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ABSTRACT 

CRYOPRESERVATION STUDIES OF AN ANTIFREEZE PROTEIN FROM THE 

DESERT BEETLE ANATOLICA POLITA  

by 

Jonathan Albert Sreter 

University of New Hampshire, May 2022 

 
Antifreeze proteins (AFPs) are specialized evolutionary adaptations by certain cold 

climate organisms, including fish, plants, fungi, bacteria, and insects, to prevent 

cryo-injury. AFPs contribute to freeze resistance or tolerance by binding to the 

surface of ice crystals and preventing their growth, as well as inhibiting ice 

recrystallization (i.e., small crystals restructuring into large crystals) during large 

temperature fluctuations and constant sub-zero temperatures. AFPs have 

potential applications in cryopreservation and in the development of cryo-

functional materials for medicine, the food industry, and agriculture. We 

investigated the ability of an antifreeze protein from the desert beetle Anatolica 

polita, ApAFP752, to confer cryoprotection in human embryonic kidney (HEK) 

293T cells. HEK 293T cells were transfected with ApAFP752, and/or ApAFP752 

was added to extracellular media prior to freezing at cryogenic temperature. AFP 

was assessed for its cryoprotective effects both intra- and extracellulary and both 

simultaneously at different concentrations with and without DMSO at different 

concentrations. After freezing and thawing, comparisons were made to DMSO or 

medium alone. ApAFP752 significantly improved cryopreserved cell survival when 

used with DMSO intracellularly. Extracellular ApAFP752 also significantly 
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improved cryopreserved cell survival when included in the DMSO freezing 

medium. Intra- and extracellular ApAFP752 used together demonstrated the most 

significantly increased cryoprotection compared to DMSO alone at all DMSO 

concentrations. Together, these findings present potential methods for using an 

insect antifreeze protein to confer cryoprotection and improve the viability of 

cryopreserved mammalian cells. 
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PROJECT AIMS AND HYPOTHESIS 

 

Project: Cryopreservation studies of the antifreeze protein ApAFP752  

Low temperature conditions, such as freezing, can be lethal to cellular organisms. 

There are various causes of low temperature damage: (i) direct effects of low 

temperature, such as cold induced protein denaturation (unfolding), (ii) direct 

effects of freezing, e.g. formation of ice crystals which physically rupture cell 

membranes and tissues, and (iii) indirect effects of freezing, i.e., elevated 

concentration of solutes (parts per trillion (ppt) of buffer salts) or pH changes due 

to exclusion by ice, as ice is a poor solvent. Nature employs a variety of 

compounds and strategies for freeze avoidance and freeze tolerance that enhance 

survival of certain organisms in extreme cold environments. In the 1960’s 

antifreeze proteins were first discovered in the blood plasma of Antarctic fish1 and 

have since been identified in diverse organisms that thrive in cold environments, 

including bacteria, insects, and plants. Antifreeze proteins have the ability to bind 

to ice crystals and inhibit crystal growth that would otherwise occur at the bound 

surfaces by a mechanism that is not fully understood.2,3 Potential applications of 

antifreeze proteins include their application in cryopreservation protocols.  

Effective cryopreservation and long-term storage are essential 

requirements to the commercial, research, and clinical applications of cell-based 

therapies. Although successful cell preservation protocols have been developed 

over the past decades, they have significant limitations. Long-term storage is 
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accomplished by freezing and storing the cells at -196 °C in liquid nitrogen. 

However, effective cryoprotection during storage is essential to maintain the 

viability of cells after thawing to avoid irreparable damage due to ice crystals and 

solution effects. Most cryopreservation procedures utilize 5-10% dimethyl 

sulfoxide (DMSO) as the cryoprotectant, but DMSO can have harmful effects by 

causing adverse reactions in patients and exhibiting cellular toxicity. Alternative 

cryoprotectant formulations are needed to avoid the undesirable effects of high 

concentrations of DMSO. The goals of the project were accomplished in the 

following specific aims: 

 

Aim 1: Characterize the antifreeze activity of the antifreeze protein 

ApAFP752. We hypothesized that ApAFP752 not only exhibits thermal hysteresis 

activity, but also potent ice recrystallization inhibition. Ice recrystallization is a 

phenomenon that occurs when small ice crystals fuse together to form large ice 

crystals. AFPs can bind directly with the ice surface to inhibit ice recrystallization. 

