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Abstract  
Induced pluripotent stem cells (iPSCs) are an attractive cell source for various applications in 

regenerative medicine and cell-based therapies given their unique capability to differentiate into any cell 

type of the human body. However, human iPSCs are highly vulnerable to cryopreservation with post-thaw 

survival rates of 40-60%; this is due to cryoinjury resulting from ice recrystallization when using 

conventional slow cooling protocols.  

Ice recrystallization is a process where the growth of large ice crystals occurs at the expense of 

small ice crystals. Ice recrystallization inhibitors (IRIs) are designed to inhibit the growth of intracellular 

ice crystals, increasing post-thaw viability. In this study, we tested a panel of four IRIs to determine if the 

inhibition of ice recrystallization can decrease cellular damage during freezing and improve viability post-

thaw of iPSC colonies. We supplemented commercially available and serum-free cryopreservation medium 

mFreSR, routinely used for the cryopreservation of iPSCs, with a class of N-aryl-D-ß-gluconamide IRIs. A 

2-fold increase in post-thaw viability was observed, in a dose dependent response, for N-(4-

methoxyphenyl)-D-gluconamide (PMA) at 15 mM, N-(2-fluorophenyl)-D-gluconamide (2FA) at 10 mM, 

and N-(4-chlorophenyl)-D-gluconamide (4ClA) at 0.5 mM over mFreSR controls. After testing the panel 

of four IRIs, 2FA frozen iPSCs showed an increase in cell viability, proliferation, and recovery. The 

addition of ROCK inhibitor (RI), commonly used to increase iPSC viability post thaw, further enhanced 

the survival of the iPSCs frozen in the presence of 2FA and is used routinely in research. This additive 

effect increased cell recovery and colony formation post thaw, resulting in increased proliferation with no 

adverse effects on iPSC pluripotency or differentiation capabilities. 

The development of improved cryopreservation strategies for iPSCs is key to establishing master 

clonal cell banks and limiting cell selection pressures, all while maintaining high post-thaw viability and 

function. This will help ensure sufficient supplies of high-quality iPSC required to meet the cell demands 

for cell and regenerative based therapies. Since iPSCs hold promise as a potentially unlimited cell source 
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for a plethora of cell-based therapies, improving cryopreservation is essential to the successful deployment 

of iPSC-derived therapeutic cell products in the future. 
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Chapter 1: Cryopreservation and its limitations 
1.1. Promise of cell therapies 

Stem cell studies are increasing in demand exponentially due to their many uses, which include 

the following: use of disease modeling, regenerative medicine applications, the assessment of 

safety, and efficacy of new drugs. Stem cells are unspecialized cells that differentiate to become 

specialized cells and tissues. Understanding this process of differentiation is key to developing 

treatments for diseases.  

Human-induced pluripotent stem cells (iPSCs) are utilized for disease modeling and 

regenerative medicine applications. Some of these applications include neurodegenerative and 

psychiatric disorders [1]. Furthermore, patients diagnosed with type 1 diabetes, heart disease, 

stroke, cancer, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and 

osteoarthritis can benefit from stem cell therapies [2]. Stem cell products are injected or 

transplanted into patients to treat diseases [3]. The injection of stem cells produces a therapeutic 

effect in patients by promoting the release of cytokines, growth factors, or chemokines, all of which 

are targeted to activate self-healing mechanisms [3–5]. Also, transplanting iPSCs at the site of 

damage in the body targets the regeneration of damaged tissues. For example, a recent study by 

Ducan et al. discusses the effect of reversing the impairment of spatial memory by transplanting 

iPSC-derived cholinergic neuronal precursors into the intra-hippocampus of Alzheimer’s disease 

mouse models [6, 7]. In addition, stem cell derived products, such as blood cells, brain cells, heart 

muscle cells, or bone cells, offer a great promise. For example, iPSCs have been shown to repair 

neurodegeneration from Alzheimer’s disease by producing new neurons through the release of 

growth factors.  
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As the demand for new cellular therapies continues to increase, the need for a method to 

effectively store these cells and other cellular therapy products is essential. Long-term 

cryopreservation of stem cells has been previously carried out by storing cell products by slow-

cooling to sub-zero temperatures. Cryopreservation has been essential to developing master stem 

cell banks as it allows access to cells or tissues for research and therapy purposes. Nonetheless, 

the cryopreservation of those cells and cell products remains suboptimal due to low yield in cell 

viability post-thaw.  
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1.2. Cryopreservation 
To preserve biological specimens either for short-term or long-term storage, hypothermic 

storage, or cryopreservation can be utilized.   

Hypothermic storage is beneficial for short term storage (days or weeks) of cellular 

products such as patient biopsies for shipment. Hypothermic storage preserves the cells and tissues 

at temperatures ranging between 4 ºC and 10 ºC. Similar to other methods, storing cells and tissues 

in hypothermic conditions lower the biological activity [8–10]. It is ideal to use short term storage 

materials as soon as possible due to the risk of bacterial growth and contamination [11, 12]. 

Overall, hypothermic storage limits the storage time-period and decreases the viability and 

functionality of the cells. Hence, to overcome the limiting shelf-life, cells and tissues can be stored 

in a frozen state.  

Cryopreservation is beneficial for long-term storage where biological samples are preserved 

at sub-zero temperature conditions between -80 ºC and -196 ºC. At these temperature conditions, 

the biological activity is halted, and the risk of bacterial contamination is mitigated, allowing for 

samples to be stored for a more extended period (weeks, months, or years). When cells are cooled 

to -5 ºC, the cells extracellular and intracellular compartments remain supercooled [13–15]. As the 

temperature decreases to -10 ºC, ice will spontaneously nucleate in the extracellular environment. 

The nucleation of ice extracellularly increases osmolality and triggers osmotic stress. The osmotic 

gradient drives the water from cells outwards facilitating dehydration. Ice nucleation leads to 

uncontrolled ice growth and that negatively impacts post-thaw viability and functionality [16]. For 

example, the cells can experience cold-induced apoptosis, cell toxicity, cell death, or cell-
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membrane instability. Therefore, the cooling-rate dependent fate of intracellular water from 

extracellular ice formation is illustrated in Figure 1.1 [17]. 

 

 

Figure 1.1. The illustration of the cooling-rate dependent fate of intracellular water from 
extracellular ice formation. As the temperature of the cells approaches freezing point, ice is formed 
in the extracellular medium. During slow cooling (4th panel, upper cell), dehydration occurs and 
increases the concentration of solutes inside the cell, leading to lethal solute effects. In rapid 
cooling conditions (4th panel, lower cell), the cells’ extracellular environment spontaneously 
freezes and results in lethal intracellular ice formation. During optimal cooling (4th panel, middle 
cell), the cell experiences minimal intracellular ice formation and decreased solute effects 
depending upon the characteristics of each cell type. Figure adapted from Mazur, 1977 [17] with 
publication licensing and, created using free-license from BioRender.com.  
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During slow cooling, water supercools as the temperature decreases, and the formation of ice 

occurs (Figure 1.1). As ice grows, solutes are concentrated in the diminishing volume. The 

water extracellularly changes state to form ice, and the solutes are excluded causing an influx of 

solute concentration [18–20]. This increase in solute concentration can lead to cellular injury. The 

osmotic gradient acts as the driving force to efflux water to the extracellular medium (Figure 1.1). 

The efflux of water into the extracellular space (process of dehydration) is an essential mechanism 

for cells to reduce the chance of lethal intracellular ice formation (IIF)  [21]. 

During rapid cooling, as the temperature decreases rapidly, the extracellular component 

freezes spontaneously, and intracellular components are immediately supercooled. The 

intracellular component freezes, and intracellular ice formation occurs, resulting in lethal 

intracellular ice formation (IIF) [22]. IIF has been suggested to occur through a number of different 

mechanisms; however, it is a propagation event where ice travels across the external cell 

membrane thereby rupturing the cell[23].  

Mechanical damage also occurs when the recrystallization of intracellular ice occurs during 

thawing. However, intracellular ice can be devastating to the cells depending on the amount and 

location of the ice formation [24–29]. Cryoinjury during the thawing process occurs due to ice 

recrystallization. If the rate of thawing is too slow, the intracellular and extracellular ice crystals 

will increase in size dramatically through the process of ice recrystallization and cause the cell 

membrane to rupture. As a result, cells are thawed using rapid warming rates to minimize the effect 

of ice recrystallization [30]. It is not possible to eliminate the process of ice recrystallization, and 

cryoinjury arising from ice recrystallization has been reported to reduce post-thaw viability in 

different cell types [26, 29, 31, 32].   
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In contrast, rapid cooling rates trap the water inside the cell and promote lethal intracellular 

ice formation [33]. Thus, if fast cooling rates are utilized, it must be accompanied by dehydration 

mechanisms to the cell to mitigate cell death [34]. 

The combination of dehydration accompanied by increased concentration of solutes 

intracellularly is also deadly to cells [35]. This is known as the “solute effect” [14, 36–38]. These 

solute effects are documented to cause irreversible damage to the cell membrane [15, 35].  

When the cell survival of different cell types was plotted as a function of cooling rate, a 

downward U-shaped curve was generated (Figure 1.2) [39]. The highest point of these curves 

represents the optimal cooling rate of each cell type, as illustrated in Figure 1.2. Each cell type 

holds different characteristics of cell permeability; hence, a precise cooling rate cannot be 

predicted and Mazur et al. have reported that different cell types have different optimal cooling 

rates [39].  
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Figure 1.2. The percentage of cell survival as a function of cooling rate (ºC/min) is illustrated 
among the four cell types [35]. Depending on the increased water permeability of each cell, faster 
cooling rates can be applied without the result of cell death from intracellular ice formation. The 
exact optimal rate for each cell is also dependent on other factors such as warming rates and the 
use of cryoprotectants. The highest point on each curve is determined to be the sub-optimal cooling 
rate for each cell. This image has been derived from Mullen [35] with publishing licensing, and 
was originally adapted from Mazur [39]  

 

Cryoprotectants help to mitigate cellular damage but do not prevent the damaging from 

occurring. There are two classes of cryoprotectants that are commonly utilized to reduce the 

formation of ice, penetrating and non-penetrating cryoprotectants. Penetrating cryoprotectants, 

penetrate through the cell membrane and reduce the concentration of the solute while maintaining 

larger cell volumes [40]. On the other hand, non-penetrating cryoprotectants are found to increase 

the osmolality of the extracellular medium and to facilitate dehydration. For example, DMSO 

mitigates damaging effects by facilitating the movement of water during the cellular dehydration.   

Cryoprotectants result in increased cell survival during freezing. Without these 

compounds, studies have shown a decreased cell viability post-thaw [41–44]. For example, 
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cryoprotectants based upon sugars, alcohols, amides, diols, or polymers, have different 

mechanisms of action to increase cell survival during freezing [41, 45]. For example, many 

organisms living in climates where freezing temperatures are prominent have evolved to include 

the metabolic production of cryoprotectants as a strategy for survival [46, 47]. Therefore, many 

researchers have been extensively studying the metabolic production of different cryoprotectants 

in various animals at freezing temperatures [48, 49].  

Under rapid-cooling conditions, non-penetrating cryoprotective agents (CPAs) are used to 

increase the osmolality and accelerate the dehydration of the cell [50–52]. A few examples from 

this class include the following: polyethylene glycol (PEG), hydroxyethyl starch (HES), and 

polyvinyl pyrrolidone (PVP), trehalose, sucrose, and dextran. The type of cryoprotectant to be 

utilized is dependent on the property of the cryoprotectant. For example, long-chain polymer-based 

cryoprotectants are not able to diffuse through the membrane and hence facilitate dehydration of 

the cell to avoid IIF. Non-penetrating CPA can decrease the formation of ice intracellularly, and 

increase the percent recovery of the cells [53].  

