell-based therapy which will help in its translation 

into off-the-shelf immunotherapy and will facilitate its accessibility for cancer patients. 

One variation in our study comes from the assays utilized to count the number of 

live/dead cells. In the previous set of experiments, the Trypan blue exclusion assay was 

utilized, where all frozen cells with a damaged cell membrane (i.e., frozen NK cells and 

feeder cells that may have remained from the expansion prior to freezing) were stained blue 

and counted as dead cells, where the immediate and 48-hr post-thaw viabilities varied 

between 60 and 80%. On the other hand, flowcytometry requires gating specifically for 

NK cells to complete the assessment of live/dead cells; this process discards any feeder 

cells that may have remained in the NK cell cultures prior to freezing, where the immediate 

and 48-hr post-thaw viabilities were observed to be 90%. One of the limitations in our 

studies is that feeder cells were added to the cryopreserved cultures of pNK cells prior to 

the assessment of their post-thaw killing activity, which may have compromised the growth 

rate and killing activity of the different freezing conditions (i.e., CS10 alone vs 2FA in 

CS10). Therefore, further studies will be conducted on frozen NK cell products where 

feeder cells will be eliminated from the NK cell cultures post-thaw to examine any 

difference in the growth rate and killing activity of pNK cells. Furthermore, the use of rate-
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controlled freezers during freezing is another element that should be explored to better fine-

tune the cryopreservation protocol of pNK cells. Ultimately, the development of 

technologies that assist in the optimization of the freezing and thawing protocol of cell-

based therapeutics is crucial for the effective creation of an off-the-shelf NK cell therapy. 

6.6 Chapter Summary  

NK cells are an important component of the innate immune system and have 

become promising candidates for CAR-based immunotherapies targeting a variety of 

cancers. Given their promise as off-the-shelf therapies, cryopreservation is a vital 

component in the availability of NK cells for allogeneic therapy, in addition to the need for 

the growth of NK cells to achieve clinically effective cell densities. NK cells are extremely 

sensitive to freezing and thawing, therefore, we sought to investigate different reported 

formulations of cryomedia (FBS10, RP10, and RP5) and a GMP-compatible cryo-solution 

(CS10) to examine their ability to cryopreserve NK cells while maintaining high viability 

and recovery rates. Most of the conventional cryopreservation media described for freezing 

pNK cells contain animal components, such as FBS, limiting their clinical translation. As 

such, we focused our efforts to optimize a GMP-compatuble cryomedium (i.e., CS10), 

supplemented with IRIs, as a novel cryo-formulation to improve the post-thaw recovery 

rates using clinically relevant reagents. 

As mentioned in sections 6.3.1 and 6.3.2, cryopreservation of NK-92 and pNK cells 

with CS10 resulted in high NK-92 and pNK yields, similar to the three non-GMP grade 

cryomedia formulations, FBS10, RP10, and RP5. Immediate post-thaw viability of the four 

cryomedia ranged between 70% to 80%, while recovery ranges between 40% to 70%. 

Notably, the recovery rate of CS10-frozen NK-92 and pNK cells decreased after 48 hours 
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post-thaw, implying that CS10 does not protect the cells from delayed cell death/cryoinjury 

that may be driven by ice formation and recrystallization during the thawing process.  

IRI technology was, therefore, employed in CS10 to explore whether protecting 

against ice recrystallization may improve the cryopreservation outcomes. 2FA is one of the 

most active IRIs that the Ben lab has developed that has been shown to enhance the 

functionality and recovery of multiple cell types such as HSCs,50-51 iPSCs, iPSC-Ns, and 

T cells. Thus, 2FA was formulated in CS10 and tested on pNK cells. Formulations of 2FA 

in CS10 did not appear to increase the immediate post-thaw recovery rate, suggested by a 

one-way ANOVA test. However, it was evident that the 2FA-frozen pNK cells retained 

their proliferation activity 3 hours post-thaw, prior to the addition of feeder cell, where the 

number of live cells appeared to increase in comparison with the immediate post-thaw 

recovery rate. However, the 3-hr post-thaw recovery rate of 2FA-frozen cells did not appear 

to be significantly different than CS10-alone frozen cells. It was also apparent that the 

killing activity of pNK cells did not get compromised when they were frozen in the 

presence of 2FA, as mentioned in section 6.4.2. No statistically significant increase in the 

cytotoxic killing activity of pNK cells against K562 tumor cells was observed across the 

different freezing conditions, which may be related to the fact that thawed pNK cells were 

able to recover and expand in the presence of feeder cells prior to testing with the 

functionality assay.  

While 2FA appeared to significantly increase the number of T/CAR T cells post-

thaw in comparison with CS10 alone (Chapter 5), it may not have similar outcome on pNK 

cells as the two lymphocytes, the former being part of adoptive immune system while the 

latter is part of the innate immune system, differ in their characteristics which may result 
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in a difference in their response to cryopreservation. Further studies will be conducted to 

test higher concentrations of 2FA (i.e., 15 mM and 20 mM), and to investigate the 

proliferation of pNK cells 24 hr and 48 hr post-thaw in the absence of feeder cells, to verify 

any changes in the growth of 2FA- and CS10-alone frozen cells. This will establish whether 

cryopreservation of pNK with IRIs may assist frozen pNK cells to proliferate and expand 

without the presence of feeder cells which will be beneficial for the translation of pNK and 

CAR-NK cell-based therapies into clinics and hospitals. Also, a panel of IRIs will be tested 

on pNK cells to investigate the potential of any new IRI in increasing the post-thaw 

recovery rate of pNK cells, which will assist in increasing the availability of pNK and 

CAR-NK cell doses in clinics. 