To that end we developed methods of measuring both the ice recrystallization 

inhibition (IRI) and thermal hysteresis activity (THA) of ApAFP752. IRI was 

measured using a flash freezing microcapillary tube assay developed in 

collaboration with Paul Baures of Florida State University (previously at Keene 

State College, NH). THA was measured using a differential scanning calorimetry 

assay developed in collaboration with John Tsavalas of the University of New 

Hampshire. 
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Aim 2: Examine the extracellular cryoprotective activity of ApAFP752 for 

mammalian cell cryopreservation. We hypothesized that purified ApAFP752 

added to the freezing solution would offer cryoprotection to mammalian cells during 

freeze/thaw. We supplemented the freezing medium of human embryonic kidney 

cells (HEK 293T) with recombinantly expressed and purified ApAFP752 protein. 

We tested the cryoprotective effect of the AFP in combination with 0, 5, and 10% 

v/v DMSO concentrations in the freezing medium, and cell viability and cellular 

damage was determined using three assays (trypan blue, LDH, and MTS).  

 

Aim 3: Examine the intracellular cryoprotective activity of ApAFP752 in 

mammalian cells. We hypothesized that intracellular ApAFP752 would offer 

better cryoprotection during freeze/thaw than extracellular AFP. First, we 

transfected HEK 293T cells with a plasmid containing a gene for EGFP-ApAFP752 

expression, where EGFP is the enhanced green fluorescence protein that was 

used as a reporter for transfection efficiency. We determined the cryoprotective 

effect of intracellular AFP compared to the control groups of untransfected cells 

and EGFP transfected cells with 0, 5, 15, 15, and 20% v/v DMSO concentrations 

using three different cell viability and cellular damage measurements (trypan blue, 

LDH, and MTS). We have also tested the cryoprotective effect of a combined 

intracellular and extracellular AFP.
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CHAPTER 1 
 

INTRODUCTION TO ANTIFREEZE PROTEINS 

 

Almost all cells and cellular organisms are destroyed or damaged by freezing, and much 

is still not understood about how to counteract its adverse effects. Researchers look to 

nature for answers, because many organisms have natural compounds and strategies to 

avoid or tolerate freezing in order to survive in extreme cold. These organisms produce 

what are known as ice binding proteins (IBPs). Ice binding proteins are aptly named, as 

all of these proteins bind to ice. There are large differences in both structure and function 

of ice binding proteins. Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) 

are types of ice binding proteins that inhibit ice growth. Ice nucleating proteins, on the 

other hand, are a type of ice binding protein that reduce supercooling and promote the 

nucleation of ice crystals and freezing.1,2 Here we focused on AFPs. Antifreeze proteins 

were first discovered in the plasma of Antarctic fish, and AFPs are adaptations that allow 

the fish to survive the sub-zero conditions (-1 to -2 °C) in the Antarctic Ocean.3 The first 

AFP discovered was an antifreeze glycoprotein (AFGP) from Antarctic notothenioids 

(winter flounder).3 Over the past few decades it has been discovered that a wide range 

of organisms (e.g. bacteria, fish, fungi, insects, plants) produce AFPs for protection 

against freezing.4-6 Mammals, however, are homeotherms and have not been found to 

produce AFPs.  