Cell injury during cryopreservation is not limited to cryoinjury events. Cell exposure to a 

high concentration of cryoprotectant solutions before cooling can also be damaging due to toxic 

effects. Chemical toxicity is a significant concern when associated with a high concentration of 

cryoprotectants [43, 54]. The high concentrations of cryoprotectant particularly applies to the 

method of vitrification. In short, during vitrification, high concentrations of the cryoprotectants are 

required to achieve a vitreous state. The nature of chemical toxicity remains uncertain to a large 

degree and it is argued to be a result of cell death by cryopreservation. Overall, decreasing the 

amount of cryoprotectant toxicity is one of the critical steps to improve the cryopreservation of 

cellular products.  
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Most of the cell injury during cryopreservation occurs from the uncontrolled growth of ice (ice 

recrystallization). However, the CPA fails to control ice growth and ice recrystallization. 

Therefore, to minimize the ice recrystallization effects, the cells must be thawed using rapid 

thawing rates [30]. Since it is impossible to eliminate ice recrystallization even with the use of fast 

thawing conditions, cryoinjuries have been correlated to decrease the post-thaw viability [26, 29, 

32, 51]. Current approaches have utilized ice recrystallization inhibitors to effectively cryopreserve 

hematopoietic stem and progenitor stem cells (HPSCs), mesenchymal stem cells (MSCs), and red 

blood cells (RBCs), with the addition of CPAs [55, 56].  
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1.3. Developing new cryoprotective agents  
Ice recrystallization is a prosses by which ice crystals increase in size at the expense of 

smaller ice crystals, and these large crystals increase the effect of cell damage. As the temperature 

approaches below 0 ºC, ice will form. The growth of small ice crystals to large ones result in the 

reduction of free energy of the system [57]. The process of ice recrystallization occurs through the 

grain boundary migration [58, 59] or Ostwald ripening [60].  

Grain boundary migration and Ostwald ripening study the growth of larger ice grains or 

crystals at a molecular level. For instance, in grain boundary migration, the focus is at the curvature 

of the large grains, as seen in figure 1.3. Grain boundary migration theory refers to ice crystals as 

ice grains.  

 

 

 

 

 

 

Figure 1.3. The process of grain boundary migration displayed between a liquid layer (shaded 
region) and two ice grains (grain 2 and grain 1- left to right). Large grains create concave 
boundaries (grain 2), while small grains contain convex boundaries (grain 1). Smaller grains 
decrease in size to reduce the overall degree of grain boundary curvature. Boundary migration is 
indicated by the direction of the arrow (small grain -grain 2 to large grain – grain 1 ) [61].  
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An ice crystal is shaped in a hexagonal arrangement (1h) through the interactions of the 

water molecules. The location of the water molecules at the edge of the ice grain influences the 

orientation of the ice structure. Therefore, the grain boundary is defined as the difference between 

variety of oriented ice grains [58, 59].  Grain boundary migration occurs as the individual 

molecular transfers from a state of unfavorable ice orientation (convex shape) to a favorable ice 

orientation (concave shape). The boundaries of the ice grains are curved, and the degree of 

curvature results in the grain to be convex and thus increase in surface energy. Grain boundary 

migration functions to decrease the overall degree of curvature by moving towards the center of 

curvature. This migration results in ice grains with concave boundaries (larger grain) to grow larger 

and convex boundaries (smaller grains) to decrease in size, reducing the overall surface area [60]. 

Since smaller ice grains are of higher energy than the water molecules, these are found to be 

thermodynamically less stable. The enthalpic force drives the water molecules to migrate towards 

the large ice crystals from smaller ones, as shown by the arrows in Figure 1.3.  

The Ostwald ripening theory of ice recrystallization implements the whole system of ice 

crystals and liquid water in the presence of a quasi-liquid layer (QLL) [57]. It is key to understand 

that in Ostwald ripening, the total volume of ice remains constant as the average ice crystals size 

increases [62]. Ostwald ripening is a process whereby large ice crystals are formed at the expense 

of smaller crystals leading to an overall decrease in energy and surface area of the ice crystal 

interface. In this mechanism, the presence of bulk-water is introduced. It is hypothesized that in 

ice, there are three layers, as seen in Figure 1.4 – ordered (ice crystals), semi-ordered (quasi-liquid 

layer), and non-ordered/randomized (bulk water).  
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Figure 1.4. The schematic illustration of the quasi-liquid layer (QLL) present at the interface of 
two ice crystals [63]. Ice recrystallization phenomenon illustrated in the theory of Ostwald 
ripening, where large ice crystals are formed at the expense of smaller ice crystals. The net volume 
remains constant as the average crystal size increases. Ice crystals are seen to be present in an 
ordered crystallographic configuration (ice crystals #1 & #2). The QLL represents a semi-ordered 
configuration. The aqueous water or bulk water layer illustrates the non-ordered state. As the layers 
progress from an ordered to randomized state, the surface area to volume ratio decreases. 
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A greater number of smaller ice crystals result in a higher surface area to volume ratio, 

resulting in more elevated surface free energy since the water molecules (bulk water) near the 

surface are less stable than water molecules in ice [57, 64].  Conversely, a greater number of larger 

ice crystals have a smaller surface area to volume ratio and are more thermodynamically stable 

than smaller ice crystals. The water molecules move from small crystals to the bulk water to the 

larger crystals, as shown in figure 1.4. The net result is an increase in the size of the ice crystal and 

a decrease in the total number of ice crystals present at a constant total amount of ice. This process 

yields an overall reduction of the free energy of the system [62]. 

Overall, the effects of ice recrystallization are devastating to biological samples as the ice 

progresses to destruct the internal components of the cell, thus limiting its activity. Hence, a theory 

of Ostwald ripening states that ice recrystallization inhibitor (IRIs) prevent the process of ice 

recrystallization by residing as a solute at the QLL-bulk water interface (Figure 1.5) [65]. A 

disruption to the order of the water molecule configuration in the semi-ordered layer makes the 

transfer of the water molecules less favorable from the ordered ice crystals. The solutes’ presence 

at the interface, therefore, results in smaller ice crystals, inhibiting the process of ice 

recrystallization.  

 

 

 

 

 

 

 

 



 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. The illustration of the proposed mechanism by which the ice recrystallization 
inhibitor compounds inhibit ice recrystallization. The presence of the solute at the QLL-bulk 
water interface between the two ice crystals disrupts the semi-ordered layer, limiting the transfer 
of the water molecules to the ordered ice crystal layer. The illustration was obtained from 
Balcerzak et al., [65]. 
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1.4. Ice recrystallization inhibitors and their development  
One of the first compounds to be discovered is the antifreeze proteins (AFPs) and antifreeze 

glycoproteins (AFGPs). AFPs and AFGP compounds do not function as ideal cryoprotectants due 

to their ability to bind to ice and change the properties of the ice crystals [66]. Consequently, 

analogues of AFGPs were designed to “custom tailor” the antifreeze activity. Although these 

compounds were found to exhibit ice recrystallization inhibition (IRI) activity, the analogs did not 

bind to ice. Subsequently, mono- and disaccharides were designed, and these compounds also 

displayed IRI activity. This led to the discovery of many other small carbohydrate-based ice 

recrystallization inhibitors, which had a great potential to function as cryoprotectant additives.  

1.4.1. Small carbohydrate-based ice recrystallization inhibitor applications 
The large-scale chemical synthesis of AFGP analogs is challenging since large quantities 

are required for cell applications. Thus, current research efforts have focused on the design of 

small molecules that can inhibit ice recrystallization, one class of these small molecules are the  N-

aryl-D-aldonamides (Figure 1.6). 

 

 

 

 

 

 

Figure 1.6. General structure of N-aryl-D-aldonamides.  
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 These compounds have been found to improve the post-thaw functionality of 

hematopoietic stem and progenitor cells (HSPCs) [67]. In this study, four compounds from the 

class of  N-aryl-D-aldonamides were assessed for their ability to enhance the post-thaw 

functionality of induced pluripotent stem cells (iPSCs). These compounds were previously found 

to be non-toxic and increased the potency of HSPCs in umbilical cord blood [67]. Each compound 

was assessed for its ability to inhibit ice recrystallization using a splat cooling assay. The 

compounds were dissolved in a phosphate-buffered saline (PBS) solution and evaluated at 11 mM 

concentration. The four compounds were characterized for their ability to inhibit ice 

recrystallization, identified by their respective IC50 values indicated on figure 1.7 ranging from 4 

mM – 12 mM. These compounds are identified as potent inhibitors of ice recrystallization.  
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1.5. Goals and objectives of the thesis 
Many researchers and clinicians face cell preservation challenges, even with the use of 

CPAs such as DMSO and glycerol. However, conventional CPAs on their own are not able to 

inhibit the growth of ice crystals during freezing/thawing processes. Hence, the development of a 

novel class of IRIs has been designed for their assessment in iPSCs by our lab. Four IRI compounds 

are of particular interest from the class of N-aryl-D-aldonamides, these include; N-(4-

chlorophenyl)-D-gluconamide (4ClA); N-(2-fluorophenyl)-D-gluconamide (2FA); N-(4-

methoxyphenyl)-D-gluconamide (PMA), and N-(2,6-difluorobenzyl)-D-gluconamide (2,6-DFB) 

(Figure 1.7).  

 

 

 

 

 

 

 

 

Figure 1.7. Ice recrystallization inhibitors from the class of N-aryl-D-aldonomides used in 
supplementing cryopreservation solutions to enhance post-thaw functionality of induced 
pluripotent stem cells (iPSCs). 
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The goal of this thesis is to increase the post-thaw viability and functionality of iPSCs. IRIs 

have been assessed previously in hematopoietic and progenitor stem cells (HPSCs), human liver 

cancer cell lines (HEPG2) and cord blood cells [55, 68, 69]. Earlier studies from our lab identified 

a class of small molecule open chained carbohydrate IRI to display promising validity on the 

cryopreservation of HPSCs by enhancing functionality and potency [55, 66, 67]. The findings 

concluded that the addition of IRIs in cryopreservation media alternatively increased the 

engraftment of umbilical cord blood, which will lead to enhancing viability of the cells post-thaw. 
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Chapter 2: Determining the activity of N-aryl-gluconamide IRIs to 
cryopreserve in iPSCs 
2.1 Ice Recrystallization Inhibition (IRI) Assay  

IRI activity is quantified using the splat cooling assay method [70]. The analyte at concentration of 

22 mM is dissolved in a phosphate buffered saline (PBS) solution. In some cases, when the analyte were 

found to be insoluble at higher concentration, a dose-response is required to determine the IC50.  a serial 

dilution to the following concentrations was sequentially tested at 11 mM, 5 mM or 0.5 mM.  A 10 µL of 

the analyte solution was dropped from a height of 2 meters onto a pre-cooled (-80 ºC) block of polished 

aluminum. The drop instantly freezes and forms an ice wafer of 20 µm thick and 1 cm in diameter. The 

wafer is carefully dislodged from the aluminium plate and transferred to a cryostage held at -6.4 ºC covered 

with a glass coverslip. After 30 minutes of annealing, the wafer is then imaged using a microscope equipped 

with an LMPlanF1 20X, 0.40 objective. Three images in total are captured for each ice wafer and the 

solution is replicated three times.  

The ice crystals which were formed during the flash freeze process are small and homogenous in 

size. The process of recrystallization occurs within the window of 30 minutes of annealing time and this 

results in an increase in ice crystal sizes. After the completion of the annealing process, the images are 

captured, and the area of each crystal is identified using ImageJ software which is extracted to an Excel 

file. The data of the domain areas of the ice crystals are plotted and analyzed using Microsoft Excel. The 

excel database allows for the calculation of the mean grain size (MGS) of the sample to be compared to the 

MGS of the PBS control which was tested independently at the beginning of each IRI activity assessment. 

The IRI activity is reported as the percentage of MGS (% MGS) relative to the PBS control. Hence, if the 

percentages are small, i.e. 10 %, this indicates that the IRI compound is highly active. The % MGS of each 

sample is plotted as a function of average velocity.   
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2.2. General Experiment 

Thin layer chromatography (TLC) with 0.2 mm pre-coated silica gel aluminum plate 60 F254 were 

utilized to monitor the reaction progress or completion. Components of the reaction were visualized using 

a short-wavelength (254 nm) ultra-violet light and/or staining (ceric ammonium molybdate or 

orcinol/sulphuric acid stain solution) on the TLC plate.  