6.7 Experimental Procedures 

6.7.1 NK-92 Cell Line Culture 

Wt-NK-92 and CAR-NK-92 cells were acquired from American Type Culture Collection 

(ATCC), Burlington, Ontario, Canada (Clone E6-1, TIB-152™). Wt- and CAR-NK-92 

cells were cultured in T50 culture flasks (Thermo Fisher Scientific, Nepean, Ontario, 

Canada) using complete RPMI-1640 culture medium with Glutamine (Sigma Aldrich, 

catalogue number: R8758). Complete RPMI medium was supplemented with 1 mM Hepes 

(Thermo Fisher Scientific, 15630080), 10% FBS (Sigma-Aldrich, C8056), 55 mM 

mercaptoethanol (Thermo Fisher Scientific, 31350010), 100X Pen/Strep (Thermo Fisher 

Scientific, 15070063), and 200 U/mL IL2. A total of 1E6 Wt- or CAR-NK-92 cells were 

seeded in T50 flasks containing 30 mL of culture medium and incubated in a 5% CO2 

atmosphere in humidified incubator at 37˚C. Culture media was changed every other day 

for 12 days until they were frozen.  
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6.7.2 pNK Cells Isolation 

pNK cells were isolated from PBMCs of healthy donors (Ottawa Hospital Research 

Institute) using a Mojosort human NK cells isolation kit. PBMCs were counted, washed 

with RPMI+10% FBS, spun at 400g for 5 minutes. The cell pellet was then resuspended in 

10E6 cell per 100 μL of sorting buffer. 20 μL of an antibody cocktail was then added to the 

cell suspension and vortexed. The mixture was incubated on ice for 20 minutes, followed 

by centrifugation at 400g for 5 minutes. The cell pellet was then resuspended with 100 μL 

of sorting buffer, followed by the addition of 20 μL of beads to the 10E6 cell suspension. 

The mixture was then vortexed and incubated on ice for 20 minutes. 1 mL of sorting buffer 

was then added, mixed gently and the mixture was transferred into 15-mL falcon tube. The 

tube was then inserted into a magnetic rack and incubated for 10 minutes at room 

temperature. The unbound portion of the solution was then transferred into a new 15-mL 

tube, and a 5 mL of RPMI+10% FBS was added. Cells were then counted and spun down 

at 400g for 5 minutes. The cell pellet was then resuspended at 500K cells/mL using 

RPMI+10% FBS with 500 U/mL IL-2. Cells were then plated, and feeder cells were added 

at a concentration of 2X to each well. 

6.7.3 pNK Cell Expansion 

Isolated pNK cells were plated with 2X feeder cells (using K562-mbIL21-4-1BBL feeder 

cells). The feeder cells were received by Dr. Lee’s laboratory from the Research Institute 

at Nationwide Children’s Hospital on behalf of Cytosen under a Material Transfer 

Agreement. On day 3 and 5, half of the media was changed (RMPI + 10% FBS + 500 u/mL 

IL-2). On day 7, cells were collected, counted, and spun at 410g for 5 minutes. The cell 

pellet was resuspended in complete media at 250K cell/mL. Cells were then stimulated 
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with 1:1 pNK:feeder cells. On day 9, cells were collected, counted, and spun at 410g for 5 

minutes. The cell pellet was resuspended in complete media at 500K to 1E6 cell/mL, and 

stimulated with 1:1 pNK:feeder cells. Steps were repeated on days 11 and 13.  

6.7.4 Cryopreservation of Wt-NK-92, CAR-NK-92 and pNK Cells 

A. Freezing   

Cryostor®10 was obtained from Stem Cell Technologies (Vancouver, BC, Canada, 

07930). N-2-fluorophenyl-D-gluconamide (2FA) was synthesized and purified as 

previously described (Ben Laboratory, University of Ottawa, ON., Canada).50-51 2FA was 

supplemented in CS10 at different concentrations (10 mM, 5 mM, or 2.5 mM). Cell count 

was done using either the Trypan blue exclusion assay (for NK-92 cells) or flowcytometry 

(pNK cells). Cells were then washed with sterile PBS (5 mL) and centrifuged at 400g for 

5 minutes. Supernatant was removed and the cell pellets were resuspended at a 

concentration of 1E6 cell/0.5 mL with either CS10 alone or CS10 supplemented with 2FA. 

Cells were transferred to 1 mL cryovials. Cryovials were placed in a Mr. Frosty rate-

controlled freezing container (-1 ˚C/min) which was then placed in -80˚C freezer for 24 

hours. The cryovials were then transferred to a liquid nitrogen (LN2) dewar (-196 ˚C) for 

long-term storage.  

