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Abstract 

 
 

 Cryopreservation is a vitally important field of study, and although significant 

advances have been made in the last 60 years, many challenges still exist. The exact 

mechanisms by which injury occurs are still debated, and therefore the design of 

cryoprotectants is uniquely challenging. A key event during cryopreservation is the 

recrystallization of ice, which results in damage to cells. Antifreeze glycoproteins (AFGPs) 

are a subclass of biological antifreezes found in many species of Arctic and Antarctic teleost 

fish, and these possess potent recrystallization inhibition (RI) activity. Consequently, our lab 

has explored the rational design of chemically and biologically stable AFGP analogues for 

use in cryopreservation. In this study, we have prepared C-linked AFGP analogues and their 

derivatives to probe the mechanism of RI, and explored the relationship between RI activity 

and cryopreservation. 

 

 Recently, our lab prepared a series of C-linked AFGP analogues substituted with 

different monosaccharides in order to explore the connection between the stereochemistry of 

the carbohydrate moiety and recrystallization activity. A subsequent study of a series of 

commercially available O-linked mono- and disaccharides confirmed that the hydration of 

the carbohydrate, which is determined by its stereochemistry, is correlated to its RI activity. 

The hydration of a compound is further related to its hydrophobicity. Consequently, we 

designed a series of analogues to investigate the importance of hydrophobicity and hydration 

of C-linked AFGP analogues and their components to RI activity. AFGP analogues 

substituted with a carbohydrate moiety containing a double bond, AFGP analogue building 

blocks substituted with both saturated and unsaturated carbohydrate moieties, and a series of 

C-linked carbohydrate derivatives bearing a variety of hydrophobic groups were prepared 

and tested for RI activity. The data obtained reinforced the importance of stereochemistry for 

RI activity. The double bond would have disturbed the stereochemistry of the hydroxyl 

groups compared to the saturated carbohydrate, and this resulted in a decrease in RI activity. 

Further, it was found that increasing the hydrophobicity of C-linked carbohydrate derivatives 

does not necessarily improve RI activity. Lastly, the AFGP analogues had much greater RI 
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activity than their individual components, and the components cannot be used to predict the 

RI activity of the polymer.  

 Our cryopreservation studies were carried out using two cell types, a hepatocyte-like 

cell line (WRL 68), and hematopoietic stem cells (HSCs) from umbilical cord blood (UCB). 

Hematopoietic stem cells (HSCs) are immature hematopoietic precursor cells also found in 

bone marrow and peripheral blood. Transplantation of both HSCs and hepatocytes is 

indicated for myriad conditions, and a reliable supply of cells is paramount. There is a need 

for improved cryopreservation conditions for both cell types to achieve this goal. 

 

 Based on the extensive work done by our lab on the effect of hydration of 

carbohydrates on RI, we investigated the cryopreservation potential of several carbohydrates, 

representing a spectrum of RI activity. It was found that that low concentrations of 

carbohydrates can be used for successful cryopreservation of WRL 68 cells, and further, the 

addition of low concentration of carbohydrates can allow the concentration of DMSO in the 

cryopreservation medium to be reduced without adversely affecting the cryopreservation 

outcome. For UCB cells, 5% DMSO can be completely replaced with galactose, without a 

decrease in cell viability. For both cell types, in the presence of DMSO, the type of 

carbohydrate was more important than its concentration for a successful cryopreservation 

outcome. Further, carbohydrates are most effective when employed as extracellular 

cryoprotectants. Significantly, when used as the sole cryoprotectant, we determined that 

carbohydrate cryopreservation activity correlated with RI activity. Carbohydrates with good 

RI activity may therefore be able to effectively manage the ice formed during 

cryopreservation. 
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1. Chapter 1: Introduction to Cryopreservation 
 

 Scientists have been interested in studying biological effects at low temperature for 

over a century. “Low temperature” preservation includes hypothermic storage and 

cryopreservation. Hypothermic preservation is defined as preservation in the absence of ice 

formation, while cryopreservation involves cryogenic temperatures and comprises freezing 

preservation and vitrification.
1
 Hypothermic storage of cells is often desirable for the short 

term. Under hypothermic storage conditions, cell aerobic metabolic rates decrease, but do not 

stop, and the membrane and metabolic functions become decoupled; cells then become 

sensitive to hypoxic and hypothermic conditions and suffer metabolic damage.
2
 Hypothermic 

storage is therefore not a viable solution for long-term storage. For the purposes of this 

thesis, freezing preservation is referred to as cryopreservation. Cryopreservation is equally 

often referred to as cryobiology, a term coined in 1946 by Alan Parkes in the first issue of the 

journal Cryobiology.
3
  

Early work in cryobiology focused largely on the cryopreservation of spermatozoa, 

and the first of many milestones is credited to Polge et al. for the serendipitous discovery that 

fowl spermatozoa could survive freezing to low sub-zero temperatures when frozen in the 

presence of glycerol.
4
 Since then, researchers have sought to understand what occurs during 

temperature excursions to low sub-zero temperatures and the implications for cell viability 

and function upon thawing. Work in the field of reproductive technology has expanded 

beyond spermatozoa, to include animal and human gamete, oocyte, and embryo 

cryopreservation. Many types of human cells, including stem cells, and tissues, have 

successfully undergone hypothermic storage or cryopreservation followed by positive 

clinical outcomes. Despite remarkable clinical success, cryopreservation remains uniquely 

challenging. The early biophysical studies are still debated today, and much work is carried 

out based on phenomenological data. A review of the debate is imperative for the 

understanding of the current state of the art.  



2 

 

The work presented in this thesis is focused on the design and synthesis of 

hydrophobic antifreeze glycoprotein analogues, and the cryopreservation of two different cell 

types, human hepatocytes and human hematopoietic stem cells, using mono- and 

disaccharides as cryoprotectants. This chapter will discuss: the cryopreservation process and 

the problems associated with it; cell damage during cryopreservation; typical 

cryopreservation condititions; cryoprotectants, including dimethyl sulfoxide (DMSO), 

sugars, and biological antifreezes; and finally, the cryopreservation of human hepatocytes 

and human umbilical cord blood.  

   

1.1 Cryobiology 
 

 Cryopreservation involves the freezing of biological material to low sub-zero 

temperatures. Typical storage temperature is -196 °C and cells can survive storage at this 

temperature for centuries. In fact, temperatures below -130 °C effectively stop biological 

time.
5, 6

 Rather, it is the transitions to-and-from very low temperatures that are dangerous to 

life. Both freezing and thawing present challenges to successful cryopreservation. The 

challenges of the freezing process are addressed first. Cell survival is poor if the cooling rate 

is too fast or too slow. While the ideal cooling rate differs between different cell types, plots 

of cell survival vs. cooling rate for different cell types all describe an “inverted U” (Figure 

1).
5, 7

 The causes of cell death are different at high and low cooling rates and can be 

categorized as fast-freezing injury and slow-freezing injury. In general, fast-freezing 

increases the probability of intracellular ice formation, and slow-freezing results in 

prolonged exposure to extracellular ice, the consequences of which are cell injury and death.
8
 

The optimal rate is found through experimentation or modeling,
9
 and the exact mechanism 

by which injury occurs is still debated. 
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Figure 1.1 "Inverted U" Cooling Curves: comparative effects of cooling velocity on the 

survival of various cells cooled to -196 °C and thawed rapidly; the yeast and human red cells 

(RBC) were frozen in distilled water and blood, respectively. The marrow stem cells and 

hamster cells were suspended in balanced salt solutions containing 1.25 M glycerol.
10

 

 

1.1.1 Fast-Freezing Injury 

 

 At supra-optimal cooling rates – fast-freezing – intracellular ice formation occurs. 

Cooling cells at any rate causes an increase in the concentration of solutes outside the cells, 

since ice excludes solutes as it forms. The thermodynamic freezing point of most cells is -0.5 

°C, however cells remain unfrozen, coexisting with the extracellular ice, until the 

temperature drops an additional 5 °C to 40 °C. The plasma membrane inhibits ice nucleation, 

which leads to this supercooling.
5
 Supercooling of the water surrounding cells creates a 

difference in vapour pressure or chemical potential difference across the cell membrane. This 

difference causes the cell to lose water to the extracellular environment and dehydrate. In 

order for the cell to stay in equilibrium with the external ice, the cooling rate must not be 

faster than the cell can lose water.
5
 Cooling rates in fast-freezing are such that the cell is no 

longer in equilibrium, and therefore does not lose water before a temperature is reached that 

causes intracellular ice formation. However, different cells have different permeability to 

water, and this accounts for the different ideal cooling rates seen with different cells.
5
 Below 

-30 °C, weak endogenous nucleators can cause ice formation. However, ice nucleation can 
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occur at temperatures greater than -30 °C, particularly in the presence of cryoprotective 

agents (CPAs). Three theories have been put forward to explain intracellular ice formation 

above -30 °C. First, the membrane-pore theory postulates that intracellular ice nucleation 

could result from external ice growth through angstrom-sized pores in the plasma 

membrane.
5, 11, 12

 Even if external ice cannot initially grow through the channel, water 

leaving the cell as a result of the chemical potential across the membrane, would meet it in 

the channel and thus facilitate the growth of ice into the cell. Ice growth in the channel and 

ice recrystallization could cause the pore to enlarge, permitting the growth of ice into the cell 

interior.
11

The topic of ice recrystallization will be more fully explored in a later section. 

Secondly, the heterogeneous intracellular ice-nucleation model proposes that the cell 

membrane can act as an ice nucleator.
5, 13, 14

 Extracellular ice can cause structural changes in 

the plasma membrane or in the water just inside the membrane and therefore indirectly lead 

to plasma membrane-catalyzed nucleation of the supercooled interior of the cell.
15, 16

 Finally, 

the osmotic rupture hypothesis postulates that thermal fluctuations during cooling ruptures 

the plasma membrane, which can then cause loss of osmotic responsiveness, expansion-

induced lysis, or allow the formation of intracellular ice.
17

 Muldrew and McGann provided 

new evidence for the osmotic rupture hypothesis, and proposed a mechanism of membrane 

injury, based on the recrystallization of ice.
18, 19

 The nature and exact mechanism of cell 

damage due to fast-freezing therefore remains unsolved. 

 

1.1.2 Slow-Freezing Injury 

 

 On the other side of the “inverted U” of cooling rates lies slow-freezing. Although 

slow-freezing precludes the formation of intracellular ice,
20

 sub-optimal cooling rates can 

cause as much damage as supra-optimal rates, and in fact, the fall-off from optimal is more 

dramatic. In 1953, Lovelock and co-workers proposed that slow-freezing injury could be due 

to an increase in electrolyte concentration inside or outside the cell. The term “solute effects” 

(also called solute toxicity) was coined by Mazur and, according to Pegg et al., “is 

understood to mean any deleterious effect brought about by changes in the concentration or 

composition of the solution in which the cells are suspended as freezing progresses.”
21, 22
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When cooling is sub-optimal, the cell is unable to stay in equilibrium with the surrounding 

water and ice; under these conditions, the cells will dehydrate, which results in an increase in 

intracellular solutes.
23

 As extracellular ice continues to form, it will remove water from the 

solution, causing solutes in the extracellular space to become concentrated. The uptake of 

solutes during freezing likely injures the cell due to osmotic stress experienced during 

thawing.
24

 The solute effects hypothesis was strongly supported by results obtained by 

Santarius and Giersh,
25

 Pegg and Diaper
26

, and Mazur and Cole.
27

 Detractors of Lovelock‟s 

“solute toxicity” theory, including Fahy and Karow,
24

 point out that there is limited direct 

evidence to support his specific conclusions. They suggest that in their current studies, 

cryoprotectant toxicity (they used DMSO) may have played a greater role than solute 

concentration. Nevertheless, Lovelock‟s basic hypothesis still has widespread acceptance. 

 Another set of hypotheses put forward contend that cell death is caused by 

destabilization of the plasma membrane due to cell dehydration. This position is strongly 

supported by Steponkus and Lynch.
28

 The authors argue that cell cooling and dehydration - 

an attempt to regulate the osmotic balance across the membrane - eventually causes an influx 

of solutes into the cell. Upon thawing, as the cell tries to attain equilibrium with the 

surrounding solution, the high intracellular concentration of solutes results in cell swelling. 

Cell swelling could cause the cell to lyse. Meryman presented a variation on this hypothesis, 

proposing that such extreme dehydration places mechanical stress on the cell that it cannot 

withstand.
29

 However, much of the work supporting the membrane destabilization hypothesis 

was conducted with plant cells. Muldrew and co-workers suggested that, rather than 

membrane destabilization alone resulting in increased intracellular salt concentration, the 

increasing solute concentration due to dehydration could result in the solubilization of 

protein salt-bridges, which would increase the levels of intracellular sodium. The increased 

intracellular level of sodium could cause the cell to burst due to the influx of water during 

thawing.
30

 

 The previous hypotheses all agree that, “injury is assumed to be a consequence of the 

lowered chemical potential of water brought about by the increased solute concentration.”
5
 

However, Mazur and co-workers postulate that solute toxicity is dependent on the size of the 

unfrozen fraction of water. The unfrozen fraction of water does not remain in the liquid state, 
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but usually vitrifies to some extent, becoming a glass-phase solid, or a partially crystallized 

glassy matrix, surrounding the cells.
7, 31

 When the fraction of unfrozen water was between 

25% and 10% of the initial water content of the cell, Mazur‟s results corroborated 

Lovelock‟s solute toxicity hypothesis (that blood cell survival depends strongly on 

electrolyte concentration). When the fraction of unfrozen water was greater than 25%, even 

high salt concentrations did not hinder cell survival. However, as the fraction of unfrozen 

water decreased below 10%, cell survival dropped dramatically.
5, 27, 32

 Mazur theorized that 

the compression of cells into the small channels between ice crystals caused deformation of 

the cell membrane and injury to the cells from adverse cell-ice and cell-cell interactions. 

Pegg et al. supported this hypothesis with their studies on the dense packing of cells during 

freezing,
22

 although they later provided alternate explanations for all points in Mazur‟s 

hypothesis. 
33, 34

 Despite the vast volume of research on slow-freezing injury, none of the 

hypotheses proposed to date are supported by conclusive evidence that delineates one 

mechanism of action from another.  

 

1.1.3 Effects of Slow and Fast Warming and Thawing Rates 

  

 The difficulty with cryopreservation is not with the ability of cells to survive at very 

low temperatures, but rather, it is the intermediate sub-zero temperatures that are lethal.
5
 

Cells pass through high sub-zero temperatures during both freezing and cooling. As 

discussed, during fast-freezing (the right side of the “inverted U”) intracellular ice is formed 

as the cells pass through this potentially lethal zone, while slow-freezing (the left side of the 

“inverted U”) leads to extreme dehydration without intracellular ice formation. However, 

Rall and co-workers proposed that even with freezing protocols that prevent intracellular ice 

formation, warming may still cause freezing inside the cell.
35

 There is substantial evidence 

that shows that cells frozen using fast-freezing protocols benefit from rapid warming as 

compared to slow warming.
36

 Muldrew and McGann report that, “[this] effect is usually 

ascribed to the lack of time for recrystallization of intracellular ice.”
19

 The situation is more 

confused for cells cooled with slow-freezing protocols: “the warming rate can have no effect 

on cell viability, slow warming can be more damaging to cells than rapid warming or, rapid 

warming can be more damaging than slow warming”.
36

 Most commonly however, slow 
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warming is more damaging to cells than rapid warming. There are myriad explanations for 

the deleterious effects of slow warming, and Mazur suggests that they are likely similar to 

the damage inflicted by slow cooling.
5
 The explanations put forward for the damage inflicted 

by rapid warming also include the occurrence of osmotic shock due to the membrane 

becoming temporarily leaky during thawing, allowing normally impermeable solutes to 

enter.
33

 Impermeable solute uptake then results in osmotic swelling, due to a concomitant 

increase in the uptake of water and permeable solutes. Cells may be injured as a result of 

devitrification of any glassy-state solid that was formed during cooling.
37, 38

  

 

1.2 Effects of Cryopreservation on Cells 
 

1.2.1 Ice Recrystallization 

 

 A key event that almost certainly occurs during warming is the recrystallization of 

intra- or extracellular ice formed during cooling (or from devitrification). Recrystallization is 

the process by which larger ice crystals increase in size at the expense of smaller ice crystals. 

Smaller ice crystals have negative surface curvature while larger ice crystals have a positive 

curvature; larger ice crystals therefore have lower energy. If subjected to the right 

temperature and given enough time, grain boundaries migrate from larger ice crystals to 

swallow up the smaller ice crystals. This process is driven by the reduction in overall grain 

boundary, the accompanying reduction in the free energy of the system, and a reduction in 

the internal energy of the ice crystal.
39-41

 Recrystallization has been visually observed during 

the thawing of fast-frozen cells and experimentally correlated to cell death.
5, 42

 In fact, slow 

warming is thought to be harmful because it allows recrystallization to occur.
5, 43

 

Recrystallization is thought to be damaging to cells since large ice crystals are thought to be 

more harmful to the cell than small ones. This could be due to their larger size or from the 

forces generated from their growth process.
5, 36

 Recrystallization can cause different amounts 

of harm depending on where it occurs in relation to the cell.  
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As detailed earlier, Mazur believes that the presence of membrane pores large enough 

to admit ice will result in lethal intracellular ice formation.
5
 As previously discussed, ice 

growth can continue through the pore as intracellular water is driven out of the cell by the 

chemical potential across the membrane. As the cell is warmed during thawing, ice in the 

pore may undergo recrystallizaiton; this process is thought to enlarge the membrane pore, 

causing damage to the plasma membrane.
11, 19, 44, 45

 The mechanism by which 

recrystallization damages cells remains unclear. Indirect evidence in support of the theory 

that recrystallization plays a major role in cellular injury can be found in nature: there are 

many naturally freeze-tolerant organisms that generate recrystallization inhibitors in response 

to freezing stress.
31

 These “biological antifreezes” - the antifreeze proteins and the antifreeze 

glycoproteins – are integral to this work and will be revisited and discussed in detail. 

 

1.2.2 Innocuous Intracellular Ice 

  

 The critical point regarding the formation of intracellular ice and its recrystallization, 

is that although intracellular ice formation is generally thought to be lethal to cells, it may in 

fact be innocuous. Intracellular ice forms during fast freezing of cells, but it can also form as 

the result of the devitrification of a glassy state formed during slow cooling. Although the 

precise mechanism by which cells are damaged is not yet known, both mechanical and non-

mechanical causes of cell death have been proposed. Mechanical forces due to intracellular 

ice could damage the plasma membrane or intracellular components. Non-mechanical causes 

of cell damage include solution effects and thermal shock, osmotic injury, protein 

denaturation, and gas bubble formation.
46

 There is a general consensus however, that if the 

damage that leads to cell death occurs during warming, then the mechanism is mechanical, 

and is a result of the increase in size of intracellular ice crystals due to recrystallization. 

However, Fowler and Toner proposed that even substantial amounts of intracellular ice may 

be innocuous if crystal growth and recrystallization can be avoided during warming.
47

 

Muldrew et al. point to the studies that show that the amount of ice formed, the size of the 

ice crystals, the location of the ice formed, or the mechanism of formation can also be 

implicated in cell damage.
36

 Fowler and Toner wonder in their review of cryopreservation 
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whether, “a possible future for cryopreservation research may lie in the development of 

cryopreservation protocols that manage intracellular ice so that it is non-lethal, rather than 

attempt its prevention”.
31

 Effective ice recrystallization may therefore be a key step towards 

successful cryopreservation. This idea forms one part of our cryopreservation strategy. The 

second part of our strategy is the inhibition of apoptosis. 

 

1.2.3 Biochemical Mechanisms of Cell Death 

 

 Many forms of cell death have been identified, and these fall generally into two 

categories: non-programmed (accidental) cell death called necrosis, and programmed cell 

death. Programmed cell death comprises at least apoptosis, autophagy, oncosis, and 

pyroptosis pathways.
48,49

 Cell death associated with the cryopreservation process has been 

attributed to physical rupture of the plasma membrane and intracellular components caused 

by intracellular ice formation, alterations in cellular ion homeostasis, the occurrence of a 

mitochondrial permeability transition, as well as necrosis and apoptosis.
50-52

 There is 

emerging consensus that that the stress of cryopreservation induces cell death by apoptosis.
53-

57
 

 

1.2.3.1 Necrosis 

 

 Necrosis is the passive result of cell injury; it can be caused by severe cellular 

stresses. Necrosis is generally thought to be an energy-independent (ATP-independent) event 

and characterized by cellular swelling, compromise of membrane integrity, mitochondrial 

dysfunction, random DNA fragmentation by cellular endonucleases, and massive oxidative 

stress. Necrosis causes cell lysis and activates an immune response.
49, 50, 58

 Figure 2 shows 

the morphological changes associated with necrosis and apoptosis.  
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Figure 1.2 Necrosis vs. Apoptosis
59

 

 

1.2.3.2 Apoptosis 

 

 Apoptosis is a programmed form of cell death, conserved and uniform in nature. It is 

an energy-dependant and carefully controlled process, and constitutes an important part of 

physiological homeostasis. Apoptosis is biochemically, morphologically, and molecularly 

distinct from necrosis. Morphological changes unique to apoptosis include cell shrinkage, 

chromatin condensation and fragmentation, compartmentalization of intracellular 

components, maintenance of an intact cell membrane, cytoplasmic blebbing, and cellular 

fragmentation into apoptotic bodies; it does not illicit an immune response.
49, 50, 58

 Apoptosis 

can be initiated by both exogenous and endogenous factors, including ultraviolet radiation, 

toxic stress, growth factor deprivation, nutrient stress, temperature extremes, ischemia, and 

changes in apoptotic-related gene production.  Apoptosis is frequently defined as a pathway 
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that involves the sequential activation of caspases.
49

 Caspases are members of a cysteine 

protease family; they are thought to be the key players in the disassembly of the cell – the 

morphological process of apoptosis.
58

 Caspaces normally exist as proenzymes (procaspaces) 

that are converted to their fully active forms by proteolysis. They are ordered into a cascade, 

in which activated caspases can activate other enzymes, including other procaspases. They 

are generally grouped into the initiator caspases (caspases 2, 8, 9, 10), and the effector 

caspases (caspases 3, 6, 7). The former act upstream of the so-called point-of-no-return, 

while the latter are activated once the cell is committed to the apoptotic pathway.  

 

Figure 1.3 Cryopreservation-Induced Apoptosis: A) membrane-mediated apoptosis: 

schematic diagram of the Fas and TNF surface receptor-mediated apoptotic pathways; open 

arrows ( ) indicated stages in the apoptotic cascade that have been implicated in cell death 

following cryopreservation; B) Mitochondrial-induced apoptosis: schematic diagram of 

apoptotic progression following induction through mitochondrial alterations; open arrows 

( ) indicate stages in the apoptotic cascade that have been implicated in cell death 

following cryopreservation
50

 

 

Apoptosis can be initiated by both exogenous and endogenous events, each triggering 

apoptosis via an apoptosis pathway (Figure 1.3). Three “families” of pathways have been 

described: receptor-mediated (membrane-mediated), mitochondrial mediated, and nuclear 

mediated.
49, 50

 In his review, Baust presents the sequential caspase activation resulting from 
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membrane-mediated versus mitochondrial-mediated apoptosis, and indicates the stages in the 

cascade that have been implicated in cryopreservation-induced cell death.
50

 

 

 Caspase inhibitors has been shown to improve cryopreservation outcome.
57, 60, 61

 

Despite this experimental evidence, the role of caspases in apoptosis and cell death 

associated with cryopreservation - and therefore the role of caspase inhibitors - is unclear. 

Recently, it has been shown that upon caspase inhibition, alternative programs of cell death 

are executed and these may have features characteristic of necrosis.
62, 63

  

 

1.2.4 Effects of Cryopreservation on Cells: Summary 

  

Mazur‟s two-factor hypothesis for optimal cooling rate was developed in 1965, yet is 

still the principle behind successful cryopreservation. Optimal freezing protocols must cool 

the cells quickly enough so that some water is retained inside the cell in order to avoid slow-

freezing damage. Yet, cooling must be slow enough so that cells can dehydrate in order to 

stay in osmotic equilibrium with the extracellular solution. In a sufficiently dehydrated cell 

the remaining water will vitrify before the cell reaches its homogeneous nucleation 

temperature.
31, 41

 While the mechanisms of cell injury and death are still debated, 

cryopreservation protocols can be developed through phenomenological work. In attempts to 

speed up the slow process of experimental work,  some groups have developed „optimal‟ 

freezing programs using theoretical models.
64, 65

 The optimal cryopreservation condition for 

a given cell type requires a protocol that, at a minimum, uses the appropriate cooling rate but 

also the optimal type and concentration of cryoprotectants.
1
 Cryoprotective agents, including 

DMSO, biological antifreezes, and sugars, will be discussed in detail. 
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1.3 Cryopreservation Agents 
 

 Cryoprotective agents (CPAs) have played a key role in cryopreservation since the 

accidental 1949 discovery by Polge et al
4
 and the 1953 discovery by Lovelock

66, 67
 of the 

cryoprotective effects of glycerol and DMSO respectively. CPAs can be divided into two 

broad categories: permeating and non-permeating cryoprotectants. Permeating (or 

penetrating) cryoprotectants can enter the cell passively through the plasma membrane. They 

are small, non-ionic molecules that have a high solubility in water at low temperatures. They 

ideally have a low cellular toxicity. Non-permeating (or non-penetrating) cryoprotectants 

cannot penetrate the plasma membrane and therefore remain outside of the cell unless they 

are artificially introduced. Non-permeating cryoprotectants are generally long-chain water-

soluble polymers with large osmotic coefficients.
36

 The protective capacity of CPAs during 

slow-freezing is ascribed to two main mechanisms: they may have a colligative mechanism 

of action, or they may interact specifically with the plasma membrane.  

