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Abstract 

Over the years, methods to preserve biological samples, such as red blood cells, have 

been explored and researched. Currently, cryopreservation of biological samples is the most 

commonly used method for long-term storage of cells and tissues. Cryopreservation stores 

samples at very low temperatures, typically ranging between -80 oC to -196 oC — temperatures 

at which biochemical processes are effectively halted. However, at this temperature, cellular 

damage due to cryoinjury is a major concern. The causes of cryoinjury are mainly due to two 

major factors, osmotic pressure and mechanical damage due to ice formation. Both issues can be 

mitigated with the use of cryoprotectants, chemical additives that are added to a sample prior to 

preserving it at -80 oC to -196 oC. Moreover, some cryoprotectants exhibit properties of ice 

recrystallization inhibitors (IRIs), which reduce the growth rate of ice crystals and lead to a 

decrease in cellular damage due to the aforementioned factors. 

 In this thesis, the IRI activity of Wang and PEGA resins was evaluated, finding no IRI 

activity when compared with 2FA, a well-known IRI. As Wang and PEGA resins are commonly 

coupled with amino acids during solid phase synthesis, the IRI activity of the resins 

functionalized with different amino acids was also tested. To determine which amino acid to 

couple with the resin, the IRI activity of various amino acids was tested, along with some of their 

β-amino acid counterparts. Among the amino acids tested, L-phenylalanine exhibited the highest 

IRI active, with an IC50 = 14.0 mM [12.3, 15.6], while L-glycine showed the lowest IRI active, 

with an IC50 = 287.1 mM [242.3, 316.2]. Moreover, all the tested β-amino acids had less IRI 

activity compared to their α-amino acid isomer. Using this information, the IRI activity of 

functionalized Wang and PEGA resin – Wang-Gly, Wang-Gly-Phe, Wang-Gly-Lys, PEGA-Phe, 

and PEGA-Lys – was evaluated, finding no IRI activity when compared with 2FA. 
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 In order to enhance the IRI activity of amino acids, the most IRI active amino acid tested, 

L-phenylalanine, was used as the starting material to synthesize and evaluate the IRI activity of 

acylated and alkylated amino acid derivatives. N-acyl-L-phenylalanine showed either low 

solubility, a decrease in IRI activity, or both when compared with L-phenylalanine. On the other 

hand, N-isopropyl-phenylalanine showed enhanced IRI activity, with an IC50 = 1.3 mM [0.9, 1.7] 

compared to L-phenylalanine’s IC50 = 14.0 mM [12.3, 15.6]. 

 As the IRI activity of some amino acids was tested, L-phenylalanine showed the best IRI 

activity compared with the other tested amino acids. However, the IRI active amino acids 

showed no discernable IRI activity when conjugated to insoluble organic resins, Wang and 

PEGA. Derivatives of L-phenylalanine, such as N-isopropyl-phenylalanine, showed high IRI 

activity with an IC50 = 1.3 mM [0.9, 1.7], which could potentially be conjugated to the insoluble 

organic beads such as Wang and PEGA resins to test whether that would cause the resins to 

exhibit IRI activity. 
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1 Introduction 

 

1.1.1 Preservation of biological samples 

There are three common techniques for preserving biological samples through cooling. 

The first method is called hypothermic storage, which involves preserving biological samples at 

temperatures between 4 oC and 10 oC. At this temperature range, biochemical processes are 

slowed, which helps in preserving cellular metabolites without reaching the temperature where 

ice formation occurs. This method is primarily used for short-term storage (days to weeks). 1,2 

However, cell death from exposure to low temperatures is a common issue when cooling 

biological samples. In the case of hypothermic storage, if the samples are stored for extended 

periods of time at temperatures between 4 oC and 10 oC, stress-induced cell death through 

apoptosis and necrosis pathways are observed. 3 

The second method of preserving biological samples through cooling involves 

vitrification. This is done by adding very high concentrations of cryoprotective agents (CPAs) to 

the biological sample, which is then rapidly cooled with liquid nitrogen. This causes the highly 

viscous cryomedium to transition into a “glass-like” state, avoiding the formation of ice crystals. 

2,4–8 At this temperature (-196 oC), biochemical processes are effectively halted, preventing 

stress-induced cell death. The difficulty with vitrification includes achieving the required high 

cooling rates to form the glass-like state on large biological samples. Moreover, vitrification can 

still cause damage to biological samples during devitrification, this is caused by ice crystal 

formation due to heating at a non-optimal rate during thawing. 9–14 
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The third technique is cryopreservation, in which the biological sample is stored at 

temperatures ranging from -80 oC to -196 oC, effectively halting all biochemical processes in the 

cells, allowing the biological sample to be available for long-term storage. 15 However, at these 

temperatures, ice crystals will form, potentially damaging the cells. 4 Many factors can influence 

ice growth and, consequently, the viability of cells after cryopreservation. These factors include 

cooling rate, sample volume, storage temperature, warming rate when thawing, type of cells 

being preserved, type and amount of cryoprotectants (CPAs) used. 4,5,13,16 During 

cryopreservation, cell death within the preserved biological sample is still observed, but for 

different reasons. As cells are cooled down to sub-zero temperatures, water nucleates and forms 

ice crystals. These ice crystals can cause cell injury through mechanical damage or osmotic 

imbalance. 17 Moreover, when the cells are cooled down rapidly, ice crystals can grow within 

them, leading to cellular damage. In contrast, damage can also occur through slow cooling of the 

cell, which can cause excessive dehydration. 4,18–20 

Cryopreservation has enabled major advancements in the field of medicine. For example, 

the cryopreservation of red blood cells (RBCs) enables easier storage and access to rare blood 

types. 12,21,22 Other applications include oocyte and embryo cryopreservation for preservation of 

reproductive capacity, tissue banking for human leukocyte antigen typing in organ 

transplantation, in-vitro fertilization, and transplantation of various progenitor cells. 5 

 

1.1.2 Cryoprotective agents (CPAs) 

Cryopreservation requires the use of CPAs. 4 CPAs are chemical additives that are added 

to a sample prior to preserving it under extreme cold temperatures (-80 oC to -196 oC). 2,4,5 CPAs 

are essential for protecting biological samples and mitigating cellular damage caused by cooling 
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them to sub-zero temperatures. This damage is caused by osmotic pressure and mechanical 

damage due to ice formation. 13,17–20 A general procedure for cryopreservation entails addition of 

CPAs to the biological sample, followed by the controlled rate of cooling/freezing of the sample. 

Afterwards, the sample is thawed, and CPAs are removed. 2,13,16,23–25  

 There are two types of cryoprotectants: permeating CPAs, which enter the cell, and non-

permeating CPAs, which do not. 23,26,27 Permeating CPAs, such as dimethyl sulfoxide (DMSO) 

and glycerol, generally enter the cell as water exits during the slow cooling processes (Figure 

1.1). This helps protect the cell from injury caused by both, osmotic imbalance – which could 

otherwise lead to cell shrinkage and death due to the toxicity of high concentrations of 

electrolytes – and the formation of intracellular ice crystals — which would cause mechanical 

damage to the cell (Figure 1.1). 28–32   

On the other hand, non-permeating CPAs – including some sugars, such as trehalose, and 

polymers, such as polyethylene glycol – cannot cross the cell membrane and generally have a 

higher molecular weight than permeating CPAs. 23,26,27,32 Non-permeating CPAs tend to 

dehydrate cells due to an increase in the osmolality of the extracellular solution, reducing cellular 

damage caused by intracellular ice formation (IIF) during the proper cooling procedure. 2,13,16,23–

25 Moreover, non-permeating CPAs are generally less toxic than permeating CPAs, as the latter 

can directly interact with pathways and mechanisms within the cells, while the former is blocked 

by the cell membrane. 23,26,27 

Moreover, some CPAs can reduce the size of ice crystal growth, further increasing the 

likelihood of cell survival. 28–31 However, when thawing the sample, water rapidly re-enters the 

cell, which can cause cells to swell beyond their initial size — a concern, as cells are generally 

more sensitive to swelling than to shrinkage. 18–20 



4 
 

1.1.3 Cryoinjury 

 Two major factors for cryoinjury are osmotic pressure and mechanical damage due to ice 

formation. When the cryomedium is slowly cooled to sub-zero temperatures, the water starts to 

freeze. As the water freezes, solutes are excluded from the ice lattice, and therefore, are 

concentrated in the solution between the ice crystals. This creates an osmotic imbalance between 

the semi-frozen cryomedium and the cell, which causes the cell to shrink as water leaves (Figure 

1.1). 4,18–20,26,33 This dehydrates the cell before its biochemical activities are effectively halted 

due to the extremely low temperatures (-80 oC to -196 oC) of cryopreservation, which can be 

lethal to the cell. Moreover, the high solute concentration would impact the cell membrane, 

reducing its stability and potentially rupturing the cell membrane, which would cause cell death. 

14,18,20,21,34–38  

 Dehydration of the cell due to the slow cooling can be avoided by rapidly cooling the 

cryomedium and cells. 4,18–20 This causes the cryomedium and cells to freeze before osmosis can 

cause lethal damage to the cells. 17 However, as the cell is not dehydrated and water remains 

within the cell, IIF occurs, in which the water within the cell freezes. This disrupts the cell’s 

normal structure to the point that it is no longer functioning as it should, which can be lethal to 

the cell.  

 Due to these factors, an optimal rate of cooling for each cell type must be achieved to 

minimize cell death during cryopreservation. 4,5,39 Moreover, the usage of CPAs can help prevent 

cryoinjury. For example, permeating CPAs are used in the cryomedium that would enter the cell 

and replace the water leaving it due to osmotic imbalance, which would prevent the cell from 

shrinking and the adverse effects that follow. 2,13,16,23–25 
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Figure 1.1: Depiction of ice growth and osmotic effect on cells based on the cooling rate of the cryomedium 18–20,38 

 

1.2.1 Ice Recrystallization 

 Ice recrystallization is defined as the growth of large ice crystals in a frozen sample at the 

expense of smaller ice crystals. 12,25,27,38,40,41 This is a thermodynamically driven process (Figure 

1.2). 16 Ice recrystallization occurs predominantly during the warming of a frozen sample, 12–

14,24,39 and is a leading cause of cell death during cryopreservation. 4–6,18–20,27,42,43 
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  The mechanism by which ice grows is believed to occur by either grain boundary 

migration or Ostwald ripening. 16,33,44,45 Grain boundary migration occurs when larger ice grains 

grow at the expense of smaller ones. Smaller ice grains have a greater convex surface curvature 

than larger ice grains, which means they will have a higher surface energy. As a result, water 

molecules migrate from the smaller grains to the larger ones. This process reduces the overall 

curvature, thus reducing the energy in the system, leading to the growth of larger ice grains 

(Figure 1.2). 16,33,44,45 

 

Figure 1.2: The migration of water molecules from the smaller grain with higher convex curvature to larger ice grains with 

higher concave curvature (Shown in blue arrows) across a non-frozen layer (yellow line), resulting in a decrease in total system 

energy. 46   

 Grain boundary migration neglects the presence of bulk-water in the system. However, 

Ostwald ripening takes that into consideration. 45 Ostwald ripening is the thermodynamic process 

in which large ice crystals grow at the expense of the smaller ice crystals, reducing the total 

system energy. Larger ice crystals have lower surface area to volume ratio, making them more 

stable than smaller ice crystals, which have a greater surface area to volume ratio, since water 
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molecules on the surface of an ice crystal are less stable than those within the ice crystal. 