The chemical shifts are reported as part per million (ppm) using the solvent residual peak as an 

internal standard. Splitting patterns are assigned as follows: s, singlet; d, doublet; t, triplet; q, quartet; quint, 

quintet; m, multiplet and br, broad. All NMR solvents for NMR analysis used deuterated DMSO (DMSO- 

d6). NMR characterization was recorded using Bruker Avance 400 with the selection of 1H (300 MHz) 

and/or 13C NMR (400 MHz). Low resolution mass spectrometry (LRMS) was performed on a Micromass 

Quatro-LC Electrospray spectrometer with a pump rate of 20 μL/min using electrospray ionization (ESI).  

N-(2-fluorophenyl)-D-gluconamide  

 

 

Scheme 2.1. Synthesis of N-(2-fluorophenyl)-D-gluconamide (2). 

To a solution of D-gluconic acid-d-lactone (1.00 g, 5.61 mmol) in acetic acid (10 mL) was added 2-

fluoroaniline (1.63 mL, 16.84 mmol). The mixture was stirred for 2 hours at 100 ºC. The crude product was 

precipitated with hexane and filtered to obtain a dark brown sludge. The solid was recrystallized in ethanol 

to result in product as a white powder (37 %). Characterization data is consistent with previously published 

results [67]. 1H NMR (400 MHz, DMSO-d6): δ 9.19 (br. s, 1H), 8.09 (td, J= 15.86Hz, 8.0 Hz, 1H) , 7.30-

7.24 (m, 1H), 7.19- 7.10 (m, 2H), 5.93 (d, J= 4.88 Hz, 1H), 4.64 (d, J= 7.28 Hz, 1H), 4.57 (t, J= 7.48 Hz, 
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5.44 Hz, 2H),  4.35 (t, J= 11.16 Hz, 5.56 Hz, 1H), 4.22 (t, J= 7.68 Hz, 3.68 Hz, 1H), 4.04-4.00 (m, 1H), 

3.60 - 3.49 (m, 3H), 3.41-3.36 (m , 1H). 13C NMR (400 MHz, DMSO- d6): δ 172.0, 124.99 (d, J = 28.88 

Hz), 122.49, 115.71 (d, J= 76.84 Hz), 74.41, 72.66 (d, J= 249.44 Hz), 70.71, 63.74. LRMS (ESI): m/z calc. 

for C12H16FNaNO6 [M+Na]+ 312.3; found 312.2.  
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N-(4-chlorophenyl)-D-gluconamide  

 

Scheme 2.2. Synthesis of N-(4-chlorophenyl)-D-gluconamide (3). 

To a solution of D-gluconic acid-d-lactone (3.00 g, 16.84 mmol) in acetic acid (30 mL) was added 4-

chloroaniline (2.15 g, 16.84 mmol). The mixture was stirred for 2 hours at 100 ºC. The crude product was 

precipitated with hexanes and filtered. The crude solid was recrystallized in ethanol to result in product as 

a white powder (24.5 %). Characterization data is consistent with previously published results [67]. 1H 

NMR (400 MHz, DMSO-d6): δ 9.72 (s, 1H), 7.75 (d, J= 8.88 Hz, 2H) , 7.35 (d, J= 8.84 Hz, 2H) 5.71 (d, J= 

5.16 Hz, 1H), 4.59 (d, J= 4.80 Hz, 1H), 4.53 (d, J= 7.08, 2H), 4.35 (t, J= 11.28 Hz, 5.64 Hz, 1H), 4.17 (t, 

J= 8.72 Hz, 3.92 Hz, 1H), 4.00-3.99 (m, 1H), 3.61-3.57 (m, 1H), 3.47 (t. 2H), 3.42- 3.33 (m, 2H). 13C NMR 

(400 MHz, DMSO- d6): δ 171.99, 137.77, 128.61, 127.09, 121.36, 74.40, 72.38, 71.72, 70.51, 63.47. LRMS 

(ESI): m/z calc. for C12H16ClNaNO6 [M+Na]+ 328.7, found 328.0. 
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N-(4-methoxyphenyl)-D-gluconamide 

 

 

Scheme 2.3. Synthesis of N-(4-methoxyphenyl)- D- gluconamide (4). 

N-(4-methoxyphenyl)- D- gluconamide 

To a solution of D-gluconic acid-d-lactone (5.0 g, 28.07 mmol) in methanol (375 mL) was added p-anisidine 

(3.46 g, 28.07 mmol). The mixture was stirred for 24 hours at reflux. The solvent was evaporated, and the 

residue was recrystallized in ethanol to produce white crystals (73 %). Characterization data is consistent 

with that previously published [67, 71]. 1H NMR (400 MHz, DMSO-d6): δ 9.38 (s, 1H), 7.59 (d, J = 9.28 

Hz, 2H), 6.85 (d, J = 9.00 Hz, 2H), 5.62 (d, J = 5.32 Hz, 1H), 4.56 (d, J = 5.10 Hz, 1H), 4.52-4.50 (m, 2H), 

4.33 (t, J = 5.85 Hz, 1H), 4.13 (dd, J = 4.10 Hz, 5.18 Hz, 1H), 3.99-3.96 (m, 1H), 3.71 (s, 3H), 3.60-3.54 

(m, 1H), 3.51-3.49 (m, 2H), 3.39-3.35 (m, 1H).13C NMR (400 MHz, DMSO-d6): δ 171.46, 155.74, 132.21, 

121.52, 114.13, 74.59, 72.76, 71.99, 70.3, 63.78, 55.61. LRMS (ESI): m/z calc. for C13H18NO7 [M-H]- 

300.1, found 300.1. 
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N-(2,6-difluorobenzyl)-D-gluconamide 

 

Scheme 2.4. Synthesis of N-(2,6-difluorobenzyl)-D-gluconamide (5). 

To a solution of D-gluconic acid-d-lactone (1.49 g, 8.36 mmol) in methanol (111.68 mL) was added 2,6-

difluorobenzylamine (1.00 mL, 8.36 mmol). The mixture was stirred for 24 hours at reflux. The solvent 

was evaporated, and the residue was recrystallized in ethanol to produce white crystals (56 %). 

Characterization data is consistent with that of previously reported data [67]. 1H NMR (300 MHz, DMSO-

d6): δ 7.83 (t, J = 5.73 Hz, 1H), 7.33-7.41 (m, 1H), 7.08 (t, J = 8.09 Hz, 2H), 5.36 (d, J = 5.32 Hz, 1H), 

4.53 (d, J = 5.00 Hz, 1H), 4.38-4.48 (m, 3H), 4.27-4.34 (m, 3H), 4.00 (dd, J = 5.18 Hz, 3.77 Hz, 1H), 3.87-

3.90 (m, 1H), 3.53-3.59 (m, 1H), 3.44-3.45 (m, 2H). 13C NMR (400 MHz, DMSO-d6): δ 172.64, 130.25, 

111.95 (d, JC,F = 19.56 Hz), 112.0 (dd, JC,F = 18.85 Hz, 6.51 Hz), 74.00, 72.79, 71.96, 70.54, 63.81. 19F 

NMR (300 MHz, DMSO-d6): δ -114.5. LRMS (ESI): m/z calc. for C13H17F2KNO6 [M+K]+ 360.1, found 

360.1. 
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2.3. Synthesis of N-aryl-gluconamides  
 

As stated in Chapter 1, the four ice recrystallization inhibitors are synthesized and tested for the 

ability to cryopreserve human iPSCs. The process of ice recrystallization affects cellular damage to 

biological samples which  incur the decrease of post-thaw viability, functionality, and recovery [72, 73].  

Compounds such as IRIs have been developed to address ice recrystallization activity in frozen biological 

samples. Although there have been many methods of assessing the activity of ice recrystallization [70, 74–

79], the modified splat cooling assay is used to quantify the activity in this report [70]. The quantification 

of ice recrystallization is measured by comparing the sizes of ice crystals formed, but the mechanism by 

which these IRIs functions is largely unknown.  IRIs have been prominently designed by the Ben Lab for 

the past decade as antifreeze (glyco) proteins (AF(G)Ps) [80], synthetic polymers [58], c-linked AF(G)Ps 

[81], carbohydrate based surfactants and hydrogels [82], truncated c-linked glycopeptides [83], and  small 

molecule carbohydrate-based inhibitors [84]. Among the numerous classes of IRIs previously investigated, 

the small molecule carbohydrate-based IRIs from the class of N-aryl-D-gluconamides will be assessed for 

their ability to enhance the cryopreservation efficacy of iPSCs. After the assessment of small molecule IRIs 

increasing the post-thaw functionality and potency of  hematopoietic stem and progenitor cells (HSPCs) in 

umbilical cord blood (UCB) by previous Ben Lab members[67], these compounds are now being evaluated 

for thier functionality in iPSCs.  

The synthesis of the four compounds are illustrated in reaction 2.1 & 2.2. The synthesis protocols 

have been previously published by our laboratory [67] and are summarized in the experimental section.  
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Reaction 2.1. Synthesis of a phenyl substituted N-aryl-D-aldonamide. 2-4 are N-(2-fluorophenyl)-D-

gluconamide (2FA), N-(4-chlorophenyl)-D-gluconamide, (4ClA); N-(4-methoxyphenyl)-D-gluconamide, 

(PMA), respectively [67].  

 

 

Reaction 2.2. Synthesis of a benzyl substituted N-aryl-D-aldonamide. 5 is (N-(2,6-difluorobenzyl)-D-

gluconamide) [67]. 

The rate constants for the growth of ice crystals measured in splat cooling assay and it’s IC50 

calculations are generated for each of the IRIs displayed in Reaction 2.1 and 2.2. The splat cooling assay 

evaluates inhibition of ice recrystallization by measuring the growth of the ice crystals.  In short, compound 

2, 2FA, was dissolved in 11 mM PBS and all other compounds (3-5) were dissolved in a 22 mM PBS. 

Usually, the analytes can be assayed in a salt solution such as sodium chloride, calcium chloride, PBS, or a 

30-45 % sucrose solution [58, 62, 85–87]. The solutes without analytes (i.e. PBS alone), are used as positive 

controls for the comparison of ice recrystallization activity to IRIs. Ten microliters of the preformulated 

solution (controls or samples) was dropped from a two meter height on to a precooled (-80 ºC) block of 

polished aluminum. Once the drop hits the aluminum surface it spontaneously forms a frozen ice wafer 

[85]. The ice wafer is then transferred to a Peltier unit with temperatures held at -6.4 ºC for 30 minutes and 

then imaged using a microscopic camera. The ice crystal sizes were calculated using ImageJ analysis 

software, where the ice crystals are quantified by measuring the mean ice grain area. The area of each 

crystal is measured by outlining the ice membrane in the Image J software. This software then calculates 
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the area of all outlined crystals and categorizes the different  sizes of the crystals into various bins at 

increments of 0.001 mm2 [88]. These areas are then transferred to an excel sheet which calculates the % 

mean grain size (% MGS) of each sample. The inhibitory activity of the compound is represented as % 

MGS relative to PBS positive control for ice recrystallization.  

The compounds 2-5 result in 3 %, 35 %, 4 % and 13 % MGS, respectively. However, the 

determination of % MGS only measures the mean ice crystal size at an instantaneous time of 30 minutes. 

The IC50 of the IRI compound is determined using GraphPad software, where each sample concentration 

measured in triplicate sets was prepared and analyzed as discussed in the experimental section. Hence, the 

kinetic analysis of ice recrystallization determined for an extended period of time is documented to be a 

more reliable calculation of ice recrystallization activity [89].  To normalize the rate constant, an average 

is obtained by measuring the area of the samples with no inhibitory compound in PBS (0 mM IRI). The 

plot of the normalized rate constant (Knorm) as a function of inhibitory concentration ([I]) yields in a dose-

response curve (data not shown).  In summary, the IC50 results from the rate of ice recrystallization activity 

in each sample. The IC50 for the four IRIs (compounds 2-5), which are assessed for enhancing 

cryopreservation in iPSCs, summarized in Table 1.0 [67]. 
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Compound Structure Compound Name IC50 
  

2FA  

 

4.1 mM 

  

4ClA  

 

12.0 mM 

  

PMA  

 

5.1 mM 

  

2,6-DFB  

 

10.8 mM 

 

Table 1.0. Summary of the IC50 of each IRI compound used for enhancing the cryopreservation of iPSCs. 