 

1.3.1 Colligative Mechanism of Action of Cryoprotective Agents 

 

 The addition of cryoprotectants to a solution will lower the freezing temperature of 

the extracellular water. More importantly, both permeating and non-permeating 

cryoprotectants have a significant effect on the cell nucleation temperature - the temperature 

at which intracellular ice nucleation occurs - in the presence of extracellular ice. Nucleation 

temperatures are usually between -10 °C and -15 °C but can range from -5 °C to below          

-30°C.
5
 While this range can be attributed to the difference in cell type,

5
 cryoprotectants 

generally lower the ice nucleation temperature and increase the vitrification temperature.
41

 

As a result, the cytoplasm doesn‟t supercool to the same extent so the chances of forming 

intracellular ice are decreased. Further, permeating cryoprotectants act colligatively to 

minimize solution effects injury by decreasing the concentration of salts normally found in 

physiological solutions at a given sub-zero temperature in the presence of ice. They do this 

by lowering the amount of ice present at a given temperature and by acting as a secondary 

solvent for salt.
68, 69

 Non-permeating cryoprotectants cannot protect against solution effects 
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since they cannot penetrate to the cell interior. This colligative action of CPAs would 

increase cell survival after cryopreservation according to both Lovelock‟s solute effects 

hypothesis (if permeating cryoprotectants are used), as well as Mazur‟s unfrozen fraction 

hypothesis (since lowering the amount of ice present means an increase in the unfrozen 

fraction). Finally, permeating CPAs increase the volume of the cell (compared to cells 

without CPAs) when the cell has dehydrated due to freezing. In other words, permeating 

CPAs can, “reduce excessive cellular shrinking”,
31

 a phenomenon that has been linked to cell 

death during slow-freezing.
29, 30

 Permeating cryoprotectants have been used extensively for 

the protection of cells during slow-freezing. However, they have not proven to be effective 

protectors during fast-freezing (although they are extensively used in vitrification). Finally, 

non-permeating cryoprotectants are thought to act by dehydrating the cell before freezing. 

Therefore, once freezing begins they decrease the amount of water that the cell needs to lose 

to maintain osmotic equilibrium during freezing. Non-permeating cryoprotectants, however, 

are largely ineffective during slow-freezing and their primary use is with fast-freezing 

protocols, although they have been used to enhance the effect of permeating 

cryopreservatives
70, 71

  

 The second mode of action, the interaction of the cryoprotectant with the plasma 

membrane, will be discussed in the context of biological antifreezes. Other concerns 

regarding cryoprotectants are that the addition and removal of cryoprotectants can cause 

damage to cells due to excessive osmotic forces.
46

 Various strategies including step-wise 

dilution and sucrose dilution have been developed to help overcome this challenge. 

However, the benefits of slow addition and removal must be balanced with the direct toxic 

effects that can result from exposure of cells to CPAs under non-frozen conditions.
72

 The 

amount of DMSO or other permeating cryoprotectant required to prevent solute toxicity 

during slow cooling is in itself damaging or lethal to cells.
31

 DMSO has been extensively 

studied in this regard.  
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1.3.2 DMSO and DMSO Toxicity 

 

 According to Meryman, there are two criteria for permeating reagents. They must 

easily and rapidly cross the cell membrane, and even at high concentrations they must not be 

toxic to the cells.
73

 Despite the many advances in cryopreservation, no CPAs have been 

found that fit these ideal criteria. The most commonly used cryoprotectants are glycerol and 

DMSO; DMSO is the most commonly used cryopreservation agent for hepatocytes, and 

hematopoietic stem cells (these cells are of primary interest to the research presented here).
73-

75
 Glycerol is non-toxic, but many cells are impermeable to it or allow it to permeate only 

slowly. This can create major osmotic problems. The major benefit of glycerol is that it can 

stabilize macromolecules within the cell.
29, 73, 76

 DMSO, on the other hand, permeates cells 

relatively quickly. However, especially at reduced temperature, it does not do so instantly. 

Further, DMSO destabilizes macromolecules, and is toxic to cells. However, the relative 

toxicity of DMSO in the clinical setting has been difficult to ascertain. In the case of 

hepatocyte transplantation, the cells are washed in order to remove all traces of DMSO.
77

 

This is not necessarily the case for umbilical cord blood. In the transplantation of 

hematopoietic stem cells from umbilical cord blood, DMSO has been implicated in a number 

of dose-dependent adverse effects including gastro-intestinal, cardiovascular, and 

neurotoxicity effects.
78-82

 DMSO toxicity has been called “idiosyncratic”, and it “may thus 

be unpredictable and unavoidable”,
81, 83

 and despite the findings of some researchers that 

DMSO is relatively safe and well-tolerated, the same researchers suggest that decreasing the 

amount of DMSO infused along with umbilical cord blood merits further investigation.
79, 82, 

84, 85
 

 Given the preceding discussion of cryoprotectants, it seems clear that efforts to 

improve the current cryoprotective strategies are warranted. While DMSO is a commonly 

used CPA, its disadvantages have also been outlined. A different type of CPA, the biological 

antifreezes, may present a unique solution in the search for the ideal cryoprotectant. 

Biological antifreezes will be discussed in detail. 
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1.4 Biological Antifreezes 
 

 The biological „antifreezes‟ are a structurally diverse class of proteins that have the 

ability to interact with ice crystals in supercooled water and prevent their growth.
86, 87

  The 

first biological antifreezes were isolated from Antarctic fish, and described by DeVries and 

Wohlshlag,
88, 89

 DeVries et al.,
89

 Komatsu et al.
90

 , and DeVries et al.
91

 These antifreeze 

glycoproteins (AFGPs) allow fish to survive in the cold waters at the poles where the water 

temperature can be as low as -1.9 °C, far below the freezing temperature of the blood serum 

of most fish. It was found that the presence of colligatively acting salts could only account 

for about 70% of the freezing point depression seen in the blood serum of arctic and 

Antarctic fish, and the remaining 30% was attributed to the unusual presence of AFGPs. The 

AFGPs were found to depress the freezing point of the blood serum to a greater extent than 

would be expected if they were acting colligatively. Since the discovery of AFGPs, four 

classes of non-glycosylated antifreeze proteins (AFPs) have been described. AFGP‟s are 

synthesized in the pancreas, and are circulated via the bloodstream.
92

 Some fish additionally 

express AFPs in the gill and skin epithelia where they protect cells and tissues that come into 

direct contact with external ice.
93

 Much work has been done on the structure and function of 

the AF(G)Ps and all five classes of have been reviewed extensively.
39, 87, 93-96

 

 

1.4.1 Antifreeze Proteins (AFPs) 

 

Four distinct classes of AFPs from the blood serum of arctic and Antarctic fish have been 

isolated and described, and the basic characteristics are outlined in Table 1. While AFGPs 

are only found in fish, AFPs have been isolated from different species of bacteria, plants, 

insects, and vertebrates, including frogs. 
93

 Unlike the AFGPs, the four classes of AFPs have 

little in common structurally. Type 1 AFPs are comprised of a family of seven independently 

active compounds. They are alanine rich (~65 mol%), and range in molecular weight from 

3.3 kDa to 4.5 kDa. They take on an amphiphilic α-helical structure.
39, 97

 Type II AFPs 

generally have a mass of 14-16 kDa. These AFPs are cysteine rich (8-9 mol%), and 

consequently form disulfide bridges. Other major components include alanine (Ala) (up to 



17 

 

14.4 mol%), asparagines (Asn), glycine (Gly), and threonine (Thr). 
39, 98

 Type II AFPs tend 

to form β-sheets.
99

 Type III AFPs differ from the previous two classes in that they do not 

have a dominant amino acid. They range in molecular weigth from 5 kDa to 6.7 kDa. 
99, 100

 

Type IV is found along with AFP Type I in the longhorn sculpin, although the two AFPs are 

unrelated. 
101

 While Type IV also has a high level of α-helical content, at 12.3 kDa, it has a 

much greater molecular mass. Like AFP Type III, it does not contain any cysteine residues. 

Unique among the AFPs, it may contain an N-terminal pyroglutamyl group. 

 

Table 1.1 Key structural features and natural sources of AFPs and AFGPs
94

 

 

   

1.4.2 Antifreeze Glycoproteins (AFGPs) 

 

 Structurally, AFPs and AFGPs are very different. The AFGPs, isolated from fish 

blood plasma (in which they are the major protein fraction
94

), are polymers of the repeating 

tripeptide unit Ala-Ala-Thr, with only minor sequence variation. The disaccharide moiety 

galactosyl-N-acetylgalactosamine (β-D-galatcosyl(1-3)-α-N- acetyl-D-galactosamine) is 

glycosidically linked to the hydroxyl of each Thr residue.  
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Figure 1.4 General structures of antifreeze glycoproteins and abbreviations: (A) AFGP the 

most common structural motif with n = 4-50; (B) AFGP-Pro in which Pro replaces Ala; (C) 

AFGP-Arg in which Arg replaces Thr, with the loss of a disaccharide group, frequently at the 

C-terminus of the sequences; AFGP-Pro and AFGP-Arg constitue < 5% of the naturally 

occurring glycoproteins
94
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The AFGPs can be divided into 8 categories (AFGP 1-8) based on their relative rates 

of electrophoresis migration. They range in molecular weight from 2.6 kDa to 33.7 kDa.
102, 

103
 The abbreviation AFGP x (x = 1-8) refers to a mixture of glycopeptides in an approximate 

mass range.
94

 In AFGP 7 and 8, proline (Pro) occasionally replaces some of the Ala residues 

in the sequence,
104

 and arginine (Arg) occasionally replaces Thr.
105, 106

 A novel AFGP 

comprised of the carbohydrate residue N-acetylglucosamine and the amino acids Asn, 

glutamine (Gln), Gly, Ala, and traces of Arg, valine (Val), leucine (Leu) and Thr has also 

been reported.
107

 

 

1.5 Antifreeze Activity 
 

 There are two main properties that are used to define AF(G)Ps: thermal hysteresis 

(TH) and recrystallization inhibition (RI). These will be explored as they relate to the 

AF(G)Ps, and cryopreservation. 

 

1.5.1 Thermal Hysteresis (TH) of Biological Antifreezes 

 

 When AF(G)Ps are present in a solution, the freezing temperature is lowered, while 

the melting point is unaffected. This non-colligative phenomenon is known as TH,
39

 and the 

difference between the melting and freezing points is termed the thermal hysteresis gap.
102

 

The observed freezing point lowering is greater than would be expected from that of a molar 

equivalent of colligatively-acting salts.
39

 Ice neither freezes nor melts perceptibly so long as 

the temperature remains in the TH gap.
102

 Using single ice crystals suspended in solutions of 

AFGPs at temperatures in the TH gap, Raymond et al. observed that the most active fraction 

of AFGPs (AFGP 1-5), prevented all growth on the prism faces, and allowed only limited 

growth on the basal plane (along the c-axis of the ice crystal) (refer to Figure 1.5). The 

appearance of hexagonal pits on the basal plane accompanied this slow growth. Crystal 

growth halted when the basal plane was completely covered in these pits. The smaller AFGP 
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fractions (AFGP 7-8) allowed greater growth of the ice crystal along the c-axis, as well as 

some growth of the prism faces.
108

 It has been repeatedly confirmed that AFGP 1-5 show 

greater TH activity than the smaller AFGPs (AFGP 6-8).
103, 109

 Raymond et al. also observed 

that the ice crystals in the presence of any AFGP fraction formed a hexagonal bipyramidal 

structure. This feature of AF(G)Ps is known as dynamic ice shaping (DIS) and always 

precedes TH.
110

 Subsequently,  using a variety of techniques, other researchers determined 

that different AF(G)Ps bind to different planes on the ice crystal.
103, 109, 111-113

 

 

Figure 1.5 Interaction between antifreeze proteins and ice: A) in a dilute solution of AFPs 

(nM), the AFPs absorb onto the prism faces of the ice crystal and limit growth along the a1-, 

a2-, and a3-axes, forming a crystal that is hexagonal in shape; B) in solutions containing 

higher concentrations of AFPs (µM), the preferred direction of ice crystal growth is along the 

c-axis, so that the crystal forms a hexagonal bipyramid
114

 

 

 However, once the temperature of the solution falls below the TH gap, the crystal 

growth habits change dramatically, growing along the c-axis in long spicules. This is unlike 

crystal growth in pure water, which forms dendrites within the basal plane, and growth is 

preferentially along the a-axis. In the presence of AFGP, as the degree of supercooling 

increases, normal dendritic growth resumes.
115

 Since fish live in temperatures that stay 

within the TH gap, AF(G)Ps effectively protect them.
86

 From the point of view of the field of 

cryopreservation however, the DIS in and below the TH gap is an undesirable aspect of 

AF(G)Ps. Ishigurao and Rubinsky
116

 and Carpenter and Hansen
43

 observed that increased 

hemolysis was seen when cells were frozen in the presence of antifreeze proteins (AFPs), 

and attributed it to the needle-like ice spicules formed from the interaction of AFPs with ice. 
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They therefore suggest that the shape of the extracellular ice crystals have a strong influence 

on the survival of cells subjected to slow-freezing. 

 

1.5.2 Recrystallization Inhibition (RI) of Biological Antifreezes 

 

 As described earlier in the description of cryopreservation and the problems 

associated with it, ice recrystallization presents a major problem for the successful 

cryopreservation of cells. Native AF(G)Ps possess a RI capacity that functions as a 

compliment to TH. Recrystallization is the spontaneous tendency of all crystalline solids to 

increase in grain size, while decreasing the number of grains
117

 This means that large ice 

crystals will grow larger at the expense of smaller ones, causing damage to the cell. In 1986 

Knight and co-workers reported that concentrations of AFGPs as low as 10
-12

 can prevent ice 

recrystallization that occurs at temperatures near the melting point.
102

 Knight and Duman 

found that AFPs in insects also showed RI, and speculated that RI may be their major 

protective role in these organisms.
118

 While TH and RI were previously supposed to be 

correlated, in their work with an antifreeze protein from the ryegrass Lolium perenne, Knight 

et al. discovered that there was no correlation between the TH and RI activity.
119

 Based on 

work on synthetic AFGPs in our lab, it is clear that the two activities can indeed be 

uncoupled.
120

 There is much talk in the literature of the potential of recrystallization 

inhibitors as key compounds for cryopreservation.
119

 For example, Acker and McGann
121

 

speculate that, “improved long-term storage of cells and tissues will result by incorporating 

innocuous intracellular ice formation into current strategies for cryopreservation.” The 

discovery that TH, and its damaging consequences at temperatures below the TH gap, can be 

uncoupled from RI should prove to be an important step towards the use of synthetic AFGPs 

in cryopreservation applications. 
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1.5.3 AF(G)Ps and Ice-Binding  

 

 AF(G)Ps are the only compounds known to bind to ice. Normally, solutes are 

excluded from the growing ice front and are not incorporated into the ice lattice. The 

mechanism by which AF(G)Ps are able to inhibit ice growth are still under debate. It is 

generally described as an adsorption-inhibition process.
122

 A number of models have 

emerged in the literature; predominant among them are the step-pinning model proposed by 

Raymond et al.,
122

 and the mattress model, proposed by Knight and Devries
123

 (Figure 6). 

Hall and Lips proposed a third model that will not be discussed.
124

 The models are based on 

irreversible binding of the AF(G)P to the ice surface. Fletcher et al. argue that ice-AF(G)P 

interactions probably have an extensive contact site involving multiple interactions. These 

would have to be broken simultaneously for the connection to break. They argue that the 

probability of this happening is zero, and the binding is, for all purposes, irreversible.
93

 It is 

generally accepted that ice growth inhibition involves a Kelvin effect.
124, 125

 The two models 

of growth inhibition are very similar except for their geometrical assumptions. Both models 

require curvature of the ice-water interface, lowering the local freezing temperature. In the 

step-growth model, AF(G)P molecules adsorb to the growing crystal in such a way as to 

inhibit growth across the ice surface. In the mattress pinning model, the AF(G)Ps inhibit 

growth normal to the surface.
111, 122, 124, 126

 A reversible binding model and a compromise 

between the irreversible and reversible binding models have also been proposed.
39

  

 

Figure 1.6 Proposed mechanisms of growth inhibition based on the Kelvin effect: (A) step 

pinning model; (B) mattress model
124
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1.5.4 Membrane Protection 

 

 As discussed in the context of the general modes of action, cryopreservatives may 

stabilize the cell membrane. Cryopreservatives, including the biological antifreezes, may 

play a role in stabilization of the plasma membrane through solute-specific interaction with 

phospholipid bilayers.
36

 Crowe and co-workers proposed that the permeating cryoprotectant 

dimethyl sulfoxide (DMSO) helps to stabilize the phospholipid membrane through an 

electrostatic interaction of the sulfoxide group with the polar head groups of the 

phospholipids.
127

 More recently, molecular dynamics simulations have revealed that DMSO 

may induce water pores in lipid bilayers, and cause the membrane to become “floppier”. This 

would cause membranes to become more permeable to both water and other 

cryopreservation agents, facilitate membrane fusion, and enable the cell membrane to better 

accommodate osmotic and mechanical stresses during cryopreservation.
128, 129

 Wu et al. 

agree that AFGPs likely inhibit membrane leakage as the cell passes through the phase 

transition temperature.
130

 The cryoprotection afforded by the disaccharides trehalose, and 

sucrose, has also been attributed to their ability to stabilize the cell membrane.
131

 As will be 

discussed, biological antifreezes have also been shown to stabilize cell membranes. 

 While AFGPs are thought to act by inhibiting recrystallization, it has been proposed 

that RI is not the protective mechanism, but rather, that stabilization of the cell membrane 

results in increased viability after cryopreservation.
132

 In one study, less than 1 mg/mL 

AFGP fractions 2-6+ and 10 mg/mL AFGP fraction 8 prevented 100% of the leakage from 

liposomes (phospholipid vesicles served as the model membrane) that normally occurs when 

going through the phase transition.
133

 AFGPs were equally effective during chilling and 

warming. However, since AFPs did not prevent leakage at any concentration, the authors 

suggested that these experiments provided no evidence to support the hypothesis that a direct 

interaction with the bilayer is responsible for the properties of AFGPs. Still, it has also been 

demonstrated that the efficacy with which AFGP can protect liposome membranes from cold 

depends on the composition of the cell membrane.
134

 Support for the interaction of AFP 

Type I and AFGPs with membranes emerged from work on spinach thylakoid membranes 

and liposomes. However, the association of AFP Type I induced concentration-dependant 

leakage from the liposomes, and caused membrane fusion. This was not the case for AFGP 
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8, which, at concentrations of up to 10 mg/mL was able to protect membranes to some 

extent.
135

 

 It has been proposed that AFP I can block ion channels. 
136

 A more general 

interaction between AF(G)Ps and cell membranes has also been proposed based on the 

protection afforded to pig oocytes in hypothermic storage, and cryopreservation by a 

physiological combination of AFGPs. 
137

 
138

   Interestingly, this effect was not seen when 

AFGPs were used separately. 
137

 This type of interaction with the phospholipid membrane is 

different than that proposed for DMSO, where the sulfoxide moiety interacts with the polar 

head groups of the phospholipids (as discussed previously). 

 

 

Figure 1.7 Proposed mechanism of action of type I AFP: schematic of proposed mechanism 

for inhibition of leakage from membrane by type I AFP (TTTT) by insertion of the N-

terminal region of the AFGP into the membrane
139

 

 

1.6 AF(G)Ps and Cryopreservation  
 

 AF(G)Ps have been studied as adjuvants for hypothermic storage as well as for 

cryopreservation. The results of these studies are complex; in some cases AF(G)Ps were able 

to enhance the survival of cells stored at sub-zero temperatures, while in others their addition 

was detrimental.  The following studies all involve cryopreservation, rather than hypothermic 

storage. A hybrid protein containing AFP Type I showed RI activity, and increased the 

survival of cryopreserved yeast by two-fold compared to cells without the chimeric protein. 

The protocol included fast freezing, and a moderate rate of warming. The authors cite their 

result as evidence that ice recrystallization is one mechanism of cell damage during 



25 

 

cryopreservation.
140

 The viability of red blood cells was increased compared to controls, 

using relatively low concentrations (5-160 µg/mL) of Type I AFP in the cryopreservation 

solution. In these studies, warming was carried out at a suboptimal rate in order to exacerbate 

the effects of ice recrystallization. However, a 1.54 mg/mL solution of Type I AFP led to 

preferential growth of ice around the cells during warming, resulting in additional damage. 

The authors suggested that recrystallization inhibition and preferential ice growth around the 

cells are in delicate balance.
43

  At a concentration of 10 µg/mL, both AFGP and AFP Type I, 

increased the motility of ram spermatozoa after cryopreservation, compared to the motility 

seen at 0.1 µg/mL.
141

 For those trials, a fast freezing rate, and a moderately fast warming rate 

were used. At 1 µg/mL, Type I AFP showed no increase compared to the motility seen at 0.1 

µg/mL, while AFGP produced only a moderate increase. Cryopreservation of bull sperm was 

similarly carried out with various AFP II, AFP III, and AFGP proteins. It was found that 

AFP I, at concentrations of 0.1 µg/mL, 1 µg/mL, and 10 µg/mL (but not 100 µg/mL) 

increased the osmotic resistance of the cells – a quality correlated with fertility. Only AFP 

type I and III were observed to bind to the cells, and only the three lower concentrations of 

AFP I assayed created ice crystals that were visibly different from the control. A study with 

mouse spermatozoa, on the other hand, concluded that neither AFP I nor AFP III, at 

concentrations of 1-100 µg/mL, could protect frozen-thawed cells.
142

 In fact, the addition of 

AFPs led to a decrease in survival compared to the controls. For these trials, cooling was 

carried out at an optimal rate while warming was carried out at a suboptimal rate. The 

authors speculate that the changes in the ice crystals brought on by the interactions of ice 

with the AFPs had deleterious consequences to these sensitive cells. Two reviews further 

summarize studies of hypothermic storage and cryopreservation using AFPs and AFGPs.
139, 

143
 

 

1.7 Sugars, Antifreeze Activity, and Cryopreservation 

 

 AFGPs appear to have evolved independently in Arctic and Antarctic fish in a rare 

example of convergent evolution, that is, “…the development of a similar protein from 

different parent [genes] under similar environmental pressures.”
94

 A similar convergence is 
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seen in the AFPs. Sonnichsen et al. muse that the fact that AFPs from phylogenetically 

distinct species can be classified into an established AFP class is an indication that a limited 

number of structures out of the existing panoply of proteins can serve as antifreezes.
144

 

Perhaps this holds true for the AFGPs as well. In all fractions of native AFGP, the 

carbohydrate moiety is a Gal-GalNAc disaccharide.
94

 While it has been determined that the 

Gal-GalNAc disaccharide can be replaced by a GalNAc monosaccharide without loss of 

antifreeze activity (defined as TH), until recently, the nature of the carbohydrate had only 

received brief mention.
95

 Further, carbohydrates have also been used on their own as 

cryoprotective agents (examples are presented in Chapter 4). 

 It has been suggested that the stereochemistry of the carbohydrate determines its 

compatibility with the three-dimensional hydrogen-bonded network of water,
145, 146

 and 

while the reasons are not yet clear, it is known that carbohydrate hydration is closely 

correlated to stereochemistry. Galema et al. determined the partial molar volumes, isentropic 

partial molar compressibilities, and hydration numbers of many commercially available 

hexoses and correlated these to carbohydrate stereochemistry. 
147-150

 It has been proposed 

that antifreeze activity is a function of hydration.
151, 152

 However, this work defined 

antifreeze activity as thermal hysteresis, and not recrystallization inhibition. With the work 

by Galema et al. on carbohydrate hydration in mind, our lab synthesized a series of C-linked 

AFGP analogues substituted with different carbohydrate moieties and showed that 

carbohydrate stereochemistry also modulated recrystallization inhibition (RI). 
153

 They 

suggested that analogues containing carbohydrates with low isentropic molar 

compressibilities (such as galactose) fit poorly into the three-dimensional hydrogen bonded 

network of bulk water, and may therefore disturb the highly ordered structure of supercooled 

water. They proposed that this would increase the energy associated with transferring a water 

molecule to the ice lattice, inhibiting the growth of ice, resulting in increased RI activity. 

Following, our lab investigated the relationship between the hydration index of a 

carbohydrate, and its RI activity.
110

 The hydration number reflects the number of tightly 

bound water molecules to the carbohydrate and is a function of carbohydrate 

stereochemistry.
147, 150

 Dividing the hydration number by the molar volume of the 

carbohydrate gave the hydration index, a description of the number of tightly bound water 
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molecules per molar volume of carbohydrate.
110

 They found that the hydration index of both 

mono- and disaccharides correlated well with experimentally measured RI activity. 

 Many organisms use sugars as part of their survival strategy for hypothermic 

conditions.
154, 155

 Of the animals that use a freeze-tolerance strategy (as opposed to freeze-

avoidance), many produce low-molecular weight cryoprotectants, which elevate cellular 

osmolality. Wood frogs and spring peepers produce glucose, while freeze-tolerant insects 

produce polyhydric alcohols, including glycerol. Other insect cryoprotectants include 

sorbitol, mannitol, myoinositol, ribitol, erythritol, threitol, ethylene glycol, and, in some 

cases, sugars such as trehalose. Cell-volume regulation is also important for freeze-tolerance. 