AFPs inhibit ice growth, reduce the freezing point, and prevent ice recrystallization 

in cold adapted organisms as a result of becoming adsorbed to the nascent ice surface 

by an unusual mechanism.7-9 By preventing ice crystals from expanding past the size of 
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small microcrystals, AFPs are able to reduce the damaging effects of ice.10 Though they 

all share the same ligand, ice, AFPs have vastly diverse structures and sequences. The 

reason for this remarkable diversity is the independent evolutionary development of these 

proteins.11 AFP production as an evolutionary adaptation has been crucial for the survival 

of species experiencing climates of extreme temperature fluctuations within a day and 

near or sub-zero temperatures. These AFP producing organisms are further classified 

based on their survival strategies, freeze-avoidant or freeze-tolerant.12-14 Freeze-avoidant 

organisms are able to survive freezing conditions to a few degrees below freezing, 

however, if conditions surpass thresholds and ice forms in their cells, they are unable to 

survive. On the other hand, freeze-tolerant organisms are able to survive ice forming in 

their extracellular fluids. These differing survival strategies are part of what has led to 

different structures and degrees of functionality, which correspond to sequence 

homology.5,15 AFPs have long been of interest in the scientific community and have 

numerous, far-reaching potential applications across fields such as agriculture, 

biotechnology, and medicine.16-20 

AFPs have been classified into 7 categories based on their highly variable 

structures: antifreeze glycoproteins (AFGPs), type I-IV antifreeze proteins, plant 

antifreeze proteins, and hyperactive antifreeze proteins.  

 

I. Antifreeze Glycoproteins 

Fish, such as ocean pout, northern cods, and Antarctic notothenioids express both 

AFGPs and AFPs, and these are among the most well-studied antifreeze proteins.21-23 

AFGPs differ from AFPs because they contain 4 to 50 tripeptide repeats of (Ala or Pro)–
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Ala–Thr with an O-linked disaccharide chain attached to each Thr hydroxyl group (Figure 

1).5,23,24 There are 8 classes of AFGPs based upon their size. The largest, AFGP1 has a 

molecular weight of 33.7 kDa, while the smallest, AFGP8, has a molecular weight of 2.6 

kDa.25-27 The larger AFGPs typically have more antifreeze activity than the smaller ones. 

This is thought to be due to higher molecular weight AFGPs having a larger size, thus 

covering a larger surface of ice than lower molecular weight (smaller) AFGPs, and 

therefore inhibiting ice crystal growth more effectively.6 

 

 
 
Figure 1: Typical antifreeze glycoprotein chemical structure depicting the AAT repeats 
joined with a dissacharide.28 

 

II. Type I-IV Antifreeze Proteins 

Fish AFPs are numbered I-IV based on their structure and the order of their discovery.11 

The structures of type I-IV AFPs are highly variable with each type containing unique 

features. Type I AFPs are commonly found in many Antarctic and Arctic fishes such as 

plaice, sculpin, and winter flounder.6,11 Type I AFPs are alanine-rich, amphipathic, α-

helical proteins. 28-30 Type I AFPs have a molecular weight of 3-33 kDa. The most well-

studied type I AFP, HPLC6, from the winter flounder, had its molecular structure 
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determined using X-ray crystallography.31 The HPLC6 structure showed an amphipathic, 

α-helical protein with 37 amino acids and 11 repeating units. These alanine-rich repeating 

units play a significant role in the ice binding mechanism of type 1 AFPs.32 Much larger 

type I AFPs have also been discovered, such as the 195 residue AFP Maxi in winter 

flounder.33 This protein has higher antifreeze activity than smaller type I AFPs, and this is 

again thought to be due to its larger size and modified ice binding mechanism. 

Type II AFPs are cysteine-rich, globular, disulfide-bonded proteins that are 

commonly found in fish such as herring, poacher, and sea raven.34-37 Type II AFPs have 

a molecular weight of 18-24 kDa and are composed of nine β-sheets and two α-helices 

stabilized by disulfide-bonded cysteines. There are 2 sub-groups within type II AFPs, 

Ca2+-dependent and Ca2+-independent. Ca2+-dependent type II AFPs typically require 