Assuming that the overall volume of ice is constant, water molecules in the system transfer from 

the smaller, less stable ice crystals to the larger, more stable ice crystals. This results in an 

increase in the average ice crystal size, a decrease in the total number of ice crystals, and a 

decrease in the number of less stable water molecules at the surface of ice crystals. Hence, the 

system’s free energy will decrease. 16,33,45,47,48 

 

1.2.2 Quantifying ice recrystallization — the splat-cooling assay 

 Ice crystals grow larger as they recrystallize through the mechanisms described above 

(Figure 1.2), which can lead to cryoinjury. 4,16,18–20,26,33,44,45 However, with the presence of some 

CPAs, such as antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGP), it was observed 

that the rate of ice recrystallization decreases, which leads to a reduction in the number of 

damaged cells. 28–30,46,49–53 This decrease in ice recrystallization is caused by ice recrystallization 

inhibitors (IRIs), which can be analyzed using a splat-cooling assay, where a sample is dissolved 

in phosphate-buffered saline (PBS) at different concentrations in order to generate a dose-

response curve for the IRI activity of the sample. In this assay, a 10 µL volume of each sample is 

dropped, at a height of 2 m, onto a dry-ice cooled aluminium block (approximately -80 oC), 

forming an ice wafer (Figure 1.3). The wafer is then allowed to anneal for 5 minutes at -6.4 oC, 

during this time, ice recrystallization occurs. The annealing time of 5 minutes was used as the 

growth of ice crystals is monoexponential, and the difference between the mean grain size of ice 

crystals between 5 and 20 minutes was not significant enough to warrant a longer wait time. 

12,16,33,38,40,47,54,55 After the 5-minute annealing period, images of the ice crystals are taken using a 

microscope fitted with a camera; this allows images to be captured and viewed with consistent 
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properties (Figure 1.3). Using ImageJ, the images were analyzed by manually circling the 

boundaries of each ice crystal, whose area was then calculated. 16 After the splat-cooling assay is 

conducted, the rate of ice crystal growth is calculated using the areas of the ice crystals and time 

spent annealing (5 minutes). Afterwards, the sample’s ice crystal growth rate is normalized with 

that of a blank control PBS, which was used as the solvent, and a four-parameter dose-response 

curve is generated using the normalized growth rates of the sample. 27,40,54 The dose-response 

curve was drawn using GraphPad Prism 9.0.0.  

 

Figure 1.3: The general procedure for a splat-cooling assay. (A1) How an ice wafer is obtained from a 10 µL sample. (A2) Ice 

crystals under a microscope annealing at -6.4 oC for 5 min. (B2) Expected dose-response curve obtained from an IRI active 

molecule (L-phenylalanine in this case). (B1) Image of an ice wafer at 20x magnification of 1 mM L-phenylalanine, (B3) Image of 

an ice wafer at 20x magnification of 100 mM L-phenylalanine. 54–56 

 

A1 A2 

B1 
B2 B3 

0.1 mm 0.1 mm 

0.05 mm 
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1.3.1 Natural ice recrystallization inhibitors (IRIs) 

 AFGPs (Figure 1.4) and AFPs, found in organisms inhabiting sub-zero environments, 

were the first discovered compounds that exhibit IRI properties.33,40,57–61 However, these 

compounds are not commonly used as CPAs, as both AFPs and AFGPs also possess thermal 

hysteresis (TH) properties, which can lead to damage in biological samples. 62 

 

Figure 1.4: The general structure of AFGPs. 40 

TH is the localized freezing point depression relative to the melting point, caused by the 

irreversible binding of AFPs and AFGPs to ice crystals; the difference between these two points 

is known as the TH gap. 18,25–27,40   

AFPs and AFGPs maintain a stable ice crystal as long as the temperature is within the TH 

gap. However, cryopreservation temperatures are outside of the TH gap, and once the 

temperature drops below the TH gap, ice grows uncontrollably into long spicules that damage 

the cell; this ice growth phenomena is known as dynamic ice shaping. 59,60,62 This effect is 

hypothesized as the reason why AFPs and AFGPs preform poorly as CPAs, resulting in low 

post-thawing cell viability. However, the IRI properties of AFPs and AFGPs are of interest, and 

research was done to design IRIs which do not show dynamic ice shaping properties. 18,25,33,40,61  
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1.3.2 Polymers as ice recrystallization inhibitors 

IRI activity in synthetic polymers has been previously explored. 5,53,60–69 PVA is an 

example of an IRI polymer, exhibiting IRI activity at micromolar concentrations.48,58,62,67,68 The 

IRI activity of PVA is hypothesized to be due to its ability to adsorb onto the surface of the ice 

crystals due to PVA’s hydroxyl groups, and acts as an obstacle in the migration of water 

molecules between the ice crystals. 48,58 Moreover, the greater the molecular weight of PVA used 

(7.2 to 98 kDa), the more IRI activity was observed. 63,65 Acetylation of the PVA’s hydroxyl 

group causes a decrease in its IRI activity, which supports this theory. 64 IRI activity in polymers 

other than PVA was also explored; for example, polyampholytes and synthetic (glyco)polymers 

– such as poly-L-lysine, polyethylene glycol, and poly-L-glutamic acid – have been found to 

exhibit IRI activity. 42,48,57,58,62–71 The potential of polymers as IRIs is vital because, unlike 

naturally occurring antifreeze, various polymers are easier to synthesize. 42,48,57,58,62–68,70,71 

 

1.3.3 Wang and PEGA resins 

 Organic resins, such as acrylamide polyethylene glycol (PEGA) and Wang resin, are 

commonly used for solid phase synthesis of short peptide chains. 72–76 Wang resin is a 

hydrophobic resin (Figure 1.5 A) while PEGA resin is a hydrophilic resin (Figure 1.5 B). These 

differences cause them to behave differently in a solution. 74,75,77,78 Unlike the usual polymers 

used as IRIs, 42,48,57,58,62–71 Wang and PEGA resins are large macromolecules, of which those 

used in this thesis have a mesh size ranging from 100-200 (74-149 µm) and are insoluble in PBS, 

creating heterogeneous suspensions. This is unusual in the study of potential IRI molecules, as 

IRIs are typically soluble in PBS, allowing the assumption of a homogeneous solution. 

2,12,25,40,42,48,57,58,62–71,79–81 Moreover, the resins are easily modifiable by functionalizing through 
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the conjugation of different amino acids, this opens the idea of using Wang and PEGA resins as a 

core that can be functionalized and its IRI activity assessed. 72–76 

    

(A) Wang Resin    (B) PEGA resin 

Figure 1.5: Structure of Wang resin (A) and PEGA resin (B). 72–76 

 

1.4 Objective  

 Given that the use of polymers for cryopreservation has been reported to be beneficial, 

42,48,57,58,62–71 the objective of this thesis is to explore the possibility of using large, PBS-insoluble 

resin macromolecules to inhibit ice recrystallization. 72,73 Additionally, it aims to assess the IRI 

activity of resins functionalized with amino acids, as well as the IRI activity of individual amino 

acids that could be conjugated to the resin. Finally, the research will investigate the IRI activity 

of amino acid derivatives that can be used to functionalize the resins, potentially assessing the 

IRI activity of resins functionalized with the synthesized amino acid derivatives. 
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2 Organic Resins 

 

2.1 Experimental design of using insoluble resins 

 PBS-soluble small molecules (AMU < 450) that exhibit IRI activity, such as N-(2-

fluorophenyl)-d-gluconamide (2FA), are assessed for IRI activity using a splat-cooling assay. 41 

However, the large non-soluble polymers being explored (Wang and PEGA resins) cannot be 

tested using the general splat-cooling assay procedure. In contrast to typical small molecule and 

soluble polymer IRIs, Wang and PEGA resins are insoluble in PBS. 25,41,54,82 Hence, the sample 

preparation method was modified to minimize the problems that may influence the results due to 

the uneven distribution of the resin beads in the suspension. In a heterogenous suspension, the % 

w/v of the samples diluted through serial dilution is not likely to be accurate with respect to 

concentration. Moreover, the number of resin beads in the 10 µL drop used to create an ice wafer 

in a splat-cooling assay may not represent the sample.  

The first step in preparing a resin-PBS suspension is to add PBS solution to the dry resin. 

For example, 0.8 mL PBS was added to 0.2 g Wang resin to create a 20% w/v Wang resin 

suspension which was then diluted multiple times to create at least five different concentrations. 

The five suspensions obtained are then used to generate a four-parameter dose-response curve 

showing the IRI activity of the sample. 54 

 In a resin-PBS suspension, it was observed that the resin beads tend to form clumps and 

do not get properly distributed through the resin-PBS suspension (Figure 2.1 A). As a result, 

sonicating the resin-PBS suspension using a BRANSONIC 1510-MT sonicator at 42 KHz for 60 

minutes in an attempt to evenly distribute the resin across the suspension was explored (Figure 

2.1 B). After sonication, the resin-PBS suspension appeared more homogenous for a longer 
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period of time. (Figure 2.1 B1). Moreover, it was observed that the visible clumps of resin in the 

suspension were noticeably reduced and rarely observed in the wafers under the microscope 

(Figure 2.1 B2).  

 

Figure 2.1: (A1, B1) 10% w/v Wang resin suspension in PBS, (A2, B2) are 4× magnification images of frozen wafers obtained 

from the respective suspensions following 5 minutes of annealing at -6.4 oC. (A) shows a non-sonicated resin-PBS suspension, in 

which resin bead clumping was observed (circled in red). (B) shows a sonicated suspension with no visible clumping.  