The table illustrates the chemical structure of IRIs, short-hand compound abbreviation, and the 

corresponding IC50.  
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Chapter 3: Assessing the ability of IRIs to enhance the cryopreservation of 
iPSCs 
 

3.1 Introduction  
Human-induced pluripotent stem cells (iPSCs) are derived from fetal or adult somatic stem cells 

and the iPSCs are genetically reprogrammed to an embryonic stem cell (ESC) phenotype [90, 91]. ESCs 

are derived from human embryos and are characterized by two unique properties: pluripotency (unlimited 

self-renewal) and the ability to give rise to all the cell types of the human body. iPSCs are generated directly 

from a somatic cell by introducing reprogramming factors. The technology was pioneered by Yamanaka, 

who introduced four transcription factor genes (named SOX2, OCT3/4, Myc, and Klf4) that convert the 

somatic cells into pluripotent stem cells [92]. The Yamanaka factors can regulate the developmental signals 

necessary for stem cell pluripotency. SOX2 and OCT 3/4 are associated with the maintenance of 

pluripotency in stem cells [93]. Klf 4 and Myc are associated with the generation of the iPSCs [93].  

Similar to ESCs, iPSCs are characterized by key pluripotent stem cell properties such as unlimited 

self-renewal, differentiation in all three germ layers, as well as increased telomere length and telomerase 

activity [94]. However, in contrast to ESC, iPSCs are not subjected to the ethical considerations related to 

ESCs. These are key hallmarks over adult stem cells that are limited in their self-renewal and restricted 

phenotypes. Given their broad differentiation capabilities, iPSCs are increasingly being used in applications 

such as drug discovery and disease modeling. They hold a great promise as cell replacement therapies in 

regenerative medicine and personalized medicines [95, 96, 105–114, 97, 115, 116, 98–104].  

Despite their breadth of applications in both research and development (R&D) as well thier clinical 

potential, one key challenge in the culture of iPSC is cryopreservation. Genetic variations in iPSCs originate 

from heterogeneous genetic make-up of the cell populations. When low efficiency/decreased viability of 

iPSCs are derived, the iPSCs can select genetic variations from the initial starting cell source, even if the 

variation only occurs in a low frequency among the cell population [117]. Current cryopreservation 

techniques leverage CPAs such as dimethyl sulfoxide (DMSO) and glycerol in their cryopreservation 
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mediums to protect cells against cryoinjuries [118, 119]. These permeating cryoprotectants penetrate across 

the cell membrane to reduce cell dehydration and ice growth during freezing. However, the addition of 

CPA on its own does not suffice an optimal result since the iPSCs require customized freezing solutions to 

increase post-thaw viability, recovery, and functionality. Traditionally, fetal bovine serum (FBS) has been 

used as a universal growth supplement in cell culture medium with cryoprotectant in freezing media 

formulations [120]. The use of FBS in cell culture provides essential components to the cells, such as 

vitamins, hormones, cell attachment, and binding factors, and inhibits proteases [121–123]. However, FBS 

is not ideal for several reasons. Firstly, these undefined animal components (i.e., serums purified from 

blood, carrier proteins, hydrolysates, hormones, growth factors, and attachment factors) being introduced 

that can trigger spontaneous differentiation, limiting clinical applications [124]. Secondly, batch to batch 

variations of FBS occur. Lastly, the biosafety concerns involve contaminations with mycoplasma or 

endotoxins and the alteration of growth kinetics [120, 125]. Due to these limitations, recent studies have 

moved away from the use of FBS to more chemically defined cryopreservation strategies [126].  

Routine cryopreservation strategies of iPSCs [127–132] use commercially available xeno-free and 

chemically defined mFreSR media (Stem Cell Technologies). mFreSR cryopreservation medium is 

routinely used in iPSC maintenance cultures with varying efficiencies of post-thaw recovery based on the 

iPSC lines used [127–132]. A significant advantage of mFreSR is its ability to pre-scan for its components 

to ensure batch to batch consistency [133]. Despite its wide use in R&D, mFreSR is not a GMP grade 

cryopreservation medium [45], and recent efforts in translational applications of iPSCs have shifted towards 

optimizing GMP-grade-cryopreservation media such as Cryostore 10 (CS10) [135–142]. Optimizing both 

mFreSR and CS10 formulations to increase post-thaw recovery of iPSCs holds tremendous value in 

supporting iPSC related research activities [126].  

Efforts to optimize the post-thaw recovery of iPSC have been largely dependent on the addition of 

ROCK (Rho-associated, coiled-coil containing protein kinase) inhibitor (Y-27632) [143]. A major obstacle 

in human iPSCs and ESCs research is the reduced survival rate of cells after single-cell dissociation. The 
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Sasai group was the first to discover the ROCK inhibitor (Y-27632) [143]. The addition of ROCK inhibitor 

in cell culture medium results in decreased dissociation induced apoptosis in iPSCs and ESCs by inhibiting 

the activated Rho-associated kinase protein phosphorylation of the cytoskeletal myosin, initiating cell 

apoptosis (Figure 3.1) [144–147]. Similarly, ROCK inhibitor was also shown to inhibit post-thaw apoptosis 

of iPSC and increase iPSC recovery [148]. As a result, the ROCK inhibitor has been grandfathered into all 

conventional iPSC dissociation and post-thaw protocols due to its efficacy in post-thaw recovery after using 

mFreSR freezing medium [149]. However, the addition of ROCK inhibitor to iPSC culture induces a change 

in cell morphology from rounded to spindle-like structures and causes stress upon the cell [143]. Although 

post-thaw recovery of the cells is enhanced [143, 149, 150], the iPSC morphology change has unknown 

effects given its routine use in the maintenance of iPSC cultures. Optimally, increasing the post-thaw 

viability, recovery, and functionality of iPSCs without the requirement of ROCK inhibitor would eliminate 

any potential long-term adverse effects on the master clonal cell banks.  
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Figure 3.1. Schematic illustration of the ROCK inhibitor mechanism of action. A) Without the 
presence of a ROCK inhibitor, the ROCK phosphorylates the myosin cytoskeleton, inducing cell apoptosis. 
B) With the presence of a ROCK inhibitor, the ROCK is unable to phosphorylate the myosin cytoskeleton. 
The presence of ROCK inhibitor mitigates the risk of cell apoptosis. The image was created under free 
licensing with BioRender.com.  

 

Due to the sub-optimal cryopreservation of iPSCs using mFreSR, our goal in this study was to 

improve the cryopreservation of iPSCs by developing a customized freezing solution by incorporating ice 

recrystallization inhibitors (IRIs) developed in our laboratory.   

Given the promising results of IRIs in other stem cells such as hematopoietic stem cells (HSCs) 

[67] we hypothesize that supplementing commercially available cryopreservation mediums would increase 

post-thaw viability, recovery, and retention of pluripotency of the iPSCs. In addition, we sought to 

determine whether the addition of IRI would negate the need to use the ROCK inhibitor in post-thaw 

cultures, limiting unnecessary alterations to iPSCs.   
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3.2 Cryopreservation of HAF-iPSCs using a panel of N-aryl-aldonamide cryoprotectants 
 

In this study, two different human iPSC lines were used to validate the effects of an ice 

recrystallization inhibitor (IRI) upon post-thaw cell recovery. The first iPSC line was reprogrammed from 

human amniotic fluid cells (HAFs) [151], and the second from a commercially sourced (Cell Systems) 

primary human brain microvascular endothelial cells (HBMEC) by researchers at the NRC. Both donor 

cells were reprogrammed using episomal reprogramming factors expressing Yamanaka factors (OCT4, 

SOX2, Nanog, and KLF4) [152]. A schematic illustration summarizing the derivation and reprogramming 

of each of the cell lines, HAF-iPSCs, and HBMEC-iPSCs is depicted in Figure 3.2.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Illustration of the derivation of HAF-iPSCs and HBMEC-iPSCs. Human amniotic fluid 

(HAF) cells and human brain microvascular endothelial cells (HBMECs) were both reprogrammed using 

the episomal reprogramming factors, also known as Yamanaka factors ( OCT4, Nanog, Klf4, and SOX2), 

to generate HAF-iPSC and HBMEC-iPSCs. Created using Free licensing from Biorender.com  

For this study, the experiment was initiated by cryopreserving both types of iPSCs (HAF and 

BMEC) at passage 29 and passage 11, respectively, in a mFreSR cryopreservation medium containing 10% 
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DMSO. The mFreSR solution is a serum-free cryopreservation medium used for cryopreservation of human 

ESCs and iPSCs, in which the mFreSR contains DMSO that is pre-formulated in the medium.  

HAF-iPSCs (hereafter referred to as iPSCs) were used for most of the studies. The iPSCs were 

cultured by thawing one vial of frozen stocks into mTeSR maintenance media until the desired confluency 

of 80% was achieved, and then the iPSCs were expanded into 6-well plates. When the confluency of the 

cells reached approximately 80% (roughly 2.0x106 cells/well), the iPSCs were passaged or frozen with the 

addition of IRI containing mFreSR solution. Hence, the IRI is dissolved in mFreSR containing 10% DMSO 

and calculated for 1 mL per vial. This is known as the IRI formulation which is frozen for 24 hours before 

freezing iPSC lines.  

The supplemented cryomedium (mFreSR + IRI) contains the following IRIs: 4CLA 

(mFreSR+4ClA), 2FA (mFreSR+2FA), PMA (mFreSR+PMA), or 2,6-DFB (mFreSR+2,6-DFB). A range 

of IRI concentrations from 0.5 mM to 25 mM was chosen explicitly due to prior literature studies reporting 

a toxicity concern at concentrations above 25 mM [67]. As mentioned before, IRIs in this concentration 

range have previously shown efficacy in other cell types [55, 153]. Hence, the first objective was to check 

for the toxicity of the compounds and then compare the different IRI compounds and concentrations that 

are required to enhance iPSCs viability post-thaw.  

Toxicity can be observed from the identification of dead cells in cell culture. The iPSC colonies 

that were frozen in 2FA (Figure 3.3B) showed no apparent signs of toxicity-induced cell death and formed 

compact colonies with characteristic high nuclear to cytoplasmic ratios like mFreSR control colonies 

(Figure 3.3A). Although no toxicity was observed post-thaw for 10 mM 2FA, when the iPSCs were grown 

in maintenance media with 2FA in culture, toxicity was observed from light micrographs only. Based on 

the images obtained, it highlights the importance of proper cell washing to remove residual IRI and DMSO 

components. The viability and toxicity results can be applied to subsequent studies to conform to the use 

of 10 mM 2FA and mFreSR controls. Further studies can determine the portion of cells which are apoptotic 

with the use of Caspase 3/7 assay.  
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Figure 3.3. Micrograph of iPSCs cultured for 48 hours after thawing with four IRIs. The control – 

mFreSR containing 10% DMSO (A), 10mM 2FA supplemented mFreSR containing 10% DMSO (B), 

0.5mM 4ClA supplemented mFreSR containing 10% DMSO (C), 15mM PMA supplemented mFreSR 

containing 10% DMSO (D), and 10mM 2,6-DFB supplemented mFreSR containing 10% DMSO (E). The 

most toxic IRI compound, observed from dead cells spread across in 10 mM 2,6DFB (E), and the most 

potent IRI, based on post-thaw viability and recovery observed in 10 mM 2FA (B). Figures A-E present 

the phase-contrast images showing the iPSC cell morphology, colony size, and apoptosis 48 hours post-

 

mFreSR + 10mM 2FA mFreSR + 0.5mM 4CLA 

mFreSR+ 15mM PMA mFreSR + 10mM 2,6-DFB 

mFreSR 
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seeding. Images captured using BioRad ZOE™ fluorescent cell imaging system. Arrows: indicate apoptotic 

cells.  

 Cytotoxicity is scored based on altered cell morphology, decreased cell proliferation, smaller 

colony sizes, and evidence of apoptotic cell death (Figure 3.4). These IRIs may cause toxicities if cell 

membranes are breached or damaged, if the mitochondrial function is reduced, or if DNA, protein or other 

macromolecules are damaged. The most toxic IRI compound, based on cell death, was 10 mM 2,6-DFB. 