Ca2+ binding in order to bind ice and exhibit antifreeze activity.35 The only exception to 

this is the type II AFP is found in Japanese smelt, HniAFP, and can bind Ca2+, but still 

exhibits antifreeze activity when Ca2+ is removed.38 Ca2+-dependent type II AFPs display 

structural similarity to C-type lectin domains (CTLDs), which use Ca2+ to bind sugars, and 

therefore are thought to have evolved from CTLDs.39 

Type III AFPs are globular proteins without cysteines that form twisted loops folded 

into β-sheets and α-helices.22,40 These AFPs have a molecular weight around 6.5 kDa 

and are commonly found in eelpout and wolffish.41,42 Type III AFPs are also divided into 

two sub-groups based on sequence similarities and binding affinity for quaternary-amino-

ethyl (QAE) and sulfopropyl (SP) sephadex, respectively. Type III AFPs have notable 

stability through both hydrogen bonds and hydrophobic interactions and have been 

shown to retain antifreeze activity from pH 2 to pH 11, and in other experiments at 80 °C 
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and 400 MPa of pressure for one-minute durations.43,44 The current accepted hypothesis 

is type III AFPs have a flat surface containing a threonine 18 residue thought to be 

involved with ice binding.45 

Type IV AFPs are a glutamine- and glutamate-rich, four-helix bundle of α-

helices.46,47 These AFPs have a molecular weight around 12 kDa and are found in 

longhorn sculpin, shorthorn sculpin, and flounder.48,49 Type IV AFPs have a high 

sequence identity and similar four-helix bundle structure to apolipoproteins found in 

hemolymph and serum.47 Type IV AFPs are found in low physiological concentrations 

(0.05 to 0.1 mg/mL) in nature and even exhibit significantly lower antifreeze activity 

compared to type I-III AFPs when tested at the same concentration.49,50 

 

III. Plant Antifreeze Proteins 

Plant AFPs are AFPs of varying structures found in the apoplast of cold-acclimated 

plants.7 Plant AFPs have varying structures and some contain multiple β-sheets in their 

conformation. Plant AFPs are not very well studied among AFPs, but the two most studied 

plant AFPs are DcAFP, from the carrot Dacus carrotova, and LpAFP, from the perennial 

ryegrass Lolium perenne.28,51 The original theoretical model for LpAFP was proposed to 

have a left-handed β-helix with two flat ice binding surfaces facing opposite to each 

other.52,53 LpAFP has 7 loops with 14-15 residues per turn and a repeating Asn-X-Val-X-

Gly/Asn-X-Val-X-X-Gly motif thought to be involved with ice binding.54 These X residues 

are typically serine, threonine, and valine, and are responsible for binding ice.55 

Asparagine is also present in the ice binding motifs of DcAFP. The plant AFP DcAFP is 

leucine-rich and composed of two β-sheets and nine 310 helices.28,56,57 DcAFP contains a 
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24-residue repeat thought to be involved with ice binding with a Pro-X-X-X-X-X-Leu-X-X-

Leu-X-X-Leu-X-Leu-Ser-X-Asn-X-Leu-X-Gly-X-Ile motif. 30 Interestingly, the Asparagine 

residues are highly conserved and are critical for optimal levels of antifreeze activity.58 

 

IV.  Hyperactive Antifreeze Proteins 

Antifreeze proteins are further classified into moderately active or hyperactive based on 

their antifreeze activity. The aforementioned type I-IV and plant AFPs are moderately 

active, meaning they lower the freezing point of water by about 0.2-2 °C.59 Hyperactive 

AFPs are typically found in bacteria, diatoms, fungi, and insects, and lower the freezing 

point of water by about 2 to 13 °C.60-65. Hyperactive AFPs have more potent antifreeze 

activity than that of moderately active AFPs because they bind to the primary and 

secondary prism planes as well as the basal plane of ice, and their antifreeze activity at 

the same concentration has been shown to lower the freezing point of water about 10 

times more than moderately active AFPs, such as Type I, II, and III, which only bind to 

the prism planes and/or the pyramidal plane of ice.5,66,67 This increased antifreeze activity 

is proportional to the extreme cold temperatures to which these terrestrial organisms are 

exposed. A notable exception to this is a hyperactive type I (hyp-type I) AFP that has 

been discovered.68 This hyp-type I AFP shares some structural similarities with 

moderately active type I AFPs, but has a much larger surface area of ice binding sites 

which allow binding to both prism and basal planes and THA measurements similar to 

hyperactive insect AFPs.69 Typically, hyperactive AFPs are rich in cysteine, serine, and 

threonine, and range in molecular weight from around 8-34 kDa. The insect AFP from the 

mealworm beetle Tenebrio molitor (TmAFP) has been the most well-studied hyperactive 
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AFP to date.70-72 TmAFP is one of the smallest hyperactive AFPs with a molecular weight 

of 8-9 kDa. MpAFP, from the Antarctic bacterium Marinomonas primoryensis, is one of 

the largest hyperactive AFPs with a molecular weight of 34 kDa.73 Most hyperactive AFPs 

have a large, flat ice binding surface with multiple Thr-X-Thr motifs involved with binding 

to multiple planes of ice, giving them more potent antifreeze activity (Figure 2).74 However, 