Due to the heterogeneity of the resin-PBS suspension, the accuracy of the diluted 

sample’s % w/v cannot be guaranteed due to the beads’ clumping and their uneven distribution 

across the suspension. In order to test if dilutions are successful, a stock resin-PBS suspension 

with 10% w/v was diluted to 5% w/v. Afterwards, the number of beads in a 10 µL sample of the 

A1 

B1 

A2 

B2 

0.25 mm 

0.25 mm 
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10% and 5% w/v resin-PBS suspensions were counted through a splat-cooling assay at a lower 

magnification (4x) in both, sonicated and non-sonicated suspensions (Table 2.1), expecting the 

number of beads in the 5% w/v suspension to equal approximately half the number of beads in 

the 10% w/v suspension. The lower magnification was used (4x) in order to capture a larger field 

of view on the wafer, which would give a better understanding of the resin beads’ distribution 

throughout the wafer. The number of beads in the field of view was counted and averaged in 

three different locations across each of the five wafers — one image in a location containing a 

high density of resin beads near the edge of the wafer, then another two images in a straight line 

starting at the position of the first image across the centre. The test was repeated after the resin-

PBS suspension was left to rest on the bench for 2 hours – a time period long enough to conduct 

a splat-cooling assay – to test if the resin would form clumps after resting (Table 2.1). No clumps 

were observed in the sonicated resin–PBS suspension after 2 hours of rest (Figure 2.1 B), 

suggesting that sample analysis can feasibly proceed within this time frame. 

Table 2.1: The average number of Wang resin beads counted within the field of view of three images across the wafers at 4x 

magnification for resin-PBS suspensions before and after sonication.  

 Average number of beads in the field of view 

Wang resin Non-sonicated suspension Sonicated suspension 

5% Wang resin 14 ± 4 16 ± 4 

10% Wang resin 29 ± 11 26. ± 4 

5% Wang resin after 2 hours 12 ± 1 17 ± 3 

10% Wang resin after 2 hours 29 ± 8 35 ± 3 

 

 In order to test the validity of the diluted samples, 10% w/v Wang resin-PBS suspension 

was prepared and used to prepare a 5% w/v Wang resin suspension through serial dilution. Both 

samples were analyzed with a splat-cooling assay, and the average number of beads within the 

field of view of three images across each of the three wafers at 4x magnification were counted 
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(Table 2.1). This process was repeated using another 10% w/v Wang resin suspension, which 

was sonicated prior to preparing the 5% w/v Wang resin suspension. In a non-sonicated resin-

PBS suspension, 10% w/v suspension had an average of 29 ± 11 resin beads within the field of 

view, and when diluted to 5% w/v, the number of beads was roughly halved to 14 ± 4 beads 

within the field of view. The same trend was seen when sonicating the suspension, with 10% w/v 

and 5% w/v suspensions having 26 ± 4 and 16 ± 4 beads within the field of view, respectively. 

After resting the resin-PBS suspension for 2 hours, this remains to be the case. In a non-

sonicated suspension, 10% w/v and 5% w/v suspensions having 29 ± 8 and 12 ± 1 beads within 

the field of view, respectively. Meanwhile, in a sonicated suspension, 10% and 5% w/v 

suspension have 35 ± 3 and 17 ± 3 beads within the field of view, respectively (Table 2.1). These 

results indicate that the 5% w/v Wang resin suspension contains around half the number of beads 

found in the 10% w/v Wang resin, which meets the expected value.  

 After sonicating the resin suspension, the clumping observed in resin wafers was 

noticeably reduced, and the resin remains in suspension for a longer period of time. Hence, it 

was concluded that in order to properly assess if Wang resin exhibit IRI activity, the suspensions 

should be sonicated for 60 minutes. After sonication, the suspension was shaken manually then 

immediately used in a splat-cooling assay, within at most 2 hours. 

 

2.2 Assessing the ability of Wang resin to inhibit ice recrystallization 

 Once the experimental procedure for proper mixing of a resin-PBS suspension was 

established, a Wang resin-PBS suspension (100-200 mesh) was evaluated for IRI activity using 

splat-cooling assay at 20x magnification. The large black circles in Figure 2.2 – such as the one 

circled in red – represent Wang resin beads. It was observed that some of the ice crystals that are 
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close to the Wang resin bead appear smaller than the ice crystals which are further away — 

circled in blue (Figure 2.2). However, analysis of the IRI activity of Wang resin (Figure 2.3 A) 

using the splat-cooling assay showed no measurable IRI activity. 

 

Figure 2.2: Ice crystals from a 20% w/v Wang resin in PBS at 20x magnification. It was noted that some of the ice crystals in 

direct contact with the Wang resin beads (region circled in red) appear smaller than those further away (region circled in blue). 

In order to test if Wang resin is IRI active based on the proximity of the ice crystals to the 

resin beads, a splat-cooling assay using 15% w/v Wang resin-BS suspension was conducted, and 

images were analyzed based on the number of beads within the field of view. If it is assumed that 

Wang resin is IRI active and would decrease the size of ice crystals around the bead, then images 

with 5 resin beads should show more IRI activity when compared to images with one resin bead. 

However, when analyzing images with 1-5 resin beads within the field of view, no measurable 

0.1 mm 
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difference in IRI activity was observed (Figure 2.3 B), concluding that Wang resin is not IRI 

active.  
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Figure 2.3: IRI activity of 2FA and Wang resin normalized to PBS using a 4-parameter nonlinear regression, graphed using 

GraphPad Prism 9.0.0. (A) compares the IRI activity of Wang resin and 2FA based, each point having a different w/v %. (B) 

Shows the IRI activity of 15% w/v Wang resin based on the number of beads within the analyzed field of view. 

Due to the observed change in crystal size around the Wang resin beads (Figure 2.2), 

another method to interrogate the data was explored, which studies the distribution of ice crystals 

based on ice crystal size, rather than the normalized rate of ice crystal growth, this increase in 

resolution is required to detect minor IRI activity that would have normally gone unnoticed in a 

dose-response curve. 

When calculating Vnorm in figure 2.3, the rate of growth was calculated by first 

distributing the ice crystals into bins starting from 0 mm2, with 0.001 mm2 intervals. The area of 

the first bin (0 mm2 – 0.001 mm2) proportional to the total area of ice crystals was divided by 

annealing time (5 minutes) to obtain the rate of growth. This rate was then normalized using 

growth rate of blank PBS to obtain Vnorm.  

A B 
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The new method to interrogate the data suggested was done by comparing the 

distribution of ice crystal size in the sample with PBS by sorting the ice crystals into bins with 

size ranging from 0 mm2 to 0.004 mm2, with 0.0002 mm2 intervals between each bin. The 

smaller bin sizes will allow better visualization of how the ice crystals’ size distribution changes 

in the sample compared to PBS. The binning approach was done for a set of Wang resin-PBS 

suspension at 20% w/v, a blank PBS standard, and 2FA – a known IRI active small molecule 

with an IC50 = 1.8 mM [1.7, 1.8] – for comparison (Figure 2.4). 41 
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Figure 2.4: The distribution of ice crystal population in a 20% w/v suspension of Wang resin in PBS (blue), PBS (Red) and 5 mM 

2FA (Green). (A) shows the size distribution of ice crystal population sorted into 20 bins. The smallest bin (bin 1) is for ice 

crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with ice crystals size (0.0038 – 

0.0040) mm2. (B) shows a simplified version of (A) for ease of comparison, this was done using a nonlinear lognormal regression 

of the data in (A).  

The data obtained show that the ice crystals in the PBS control have the highest 

distribution at the 7th bin. This indicated that most of the area within the field of view in a PBS 

sample was occupied by ice crystals that have an area of (0.0012 to 0.0014) mm2. However, the 

amplitude was relatively low (11.3 ± 3.2) %, this is because the size of ice crystals is distributed 

across a broad range, as 78.4% of the area occupied by ice crystals found in PBS populate bins 3 

through 11, with crystal sizes ranging from (0.0004 to 0.0024) mm2. On the other hand, for 2FA 

A B 
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(an IRI active molecule), 87.8% of the area was occupied by ice crystals populating the first 2 

bins, with crystal sizes ranging from (0 to 0.0004) mm2. The amplitude of the first bin was higher 

than that of PBS (56.3 ± 19.8) %, this is because 2FA prevents the growth of ice crystals, 

resulting in all ice crystals to be small and of similar size, generating a narrow crystal size 

distribution. Meanwhile, for Wang resin, 84.1% of the area occupied by ice crystals populate 

bins 3 through 11, peaking at (13.8 ± 3.3) % at the 7th bin, similar to PBS, and different from 

2FA. Looking at this data, the control PBS and 20% w/v Wang resin suspension showed similar 

distribution of ice crystal size. Using t-test to compare PBS with 20% w/v Wang resin resulted in 

a p-value > 0.1, indicating no statistically significant difference between them. Meanwhile, the 

percentage of ice crystal population of 5 mM 2FA solution was mostly in the first 2 bins. When 

compared with PBS, 2FA showed statistical difference with a p-value < 0.05. Based on these 

results, it is concluded that Wang resin without any functionalization is IRI inactive. 

 

2.3 Assessing the ability of amino acids to inhibit ice recrystallization 

 Wang resin is commonly used for solid phase synthesis of short peptide chains. This 

process was done by a cycle of coupling the amino acids to the resin, followed by deprotection. 64 

Wang resin was deemed IRI inactive; however, IRI activity in Wang resin functionalized with 

amino acids was not yet explored. To evaluate potential amino acids for conjugation with Wang 

resin, the IRI activities of several amino acids were assessed using splat-cooling assay using PBS 

as control (Table 2.2). 
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Table 2.2: The IRI activity of various amino acids and their corresponding IC50 values within the 95% confidence interval 

Amino Acid Chemical Structure IC50 (mM) 

Glycine 
 

287.1 [242.3, 316.2] 

L-alanine 
 

115.7 [105.2, 123.4] 

β-alanine 

 

241.4 [193.6, 274.5] 

L-phenylalanine 

 

14.0 [12.3, 15.6] 

D-phenylalanine 

 

15.1 [13.9, 16.0] 

β-phenylalanine 

 

56.2 [52.1, 66.7] 

L-leucine 

 

33.0 [27.0, 39.9] 

β-leucine 

 

71.0 [61.2, 82.0] 

L-valine 
 

39.4 [37.5, 40.7] 

L-lysine 

 

79.2 [69.7, 89.3] 
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Figure 2.5: IC50 dose-response curves of all the amino acids in Table 2.2. 
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 Glycine was the first amino acid to be tested through a splat-cooling assay for IRI 

activity, as it lacks additional functional groups and serves as a baseline for comparison with 

other amino acids. The IRI activity of L-alanine was investigated next in order to explore the 

effect of amino acid side chains on IRI activity, beginning with the simplest side chain — a 

methyl group. Subsequently, the IRI activity of β-alanine was investigated to compare the IRI 

activity of amino acids with β-amino acids, as β-alanine is the simplest β-amino acid. Prior 

research by the Gibson lab observed that L-alanine showed IRI activity at 100 mM, and its 

isomer, β-alanine, showed no activity at that concentration. 83 The results obtained match this 

observation, L-alanine showed higher IRI activity than glycine and β-alanine (Figure 2.6). L-

alanine had the lowest IC50 = 115.7 mM [105.2, 123.4], while glycine and β-alanine had an IC50 

= 287.1 mM [242.3, 316.2] and 241.4 mM [193.6, 274.5], respectively. When comparing L-

alanine with glycine, the addition of a methyl side chain caused the IRI activity to double. 