The most potent IRI, based on post-thaw viability and recovery, was 10 mM 2FA. 

Figure 3.4 shows the percent post-thaw viability of iPSCs frozen in different conditions. The results 

of Figure 3.4 tested four IRI compounds in different concentrations to identify their effects of toxicity. The 

effect of toxicity was identified as a decrease in post-thaw viability in comparison to mFreSR. The 

formulation of the IRIs, freezing process and thawing of the cells are explained in more detail in the methods 

section. Briefly, based on the two-factor hypothesis [14], slow cooling rates, in conjunction with rapid 

warming rates, are key to maintaining high cell viability and recovery post-thaw, especially in iPSCs. In 

cryopreservation experiments, it is essential to keep the parameters of cooling and warming rates consistent 

to determine the functionality of the IRI compounds accurately.  
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Figure 3.4. Assessment of post-thaw viability in HAF-iPSCs using IRIs supplemented in mFreSR 

containing 10% DMSO. The percentage of post-thaw viability of human iPSCs is shown on the y-axis with 

the formulation mediums (mFreSR, mFreSR containing 10% DMSO supplemented with 4ClA, 2FA, PMA, 

and 2,6-DFB) and concentrations on the x-axis. Before thawing, all cells were frozen at a rate of 1 ºC/min 

to -80 ºC before being transferred to -196 ºC. After 24 hours, the iPSCs were thawed in a 37 ºC water bath 

for 2 minutes. The viability data was assessed using the Trypan blue exclusion assay immediately post-

thaw, in the presence of 10µm Rock Inhibitor (RI). Percent viability is expressed as the mean and standard 

error of the mean (SEM). Statistical significance marked by asterisks assessed by one-way analysis of 

variance (ANOVA) for comparison to control (mFreSR), where ns=P>0.05, *= P≤0.05, **= P≤0.01, and 

***= P≤0.001 (n=2). 
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The highest percentage of post-thaw viability was 4ClA, 2FA, and PMA, where 71 % ± 0.01 was 

observed for 0.5 mM 4ClA, 71.5 ± 0.01 for 10 mM 2FA, and 74.5 % ± 0.01 for 15 mM PMA (Figure 3.4). 

The IRI treated formulations resulted in a 20 % increase in post-thaw viability compared to mFreSR 

containing 10% DMSO (46 % ± 0.05). A technical replicate of n=2 for each IRI dose-dependent compound 

can be seen in Figure S1. In the IRI supplemented cryomedium, the DMSO in the mFreSR acts as a 

cryoprotective agent (CPA), and the IRI compound inhibits ice recrystallization. Additively, this results in 

an increase of post-thaw viability of approximately 20 % in comparison to the control, mFreSR (Figure 

3.4).  

iPSCs are the initial cell lines used to derive various specialized cells such as neurons or stem cell 

progenitor products. The quality of the iPSCs is a key factor while moving forward to therapeutic 

applications. Hence, it is important to maintain high-quality stock with increased cell survival. Quality of 

the cells is achieved by mitigating cryopreservation injuries from freezing or thawing events or with the 

reduction in toxicities of the cells with an additive response from IRIs supplemented in cryopreservation 

medium containing DMSO.  Given that the IRIs increased the post-thaw viability by 20 % compared to the 

mFreSR controls, our next approach was to assess the post-thaw recovery of the iPSCs over 42 hours.  
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3. 3 Increased HAF-iPSC recovery and proliferation post-thaw in the presence of 2FA. 
 

After the conclusion of viability and toxicity assessments, our approach was to evaluate the post-

thaw recovery and subsequent proliferation of the iPSCs using 10 mM 2FA as a supplement in mFreSR. 

Since the ROCK inhibitor has been shown to mitigate iPSC apoptosis and increase survival, the next step 

was to assess the post-thaw recovery of the iPSC in the presence and absence of 10 µm ROCK inhibitor 

(RI). Figure 3.5 details the experimental workflow, where the cells were plated on a 6-well plate 

immediately post-thaw. 

 

 

 

 

 

 

 

 

 

Figure 3.5. The summarized workflow of the cells immediately after thawing, removing CPAs and 

IRIs, and resuspending with maintenance medium, mTeSR. iPSCs of 2.5x105 cells were plated on 6-well 

Matrigel-coated plates with or without ROCK inhibitor. The remaining 5.0x105 cells were used for 

measuring percent post-thaw viability. The figure was created using Biorender.com 
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The ROCK inhibitor functions to increase the viability and attachment of the iPSCs post-thaw, 

which allows for increased proliferation capability [154]. The ROCK inhibitor activates RHO, which 

consequently activates Rho-associated protein kinase (ROCK). ROCK phosphorylates the cytoskeletal 

myosin to cause contractions within the cell leading to apoptosis via membrane bedding [144–147]. 

Therefore, ROCK inhibitors function by reducing dissociation induced apoptosis, which leads to an increase 

in survival and recovery of the iPSCs post-thaw [148]. Addition of ROCK inhibitor will allow more iPSC 

colonies to adhere to the matrix thereby increase the percentage of recovery. We want to test the condition 

with an absence of ROCK inhibitor to examine the effects of iPSCs without the drawbacks of ROCK 

inhibitor such as spindle like morphology. The thawed cells are washed out from freezing medium 

containing DMSO and IRIs; hence we are investigating the effects of recovery without ROCK inhibitor 

with prior protection of IRI compounds during the freezing events.  

In this study, recovery of the iPSCs frozen with 2FA +/- ROCK Inhibitor supplemented cryomedia 

(mFreSR, mFreSR+RI, 2FA, 2FA+RI) was assessed and analyzed using IncuCyte live-cell imaging 

software (Sartorius). IncuCyte can set specific parameters to capture images of confluence. iPSC 

confluency was acquired by an average of nine images per each well in a 12 well plate every 30 minutes 

for up to 42 hours. Figure 3.6 shows iPSC proliferation as a function of confluency over time.  
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Figure 3.6. Increased survival and proliferation of iPSC frozen with mFreSR+10mM 2FA+RI 

observed using IncuCyte® Live-cell Imaging. Graphical analysis of confluence as a function of time is 

depicted above, where blue correlates to mFreSR with no RI, green correlates to 2FA with no ROCK 

Inhibitor treatment, red correlates to mFreSR with ROCK Inhibitor treatment, and purple correlates to 2FA 

with ROCK Inhibitor treatment in HAF-iPSCs P33. The graphical data was obtained by averaging the 

confluency of nine images captured for each well of the triplicate condition at 48 hours. The red arrow 

indicates the media change at 20 hours.  

 

 

 



 49 

 iPSC confluency immediately post-thaw is shown at time 0 hrs for each treatment condition (Figure 

3.4). The first set of samples, 2FA + ROCK inhibitor (RI), and 2FA, report post-thaw confluency of 55%. 

The second set of samples, mFreSR + ROCK Inhibitor (RI), and mFreSR alone, report confluency of 29%. 

The confluence data is in accordance with the post-thaw viability data measured using flow cytometry and 

representative of the images captured at 42 hours using IncuCyte (Figure 3.6). Post-thaw recovery was 

assessed, based on confluency measurements, as a measure of iPSC proliferation over time. Initially, within 

0-3-hours, the iPSC colonies attached and flatten as indicated by the increased confluency.  From 3– 20 

hours, the iPSCs enter a recovery phase characterized by a second wave of apoptosis coupled with clustering 

and compaction of adherent and viable iPSC colonies, indicated by a decrease in confluence. Similar 

apoptotic trend is seen by the primary apoptosis immediately post-thaw. After a 20-to-24-hour period, the 

media is removed and replenished with fresh mTeSR media (indicated by the red arrow in Figure 3.6) 

wherein the ROCK inhibitor is also washed out. Following this media change, the cells are observed to 

decrease in confluence a second time. This is due to the cells recovering from ROCK inhibitor-induced 

spindle-like morphology to more conventional rounded and more compacted colonies. Figure 3.7 illustrates 

the difference in RI functionality between mFreSR and mFreSR with RI (Figure 3.7). There is an increased 

confluency of cells treated with RI than cells without RI. The samples which were not in the presence of 

ROCK inhibitor result in minimal post-thaw recovery, and therefore, the media change at 20-24 hour, 

discards all dead cells. The software recalculates the confluence of viable cells, which is explained by the 

negative slope at the 20-hour mark of green (2FA) and blue (mFreSR) samples (Figure 3.6).  

From 24 to 42 hours, the iPSC cells enter an active proliferative phase, and colony size increases. 

Based on this analysis, comparing equivalent treatments, 2FA (green), and mFreSR (blue), there is a 20 % 

difference between the two conditions. This indicates the enhanced effect of IRIs upon iPSC recovery. The 

2FA (green) has no significant recovery post-thaw, and mFreSR (blue) has a 5 % increase post-thaw 

recovery when calculated based on input confluency over endpoint confluency. Endpoint confluency is 

defined as the calculated difference between the plating confluency at 0 hours and final confluency at 42 
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hours. The second set of treatments, 2FA + RI (purple) and mFreSR +RI (red), have a 30 % difference 

between the two conditions at the endpoint confluence.  The 2FA + RI (purple) has a 28 % increase in 

confluence for post-thaw recovery of the cells, and mFreSR + RI (red) results in a 21 % increased 

confluency for post-thaw recovery when calculated based on input confluency over endpoint confluency.  

Comparing the conditions of mFreSR + RI, the ROCK inhibitor enhances the post-thaw recovery 

of by 20 % in output confluency. Whereas the conditions of 2FA + RI, the ROCK inhibitor enhances the 

recovery by 30 % in the output confluency, indicating an additive effect between IRI and ROCK inhibitor 

(RI) (Figure 3.7). The recovery of the mFreSR+RI and 2FA treatments results in similar recovery rates. 

This suggests that 10 mM 2FA can potentially be used as a substitution to RI without causing obvious 

changes to iPSC’s morphology.  

 

Figure 3.7. Highlighting the morphological features of RI treated cell populations at 40X 

magnification. Comparison of cell morphology differences between RI treated and non- ROCK Inhibitor 

treated iPSCs after 48 hours post-thaw. ROCK Inhibitor is washed out after 24 hours of seeding the iPSCs 

at 2.5x105 cells.  
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 Representative images captured by IncuCyte during the post-thaw recovery phase are shown in 

Figure 3.8 at 42 hours. Four images represent the two different treatment conditions that were graphically 

analyzed in Figure 3.8. Figure 3.8A and B represents mFreSR and mFreSR +RI, respectively. Whereas 

Figure 3.8 C and D represent 2FA and 2FA +RI. Comparing the four images from Figure 3.8 shows that 

the highest confluence of the iPSCs was observed in 2FA+ RI conditions, and these cells proliferate in 

higher quality and quantity. This observation can conclude an additive effect of 2FA and ROCK inhibitor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Images depicted from IncuCyte Live Cell imaging ®. (A) mFreSR (B) mFreSR +RI 

(C) mFreSR + 2FA (D) mFreSR+2FA+RI. Cells are imaged at a magnification of 10X at the 42-hour time 

point. The image from each condition was selected to represent the confluence of one of the nine images 

captured for each well of the triplicate condition at 42 hours. 
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3.3.1. Assessment of Post-thaw viability in HBMEC-iPSCs 
Interestingly, the mFreSR+RI (Figure 3.8 B) and 2FA (Figure 3.8 C) treatments result in similar 

post-thaw viability rates observed in Figure 3.6. This is a promising finding as it suggests that optimizing 

IRI cryoformulations to use 2FA as supplements may replace the use of ROCK inhibitor in the future. Since 

RI causes morphological stress to the cells and prolongs the handling of the cells in culture, it is ideal to 

replace the use of RI.  To examine the reproducibility of the results for HAF-iPSC, we test the same 

treatments using a second iPSC line (HBMEC-iPSC). Given known variabilities between iPSC lines 

derived from different donors [155], we wanted to validate the findings in second where iPSCs were derived 

from HBMEC. Similar trends in post thaw viability was observed but some notable changes were observed 

in the overall recovery for HBMEC- iPSCs (Figure 3.9). The following results demonstrate the 

enhancement of post-thaw viability and recovery upon the IRI supplemented cryopreservation technique in 

HBMEC-iPSCs (Figure 3.9).  
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Figure 3.9. Assessment of post-thaw recovery in HBMEC – iPSCs. Graphical analysis of the 

additive effect between 2FA and ROCK inhibitor observed in HBMEC-iPSCs P13 frozen in mFreSR 

cryopreservation medium derived from IncuCyte live-cell imaging. Red represents mFreSR + RI, yellow 

represents 10 mM 2FA + RI, green represents mFreSR and blue represents 10 mM 2FA. The graphical data 

was obtained by averaging the confluency of nine images captured for each well of the triplicate condition 

at 72 hours. Each data point on the graph represents the average confluency calculated every 2 hours for 72 

hours. The statistics of the output confluency of each IRI are as follows, 10 mM 2FA (43%), mFreSR 

(24%), 10 mM 2FA + RI (56%), and mFreSR + RI (44%). The red arrow indicates the media change at 24 

hours. 