MpAFP mostly uses a long flat surface of outward projecting Thr-Gly-Asn motifs as its ice 

binding surface.73 

 

 

Figure 2: Examples of hyperactive AFP structures. (A) Crystal structure of an AFP from 
the mealworm beetle Tenebrio molitor (TmAFP).75 (B) Crystal structure of an AFP from 
the Antarctic sea ice bacterium Colwellia sp. (ColAFP).76 (C)  Solution structure of an AFP 
from the spruce budworm beetle (sbwAFP).77 

 

V. Insect Antifreeze Proteins 

 Insect antifreeze proteins have been found to have potent thermal hysteresis 

activity and are hyperactive in most cases.4 As with most hyperactive AFPs, insect AFPs 

PDB: 3WP9 PDB: 1EZG PDB: 1EWW 

A B C 
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have a large ice binding surface consisting of a series of Thr-X-Thr repeats. These 

outward-facing Thr residues are on a flat ice binding surface of the β-helical protein which 

is stabilized by disulfide-bonded cysteines.78 Apart from the aforementioned TmAFP, the 

antifreeze protein from the longhorn beetle Rhagium inquisitor (RiAFP) has also been 

well-studied.79 

 

VI.  Antifreeze Protein Properties 
 
The main functions of AFPs are ice crystal shaping, ice recrystallization inhibition, and 

thermal hysteresis.5 A typical ice cube is made up of many individual ice crystals of non-

uniform size and shape. Hexagonal ice crystals have three basic planes: basal, prism, 

and pyramidal (Figure 3). The ice crystals form about the basal plane (c-axis), prism plane 

(a-axis), and pyramidal plane (between the c- and a-axes).5 This planar binding allows 

AFPs to have the ability to dynamically shape these ice crystals (Figure 4). This function 

gives another distinction between moderately active and hyperactive AFPs. Moderately 

active AFPs bind only to the prism and/or pyramidal planes of ice, and in doing so mainly 

prevent crystal growth about the a-axis. Thus, ice crystal expansion is limited to the c-

axis, resulting in a needle-like, hexagonal bipyramidal shape.6,30,80 Alternatively, 

hyperactive AFPs bind to ice on both the prism and basal planes, restricting ice growth 

along all axes, ultimately resulting in an ellipsoid or ‘lemon shaped’ ice crystal.6,81 

Fluorescence-based ice plane affinity (FIPA) analysis is a technique used to observe the 

ice crystal planes to which AFPs bind.82 AFPs are labeled with a fluorescent tag or dye 

and then slowly incorporated into a static ice crystal. This static ice crystal must be pre-
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formed, hemispherical, and oriented such that the a- and c-axes are determined. Images 

are then taken under filtered UV light to visualize the AFP-bound ice crystal planes. 

 
 
 
 

  
Figure 3: A model of the planes associated with a hexagonal ice crystal.  The basal plane 
corresponds with the c-axis, and the prism plane corresponds with the a-axis.83  

 
 