However, when comparing β-alanine with glycine, the change in IC50 was less pronounced. 
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Figure 2.6: IRI dose-response curves of L-alanine (red), β-alanine (black), and glycine (green).  
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 Phenylalanine was tested to explore the effect of a phenyl substituent on L-alanine, and 

how it would impact IRI activity compared to glycine and L-alanine. Phenylalanine had the best 

IRI activity of all the tested amino acids, with an IC50 = 14.0 mM [12.3, 15.6] and 15.1 mM 

[13.9, 16.0] for L and D enantiomers, respectively. When compared to L-alanine, the addition of 

a phenyl group caused enhanced IRI activity by approximately 8 times, from an IC50 = 115.7 

mM [105.2, 123.4] to 14.0 mM [12.3, 15.6].  

Both enantiomers of phenylalanine – L-phenylalanine and D-phenylalanine – were tested 

to evaluate whether chirality influences the IRI activity of amino acids. While many of the 

enantiomer’s physical properties are identical, each will have a different optical rotation. 

Moreover, enantiomers interact differently with enzymes within biological systems due to the 

enzyme’s chiral active sites formed by chiral amino acids. This stereospecific binding can lead to 

different biological responses from each enantiomer.86 

 However, in the context of IRI, no statistically significant difference in activity was 

found between L-phenylalanine and D-phenylalanine (Figure 2.7). This outcome was expected as 

the IRI assay occurs in a non-chiral water-based solution.84,85 These results are consistent with 

previous research conducted in the Ben lab using D-fucose, L-fucose, D-galactose, and L-

galactose.26 

Racemic β-phenylalanine was also tested to compare its IRI activity with that of L-

phenylalanine. Similar to the results obtained for L-alanine and β-alanine, L-phenylalanine 

showed better IRI activity than β-phenylalanine, with an IC50 = 14.0 mM [12.3, 15.6] and 56.2 

mM [52.1, 66.7], respectively (Figure 2.7). Additionally, similar to the relationship between L-

phenylalanine and L-alanine, β-Phenylalanine showed better IRI activity when compared to β-

alanine, with an IC50 = 241.4 mM [193.6, 274.5] and 56.2 mM [52.1, 66.7], respectively. When 
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compared to β-alanine, the addition of a phenyl group caused an increase in the IRI activity by 

approximately four times, from an IC50 = 241.4 mM [193.6, 274.5] to 56.2 mM [52.1, 66.7].  
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Figure 2.7: IRI dose-response curve of L-phenylalanine (black), D-phenylalanine (red), and β-phenylalanine (green).  

 

L-leucine, racemic β-leucine, and L-valine were tested to evaluate the effect of isopropyl 

R-groups on IRI activity, and compare the effect of branching alkyl R-groups to phenyl R-groups 

(Table 2.2). Among the three amino acids, L-leucine exhibited the highest IRI activity, with an 

IC50 = 33.0 mM [27.0, 39.9]. Valine, with an R-group containing one less carbon than leucine, 

showed a similar IC50 = 39.4 mM [37.5, 40.7]. Racemic β-leucine showed far less IRI activity 

than L-valine and L-leucine, with an IC50 = 71.0 mM [61.2, 82.0] (Figure 2.8). The isopropyl 

group in Leucine, β-leucine, and L-valine showed an increase in activity compared to L-alanine 

and β-alanine’s single carbon side chain. However, the isopropyl side chain showed less IRI 

activity when compared to a phenylalanine’s phenyl group. This implies that a phenyl side chain 

enhances IRI activity more than an isopropyl side chain. 
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Figure 2.8: IRI dose-response curve of Leucine (Yellow), β-Leucine (Blue), and Valine (Black). 

 

 When comparing amino acids alongside their β isomers (Table 2.2) (Figures 2.6, 2.7, 

2.8), all the amino acids tested have a lower IC50 compared to their β isomer. This suggests that 

α-amino acids are more IRI active than their β isomer. The difference in IRI activity between 

amino acids and their β counterpart may be attributed to the effect of amphiphilicity on IRI 

activity, as small compounds with longer alkyl chains tend to show better IRI activity than those 

with shorter alkyl chains. 26,27,60,87,88 This is demonstrated by N-octyl-D-gluconamide (NOGlc) 

— an IRI active glucose derivative with an octyl group. Reducing the length of the octyl group 

causes a decrease in IRI activity. 26 Since α-amino acids have longer alkyl chains in their R-

group compared to β-amino acids, this could explain the observed difference.  

L-lysine, an amino acid with a long chain hydrophilic R-group, which would form an 

ionic -NH3
+ group when dissolved in PBS, was then tested to see the impact of the protonated 

amine. L-lysine had an IC50 = 79.2 mM [69.7, 89.3] (Figure 2.9). Compared to the other tested 

amino acids, L-lysine showed less IRI activity than the tested amino acids with hydrophobic R-

groups, such as L-valine, leucine, and phenylalanine. This is consistent with the hypothesis 
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regarding the effect of amphiphilicity on the IRI activity of amino acids, as the R-group of L-

lysine contains a hydrophilic functional group and exhibits lower IRI activity than the tested 

amino acids with hydrophobic R-groups. 
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Figure 2.9: IRI dose-response curve of L-lysine, with an IC50 = 79.2 mM. 

 As the amino acids show IRI activity, especially L-phenylalanine with an IC50 = 14.0 mM 

[12.3, 15.6], the use of amino acids as cryoprotectants is plausible. However, other IRI active 

small molecules, such as 2FA, have better IRI activity than all the tested amino acids, with an 

IC50 = 1.8 mM [1.7, 1.8] compared to L-phenylalanine’s IC50 = 14.0 mM [12.3, 15.6]. 

On the other hand, amino acids can be used to synthesize derivatives that may have better 

IRI activity than 2FA. Among the tested amino acids, phenylalanine showed promising IRI 

activity, which opens a potential route of using L-phenylalanine as a starting material to 

synthesize derivatives and explore their IRI activity. 
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2.4 Assessing the ability of phenylalanine derivatives to inhibit ice recrystallization  

 Amino acids showed promising IRI activity, and – as earlier research in the Ben lab 

showed – small molecule derivatives could also have enhanced IRI activity. 12,25–27,38,40,41 As L-

phenylalanine showed the highest IRI activity among the amino acids tested (Table 2.2), it was 

used as the starting material to synthesize the amino acid derivatives, along with β-phenylalanine 

for further comparison between amino acids and β-amino acids. N-Acyl and N-alkyl derivatives 

of phenylalanine were explored with the aim of enhancing the IRI activity of the starting 

material, and to later use to functionalize organic resins. 

2.4.1 Assessing the IRI activity of acyl derivatives of L-Phenylalanine 

 Five different acyl groups were explored for N-acyl-L-phenylalanine and N-acyl-β-

phenylalanine (Figure 2.10). The first acyl derivative of interest was N-acetyl-L-phenylalanine, 

as the short carbon chain can be used as a baseline to compare with the other derivatives. N-

benzoyl-L-phenylalanine was tested next, as the IRI activity of a phenyl group was found to be 

the most IRI active when testing amino acids (Table 2.2). Subsequently, the IRI activity of N-

isobutyric-L-phenylalanine was assessed, based on the observation that an isopropyl group 

showed higher IRI activity than a methyl group when comparing L-leucine and L-alanine (Table 

2.2). Other hydrocarbon derivatives were tested to obtain a wider variety of results; N-valeryl-L-

phenylalanine to test the IRI activity of a longer unbranched hydrocarbon chain and Boc-L-

phenylalanine to test the effect of IRI activity of further branching compared to N-isobutyric-L-

phenylalanine.  
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Figure 2.10: General structures of N-acyl-L-phenylalanine (left) and N-acyl-β-phenylalanine (right) 

  

Table 2.3: Maximum solubility of all the synthesized acyl-phenylalanine and acyl-β-phenylalanine in PBS.   

 

  

R 
N-acetyl-α-L-
phenylalanine 

N-acetyl-β-
phenylalanine 

Max solubility in PBS (mM) 

 
27 44 

 
21 8 

 
93 5 

 
5 14 

 

2 < 1 
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 Figure 2.11: Mechanism of the amide coupling of L-phenylalanine, in which R is an alkyl group. 89 

  For the amide coupling of L-phenylalanine and β-phenylalanine, various alkyl R-groups 

were synthesized and tested for their IRI activity. However, due to the low solubility of N-acyl-

L-phenylalanine and N-acyl-β-phenylalanine (Table 2.3), none of the tested molecules were 

soluble enough in PBS to obtain an IC50 value (Figure 2.12). The IRI activity of the synthesized 

N-acyl-L-phenylalanine and N-acyl-β-phenylalanine derivatives was analyzed at their maximum 

solubility in PBS (Table 2.3) using the splat-cooling assay (Figure 2.12) 
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Figure 2.12: IRI activity of all the synthesized N-acyl-phenylalanine and N-acyl-β-phenylalanine at their limit of solubility in 

PBS (Table 2.5). 

 Other than N-tbutyl-L-phenylalanine, N-isobutyrc-L-phenylalanine, and N-acetyl-L-

phenylalanine, all other tested N-acyl-phenylalanine derivatives exhibited no IRI activity at their 

maximum solubility in PBS. N-isobutyrc-L-phenylalanine, N-acetyl-L-phenylalanine, and N-

tbutyl-L-phenylalanine demonstrated a relatively low IRI activity, with a Vnorm of (79.9 ± 9.6) % 

at 21 mM, (87.7 ± 4.2) % at 27 mM, and (53.3 ± 7.2) % at 93 mM, respectively. However, this 

IRI activity was observed at a concentration higher than L-phenylalanine, with an IC50 = 14.0 

mM [12.3, 15.6]. As such, due to their low solubility and diminished IRI activity compared to 

the starting material, the use of N-acyl derivatives appears to hold little promise. 
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2.4.2 Assessing the IRI activity of alkyl derivatives of L-Phenylalanine 

 When N-acyl-L-phenylalanine was tested for IRI activity, a lack of solubility and a 

decrease in IRI activity were observed when compared with L-phenylalanine, which had an IC50 

= 14.0 mM [12.3, 15.6]. Hence, a different substituent was explored. Secondary amines generally 

exhibit greater solubility than structurally similar amides, as the amide’s nitrogen is conjugated 

with the adjacent carbonyl oxygen, while the secondary amine’s nitrogen has a more accessible 

lone pair. This allows the N-alkyl derivatives to be more readily available to form hydrogen 

bonding with water compared to N-acyl derivatives. The IRI activity of N-alkyl-L-phenylalanine 

derivatives was explored next (Figure 2.13). 90 

    

Figure 2.13: Structures of N-isopropyl-L-phenylalanine (left) and N-isopropyl-β-phenylalanine (right). 