B. Thawing 

Cryovials were obtained from the LN2 dewar and quickly thawed in a 37 ˚C water bath for 

approximately 3 min. Cells were then washed with 5 mL of sterile PBS and centrifuged at 

400g for 5 minutes. Cell pellets were then resuspended in 1 mL of fresh complete RPMI 

culture medium with 500 U/mL IL2. 
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6.7.5 Flowcytometry  

To 6000 μL of staining buffer (SB), 12 μL of anti CD56, 24 μL of anti CD16, and 12 μL 

of Live/Dead near IR stains were added. For each condition, add 15 μL of cell suspension 

to 50 μL of staining mixture in a 96-well plate. The cells were then incubated in the dark 

at 4 oC for 15 minutes, followed by two washes with 100 μL of staining buffer. Cells were 

spun at 400g for 5 minutes, and cell pellets were resuspended in 200 μL of staining buffer. 

The 96-well plate was acquired using flowcytometry machine.  

6.7.6 Viability and Recovery Rate Assessment  

Immediate post-thaw viability and recovery were assessed by counting the number of live 

and dead cells per sample. The Trypan blue exclusion assay or flowcytometry were used 

to stain live/dead cells. Post-thaw viability was obtained using the formula 

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝐶𝑒𝑙𝑙𝑠�𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒 + 𝐷𝑒𝑎𝑑	𝑐𝑒𝑙𝑙𝑠	�, whereas post-thaw recovery 

rate was obtained using 

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝑐𝑒𝑙𝑙𝑠�𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑓𝑟𝑜𝑧𝑒𝑛	𝑐𝑒𝑙𝑙𝑠	(1𝑥𝐸6)�. Statistical analysis 

was completed using a one-way ANOVA™ (multiple comparisons) in GraphPad Prism. 

6.7.7 Cytotoxicity Assay 

pNK cells and K562 target cells (ATTC, Burlington, Ontario, Canada) were counted using 

flowcytometry. For each condition, the amount needed for total of 50K cell/well was added 

to a 15-mL falcon tube. Cells were then spun at 400g for 5 minutes. Cell pellets were 

resuspended in 600 μL of complete RMPI with 100 U/mL of IL-2. The amount needed for 

a total 150K cell/50 μL of K562 target cells for 12 samples was added to a 15 mL-falcon 

tube. Cells were spun at 400g for 5 minutes and the cell pellet was resuspended in 2.66 mL 

of complete RMPI with 100 U/mL of IL-2. In a U-bottom 96-well plate, 50 μL of pNK 
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cells were added to the appropriate wells. 50 μL of target cell suspension was then co-

plated with pNK cells in the appropriate 1:3 ratio wells. Target cells were diluted down by 

adding 1.7 mL of complete RPMI with IL-2. The 50 μL of the diluted K562 cell suspension 

was then co-platted with pNK cells. BFA was diluted to 1000X using RPMI + 10% FBS 

medium, and 50 μL of BFA was added to all wells. 50 μL of complete RPMI medium with 

100 U/mL IL-2 was then added to the wells with 1:1 pNK:K562 ratio. Cells were mixed 

very well and incubated for 4 hours in a 5% CO2 atmosphere in humidified incubator at 

37 ˚C.  

While the cells were being incubated staining solutions were prepared. To a total of 6000-

μL of staining buffer, 120 μL of anti CD56, 120 μL of anti CS107, 240 μL of anti CD16, 

and 120 μL of Live/Dead near IR stains were added to the surface staining master mix. To 

a 6000-μL of cytoperm wash buffer, 120 μL of anti IFN-γ was added to prepare the 

intracellular staining master mix. A compensation plate was also prepared where one well 

of beads contained one of the four antibodies (CD56, CD107, CD16 and IFN-γ). In each 

well, 300 μL of staining buffer, 3 μL of beads and 1 μL of antibody were added. Plates was 

kept in the dark until use.  

After incubation, cells were mixed very well and transferred to a U-bottom 96-well plate. 

Cells were spun at 400g for 4 minutes, washed with 150 μL of staining buffer and 

centrifuged. Cell pellets were resuspended with 50 μL of surface staining master mixture, 

incubated at 4 ºC for 25 minutes. Cells were then centrifuged at 400g for 5 minutes, and 

pellets were resuspended with 100 μL of cytofix/cytoperm. Cells were incubated for 20 

minutes at 4 ºC, washed twice with 100 μL of wash buffer. Pellets were resuspended with 

50 μL of intracellular staining master mixture and incubated at 4 ºC for 25 minutes. Cells 
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were washed with wash buffer twice and pellets were resuspended with 200 μL of staining 

buffer. Plate was then acquired using flowcytometry machine.  
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6.8 Supplementary Figures: 

 
S. Figure 6.1 (A) Forward and side scatter (FSC and SSC) plots with a gate to detect 
CS10-frozen pNK cells. (B) Live and dead CS10- frozen pNK cells were gated in the 
subsequent Live/Dead fixable near IR-A/FSC plot. (C) Representative histogram after 

staining live/dead cells with Live/Dead fixable near IR. 

 

 
S. Figure 6.2 (A) Forward and side scatter (FSC and SSC) plots with a gate to detect 10 
mM 2FA-frozen pNK cells. (B) Live and dead 10 mM 2FA-frozen pNK cells were gated 
in the subsequent Live/Dead fixable near IR-A/FSC plot. (C) Representative histogram 

after staining live/dead cells with Live/Dead fixable near IR. 
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S. Figure 6.3 (A) Forward and side scatter (FSC and SSC) plots with a gate to detect 5 
mM 2FA-frozen pNK cells. (B) Live and dead 5 mM 2FA-frozen pNK cells were gated 
in the subsequent Live/Dead fixable near IR-A/FSC plot. (C) Representative histogram 

after staining live/dead cells with Live/Dead fixable near IR. 