Important factors for cell-volume regulation include membrane stabilization, and minimizing 

cell volume decrease. Membrane stabilization can be accomplished using specific low-

molecular weight cryoprotectants, such as trehalose and proline. The colligative actions of 

specifically synthesized cryoprotectants such as sugars and polyols, further aide volume 

regulation by minimizing cell-volume decrease during freezing.
155

 Similarly, during 

cryopreservation,  sugars within cells do not only work colligatively to help maintain cell 

volume, they have also been shown to interact with and stabilize the cell membrane.
155

 

Trehalose, sucrose, and glucose have been shown to stabilize small unilamellar vesicles 

(SUVs) during cryopreservation, maintaining their structural integrity and permeability.
156

 

Trehalose and sucrose can reduce membrane fusion of SUVs during cryopreservation,
157, 158

 

and in some cases can be more effective than the standard cryoprotectants, glycerol and 

DMSO.
159

 Saccharides may interact with the acyl chains of the bilayer,
157

 and likely form 

hydrogen bonds to the phospholipid polar head-group,
156, 160

 or they may affect the water 

structure.
158

 More recently, the interaction of saccharides, including glucose, trehalose, and 

maltose, with the lipid bilayer has been demonstrated using molecular dynamics 

simulations.
161-163

 Similarly to DMSO, the saccharides displace water surrounding the polar 

head group, forming hydrogen bonds with the lipids and water molecules and increasing the 

stability of the membrane. It is thought that increasing the space between the head groups, 

lowers the transition temperature of the phospholipids.
164

 Unlike DMSO, however, 

disaccharides are also thought to protect proteins during cooling.
165
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 Sugars have been shown to enhance the activity of cryopreservation and vitrification 

agents. For example, trehalose and other polyhydroxy compounds were found to enhance the 

antifreeze activity (TH activity) of a beetle antifreeze protein.
166

 Sugars, including glucose, 

fructose, sorbitol, sucrose, trehalose and raffinose were found to influence the vitrification 

properties of ethylene glycol-based solutions.
167

 Since disaccharides are normally found only 

in the extra-cellular medium, they act to increase the osmolarity of the medium, keeping 

water molecules from the cell membrane. Freezing of water molecules at the cell surface can 

cause intra-cellular ice crystals to form; as outlined in earlier sections, intracellular freezing 

is thought to be detrimental to cells.  

 A major benefit of sugars in cryopreservation, is that they are non-toxic to many 

systems.
167

 In fact, sugars have been extensively investigated as cryoprotective agents. 

Examples from studies with hepatocytes and hematopoietic stem cells are given in Chapter 4. 

Different cell types must not only be cryopreserved using different cryopreservation 

protocols (different rates of freezing, etc.),
10

 but the optimal type and concentration of 

cryoprotectant also appears to be cell specific. The effect of sugars in cryopreservation of a 

particular cell type varies depending on the type of sugar used.
168

 Mono-, di-, and tri-

saccharides, and polyols, have been used alone or in combination with more common 

cryoprotectants such as DMSO.
169

  

 

1.8 Umbilical Cord Blood and Hematopoietic Stem Cells 
 

 Hematopoietic stem cells (HSCs) are immature hematopoietic precursor cells. They 

are multipotent cells, capable of developing into about 10 hematopoietic lineages, and these 

form the whole hematopoietic system over a lifetime. In adults, HSC are found primarily in 

the bone marrow, although they are also present to some extent in the peripheral blood. Since 

HSC are abundant in the bone marrow, blood, and liver of the developing fetus, they are also 

found in umbilical cord blood (UCB).
170

 

 Transplantation of HSCs is currently indicated for as many as 70 hematological and 

non-hematological disorders; among them are: acute and chronic myeloid and lymphocytic 
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leukaemias, myelodysplastic syndrome, myeloma, Hodgkin‟s and non-Hodgkin‟s lymphoma, 

solid tumours, bone marrow failure syndromes, hamoglobinopathies, severe combined 

immunodeficiencies, inborn error of metabolism, and autoimmune diseases. Annually, an 

estimated 45,000-50,000 UCB transplants are performed worldwide.
171

 

 HSCs for transplantation can be derived from bone marrow, peripheral blood, and 

UCB.
170

 UCB transplants are a relatively newer field; the first successful UCB transplant 

was performed in 1988.
172

  HSCs from bone marrow or peripheral blood must present a 6/6 

or 5/6 match for human leukocyte antigen (HLA) loci between recipient and donor.
173

 

However, a higher locus-disparity – up to three mismatches (HLA-mismatch) - can be 

tolerated for UCB.
170, 173-175

 HLA-mismatched UCB transplants provide the same success 

rate as HLA-matched bone marrow transplants.
176

 One consequence of this is that they may 

be the only source of HSC available for patients with rare HLA types (often ethnic 

minorities).
170

 Other advantages of HSCs from UCB over bone marrow or peripheral blood 

include that it is easily collected, without harm to mother or child, and can then be tested, 

HLA-typed, and banked (cryopreserved).
171

 Cryopreserved UCB is ready for immediate use 

as needed, and the time to transplant is much lower than that for a bone marrow transplant.
170

 

Further, UCB transplants present fewer risks of viral infection, and a lower incidence of 

severe graft vs. host disease (GvHD) both in the case of related donors as well as unrelated 

donors.
175, 177, 178

 The main disadvantages of UCB compared to bone marrow are that it has 

fewer HSCs per unit, and repeat donations are not possible. As a result, UCB transplants are 

more successful in children than in adults. On the other hand, in the pediatric setting, UCB 

transplants may be the preferred alternative over bone marrow or peripheral blood 

transplants.
171

 Delayed hematological and immune reconstitution have also been reported. 

Several strategies to overcome these shortfalls are currently under study. These include ex 

vivo expansion of UCB stem cells, the use of double unit transplantation,
179

 and direct 

intrabone transplants.
180

 However, UCB use and cryopreservation are relatively new areas, 

and use and cryopreservation protocols have yet to be optimized.
170, 171, 173, 181

  

 Cryopreservation is critically important for umbilical cord blood since it is collected 

during childbirth and is used at a later time.
71

 UCB transplantation was developed 

subsequent to bone marrow transplantation, and as a result, the UCB cryopreservation 

protocols are based on those for bone marrow.
182

 Since UCB contains fewer HSCs than bone 
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marrow, UCB cryopreservation protocols must consequently be more effective than those for 

bone marrow, in order to limit cell loss.
183

 There is no universal cryopreservation method in 

use for UCB. The general method involves the use of 5-10% DMSO as the cryoprotectant, 

and a slow cooling and fast warming protocol.
71, 171, 184

  

 UCB may prove valuable not only as an important source of HSC. More recently, it 

was found that UCB contains non-hematopoietic stem cells, including mesenchymal stem 

cells, and vascular endothelial cell precursors. These cells may have potential in tissue 

revascularization, repair of bone and joint diseases, wound healing, cardiac repair, and 

others.
170

 In a 2007 review, Woods and co-workers point out that there is less expertise with 

the use of UCB for HSC transplants compared to bone marrow transplants. There is both 

much promise in UCB for future therapy, and a need for the pre-transplantation and 

cryopreservation of UCB cells to be optimized.
171

 

 

1.9 Hepatocytes: Orthotopic Liver Transplantation vs. Hepatocyte 

Transplantation 
 

 Human hepatocytes are vitally important for transplantation as well as for research. 

Hepatocytes have been used in the construction of bioartificial livers for patients with liver 

damage as a result of acute or chronic liver failure, allowing the patient‟s liver to recover, or 

to sustain the patient awaiting transplantation. Hepatocyte  transplantation has been used to 

treat inherited metabolic disorders, and is rapidly emerging as an alternative to orthotopic 

liver transplantation (OLT).
53, 185-187

  Hepatocytes also find important application as in vitro 

models in toxicity and drug metabolism testing.
188, 189

 Access to good quality cells is very 

important both for clinical use, and to ensure the availability of hepatocytes for 

transplantation.
53, 190, 191

 Hepatocyte transplantation has the potential to be superior to OLT 

since: multiple patients could be treated with hepatocytes from a single tissue donour, the 

same patient can be treated repeatedly with hepatocytes from multiple tissue donours, 

hepatocyte transplantation is less invasive than OLT (since only a small portion of 

hepatocytes need to be replaced, and it does not prevent subsequent OLT), and hepatocytes 

may be genetically modified prior to transplantation as part of gene therapy.
53, 189, 192, 193

 



31 

 

Cryopreservation plays a vital role in ensuring a reliable supply of hepatocytes . Successful 

and routine cryopreservation would allow the establishment of hepatocyte banks.
53, 189, 191

 

Hepatocytes are vulnerable to damage and death during both the cell isolation process, as 

well as the cryopreservation process.
194, 195

 Cryopreservation protocols have been developed 

that result in hepatocyte viability that is often greater than 90% after cryopreservation. 

However, function recovery is less reliable.
193

 There is as yet no optimized protocol for 

routine hepatocyte cryopreservation.
53, 77

  

 

1.10 Summary 
 

 Cryopreservation and cell death are extremely complicated processes that are not yet 

fully understood. Cryopreservation of different cell types is carried out using either a fast-

freezing or slow-freezing protocol. Even with the use of a slow-freezing protocol, the 

formation of ice either in the intracellular or extracellular space is inevitable, and ice 

recrystallization can further damage cells. However, innocuous intracellular ice formation 

may be beneficial for cell survival. Cryoprotective agents are employed to mitigate the 

damages of the cryopreservation process, including those caused by the formation of ice. The 

most commonly used cryoprotectant is DMSO; however, as was discussed earlier, DMSO 

may be toxic, and its infusion into transplant recipients can cause negative side effects. It is 

of great interest to develop a cryopreservation protocol that will eliminate or reduce the 

amount of DMSO required for successful cell preservation. The biological antifreezes have 

been explored as cryoprotective agents, and their ability to prevent ice recrystallization is of 

particular interest. The synthesis of antifreeze glycoprotein analogues that are effective ice 

recrystallization inhibitors, without exhibiting thermal hysteresis, is an ongoing challenge. 

The carbohydrate component of the AFGPs was found to be integral to its ice 

recrystallization ability, and it is therefore of interest to explore the cyropreservation 

potential of carbohydrates on their own. This thesis will focus on the cryopreservation of two 

cell types: hepatocytes, and hematopoietic stem cells from umbilical cord blood.  
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2. Chapter 2: Objectives 
 

 The physical interactions of antifreeze glycoproteins (AFGPs) with ice have been 

studied in some detail, as was outlined in Chapter 1, but are still under debate. The 

mechanisms of thermal hysteresis (TH), and recrystallization inhibition (RI), are not yet 

clear, and further, the potential use of AFGPs as cryopreservation agents have not yet been 

fully explored. The first goal of this work is to modify the physical properties of selected 

AFGP analogues in an attempt to tailor antifreeze activity.  Specifically, modifications that 

affect the hydrophobicity and hydration characteristics of these AFGP analogues and the 

subsequent effect on TH and RI activity will be examined. The second goal is the assessment 

of the cryopreservation potential of these AFGP analogues, and more generally, 

carbohydrates in vitro. The precedents for these goals, as well as the specific objectives 

related to each, are discussed. 

 

2.1 Structure-Function Studies of AFGP and O-Linked AFGP Analogues 
 

 As was discussed in Chapter 1, AF(G)Ps are thought to inhibit ice growth via an 

“adsorption-inhibition” process that is thought to be irreversible. The adsorption of AF(G)Ps 

has been postulated to result from either hydrophilic or hydrophobic interactions with the 

water and ice interface. Most of the ice-binding studies have been carried out with AFGP and 

AFP Type I. It was first proposed that AF(G)Ps bind to ice via hydrogen bonding of their 

polar groups - hydroxyl groups of the disaccharide of AFGP or the threonines of AFP I - to 

the ice surface.
1
 Based on a series of amino acid substitution studies on HPLC fraction 6 of 

AFP Type I, which contains an 11 residue repeat unit commencing with threonine, it was 

shown that hydrophilic interactions between the protein and ice may not be as important as 

hydrophobic interactions.
2
 It was found that hydrophobic interactions of the γ-methyl groups 

of the threonine residues were at least as important for ice binding as the hydroxyl groups of 

threonines.
3-5

 Further indications that hydrophobic interactions may be important for 
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antifreeze activity arise from the presence of a well-defined hydrophobic face in AFP Type I. 

AFP Type 1 polymers are therefore said to be amphiphilic. As shown in Figure 2.1, in the 

helix, the majority of the hydrophilic amino acid side chains project along the length of one 

side of the helix (residues labeled in plain text), while the opposite side is predominantly 

hydrophobic (residues labeled in bold).
6
  

 

Figure 2.1 Helical wheel representation of type 1 proteins: the hydrophobic face is indicated 

by bold residues; in the case of threonine this is achieved with γ-methyl group oriented on 

the surface
7
 

  

 Due to the challenges associated with synthesizing AFGPs, early structure-function 

work was performed using degradation studies.
8
 In these early studies, only TH activity was 

assessed. It was found that while the C-6 hydroxyl groups are required for activity, a 

negative charge at that position is not tolerated.
9, 10

 At least some of the hydroxyl groups on 

the carbohydrate seem to mandatory.
11-13

 The magnitude of freezing point depression may be 

related to the length of the glycopeptides,
14

 and AFGP 8 may be the minimum length for 

antifreeze activity.
15

 AFGP 8 seems to require at least 3 carbohydrate moieties, the terminal 

galactose of the disaccharide, and free hydroxyl groups on the side chains for activity. These 

results were summarized in a recent review,
8
 although the authors caution that in most cases, 

the derivatives were not isolated and purified.  However, as Nishimura et al. point out, 

AFGPs are structurally complex and exist as numerous isoforms, and they are therefore 

difficult to isolate in large quantities. As a result, the authors published extensive structure-

function work using synthetic AFGP (syAFGP) analogues.
16

 The purity of each 

glycopeptides was demonstrated using analytical reverse-phase HPLC. The authors found 
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that all of the glycopeptides, including the monomer, displayed concentration-dependant 

thermal hysteresis, and produced hexagonal bipyramidal ice crystals. While chain length and 

TH were positively correlated, maximum TH seemed to have been reached by the five-repeat 

glycopeptides. A collection of syAFGPs that differed in their carbohydrate side-chain were 

also synthesized and tested for TH activity. The structures are shown in Figure 2.2. 

The authors found that the removal of the carbohydrate altogether, as in (1), 

destroyed TH activity, as did the substitution of the α-O-linked glycopeptides of the native 

system (2) for a β-O-linked glycopeptide (3). TH activity was similarly destroyed by the 

inclusion of sialic acid at C3 (4), confirming that the oxygen at C3 cannot tolerate a negative 

charge.  In contrast to previous studies
15

 however, the terminal galactose residue was not 

found to be necessary for antifreeze activity, as GalNAc (5) showed TH activity. The NAc 

group seemed to be critical however, as the replacement of GalNAc (5) with Galβ1-3Gal (7), 

Gal (8), or Lac (9) surpressed antifreeze activity. The configuration of the sugar hydroxyls 

may be important for activity, since the replacement of the GalNAc (5) residue with LacNAc 

(6) reduced antifreeze activity. As for the AFPs, the authors concluded that the γ-methyl 

groups of the Thr residues are required for activity (structure not shown). Conformational 

studies using NMR and CD indicated that, similar to AFP Type I (Figure 2.1), syAFGP (2) is 

amphipathic in solution: it has a hydrophilic face (due to the disaccharide moieties) and a 

hydrophobic face (due to the CH3 groups of the Ala residue and the N-acetyl group). 

Very recently (in 2009) a structure-function study of synthetic AFGPs that measured 

the recrystallization inhibition ability of glycopeptides as a measure of antifreeze activity 

was published.
17

 Recrystallization inhibition was determined according to the technique of 

Knight et al.
18

 The authors found that the terminal galactose was not required for RI activity 

(an example of the analogues synthesized is given in Figure 2.3). The authors further 

concluded that the RI of AFGPs is highly dependent on the concentration and molar mass, as 

well as a periodic turn formation (structures not shown). 
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Figure 2.2 Structure-activity relationship: AFGP analogues synthesized by Nishimura and 

co-workers; all compounds were used for the activity evaluation studies in polymeric form
16
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Figure 2.3 Structure-activity relationship: example of AFGP analogues synthesized by 

Heggemann and co-workers
17

 

 

 It seems that, at least for the O-linked AFGP analogues, the correct balance and 

orientation of hydrophobic and hydrophilic residues is critical for TH and RI activity. 

However, O-linked glycosides are unstable to chemical or biological aqueous hydrolytic 

fragmentation,
19

 and are thus difficult to synthesize, and may be unsuitable for biological 

applications. Consequently, C-linked analogues have been investigated. 

  

2.2 Synthesis and Structure-Function Studies of C-Linked AFGP Analogues 
 

 The first synthesis of a 'C-disaccharide,' in which a methylene group replaced the 

inter-unit oxygen atom, was reported by Rouzaud and Sinaÿ.
20

 Since then, many strategies 

have been developed for the synthesis of C-linked glycoconjugates, and these have been 

extensively reviewed.
21, 22

 Conformations of C-linked glycosides have been shown to be very 

close to the corresponding O-linked glycosides, and further, bind substrates with nearly 

identical conformations and affinities.
23

 C-linked glycosides are therefore good analogues for 

their O-linked counterparts. Due to their stability, C-linked antifreeze glycoproteins may 

prove to be superior cryoprotectants compared to the native glycoproteins. The C-linkage 

also provides greater flexibility than the O-linkage does,
24

 and this may prove to be a benefit 

for the AFGP analogues. 

 Our lab has synthesized a number of rationally designed C-linked AFGP analogues 

using a number of different techniques. The general structure of the analogues is given in 

Figure 2.4.
25

 There are three distinct parts to the AFGP analogues: the carbohydrate 
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component, the side chain, and the peptide backbone. All three regions can be modified to 

form structurally diverse AFGP analogues. The “building block” refers to the carbohydrate, 

side chain, and one amino acid (A1). 

 

 

Figure 2.4 Model for AFGP structure-activity relationship studies
25

 

 

 Based on the native AFGP structure and this structure-function work, our lab 

synthesized several series of C-linked analogues (Figure 2.5). The first analogues included 

four tripeptide repeating units in order to resemble the smallest active antifreeze, AFGP 8. 

Further, the disaccharide was truncated to a monosaccharide, although the α-configuration at 

the anomeric centre of the native proteins was retained. In order to increase ease of synthesis 

for this first set of analogues, which were to be a “proof-of-concept”, the NAc group was 

omitted, and the alanine residues in the backbone were replaced with glycine. Interestingly, 

although Nishimura and co-workers found that removing the NAc group abolished antifreeze 

activity (as determined by TH measurements), our lab found that their analogues retained 

good RI activity despite this modification. Lastly, our lab took advantage of the fact that 

arginine sometimes replaces threonine in native AFGP,
8
 and rather than synthesizing C-

linked threonine, which would entail a lengthy synthesis,
22

 a C-linked lysine analogue (15)  

that would approximate the structure of arginine, was developed. Replacing lysine with the 

unnatural amino acid ornithine easily gave the ornithine analogue (14) in which the side 



48 

 

chain was shorter by one methylene. The syntheses of both the ornithine (14) and lysine (15) 

analogues have been carried out in our lab following a number of different protocols. 

Subsequently, a serine analogue was developed.
26

 The synthesis of this analogue was 

somewhat more complex, employing catalytic asymmetric hydrogenation.  

 

 

Figure 2.5 AFGP 8 and novel C-linked AFGP analogues; the red colour indicates 

differences between the analogue and AFGP 8. 

 

 The antifreeze activity of these novel C-linked AFGP analogues was assessed by both 

TH and RI measurements (the RI data is shown in Figure 2.6)
26-28

. Assessments were carried 

out according to the protocols given in the experimental section of this document. The y-axis 

depicts the mean largest grain size (MLGS in square millimeters) of ice crystals, measured 

directly from photographs of the sample. PBS is used as the control since all samples are 

tested in a PBS solution.  

 The data indicates that despite the dramatic structural modifications from the native 

polymer, all analogues showed antifreeze protein-specific activity; however, both TH (data 

not shown) and RI activity were weaker than the wild-type protein.
27

 In fact, the replacement 

of lysine with ornithine to give analogue 14, eliminated TH activity (data not shown), and 

increased RI activity compared to the lysine analogue 15.  
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Figure 2.6 RI activity: mean largest grain size of AFGP-8, C-linked analogues (14-16), and 

controls at -6.4 °C after 30 min anneal time; error bars indicate SEM 

 

  A comparison between the C-linked AFGP analogues and AFGP 8 reveals that the 

lysine analogue (15) is only weakly active (i.e. AFGP-8 is approx 90 times more active than 

the C-lysine analogue). The ornithine (14) and serine (16) analogues showed significantly 

more activity, although the serine analogue (16) showed the best activity. Given the 

structural modifications of these compounds relative to AFGP-8, the fact that the analogues 

showed any RI activity was noteworthy. In order to confirm that the activity of the analogues 

was not the result of a nonspecific RI effect, several controls were examined. The first was a 

peptide control ((L-lysine-glycine-glycine)6-glycine) composed of 6 tripeptide units 

analogous to the lysine analogue (15), but with no sugars attached to the lysine side chains. 

The peptide control showed no RI activity compared to the PBS control, highlighting the 

importance of the carbohydrate residues. This observation is consistent with earlier work 

demonstrating that the disaccharide residues in native AFGP are crucial to activity.
29

 

However, commercially available glycosylated BSA (at a concentration of 0.21 mM relative 

to carbohydrate) similarly showed no RI activity. This suggests that glycosylation is not the 

only important factor for RI activity. The results of these controls confirm that the antifreeze 

protein-specific activity observed with each of the C-linked analogues is genuine and not the 
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result of a non-specific RI effect. It seems that, as was the case for the O-linked AFGP 

analogues, there are specific structures that are required for TH and RI activity. It may 

indeed be that the correct balance and orientation of hydrophobic and hydrophilic residues is 

critical for TH and RI activity. In order to explore this idea, and given the positive results 

seen with the early generations of C-linked AFGP analogues, new AFGP analogues based on 

the ornithine analogue (14) were explored. 

 

2.3 Hydration of the Carbohydrate Moiety of AFGP Analogues 
 

 Based on the encouraging RI data obtained for the ornithine analogue (14), coupled 

with the relative ease of its synthesis compared to that of the serine analogue (16), our lab 

undertook the synthesis of a series of analogues based on the ornithine analogue (14) 

substituted with different monosaccharides, including galactose (14), glucose (18), mannose 

(19), and talose (20) (Figure 2.7).
30

 This series of analogues therefore explored the 

hydrophilic component of the AFGPs.  

 

 

Figure 2.7 Structure of C-linked AFGP 8 analogues 

 

 Analogues 14, and 18-20 were tested for recrystallization inhibition (RI) activity, and 

the data is shown in Figure 2.8. Each sample was tested at three different concentrations to 

rule out non-specific RI effects. As with the earlier analogues, the results are presented in 
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comparison to the phosphate buffered saline (PBS) control. Testing for TH was also carried 

out (data not shown), and it was found that none of the analogues displayed any TH 

activity.
30

 

 

Figure 2.8 RI activity: mean largest grain size of AFGP 8, C-linked analogues (14, 18-20), 

and PBS standard at -6.4 °C after 30 min anneal time; error bars indicate SEM 

 

 These results provided surprising insight into the role of the hydroxyl groups for RI 

activity. The mannose and talose analogues (19 and 20, respectively) exhibited very weak RI 

activity with MLGS values similar to PBS. Glucose analogue 18 exhibited moderate RI 

activity while galactose analogue 14 was the most potent analogue with a MLGS value of 

0.00354 mm
2
 at 5.54 X 10

-6
 M. We concluded that carbohydrate configuration is very 

important for RI activity, and that RI activity is maximized when the C4 hydroxyl group is 

axial and all other hydroxyl groups are in an equatorial position. The trend in RI activity seen 

with these analogues was found to mirror that found for the hydration of their respective 

carbohydrates.
30

  

 The hydration numbers of many commercially available hexoses, as well as the 

partial molar compressibilities, and the partial molar isentropic compressibilities, have been 

worked out by Galema and co-workers, who correlated them to carbohydrate 
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stereochemistry.
31-34

 Hexoses with the lowest molar compressibility values exhibit the 

poorest fit in the three-dimensional hydrogen-bonded network of water. The partial molar 

compressibilities of the monosaccharides galactose (21), glucose (22), mannose (23), and 

talose (24) are given in Figure 2.9. In general, these values relate to the volume of space 

occupied by a molecule upon hydration by water and quantify the “compatibility” of a 

carbohydrate with the three-dimensional hydrogen-bonded network of bulk water.  

 

 

 

Figure 2.9 Partial molar compressibilities of monosaccharides in aqueous solution at 298 K 

(K2
°
 (s) x 10

4
, cm

3
 mol 

-1
 bar 

-1
); values are given for the dominant conformer in solution 

 

 Given this data, it appeared that the compatibility of a hexose with the three-

dimensional hydrogen-bonded network of water is inversely proportional to its 

recrystallization-inhibition activity.
30

  Indeed, the molar compressibility of these sugars 

could be correlated to the RI activity of the polymers; that is, the lower the molar 

compressibility (and hence, the worse the “fit” into the three-dimensional hydrogen-bonded 

network of water), the better the RI activity.  Unfortunately, the hydration of C-linked 

carbohydrate derivatives has not been studied in detail. However, the hydration 

characteristics between an O-linked pyranose and a C-linked pyranose are not expected to 

differ, and in a subsequent paper, our lab showed that C-linked derivatives of 

monosaccharides appear to parallel the RI activity of their O-linked native structures.
35

  

 This correlation between RI activity and the hydration of the carbohydrate led to the 

speculation that recrystallization-inhibitors (biological antifreezes or our C-linked AFGP 
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analogues) may function by disturbing the highly ordered structure of supercooled water.
30

 

Therefore, our lab surveyed the RI activity of several simple mono- and disaccharides on 

their own, in order to further explore the relationship between the hydration of carbohydrates 

and RI activity.
35

 

 

2.4 Recrystallization Inhibition (RI) Activity of Carbohydrates 
 

 Our lab studied four monosaccharides (galactose, glucose, mannose, and talose) and 

five disaccharides (melibiose, lactose, maltose, trehalose, and sucrose) in terms of their RI 

activity (Figure 2.10).
35

 

 

Figure 2.10 Monosaccharides and disaccharides assessed for recrystallization-inhibition 

activity by Tam and co-workers
35

 

 

The RI activity was tested at several concentrations of galactose (21), and 

interestingly, it was found that at higher concentrations, the RI activity of galactose seemed 
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to be non-colligative, as has been observed for biological antifreezes (data not shown). Due 

to practical consideration, RI activity of the remaining carbohydrates was assessed using 

carbohydrate concentrations of 0.022 M in PBS. 