The comparison of mFreSR (green) and 10 mM 2FA (blue) results in a difference in value of 24% 

post-thaw viability. On the contrary, equivalent conditions of ROCK inhibitor treatment upon mFreSR (red) 

mFreSR + RI 

10 mM 2FA 
mFreSR 
10 mM 2FA + RI 
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and 10mM 2FA (yellow) frozen cells, the post-thaw recovery after 70 hours results in 44% and 56%, 

respectively. This graph has been assessed for a longer period than HAF-iPSCs due to the slower growth 

kinetics, which are characteristics of the HBMEC-iPSCs. 

If the 42-hour time point were to be analyzed, the post-thaw recovery confluence would vary 

significantly for HBMEC-iPSCs. Additionally, similar to Figure 3.6, the media change to the samples are 

observed by the vertical slope at 20 – 24-hour time period. In Figure 3.9, the conditions with no ROCK 

inhibitor treatment increase in confluence and drastically decrease 20% when the media is changed 

(indicated by the red arrow). The accumulation of dead cells can explain this drastic decrease in confluence; 

the replacement of the media washes the dead cells, and the software recalculates the confluence of the 

viable cell population based on cell attachment. The ROCK inhibitor-treated conditions of HBMEC-iPSCs 

are similar in trend with the HAF-iPSCs, where dissociation induced cell apoptosis is improved by 

treatment with the ROCK inhibitor. After the change in media, from 20 – 70 hours (Figure 3.9), the cells 

start to proliferate and recover from the removal of ROCK inhibitors. Both HAF-iPSCs (Figure 3.6) and 

HBMEC-iPSCs (Figure 3.9) show the same trends towards an additive response with 2FA and ROCK 

inhibitor. After the confirmation of 2FA’s cryopreservation in HAF iPSCs and HBMEC iPSC lines, it is 

concluded that there is a difference between mFreSR and 2FA conditions, and the ROCK inhibitor studies 

show no statistically significant difference in comparison to the control groups (mediums without ROCK 

Inhibitor). Therefore, there is an urgent need for the optimization of cryopreservation strategies per cell 

line.  

iPSC lines exhibit variability influenced largely by their epigenetic signatures based on donor cells 

resulting in a great deal of variability and reproducibility between iPSC lines. It is essential to formulate 

customized cryopreservation formulations to accommodate for these variabilities in different cell types. 

However, one possible combination of supplemented cryopreservation medium may not be optimal for all 

cell types to achieve therapeutically appropriate viability post-thaw. However, a combination of IRI and 

ROCK inhibitors may aid in formulating universal cryopreservation solutions. Furthermore, the future 
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directions can also investigate the additive effect of other IRI compounds in other commercially available 

cryopreservation media, such as GMP-grade Cryostore 10 (CS10).  
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3.4 Assessing post-thaw apoptosis of HAF-iPSCs 
To investigate the effects of enhanced cryopreservation in HAF-iPSCs, we were interested in evaluating its 

reduction of apoptosis, maintenance of pluripotency & tri-lineage differentiation capability, and long-term 

cryopreservation effects of IRIs upon HAF-iPSCs post-thaw viability and recovery. The apoptotic behavior 

of iPSCs arises due to cryoinjury related cell death. Based upon the observation that 2FA functions similarly 

to ROCK inhibitor, we wanted to assess if the apoptotic potential of the iPSCs were also impacted. 

 

Figure 3.10. The effect of IRI and RI is displayed by the addition of ROCK Inhibitor 24 hours 

post-thaw. Increased recovery and colony size of iPSCs frozen in mFreSR + 2FA is dependent on RI. 

Caspase 3/7 reagent is used to measure the percentage of apoptotic characteristics and results in 5.3 % in 
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mFreSR+ RI and 1.2 % in mFreSR +2FA+ RI for confluency. 

To assess the degree of apoptosis post-thaw of HAF-iPSCs, we performed a live Cell Event Caspase 

3/7 assay to quantify apoptotic cell death post-thaw. The Caspase-3/7 reagent is intrinsically non-

fluorescent as the DEVD peptide inhibits the ability of the dye to bind to DNA [156–158]. However, after 

activation of Caspase 3/7 in apoptotic cells, the DEVD peptide is cleaved to enable the dye to bind to DNA 

and produce a bright red fluorogenic response. The fluorescent emission of the dye can be quantified and 

normalized to phase confluence (red area/phase area). This is evident in Figure 3.10, where the red 

fluorescence represents dead cells within the underlying adherent colonies in culture. Based on confluency, 

more apoptotic cells were observed in the mFreSR (Figure 3.9 A) condition compared to 2FA (Figure 3.9 

B). Percentage of Caspase 3/7 positive cells, assessed by the ratio of red fluorescence over confluency, 

reported a confluency data of 5.3 % of the iPSC frozen with mFreSR compared to only 1.2 % in 2FA HAF-

iPSCs. The confluency data was acquired by calculating for the difference between the red area to the phase 

area. Although some apoptosis is also occurring in the 2FA frozen HAF-iPSCs, the quantity and size of the 

HAF-iPSCs colonies are larger, contributing to the increased cell recovery and proliferation observed in 

Figure 3.10.  Overall, the use of Caspase 3/7 assay confirms that 2FA reduces the apoptotic events in iPSCs, 

and therefore, 2FA has an additive effect with ROCK inhibitor. The future directions of this project can 

evaluate the mechanism of apoptotic inhibition. Additionally, 2FA’s mechanism of action will require 

further investigation, but it appears that it may affect decreased secondary cell death and better quality of 

recovered cells post-thaw.  
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3.5 Confirmation of pluripotency of HAF-iPSCs post-thaw.   
 

To ensure that IRI in cryomedia does not negatively affect iPSC pluripotency, we assessed TRA-

1-81 expression of the iPSC post-thaw. TRA-1-81 is an antibody that recognizes the expression of proteins 

in an undifferentiated cell. The TRA-1-81 antibody reacts with a carbohydrate epitope on TRA-1-81 

glycoprotein that is expressed on iPSCs. If the iPSCs are differentiated, then the TRA-1-81 antibody is 

unable to detect the epitope on the cells since the TRA-1-81 epitope is only present in distinguished cell 

lines such as human embryonical carcinoma (EC), embryonic germ (EG), ESCs, iPSCs, and rhesus monkey 

and rat ES cell lines. Therefore, using TRA-1-81 can be an excellent measure to detect undifferentiated 

characteristics of stem cells. The detection is performed by using flow cytometry to detect the signal of 

TRA-1-81 labeled Fluorescein isothiocyanate (FITC).  
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Figure 3.11. Assessment of  pluripotency marker TRA 1-81 expression post-thaw Flow cytometry 

histogram comparing TRA-1-81 expression for all iPSCs post-thaw in the presence of IRI compounds and 

mFeSR control (blue; mFreSR, light green, 10 mM 2FA, orange; 0.5 mM 4ClA, dark green; 15 mM PMA, 

pink; 10 mM 2,6-DFB). Unstained cells (controls) are shown in red.   

This flow cytometry generates a histogram consisting of unstained and stained samples (Figure 

3.11). The unstained sample (red) represents cells that have no treatment of TRA-1-81 stain, controlling for 

any autofluorescence that is used for gating relative to fluorescently stained iPSCs. The samples (blue, light 

green, orange, dark green, and pink), indicated by the sample ID in Figure 3.11, show similar TRA-1-81 

expression compared to mFreSR controls. The raw data of all flow cytometry figures are seen in figure S2-

S5. TRA-1-81 expression is unaltered in all treatments suggesting that no adverse effects on pluripotency 

are observed.  Since IRI compounds are a relatively new approach to enhancing cryopreservation, it is 
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important to perform quality control experiments to ensure pluripotency is maintained post-thaw and that 

no spontaneous differentiation can be detected. Although fidelity of TRA-1-81 expression was retained post 

two weeks cryopreservation, we also set out to determine if long term cryopreservation would affect iPSC 

confluency.  

 

To ensure no adverse effects of 2FA are present following long-term cryopreservation, we assessed 

HAF-iPSC quality and pluripotency after six months of storage at -196 ºC. Post thaw, the HAF-iPSCs retain 

their characteristic cell morphology (Figure 3.12 A) and expression of pluripotency markers OCT4 and 

SOX2 (Figure 3.12 A) and TRA-1-81 (Figure 3.11 B) confirm retention of pluripotency markers following 

long term storage in 2FA supplemented cryomedia.  
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Figure 3.12. Confirmation of pluripotency post-long-term cryopreservation. A) 

Immunocytochemistry confirming expression of pluripotency markers (Red: SOX2, OCT4) in 2FA (2FA 

cryo) and mFreSr cryopreservation media (mFreSr cryo). The blue stains for Hoechst ( a DNA nuclei 

marker). B) Confirmation of TRA 1-81 expression by flow cytometry (Red: unstained control, orange: 

mFreSR and blue: 2FA). 
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The immediate post-thaw viability of the iPSCs resulted in 84 % for 10 mM 2FA and 64% for 

mFReSR control (Figure 3.13). Figure 3.12 A, red immunofluorescence confirms the expression of 

pluripotency related transcription factors OCT4 and SOX2, respectively, left and right. The phase-contrast 

represents the image of the unstained or non-fluorescent state of the cells captured 24 hours after plating. 

Both the conditions of mFreSR (control cryo) and 2FA (2FA cryo) retain OCT4 and SOX2 pluripotency 

markers. This concludes that the long-term preservation of HAF-iPSCs with 2FA does not alter the 

pluripotency markers. 

 

Figure 3.13. Post-thaw viability measurement for HAF-iPSCs with 10 mM 2FA and mFreSR. 

Immediate post-thaw viability for long-term cryopreservation of HAF-iPSCs with 2FA 10 mM (red) and 

control, mFreSR (Blue), where the samples are shown as an average of triplicates. Viability was assessed 

by Trypan blue exclusion assay immediately post-thaw. Percent viability is expressed as the mean and 

standard error of the mean (SEM). Statistical significance marked by asterisks assessed by student t-test, 

where ns=P>0.05, *= P≤0.05, **= P≤0.01, and ***= P≤0.001 (n=3). 
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3.6. Teratoma formation of cryopreserved HAF-iPSCs 
To confirm that 2FA treatment did not alter the ability of the HAF-iPSC to differentiate into all three germ 

layers, we performed a teratoma assay to assess tri-lineage differentiation potential. The teratoma formation 

in vivo is an established pluripotent assay because of its reliable and comprehensive confirmation to validate 

the quality and pluripotency of iPSCs. Teratomas are characterized as benign tumors that grow rapidly to 

form a mixture of tissues and semi-semblances such as organs, teeth, hair, muscle, cartilage, and bone [159]. 

These are considered the critical characteristics of robust pluripotent cell lines. Therefore, the formation of 

teratomas is used widely in stem cell-based research as a “gold standard” for its assessment of pluripotency. 