 

 
S. Figure 6.4 (A) Forward and side scatter (FSC and SSC) plots with a gate to detect 2.5 
mM 2FA-frozen pNK cells. (B) Live and dead 2.5 mM 2FA-frozen pNK cells were gated 
in the subsequent Live/Dead fixable near IR-A/FSC plot. (C) Representative histogram 

after staining live/dead cells with Live/Dead fixable near IR. 
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S. Figure 6.5 Scatter plots representing the percentage of IFN-γ+ in the absence and 

presence of target cells K562 for (A) pre-frozen pNK cells, (B) CS10-frozen pNK cells, 
(C) 10 mM 2FA-frozen pNK cells, (D) 5 mM 2FA-frozen pNK cells, (E) 2.5 mM 2FA-

frozen pNK cells. 
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Chapter 7: Thesis Conclusions and Future work  

7.1 Conclusions 

The main objective of this thesis was to develop ice recrystallization inhibitors 

(IRIs) for use in conventional freezing protocols, to investigate the potential for IRIs to 

improve the cryopreservation outcomes of different cellular products, such as iPSC-Ns, 

T/CAR T cells and NK cells. To test this objective, one of the most active IRIs from the N-

aryl-D-gluconamide class of IRIs is formulated it in a commercially available, GMP-

compatible cryomedium (i.e., CS10) to assess the capacity of IRIs to maintain viable and 

functional cell products post-thaw through live/dead cell analysis and in vitro functionality 

assays. Another objective of this thesis was to study the structure-activity relationship 

(SAR) between IRI activity and the net polarity of O- and C-alkyl-linked glucosides by 

changing the length of the alkyl chain attached to the glucose moiety at the anomeric 

position, which will assist in the elucidation of key structural properties to direct future IRI 

development.  

 Chapter 3 focused on determining structural features required for IRI activity 

where the effect of changing the length of the hydrophobic moiety (i.e., alkyl chain) and 

the type of the glycosidic bond (i.e., C-O and C-C bonds) were studied. Testing this effect 

involved the synthesis of O- and C-linked alkyl pyranoses with different alkyl chain 

lengths, followed by assessment of their IRI activity using the modified splat cooling assay 

to determine their IC50 values. Because O-linked derivatives of n-octyl-β-D-glycosides have 

previously been described as active IRIs, therefore, the octyl chain was sequentially 

shortened to a methyl, and the IC50 of each derivative was determined. Polar surface area 

to molecular surface area (PSA/MSA) ratios of the different O-linked derivatives were 
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computed using Marvin Sketch (ChemAxon) software to measure the net polarity of 

compounds 334 a-g. A very weak linear correlation was found between the PSA/MSA ratio 

and the IRI activity of the O-linked compounds, with an R2 value of the linear regression 

of 0.55, suggesting there was no direct relationship between the net polarity of O-linked 

alkyl glucosides and their IRI activity The C-linked derivatives were also synthesized and 

assessed for their IRI activity (compounds 339 a-f). The PSA/MSA ratios of 339 a-f were 

then correlated with their IRI activity. The C-linked compounds were found to be less IRI 

active than the O-linked ones, and compounds 339 a-f show no correlation between the 

values of PSA/MSA ratio and their IRI activity, as suggested by R2 value of 0.17. The 

second aspect of this chapter compared the IC50 values of O- and C-linked derivatives to 

investigate any relationship between C-C vs C-O glycosidic linkage and IRI activity. 

Generally, O-linked alkyl pyranoses appeared to be more active than C-linked derivatives, 

suggesting that alteration in the glycosidic bond at the anomeric position may affect the 

activity of IRI candidates. Although a positive correlation between the IRI activity and 

PSA/MSA ratios of the N-alkyl-D-gluconamide class that differ in the length of their alkyl 

chain was previously observed, no correlation between the net polarity of the newly 

synthesized O- and C-linked alkyl glucosides and their IC50 values. This highlights that the 

modified splat cooling assay utilized to assess the IRI activity results in a different 

measurement of IRI activity compared to the conventional splat cooling assay (IC50 vs 

%MGS), which may result in different correlations with the net polarity (i.e., PSA/MSA 

ratio) of the IRI candidates. 

Chapters 4, 5 and 6 target the application of IRI technology on different cellular 

therapy products (iPSC-Ns, T/CAR T cells, and NK cells) to investigate the potential of 
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small molecule IRIs to enhance the cryopreservation outcomes. In chapter 4, the N-aryl-

D-gluconamide class of IRIs was utilized to examine their capacity in retaining viable and 

functional iPSC-Ns. Previous work demonstrated that 2FA maintained a high number of 

live and active of HSCs and iPSCs post-thaw, and therefore, it was further applied on iPSC-

Ns. A commercially available and GMP-compatible cryomedium, CS10, was utilized as 

the control freezing medium in the absence of IRIs. 2FA was formulated at 10 mM, 5 mM, 

and 2.5 mM in CS10. As presented in section 4.3.2, formulations of 10 mM and 5 mM 2FA 

in CS10 significantly increased the mean recovery rate of frozen cells compared to CS10 

alone (45% and 50% vs 32%, respectively), as suggested by a one-way ANOVA test with 