 

Figure 2.14: Mechanism of the reductive amination of L-phenylalanine and acetone, reduced by sodium 

cyanoborohydride, using acetic acid catalyst and methanol solvent. 91 

 Earlier work in Ben lab showed enhanced IRI activity when comparing small molecules 

before and after the addition of an isopropyl group. 26,27 Hence, the effect of an isopropyl group 

on phenylalanine was explored. N-isopropyl-L-phenylalanine and N-isopropyl-β-phenylalanine 

were synthesized through a reductive amination reaction, in which the amino acid was reacted 
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with acetone, and then reduced using NaCNBH3, using methanol as the solvent with catalytic 

glacial acetic acid (Figure 2.14). 91 

 After N-isopropyl-L-phenylalanine and N-isopropyl-β-phenylalanine were synthesized, 

their IRI activity was tested using a splat-cooling assay. It was found that N-isopropyl-L-

phenylalanine is more IRI active than L-phenylalanine, having an IC50 = 1.3 mM [0.9, 1.7] 

compared to the L-phenylalanine’s IC50 = 14.0 mM [12.3, 15.6]. Moreover, N-isopropyl-β-

phenylalanine is less IRI active than β-phenylalanine, having an IC50 = 84.8 mM [63.7, 106.0] 

compared to β-phenylalanine’s IC50 = 56.2 mM [52.1, 66.7] (Figure 2.15). N-isopropyl-L-

phenylalanine showed a much better IRI activity when compared to N-isopropyl-β-

phenylalanine, with an IC50 = 1.3 mM [0.9, 1.7] and 82.5 mM [63.7, 106.0], respectively. This 

implies that modifying amino acids by synthesizing amino acid derivatives could be an effective 

method to enhance their IRI activity. However, different amino acids can have vastly different 

outcomes, as demonstrated by N-isopropyl-L-phenylalanine exhibited higher IRI activity than L-

phenylalanine, while N-isopropyl-β-phenylalanine have lower IRI activity when compared to β-

phenylalanine. 
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Figure 2.15: Dose-response curve of the N-isopropyl-L-phenylalanine, N-isopropyl-β-phenylalanine, and 2FA with IC50 values 

equaling 1.3 mM, 82.5 mM, and 1.8 mM, respectively. 

 The use of amino acid derivatives as cryoprotectants is plausible given their IRI activity, 

as N-isopropyl-phenylalanine IRI activity is comparable to that of 2FA, with an IC50 = 1.3 mM 

[0.9, 1.7] and 1.8 mM [1.7, 1.8], respectively (Figure 2.15). Among the tested amino acids and 

amino acid derivatives, N-isopropyl-phenylalanine had the highest IRI activity, and shows 

promise for further research in using N-alkyl derivatives of amino acid, by exploring different 

alkyl groups or alternative amino acids. 

 

2.5 Assessing the ability of amino acid functionalized Wang resin to inhibit ice 

recrystallization 

 Non-functionalized Wang resin does not show any measurable IRI activity. However, 

functionalizing the resin by coupling IRI active amino acids might cause the resin to exhibit IRI 

activity by interacting differently with the water molecules.  
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The first functionalized Wang resin tested for IRI was Wang-Gly-Fmoc (Figure 2.16). 

This molecule was used as the starting material to all the functionalized Wang resins synthesized 

in this research, hence, its IRI activity was tested as the baseline control. Following the same 

experimental procedure as Wang resin, the area of the ice crystals in wafers of 1%, 5%, 7.5%, 

10% and 20% w/v Wang-Gly-Fmoc in PBS was calculated to generate a dose-response curve. 

The highest w/v suspension, 20% w/v, was then binned and compared with control PBS for any 

significant difference in crystal size population (Figure 2.17).  

 

Figure 2.16: Structure of Wang-Gly-Fmoc. 
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Figure 2.17: Analysis of Wang-Gly-Fmoc. (A) Dose–response curve showing the IRI activity of Wang-Gly- at 1%, 5%, 7.5%, 

10%, and 20% w/v. (B) shows the distribution based on crystal size of the proportional area of ice crystals sorted into 20 bins, 

the smallest bin (bin 1) is for ice crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with 

ice crystals size (0.0038 – 0.0040) mm2. The figure compares 20% w/v Wang-Gly-Fmoc (Blue), with control PBS (Red), which 

are graphed using nonlinear lognormal regression curve. 

 

When the distribution of ice crystal size of 20% w/v Wang-Gly-Fmoc was compared to 

PBS, no statistically significant difference was observed, with a p-value > 0.1, indicating that 

20% w/v Wang-Gly-Fmoc is IRI inactive.  

Following the determination that Wang-Gly-Fmoc showed no measurable IRI activity, 

the Fmoc protecting group was removed, and Wang-Gly-NH2 (Figure 2.18) was subsequently 

tested for IRI activity, yielding similar results (Figure 2.19).  

 

Figure 2.18: Structure of Wang-Gly-NH2. 
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Figure 2.19: Analysis of Wang-Gly-NH2. (A) Dose–response curve showing the IRI activity of Wang-Gly- at 1%, 5%, 7.5%, 10%, 

and 20% w/v. (B) shows the distribution based on crystal size of the proportional area of ice crystals sorted into 20 bins, the 

smallest bin (bin 1) is for ice crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with ice 

crystals size (0.0038 – 0.0040) mm2. The figure compares 20% w/v Wang-Gly-NH2 (Blue), with control PBS (Red), which are 

graphed using nonlinear lognormal regression curve. 

When the ice crystal size distribution of 20% w/v Wang-Gly-NH2 was compared to PBS, 

no statistically significant difference was observed, with a p-value > 0.1, indicating that 20% w/v 

Wang-Gly-NH2 is IRI inactive.  

 Wang-Gly-Phe-Fmoc (Figure 2.20) was tested next, as L-phenylalanine was the most IRI 

active amino acid among those previously tested. However, 20% w/v Wang-Gly-Phe-Fmoc 
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showed no statistically significant difference from the control PBS, with a p-value > 0.1 (Figure 

2.21). 

 

Figure 2.20: Structure of Wang-Gly-Phe-Fmoc. 
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Figure 2.21: Analysis of Wang-Phe-Fmoc. (A) Dose–response curve showing the IRI activity of Wang-Phe-Fmoc at 5%, 7.5%, 

10%, and 20% w/v. (B) shows the distribution based on crystal size of the proportional area of ice crystals sorted into 20 bins, 

the smallest bin (bin 1) is for ice crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with 
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ice crystals size (0.0038 – 0.0040) mm2. The figure compares 20% w/v Wang-Phe-Fmoc (Blue), with control PBS (Red), which 

are graphed using nonlinear lognormal regression curve. 

The Fmoc protecting group in Wang-Gly-Phe-Fmoc was subsequently removed, resulting 

in Wang-Gly-Phe-NH2 (Figure 2.22), which was then tested for its IRI activity. The ice crystal 

size distribution of 20% w/v Wang-Gly-Phe-NH2 showed no statistically significant difference 

from the control PBS, with a p-value < 0.1 (Figure 2.23). 

 

Figure 2.22: Structure of Wang-Gly-Phe-NH2. 
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Figure 2.23: Analysis of Wang-Phe-NH2. (A) Dose–response curve showing the IRI activity of Wang-Phe-NH2 at 1%, 5%, 7.5%, 

10%, and 20% w/v. (B) shows the distribution based on crystal size of the proportional area of ice crystals sorted into 20 bins, 

the smallest bin (bin 1) is for ice crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with 

ice crystals size (0.0038 – 0.0040) mm2. The figure compares 20% w/v Wang-Phe-NH2 (Blue), with control PBS (Red), which are 

graphed using nonlinear lognormal regression curve. 

 As L-phenylalanine – an amino acid with a hydrophobic R-group – cojugated to Wang 

resin showed no IRI activity. L-lysine was used next to functionalized Wang-resin (Figure 2.24), 

which contains a hydrophilic R-group instead of the hydrophobic L-phenylalanine. 
The ice crystal size distribution of 20% w/v Wang-Gly-Lys-NH2 showed no statistically 

significant IRI activity when compared to the control PBS, with a p-value > 0.1 (Figure 2.25). 

 

Figure 2.24: Structure of Wang-Gly-Lys-NH2. 

B 



40 
 

log (% w/v)
v

n
o

rm

0.0 0.5 1.0 1.5 2.0

0

50

100

150

 

1 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Proportional area of crystal size in sample

Bin number

P
ro

p
o

rt
io

n
a
l 
a

re
a

PBS

20% Wang-Gly-Lys-NH2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Bin number

P
ro

p
o

rt
io

n
a
l 
a

re
a

 

Figure 2.25: Analysis of Wang-Lys-NH2. (A) Dose–response curve showing the IRI activity of Wang- Lys-NH2 at 1%, 5%, 7.5%, 

10%, and 20% w/v. (B) shows the distribution based on crystal size of the proportional area of ice crystals sorted into 20 bins, 

the smallest bin (bin 1) is for ice crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with 

ice crystals size (0.0038 – 0.0040) mm2. The figure compares 20% w/v Wang- Lys-NH2 (Blue), with control PBS (Red), which are 

graphed using nonlinear lognormal regression curve. 

 The bin population distribution among all the functionalized Wang resins – Wang-Gly-

Fmoc, Wang-Gly-NH2, Wang-Gly-Phe-Fmoc, Wang-Gly-Phe-NH2, and Wang-Gly-Lys-NH2 – 

alongside 2FA as an IRI active control, were all normalized using their respective blank PBS and 

compared (Figure 2.26). The higher the normalized proportional area in the first two bins (1 and 

2), the more IRI active the sample is. All the tested functionalized Wang resins showed no IRI 

activity when compared to 2FA, with 2FA having a normalized proportional area of 187.3 in the 
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first bin, while the resin-PBS suspensions never exceeded 10 (Figure 2.26). These results 

coincide with the data obtained when comparing the functionalized Wang resin with PBS, as 

none of the resins showed any IRI activity. 
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Figure 2.26: Comparing the bin distribution of the functionalized Wang resin as a function of normalized proportional area. 