For our study, we tested the formation of malignant teratomas using the “gold standard” assay. The 

comparative analysis for the size of teratomas between the control and the IRI will justify the functionality 

of the iPSCs.    
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Figure 3.14. Size of the teratoma tumors for mFreSR and 10 mM 2FA. The size of the tumor is 

measured in mm3 for the mean of five replicates of each condition, a statistical analysis of p > 0.05 was 

performed using student t-test for unpaired sets with a two-tailed gaussian distribution. Combined tumor 

size (mm3) is expressed as the mean and standard error of the mean (SEM). Statistical significance marked 

by asterisks assessed by one-way analysis of variance (ANOVA) for comparison to control (mFreSR), 

where ns=P>0.05.  
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The in vivo teratoma assay was performed by injecting 2FA and mFreSR frozen HAF-iPSCs into 

the anterior tibialis muscle of an immunocompromised SCID mouse. Following eight weeks post-

injection, the 2FA and mFreSR cryopreserved HAF-iPSCs gave rise to teratomas. The size analysis of 

teratomas from mFreSR or 10 mM 2FA is illustrated in a bar graph in Figure 3.14. The teratoma for the 

mFreSR (control) is approximately 800 mm3. The teratoma for 2FA condition is 1250 mm3 with the 

statistical analysis of p > 0.05, where the p-values were calculated using the student t-test.  Given the 

difference in teratoma size, it is observed that 2FA frozen iPSCs retain higher viability post-injection into 

the mice and hence give rise to larger tumors due to more proliferating cells. Immunohistochemistry 

staining confirmed all three germ layers present in teratomas: endoderm, mesoderm, and ectoderm 

(Figure 3.15). The histology slides may not display the different tissue lineages on a single section of the 

slide. Therefore, images from different sections of the same teratomas are illustrated. Representative 

tissues from all three embryonic germ layers can be visualized in the teratoma sections.  
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Figure 3.15. Histopathologic characterization of human iPSC derived teratomas xenografted into 

immunodeficient SCID mice. 2FA post-thaw and mFreSR post-thaw iPSCs generated teratomas that 

contained all three germ layers, ectoderm, endoderm, and mesoderm. A) Ectoderm was imaged at 50 µm, 

which included immature neural tissues with a black arrow pointing to the neuroepithelial rosettes. B) 

endoderm was imaged at 50 µm, displaying squamous epithelial cells, and the black arrow indicates the 

glycogen. C) Mesoderm was imaged at 50 µm, illustrating the extramedullary hematopoiesis, and the black 

arrow points to the bone marrow cell formation. D) Ectoderm was imaged at 50 µm, which contained 

A 

B 

C 

D 

E 

F 

2FA mTeSR 



 67 

pigmented epithelial cells. E) The endoderm was imaged at 50 µm displaying epithelial cells. F) Mesoderm 

was imaged at 50 µm, showing bone formation with peripheral calcification.  

More specifically, the endodermal layer can be visualized by the presence of pancreatic tissues, 

gastrointestinal cells, mucinous glandular epithelium, thyroid tissue, squamous epithelium, and 

respiratory epithelium [159]. The mesodermal layer can be visualized by the presence of lymphatic tissue, 

skeletal muscle, cartilage bone, smooth muscle, and adipose tissue [159]. Ectodermal tissue can be 

visualized by the presence of neuroectodermal tissue, epidermis, and sebaceous glands [159].  Figure 3.15 

displays a panel of images, A-C, with 2FA post-thaw iPSCs, which generated teratomas that contained all 

three germ layers. The immature neural rosettes are often observed in the neural tissues and can be 

classified as part of the ectoderm, as seen in Figure 3.15A. Figure 3.15B depicts the endoderm layer, 

which illustrates the squamous epithelial cells, and the black arrow points to the glycogen storages inside 

the endoderm layer. The mesoderm layer shown in Figure 3.15C contains extramedullary hematopoiesis, 

where the black arrow indicates the location of the bone cells. Based on these germ layer images, it can be 

concluded that the 2FA treatment does not compromise iPSCs differentiation capabilities in vivo. The 

2FA treated iPSCs can be compared to the control (no 2FA) to have similar germ layers depicted in 

Figure 3.15 D-F. Figure 3.15 D displays the ectoderm layer containing pigmented epithelial cells. Figure 

3.15E shows the endoderm layer containing epithelial cells, and Figure 3.15 F displays the mesoderm 

layer with the presence of bone marrow formation with peripheral calcification. These results indicate that 

pluripotency is retained, and the differentiation capabilities of the HAF-iPSCs remained unaltered. In 

addition, when the size of the teratomas was compared graphically, there was no statistical significant 

difference in cell sizes between the two conditions (Figure 3.14). 

The discovery of iPSCs has dramatically accelerated in the development of disease-specific and 

normal pathological mechanisms, which required a need for long-term storage of tissues, cells, and organs 

[160–168]. Current approaches have targeted the use of CPAs to manifest suboptimal cryopreservation 

techniques. Our goal of this study is to evaluate the application of IRI as an improved cryopreservation 
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strategy for iPSCs to facilitate in the development of master cell banks while maintaining quality control 

attributes of the cells over time. The development of master cell banks can aid as a first step in generating 

iPSCs derived specific tissue for clinical applications and disease modeling.  
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3.7. Conclusion and Future directions  
As discussed throughout this thesis, the discovery of iPSCs has strengthened the research in stem 

cell-based therapies due to their unique capabilities to differentiate into numerous cell types for application 

towards regenerative medicine and tissue engineering. Traditionally, the derivation of specialized cells was 

performed using ESCs; however, given its ethical controversies, iPSCs have been used as a new alternative 

approach. As the demand for iPSCs is increasing, the development of the master iPSC cell bank is required. 

This remains a challenge due to the sensitive nature of iPSCs. Currently, the cryopreservation of stem cells 

has resulted in low post-thaw viability (40 -60%) using serum-free commercially available cryopreservation 

media [169]. The use of ice recrystallization inhibitors as supplementations in the serum-free 

cryopreservation represents an exciting new technology to enhance post-thaw viability and recovery of 

iPSCs. Given the dexterity of the applications of iPSCs, it is ideal for moving forward with GMP grade 

cryopreservation medium, such as Cryostore 10 (CS10), supplemented with IRIs. 

Furthermore, given the success of IRIs, these compounds could be tested further for their efficacy 

in cryopreservation strategies towards iPSCs-derived cell products such as iBECs (iPSC derived brain 

endothelial cells), neurons, and immunotherapies such as iPSC-derived CAR-T. Despite the research 

focused on the improvement of cell preservation, cryopreservation is not equally assessed for all 

mammalian cell types. Mazur has stated that the problems of cryopreservation today comes from the 

misconception that application of biophysics is the only means to solve the challenges of cryobiology [170]. 

As the application of cryopreservation is applied to non-terminally differentiated mammalian cells, many 

of these cell types are refractory to the process of cryopreservation under traditional approaches. Even when 

the cells are successfully preserved, significant death of 30 – 70% is observed within 24-48 hours post-thaw 

[171]. Cryopreservation offers structural protection to the cells, but presents a critical issue of mitigation of 

preservation-induced stress response due to biomolecular based cell death after several hours of post-thaw 

[10]. Research in cryopreservation have provided effective strategies for the preservation of different cell 

types but, only until recently, they have determined the lack of molecular tools which are necessary to 

understand and mitigate the severe post-thaw damages. There are several stress factors which are associated 
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with the molecular based apoptotic cell death in cryopreservation. Some of these factors include 

hypothermia, energy deprivation, freezing, cell volume excursions, hyperosmolality, cytoskeletal 

disassembly or protease activations [10]. IRIs can potentially offer a solution mainly to preserve the 

functionality, viability, and recovery of the cells. Human iPSC based clinical approaches are yet to reach 

their true effective potential [172]. Future advancements in stem cell research could address implementing 

-omics methodology approaches, next-generation sequencing, cryopreservation techniques to optimize 

unique requirements of cell lines, biobanking, automated high throughput drug discovery, and the use of 

artificial intelligence [173] will significantly advance the use of iPSC-based cell therapies. In summary, 

IRIs are great candidates for their ability to improve cryopreservation of iPSCs for cell biobanking, quality 

of post-thaw recovered cells, and increasing the cryopreservation of therapeutic products. These 

advancements in cryopreservation techniques will implement towards clinical applications of iPSCs. 
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3.8 Experimental  
Equipment  
The following types of equipment were used for all experiments: Biosafety cabinet (BSC) Level 2; Cell 

Culture incubator, 37ºC – 5 % CO2- 95 % humidity; Water Bath; Inverted Microscope; Nalgene™ Cryo 

Freezing container (achieves a 1ºC/min rate of cooling); Incubator with a rotary platform, slow speed (20 

rpm); Centrifuge with swing bucket for conical tubes; Hemacytometer; Pipette Aid; Serological Pipettes 

(2,5,10, and 25mL); Pipettors, single-channel variable volume (10,100, and 1000µL); Sterile filter pipette 

tips (10, 100, and 1000µL); Repeater pipettor and combi-tips; Cell culture plates, 6 well (Falcon 353046), 

12 well (Falcon 352070); Cell strainers, sterile 40µm mesh (Falcon 3523043); Stericup filter unit, 500 mL 

(Millipore SCGPU05RE); Microcentrifuge tubes, low retentive, 1.5 mL (Fisher 02-681-320) and 

Microcentrifuge tubes, low retentive, 2.0 mL (Fisher 02-681-321). Liquid nitrogen tank, IncuCyte live 

image system, Fluorescence Assisted Cell-sorting (FAC) tubes, BD Accur™ C6 Plus flow cytometer, and 

equipment used for teratoma (needles and syringes). Equipment used for immunocytochemistry (slides, 

coverslips, and fluorescence microscope). 

Methods 
Induced Pluripotent Stem cells - Cell culture  
Amniotic fluid (AF) cells at 26 weeks of gestation were obtained for the Ottawa Hospital (Ottawa, Ontario, 

Canada) after routine amniocentesis. Informed consent was obtained with appropriate guidelines and 

regulations as approved by the Ottawa Hospital Research Ethics Boards, and the National Research Council 

approved all experimental protocols using AF cells of Canada by amending to their guidelines. The iPSCs 

were generated from amniotic fluid-derived cells and differentiated to induced pluripotent stem cells, as 

described in Ribecco and colleagues [151]. The iPSCs cell stock was frozen on June 19, 2016, and these 

stocks were expanded to P30 and frozen on January 29, 2019, to be used for all experiments. The cell stock 

was thawed and plated on 6 well cell culture plates pre-coated with Matrigel hESC qualified (Corning). 

The Matrigel coating was performed one hour before starting the experiment by the addition of Matrigel in 

DMEM/F12 with Glutamax (Life technologies). The iPSCs were cultured in medium mTeSR (mTeSR- 

Stem Cell Technologies) supplemented with 10µM Y27632 (ROCK Inhibitor, dissolved in DMSO as a 10 
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mM stock according to manufacturer’s instructions, Stem Cell Technologies). After 24 hours, the medium 

was switched to mTesR (Stem Cell Technologies) and replaced daily. Once the iPSC colonies were 

developed, the cells were passaged at 80 % confluency at a 1:12 ratio, approximately every 5 days, using 

ReLeSR (Stemcell Technologies) onto Matrigel-coated plates. The pluripotency and the reprogramming 

efficiency of iPSCs colonies were confirmed with Alkaline phosphatase staining (AP, Invitrogen) and 

StainAlive Dylight 488 Mouse anti-human TRA-1-81 Antibody (Stemgent), according to the 

manufacturer’s manual. All experiments were carried out between passage numbers 29-34.  

Freezing iPSCs 
The iPSCs were harvested using ReLeSR (Stem cell technologies) for 7 minutes, and cells were collected 

using mTeSR. An aliquot of 1x106 cells was placed in 15mL Falcon tubes and centrifuged for 5 minutes at 

300xg. The iPSC cell pellet of 1 x106 cell was resuspended in the cryopreservation medium of mFreSR 

(Stem Cell Technologies) or mFreSR supplemented with Ice recrystallization inhibitor (IRI) (see Table 2.0 

for details). The cryovials were frozen at -80ºC for 24 hours using Mr.Frosty™ Freezing container (Thermo 

Scientific™) and transferred to -196ºC liquid nitrogen tank (Thermo Scientific™- Locator 8 Plus). 
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Name of Medium Ingredients  

Media A (mFreSR) mFreSR (Stem Cell Technologies) 

Media B (2FA) mFreSR (Stem Cell Technologies) + 2FA 

compound  

Media C (4ClA) mFreSR (Stem Cell Technologies) + 4ClA 

compound 

Media D (PMA) mFreSR (Stem Cell Technologies) + PMA 

compound 

Media E (2,6-DFB) mFreSR (Stem Cell Technologies) + 2,6-DFB 

compound 

Table 2.0. List of all cryopreservation mediums and formulations.  