Dunnett’s multiple comparisons, offering positive results for a potential cryo-additive for 

the cryopreservation of iPSC-Ns. Moreover, the cryopreserved iPSC-Ns were subjected to 

immunostaining to monitor any changes in the expression of synaptic- and membrane-

associated neuronal markers post-thaw. The iPSC-Ns frozen in 2FA and CS10 displayed 

distinct cell bodies and neurite extensions and retained the expression of essential neural 

markers such as β III tubulin, MAP2, and NeuN. Staining of synaptic- and membrane-

associated proteins such as synaptophysin and GABA receptor confirmed that formulations 

of 2FA in CS10 did not compromise the expression of key neuronal proteins and receptors. 

Moreover, quantification of GABA and glutamine receptors confirmed the presence of 

65% of GABAergic neurons and 35% of glutaminergic neurons in the mixed population of 

iPSC-Ns. The functionality of the cryopreserved iPSC-Ns was also assessed using a 

microelectrode array (MEA) where the firing and signaling activity of mature iPSC-Ns was 

monitored over 229 days in vitro (DIV). 5 mM 2FA-frozen iPSC-Ns appeared to develop 

neuronal networks and synchronized synaptic activity earlier than CS10 control (27 DIV 
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vs 130 DIV). Lastly, the maturity of the neural receptors, such as GABA and NMDAR, 

was tested by treating the cryopreserved iPSC-Ns with neuropharmacological drugs. The 

preliminary results showed that 2FA-frozen iPSC-Ns have similar responses to CS10-

frozen ones when treating with GABA, muscimol, and a mixture of NBQX and memantine, 

confirming maintenance of the activity of GABA and NMDA receptors. Moreover, 5 mM 

2FA-frozen iPSC-Ns displayed predictable responses when they were treated with 

acetylcholine receptor agonists, calcium channel antagonists, and sodium channel 

antagonists. This work demonstrated that 2FA may serve as a potential cryo-additive for 

the cryopreservation of sensitive post-mitotically differentiated iPSC-Ns, which are 

invaluable cell products for future clinical applications.  

In chapter 5 and 6, 2FA was tested on cell-based immunotherapies, T/CAR T and 

pNK cells, to evaluate its capacity in improving the post-thaw viability and functionality 

of cells used for vital immunotherapies. 2FA has shown promising results in 

cryopreserving a high number of viable and functional iPSCs and iPSC-Ns (chapter 4), 

and therefore, we sought to apply 2FA and another IRI from the N-aryl-D-gluconamide 

class, N-4-chlorophenyl-D-gluconamide (4ClA), on the Jurkat cell line and T/CAR T cells. 

In section 5.3, it was demonstrated that the number of live cells post-thaw increased when 

Jurkat and T/CAR T cells were frozen with 2FA rather than 4ClA. Thus, 2FA was further 

applied on primary T cells at different stages (pre-activation, day 1 and 9 post-activation) 

to investigate any variation in the percentage of recovery rate percentages. Previous 

research has claimed that cryopreservation of activated T cells is challenging and causes 

loss of a significant number of functional cells. Moreover, to successfully apply T/CAR T 

therapies in clinics, it is more relevant to freeze cells at days 9-14 post-activation to 
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decrease the time required for T cell therapy products to be available for patients. It was 

demonstrated that the mean recovery rate of primary T-cells frozen with 5 mM 2FA in 

CS10 increased significantly across the different stages at which T cells were 

cryopreserved in comparison with CS10 alone (~80% vs 50%, respectively). Following the 

analysis of the post-thaw viability and recovery of T/CAR T cells, assessment of the 

activity of 2FA-frozen MOCK-T and EGFR-CART cells was conducted to further examine 

any changes in their cytotoxic killing activity against target tumor cells. As presented in 

section 5.4.3, the killing functionality of EGFR-CART did not appear to be compromised 

upon cryopreservation with CS10 in the presence or absence of 2FA. These preliminary 

results suggest that freezing T cells or CAR T cells with 2FA may increase the number of 

viable cells and does not affect their killing activity, allowing for the improved delivery of 

safe and sufficient doses of T cell therapies to clinics.  

pNK cells have revolutionized the cell-based immunotherapy field due to their 

cytotoxic nature and the lack of graft-versus-host reactions. One of the challenges, 

however, is encountered in the availability of pNK cells for clinical applications. Multiple 

cryomedia have been described for freezing pNK and CAR-NK cells. Nonetheless, the 

conventional cryomedia cannot be used in clinicals due to the presence of animal 

components (i.e., fetal bovine serum, FBS). Therefore, we sought to discover the capacity 

of a GMP-compatible cryomedium (CS10) compared with three other conventional 

cryomedia formulations. As presented in section 6.3 of chapter 6, WT- and CAR-NK-92 

cells, as well as pNK cells were cryopreserved in four different cryo-solutions. Assessment 

of the post-thaw viability and recovery revealed that CS10 resulted in a high 

viability/recovery rate immediately post-thaw, however, the number of live cells appeared 
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to decrease 48-hours post-thaw which can be related to delayed cell death/cryoinjury. 