 In order to account for the difference in steric volume between monosaccharides and 

disaccharides, our lab recorded the RI activity of each sugar in relation to the hydration 

index, rather than in relation to the hydration number. They obtained the hydration index by 

dividing the hydration numbers of each carbohydrate (obtained from the literature) by the 

partial molar volumes. Therefore, the hydration index is a description of the number of 

tightly bound water molecules per molar volume of carbohydrate. The graph of RI activity of 

carbohydrates versus their hydration index is given in Figure 2.11.
35

 

 

 

Figure 2.11 RI activities of carbohydrates (21-29) plotted against their respective hydration 

index (hydration number/partial molar volume) (mol
1
cm

-3
) 

 

 Our lab concluded that the hydration of a carbohydrate is correlated to RI activity, 

and that the hydration index modulates the ability of a sugar to function as a potent 

recrystallization inhibitor. Further, our lab compared the RI activity of galactose with various 

concentrations of DMSO, and showed that a 0.022 M solution of galactose is as efficient at 
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inhibiting recrystallization as a 3% (v/v) DMSO solution (Figure 2.12). We believe that these 

results suggest that galactose may be a suitable cryoprotectant.
35

  

 

 

Figure 2.12 RI activity of various concentrations of DMSO and 0.022 M solutions of D-

galactose in PBS solution 

 

 To compliment the physical structure-function work, our lab began to study the 

behavior of native AFGP 8 and C-linked AFGP 8 analogues in mammalian cells. 

 

2.5 In vitro Effects and Cellular Interactions of a C-linked AFGP 8 Analogue 

and native AFGP 8 

 

 Since these analogues are intended for use in human applications, the potential for 

cytotoxicity had to be investigated. Consequently, our lab described the in vitro effects and 

cellular interactions of the serine analogue (16), and native AFGP 8 (13).
36

 Using the MTT 

cell viability assay,
37

 we determined that AFGP 8 is cytotoxic to human embryonic liver cells 

(WRL 68 cell line)
38

 and human embryonic kidney cells (HEK 293 cell line)
36

 at 

concentrations higher than 2 mg/mL and 0.63 mg/mL, respectively. Lower concentrations 

were not toxic. The broad implications of this observation are that the cytotoxicity of AFGP 
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8 is not only concentration-dependent but also cell specific. Interestingly, the serine analogue 

(16) did not appear to be cytotoxic to WRL 68 cells even at concentrations as high as 5 

mg/mL.  

 To assess whether the difference in cytotoxicity in human cells was due to selective 

internalization, our lab studied the internalization of AFGP 8 and the serine analogue (16) in  

WRL 68 cells and a fish cell line (Rtgill-W1)
36

 using fluorescently labeled glycoproteins and 

confocal microscopy. Fluorescently labeled AFGP 8 (F-AFGP 8) and the serine analogue 16 

(F-16) were prepared by labeling the N-terminus of the glycopeptide with Oregon Green 488 

(the glycoproteins therefore appear green), and the red membrane stain RH-237 was used as 

the counter stain. We found that both cell types readily internalized AFGP 8 and the serine 

analogue (16) into the cytoplasmic space after only 10 min of incubation at physiological 

temperatures (Figures 2.13a and 2.13b). However, there was no evidence of internalization 

when WRL 68 cells were treated with fluorescently labeled AFGP 8 or the serine analogue at 

0 °C (Figure 2.13c).  

 As was discussed in chapter 1, cell death can be generally classified into two 

categories: necrosis and apoptosis.
39

 During live cell imaging, changes in cell morphology 

consistent with an apoptotic mechanism of cell death were seen. These changes included 

nuclear blebbing and the punctate appearance of cell membranes.
40

 

 

Figure 2.13 Internalization study of fluorescently labeled AFGP 8 (F-AFGP 8) and 

fluorescently labeled serine analogue 16 (F-16) in human embryonic liver cells (WRL 68 cell 

line); WRL 68 cells were incubated with 10 µM RH-237 membrane probe solution in 

Eagle’s minimum essential medium (EMEM) and 1.5 mg/mL F-AFGP 8 or F-16, solution in 

EMEM. F-AFGP 8 and F-16 appear green, and RH-237 appears red; (A) WRL 68 cells were 

incubated with F-AFGP 8 at 37 °C for 10 min; (B) WRL 68 cells were incubated with F-16, 

at 37 °C for 10 min; (C) WRL 68 cells were incubated with F-AFGP 8 at 0 °C for 50 min; 

the scale bar = 25 µm 
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To confirm whether cell death was occurring via apoptosis, we performed a caspase-

3/7 assay that specifically identifies whether effector caspases 3 and 7 are activated (data not 

shown). Once these effector caspases are activated, the cell is thought to be committed to the 

apoptotic pathway. The incubation of WRL 68 cells for 18 h with 5 mg/mL AFGP 8 resulted 

in significantly increased caspase-3/7 activity relative to the negative control. As expected, 

this activity increased with time. The results indicate that the treatment of WRL 68 cells with 

AFGP 8 resulted in the conversion of pro-caspases 3 and 7 into active caspases 3 and 7, 

suggesting that AFGP 8 is initiating an apoptotic process. This result was independently 

confirmed using the Vybrant apoptosis assay. For this assay, WRL 68 cells were incubated 

with three different fluorescent nucleic acid stains: YO-PRO-1, propidium iodide, and 

Hoechst 33342. YOPRO- 1 stains apoptotic cells green, propidium iodide stains only dead or 

late apoptotic cells red, and Hoechst 33342 stains both apoptotic cells and live, healthy cells 

blue, but does not stain necrotic cells. Apoptotic cells are confirmed visually with both green 

and blue fluorescent stains. Staurosporine, a known inducer of apoptosis, was used as a 

positive control. After the incubation of human liver cells with 5 mg/mL AFGP 8 for 4 h, 

most cells were stained green and blue, which indicated that the cells were undergoing 

apoptosis (Figure 2.14).  

 

 

Figure 2.14 Vybrant apoptosis assay of WRL 68 cells incubated with AFGP 8; WRL 68 

cells were incubated with 8.1 µM Hoechst 33342, 1.5 µM propidium iodide and 0.1 µM YO-

PRO-1 solutions in Eagle’s minimum essential medium (EMEM) at 0 °C for 30 min.; 

Hoechst 33342 stains the nuclei of all cells blue; propidium iodide stains dead cells and late 

apoptotic cells red; YO-PRO-1 stains early apoptotic cells green; (A) negative control: WRL 

68 cells were pre-incubated with EMEM; (B) WRL 68 cells were pre-incubated with 5 

mg/mL AFGP 8 solution in EMEM at 37 °C for 4 h; (C) WRL 68 cells were pre-incubated 

with 20 µM staurosporine solution in EMEM at 37 °C for 4 h; the scale bar = 50 µm 
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In the negative control, cells were only stained by the blue Hoechst 33342 dye. In the 

staurosporine-treated control, a large number of cells were stained green and blue as well as 

red, identifying them as late apoptotic or dead cells. The consequences of the data from the 

caspase 3/7 assay, and the Vybrant apoptosis assay are that despite the many useful 

antifreeze properties of AFGP 8, the in vitro cytotoxicity will dramatically affect the future 

use of native AFGP 8 for cryoprotection and hypothermic storage. 

  

 Caspase-3/7 levels were also assessed after the treatment of human liver cells with 

the serine analogue (16). After incubation, caspase-3/7 levels in WRL 68 cells did not climb 

above the negative controls. In fact, caspase-3/7 levels remained significantly lower in cells 

treated with the serine analogue (16) compared to the levels in untreated cells. This was not 

surprising because this analogue failed to display any in vitro cytotoxicity. However, it was 

surprising that caspase-3/7 activity in human liver cells treated with the serine analogue (16) 

was actually depressed well below that of background activity. Furthermore, this effect 

occurred in the presence of 2% DMSO (which was used to solubilize staurosporine and was 

therefore added to all wells). This result suggests that the serine analogue (16) possesses 

caspase-inhibitory activity. The fact that 16 is a potent inhibitor of recrystallization and also 

appears to suppress caspase activity is extremely encouraging. In fact, recent studies have 

shown that the addition of caspase inhibitors can prevent cold-induced apoptosis from 

occurring upon low-temperature preservation of cells.
39, 41

 Therefore, AFGP analogue 16 

shows tremendous promise as a cryoprotectant since it may also be effective at preventing 

cold-induced apoptosis. The question remains whether or not the AFGP 8 analogues 

synthesized in our lab could in fact function as effective cryopreservation agents. As a result 

of the work by our lab discussed here, we set out the following goals and objectives.  
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2.6 Project Goals 
 

Goal 1: Design of New C-Linked AFGP 8 Analogues 

 

 Two series of analogues will be synthesized in order to investigate the importance of 

the hydrophobicity of C-linked AFGP analogues to RI activity. 

 

Objective 1.1: Investigating the Importance of Hydrophobicity of C-Linked AFGP 8 

Analogues to Recrystallization Inhibition (RI) Activity (Series I Analogues) 

 

As has been detailed in this chapter, AFP Type I and AFGPs are amphiphilic - the 

hydrophobic portions of the polymer are found on one side of the helix, and the hydrophilic 

elements on the other. Further, it has been shown that the γ-methyl groups of the Thr 

residues of AFGPs are important for antifreeze activity. To date, the analogues synthesized 

by our lab have not possessed this hydrophobic component. In order to try to gain a better 

understanding of the involvement of hydrophobic effects for RI, we developed a new series 

of AFGP analogues that possess a variety of hydrophobic groups in the pseudo-anomeric 

position. The overall structure of these new analogues is based on ornithine analogue (14, 

Figure 2.15). For analogue 14, ornithine was chosen as the linker portion of the polymer 

since it is a structural mimetic of the amino acid arginine that sometimes replaces threonine 

in the native protein. The placement of the hydrophobic groups in this new series is an 

attempt to “re-introduce” the γ-methyl group of threonine to the ornithine analogue (14). The 

evolution of the AFGP 8 analogues is shown in Figure 2.15. The new compounds (30b-j) 

will constitute series 1. The change of only one element of the ornithine analogue (14) was 

important in order to limit the factors that could be attributed to any differences in RI activity 

seen amongst the new analogues, and between the new analogues and the ornithine analogue 

(14).  

We hypothesize that the re-introduction of the hydrophobic elements to the ornithine 

analogue (to give 30b-j) will lead to an increase in RI activity over that of the ornithine 
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analogue (14/30a). We expect that the RI activity will increase with increased 

hydrophobicity of the R group (30b-f, j). The changes in the electronics of the R group (30g-

i) are unprecedented. We speculate that the partial charges on both the electron-donating and 

electron-withdrawing elements will have a negative effect on the RI activity, and decrease 

the RI activity of these compounds compared to their neutral counterpart 30e (and 30f). 

 

Figure 2.15 The evolution of the AFGP 8 analogues that led to the synthesis of the 

hydrophobic analogues 30 (series 1 analogues) 

 

Objective 1.2: Investigating the Importance of Hydration of the AFGP 8 Analogues to 

Recrystallization Inhibition (RI) Activity (Series II Analogues) 

 

 It is also of interest to synthesize the closely related AFGP analogues 31-34 shown in 

Figure 2.16. These will constitute series 2. With series 1, we were primarily interested in 

investigating what effects various hydrophobic groups would have on the antifreeze activity 

of the analogue. With this second series, the hydration of the polymers was manipulated. As 

discussed previously in this chapter, the studies published by Tam et al.
35

 and Czechura et 

al.
30

 showed that the orientation of the C2 and C4 hydroxyl groups of C-linked carbohydrate 

derivates and polymers can be directly correlated to their recrystallization ability. We were 
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therefore interested in manipulating the hydroxyl groups on the carbohydrates of our 

analogues, and this second series is missing the C2 and C3 hydroxyl groups. The absence of 

the hydroxyl group at C2 could mean that this series of analogues will have a worse “fit” into 

the three-dimensional hydrogen-bonded network of water, that is, poorer hydration, than the 

ornithine analogue, and this modification may therefore increase RI activity. In order to 

compare this second series of analogues with the ornithine analogue as well as the Series I 

analogues, we similarly planned to introduce a variety of hydrophobic groups at the pseudo-

anomeric position. The dehydroxy analogues 31 and 32, and the unsaturated dehydroxy 

analogues 33 and 34 are expected to be accessible from a common intermediate; therefore, 

the synthesis of the various analogues of this series should be readily accomplished. The 

double bond in 33 and 34 will change the conformation of the carbohydrate moiety, and it is 

of interest to see what effect, if any, this difference in conformation will have on antifreeze 

activity. 

 

Figure 2.16 Series two analogues 
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Goal 2: Investigating the Cryopreservation Potential of the Ornithine Analogue and 

Several Carbohydrates in Vitro 

 

Objective 2.1: Assessing the Cryopreservation Activity of Carbohydrates 

  

 Based on the extensive work done by our lab on the effect of hydration of 

carbohydrates on RI, we sought to investigate the cryopreservation potential of several 

carbohydrates, representing a spectrum of RI activity. We chose to test four monosaccharides 

(galactose, glucose, 3-O-methylglucose, and talose) and four disaccharides (melibiose, 

lactose, trehalose, and sucrose). Post-thaw analysis using the appropriate assays together 

with flow cytometry, allows the enumeration of viable, early apoptotic, and late 

apoptotic/necrotic cells. Since the use of sugars in the cryopreservation medium can enhance 

the cryopreservation potential and/or allow the amount of DMSO required for successful 

cryopreservation to be reduced, we will also evaluate the cryopreservation ability of 

combinations of carbohydrates and DMSO, with the objective of developing a 

cryopreservation protocol optimized for both type and concentration of carbohydrate, as well 

as the concentration of DMSO employed. We hypothesize that RI activity will correlate 

positively with cryopreservation activity: that is, the better the RI activity of a carbohydrate, 

the greater the number of viable cells after freeze-thaw. For the reasons outlined in chapter 1, 

the cryopreservation of hepatocytes and hematopoietic stem cells from umbilical cord blood 

is of particular interest, and we therefore used these cell types for our in vitro studies. 

 

Objective 2.2: Assessing the Cryopreservation Activity of the Ornithine Analogue 

  

 Since our work is based on the ornithine analogue, we were interested in testing this 

analogue, as well as the native compound, AFGP 8, for their cryopreservation activity in 

vitro. As for the carbohydrate studies outlined in objective 2.1, we will employ hepatocytes 

and hematopoietic stem cells from umbilical cord blood for our in vitro studies. 
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3. Chapter 3: Design of New C-Linked AFGP 8 
Analogues 

 

Part 1: Preparation of C-Linked Analogues 

 

 The synthetic strategies towards the antifreeze glycoprotein (AFGP) 8 analogues 

outlined in the objectives of Chapter 2 are given in this chapter. The retrosynthetic strategies 

for each analogue, as well as the synthesis steps carried out are detailed. Following, the 

antifreeze activity of the synthesized analogues is presented and analyzed. 

 

3.1. Retrosynthetic Analysis 

 

3.1.1. Investigating the Importance of Hydrophobicity of the AFGP 8 Analogues to 

Recrystallization Inhibition (RI) Activity (Series I Analogues) 

   

 The first objective was to explore what effect manipulating the hydrophobicity of 

AFGP 8 analogues would have on antifreeze activity, and specifically what effect it would 

have on recystallization inhibition (RI) activity. As outlined in Chapter 2, in order to pursue 

this objective we designed AFGP 8 analogues into which we could incorporate various 

hydrophobic groups. The retrosyntheses for the AFGP 8 analogues of Series I are presented 

in Scheme 3.1. The general structure of the Series I AFGP 8 analogues is given by 

compounds 30 and 40. The desired polymer 30 (or 40) can be prepared using solid-phase 

synthesis by the sequential addition of either Fmoc-protected C-glycosyl amino acid building 

block 35 (or 41), or Fmoc-protected glycine. Building blocks 35 (and 41) should be available 
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from the direct displacement of the auxiliary from compounds 36 (or 42), respectively, using 

the amine of the protected amino acid 37. 

 

Scheme 3.1 Retrosynthesis of Series I AFGP 8 analogues; A α-series (R = H is the ornithine 

analogue); B β-series 

 

The protected amino acid (37) has been previously synthesized by our lab, and is 

available by selective protection and deprotection steps from commercially available Fmoc- 

and Boc-protected ornithine. The hydrophobic groups will be introduced stereoselectively at 

the 1’ position of the carbohydrate (pseudo-anomeric position) with the use of a chiral 1,3-
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thiazolidine-2-thione-derived titanium enolate 38 (or 43). The chiral auxiliary will also allow 

the stereoselective formation of the desired α-linkage or β-linkage. This approach is based on 

methodology developed by Urpi and co-workers shown in Scheme 3.2.
1, 2

 Urpi and co-

workers showed that Lewis-acid mediated addition of chiral titanium enolates to glycals 

provides either the α- or β-1’-methyl-substituted C-glycosides. This methodology proved to 

be highly stereoselective. As shown in Scheme 3.2, when the (S)-auxiliary (42) was used in a 

reaction with protected glycal (41), the α-linked 1’-methyl-substituted C-glycoside 43 was 

obtained in 70% yield with a diastereomeric ratio of 99:1. The same reaction with the (R)-

auxiliary (40) provided the β-1’-methyl-substituted C-glycoside 39 in 71% yield with a 

diastereomeric ratio of 99:1.
2
 

 

 

 

Scheme 3.2 Lewis acid mediated cross-coupling reaction of glycals to chiral titanium 

enolates derived from (S)-42 and (R)-40
1, 2
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 Based on this precedent our desired compounds 36 (or 42) should be available from 

the titanium-mediated coupling of the chiral auxiliary 38 (or 43) with the carbohydrate 

moiety 39 (Scheme 3.1). We expect that the reaction will take place either as an SN2-type 

displacement on the anomeric centre or, via attack of the enolate of 38 (or 43) on the 

oxocarbenium ion. As with the reaction carried out by Urpi and co-workers, the chirality of 

the auxiliary should determine the final configuration about the anomeric centre. Reacting 

the carbohydrate moiety 39 with the (S)-chiral auxiliary 38 will install the hydrophobic 

group, as well as ensure the desired α-configuration at the anomeric centre. The β-analogues 

42 should similarly be accessible by using chiral titanium enolate of auxiliary 43. This is the 

key step of the synthesis as it serves to install the hydrophobic R group at the pseudo-

anomeric position of the carbohydrate moiety. The R groups a-j encompass a variety of 

substituents that differ in their sterics and electronics. Throughout this thesis, the letters a-j 

will refer to the R group of the chiral auxiliary, and at the pseudo-anomeric position of the 

resulting coupled galactals and glycosylated amino acids. Analogue 30a, where R = H is the 

ornithine analogue (14), which will serve as a control in the antifreeze activity assessments. 

Finally, the carbohydrate moiety 39 can be accessed from commercially available galactose.  

 

3.1.2 Investigating the Importance of Hydration of the AFGP 8 Analogues to 

Recrystallization Inhibition (RI) Activity (Series II Analogues) 

 

 The second series of analogues (Series II) is comprised of polymers 31 and 32 

(Scheme 3.3), as well as polymers 33 and 34 (Scheme 3.4). Both sets of polymers should be 

readily accessible since their synthesis is based directly on the synthetic scheme developed 

by Urpi and co-workers (as was shown in Scheme 3.2), employing a protected galactal (52), 

rather than a protected galactose (39). As with the Series I analogues (polymers 30 and 40, 

Scheme 3.1), polymers 31 and 32 of Series II can be prepared via solid-phase synthesis using 

Fmoc-protected glycine and the C-glycosyl amino acid building blocks 49 and 53, 

respectively. 
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Scheme 3.3 Retrosynthesis of Series II AFGP analogues 

 

 The desired building blocks 49 (or 53) should be available by hydrolysis and 

deprotection of 50 (or 54). These protected building blocks can in turn be prepared by 

displacing the auxiliary from 51 (or 55) with protected amino acid 37. Compounds 51 (or 55) 

should be available from the titanium-mediated coupling of the chiral auxiliary 38 (or 43) 
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with the protected galactal 52, according to the protocol of Urpi and co-workers.
2
 As for the 

series I analogues, the chirality of the auxiliary will determine the configuration at the 

anomeric centre. Reacting the carbohydrate moiety 48 with the (S)-chiral titanium enolate of 

auxiliary 38 should install the R group as well as ensure the desired α-configuration at the 

anomeric centre. Similarly, the reaction of the carbohydrate moiety 52 with the (R)-chiral 

titanium enolate of auxiliary 43 should install the R group as well as ensure the desired β-

configuration at the anomeric centre. As for Series I, this is the key step of the synthesis as it 

serves to install the hydrophobic R group at the pseudo-anomeric position on the 

carbohydrate moiety. Likewise, the protected galactal 52 can be synthesized from 

commercially available galactose.  

 Series II analogues that possess a double bond in the carbohydrate moiety will also be 

synthesized (polymers 33 and 34, Scheme 3.4). The syntheses of all the Series II analogues 

are closely related; analogue 33 (or 34) should be available from a similar sequence to that 

presented in Scheme 3.3 for analogues 31 (or 32). The required building blocks for analogue 

33 (or 34) should be available from 50 (or 54) (Scheme 3.3), as long as the carboxylic acid 

protecting group is removed without hydrogenation of the double bond of the carboxylic acid 

moiety. In order to avoid hydrogenation of the double bond, the carboxylic acid protecting 

group of the amino acid will have to be carefully considered.  

 

 

Scheme 3.4 Series II AFGP analogues 
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3.2 Synthesis 

  

3.2.1 Investigating the Importance of Hydrophobicity of the AFGP 8 Analogues to 

Recrystallization Inhibition (RI) Activity (Series I Analogues) 

 

    The syntheses of both Series I and II AFGP 8 analogues rely on the chiral titanium 

enolate used by Urpi and co-workers in their synthesis of C-linked carbohydrate 

derivatives.
1, 2

 The authors point out that the auxiliary can be easily removed, and the 

products transformed into a wide range of derivatives in high yields, using mild conditions. 

This suited our purposes, and for this reason, we adopted the thiazolidine thione chiral 

auxiliary into our synthesis. 

 We first carried out the synthesis of the auxiliary that would be used to install a 

methyl group at the pseudo-anomeric position (Scheme 3.5). Commercially available (L)-

phenylalanine (56) or (D)-phenylalanine (61) was reduced to the corresponding alcohol 57 or 

62, respectively, with lithium aluminum hydride.
3
 The amino alcohols were cyclized using 

CS2 with excess base according to the protocol of Crimmins et al.,
4
 to give 58 and 63. 

Finally, the cyclized products 58 and 63 were acylated with acyl chloride 59 to provide the 

(R)- or (S)-chiral auxiliaries 38b and 43b, respectively. 

 

Scheme 3.5 Synthesis of the thiazolidine thione chiral auxiliary to introduce methyl groups 

at the pseudo-anomeric position 
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Using this methodology, we were able to synthesize several (R)- and (S)-chiral 

auxiliaries; these are shown in Scheme 3.6. John F. Trant, an NSERC summer student at the 

time, synthesized several of the auxiliaries. Most of the acyl chlorides used were 

commercially available. Those that were not commercially available were synthesized from 

the corresponding commercially available carboxylic acid derivatives according to the 

methodology shown in Scheme 3.7 The synthesized acyl chlorides 65, 67, and 69 were used 

in the synthesis of the corresponding chiral auxiliaries (Scheme 3.6). 

 

 

Scheme 3.6 Synthesis of thiazolidine thione chiral auxiliaries to introduce various R groups 
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Scheme 3.7 Synthesis of various acyl chlorides from the carboxylic acid derivatives 

 

The carbohydrate moiety to be used in the coupling reaction with the chiral auxiliary 

(compound 76) was synthesized starting from commercially available galactose according to 

a protocol developed in our lab (Scheme 3.8). Acetylation of commercially available 

galactose (70), provided 71, although commercially available β-galactose pentaacetate was 

also used. Installation of thiophenol at the anomeric centre of 71 followed to give 72. As a 

result of the anchimeric effect, only the β-anomer was formed; however this stereocentre was 

later destroyed so its stereospecific formation was irrelevant. Near-quantitative deprotection 

of the hydroxyl groups using sodium methoxide to give compound 73, was followed by the 

installation of four benzyl protecting groups to give compound 74. The anomeric thiophenol 

was replaced by a hydroxyl group using N-bromosuccinamide to give compound 75, and 

finally, the trichloroimidate was installed under mildly basic conditions to yield the β-

anomer (76). The formation of the electrophilic carbohydrate 76 was confirmed using 
1
H 

NMR and MS, and despite the presence of some impurities in the crude product, 76 was used 

without further purification. 
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Scheme 3.8 Synthesis of the carbohydrate coupling partner 

 

Before employing the trichloroimidate-substituted carbohydrate 76 in the key step, 

we ran a test reaction with the simple nucleophile isopropanol in order to confirm that the 

trichloroimidate had been properly installed. The test reaction is given in Scheme 3.9. 

Analysis of the crude reaction product (78) by 
1
H NMR and mass spectroscopy indicated that 

the desired product 79 was formed, and with minimal concurrent side-product formation. 

The crude product was not purified; nevertheless, we confidently attempted the key step. 

 

 

Scheme 3.9 Test reaction with the trichloroimidate-substituted carbohydrate 

 

Unfortunately, the reaction of the carbohydrate moiety with the chiral auxiliary 

(Scheme 3.10) did not provide any desired product (79). The resulting product mixture was 

difficult to separate, and therefore its composition could not be determined.  