 These results (Figures 2.17, 2.19, 2.21, 2.23, 2.25, and 2.26) indicate that Wang-Gly-

Fmoc, Wang-Gly-NH2, Wang-Gly-Phe-Fmoc, Wang-Gly-Phe-NH2, and Wang-Gly-Lys-NH2 are 

not IRI active. When comparing the data acquired for the normalized proportional area of ice 

crystals between the functionalized Wang resin and 2FA, the area occupied by smaller ice 

crystals was statistically equivalent to that of PBS. Hence, it is concluded that the tested Wang 

resin and functionalized Wang resin do not show any IRI activity. However, different resins, 

such as the hydrophilic PEGA resin, can be explored, as PEGA resin is a hydrophilic organic 

resin and will interact differently with PBS compared to Wang resin. 72–76 
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2.6 Assessing the ability of PEGA resin to inhibit ice recrystallization 

 

 

Figure 2.27: Structure of PEGA resin 72–76  

As the tested Wang resin and functionalized Wang resin were found to be IRI inactive, 

the IRI activity of a different resin was explored. Given that Wang resin is hydrophobic, a 

hydrophilic alternative was selected. PEGA resin (Figure 2.27) is a large, hydrophilic, PBS-

insoluble resin that mixes more readily in PBS compared to Wang resin. (Figure 2.28). 72–76 

 

Figure 2.28: Image of 5% w/v PEGA resin (left) and 5% w/v Wang resin (right) in PBS. 

PEGA resin was analyzed using the same methodology as Wang resin and functionalized 

Wang resin. However, unlike Wang resin, PEGA resin suspensions greater than 5% w/v in PBS 

formed a sludge-like mixture. When this suspension was frozen during the splat-cooling assay, a 
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Figure 2.29: Images taken from the same frozen wafer of a 5% w/v PEGA-PBS suspension at 20x magnification, comparing 

regions with and without PEGA resin beads visible within the field of view. (A) Shows a region with no visible PEGA resin beads, 

(B) Shows a region with at least one PEGA resin bead (2 PEGA beads in this case). 

thick ice wafer was formed, making IRI analysis at concentrations above 5% w/v extremely 

difficult. As a result, generating a full dose-response curve ranging from 1% to 20% w/v – as 

was used for Wang resin – was not feasible. However, creating this dose-response curve was not 

required, as a single % w/v resin-PBS suspension alongside blank PBS provides sufficient data 

to assess the IRI activity of PEGA resin. When 5% w/v PEGA resin in PBS was analyzed using 

the splat-cooling assay, ice crystals around the bead appeared smaller than those further away 

(Figure 2.29). 

  

 PEGA resin, PEGA-Phe-NH₂, and PEGA-Lys-NH₂ at 5% w/v in PBS were assessed for 

their IRI activity using a splat-cooling assay, with blank PBS for comparison. Multiple images 

from each wafer were analyzed, including at least one image without any resin beads, and 

another image with a minimum of one resin bead. (Figure 2.29). After those images were 

captured, the area of each ice crystal in both images was calculated, binned, and then compared 

to the blank PBS. 

B A 
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 The data obtained showed that 5% w/v PEGA resin, PEGA-Phe-NH2, and PEGA-Lys-

NH2 suspensions in PBS had slightly smaller ice crystals than the control blank PBS. The 5% 

w/v PEGA-PBS suspension has (67.5 ± 6.0) % of ice crystal areas with size less than 0.001 mm2 

(first five bins), while the blank PBS has (45.5 ± 4.6) % within the same range. This trend was 

consistent with PEGA-Lys-NH2 and PEGA-Phe-NH2, with (57.5 ± 4.8) % and (74.2 ± 5.8) % ice 

crystal areas with size less than 0.001 mm2, respectively (Figure 2.29). However, when 

compared to an IRI active molecule, 2FA, which has (87.7 ± 4.2) % of ice crystals with size less 

than 0.0004 mm2 (first two bins), it is concluded that PEGA resin is IRI inactive. 
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Figure 2.30: Distribution based on the proportional area of ice crystals sorted into 20 bins, the smallest bin (bin 1) is for ice 

crystals with size (0-0.0002) mm2, with an incremental increase of 0.0002 mm2 until bin 20, with ice crystals size (0.0038 – 

0.0040) mm2. (A) shows the bin population distribution comparing PEGA resin and blank PBS, (B) shows the bin population 

distribution comparing PEGA-Lys-NH2 resin and blank PBS, (C) shows the bin population distribution comparing PEGA-Lys-

NH2 resin and blank PBS, (D) shows the bin population distribution comparing 2FA and blank PBS, (E) comparing the bin 

population distribution of the PEGA resin, PEGA-Lys-NH2 resin, PEGA-Phe-NH2 resin, and 2FA as a function of normalized 

proportional area. 

 Using PEGA resin as an IRI active molecule showed marginally better results than Wang 

resin. However, the IRI activity is not significant when compared with 2FA. Functionalizing 

PEGA resin with L-phenylalanine caused the resin to show better IRI activity when compared to 

non-functionalized PEGA resin (Figure 2.30). This indicates the possibility of PEGA resin 

showing IRI activity if functionalized with different molecules, such as N-isopropyl-

phenylalanine. 
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3 Conclusion and future work 

 This thesis investigated the effect of organic resins – Wang and PEGA resins – on ice 

recrystallization. Wang resin, along with Wang resin functionalized with Gly-Fmoc, Gly-Phe-

Fmoc, Gly-NH2, Gly-Phe-NH2, and Gly-Lys-NH2 (Figures 2.16 – 2.26) exhibited no measurable 

IRI activity. Similarly, PEGA resin and PEGA resin functionalized with Phe-NH2 and Lys-NH2 

(Figure 2.30) showed no IRI activity when compared to an IRI active molecule, 2FA. However, 

analysis of ice crystal size distribution revealed that PEGA-PBS and functionalized PEGA-PBS 

suspensions exhibited a greater skew toward smaller ice crystals compared to Wang resin and 

functionalized Wang resin — most notably when compared to PEGA-Phe-NH2 (Figure 2.30). 

Further exploration is needed on the effect of PEGA resin beads on IRI activity, by 

functionalizing the PEGA resin with small molecules exhibiting greater IRI activity than L-

phenylalanine, such as N-isopropyl-L-phenylalanine. 

 Meanwhile, the amino acids tested in this thesis demonstrated varying degrees of IRI 

activity, with L-phenylalanine being the most effective, exhibiting an IC50 = 14.0 mM [12.3, 

15.6] The IRI activity of β-amino acids (β-alanine, β-leucine, β-phenylalanine) was also tested; 

however, they exhibited lower IRI activity compared to their corresponding α-isomer. To 

confirm and better understand this trend, a broader variety of β-amino acids and their α-isomers 

should be investigated. 

The amino acid tested with the highest IRI activity, L-phenylalanine, was further 

investigated by synthesizing and testing the IRI activity of its N-acyl (Figure 2.10) and N-alkyl 

(Figure 2.13) derivatives. The N-acyl derivatives of L-phenylalanine either exhibited less IRI 

activity than the parent amino acid, or no measurable IRI activity. Due to N-acyl derivative’s low 

solubility in PBS and poor IRI activity, the focus shifted toward a more soluble derivative of L-
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phenylalanine, N-alkyl-L-phenylalanine. The tested N-alkyl derivative, N-isopropyl-L-

phenylalanine, showed promising results with an IC50 = 1.3 mM [0.9, 1.7], demonstrating 

significantly greater IRI activity than L-phenylalanine (IC50 = 14.0 mM [12.3, 15.6]). Future 

research should explore the IRI activity of additional secondary amine derivatives. 

  



49 
 

4 Experimental 

 

4.1 Splat-cooling assay  

 For a general splat-cooling assay, a sample solution of known concentration was prepared 

by dissolving the sample in phosphate-buffered saline (PBS), a solution made by dissolving 1.44 

g Na2HPO4, 8.00 g NaCl, 0.24 g KH2PO4, and 0.20 g KCl in 1 L H2O with its pH adjusted to 

7.32 using NaOH. The stock sample solution prepared was then diluted to prepare more solutions 

of lower concentrations through serial dilution. 54 

 In case of the non-soluble resin samples, the samples ware prepared in a suspension at a 

known % w/v, for example, 0.2 g Wang resin in 0.8 mL PBS to make 20% Wang resin 

suspension. The suspension was then sonicated for 1 hour, with manual shaking performed every 

10 minutes for a few seconds to ensure uniform mixing. After sonication, the suspension was 

ready for splat-cooling assay. 

The splat-cooling assay was performed by first preparing a polished aluminum block, 

which was cooled using dry-ice, maintaining a temperature around -80 °C. A 10 μL drop of the 

sample was then dropped from a height of 2 meters onto the block. However, if the sample was 

an insoluble resin suspension, it was manually shaken for a few seconds beforehand. Upon 

contact, a single-layer ice wafer approximately 1 cm in diameter was formed. The wafer was 

then transferred to a cover slip and placed on a pre-cooled Peltier platform set to -6.4 °C for 5 

minutes, where it was allowed to anneal. Following this, images were taken using a microscope 

at 20x magnification. The images were analyzed by manually circling each ice crystal and 

measuring their areas using ImageJ. After calculating the areas, the ice crystals were categorized 
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into bins in Excel, with bin sizes increasing in increments of 0.0002 mm², up to 0.004 mm², 

followed by graphing the data using GraphPad Prism 9.0.0. 54 

4.2 Functionalised Wang and PEGA resins using solid phase synthesis  

1) Wang-Gly-Fmoc → Wang-Gly-Phe-NH2 

Wang-Gly-Fmoc (0.2072 g, 0.145 mmol) was first swollen in 5 mL DMF for 45 minutes, the 

swollen resin was washed using 3 mL DMF three times, followed by gentle mixing using a lab 

shaker with 3 mL of 20% piperidine in DMF solution for 45 minutes, the gentle mixing was 

repeated three times. After the third 20% piperidine cycle concluded, the resin was washed with 

3 mL DMF three times. Resulting in Wang-Gly-NH2 (0.0625 g). The acquired resin was gently 

mixed with L-Phenylalanine-Fmoc (0.1587 g, 0.410 mmol), HBTU (0.1540 g, 0.406 mmol), and 

DIPEA (0.15 mL, 0.861 mmol) in 3 mL DMF overnight. The resin was subsequently washed 

with 3 mL DMF five times to remove the excess reagents. The obtained resin was then mixed 

gently using a lab shaker with 3 mL of 20% piperidine in DMF solution for 45 minutes, this was 

repeated three times. After the third 20% piperidine cycle concluded, the resin was washed with 

3 mL DMF three times. A Kaizer test was then performed to confirm reaction completion. The 

final product was dried under vacuum, obtaining 0.0408 g Wang-Gly-Phe-NH2.
 78 
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2) Wang-Gly-Fmoc → Wang-Gly-Lys-NH2

 

 

Wang-Gly-Fmoc (0.1452 g, 0.102 mmol) was first swollen in 5 mL DMF for 45 minutes, 

the swollen resin was washed using 3 mL DMF three times, followed by gentle mixing using a 

lab shaker with 3 mL of 20% piperidine in DMF solution for 45 minutes, the gentle mixing was 

repeated three times. After the third 20% piperidine cycle concluded, the resin was washed with 

3 mL DMF three times. The acquired resin was gently mixed with L-lysine(Fmoc)-Fmoc (0.3581 

g, 0.606 mmol), HBTU (0.3471 g, 0.915 mmol), and DIPEA (0.15 mL, 0.861 mmol) in 3 mL 