Therefore, CS10 was further tested on pNK cells in the presence or absence of 2FA. The 

results in section 6.4 demonstrated that there is no significant change in the immediate nor 

the 3-hr post-thaw recovery rate in the presence or absence of 2FA (the recovery rate ranges 

from 45 to 50%). Moreover, the post-thaw cytotoxic killing activity assessment revealed 

that there is no difference in the cytotoxic killing activity of the cells against a specific 

tumor target, confirming that formulation of IRIs into the cryomedia did not compromise 

the functionality of pNK cells upon freezing.  

Overall, the work presented in this thesis demonstrates that the application of small 

molecule IRIs on the cryopreservation protocol of multiple cellular products may enhance 

the cryopreservation outcomes (i.e., recovery rate and functionality). This will assist in 

developing a master cell bank of the different cell-based therapy products, allowing the 

access of off-the-shelf, efficacious cell products for patients. Lastly, the SAR studies 

presented in this thesis highlight the importance of investigating the correlation between 

the molecular properties (i.e., log P and PSA/MSA ratio) and the activity of existing IRIs 

(i.e., IC50 values), to better understand key molecular features that are significant for future 

IRI development.  

7.2 Future Directions 

The first goal of this thesis was to conduct SAR studies on IRIs to elucidate how 

changes in the length of hydrophobic moieties (i.e., alkyl chain) affect the activity of IRI 

candidates. Another aim of this thesis was to investigate the potential of IRIs for use as 

cryoprotective agents for different cell-based therapies (i.e., iPSC-Ns, T/CAR T cells, and 

NK cells).  
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The results of the SAR studies demonstrated in this thesis continue to show that 

pyranoses require a hydrophobic region to be active IRIs. Notably, the length of the alkyl 

chain, as well as the type of glycosidic bond at the anomeric position were discovered to 

affect the IRI activity.  Therefore, it is significant to conduct additional SAR studies to 

further understand the structural properties essential for these small compounds to be 

active, which will assist in the development of new, more effective, small-molecule IRIs. 

As indicated in chapter 3, it is necessary to investigate the relationship between IRI 

activity and additional modifications to the carbohydrate moiety and other glycosidic bonds 

(i.e., N- or S-linked alkyl glucosides). It was demonstrated that long alkyl chains (i.e., an 

octyl chain) linked by an O-glycosidic bond have higher IRI activity and are very soluble 

compared to the other O-linked derivatives, such as the aryl glucosides. In addition to C1 

modifications, further studies must be conducted to explore modifications at C4 and C6 

which have been previously shown to be important positions for IRI activity. Changes in 

the glycosidic bond from C-O to C-C resulted in less active IRIs, and therefore, it is 

pertinent to further examine the effect of C-N and C-S glycosidic bonds on IRI activity in 

comparison with the parent O-linked compounds. Lastly, it is important to study the 

difference in correlations between the molecular properties of IRI candidates and the 

different IRI activity measurements (i.e., IC50 and %MGS), to better understand the 

measurement of IRI activity measurement and its relationship with IRI molecular 

properties.  

Furthermore, the outcomes of cryopreservation of iPSC-Ns (chapter 4) with one 

of the IRIs that belongs to N-aryl-D-gluconamide class (2FA) highlighted the importance 

of the protection against ice recrystallization during cryopreservation. It was demonstrated 
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that freezing iPSC-Ns in the presence of 2FA yielded a higher number of live cells and 

improved the post-thaw re-establishment of their synaptic activity. In addition, 

metabolomic studies were conducted on the cryopreserved iPSC-Ns (unpublished data) to 

better understand the cell physiology and to monitor any changes in the 2FA-frozen iPSC-

Ns. Differentiation of iPSC-Ns is a lengthy process and does not yield high number of fully 

mature neurons, therefore, the number of samples that were frozen for this experiment was 

low (n=2). In order to develop an optimal cryopreservation protocol for iPSC-Ns, it is 

pertinent to increase the sample size (n ≥ 3). Moreover, in vivo studies will be further 

conducted where IRI-cryopreserved iPSC-Ns will be transplanted into Alzheimer’s-

modeled mice to examine any degradation in the formation of amyloid plaques. These 

studies will pave the way for optimizing the cryopreservation protocol for iPSC-Ns which 

will be beneficial for banking such susceptible cellular products for clinical applications.  

Chapter 5 demonstrated the importance of cryopreserving T/CAR T cell therapy 

to allow their delivery to clinics for the treatment of types of tumors. Conventional 

cryomedia proposed for freezing T cell products contain animal components (i.e., FBS), 

and therefore, we sought to discover whether application of IRI technology with a GMP-

compatible cryo-solution would improve the cryopreservation outcomes of T/CAR T cell 

therapy. As presented throughout chapter 5, freezing T and CAR T cells in the presence 

of 2FA led to a higher recovery rate and did not compromise their cytotoxic killing activity 

against specific tumor cells. Therefore, it is significant to further study any biochemical 

changes in the cryopreserved T/CAR T cells, such as DNA and membrane integrity. 

Moreover, in vivo functionality assays should be conducted to investigate the capacity of 
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frozen T/CAR T cells in killing tumor cells which will allow for the translation of IRI 

technology application to future clinical applications.  