76 

 

 

Scheme 3.10 First attempted reaction of the carbohydrate derivative with the chiral titanium 

enolate 

 

 Consequently, we synthesized additional electrophilic carbohydrates in order to test 

different leaving group and protecting group combinations. Their syntheses are given in 

Scheme 3.11. 

 

Scheme 3.11 Synthesis of alternate electrophilic carbohydrate moieties 

 

Compound 81 (Scheme 3.11) was obtained in good yield by bromination of 

commercially available β-galactose pentaacetate using a 30% solution of hydrogen bromide 

in acetic acid. Compound 82 was accessible by acetylation of 75 using acetic anhydride and 

pyridine; however, bromination of 82, carried out as for 81, did not provide the desired 

product 83. Lastly, compounds 84 and 85, which were separated using silica flash 
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chromatography, were available from methylation of 75. However, when the new 

electrophilic carbohydrates (81, 84, and 85) were reacted with the chiral auxiliary (38b), no 

desired product was obtained in any of the reactions (Scheme 3.12). 

 

Scheme 3.12 Reaction of thiazolidine thione chiral auxiliaries with various electrophilic 

carbohydrates 

 

 Following, a series of test reactions of the chiral auxiliary 38b with simpler 

electrophiles was carried out (Table 3.1). As indicated in Table 3.1, the nature of the base 

was varied with several of the electrophiles tested.  

 

 

Table 3.1 Reactions of thiazolidine thione chiral auxiliry with test electrophiles 

 

Entry Electrophile (E
+
) Base Expected 

Product 

Isolated Product 

1 MeI DIPEA 

 
 86 

SM 
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 As indicated in Table 3.1, with the exception of entries 5 and 6, the experimental 

conditions did not provide the desired products. Most trials (entries 1-4, and 7) returned 

starting material exclusively. In the presence of lithium diisopropyl amine (LDA), reaction 

with allylbromide (entries 8 and 9) resulted in unexpected removal of the acyl group from the 

starting material 38b by the base, followed by nucleophilic attack by the nitrogen on the 

electrophile to provide compound 89. Given the poor results of these trials, the current 

Entry Electrophile (E
+
) Base Expected 

Product 

Isolated Product 

2 MeI Et3N 

 
86 

SM 

 

 

3 MeI (-)-sparteine 

 
86 

SM 

4 MeI LDA 

 
86 

SM 

5 Dihydro-

cinnamaldehyde 

Et3N 

 
87 

 

 
87 

6 Dihydro-

cinnamaldehyde 

(-)-sparteine 

 
87 

 

 
87 

7 Allylbromide DIPEA 

 
88 

SM 

8 Allylbromide LDA 

 
88 

 

SM + 

 
89 

 

9 Allylbromide LDA  

(no TiCl4) 

 
88 

 
89 
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approach to the Series I analogues was abandoned, and we focused our attention on the 

synthesis of the Series II analogues. 

 

3.2.2 Investigating the Importance of Hydration of the AFGP 8 Analogues to 

Recrystallization Inhibition (RI) Activity (Series II Analogues) 

 

 The syntheses of the polymers in Series II were subsequently undertaken. The 

synthesis of protected galactal 44 was carried out as shown in Scheme 3.13. As was 

previously shown in Scheme 3.11, the brominated product 81 was obtained from 

commercially available β-galactose pentaacetate in good yield. Analysis by 
1
H NMR 

analysis showed the exlusive formation of the α-anomer. Since the bromination reaction 

progresses through an oxocarbenium ion, both α- and β-linked bromination products can be 

formed. However, the reaction is reversible, and since the anomeric effect favours the 

thermodynamically more stable α-anomeric configuration, only the α-anomer is found in the 

final product.
5
 From brominated carbohydrate 81, protected galactal 44 was prepared 

according to the procedure developed by Somsak and Nemeth.
6
 

 

 

Scheme 3.13 Synthesis of acetyl-protected galactal 

 

 As expected based on the precedent by Urpi and co-workers
2
, the reaction of (S)-

chiral auxiliary 38b with protected galactal 44 as the electrophilic carbohydrate moiety 

proceeded smoothly to provide the desired coupled product 90b in good yield (Scheme 

3.14A). Similarly, the reaction of the (R)-chiral auxiliary 43b with the protected galactal 44 

provided the β-anomer 91b (Scheme 3.14B).  
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Scheme 3.14 Reaction of the chiral titanium enolate with protected galactal 

 

The reactions of the (R)- and (S)-chiral auxiliaries with the protected galactal are 

summarized in Scheme 3.15.  

 

 

Scheme 3.15 Reactions of the (S)- and (R)-chiral auxiliary with acetylated galactal 

 

 All (S)- and (R)-chiral auxiliaries with diverse R groups (Scheme 3.6) reacted 

readily with protected galactal (44) to give the expected products. The results are shown in 

Schemes 3.16 and 3.17. While most reactions were highly selective for one diastereomer, 

chiral auxiliaries in which R = H were less stereoselective, and the resulting two 

diastereomers (the α- and β-linked coupled galactal) were difficult to separate completely. 
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Consequently, some of the unwanted diastereomer was carried forward to the next reactions 

in both cases. 

 

 

Scheme 3.16 Reaction of (S)-chiral auxiliaries with acetylated galactal 
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Scheme 3.17 Reaction of (R)-chiral auxiliaries with acetylated galactal 

 

 The chiral auxiliary determines the stereochemistry at both the anomeric and pseudo-

anomeric positions. Urpi and co-workers first presented the reaction of the chiral titanium 

enolate with acetals to give anti α-methyl-β-alkoxy carbonyl structures (Scheme 3.18A),
1
 

and subsequently expanded their work to the glycosidation reactions (as discussed 

previously).
2
 Based on their studies, the authors speculated that the reactions proceed via an 

SN1-like process. To rationalize the observed stereochemistry of the α-methyl-β-alkoxy 

carbonyl structures the authors invoke the transition states TS-A and TS-B (Scheme 3.18B).
1
 

The observed stereochemistry might therefore result from an open transition state in which 

the intermediate oxocarbenium ion approaches the less hindered face of a putative chelated 

Z-enolate and determines the R configuration at the α-centre. The stereochemistry of the 

glycosidation products, however, is notT exclusively governed by the chiral auxiliary. Urpi 

and co-workers found that when the glycal reacting partner bore acetate protecting groups, 

“the configuration at [the anomeric centre] C1 arises from a compromise between the 

induction exerted by the auxiliary and [the induction exerted] by the glycal.” Urpi and co-

workers provided proof for their stereochemical outcomes by the synthesis of derivatives of 

their coupled glycals, as well as by crystallographic data of one coupled glycal. The 

stereochemical proof is detailed in the supporting information for their key glycosidation 

paper. 
2
 The spectral data for our newly synthesized coupled galactal products was in 

agreement with their published spectral data. 
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Scheme 3.18 Typical conditions for reaction of thiazolidine thione auxiliary with an acetal; 

B Transition states for anti (92) and syn (93) products
1
 

 

 In the meantime, although we were pleased with the successful syntheses of the 

coupled galactal products, we were still intent on the synthesis of the Series I analogues - the 

fully hydroxylated analogues (Scheme 3.1). We therefore attempted the dihydroxylation of 

the double bond of the coupled galactal 90b according to the protocol of Sharpless et al.
7
 in 

order to obtain a fully-hydroxylated carbohydrate. The test reaction, the dihydroxylation of 

cyclohexene using AD-mixα (Scheme 3.19) was successful, as determined by 
1
H NMR and 

MS analysis of the product. However, the same conditions did not result in any reaction 

when applied to the coupled galactal 91b (Schemes 3.20). In all attempted dihydroxylation 

reactions with the coupled galactals only starting material was recovered, despite the long 

reaction times employed. 
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Scheme 3.19 Dihydroxylation test reaction (I) 

 

 

Scheme 3.20 Dihydroxylation of the β-anomer 

 

 In order to determine whether or not the chiral auxiliary was preventing 

dihydroxylation, we applied the same conditions to the protected galactal 44 alone (Scheme 

3.21). In both cases (using AD-mixα or AD-mixβ) no dihydroxylation took place and only 

starting material was recovered. 

 

 

Scheme 3.21 Dihydroxylation test reaction (II) 
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 The dihydroxylation was next attempted using OsO4 and NMO rather than AD-mix. 

Under these conditions,
8
 the test reaction readily provided dihydroxylated cyclohexane from 

cyclohexene (Scheme 3.22). However, the same conditions were unable to provide the 

desired dihydroxylation product when applied to the coupled galactals (90b or 91b) (Scheme 

3.23). Using OsO4 in catalytic amounts, and employing a different reaction medium
9
 

similarly failed to produce any desired product (Scheme 3.24). 

 

Scheme 3.22 Dihydroxylation test reaction (III) 

 

 

Scheme 3.23 Dihydroxylation of the α- and β-anomers (new conditions) 

 

 

Scheme 3.24 Dihydroxylation of the β-anomer (catalytic OSO4 and new conditions) 
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At this point, the dihydroxylation strategy was abandoned, and we returned our 

attention to the completion of the dehydro-analogues of Series II (31 and 32, Scheme 3.3). 

Consequently, the displacement of the chiral auxiliary from the coupled galactals 90b and 

91b with the δ-amine of the ornithine (37) was investigated (Scheme 3.26). First, a test 

reaction using a simpler amine, benzylamine, was attempted (Scheme 3.25). 

 

 

Scheme 3.25 Displacement of the chiral auxiliary from the coupled galactal (88) using a 

primary amine 

 

Gratifyingly, benzylamine easily displaced the chiral auxiliary from coupled galactal 

90b to provide 102 in 89% crude yield after simple purification (Scheme 3.26). The 

formation of the desired product was verified by 
1
H NMR and MS, and 

1
H NMR further 

verified that the purity of the desired product was high. Therefore, the displacement with 

ornithine (37) was attempted.  

As shown in Scheme 3.27, the synthesis of the amino acid coupling partner (37) was 

readily accomplished in two steps. The benzyl protecting group was installed on the 

commercially available Fmoc- and Boc-protected starting material (103) using benzyl 

alcohol, with N,N′-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine 

(DMAP) in dichloromethane (DCM), to provide 104. The Boc group was subsequently 

removed in quantitative yield using trifluoroacetic acid (TFA), and the resulting product (37) 

was purified by recrystallization.  
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Scheme 3.26 Synthesis of the protected amino acid 

 

 The displacement of the auxiliary from the coupled galactal (90b) with the amino 

acid was carried out in the presence of excess triethylamine (Scheme 3.27). While the 

desired product was obtained, as determined by 
1
H NMR and MS analysis, the yield was 

very poor, and multiple side-products were formed. The isolation of the desired product 

proved to be very difficult, and ultimately, not enough material could be obtained (in 

sufficient purity) to make the synthesis of the polymer feasible. Similar results were obtained 

when the β-analogue was reacted (not shown). Despite the low yield obtained in these first 

reactions, the direct displacement was attempted using several of the coupled galactals 

(Scheme 3.28).  

 

 

Scheme 3.27 Displacement of the chiral auxiliary from the coupled galactal (90b) using 

protected ornithine (37) 
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Scheme 3.28 Displacement of the chiral auxiliary from various coupled galactals using 

protected ornithine 

 

 However, the yields for these reactions were poorer still, and the isolation of the 

desired product proved to be even more difficult. The products with the largest R groups, that 

is, the most hydrophobic products, were most difficult to isolate. If the yields of these 

reactions had been greater, the deprotection of either the carboxylic acid terminus of the 

ornithine, or the hydroxyl groups of the carbohydrate component might have allowed for the 

purification of these products. Unfortunately, given the low yields of the displacement 

products (α- and β-ornithine-coupled galactals), we ruled out this approach. 

Despite the low yields of the α- and β-ornithine-coupled galactals (105b and 107b) 

obtained, we proceeded with the hydrogenolysis of the benzyl protecting group with the 

small amount of reasonably pure material in hand (Scheme 3.29). The removal of the benzyl 

group (with concomitant hydrolysis of the double bond) of the β-analogue (107b) under 

hydrogenolysis conditions proceeded readily to give 108b. However, under the same reaction 

conditions, the α-linked analogue (105b) did not react. 
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Scheme 3.29 Hydrogenolysis 

 

 In order to carry out the hydrogenolysis, a number of different conditions were 

assayed (Table 3.2). Under all but the reaction conditions given in entries 3 and 7, no 

reaction occurred, and all of the starting material was recovered. Dissolving metal reduction 

(entry 3) and high temperature and pressure (entry 7), both gave multiple products, and no 

desired product was recovered.  
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Table 3.2 Hydrogenolysis conditions 

    

Entry Reagent Catalyst Pressure Temperature  Time Yield 

 

1 

 

 

none 

 

10% Pd/C 

 

ambient 

 

RT 

 

24 h 

 

no reaction 

2 

 

none 10% Pd/C 100 psi RT 18 h no reaction 

3
10

 

 

none Na/NH3 ambient -78 °C 0.5 h decomposition 

4 

 

HCO2H 10% Pd/C ambient RT 18 h no reaction 

5 

 

HCO2NH4 10% Pd/C ambient RT 18 h no reaction 

6 

 

HCO2NH4 10% Pd/C 500 psi RT 2 h no reaction 

7 

 

HCO2NH4 10% Pd/C 600 psi 75 °C 5 h decomposition 

 

 The failure of these reactions seemed highly unusual. It is possible that impurity in 

the starting material was the cause. Since it was very difficult to purify the starting materials 

for the hydrogenolysis reactions (105b and 107b), it is possible that a trace of the chiral 

auxiliary from the previous reaction (the displacement of the chiral auxiliary from the 

coupled-galactal with ornithine) remained. It is possible that sulfur from the chiral auxiliary 

poisoned the palladium catalyst in the hydrogenolysis reaction. Since the starting materials 
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were only available in low yields, and further, had proven to be difficult to purify, we 

developed a new strategy to access the building blocks: rather than displacing the chiral 

auxiliary from the coupled galactals with the amino acid, we chose to remove the chiral 

auxiliary and to install a carboxylic acid moiety in its place. In order to use relatively gentle 

conditions, we opted for a step-wise approach to access the carboxylic acid galactal 

derivative (111); therefore, the first step was the transformation of the coupled galactal into 

the alcohol derivative. The conditions employed are given in Scheme 3.31. 

 

Scheme 3.30 Attempted synthesis of the carboxylic acid galactal derivative 

 

 The alcohol derivatives 109b, 109e, 109f, and  109g were readily available from the 

corresponding starting materials 90b, 90e, 90f, and 90g, respectively, using sodium 

borohydride in THF/water.
2
 However, the oxidation of the alcohols to give the aldehyde 

derivatives proved to be problematic. Oxidation with TPAP and NMO, using two different 

protocols for the reaction work-up,
11, 12

 did provide the desired aldehyde products 110b, 

110e, 110f, and 110g from their respective starting materials, however, only 110f and 110g 

could be isolated. In every case, an inseperable diastereomer of the desired product was 

produced. Compound 110f clearly showed two diastereomers in a ratio of about 2:1, and 
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analysis of the 
1
H and 

13
C NMR data was readily accomplished. Compound 110g, however, 

showed two diastereomers in a ratio of 1:1, and 
1
H NMR analysis could not be carried out. It 

could not be determined which stereocentre had isomerized. Swern oxidation conditions
13

 

applied to the alcohol derivatives also resulted in two inseparable diastereomers, and 

attempted production of the aldehyde derivative 110a directly from the coupled galactal 

(90a) did not provide any of the desired product. Synthesis of the carboxylic acid derivative 

111b directly from the alcohol derivative 90b using TEMPO and bleach
14

 was also 

unsuccessful. 

Urpi and co-workers have also shown that the chiral auxiliary of coupled galactals 

such as 90b could be transformed into the methyl ester or Weinreb’s amide derivatives.
2
 

Consequently, we undertook the synthesis of a number of new derivatives. However, only 

the Weinreb’s amide derivatives could be accessed. 

 

 

Scheme 3.31 Synthesis of galactal derivatives 

 

 For both the β-coupled galactal 91a, and the α-coupled galactal 90b, the Weinreb’s 

amide derivatives (112 and 116, respectively) were readily available using the reaction 

conditions given in Scheme 3.31.
15

 However, attempted displacements of the amide using 

amines returned only starting material. Interestingly, the known reduction
16

 of the Weinreb’s 

amide derivative 116 to the aldehyde derivative did not give the desired product.  
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 Faced with the failures of these efforts, we re-examined the first attempts at the 

displacement of the chiral auxiliary from the coupled-galactal with protected ornithine 37 

(refer to Scheme 3.27). One reason for the poor yield of the displacement reactions may have 

been that an intra-molecular attack by the γ-amine on the benzyl ester of the ornithine 

resulting in the formation of a six-membered ring was taking place. Despite the fact that the 

leaving group must be an alkoxide or alcohol group, the intramolecular reaction may be 

faster than the desired intermolecular one. In an attempt to overcome this potential problem, 

we replaced 37 with an Fmoc-protected ornithine bearing a free carboxylic acid terminus 

(114). The amino acid 114 was obtained by quantitative deprotection of the Boc protecting 

group of commercially available Fmoc- and Boc-protected ornithine 103. The subsequent 

chiral auxiliary displacement reactions using 114 provided the desired products in good yield 

(Scheme 3.32). After purification, these products will be used as the building blocks in solid-

phase peptide synthesis. 

 

Scheme 3.32 Successful synthesis of the building blocks for Series II analogues 

 The complete syntheses of building blocks 115 and 117 for the Series II analogues 

(those peptides containing a double bond in the carbohydrate moiety: peptides 33 and 34, 

Scheme 3.4) are summarized in Schemes 3.33 and 3.34, respectively. The syntheses each 

began with one enantiomer of phenylalanine: D-phenylalanine ultimately provided the α-
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analogue and L-phenylalanine ultimately provided the β-analogue. The key step was the 

reaction of the (R)- or (S)-chiral auxiliary (38a and 43a, respectively) with the protected 

galactal (44) to give the α- or β-coupled galactals 90a, and 90b, respectively. Displacement 

with the protected ornithine (114) provided the desired building blocks 117a and 115a.  

 

Scheme 3.33 Complete synthesis of the building block for the Series II α-linked analogue 

containing a double bond in the carbohydrate moiety 

 

Scheme 3.34 Complete synthesis of the building block for the Series II β-linked analogue 

containing a double bond in the carbohydrate moiety 
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Unfortunately, despite the free carboxylic acid, the building blocks in which R = Me 

(117b and 115b, Scheme 3.32) could not be sufficiently purified to be used for solid-phase 

synthesis. The unsubstituted building blocks (R = H, 117a and 115a, schemes 3.33 and 3.34) 

were readily purified by reverse-phase high-pressure liquid chromatography (HPLC) and 

used for solid-phase synthesis of the respective Series II analogues. Solid-phase synthesis 

was carried out on Wang Resin using an HBTU coupling protocol (Schemes 3.35 and 3.36). 

The Fmoc-Gly-Gly-OH was synthesized by Mathieu Leclere. The completed polymer was 

cleaved from the bead using a solution of TFA, and deprotected using sodium methoxide in 

methanol. The completed polymers 33a and 34a were then tested for antifreeze activity 

(refer to Part II).  

 

 

 

Scheme 3.35 Solid-phase peptide synthesis of the Series II α-linked analogue containing a 

double bond in the carbohydrate moiety 
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Scheme 3.36 Solid-phase peptide synthesis of the Series II β-linked analogue containing a 

double bond in the carbohydrate moiety 

 

  The building blocks for the above analogues (Series II analogues possessing a double 

bond in the carbohydrate moiety) were obtained by the displacement of the auxiliary from 

the coupled galactal using the amino acid, and while the yields of this step were sufficiently 

high for the syntheses of their respective analogues, they were not ideal and we were 

interested in improving the synthesis. As a result, to synthesize the fully-hydrogenated Series 

II analogues (compounds 31 and 32, Scheme 3.3), we explored a new approach. Since at this 

point it became of interest to test the antifreeze activity of the carbohydrate moiety at the 

carboxylic acid derivative stage, the development of a route to the building block that 

proceeded via the carboxylic acid galactal derivative was of great interest to us. Therefore, 

rather than attempting the hydrogenation of the previously synthesized building blocks 

(compounds 117a and 115a, Schemes 3.33 and 3.34, respectively) to obtain the desired 

building blocks with the saturated carbohydrate moiety, we instead attempted the removal of 

the auxiliary from the coupled-galactal (90a) with concomitant carboxylic acid formation. 

We had not been able to effect this transformation previously; however, in our previous 

attempts at the formation of the carboxylic acid galactal derivative (111, Scheme 3.30) we 

had not attempted the direct transformation from the coupled-galactals (90), and had instead 
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tried to access it via the alcohol derivatives (109b). Fortunately, aqueous lithium hydroxide 

and hydrogen peroxide in THF
17

 provided the carboxylic acid galactal derivatives 111a and 

111b in good yield from the coupled galactal 90a and 90b, respectively (Scheme 3.37). This 

approach proved to be a very effective route for the synthesis of the building blocks, as the 

carboxylic acid galactal derivative was readily coupled to the protected ornithine 37 to give 

compounds 105a and 105b. Exposure to palladium on carbon effected the removal of the 

benzyl protecting group, as well as the hydrogenation of the double bond, to give the Series 

II unsaturated building blocks 106a and 106b. The β-analogue was also accessible using this 

protocol (Scheme 3.38). The fact that building blocks 106a and 106b were readily obtained 

via the hydrogenation/hydrogenolysis of compounds 105a and 105b obtained in this way, 

when the hydrogenation/hydrogenolysis product 106b from 105b obtained by the direct 

displacement of the chiral auxiliary (Scheme 3.28) had been unsuccessful, supports our 

hypothesis that in that reaction, sulfur from chiral auxiliary impurities poisoned the 

palladium catalyst, preventing the reaction. 

 

Scheme 3.37 Synthesis of the building block for the Series II α-linked analogue containing a 

saturated carbohydrate moiety 

 

 



98 

 

 

Scheme 3.38 Synthesis of the building block for the Series II β-linked analogue containing a 

saturated carbohydrate moiety 

 

 As shown in Scheme 3.37 and 3.38, this route was also employed for the analogues 

bearing a methyl group at the pseudo-anomeric position (R = Me). The α- and β-linked 

carboxylic acid galactal derivatives were readily obtained, and couplings with the ornithine 

derivative were also successful. However, while the hydrogenolysis reactions provided the 

wanted products (as determined by 
1
H NMR and MS), these could not be adequately purified 

for peptide synthesis. 

In the meantime, it had been shown by our lab that relative antifreeze activity could 

be rapidly gauged by testing just the C-linked carbohydrates (the carboxylic acid galactal 

derivatives), or the building blocks alone. Therefore, all Series II building blocks were fully 

deprotected using sodium methoxide (Scheme 3.39). Compounds 121-124 were then purified 

by preparative thin-layer chromatography and assessed for antifreeze activity (refer to Part 

II).  
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Scheme 3.39 Complete deprotection of series II building blocks in preparation for antifreeze 

activity testing 

 

An overview of the syntheses of each of the products – building blocks for solid-

phase synthesis (106a, 108a, 115a, and 117a), and deprotected building blocks ready for 

antifreeze activity (121, 122, 123 and 124) - are presented in Schemes 3.40 and 3.41. 
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Scheme 3.40 Summary: synthesis of both the building blocks for the Series II α-linked 

analogues (117a and 106a) and the building blocks to be used for antifreeze activity testing 

(121 and 123) 
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Scheme 3.41 Summary: synthesis of both the building blocks for the Series II β-linked 

analogues (115a and 108a) and the building blocks to be used for antifreeze activity testing 

(122 and 124) 

 

 Several more C-linked carboxylic acid galactal derivatives were synthesized using 

the same protocol previously used for the simple analogues 111a and 120a in Schemes 3.40 

and 3.41, respectively. The newly synthesized compounds are shown in Scheme 3.42. Since 

the work-up for these compounds was carried out using an acid-base extraction, in some 
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cases, the acetate protecting groups were partially or completely hydrolyzed. As a result, the 

acetylated compounds were difficult to isolate and characterize. The final, de-acetylated 

compounds were fully characterized, and therefore we were confident in the identity of the 

acetylated precursors. 

 

 

 

Scheme 3.42 Synthesis of various protected C-linked carboxylic acid galactal derivatives 

 

The protected C-linked carboxylic acid galactal derivatives were easily deprotected 

using sodium in methanol. The deprotected C-linked carboxylic acid galactal derivatives are 

shown in Scheme 3.43 (including both the α- and β-anomers). After purification by 

preparative thin layer chromatography, these analogues were tested for antifreeze activity 

(refer to Part II). 
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Scheme 3.43 Deprotection of various C-linked carboxylic acid galactal derivatives for 

antifreeze activity testing 
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Figure 3.1 Summary of all compounds synthesized for antifreeze testing 

 

Part II of this chapter explores the results of the antifreeze activity testing that was 

carried out with the polymers, building blocks, and C-linked carboxylic acid galactal 

derivatives just described.  
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3.2.3 Assessing the Cryopreservation Activity of the Ornithine Analogue: Synthesis of 

the Ornithine Analogue 

 

Objectives 2.1 and 2.2 deal with the assessment of cryopreservation potential and will 

be addressed in Chapter 4. However, the synthesis of the ornithine analogue (compound 14, 

Scheme 3.44) is detailed here. The ornithine analogue has previously been synthesized in our 

lab; however, since we intended to carry out cryopreservation studies with this analogue, it 

was re-synthesized as part of the current study. The protocol for synthesis of the building 

block is shown in Scheme 3.45.  