DMF overnight. The resin was subsequently washed with 3 mL DMF five times to remove the 

excess reagents. The obtained resin was then mixed gently using a lab shaker with 3 mL of 20% 

piperidine in DMF solution for 45 minutes, this was repeated three times. After the third 20% 

piperidine cycle concluded, the resin was washed with 3 mL DMF three times. A Kaizer test was 

then performed to confirm reaction completion. The final product was dried under vacuum, 

obtaining 0.0505 g Wang-Gly-Lys-NH2.
 78 
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3) PEGA-Fmoc → PEGA-Phe-NH2 

 

 

PEGA-Fmoc (0.08380 g, 0.034 mmol) was first swollen in 5 mL DMF for 45 minutes, 

the swollen resin was washed using 3 mL DMF three times, followed by gentle mixing using a 

lab shaker with 3 mL of 20% piperidine in DMF solution for 45 minutes, the gentle mixing was 

repeated three times. After the third 20% piperidine cycle concluded, the resin was washed with 

3 mL DMF three times. The acquired resin was gently mixed with L-Phenylalanine-Fmoc 

(0.0150 g, 0.0387 mmol), HBTU (0.0262 g, 0.069 mmol), and DIPEA (0.04 mL, 0.230 mmol) in 

3 mL DMF overnight. The resin was subsequently washed with 3 mL DMF five times to remove 

the excess reagents. The obtained resin was then mixed gently using a lab shaker with 3 mL of 

20% piperidine in DMF solution for 45 minutes, this was repeated three times. After the third 

20% piperidine cycle concluded, the resin was washed with 3 mL DMF three times. A Kaizer 

test was then performed to confirm reaction completion. The final product was dried under 

vacuum, obtaining 0.0241 g PEGA-Phe-NH2.
 78 

 

4) PEGA-Fmoc → PEGA-Lys-NH2 
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PEGA-Fmoc (0.1002 g, 0.040 mmol) was first swollen in 5 mL DMF for 45 minutes, the 

swollen resin was washed using 3 mL DMF three times, followed by gentle mixing using a lab 

shaker with 3 mL of 20% piperidine in DMF solution for 45 minutes, the gentle mixing was 

repeated three times. After the third 20% piperidine cycle concluded, the resin was washed with 

3 mL DMF three times. The acquired resin was gently mixed with L-lysine(Fmoc)-Fmoc 

(0.0.0364 g, 0.0616 mmol), HBTU (0.0334 g, 0.088 mmol), and DIPEA (0.05 mL, 0.287 mmol) 

in 3 mL DMF overnight. The resin was subsequently washed with 3 mL DMF five times to 

remove the excess reagents. The obtained resin was then mixed gently using a lab shaker with 3 

mL of 20% piperidine in DMF solution for 45 minutes, this was repeated three times. After the 

third 20% piperidine cycle concluded, the resin was washed with 3 mL DMF three times. A 

Kaizer test was then performed to confirm reaction completion. The final product was dried 

under vacuum, obtaining 0.0492 g PEGA-Phe-NH2.
 78 
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4.3 Acylation of phenylalanine  

The L-phenylalanine, β-phenylalanine, and all anhydrides used in this experiment were 

purchased from Sigma-Aldrich. The sodium bicarbonate used was purchased from ACP 

chemicals. 

1) Synthesis of N-acetyl-L-phenylalanine        

 

L-phenylalanine (0.3000 g, 1.82 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in H2O. 

Subsequently, acetic anhydride (0.267 mL, 2.82 mmol) was added to the solution and stirred at 0 

oC overnight. Reaction completion was tested using TLC; if the reaction was incomplete, 

additional acetic anhydride was added. Once the reaction was completed, the solution was 

acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to precipitate. The 

resulting mixture was then refrigerated overnight, followed by filtration and washing with cold 

H2O. The acquired white solid was then dried under vacuum and weighed. N-acetyl-L-

phenylalanine (0.0323 g, 0.15 mmol) was obtained, with a total yield of 8.2%. 89 1H NMR (600 

MHz, CDCl3): δ 7.22-7.26 (t, J = 7.2 Hz, 2H), 7.18-7.21 (t, J = 7.2 Hz, 1H), 7.11-7.08 (d, J = 7.2 

Hz, 2H), 4.73-4.79 (d, J = 5.5 Hz, 1H), 4.75-4.80 (q, J = 6.0 Hz, 1H), 3.14-3.20 (dd, J = 8.6, 5.6 

Hz, 1H), 3.04-3.10 (dd, J = 8.6, 5.6 Hz, 1H), 1.94-1.91 (s, 3H) ppm.  
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2) Synthesis of N-isobutyric-L-phenylalanine        

 

L-phenylalanine (0.3030 g, 1.83 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in H2O. 

Subsequently, isobutyric anhydride (0.267 mL, 2.82 mmol) was added to the solution and stirred 

at 0 oC overnight. Reaction completion was tested using TLC; if the reaction was incomplete, 

additional isobutyric anhydride was added. Once the reaction was completed, the solution was 

acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to precipitate. The 

resulting mixture was then refrigerated overnight, followed by filtration and washing with cold 

H2O. The acquired white solid was then dried under vacuum and weighed. N-isobutyric-L-

phenylalanine (0.1053 g, 0.45 mmol) was obtained, with a total yield of 24.6%. 89 1H NMR (600 
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MHz, DMSO-d6): δ 12.30-13.00 (br s, 1H), 7.98-8.03 (d, J = 8.3 Hz, 1H), 7.17-7.28 (m, 5H), 

4.38-4.40 (ddd, J = 4.8, 3.1, 1.6 Hz, 1H), 3.03-3.08 (dd, J = 9.2, 4.3 Hz, 1H), 2.82-2.88 (dd, J = 

9.9, 3.8 Hz, 1H), 2.32-2.40 (sept, J = 6.8 Hz, 1H), 0.91-0.94 (d, J = 6.8 Hz, 3H), 0.82-0.85 (d, J 

= 6.8 Hz, 3H) ppm. 13C NMR (600 MHz, DMSO-d6): δ 175.2, 172.8, 137.0, 128.5, 127.4, 125.7, 

52.5, 36.2, 33.0, 18.9, 18.5 ppm.  
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3) Synthesis of Boc-L-phenylalanine      

 

L-phenylalanine (0.3003 g, 1.82 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in 

H2O. Subsequently, trimethylacetic anhydride (0.445 mL, 2.19 mmol) was added to the solution 

and stirred at 0 oC overnight. Reaction completion was tested using TLC; if the reaction was 

incomplete, additional trimethylacetic anhydride was added. Once the reaction was completed, 

the solution was acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to 

precipitate. The resulting mixture was then refrigerated overnight, followed by filtration and 

washing with cold H2O. The acquired white solid was then dried under vacuum and weighed. 

Boc-L-phenylalanine (0.00335 g, 0.134 mmol) was obtained, with a total yield of 7.4%. 89 1H 

NMR (600 MHz, DMSO-d6): δ 12.54-12.74 (br s, 1H), 7.50-7.55 (d, J = 6.8 Hz, 1H), 7.27-7.20 

(m, 5H), 4.38-4.40 (ddd, J = 4.7, 3.8, 2.1 Hz, 1H), 3.03-3.08 (dd, J = 9.2, 4.3 Hz, 1H), 2.82-2.88 

(dd, J = 9.2, 4.3 Hz, 1H), 1.00-0.99 (s, 9H) ppm. 
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4) Synthesis of N-butyric-L-phenylalanine 

 

L-phenylalanine (0.2727 g, 1.65 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in H2O. 

Subsequently, butyric anhydride (0.324 mL, 1.98 mmol) was added to the solution and stirred at 

0 oC overnight. Reaction completion was tested using TLC; if the reaction was incomplete, 

additional butyric anhydride was added. Once the reaction was completed, the solution was 

acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to precipitate. The 

resulting mixture was then refrigerated overnight, followed by filtration and washing with cold 

H2O. The acquired white solid was then dried under vacuum and weighed. N-butyric-L-

phenylalanine (0.2113 g, 0.899 mmol) was obtained, with a total yield of 54.5%. 89 1H NMR 
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(600 MHz, CDCl3): δ 7.26-7.22 (m, 2H), 7.20 -7.22 (m, 1H), 7.12-7.09 (m, 2H), 5.72-5.77 (d, J 

= 7.0 Hz, 1H), 4.75-4.80 (q, J = 7.0 Hz, 1H), 3.16-3.21 (dd, J = 8.6, 5.6 1H), 3.04-3.09 (dd, J = 

8.6, 5.6 Hz, 1H), 2.07-2.11 (td, J = 5.8, 2.1 Hz, 2H), 1.50-1.58 (sx, J = 7.4 Hz, 2H), 0.81-0.85 (t, 

J = 7.4 Hz, 3H) ppm. 

 

 

5) Synthesis of N-benzoyl-L-phenylalanine 

 

L-phenylalanine (0.3412 g, 2.07 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in H2O. 

Subsequently, benzoic anhydride (0.3713 g, 1.64 mmol) was added to the solution and stirred at 

0 oC overnight. Reaction completion was tested using TLC; if the reaction was incomplete, 
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additional benzoic anhydride was added. Once the reaction was completed, the solution was 

acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to precipitate. The 

resulting mixture was then refrigerated overnight, followed by filtration and washing with cold 

H2O. The acquired white solid was then dried under vacuum and weighed. N-benzoyl-L-

phenylalanine (0.4111 g, 1.53 mmol) was obtained, with a total yield of 93.3%. 89 1H NMR (600 

MHz, CDCl3): δ 7.83-7.86 (m, 2H), 7.58-7.61 (m, 1H), 7.50-7.56 (m, 1H), 7.42 -7.46 (m, 2H), 

7.36 -7.40 (m, 1H), 7.22-7.35 (m, 3H), 3.93-3.97 (dt, J = 4.8, 2.9 Hz, 1H), 3.22-3.33 (dd, J = 9.1, 

15.54 Hz, 1H), 3.00-3.10 (dd, J = 9.1, 11.0 Hz, 1H) ppm.  
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6) Synthesis of N-acetyl-β-phenylalanine 

 

β-phenylalanine (0.3003 g, 1.82 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in H2O. 

Subsequently, acetic anhydride (0.206 mL, 2.18 mmol) was added to the solution and stirred at 0 

oC overnight. Reaction completion was tested using TLC; if the reaction was incomplete, 

additional acetic anhydride was added. Once the reaction was completed, the solution was 

acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to precipitate. The 

resulting mixture was then refrigerated overnight, followed by filtration and washing with cold 

H2O. The acquired white solid was then dried under vacuum and weighed. N-acetyl-β-

phenylalanine (0.0083 g, 0.040 mmol) was obtained, with a total yield of 2.2%. 89 1H NMR (600 

MHz, acetone-d6): δ 7.43-7.46 (m, 2H), 7.34-7.39 (m, 2H), 7.26-7.30 (m, 1H), 5.42-5.46 (t, J = 

7.1 Hz, 1H), 2.90-2.95 (dd, J = 8.3, 7.5 Hz, 1H), 2.81-2.86 (dd, J = 8.3, 7.5 Hz, 1H), 1.33-1.35 

(s, 3H) ppm.  
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7) Synthesis of N-isobutyric-β-phenylalanine 

 

β-phenylalanine (0.2989 g, 1.81 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in H2O. 