In chapter 6, efforts were drawn to study the potential of a GMP-compatible 

cryomedium (CS10) to preserve pNK cells. It was reported that CS10 resulted in a 

sufficient number of live cells compared to other non-GMP grade formulations of 

cryomedia, however, a decrease in the 4h-hr post-thaw recovery rate of CS10-frozen pNK 

cells was observed. Therefore, one of most active IRIs that showed promising results in 

preserving T/CAR T cells (2FA) was utilized to cryopreserved pNK cells. No significant 

increase in the recovery rate nor the cytotoxic killing activity was identified in the 2FA-

frozen NK cultures compared to CS10-alone frozen cells. This may be related to the fact 

that the cryopreserved pNK cells were allowed to expand and grow in the presence of 

feeder cells prior to the application of the functionality assay. However, in clinical displays, 

frozen pNK cells are transfused directly without expansion, and therefore, it is pertinent to 

retain a high number of viable and functional pNK cells post-thaw. Future experiments will 

focus on monitoring any recovery rate changes in the presence or absence of IRIs over 24, 

48, and 72 hours without the addition of feeder cells in the cryopreserved cultures of pNK 

cells. Further in vivo will also be conducted to ensure that the killing activity of pNK cells 

is not compromised upon freezing and thawing with IRIs.    

Overall, the discoveries presented in this thesis highlight the potential and benefits of 

applying IRI technology in the cryopreservation protocols of iPSC-Ns, T/CAR T cells, and 

NK cells. Efforts to develop new active IRIs has, therefore, risen. A plethora of SAR 

studies, such as correlations of IRI activity with log P and critical micellization 

concentration, must be conducted on existing IRIs to understand key structural features 
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accompanied with IRI activity. Moreover, improvements in post-thaw recovery and 

functionality of iPSC-Ns, T/CAR T cells, and NK cells are vital for the treatment of 

neurodegenerative and immune diseases, highlighting the potential of IRIs to serve as 

cryoprotective agents. 

Appendices  

Appendix I: Contribution to Original Research  

1. Synthesis and analysis of ice recrystallization inhibition (IRI) activity of O- and C-

linked alkyl glucosides (compounds 334 a-g and 339 a-f) in chapter 3. 

2. Polar surface area-to-molecular surface area (PSA/MSA) ratio analysis of the 

different compounds (334 a-g and 339 a-f) and correlations with IRI activity using 

Marvin Sketch and Prism softwares in chapter 3.  

3. Assessment of an N-aryl-D-gluconamide compound to cryopreserve iPSC-Ns by 

analyzing the post-thaw viability/recovery rates, as well as well the synaptic activity 

of cryopreserved iPSC-Ns using MEAs (chapter 4). Cryopreserved iPSC-Ns were 

also subjected to immunochemistry staining. This work was done with the 

assistance of Dr. Anna Jezierski, Ewa Baumann, Junzhuo Huang, Dr. Joseph 

Tauskela, and Amy Aylsworth at National Research Council of Canada (NRC) in 

Ottawa.  

4. Studying the potential of two derivatives from the N-aryl-D-gluconamide class of 

IRIs to cryopreserve T and CART cells (chapter 5). In vitro functional analysis of 

frozen T and CART cells was also conducted using the IncuCyte live cell imaging 

software. This work was carried with the assistance of Dr. Scott McComb, Dr. Tina 
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Nguyen, and Ahmed Zaffir at National Research Council of Canada (NRC) in 

Ottawa.  

5. Optimization of the cryomedia utilized for freezing pNK cells was demonstrated in 

chapter 6. Application of the IRI technology was further tested on pNK cells to 

assess the capacity of IRIs to maintain viable and functional cells post-thaw. This 

work was conducted with the assistance of Dr. Seung-Hwan Lee, Bryan Marr, and 

Donghyeon (Darren) Jo at the Faculty of Medicine, Department of Biochemistry, 

Microbiology, and Immunology, University of Ottawa.  
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 361 

3- Karishma Chopra, Salma Alasmar, Ahmed Zafer, Junzhuo Huang, Anna Jezierski, 

Scott Mccomb, Ewa Bauman, Robert N. Ben. (2019). Improving the 

Cryopreservation of Human Induced Pluripotent Stem Cells (iPSCs) And Human 

T-Cells with Ice Recrystallization Inhibitors (IRIs), Cryobiology, Volume 91, Page 

162. (Referred Conference Abstract). 

Presentations 

1- Salma Alasmar-Abdou, Ewa Baumann, Junzhuo Huang, Joseph Tauskela, Anna 

Jezierski, Robert N. Ben. Small molecule ice recrystallization inhibitors improve 

post-thaw functionality and network activity of human induced pluripotent stem 

cell (iPSC)-derived neurons (iNs). Poster, Till and McCulloch Meetings, November 

2021 (Ottawa, Ontario). 

2-  Salma Alasmar-Abdou, Karishma Chopra, Ewa Baumann, Junzhuo Huang, 

Joseph S. Tauskela, Anna Jezierski, Robert N. Ben. Ice Recrystallization Inhibitors 

(IRIs) as Novel Cryoprotectants for Human Induced Pluripotent Stem Cells (iPSCs) 

and iPSC-Derived Neurons (iNs). Poster, Society For Cryobiology, July 2021 

(Ottawa, Ontario).  