 

 

Scheme 3.44 Synthesis of building block 134 for the ornithine analogue (14) 

 

The carbon linkage was installed in a Lewis acid-mediated step to give the epimeric 

C-linked product 127. De-acetylation allows the separation of the two diastereomers by 

recrystallization to give the desired α-anomer 129, and re-acetyllation was followed by a 
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two-step oxidation to provide the carboxylic acid 132. Coupling 132 with the protected 

ornithine 37 using HBTU was followed by hydrogenolysis to provide the ornithine building 

block 134. At this point, the building block was combined with material synthesized by 

Mathieu Leclere, who purified all of the material and carried out the solid-phase synthesis to 

produce the polymer. The solid-phase synthesis was carried out on Wang Resin using an 

HBTU coupling protocol (Scheme 3.46). The completed polymer was cleaved from the bead 

using a solution of TFA, and deprotected using sodium methoxide in methanol to provide the 

final compound. 

 

 

 

Scheme 3.45 Solid phase synthesis of the ornithine  analogue (14)  
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Part II: Assessing Antifreeze Activity  

 

3.3 Thermal Hysteresis (TH) Activity 

 

All of the analogues – polymers and carbohydrates – that were synthesized as 

detailed in Part I were tested for RI and TH activity. The results of TH testing are shown in 

Table 3.3. Our lab has shown previously that the ornithine analogue (14) does not possess 

any TH acitivty, although both the ornithine analogue (14) and AFGP 8 (13) showed 

dynamic ice shaping (DIS), indicating that they do interact with ice crystals. In the course of 

the current work, the newly synthesized carbohydrates and AFGP analogues were tested for 

TH, and similarly showed no activity. DIS was only seen with the polymers (33a and 34a). 

Photos of ice crystals in the presence of each compound are provided in Tables 3.3 and 3.4. 

The arrow in each picture indicates the location of the ice crystal in the water drop 

submerged in the oil. 

 

 

 

 

 

Table 3.3 Results of thermal hysteresis (TH) activity testing: carboxylic acid galactal 

derivatives and building blocks 

Compound Melting 

Point 

Photo TH Compound Melting 

Point 

Photo TH 

 

-0.09 ºC 

 
 

no 

 

-0.15 ºC 

 

no 

 

-0.11 ºC 

 

  

 
 

no 

 

-0.01 ºC 

 

no 
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a
 arrow indicates two ice crystals fused together 

 

 

 

 

 

 

 

 

 

Compound 

 

Melting 

Point 

 

Photo 

 

TH 

 

Compound 

 

Melting 

Point 

 

Photo 

 

TH 

 

-0.02 ºC 

 

no 

 

-0.02 ºC 

a 

no 

 

-0.05 ºC 

 

no     

 

-1.01 ºC 

 

no 

 

-0.07 ºC 

 

no 

 

-0.4 ºC 

 

no 

 

-0.41 ºC 

 

no 
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Table 3.4 Results of thermal hysteresis (TH) activity testing: polymers 

 

 

 

The AFGP 8 analogues 33a and 34a, building blocks 121-124, and carboxylic acid 

galactal derivatives 125a¸125b, 125e, 125f, 125g, 126a, and 126b as 10 mg/mL solutions in 

de-ionized water depressed the freezing point of water to between -0.01 ºC and -1.01 ºC. 

However, the solubility of the compounds varied widely and this likely had a significant 

effect on the freezing point depression. Of the carboxylic acid galactal derivatives, 

compounds 125e and 125f were slightly insoluble and compound 125g was very poorly 

soluble. In fact, the solid particles could be clearly seen in the picture provided for compound 

125g. The remaining carboxylic acid galactal derivatives were readily soluble in water, as 

were all of the building blocks. Both polymers also displayed poor solubility in water, and as 

for compound 125g, the solid particles could be clearly seen under the microsope. Not 

surprisingly, it appears that, in general, the more-soluble compounds were able to depress the 

freezing point to a greater extent than those with limited solubility. Consequently, we 

propose that the difference in freezing point depression among the compounds is relatively 

narrow.  

Dynamic ice shaping (DIS) was not seen with the carboxylic acid galactal 

derivatives, nor with the building blocks. Interestingly, the two polymers did show DIS. 

While it was clear that polymer 33a affected the shape of the ice crystal to some extent, as 

can be seen from the picture, the shape was not clearly defined. Polymer 34a, on the other 

Compound Melting 

Point 

Photo TH 

 

-0.18 ºC 

 

no 

 

-0.04 ºC 

 

no 
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hand, clearly caused the ice crystal to assume a hexagonal shape. Although it was difficult to 

draw a conclusion based on this limited sample set, it appeared that, at least in this case, the 

length of the compound had an influence on DIS activity; that is, the building blocks 

monomers were insufficient for DIS. In any case, none of the compounds tested showed any 

TH activity. Since TH activity is not desirable for cryopreservation, the absence of any TH 

activity was encouraging.  

 

3.4 Recrystallization Inhibition (RI) Activity 

 

 Next, each newly synthesized compound was tested for RI activity. Phosphate-

buffered saline (PBS) was tested for RI activity on every day that RI testing of compounds 

was carried out. The data was reported as the ratio of the mean grain size (MGS) of the test 

compound to the MGS of the PBS sample measured that day. PBS was therefore reported as 

having a ratio of 1.0 and served as the negative control.  Importantly, the smaller the mean 

grain size (mm
2
) found for a given compound, the greater that compound’s RI activity. The 

carbohydrates were tested at a concentration of 22 mM in PBS, and their RI activity is shown 

in Figure 3.3. Commercially available galactose and 2-deoxygalactose, as well as 

synthesized α-C-acid-galactose were previously tested in our lab by Jennifer L. Chaytor and 

Jacqeuline Tokarew, and are included in the figure for comparison. 

 

 

 

Figure 3.2 Structure of the carbohydrates and C-linked carbohydrates tested for 

recrystallization inhibition (RI) activity (data in Figure 3.3) 
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Figure 3.3 Recrystallization inhibition (RI) activity of several carbohydrates in PBS; RI 

activity is reported as a ratio of the mean grain size (MGS) of the carbohydrate solution to 

the MGS of the PBS solution. 

 

 As was shown in Chapter 2, galactose had the greatest RI activity of the 

monosaccharides. It therefore served as a benchmark value against which the newly 

synthesized carbohydrate derivatives could be compared. The α-C-acid galactose was 

included to show that while the derivatization of galactose to produce a C-linked carboxylic 

acid galactose derivative did decrease the RI activity relative to galactose, it did not eradicate 

activity. The difference in RI activity between the newly synthesized derivatives and 

galactose was only partly due to the addition of the carboxylic acid moiety, or the addition of 

a C-linkage to the anomeric centre. The removal of the C2 hydroxyl group from galactose to 

give 2-deoxygalactose, on the other hand, nearly eradicated RI activity. As discussed in 

Chapter 2, our lab has shown that carbohydrate configuration seems to be very important for 

RI activity, and RI activity is maximized when the C4 hydroxyl group is axial and all other 

hydroxyl groups are in an equatorial position.
18

 The poor RI activity exhibited by 2-

deoxygalactose supports the hypothesis that the C2 hydroxyl group plays an important role in 

RI activity. Consequently, the newly synthesized analogues were not expected to have very 

good RI activity. It is interesting, therefore, that some of the newly synthesized analogues did 

show RI activity comparable to that of α-C-acid galactose. In fact, the α-linked derivatives 

bearing aromatic groups, including 125e, 125f, and 125g all showed RI activity equivalent to 
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that of α-C-acid galactose. However, none of the derivatives showed activity equivalent to 

that of galactose.  

The RI activity of the non-aromatic analogues (125a, 125b, 126a, and 126b) was also 

somewhat surprising. It was hypothesized that, at least for the polymers (AFGP analogues), 

the addition of the methyl group (R = Me) next to the anomeric centre would increase RI 

activity compared to that of the unsubstituted (R = H) analogue. Further, it was expected that 

the same trend would be reflected by the carboxylic acid galactal derivatives; however, 

Figure 3.3 shows that 126a (R = H) had a slightly greater RI activity than 126b (R = Me), 

although the difference was not statistically significant. While 125a (R = H) had greater RI 

activity than 2-deoxygalactose, the difference between 125b (R = Me) and 2-deoxygalactose 

was not statistically significant. However, for both R = H, and R = Me, the α-anomer had 

greater RI activity than the corresponding β-anomer. In fact, the β-anomers 126a (R = H), 

and 126b (R = Me) did not show any RI activity (they showed activity equivalent to that of 

PBS). Based on previously studied analogues, this was the expected trend for RI activity of 

the α-anomers and their respective β-anomers.  

The fact that the C-linked analogues showed RI activity at all, despite the dramatic 

structural modifications compared to galactose or C-linked Gal (135), is interesting in itself. 

These analogues lack both the C2 and C3 hydroxyl groups, and further, the double bond will 

prevent the cyclohexane ring from adopting the chair conformation of the saturated ring. 

Therefore, the orientation of the remaining substituents will also differ from the orientation 

of the hydroxyl groups of 2-deoxygalactose and galactose. It may be that the new analogues 

are positioned at the ice/water interface in a very different way than either the 2-

deoxygalactose or galactose, and therefore have slightly different requirements for activity. 

The best of these analogues, those bearing the aromatic substituents (compounds 125e, 125f, 

125g), had equivalent RI activity to C-linked Gal, despite their structural differences; 

therefore, it is unlikely that these very different compounds would be interacting with ice in 

the same manner. It is difficult, therefore, to draw clear conclusions from this data. The 

difference in RI between the different α-anomers (125) was not very great, and while all of 

them show some RI activity, none of the α-anomers have activity comparable to that of 

galactose. Therefore, while the data obtained for the new C-linked carboxylic acid galactal 

derivatives showed a slight internal trend of increasing RI activity with increasing 
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hydrophobicity, these analgoues did not surpass the RI activity of galactose, and this data 

does not appear to support the conclusion that increasing the hydrophobicity of the C-linked 

carbohydrate derivatives necessarily improves RI activity. 

 Subsequently, the four newly synthesized building blocks (122-124, Figure 3.4) were 

also tested for RI activity, and the results are shown in Figure 3.5. The mean grain size ratios 

were obtained as described above, and PBS remains the negative control. Previously tested 

commercially available galactose and 2-deoxygalactose (each at a concentration of 22 mM), 

as well as AFGP 8 (13) and the ornithine analogue (14) (each at a concentration of 5.5 x 10
-6

 

M) were included in the figure for comparison.
18

 

 

 

Figure 3.4 Structure of the polymers and building blocks tested for recrystallization 

inhibition (RI) activity (data in Figure 3.5) 
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Figure 3.5 Recrystallization inhibition (RI) activity of several building blocks in PBS; RI 

activity is reported as a ratio of the mean grain size (MGS) of the building block solution to 

the MGS of the PBS solution. 

 

It can be clearly seen in Figure 3.5, that the polymers AFGP 8 and ornithine analogue 

14 have significantly better RI activity than galactose, even though they were tested at a 

much lower concentration: the polymers were tested at a concentration of only 5.5 x 10
-6

 M 

in PBS, while carbohydrates were tested at a concentration of 2.2 x 10
-2

 M in PBS. 

Therefore, the concentration of polymer in PBS required for significant RI activity is much 

lower than the concentration of carbohydrate in PBS required for RI activity. Unfortunately, 

the RI activity of the building blocks (121-124) was much poorer than that of any of AFGP 8 

(13), the ornithine analogue (14), or galactose (21). The RI activity exhibited by the building 

blocks varied widely. In each case, the RI activity of the α-anomers was significantly greater 

than that of the β-anomers. The α-anomer 124 had greater activity than the α-anomer 121, 

and similarly, the β-anomer 124 had greater activity than the β-anomer 122. However, the β-

anomer 124 showed RI activity comparable to that of the α-anomer 121, and further, neither 

compound showed better RI activity than that of 2-deoxygalactose. Oddly, the RI activity of 

the β-linked building block 122 was seemingly much poorer than PBS, and this suggests that 

either the accuracy of that measurement was poor, or that 122 actually aided 

recrystallization. The absence or presence of a double bond in the carbohydrate moiety was 

the only difference between analogues 123 and 124, and 121 and 122, respectively; 

therefore, the double bond in the carbohydrate moiety of analogues 121 and 122 increased 
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the RI activity over that of analogues 123 and 124. As was the case for the carboxylic 

galactal derivatives 125 and 126 (Figure 3.1), both compounds are without the C2 and C3 

hydroxyl groups, and the double bond in analogues 121 and 122 likely changes the 

orientation of the remaining constituents of the carbohydrate moiety compared to those of 

compounds 123 and 124. This seems to confirm that the addition of the double bond and the 

resulting change in orientation of the hydroxyl groups (or of the side chain at the anomeric 

position) does in fact reduce RI activity. 

Figure 3.7 presents the RI activity of the newly synthesized AFGP 8 analogues 33a 

and 43a, the carbohydrate-bearing building blocks 121 and 122 used in their respective 

syntheses, as well as the corresponding carboxylic acid galactal derivatives 125a and 126a. 

As before, the polymers were tested at a concentration of only 5.5 x 10
-6

 M in PBS, while 

carbohydrates were tested at a concentration of 2.2 x 10
-2

 M in PBS. The best RI activity was 

seen with the α-C-linked polymer 33a; however, the RI activity of the polymer was not as 

good as that of galactose. As expected (based on results obtained previously by our lab, as 

well as the data presented in Figure 3.3), the α-anomers had better RI activity than their β-C-

linked counterparts. The magnitude of the difference in RI between α- and β-anomers was 

similar for each of the three types of compounds (polymer, building block, or carbohydrate 

derivative). 

 

Figure 3.6 Structure of the C-linked carbohydrates, building blocks, and polymers tested for 

recrystallization inhibition (RI) activity (data in Figure 3.7) 
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Figure 3.7 Recrystallization inhibition (RI) activity of several polymers and their 

corresponding building blocks and carbohydrate derivatives in PBS; RI activity is reported as 

a ratio of the mean grain size (MGS) of the test solution to the MGS of the PBS solution. 

 

Further, none of the β-C-linked analogues showed any RI activity. In all cases, in 

fact, the RI appears to be worse than that of PBS. The relationship of the α-C-linked 

compounds, however, is different: the polymer 33a shows the best RI activity, the building 

block 121 shows the worst RI activity (it is nearly equal to PBS), while the carbohydrate 

derivative falls in the middle. All differences are statistically significant. The RI activity of 

the AFGP 8 analogue 33a was not quite as good as that of galactose alone, and very much 

poorer than that of the ornithine analogue (14). This data suggests that the addition of a side 

chain to the C-linked carbohydrate derivative (building block 121 compared to C-linked 

carbohydrate derivative 125a) does not necessarily result in increased RI activity. This was 

somewhat surprising, since unpublished work by our lab – carried out by Chantelle 

Capicciotti – suggests that the addition of side chains at some positions to C-linked 

carbohydrates dramatically increases RI activity. However, in this case, the addition of the 

side chain adds three additional methylene groups compared to the C-linked carbohydrate, 

but it also adds the highly hydrophilic amine and carboxylic acid of the amino acid, and 

therefore predicting its effect was difficult. The amino and carboxylic acid groups will exist 

as a zwitterion, and given the building block’s small size compared to the polymer, the 

zwitterions will likely have a significant effect on the mechanism of action/activity of the 
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building block. Given that the native AFGP is a polymer, it was not surprising that AFGP 8 

analogue 33a showed the greatest RI activity of the group. 

The fact that the three components are significantly different suggests that the 

building block and carbohydrate derivatives cannot be used as reasonable predictors of the 

RI activity of the polymer. However, it is possible that the differences are relatively constant 

between any set of polymer, building block, and carbohydrate derivative, and if this is the 

case, then testing the carbohydrate derivative or building block may serve as a useful tool to 

predict the RI activity of the corresponding polymer. It would therefore be interesting to see 

whether or not the same trend in RI activity (polymer > carbohydrate > building block) holds 

for the remaining carbohydrate derivatives and building blocks tested. Fortunately, John F. 

Trant from our lab recently synthesized the building block for the ornithine analogue and 

tested it for RI activity. The RI data for the carbohydrate derivative, building block, and 

polymer (shown in Figure 3.8) are compared in Figure 3.9.  

 

 

Figure 3.8 Structure of the ornithine analogue (14) and corresponding building block (137) 

and carbohydrate derivative (135) tested for recrystallization inhibition (RI) activity (data in 

Figure 3.9) 

 

 



119 

 

 

Figure 3.9 Recrystallization inhibition (RI) activity of the ornithine analogue and the 

corresponding building block and carbohydrate derivative in PBS; RI activity is reported as a 

ratio of the mean grain size (MGS) of the test solution to the MGS of the PBS solution. 

 

Interestingly, the ornithine analogue (14), its building block (137) and the carboxylic 

acid galactose derivative (135) did not follow the same trend as that seen in with the deydro 

analogues in Figure 3.7. For ornithine, the RI activity of the polymer was greater than that of 

the building block, which in turn had greater RI activity than the carbohydrate component. 

As was previously stated, for analogues 33a and 33b, the carbohydrate showed better activity 

than the building block. Therefore, based on this small sample set (the ornithine analogue 

and its components, and analogues 33a and 34a and their respective components), it 

appeared that the trend in RI activity among the three components was not always the same, 

and could not be predicted, and therefore, in general, the RI of one compound in the “set” 

likely cannot be used to predict the RI activity of the others. 

Finally, Figure 3.11 shows the RI activity of the newly synthesized analogues 33a 

and 33b compared to the series of analogues previously synthesized in our lab that explored 

the hydrophilic component of the AFGPs
18

 and prompted the current study. The analogues 

are based on the ornithine analogue (14) substituted with different monosaccharides, 

including galactose (14), glucose (18), mannose (19), and talose (20).   
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Figure 3.10 Structure of the polymers tested for recrystallization inhibition (RI) activity 

(data in Figure 3.11) 

 

 

Figure 3.11 Recrystallization inhibition (RI) activity of several polymers in PBS; RI activity 

is reported as a ratio of the mean grain size (MGS) of the test solution to the MGS of the 

PBS solution. 

 

 The RI activity of analogue 33a was equivalent to that of the ornithine analogue 18, 

in which galactose has been substituted with glucose, and better than that of the mannose- 

and talose-substituted ornithine analogues 19 and 20, respectively. Our group previously 

concluded from the relationship between ornithine analogues 14, and 18-20, that 

carbohydrate configuration was very important for RI activity, and that RI activity was 
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maximized when the C4 hydroxyl group was axial and all other hydroxyl groups were in an 

equatorial position.
18

 Although glucose has an equatorial hydroxyl group at C4, this was not 

as detrimental as an axial hydroxyl group at C2, such as that of mannose or talose, since the 

glucose-substituted analogue 18 shows better RI activity than either the mannose- or talose- 

substituted analogues (19 or 20, respectively). The data shown in Figure 3.11 seemed to 

indicate that the carbohydrate moiety of analogue 33a was equivalent to that of glucose (the 

carbohydrate moiety of 18). While this finding was somewhat surprising, since the glucose 

and the carbohydrate moiety of analogue 33a share neither a common number nor orientation 

of hydroxyl groups, this result seemed to reinforce that a non-axial hydroxyl group at C2 (no 

hydroxyl group in the case of the analogue) improved RI activity. However, when the 

carbohydrate moieties were tested alone (Figure 3.3), 2-deoxygalactose had been found to 

have poorer RI activity than the newly synthesized analogues, and we had therefore 

concluded that C-linked galactose, 2-deoxygalactose, and newly synthesized carbohydrate 

moieties may be binding to ice in different ways. The conclusions drawn from Figures 3.3 

and 3.11 were therefore difficult to reconcile, although the difference may be related to the 

general differences between carbohydrate derivatives and polymers. More analogues, 

including an ornithine analogue substituted with 2-deoxygalactose and 2-deoxyglucose 

should be tested in order to draw more accurate conclusions. Nevertheless, modifications to 

analogue 33a that provide new compounds that incorporate hydrophobic groups on the 

carbohydrate may result in a potent RI inhibitor. 

 

3.5 Antifreeze Activity Testing: Summary 

 

In conclusion, none of the newly synthesized analogues showed TH activity, and only 

the polymers showed DIS. Accurate assessment of the melting point in the presence of some 

of the carboxylic acid galactal derivatives (notably those bearing an aromatic substituent) as 

well as the polymers was hampered by their limited solubility in the de-ionized water they 

were tested in. RI activity was observed for all compounds; however, all compounds showed 

poorer RI activity that either galactose (21) or the ornithine analogue (14). As expected, the 
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α-linked compounds showed better RI activity than their corresponding β-linked compounds, 

and notably, carboxylic acid galactal derivatives 125e,f,g bearing aromatic substituents at the 

pseudo-anomeric position showed RI activity that was equal to that of the carboxylic acid 

galactose derivative 135. However, we concluded that increasing the hydrophobicity of the 

carbohydrate analogue does not necessarily increase RI activity. For future studies, it would 

be interesting to append aromatic groups to the pseudo-anomeric position of C-linked 

carboxylic acid galactose derivatives, rather than to the galactal derivatives, in order to study 

the influence of the additional groups in isolation. A different synthetic approach than the 

one employed for the galactal derivatives would be required, however, since we were unable 

to synthesize the galactose derivatives in this study. 

With the newly synthesized analogues, it was found that RI activity decreased on 

moving from the polymer, to the carbohydrate, and then to the building block. However, for 

the ornithine analogue (14) and its components it was found that while the polymer had the 

greatest RI activity, the RI activity of the building block was greater than that of the 

carbohydrate, and therefore, no general conclusions could be derived regarding the trend of 

the three component types.  

Lastly, we found evidence that the carbohydrate-derived moiety of the newly 

synthesized polymers was equivalent to that of the glucose moiety of the reference polymers 

in terms of RI activity. However, it was difficult to reconcile this interpretation of the data 

with the conclusion we drew based only on the carbohydrate data that the unsaturated 

carbohydrate moiety may bind to the ice-water interface differently than the saturated 

carbohydrate moieties. More studies will have to be carried out to further investigate these 

ideas. 
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4. Chapter 4: Cryopreservation Studies 
 

 This chapter will detail the experiments carried out to determine the value of various 

carbohydrates as cryoprotectants for cells. The goal was to devise a cryopreservation 

protocol that employs carbohydrates as the cryopreservation agents. The cells of interest are 

human umbilical cord blood hematopoietic stem cells, and human hepatocytes. The details of 

these cell types, as well as the particular protocols currently used for their cryopreservation, 

will be discussed first. 

 

4.1 State of the Art: Cryopreservation Conditions for Umbilical Cord Blood 

(UCB) Hematopoietic Stem Cells (HSCs) and Hepatocytes 
 

 In order to determine the relative efficacy of different cryoprotective agents, we first 

established a cryopreservation assay appropriate for the cells types we were studying. There 

is no universally used cryopreservation protocol for either UCB hematopoietic stem cells or 

hepatocytes; consequently, a literature survey was carried out in order to establish a suitable 

protocol for this study. The key steps of the cryopreservation sequence that must be taken 

into consideration are given in Figure 4.1.  

 The concentration of DMSO generally employed, the cell concentration in the 

freezing vial, the method used for the addition and removal of the cryoprotectant, the 

appropriate freezing rate, storage temperature, and thawing rate, were all carefully 

considered based on literature precedent for both umbilical cord blood and hepatocytes. 

Since cryopreservation was carried out using the cell line WRL 68 rather than primary 

hepatocytes - the cell line is more robust than the primary cells - the conditions used for the 

cryopreservation of the WRL 68 cells could be adapted slightly from the ideal hepatocyte 

cryopreservation conditions found in the literature. A discussion of each stage of the 

cryopreservation process follows. 
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Figure 4.1 Schematic of a typical cryopreservation protocol. 

 

 Recently, a number of studies have shown that UCB can be successfully 

cryopreserved using only 5% DMSO or a combination of 5% DMSO and other additives;
1-3

 

however, successful cryopreservation may also depend on the concentration of cells.
3
 This 

also appears to be true for other HSC sources.
3-7

 It has been shown that UCB cells can 

tolerate DMSO concentrations up to 10% without incurring damage;
8
 however, it is desirable 

to use a minimum of DMSO in order to decrease the chance of adverse reaction in the 

recipient.
9
 Hepatocytes, on the other hand, are generally cryopreserved using 10% DMSO,

10, 

11
 although final concentrations of 12% DMSO and 20.5% DMSO have also been reported.

11
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The question of DMSO toxicity was discussed in detail in Chapter 1. The freezing medium 

may be the same as the cell culture medium, although freezing medium such as University of 

Wisconsin (UW) solution, and histidine–tryptophan–ketoglutarate (HTK) have been used for 

hepatocyte and orthotopic liver cryopreservation.
11-15 

 Regarding cell concentration, it has been reported that UCB cells easily tolerate high 

cell concentrations (up to 5.6 x 10
8
 cells/mL).

9
 A different study assayed cell concentrations 

of 5 x 10
6
 cells/mL, 1.5 x 10

7
 cells/mL, and 5 x 10

7
 cells/mL.

16
 While cell viability after 

cryopreservation was highest with 5 x 10
7
 cells/mL, the study employed a concentration of 

1.5 x 10
7
 cells/mL for their trials due to the limited availability of UCB. For hepatocyte 

cryopreservation, cell concentration ranging from 1 x 10
5
 cells/mL to 1 x 10

7
 cells/mL have 

been used,
11, 17-19

 and unlike UCB cells, hepatocytes may suffer negatively from higher cell 

densities due to increased membrane-membrane contact;
20

 however, there has been little 

study of the optimum cell density.
11 

 The addition and elution of DMSO to and from UCB was modeled by Hunt and co-

workers.
8, 21

 They determined that both DMSO addition and elution should be step-wise; 

protocols should therefore allow longer equilibration time to ensure that CD34
+
 cells do not 

exceed tolerable limits. Based on experimental evidence, it was determined by Meyer et al. 

that fast addition and removal of DMSO was optimal for CD34
+
 recovery;

16
 however, the 

authors found that very similar results were obtained with fast addition and slow removal of 

DMSO. Further, other reports, such as that by Tarasov et al. suggested that post-hypertonic 

and hypotonic stress are the cause of damage to CD34
+
 cells during cryopreservation.