Subsequently, isobutyric anhydride (0.344 mL, 2.17 mmol) was added to the solution and stirred 

at 0 oC overnight. Reaction completion was tested using TLC; if the reaction was incomplete, 

additional isobutyric anhydride was added. Once the reaction was completed, the solution was 

acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to precipitate. The 

resulting mixture was then refrigerated overnight, followed by filtration and washing with cold 

H2O. The acquired white solid was then dried under vacuum and weighed. N-isobutyric-β-

phenylalanine (0.2268 g, 0.972 mmol) was obtained, with a total yield of 53.7%. 89 1H NMR 
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(600 MHz, D2O): δ 7.29-7.41 (m, 5H), 5.21-5.26 (t, J = 7.1 Hz, 1H), 2.81-2.91 (m, 2H), 2.45-

2.54 (sept, J = 6.8 Hz, 1H), 1.04-1.08 (d, J = 6.8 Hz, 3H), 1.00-1.03 (d, J = 6.8 Hz, 3H) ppm.  

 

 

8) Synthesis of Boc-β-phenylalanine 

 

β-phenylalanine (0.2993 g, 1.81 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in 

H2O. Subsequently, trimethylacetic anhydride (0.643 mL, 3.17 mmol) was added to the solution 

and stirred at 0 oC overnight. Reaction completion was tested using TLC; if the reaction was 

incomplete, additional trimethylacetic anhydride was added. Once the reaction was completed, 

the solution was acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to 
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precipitate. The resulting mixture was then refrigerated overnight, followed by filtration and 

washing with cold H2O. The acquired white solid was then dried under vacuum and weighed. 

Boc-β-phenylalanine (0.1925 g, 0.772 mmol) was obtained, with a total yield of 42.7%. 89 1H 

NMR (600 MHz, CDCl3): δ 7.24-7.29 (m, 2H), 7.18-7.22 (m, 3H), 6.66-6.70 (d, J = 8.0 Hz, 1H), 

5.31-5.35 (dt, J = 5.8, 2.3 Hz, 1H), 2.87-2.92 (dd, J = 10.3, 5.8 Hz, 1H), 2.78-2.83 (dd, J = 10.3, 

5.8 Hz, 1H), 1.13-1.14 (s, 9H) ppm. 13C NMR (600 MHz, DMSO-d6): δ 174.8, 140.4, 128.8, 

127.7, 126.1, 49.2, 39.5, 38.8, 27.5 ppm. 
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9) Synthesis of N-butyric-β-phenylalanine      

 

β-phenylalanine (0.3030 g, 1.83 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in 

H2O. Subsequently, butyric anhydride (0.360 mL, 2.20 mmol) was added to the solution and 

stirred at 0 oC overnight. Reaction completion was tested using TLC; if the reaction was 

incomplete, additional butyric anhydride was added. Once the reaction was completed, the 

solution was acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to 

precipitate. The resulting mixture was then refrigerated overnight, followed by filtration and 

washing with cold H2O. The acquired white solid was then dried under vacuum and weighed. N-

butyric-β-phenylalanine (0.2271 g, 0.970 mmol) was obtained, with a total yield of 52.7%. 89 1H 
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NMR (600 MHz, DMSO-d6): δ 12.16-12.27 (br s, 1H), 8.27-8.31 (d, J = 8.3 Hz, 1H), 7.28-7.33 

(m, 4H), 7.20-7.24 (m, 1H), 5.16-5.22 (q, J = 7.6 Hz, 1H), 2.65-2.69 (dd, J = 8.2, 3.8 1H), 2.61-

2.69 (dd, J = 8.2, 3.8 1H), 2.03-2.07 (td, J = 4.6, 2.8 Hz, 2H), 1.44-1.52 (sx, J = 7.1 Hz, 2H), 

0.79-0.84 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (600 MHz, DMSO-d6): δ 171.1 170.5, 142.2, 

127.7, 126.3, 125.8, 48.7, 40.5, 36.7, 18.1, 12.9 ppm.  
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10) Synthesis of N-benzoyl-β-phenylalanine 

 

β-phenylalanine (0.3323 g, 1.98 mmol) was dissolved in 5.00 mL of 5% NaHCO3 in 

H2O. Subsequently, butyric anhydride (0.26.8 g, 1.65 mmol) was added to the solution and 

stirred at 0 oC overnight. Reaction completion was tested using TLC; if the reaction was 

incomplete, additional butyric anhydride was added. Once the reaction was completed, the 

solution was acidified to a pH of 2 by adding 6 M HCl dropwise, which caused the product to 

precipitate. The resulting mixture was then refrigerated overnight, followed by filtration and 

washing with cold H2O. The acquired white solid was then dried under vacuum and weighed. N-

butyric-β-phenylalanine (0.3483 g, 1.30 mmol) was obtained, with a total yield of 79.0%. 89 1H 

NMR (600 MHz, acetone-d6): δ 8.10-8.11 (m, 2H), 7.93-7.96 (m, 2H), 7.67-7.71 (m, 1H), 7.47-

7.52 (m, 2H) , 7.37-7.41 (m, 2H), 7.28-7.32 (m, 1H), 5.69-5.73 (t, J = 7.3 Hz, 1H), 3.08-3.13 

(dd, J = 8.0, 7.8 1H), 2.97-3.02 (dd, J = 9.4, 6.4 1H) ppm.  
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4.4 Reductive amination of phenylalanine  

The L-phenylalanine, β-phenylalanine, sodium cyanoborohydride, acetone, and methanol 

used in this experiment were purchased from Sigma-Aldrich. The glacial acetic acid used was 

purchased from ACP chemicals. 

 

1) Synthesis of N-isopropyl-L-phenylalanine  

 

 L-phenylalanine (0.3058 g, 1.85 mmol) was dissolved in 4 mL dry methanol, along with 

2-3 drops of glacial acetic acid. Subsequently, acetone (0.125 mL, 1.56 mmol) and NaCNBH3 

(0.1643 g, 2.65 mmol) were added, which was then stirred for 1 hour. Reaction completion was 

tested using TLC; since the reaction was incomplete, additional acetone (0.125 mL, 1.56 mmol) 

was added, and stirred for another hour. Upon reaction completion, a white precipitate was 

observed. The reaction mixture was refrigerated overnight, then filtered and washed with cold 

methanol. The resulting white solid was dried under vacuum and weighed. N-isopropyl-L-

phenylalanine (0.3029 g, 1.46 mmol) was obtained, with a total yield of 79.0%. 91 1H NMR (600 

MHz, D2O): δ 7.35-7.39 (m, 2H), 7.30-7.34 (m, 2H), 7.26-7.30 (m, 1H), 3.89-3.92 (t, J = 7.2 Hz, 

1H), 3.34-3.41 (sept, J = 6.6 Hz, 1H), 3.19-3.14 (dd, J = 7.7, 6.4 1H), 3.10-3.14 (dd, J = 7.4, 6.7 

1H), 1.25-1.27 (d, J = 6.6 Hz, 3H), 1.22-1.24 (d, J = 6.6 Hz, 3H) ppm. 13C NMR (600 MHz, 

D2O): δ 173.2 129.3, 129.0, 127.6, 105.1, 61.1, 50.5, 36.3, 18.9, 17.8 ppm.  
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2) Synthesis of N-isopropyl-β-phenylalanine  

 

 β-phenylalanine (0.3010 g, 1.82 mmol) was dissolved in 4 mL dry methanol, along with 

2-3 drops of glacial acetic acid. Subsequently, acetone (0.16 mL, 2.13 mmol) and NaCNBH3 

(0.1370 g, 2.19 mmol) were added, which was then stirred for 1 hour. Reaction completion was 

tested using TLC; since the reaction was incomplete, additional acetone (0.16 mL, 2.13 mmol) 

was added, and stirred for another hour. Upon reaction completion, a white precipitate was 

observed. The reaction mixture was refrigerated overnight, then filtered and washed with cold 

methanol. The resulting white solid was dried under vacuum and weighed. N-isopropyl-β-

phenylalanine (0.1764 g, 0.85 mmol) was obtained, with a total yield of 46.0%. 91 1H NMR (600 

MHz, DMSO-d6): δ 7.37-7.40 (m, 2H), 7.29-7.33 (m, 2H), 7.20-7.24 (m, 1H), 4.08-4.12 (dd, J = 

5.1, 4.4 Hz, 1H), 2.52-2.59 (sept, J = 6.3 Hz, 1H), 2.30-2.36 (dd, J = 9.6, 5.6 1H), 2.19-2.25 (dd, 

J = 10.8, 4.4 1H), 0.98-1.01 (d, J = 6.3 Hz, 3H), 0.92-0.94 (d, J = 6.3 Hz, 3H) ppm. 13C NMR 

(600 MHz, DMSO-d6): δ 171.3 127.6, 126.5, 126.3, 103.9, 56.4, 44.6, 43.1, 22.7, 20.3 ppm.  
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4.5 N-(2-fluorophenyl)-d-gluconamide (2FA) synthesis  

 

 

D-gluconic acid-d-lactone (2.0696 g, 11.6 mmol, 1 eq) was dissolved in acetic acid (20 mL), 

followed by the addition of 2-fluoroaniline (3.2 mL, 33.3 mmol, 3 eq). The reaction mixture was 

stirred under reflux at 100 oC for 1 hour, resulting in a brown sludge. The crude product was then 

recrystalized using ethanol solvent, filtered, and dried under vacuum. Obtaining a final mass of 

0.7262 g, 2.51 mmol 2FA, with a total yield of 21.6 %. 41 1H NMR (600 MHz, DMSO-d6): δ 

9.20 (br. s, 1H), 8.08-8.16 (td, J = 11.3 Hz, 4.7 Hz, 1H), 7.22-7.33 (m, 1H), 7.07-722 (m, 2H), 

5.90-6.00 (d, J = 9.4 Hz, 1H), 4.65-4.70 (d, J = 14.7 Hz, 1H), 4.58-4.65 (t, J = 10.2 Hz, 2H), 

4.35-4.42 (t, J = 10.5 Hz, 1H), 4.21-4.26 (t, J = 7.2 Hz, 1H), 3.99-4.05 (m, 1H), 3.45-3.64 (m, 

3H), 3.44-3.36 (m, 1H) ppm. 
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