Thawing IRI supplemented cryopreserved iPSCs  
After a minimum of one week of samples being cryopreserved at -196ºC, the samples were thawed to 37ºC 

in a water bath. The cryopreserved medium and supplemented IRI solution was removed from the cells by 

centrifuge techniques. The cell pellets were resuspended with mTeSR (Stem cell technologies). Half of the 

cell solution was added to 12 well cell culture plates pre-coated and supplemented with mTeSR and 10µM 

Y27632 (ROCK Inhibitor, dissolved in DMSO as a 10 mM stock according to manufacturer’s instructions, 

Stem Cell Technologies). Another half of the cell solution was added to 12 well cell culture plated pre-

coated and supplemented with mTeSR (no presence of Y27632 ROCK Inhibitor (RI)). After 24 hours, both 

culture conditions were switched to mTeSR plus (Stem Cell Technologies), and live-cell imaging was 

recorded for 48 hours using IncuCyte (Sartorius). 
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Figure 3.16. Schematic illustration of thawing iPSCs and plating the cells for growth rate analysis using 

IncuCyte®. The illustration was created using BioRender software. 
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Live Cell Staining using Anti- TRA-1-81-VIO® 488 
The Anti-TRA-1-81-VIO® Live stain was diluted at 1:100 in mTeSR (stem cell technologies). The diluted 

antibody cell culture medium was added to the cells and incubated for 30 minutes at 37 ºC at 5 % CO2. 

After removing the antibody, the cells were washed twice with mTeSR and replaced with mTeSR to 

examine the staining using a fluorescence microscope (data not shown).   

 

Flow Cytometry 
 

The thawed iPSCs were resuspended with mTeSR (Stemcell Technologies). The iPSCs of 3.0x105 cells 

were added to Fluorescence Assisted Cell-sorting (FAC) tubes. A 10µL of propidium iodide (PI) was added 

to cells and incubated at room temperature for 10 minutes. Using the BD Accur™ C6 Plus on a 24 tube 

rack plate, the FAC tubes were selected for the auto collection of the cells. Run limit of 50,000 events with 

medium flow fluidics rate were set as the parameters, and the cells were gated on their population via 

forward/sideward scatter at P1 events. For each experiment, at least 3.0x105 to 5.0x105 cells were sorted. 

The PI stain was used to assess the viability of iPSCs post-thaw. The viability was collected within a time 

frame of 30 minutes upon thaw. For pluripotency, cells were blocked with 3% BSA in PBS for 30 min at 

room temperature and incubated with Human Anti-TRA-1-81-VIO® Live stain conjugated Antibody (Stem 

Cell Technologies) at a dilution of 1:100 in 100 µl of 1% BSA in PBS and 2 mM EDTA for 30 mins at 

room temperature. Cells were washed three times with 1% BSA in PBS and resuspended in 500 µl 1% BSA 

in PBS. The BD Accur™ C6 Pl was used to analyze samples, and the FAC tubes were selected for the auto 

collection of the cells. Run limit of 50,000 events with medium flow fluidics rate were set as the parameters, 

and the cells were gated on their population via forward/sideward scatter at P1 events. For each experiment, 

at least 3.0x105 to 5.0x105 cells were sorted.  
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Immunohistochemistry  
Cells grown in 12-well plates with 15 mm round coverslips were coated with Matrigel in the growth 

medium. The cells were fixed using Genofix (DNA Genotex) with 4% PFA (Sigma). The cells were then 

permeable with 0.2% Triton X-100 (Sigma) in PBS (without Ca 2+/ Mg 2+) for 20 minutes, washed and 

blocked using DAKO protein block serum-free (Agilent) for 20 minutes at room temperature. After 

preparing the primary antibody of 1:100 dilution for OCT4 (SantaCruz, SC-5279, mouse monoclonal with 

the secondary antibody of rhodamine-conjugated rabbit anti-mouse IgG) and 1:5000 dilution for SOX2 (in 

house, rabbit polyclonal with rhodamine-conjugated goat antirabbit IgG). The coverslips were incubated 

for 1 hour at room temperature in a humidifying chamber. After three washes of PBS to coverslips for 5 

minutes, these were incubated with secondary antibody (1:500) in antibody diluent at room temperature for 

1 hour with no exposure to light. Coverslips were washed three times for 5 minutes with PBS and mounted 

with DAKO fluorescent mounting medium (Agilent) spiked with 5µg/mL of Hoechst 33258 (Sigma) to 

counterstain the nuclei. Images were captured using the Axiovert 200M microscope (ZEISS). Imaged cells 

using 20 X/ 0.4LD Archroplan Korr (DICII) objective. Protocol obtained from Ribecco et al., [151]. 

Statistical Analysis 
All experiments were performed in three technical experiments with three replicates. Results are given as 

a mean + standard deviation (SD) or standard error of the mean (SEM). The statistical tests are indicated in 

figure captions, and the level of significance was set at p < 0.05, indicated with an asterisk (*). The grading 

of significance is indicated as: *p < 0.05, **p < 0.01, ***p < 0.001. 

Teratoma assay  
 

Preparing mice and workstation 

 The teratoma assay experiment was performed by Junzhuo Huang, Ewa Baumann, Risini Weeratna, 

Scott McComb, Shawn Makinen, Melissa Hewitt, and Jagdeep Sandhu from the NRC. The mice were 

prepared according to the protocol indicated in literature with the initiation of injecting insulin syringes and 

keeping the injected mice on ice. The mice are provided with an anesthetic using isoflurane vaporized in 

oxygen at 2 % to 3 % to induce anesthesia and reduce to 1 % - 2 % to maintain it once the mouse is 
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unconscious. Once anesthesia is confirmed, the next step was to shave the fur at the site of injection using 

hair removal cream for 1 min and wipe off the remaining hair.  

Preparing the pluripotent stem cells for injection 

An iPSC line was obtained from culture or frozen stock. If the cells were in culture,  pluripotency 

expression markers were verified using immunohistochemistry. If the cells were derived from frozen stock, 

the cells were re-plated and passaged at least once before harvesting.  

Preparation of the injection mixture 

For injection into mice, iPSCs were pretreated with Y27632 ROCK Inhibitor for one hour. iPSCs were 

dissociated to single cells using Accutase (Stem Cell Technologies). Cell numbers were adjusted to 1x106 

iPSCs per injection. Harvested iPSCs were centrifuged at 300 g for 5 min and gently resuspended in hESC 

qualified Matrigel on ice. 

Injection of iPSCs  

The anesthetized mice were placed on the surgical station, and the nose of each mouse was 

connected to the anesthetic airflow. Then, 50µl cell suspension was injected into the anterior tibialis 

muscles, and the mice were kept under anesthesia for 10 to 15 minutes to make sure the cell mixture remains 

localized to the injection site.  

Monitoring the mice post-injection 

The mice were monitored for six to eight weeks post-injection to confirm that they were healthy 

and that the mass is growing at the injection sites. Precautions were taken to prevent the immunodeficient 

mice from getting sick by providing appropriate housing conditions with the addition of antibiotics to 

drinking water. Next, the mice were euthanized and the teratomas, when they are no larger than 1 cm3, were 

explanted; this was also done earlier if any mouse showed visible signs of distress, pain, or illness.  

Preparing the teratomas for histological analysis 

The mouse was euthanized in accordance with the regulations of the institution. Muscle fascia and 

other connective tissues directly attached to the tumor of the skin were cut away. The teratoma was 
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transferred to the 50 mL tubes 10 times the tissue volume of 4 % PFA. The fixed teratoma was transferred 

to the following increasing concentrations of ethanol at room temperature: 70 % for 1 hour; 90 % for 1 

hour; 95 % for 1 hour; and 100 % for 1 to 2 hours. Afterward, the teratomas were removed from the ethanol, 

and excess ethanol was removed by gently tapping the teratoma over a paper towel. The teratomas were 

transferred to xylene and kept at room temperature for 1 hour. This was repeated in fresh xylene for another 

hour. The teratomas were placed in labeled immunohistochemistry cassettes and heat paraffin to 60ºC to 

form a liquid and were then added to the cassettes containing the specimens. One hour was allocated for 

the samples to cool at room temperature to cut serial sections, 4 to 6 µm thick, using a microtome. The 

sections were mounted on to the microscope slides and heat to 60ºC for 1 hour to melt it onto the slides.  

Staining and analyzing the sections 
The teratomas sections were submitted to a facility for H&E staining. At the facility, the trained 

personnel would transfer the fixed teratomas into 50 mL falcon tube with 5 mL of 30 % sucrose solution. 

The cryomolds are then filled with cooled isopropanol on dry ice, and the sample takes approximately 5 

minutes to freeze. The samples would then be cut into 10 to 50 µm thick serial section using a cryostat, and 

two sections per slide on three to four superfrost slides would be applied. Next, 80 µL of the primary 

antibody was added to dilute in blocking solution to each slide and incubated overnight at 4 ºC in the 

humidified staining box. The slides were washed in the solution three times for 10 minutes each, all at room 

temperature. The slides were then returned to the staining box and incubated with the secondary antibody 

diluted in the blocking solution for 1 hour at room temperature. Lastly, 100µL of mounting medium was 

added to the slide in a line on one side of the sample.  

Preparing solutions  
 

To prepare a wash solution, 0.1 % (v/v) Tween 20 was added to PBS and prepared fresh before use and was 

stored at room temperature. To prepare permeabilizing solution, 0.5 % (v/v) TritonC-100 was added to PBS 

and prepared fresh before use. To prepare a block solution, 0.1 % (v/v) Tween 20 was added to 5 % (v/v) 

animal serum and prepared fresh prior to use. 
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3.9 Supplemental Figures  
 

 

 

Figure S1. Assessment of post-thaw viability in HAF-iPSCs using IRIs supplemented in mFreSR. Post-
thaw viability percentage of human iPSCs cryopreserved with 2FA, 4ClA, PMA, and 2,6-DFB 
supplemented in control, mFreSR. Cells were frozen at a rate of 1ºC/min to -80ºC before being 
transferred to -196ºC. Samples were thawed rapidly in a 37ºC water bath. Viability was assessed by 
Trypan blue exclusion assay immediately post-thaw in the presence of 10µm Rock Inhibitor (RI). Percent 
viability is expressed as the mean and standard error of the mean (SEM). Statistical significance marked 
by asterisks assessed by one-way analysis of variance (ANOVA) for comparison to control (mFreSR), 
where ns=P>0.05, *= P≤0.05, **= P≤0.01, and ***= P≤0.001 (n=2). 
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Figure S2. Results of FACs studies using TRA-1-81 after 48 hours of cell colony formation A) The 
histogram plot of all cell conditions after 48 hours of post-thaw. B) represents the overall response of all 
the conditions tested.  
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Figure S3. Results of FACs studies using TRA-1-81 after 48 hours of cell colony formation. Triplicate 
response of each condition compared to unstained (red). a. mFreser, b. 4ClA at 0.5 mM, c. PMA at 15 
mM, d. 2,6DFB at 15mM, e. 2FA at 10 mM.  
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Figure S4. Graphical analysis of flow cytometry with TRA-1-81 stain to measure pluripotency and 
proliferation response of cells compared to the unstained control. A) unstained control, b—d) control-
mFreSR, e—g) 4ClA 0.5 mM, h—j) 2FA 10mM, k—m) PMA 15mM, n—p) 2,6DFB 15mM.  
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Figure S5. The graphical measure of response attained from flow cytometry data. No alteration in 
pluripotency was observed following the thaw of iPSC cryopreserved in the presence of each IRI. TRA-1-
81 intensity was used as a surrogate measure of pluripotency. 
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