22
 It has 

also been suggested that the addition of cryoprotectants is less damaging than their 

removal.
23

 DMSO has been assumed to be toxic to CD34
+
 cells, but newer data has emerged 

that suggests that DMSO is only minimally toxic to these cells.
24 Washing cells has been 

reported to result in substantial cell loss;
25, 26

 however, it appears that washing cells to 

remove DMSO is currently still standard.
9, 23

 Similarly conflicting reports exist for 

hepatocyte cryopreservation.
11

 Some reports found that different rates of addition of DMSO 

did not result in differences in viability,
27

 while others found that gradual addition was the 

optimal approach.
28

 There seems to be consensus, however, that slow dilution of the 

cryoprotectant upon thawing is ideal.
11
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 Berz et al. report a summary of controlled vs. uncontrolled rate freezing in their 

review of hematopoietic stem cells.
9
 Controlled rate freezing is carried out using a 

programmable freezer, and attempts to compensate for the heat liberated at the eutactic point, 

which is thought to negatively affect hematopoietic stem cells. The cells are frozen at a rate 

of 1-2 °C/min until about -40 °C is reached. The freezing rate is then increased to about 3-5 

°C/min, until -120 °C is reached. They further report that for umbilical cord stem cells, bone 

marrow, and peripheral blood stem cells, the controlled rate freezing process is considered 

standard. The main disadvantages of controlled rate freezing are that it is time-consuming, 

and requires staff with specific expertise. In uncontrolled rate freezing, cells are cooled to -4 

°C, and then placed in a -80 °C freezer or placed directly into liquid nitrogen. Berz et al. 

further report that there is evidence that uncontrolled rate freezing is a viable option for 

umbilical cord blood stem cells. Uncontrolled rate freezing includes using a freezing 

container such as the Nalgene® “Mr. Frosty”, which aides in maintaining a constant freezing 

rate of about 1 ºC per minute in a mechanical, low-temperature freezer. The main advantage 

of uncontrolled rate freezing is its simplicity and low cost. A disadvantage of uncontrolled 

rate freezing was reported in a similar review by Erik J. Woods et al., who report that 

uncontrolled rate freezing tends to yield variable results for UCB HSC.
23

 Other studies have 

found that controlled and uncontrolled rate freezing produce similar results.
29

 Similarly for 

hepatocytes, slow freezing at a rate of 1 °C/min is reported to be optimal. While uncontrolled 

rate freezing provides satisfactory results, the best results are achieved using a controlled rate 

freezer with more specific protocol.
11

  

 Regardless of freezing rate, UCB samples are stored at -80 °C (in a mechanical 

freezer) or at -196 °C (in liquid nitrogen). However, it is recommended that cell samples be 

stored at -156 °C (in the vapour phase of liquid nitrogen) in order to reduce the potential for 

contamination.
9, 30

 Further, it has been found that the length of storage time does not affect 

the function of hematopoietic stem cells.
31

 Hepatocytes are treated in the same way.
11

  

 Several UCB cryopreservation reviews and research papers state that there is 

generally consensus that fast warming in a 37 °C water bath is the optimal procedure.
9, 16, 23

 

Fast warming should reduce the chance that any innocuous intracellular ice formed will 

recrystallize and thereby form damaging intracellular ice. The same is true for hepatocytes.
11
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4.2 Cryopreservation Protocol Developed for the Current Study 
 

 Based on the above precedent, we developed a protocol that we could apply to the 

cryopreservation of both the hematopoietic stem cells and the WRL 68 cells. Due to the 

limited availability of UCB MNC samples, all trials in the present work were carried out 

using a concentration of 1.5 x 10
7
 cells/mL. We similarly used a concentration of 1.5 x 10

7
 

cells/mL for all WRL 68 trials. UCB cells were suspended in cell culture medium for 

cryopreservation, while WRL 68 cells were suspended in HTK. Further, we employed fast 

addition of the cryoprotectants, and a step-wise dilution protocol in an attempt to avoid 

osmotic shock. Since uncontrolled rate freezing is acceptable for both cell types, and this is 

the simpler freezing-rate option, uncontrolled rate freezing was used for both cell types. 

Consequently, the cells were cooled by placing the cryopreservation vials in a “Mr. Frosty” 

freezing container in a -80 °C mechanical freezer for 24 hours before placement in a liquid 

nitrogen tank for storage in the vapour phase for 6 days. The “Mr. Frosty” container 

maintains the freezing rate at about 1 °C/minute. Fast thawing was employed to return the 

cells to physiological temperature. 

 

4.3 Cryopreservation Using Carbohydrates: Precedent 
 

4.3.1 Umbilical Cord Blood (UCB) Hematopoietic Stem Cells (HSCs) 

  

 The use of carbohydrates in the cryopreservation medium can enhance the 

cryopreservation potential and/or allow the amount of DMSO required for successful 

cryopreservation to be reduced. Trehalose, which has been applied to the cryopreservation of 

a number of human cells
32

 including hepatoctyes, has been extensively studied in the UCB 

context. One study found that the addition of 5% trehalose to 5% or 10% DMSO 

significantly improved the cryopreservation outcome of UCB cells, as determined using a 

variety of colony-forming unit (CFU) assays. However, 5% trehalose used alone was only 

about 33% as effective as trehalose combined with either 5% or 10% DMSO.
32

 In another 
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study, the addition of 100 µg/mL of the bio-antioxidant catalase and 25 µg/mL of trehalose 

to 10% DMSO provided better graft quality, as measured by the protection of growth factor 

receptors, adhesion molecules, and functionality of hematopoietic cells, than 10% DMSO 

alone.
33

 The same combination was also shown to improve migration and adhesion-related 

properties of the hematopoietic graft compared to 10% DMSO.
34

 The authors had previously 

shown that the combination of catalase and trehalose was more effective than the use of 

either alone.
35

 The addition of 100 µg catalase and 25 µg trehalose to 10% DMSO also 

improved the cryopreservation outcome of murine bone marrow compared to 10% DMSO 

alone, as determined by a variety of assays after engraftment in a murine model. Notably, the 

addition of trehalose and catalase reduced the level of apoptosis and reactive oxygen species 

(ROS) generation.
36

 In a study of human bone marrow, 0.5 M trehalose had a similar 

cryopreservation effect to that of 10% DMSO. The efficacy of trehalose varied depending on 

the exact source of bone marrow. The authors suggest that trehalose “…could possibly 

replace DMSO at least in part as a cryoprotectant in the setting of hematopoietic cell 

transplantation”.
37

 Using a human hematopoietic cell line, another study found that 200 mM 

trehalose, when present both intra- and extracellularly was only slightly inferior (92% of 

control) to 10% DMSO (98% of control) in its ability to preserve clonogenic potential during 

cryopreservation. When trehalose was present on only one side of the membrane, clonogenic 

capacity was greatly reduced. Trehalose was introduced into cells using a genetically-

engineered mutant of the pore-forming protein α-hemolysin from Staphylococcus auerus.
38

 

Similar results were found when trehalose was loaded into cells from a human hematopoietic 

stem cell line by taking advantage of the transient membrane permeabilization using the 

adenosidetriphosphate-dependent P2Z receptor channel. Cells cryopreserved with 200 mM 

trehalose on both sides of the cell membrane showed 90% of the activity of cells 

cryopreserved with 10% DMSO.
39

 More recently, sucrose has also been assayed as a 

cryoprotectant. One study found that 0.3 M sucrose with 5% DMSO resulted in comparable 

viability in human fetal liver hematopoietic stem cells compared to 10% DMSO. Further, 0.3 

M sucrose in 5% DMSO resulted in increased metabolic activity after cryopreservation as 

compared to 5% DMSO alone, and was comparable to the viability found after 

cryopreservation with 5% DMSO with 10% fetal calf serum (FCS). The authors propose that 

sucrose may therefore be useful as an FCS substitute, since FCS is commonly used in the 
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hematopoietic stem cell cryopreservation media.
40

 In a study using human HSC from UCB, 

trehalose and sucrose were both assayed in combination with varying concentrations of 

DMSO. Using flow cytometry and CFU assays to ascertain cell viability and clonogenic 

potential respectively, the authors found that a solution of 30 mM trehalose with 2.5% 

DMSO, or 60 mM sucrose with 5% DMSO afforded similar cryoprotection to 10% DMSO. 

Carbohydrates may therefore allow the percentage of DMSO to be further decreased from 

5% to 2.5%.
41

 

 

4.3.2 Hepatocytes 

 

 Many naturally occurring mono- and disaccharides have been used for the 

cryopreservation of rat and human hepatocytes. Glucose, glucose-derived 3-O-methyl 

glucose, and trehalose have shown improvement over cryopreservation medium 

supplemented only with 10% DMSO.
42

 Pre-incubation at 4 °C and 37 °C of human 

hepatocytes with 100-300 mM glucose or fructose for 2h before cryopreservation with 10% 

DMSO was found to be beneficial for cell survival - as assessed using the Trypan blue 

exclusion test - and for proper cell function after cryopreservation. Pre-incubation with 

glucose resulted in increased viability and increased plating efficiency of frozen-thawed cells 

as compared to cells not pre-treated before cryopreservation. Pre-incubation with fructose 

showed increased plating efficiency and increased albumin production over cells that had not 

been pre-incubated. Also, pre-incubation of human hepatocytes for 30 min at 37 °C in Krebs-

Henseleit buffer that comprised only 15 mM glucose before cryopreservation with 13.3% 

DMSO (cells stored in liquid nitrogen until needed – at least 6 days) returned viable cells 

after cryopreservation as determined by trypan blue uptake, with increased plating efficiency 

as compared to cells not pre-treated with buffer.
43

 Further, after cryopreservation, pre-

incubated rat and human hepatocytes responded to cytochrome P450 inducers in a manner 

similar to that of cells not cryopreserved. Supplementing a 10% DMSO cryopreservation 

solution with the glucose dimer trehalose improved the recovery of primary human 

hepatocytes after cryopreservation.
44

 Primary human hepatocytes were cryopreserved using 

cell culture media containing 10% fetal calf serum (FCS), and supplemented with 10% 
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DMSO and 100-300 mM trehalose. Cells were stored at -156 °C in an ultra-low temperature 

freezer. They found that cells frozen with 100-300 mM trehalose had increased viability 

post-thaw than cells in the control group. The addition of 150-200 mM trehalose increased 

plating efficiency post-thaw, while 200-300 mM trehalose was slightly beneficial for 

membrane stability. The cryopreservation of rat hepatocytes preincubated with the non-

metabolizable, and minimally-toxic glucose derivative 3-O-methylglucose in glucose-free 

Dulbecco's Modified Eagle Medium (DMEM) resulted in more than 50% greater viability 

after cryopreservation, compared to glucose-free controls.
45

 Viability was determined using 

the Trypan blue exclusion test. Cells were pre-incubated with 200 mM carbohydrate for 60 

min at 37 °C before cryopreservation. The same group found that neither supplementing the 

cryopreservation medium with 200 mM glucose nor 200 mM sucrose resulted in cell 

viability over 15%. All carbohydrates used were found to be minimally toxic at 200 mM. 

Son et al. found that rat hepatocytes could not be successfully cryopreserved with 10-40% 

(w/v) sucrose in hormonally defined medium (HDM) supplemented with fetal bovine serum 

(FBS).
18

 Cells were incubated at room temperature for 10 min before cryopreservation and 

stored at -70 °C for 24h. The thawed cells were cultured for 24h hours and the cell densities 

were subsequently measured using the MTT test. The study found that hepatocytes 

cryporeserved with sucrose for 24 h could not survive after thawing. Miyamoto et al. found 

improved rat hepatocyte viability (determine by Trypan blue exclusion assay) and plating 

efficiency (1.2-1.8 fold improvement), compared to controls, after freezing in 

cryopreservation medium supplemented with 10% DMSO and one of the di- tri- and tetra-

saccharides glucose, trehalose, or maltose.
46

 Use of oligosaccharides with higher molecular 

weights resulted in the greatest improvement in viability. Compared to controls, human 

hepatocyte viability was similarly improved after cryopreservation. Lastly, it is important to 

remember that cells have variable permeability to different cryoprotectants and this will be 

addressed in a later section. 

 

 

 



131 

 

4.3.3 Carbohydrates and Carbohydrate Concentrations for Cryopreservation 

 

 As was discussed in Chapter 2, we tested three monosaccharides (galactose, glucose, 

and talose) and four disaccharides (melibiose, lactose, trehalose, and sucrose) for 

cytotoxicity and cryopreservation ability. The concentrations of mono- and disaccharides 

assayed were chosen based on the RI work previously carried out by our lab, as well as 

precedent in the UCB HSC and hepatocyte literature just presented. The lowest concentration 

assayed was 22 mM, since the RI data collected by our lab was obtained at that 

concentration. The cryopreservation literature just presented shows that, in general, higher 

concentrations of carbohydrates (100-500 mM) are required for successful cryopreservation 

when carbohydrates are used as the sole cryopreservatives. Lower concentrations of 

carbohydrates (15-60 mM) are used when they are used in conjunction with DMSO. 

 

4.4 Analysis of Cryopreservation Outcomes 
 

 In order to assess and compare the cryopreservation potential of the carbohydrates in 

our study, we were interested in their cytotoxicity to the cells at physiological temperature, 

as well as their ability to protect cells during cryopreservation. Therefore, we used the MTT 

assay to determine the cytotoxicity of the carbohydrates to cells in physiological conditions. 

To determine the ability of the carbohydrates to cryopreserve cells, we used flow cytometry 

to determine the number of cells that were viable, apoptotic, or necrotic after 

cryopreservation. Both assays are high-throughput in vitro assays. 

 

4.4.1 Cytotoxicity of Cryopreservation Agents 

 

 The MTT assay is a colorimetric cell proliferation assay, and has been found to be a 

good, sensitive test for early cytotoxicity.
47

 This assay measures the metabolic activity of 

cells and is often used as an indirect measure of cell viability. This is based upon the premise 
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that dying cells are less metabolically active. The cells to be tested are plated in a 96-well 

plate, and growth medium containing the compound to be tested is then added to each well. 

After an incubation time (24 h in our study), the growth medium is removed and fresh 

medium containing the MTT reagent is added, and the plate is re-incubated for a short time 

(3 h in our study). In cells in which the metabolic system is functional, the yellow-coloured 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is reduced by 

enzymes (mitochondrial dehydrogenases) to insoluble purple formazan crystals (Figure 4.2). 

Cells with compromised metabolic function cannot reduce the tetrazole. After incubation of 

the treated cells with MTT, the addition of an acidic isopropanol solution dissolves any 

purple formazan crystals formed, producing a purple solution. The absorbance of this colored 

solution is quantified using a spectrophotometer. At a given wavelength of light, the 

absorbance reading is positively correlated to the number of viable cells; that is, the greater 

the absorbance the greater the number of viable cells. In order to determine the toxicity of the 

agent tested, the amount of formazan produced by the treated cells is compared to the 

amount of formazan of untreated (control) cells. The assay is relatively simple and rapid, and 

requires a relatively small number of cells. Further, a single assay plate may be used to test 

replicate samples, multiple concentrations of the test compound, or multiple compounds. 

However, a limitation of the assay is that the solubilisation process is error prone. Since the 

assay requires adherent cells, in our studies, this assay could only be carried out with the 

WRL-68 cell line.
48-50

  

 

 

Figure 4.2 Living cells reduce the yellow MTT tetrazole (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) to insoluble purple formazan crystals. 

 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Absorbance
http://en.wikipedia.org/wiki/Spectrophotometer
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4.4.2 Cell Viability Post-Cryopreservation 

 

 Determining the degree of success of a cryopreservation protocol requires 

consideration of the mechanism of cell death associated with cryopreservation. As was 

alluded to in chapter 1, it has been well-documented that cryopreservation can cause cells to 

undergo apoptosis, although the exact mechanism of cold-induced apoptosis is not known.
51-

54
 Baust et al. have further identified the phenomenon of cryopreservation-induced delayed-

onset cell death (CIDOCD).
55

 They define delayed onset-cell death as, “cell death associated 

with cryopreservation not apparent immediately post-thaw, but extending over the post-thaw 

recovery period.” They found that cell death (“complete cryopreservation failure”) was often 

not seen until 20 hours post-thaw. The implication of CIDOCD is that the number of cells in 

a sample that are judged to be viable after cryopreservation may not accurately predict the 

number of cells that will remain viable over time, and therefore, may not accurately predict 

the number of cells in a sample that are suitable for transplantation. As a result, it is 

important that the number of completely viable cells be differentiated from apoptotic cells 

after cryopreservation.  

 Traditional methods for determining cell viability, including nuclear counts, trypan 

blue dye exclusion, and membrane integrity staining (eg. 7AAD), can differentiate living 

cells from necrotic cells, but do not identify the apoptotic cell fraction. A recent study of 

multiple laboratories found wide inter-laboratory ranges for cell viability reported after 

cryopreservation, and concluded that all of the viability assays used over-estimated 

functional progenitor cells.
56

 Other studies have found similar conclusions.
57

 CFU assays are 

a reliable way to determine the true engraftment potential of hematopoietic stem cells;
58

 

however, cells must be grown for 14 days before colonies are counted. Consequently, this 

strategy is impractical in the clinical setting. The use of assays that employ flow cytometry to 

measure the cryopreservation outcomes, on the other hand, have proven to be successful as 

long as samples are assessed rapidly after thawing.
59

 A common assay to define apoptotic 

cells is the annexin V-affinity assay, first described by Koopman and co-workers,
60

 and 

subsequently improved by Reutelingsperger and co-workers.
52, 61-63

 Annexin V is commonly 

labeled with the fluorochrome fluorescein isothiocyanate (FITC). Upon addition to a cell 
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suspension, and in the presence of Ca
2+

, Annexin V binds immediately to the exposed 

phosphatidyl serine (PS) residues of apoptotic cells. PS exposure is thought to be universal to 

all cell types, and occurs as a result of the initiation of the apoptotic pathway, as the plasma 

membrane changes in structure and the distribution of phospholipids loses its asymmetry.
62, 

63
 Since annexin V cannot pass through the cell membrane, and loss of asymmetry does not 

compromise membrane integrity, annexin V cannot label viable, non-apoptotic cells. In order 

to further distinguish between early apoptotic and late apoptotic or necrotic cells, a 

membrane impermeable DNA stain (such as propidium iodidie (PI) or 7AAD
64

) is often used 

simultaneously with Annexin V.
62, 63

 Simultaneous staining therefore allows the 

differentiation between viable, early apoptotic, and late apoptotic or necrotic cells. The 

viable cells will not be associated with either PI/7AAD or Annexin V-FITC, apoptotic cells 

with intact plasma membranes will be bound only by Annexin V, and late apoptotic cells and 

necrotic cells will be associated with both. This combination of Annexin V and a non-vital 

dye exclusion test (7AAD is used) is successful since the cell membrane remains intact 

during early apoptosis, but fails early during necrosis (and necrotic cells will therefore 

expose PS once their membranes have been compromised). While the Annexin V/7AAD 

technique is therefore excellent for distinguishing viable and early apoptotic cells, this 

technique does not allow late apoptotic cells to be distinguished from necrotic ones.
61, 63, 65

  

There is some debate as to whether or not cells that bind annexin V are committed to 

the apoptotic pathway, since there is some debate as to the timing of PS exposure during 

apoptosis. It is generally believed that the loss of membrane asymmetry is a very early 

phenomenon during apoptosis.
66

 However, although it is seen prior to the detection of DNA 

strand breaks, it is a downstream event of early caspase activation (the caspase cascade was 

discussed in Chapter 1).
62, 67

  DNA fragmentation may follow as rapidly as within 1 hour of 

PS translocation, after which the final phase, membrane leakage, will occur.
68

 PS exposure 

may therefore be an early phenomenon of the so-called execution phases of apoptosis,
62

 and 

some studies place PS translocation past the point-of-no-return.
63

 However, it has also been 

found that membrane asymmetry may be reversible,
69

 and that detection of PS asymmetry by 

annexin V does not always condemn the cell to apoptotic cell death.
68

 Importantly, however, 

PS exposure is one of the first apoptotic events that can be experimentally detected,
70

 and 
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should therefore provide an adequate indication of the health of the cell population after 

cryopreservation for the purposes of the current study. 

 The annexin V assay is relatively easy to perform, and avoids prolonged incubation 

periods and washing steps, making it an ideal technique for the rapid analysis of cells.
63

 With 

flow cytometry, cells can be analyzed at rates of 1000 to 10 000 cells/sec. However, analysis 

is limited to liquid cell cultures and cells derived from the hematopoietic system.
63

 

Nevertheless, this technique is ideal for the immediate assessment of the viability of frozen-

thawed cells. The disadvantages of annexin V are that it requires the presence of Ca
2+

 ions 

for PS binding, and its binding specificity may be affected by detergents in the medium, or 

cell-harvesting techniques that employ trypsin.
71

 It may also be able to associate with 

membrane surfaces containing negatively charged bi-products of lipid peroxidation. 

Consequently, care must be taken to avoid using disadvantageous conditions.  

While the annexin V/7AAD system is sufficient for the analysis of our WRL 68 cell 

line, in the case of UCB, the hematopoietic stem cells (CD34
+
 cells) must also be 

differentiated from the remaining cells in the MNC fraction. Many studies do assess the 

viability profile of the entire MNC fraction, disregarding the contribution of the CD34
+
 cells; 

however, it has been reported that the number of viable CD34
+
 cells in the MNC fraction 

significantly impacts clinical outcomes (although the optimal dose is dependent on both the 

type of donor and the stem cell source).
52, 72,

 
73

 Further, it has been found that it is the total 

CD34
+
 dose that determines long-term hematopoietic reconstitution.

74
 For example, 

Abramsen et al. point to a study of DMSO toxicity where the authors noted that washing the 

PBPC sample to remove DMSO did not eliminate side effects in patients after infusion.
75

 

Abramsen and co-workers feel that this suggests possible harmful effects of re-infusing 

poorly cryopreserved non-viable cells. If this proves correct, then accurate post-thaw quality 

assessment of CD34
+
 cells specifically becomes even more important.

52, 76, 77
 Currently, in 

hematopoietic stem cell analyses, phycoerythrin (PE)-conjugated anti-CD34
+
 is used to 

distinguish hematopoietic cells from other mononuclear cells in the analyzed cell fraction.

  

 In summary, flow cytometry is readily amenable for the evaluation of nucleated cells, 

and it was therefore appropriate for the cryopreservation studies with both the UCB cells and 
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the WRL 68 cell line. We chose to assess cryopreservation success using the annexin 

V/7AAD assay to differentiate between viable, apoptotic, and late apoptotic/necrotic cells in 

the MNC fraction of UCB, and WRL 68 cells. From the hematopoietic MNC fraction, the 

hematopoietic stem cells (CD34
+
 cells) were identified using the PE-conjugated anti-CD34

+
 

marker. The results were displayed graphically, and statistical analysis was carried out using 

one-way analysis of variance (ANOVA). 

 

4.5 Cytotoxicity Studies with WRL 68 Cells:  
 

 The cytotoxicity to WRL 68 cells of DMSO and each of the carbohydrates to be used 

in the cryopreservation studies was assessed using the MTT assay. 

 

4.5.1  Cytotoxicity of carbohydrates to WRL 68 cells 

 

 The cytotoxicity of each of the seven carbohydrates tested was assessed using the 

MTT assay (Figure 4.4).  WRL 68 cells were cultured in 96-well plates and then incubated 

with various concentrations of carbohydrates in the growth medium, Eagle’s Minimum 

Essential Medium (EMEM), for 24 hours. The EMEM was introduced to the cells using fast 

addition. Cells incubated with only EMEM served as the control, and were considered to be 

“100%” viable (this data point is not shown on the graph). The results for the other 

treatments were calculated in relation to the control. The carbohydrates were tested at 

concentrations of 22 mM, 200 mM, and 500 mM in EMEM. These concentrations are the 

main concentrations at which these carbohydrates were tested for cryopreservation activity. 

Cells were exposed to each of the solutions for 24 hours at physiological temperature (37 

°C). All experiments were done in triplicate. Statistical analysis of the data using a two-way 

nested ANOVA showed that the difference in the viability data between concentrations of 

carbohydrates tested was greater than the difference between each test well, and also greater 

than the difference between replicate trials; therefore, all data points for a given carbohydrate 
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and concentration could be pooled, and each bar therefore represents n = 48 replicates since a 

total of 48 wells of cells (divided between three different plates) were subjected to each 

treatment. The error bars represent the standard error of the mean (SEM).  

 

 

Figure 4.3 MTT cell viability assay of WRL 68 cells in carbohydrate solutions; WRL 68 

cells were incubated at 37 °C for 24 h with different concentrations of monosaccharides and 

disaccharides in EMEM. Optical density (OD) was measured at 570 nm. Cells treated only 

with EMEM were used as the positive control and were considered to be 100% viable.                                    

The error bars indicate SEM. 

 

 Figure 4.3 shows that both monosaccharides (galactose, glucose, and 3-O-

methylglucose), and disaccharides (melibiose, lactose, trehalose, and sucrose) are somewhat 

cytotoxic to cells at 22 mM and 200 mM in EMEM. Approximately 10-20% of the cells were 

non-viable after 24 hours exposure to the various carbohydrates at 22 mM, with the 

exception that 22 mM lactose produced no measurable cytotoxicity. Approximately 15-35% 

of the cells died after 24 hours exposure to the various carbohydrates at 200 mM. The 

differences in viability between the 22 mM and 200 mM trials were statistically significant 

for all carbohydrates. In practice, however, this difference is likely not very important, since 

the conditions of the cytotoxicity assay are more extreme with respect to time and [above-
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zero] temperature, than the conditions encountered with cryopreservation. At 22 mM and 

200 mM, the difference in cell viabilities between monosaccharides and disaccharides is not 

statistically significant. At 500 mM however, the difference between cell viabilities seen 

with monosaccharides and disaccharides is dramatic. For the monosaccharides, the 

difference in cell viability between the 200 mM and 500 mM concentrations was minimal. 