3- Salma Alasmar-Abdou, Ewa Baumann, Junzhuo Huang, Joseph Tauskela, Anna 

Jezierski, Robert N. Ben. Small molecule ice recrystallization inhibitors improve 

post-thaw functionality and network activity of human induced pluripotent stem 

cell (iPSC)-derived neurons (iNs). Poster, Brain Health Research Day, June 2021 

(Ottawa, Ontario). 

4- Salma Alasmar-Abdou, Ewa Baumann, Junzhuo Huang, Joseph Tauskela, Anna 

Jezierski, Robert N. Ben. Ice Recrystallization Inhibitors (IRIs) as Novel 



 362 

Cryoprotectants for Human Induced Pluripotent Stem Cell (iPSC)-Derived 

Neurons (iNs). Presentation, Extreme Cryo Symposium, March 2021 (Ottawa, 

Ontario). 

5- Salma Alasmar-Abdou, Ewa Baumann, Junzhuo Huang, Joseph Tauskela, Anna 

Jezierski, Robert N. Ben. Improved Cryopreservation of Human Induced 

Pluripotent Stem Cell (iPSC)-Derived Neurons (iNs) Using Ice Recrystallization 

Inhibitors (IRIs). Poster, Women In Science Symposium, February 2021 (Ottawa, 

Ontario). 

6- Salma Alasmar, Ahmed Zafer, Anna Jezierski, Scott McComb, Robert N. Ben. 

Assessing the Cryopreservation Potential of Small Molecule Ice Recrystallization 

Inhibitors on Human T Cells. Poster, Glyconet Symposium, May 2019 (Banff, 

Alberta). 

Non-Thesis Related Publications: 

1- Suzana P. Gelova, Kassidy N. Doherty, Salma Alasmar, and Kin Chan. Intrinsic 
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Appendix III: Experimental Section 

Data plotting and statistical analysis  

GraphPad Prism 7 software (La Jolla, California, USA; www.graphpad.com) was used to 

create the data figures. IC50 values of the different IRI candidates synthesized and assessed 
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in chapter 3 were calculated using non-linear regression of the log concentration of IRI vs 

normalized response. Moreover, Marvin Sketch (ChemAxon) software was utilized to 

compute PSA and MSA values of the different targets assessed in chapter 3. GraphPad 

Prism 7 software was further used to correlate PSA/MSA ratios with log IC50 values of all 

compounds reported in chapter 3 by performing a linear regression to fit the data. 

GraphPad was also used to conduct statistical analysis of all post-thaw viability, recovery 

rate, and functionality assays, using a one-way ANOVA test with Dunnett’s multiple 

comparisons (e.g. 95 or 99 percent confidence intervals). P values of less than 0.1 were 

deemed significant. Data dispersion calculations (i.e., SEM or SD) were carried out in 

accordance with the Ben laboratory's standard procedures. The standard error of the mean 

was used to quantify the precision of the mean obtained from studies where applicable. 

Experimental Protocols for IRI analysis  

The Modified Splat Cooling Assay 

Assessment of ice recrystallization inhibition (IRI) activity of the synthesized compounds 

was done using the modified splat cooling assay after a 5-minute annealing period, as 

described previously. In summary, 10 μL of the analyte dissolved in phosphate-buffered 

saline (PBS) was dropped onto a polished aluminum block that had been cooled to -80 °C. 

The droplet was quickly frozen after being dropped from a height of 2 metres. The wafer 

was moved to a coverslip (Fisherbrand, 12-545-80) using pre-cooled tools, and then placed 

in a cryo-stage maintained at -6.4 °C using a programmable Peltier unit (S3 Series 800 

temperature controller, Alpha Omega Instruments). The wafer was annealed for 5 minutes 

before being imaged with a live imaging camera attached to a microscope. “NIS elements 

D” software (version 5.30.01) was utilized to capture the images. One image from each ice 



 364 

wafer was then evaluated with ImageJ (Image Processing and Analysis in Java, version 

1.51s). Within the image, ice crystals with clearly defined boundaries were circled, and the 

area of each circled ice crystal was computed using ImageJ. 

Quantification of the IRI Activity 

A modified splat-cooling assay was used to evaluate ice recrystallization inhibition (IRI) 

activity to generate IC50 curves. Each compound was tested at a minimum of five 

concentrations. The ice wafer was annealed at -6.4 °C for 5 minutes, as described before 

for the modified splat cooling assay. Each wafer had one image chosen for further 

processing using ImageJ software. Within the selected image, ice crystals with well-

defined boundaries were circled in the software, and the area of each circled ice crystal was 

determined. To get an initial rate (v) of ice recrystallization, a binning strategy based on 

the size of the ice crystal was used. The ice crystal sections were then separated into discrete 

bins depending on size using Excel (bin size increases in increments of 0.001 mm2). Due 

to ice recrystallization, the resulting areas of ice crystals shifted from bin 1 to higher bins. 

Dividing the sum of areas within a bin by the sum of areas of all crystals in the image 

yielded the proportionate area of each bin for each wafer. The rate for each tested 

concentration was calculated and normalized using the rate for the PBS control (zero 

inhibitor concentration). The normalized rate, vnorm, for each inhibitor and their log 

concentration values were plotted in GraphPad Prism to produce a dose-response curve. 

The four-parameter sigmoidal curve fit to the data yielded a value for the half-maximal 

inhibition concentration (IC50). Error bars represent standard deviation (SD). 