However, 500 mM solutions of disaccharide resulted in significant loss of cell viability: on 

average only 20% of cells were viable after incubation. These results can be explained by 

understanding some of the relationships between carbohydrates and cells. 

 

4.5.1.1 Interactions of Carbohydrates and Cells 

 

 The cell membrane is only very slightly permeable to polar molecules such as 

carbohydrates. Carbohydrates penetrate viable cells by slow, bidirectional, transbilayer 

diffusion, or by rapid, protein-mediated, bidirectional, facilitated diffusion or transport. 

Facilitated diffusion of carbohydrates across cell membranes is common to almost all cells, 

and consequently almost all cells transport carbohydrates rapidly down the prevailing 

carbohydrate concentration gradient into or out of the cell. This transmembrane flux of 

carbohydrates is mediated by a family of integral membrane proteins (the GLUT protein 

family), which displays a strong specificity for stereoisomers of pentose and hexose 

monosaccharides adopting the chair conformation of the pyranose ring. Typical natural 

substrates for these transport proteins include glucose, galactose, mannose, and xylose, 

although there is competition between transported carbohydrates for transport.
78

  Other 

monosaccharides, including both galactose and 3-O-methylglucose, can permeate through 

GLUT transporters, although they have a lower affinity than glucose for the GLUT 

transporters. Further, it has been shown that, in some cell types, the affinity to GLUT 

transporters is lower for galactose than it is for 3-O-methylglucose.
79

 Unlike the 

monosaccharides, disaccharides can only enter the cell via endocytosis, and therefore only 

enter the cell very slowly at room temperature, if at all.
80
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 Further complications arise with cells in culture since most cells in culture have a 

very limited ability to utilize carbohydrates and do not display the metabolic versatility of the 

animals from which they originate.
81

 Studies on carbohydrate use by mammalian cells 

conducted prior to 1960 are often flawed as a result of glucose contamination of reagents or 

conversion of the carbohydrates by serum enzymes. In a slightly more recent study, Burns et 

al. overcame these difficulties, and found that while galactose, lactose, melibiose, and 

trehalose were neither toxic nor growth inhibitory, they did not promote cell growth when 

used as the sole energy source (with the exception of trehalose which resulted in 26% cell 

growth, as compared to glucose, in one cell line). In those trials, cell growth with glucose 

was taken to be 100%. The authors note that, in general, the disaccharides that support cell 

growth contain glucose monomers.
82

 In a later study, however, Faik and Morgan found that 

in glucose-free medium, galactose was able to support growth of the mammalian cell line 

used, though it was not as effective as glucose. 
83

 The disaccharides lactose and sucrose, on 

the other hand, did not support cell growth. However, despite the inability of the given cell 

lines to metabolize the carbohydrates assayed, none of the carbohydrates assayed were found 

to be toxic to the cells; that is, the carbohydrates neither supported nor inhibited cell growth.   

 In our study, sufficient glucose for cell growth was present in the cell medium, and 

therefore, whether or not the cells could metabolize the added monosaccharide or 

disaccharide should not have had any effect on cell viability. In fact, it has been shown that 

in rat hepatocytes, the presence of carbohydrate on one side of the membrane is without 

effect on glucose transport from the other side of the cell membrane.
78

 The toxicity seen in 

our studies, therefore, likely does not result from a direct toxic effect of the carbohydrates 

added, nor on the cells’ ability to metabolize them. However, the tonicity of the carbohydrate 

solution added may be a source of stress in itself.  

 When cells are exposed to a hyperosmotic medium, cell shrinkage occurs. This is 

counteracted by the stimulation of ion uptake from the extracellular fluid, which leads to a 

regulatory volume increase. For example, Barros showed that HeLa cells exposed to 100 mM 

solutions of galactose or 3-O-methylglucose quickly shrank, before slowly swelling towards 

their original size. The author found that uptake of the carbohydrates via GLUT transporters 

preceded the slow volume recovery.
79

 On the other hand, Corasanti and co-workers found 
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that isolated rat hepatocytes exposed to a 200 mM sucrose solution shrank, but did not 

exhibit regulatory volume increase.
84

 The difference between the two findings may be a 

result of the difference in the permeability of the cells to the carbohydrates employed.  It may 

be that, in general, cells that cannot undergo regulatory volume increase are more vulnerable 

than those that can undergo regulatory volume increase. Indirect evidence for this is outlined 

by Schliess and Haussinger, who noted that hyperosmotic shrinkage increases hepatic 

susceptibility to stress-induced damage.
85

 The authors contend that there appears to be a link 

between liver cell shrinkage induced by hyperosmolarity, and oxidative stress, and this has 

also been shown in cell culture studies. The authors speculate that cell shrinkage may trigger 

apoptotic signal transduction. In our study, the decrease in cell viability of cells exposed to 

the 200 mM and 500 mM hypertonic carbohydrate solutions, compared to cell viability of 

cells exposed to the mildly hypertonic 22 mM carbohydrate solution may therefore be due to 

cell shrinkage and subsequent oxidative stress. The decrease in cell viability at 200 mM is 

slight, and there is little difference between the monosaccharide and disaccharide trials. It 

may be that the 200 mM solution is not sufficiently hypertonic to cause significant cell 

damage. However, the dramatic drop in cell viability when the cells were exposed to the 500 

mM hypertonic solution of disaccharides compared to exposure to the same concentration of 

monosaccharides, may be due to the inability of the cells in the disaccharide solution to 

undergo regulatory volume increase (since the disaccharides cannot permeate the cell 

membrane), causing them to be highly susceptible to oxidative stress. Over the course of the 

24 hour incubation period, oxidative stress could cause the cells to undergo apoptosis. In 

view of the evidence presented, we consider this to be a plausible explanation for the 

experimental outcome. Based on this data, therefore, it seems that the lowest possible 

concentration of carbohydrate that can afford cryoprotection should be the one employed, 

particularly when the carbohydrate in question is a disaccharide. This situation will be 

addressed in relation to the cryopreservation data discussed. 

 

 

 



141 

 

4.5.2 Cytotoxicity of Dimethyl Sulfoxide (DMSO) to WRL 68 Cells 

 

 Next, the cytotoxicity of DMSO at four different concentrations was investigated 

using the MTT assay (Figure 4.4). At a concentration of 2.5%, DMSO had limited toxicity, 

similar to that of the mono- and disaccharides at 22 mM. Although all the differences in cell 

viability were statistically significant, the difference in toxicity between 5% and 10% was 

small. In the presence of 20% DMSO, cell viability dropped below 50%. Since DMSO is 

known to be toxic, and given the long incubation time, these results were not surprising. 

 

 

Figure 4.4 MTT cell viability assay of WRL 68 cells in DMSO solutions; WRL 68 cells 

were incubated at 37 °C for 24 h with different concentrations of DMSO in EMEM. Optical 

density (OD) was measured at 570 nm. Cells treated only with EMEM were used as the 

positive control and were considered to be 100% viable. The error bars indicate SEM. 

 

4.6 Permeable versus Impermeable Cryoprotectants 
 

 In freeze-tolerant organisms, cryoprotectants are transported across cell membranes 

using carrier-mediated transporter proteins. The use of carbohydrates and other compounds 

as cryoprotectants in nature must have evolved in tandem with membrane transporters.
86

As a 

result, carbohydrates that are effective cryoprotectants in nature may not be effective in cells 

that are not naturally freeze-tolerant, and consequently, the use of natural cryoprotectants 
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must be carefully considered and adapted. A number of methods have been developed to 

load impermeable natural cryoprotectants, including the disaccharide trehalose, into cells. 

These include the incorporation of a genetically engineered pore-forming protein,
38

 use of an 

extracellular-ATP dependant non-selective pore-forming receptor,
39

 or lengthy incubation 

(up to 2 days) with the trehalose loading medium.
87

 However, while some studies have found 

that the cryoprotectant must be present on both sides of the membrane, numerous studies 

have shown that this is not necessarily imperative for successful cryopreservation (as 

discussed previously in this chapter). Specifically for hematopoietic stem cells, both 

trehalose and sucrose have been shown to be effective extracellular cryoprotectants.
32-34, 36, 37, 

40, 41
 Similar examples can be found in the hepatocyte cryopreservation literature.

44
 

Consequently, in our study, no method to ensure cellular uptake of the cryoprotectant was 

used, regardless of whether permeable or impermeable cryoprotectants were employed.  The 

different cryopreservation agents employed in our studies (monosaccharides, disaccharides, 

and antifreeze glycoproteins) are likely internalized at different rates, and therefore, it is 

likely that the intra- and extracellular distribution of each cryoprotectant will be unique.  

 Our lab previously obtained data regarding the internalization of AFGP 8 and the C-

serine analogue by WRL 68 cells.
88

 As presented in Chapter 2, using confocal microscopy, 

we found that human liver cells readily internalized AFGP 8 and the C-linked AFGP 

analogue into the cytoplasmic space after only 10 min of incubation at physiological 

temperature. Neither glycopeptide was internalized at 0 °C. Given the size of these 

glycoproteins and their hydrophilic nature, it seemed unlikely that internalization was 

occurring via passive diffusion across the cell membrane. The fact that discrete vesicles were 

observed suggests that internalization occurred via endocytosis. Further, it has been 

documented that ATP-dependent endocytosis can be inhibited at 0 °C.
89, 90

 The fact that our 

experiments showed that the glycoproteins were rapidly internalized by human liver cells at 

37 °C but not at 0 °C confirmed that internalization is an ATP-dependent process.
91

 It has 

also been shown that receptors highly specific for galactose residues exist on the liver cell 

membrane and mediate the binding and cellular internalization of glycoproteins presenting 

galactose residues.
92, 93

 When cells were treated with Proteinase K to remove the cell-surface 

receptors responsible for intracellular signaling events and internalization,
89, 94

 no noticeable 
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difference in internalization of fluorescently labeled AFGP 8 was seen, suggesting that the 

internalization process is not receptor mediated.  

 

 

4.7 Cryopreservation Studies with WRL 68 Cells  
 

The first cryopreservation experiments were carried out using WRL 68 cells. This 

was done since WRL 68 cells are an established cell line, and are therefore more robust than 

the primary UCB MNCs. Experimental results obtained using cell lines tend to be more 

easily reproducible than results obtained with a primary cell line. Further, while the WRL 68 

cells were readily available, the access to umbilical cord blood was very limited. We 

subsequently used the results from this work to inform the cryopreservation experiments 

using umbilical cord blood, although it was kept in mind that different cell types may 

respond very differently to a given cryopreservation protocol. As outlined earlier, all post-

thaw analyses were carried out using flow cytometry with annexin V/7AAD to differentiate 

between viable cells, early apoptotic cells (which may or may not be committed to the 

apoptotic pathway), and very late apoptotic/necrotic cells. For all experiments, each 

condition was carried out at least in duplicate. Statistical analysis was carried out using one-

way and two-way ANOVA. 

 

4.7.1 Cryopreservation of WRL 68 Cells with Dimethyl Sulfoxide (DMSO) 

 

 The WRL 68 cells were cryopreserved in HTK containing different concentration of 

cryoprotectants. The only variables we employed in our trials were the type of cryoprotectant 

(DMSO or carbohydrate) and concentration of cryoprotectant. All other variables were kept 

constant. As discussed previously, DMSO is the most common cryoprotectant for both 

hepatocytes and hematopoietic stem cells. Therefore, we first investigated the effect of HTK, 
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as well as different concentrations of DMSO in HTK. The results of these control 

experiments are given in Figure 4.5.  
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Figure 4.5 Annexin V/7AAD flow cytometry assay of WRL 68 cells after cryopreservation; 

WRL 68 cells were treated with different concentrations of DMSO in HTK, and then treated 

according to the standard protocol given in the Chapter 6. The total cell count was taken as 

100% of cells. The error bars indicate SEM. 

 

 In the absence of DMSO (using only HTK), cell survival was very low. However, we 

found that 5%, 10% and 20% DMSO were all able to protect around 80% of cells. Given our 

use of uncontrolled rate freezing conditions, we considered the 80% cell survival rate with 

DMSO as the sole cryoprotectant to be a satisfactory result, and concluded that the 

cryopreservation protocol was adequate. As discussed, hepatocytes are normally 

cryopreserved with 10% DMSO, and as a result, we were somewhat surprised to find that 

there was no statistical difference between the cell survival obtained with 10% and 5% 

DMSO. Not surprisingly, cell survival was markedly reduced when the DMSO concentration 

was further decreased to 2.5%. Interestingly, although the MTT cytotoxicity data had 

indicated that increasing DMSO concentration was associated with increasing cytotoxicity 

(Figure 4.5), this same trend was not found in the cryopreservation studies; that is, for 

cryopreservation, increasing DMSO concentrations did not correlate to decreasing viability. 

However, this was not necessarily unexpected. In the cytotoxicity (MTT) assay, cells were 

exposed to DMSO for 24 hours at 37 °C in order to assess the long-term effects of DMSO on 
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cells at physiological temperatures, while in the cryopreservation assay, cells had limited 

exposure to DMSO at room temperature. On the other hand, it should be noted that when 

cells were cryopreserved with 5%, 10% or 20% DMSO, only 80% of the cells were found to 

be viable after cryopreservation, and some of the cell death may be attributable to the 

cytotoxicity of DMSO. In any case, based on these trials we concluded that 5% was an 

appropriate concentration of DMSO to combine with the various concentrations of 

carbohydrates employed. 

 

4.7.2 Cryopreservation of WRL 68 Cells with Carbohydrates  

 

 The results of the first trials where carbohydrates were employed as cryoprotectants 

are given in Figures 4.6 and 4.7. Carbohydrates were tested as the sole cryoprotectant (Figure 

4.6) and as co-cryoprotectants in the presence of 5% DMSO (Figure 4.7). In both cases, 

carbohydrates were tested at concentrations of 22 mM, 200 mM, and 500 mM. The lower 

bars (dark blue) show the percentage of viable cells, and the upper, smaller bars (pale blue) 

show the percentage of early apoptotic cells. As was previously discussed, if 7AAD is used 

alone, the viable and early apoptotic cells cannot be distinguished, and the percentage of 

completely viable cells is overestimated. This is a problem because only completely viable 

cells can be used for transplantation or research. In our work, the viable and apoptotic cell 

fractions were differentiated using Annexin V. We found that in both cases (carbohydrates 

alone or carbohydrates with DMSO), the percentage of early apoptotic cells was low.    

Based on the literature precedent given at the beginning of this chapter, we did not 

expect any of the carbohydrates to be effective cryoprotectants at 22 mM when used as the 

sole cryoprotectant. Further, since the disaccharides showed much greater cytotoxicity at 500 

mM compared to the monosaccharides, we expected that disaccharides would be slightly 

poorer cryoprotectants than the monosaccharides.  
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Figure 4.6 Annexin V/7AAD flow cytometry assay of WRL 68 cells after cryopreservation; 

WRL 68 cells were treated with different concentrations of different carbohydrates in HTK, 

and then treated according to the standard protocol given in Chapter 6. The total cell count 

was taken as 100% of cells. The error bars indicate SEM. 

 

As predicted, at a concentration of 22 mM, carbohydrates were not able to provide 

significant cryoprotection: fewer than 50% of cells were found to be viable after 

cryopreservation (Figure 4.6). However, 22 mM carbohydrate did increase the percentage of 

viable cells by 10-20% compared to HTK alone. The data for the trials where carbohydrate 

concentrations of 200 mM, and 500 mM were used was somewhat surprising. The biggest 

difference between the mono- and disaccharides was seen at 200 mM, rather than at 500 

mM, as had been predicted based on the cytotoxicity data. At 200 mM, while galactose 

protected 75% of cells, the percentage of viable cells recovered with any of the other 

monosaccharides was at least 20% lower. A 200 mM solution of any of the disaccharides 

returned roughly 65-75% viable cells - values comparable to galactose. Increasing the 

carbohydrate concentration from 200 mM to 500 mM was accompanied by a slight general 

decrease in cell viability for all carbohydrates except for galactose and glucose. 

Monosaccharides at 500 mM protected 60-65% of cells, with the exception of glucose, which 

provided less than 50% viability after cryopreservation. Somewhat unexpectedly, at 500 

0

10

20

30

40

50

60

70

80

90

100

G
a
la

c
to

se

G
lu

c
o
se

T
a
lo

se

3
-M

e
th

o
x
y
 G

lu
c
o
se

M
e
lib

io
se

L
a
c
to

se

T
re

h
a
lo

se

S
u
c
ro

se

G
a
la

c
to

se

G
lu

c
o
se

T
a
lo

se

3
-M

e
th

o
x
y
 G

lu
c
o
se

M
e
lib

io
se

L
a
c
to

se

T
re

h
a
lo

se

S
u
c
ro

se

G
a
la

c
to

se

G
lu

c
o
se

T
a
lo

se

3
-M

e
th

o
x
y
 G

lu
c
o
se

M
e
lib

io
se

L
a
c
to

se

T
re

h
a
lo

se

S
u
c
ro

se

H
T

K

5
%

 D
M

S
O

 in
 H

T
K

1
0
%

 D
M

S
O

 in
 H

T
K

22 mmol sugar 200 mmol sugar 500 mmol sugar Controls

P
e
rc

e
n

ta
g

e
 o

f 
T

o
ta

l 
C

e
ll
s
 (

%
)

Treatment

Apoptotic Cells

Viable Cells



147 

 

mM, all disaccharides similarly protected 60-70% of cells. In general, therefore, the cell 

viability was lower at 500 mM than at 200 mM, but little difference was seen between the set 

of mono- and disaccharides. This data did not seem to be consistent with the cytotoxicity 

data obtained for 200 mM and 500 mM carbohydrate solutions (Figure 4.3): while there was 

a big difference in the cytotoxicity of mono- and disaccharides at 500 mM, this did not 

translate into a difference in cryopreservation activity between the mono- and disaccharides 

at the same concentration. The difference between the results of the two experiments 

(cytotoxicity and cryopreservation) was likely partly due to the very different conditions for 

the two experiments: the cells to be cryopreserved remained unfrozen for only a very short 

period of time - the samples are at room temperature for only 15 minutes before they are 

placed in the freezer - while the cytotoxicity studies have a 24 h incubation period at 37 °C. 

While it was important to ascertain what the relatively long-term effects of the 

cryoprotectants (carbohydrates and DMSO) were, future work should include MTT assays 

carried out with incubation times that are more representative of the cryopreservation 

conditions.  

In any case, some parallels can be drawn between the carbohydrate data and the 

DMSO data. In the DMSO trials, the increasing cytotoxicity (as measured by the MTT 

assay) that accompanied increasing DMSO concentration was not mirrored by a decrease in 

cryopreservation ability (as measure with the annexin V/7AAD assay) with increasing 

DMSO concentration. That is, the toxicity of DMSO does not seem to affect the survival of 

cells through cryopreservation. The carbohydrate cryopreservation data, on the other hand, 

indicates that increasing the concentration of carbohydrates generally results in a slight 

decrease in viability. If the nature of the carbohydrate toxicity was chemical, we could 

expect that this toxicity would be negated by the short amount of time the cells are exposed 

to them during cryopreservation, as it is for DMSO. Since this was not entirely the case, it is 

possible that the rapid addition of high concentrations of carbohydrates does indeed cause 

physical stress to the cells (osmotic shock), and that it is this physical stress, rather than a 

chemical toxicity of the carbohydrates towards WRL 68 cells, that results in the lower cell 

viability seen at high carbohydrate concentration in the cytotoxicity study. Further, the 

conditions imposed by disaccharides that are detrimental to cells at physiological 

temperature (dehydration) may be beneficial to cells during cryopreservation. That is, the 
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conditions imposed by high concentrations of extracellular cryoprotectants may be beneficial 

for WRL 68 cell survival during cryopreservation. 

Lastly, it was initially surprising that glucose was not an effective cryoprotectant at 

any concentration, since many organisms (including the wood frog)
95

 use glucose as their 

sole cryoprotectant. However, as Toner et al. speculated, “since glucose is rapidly 

metabolized, the concentration in the cytosol may have been insufficient to protect the cells.” 

45
 From our study it seems that glucose is a poor extracellular cryoprotectant. 

 

4.7.3 Cryopreservation of WRL 68 Cells with Carbohydrates and 5% Dimethyl Sulfoxide 
(DMSO) 

  

Since the data in Figure 4.6 confirmed that carbohydrates on their own can affect 

cryopreservation outcomes, we were then interested in whether or not using both a 

carbohydrate and DMSO in the cryopreservation medium (HTK) would have a synergistic 

effect, and thereby increase the percentage of viable cells after cryopreservation. We 

expected an enhancement in cell viability, especially when the non-permeating disaccharides 

were combined with the permeating cryoprotectant DMSO, since, despite the fact that non-

permeating cryoprotectants are reportedly ineffective during slow-freezing, and their primary 

use is with fast-freezing protocols, non-permeating cryoprotectants have been used to 

enhance the effect of permeating cryoprotectants.
9, 96

 To this end, we repeated each of the 

trials given in Figure 4.6, and included 5% DMSO in the reaction medium. The results are 

presented in Figure 4.7. Comparing Figures 4.6 and 4.7, it was immediately obvious that the 

addition of 5% DMSO to carbohydrate solutions increased the percentage of viable cells 

found post-cryopreservation, with the exception that the difference between the outcomes 

with 200 mM galactose alone and 200 mM galactose with 5% DMSO was minimal. 

Interestingly, there were no significant differences in cell viability between the three 

concentrations of carbohydrates used with 5% DMSO. Further, there were no trials of 

carbohydrates with 5% DMSO that were significantly better than 5% DMSO used alone. 

Therefore, it does not seem that the mixing of these two cryoprotectants had a positive 

synergistic effect. 
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Figure 4.7 Annexin V/7AAD flow cytometry assay of WRL 68 cells after cryopreservation; 

WRL 68 cells were treated with different concentrations of different carbohydrates with 5% 

DMSO in HTK, and then treated according to the standard protocol given in Chapter 6. The 

total cell count was taken as 100% of cells. The error bars indicate SEM. 

 

There were also no significant differences between the monosaccharides and 

disaccharides at any concentration. There were however, a few slight differences within each 

concentration. At 22 mM, there were no statistically significant differences, although 3-O-

methylglucose produced slightly poorer results compared to the other carbohydrates. 

Similarly, at 200 mM most carbohydrates provided similar cell survival outcomes, although 

at this concentration, galactose and melibiose had slightly poorer outcomes. This is of some 

interest, since galactose and melibiose exhibited the best RI activity (chapter 2, Figure 2.11). 

A discussion of RI activity and cryopreservation will be re-visited later in this chapter. 

Finally, at carbohydrate concentrations of 500 mM, and particularly with glucose, trehalose, 

and sucrose, cell survival was slightly lower than it was with 5% DMSO alone. 
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4.7.4 Cryopreservation of WRL 68 Cells with Combinations of Carbohydrates and 
Dimethyl Sulfoxide (DMSO)  

 

 All of the different combinations of carbohydrates and DMSO will be discussed. 

However, it was informative to consider all of the raw data gathered as a whole. Therefore, 

the data for all of the carbohydrates is given in Appendix 2. As an example, Figure 4.8 shows 

all of the trials that were carried out using galactose.  

 

Figure 4.8 Annexin V/7AAD flow cytometry assay of WRL 68 cells after cryopreservation; 

WRL 68 cells were treated with different concentrations of galactose and DMSO in HTK, 

and then treated according to the standard protocol given in Chapter 6. The total cell count 

was taken as 100% of cells. The error bars indicate SEM. 

 

 As discussed previously, the annexin V/7AAD flow cytometry assay provides raw 

data that seems to be able to distinguish between late apoptotic and necrotic cells. In practice, 

however, the two types of cells cannot be distinguished and have therefore been combined to 

give one category: late apoptotic/necrotic cells.  

Looking at the entire collection of data, it appeared that the percentage of viable cells 

found was inversely related to the percentage of late apoptotic/necrotic cells. The percentage 
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of early apoptotic cells, on the other hand, seemed to remain relatively constant, showing no 

correlation to the number of viable cells. In order to determine whether this observation was 

valid, we constructed plots of viable cells versus late apoptotic/necrotic cells (Figure 4.9), 

and viable cells versus early apoptotic cells (Figure 4.10).  

 

 

Figure 4.9 Percentage of viable cells versus percentage of late apoptotic/necrotic cells as 

determined by Annexin V/7AAD flow cytometry assay of WRL 68 cells after 

cryopreservation; WRL 68 cells were treated with different concentrations of carbohydrates 

and DMSO in HTK, and then treated according to the standard protocol given in Chapter 6. 

The total cell count was taken as 100% of cells. 

 

 From Figure 4.9, we determined that there was a negative correlation between viable 

cells and late apoptotic/necrotic cells. Although there may be two relationships present 

between the two groups of cells, it can be said that generally, an increase in the percentage of 

viable cells led to a decrease in the percentage of late apoptotic/necrotic cells and vice versa. 

We felt that this conclusion was appropriate for the purposes of the presentation of the data 

of this study. Figure 4.10 showed that the relationship between the percentage of viable cells 

and the percentage of early apoptotic cells was more complex. There seemed to be several 

relationships between the two groups of cells; that is, the percentage of early apoptotic cells 

appeared to be influenced by multiple factors within the experiment.  

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100

P
e
rc

e
n

ta
g

e
 o

f 
L

a
te

 A
p

o
p

to
ti

c
 a

n
d

 N
e
c
ro

ti
c
 

C
e
ll

s
 (

%
)

Percentage of Viable Cells (%)

Results of flow 
cytometry analysis 
after cryopreservation 
of all WRL 68 cells.






















































































































































































































































































































































































































