The second function of AFPs is ice recrystallization inhibition (IRI). Ice 

recrystallization is the phenomenon that occurs when many small ice crystals fuse 

together to form larger crystals.84 The smaller ice crystals have high internal energy, and 

the resulting fusion and formation of larger ice crystals is thermodynamically 

favorable.85,86 IRI is especially important for cells that experience multiple freeze/thaw 

cycles.87 Expanding ice crystals, both endogenous and exogenous,  mechanically destroy 
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cells, tissues, and the textures of frozen materials, especially during near zero freeze-

thaw cycles.66,88,89 AFPs have been shown to inhibit ice recrystallization by binding to ice, 

even at low concentrations.90 IRI activity is measured by using a ‘splat assay’ with 

polarized optical microscopy (POM) and or digital imaging.91,92 In a splat assay, a solution 

of a known concentration of AFP is dropped onto a frozen glass slide or coverslip, and 

the resulting instantly frozen wafer of ice is immediately transferred to a cooling stage and 

observed using POM and/or digital imaging. IRI activity is quantified by taking 

measurements of the ice crystals and calculating the mean ice crystal grain size.92,93 IRI 

is thought to be an important characteristic for membrane protection, as it is likely the 

most crucial AFP function for freeze-tolerant organisms.85,94,95 

 

Figure 4: The ice crystal shaping function of antifreeze proteins (red). (A) Moderate active 
antifreeze proteins bind along the prism plane (a-axis) of ice, resulting in growth about 
the c-axis and a ‘needle-like’ hexagonal bipyramidal crystal shape. (B) Hyperactive 
antifreeze proteins bind along both the a- and c-axes of ice, resulting in an ellipsoid 
hexagonal disk crystal shape. 

 
The third function of AFPs is thermal hysteresis activity (THA). By binding to ice 

crystals, AFPs lower the hysteresis freezing point and create what is known as a ‘thermal 

hysteresis gap’ (Figure 5).96 Within this thermal hysteresis gap, the growth of ice crystals 

c-axis 

B 

A 
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is prevented, until the temperature is decreased to the non-equilibrium freezing point.97,98 

This means AFPs lower the freezing point (Tf) below the melting point (Tm) to achieve a 

temperature difference known as thermal hysteresis activity (THA) Tm – Tf = THA.67,97 

This freezing point depression occurs without affecting the melting point. THA is achieved 

when binding of the AFP to an ice plane induces curvatures in the ice between binding 

sites.99 These curved ice surfaces induced by AFP binding are energetically unfavorable 

for continued ice crystal growth.66,67 If an AFP binds both the basal and prism plane of 

ice, it has higher THA than an AFP that only binds to the prism and/or pyramidal ice 

planes and is typically considered to be hyperactive (Figure 1).24,100 THA is typically 

measured by nanoliter osmometry with a cooling stage and visualized with a light 

microscope and/or digital camera.5,81 This is also a means of observing dynamic ice 

crystal shaping. With nanoliter osmometry, solutions containing known concentrations of 

AFPs are completely frozen (-40 °C), then the system temperature is increased until a 

single ice crystal is observed. The single ice crystal is then very slowly cooled under visual 

observation and precise temperature measurements until a sudden burst of ice crystal 

growth. The temperature when a single ice crystal remains is the melting point and the 

temperature of the ice crystal burst is the freezing point. The difference between these 

temperatures is the THA of the AFP solution.81 THA is most beneficial for the survival of 

freeze-avoidant organisms such as shallow water dwelling polar notothenoids.5 In these 

fish, AF(G)Ps prevent the growth of accumulated internalized ice crystals in organs, such 

as the spleen, and allows the organism to survive despite these ice crystals being present 

for the entire life of the fish.98  
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𝑇𝐻 =  𝑇𝑚 − 𝑇𝑓 

Figure 5: Thermal hysteresis (TH) activity is the difference between the melting point (Tm) 
and the freezing point (Tf) of water.  

 

VII.  Ice Binding Mechanisms 

AFPs are capable of binding to a single ice crystal and preventing ice crystal growth that 

would otherwise occur on an unbound surface. In Figure 3, the various crystal planes of 

ice to which AFPs bind can be seen.66,78 The exact mechanism of ice binding has been 

debated for over 40 years.101 The first theory proposed in 1977 was the adsorption-

inhibition mechanism.99 This theory describes a step-pinning model in which AFPs 

irreversibly bind to growing nascent ice crystals. The bound AFPs physically take up 

space on the ice crystal, preventing growth about the bound portion, and forcing ice 

crystals to grow between the areas bound by AFPs. The crystal growth occurring between 

these bound AFPs produces an ever-increasing curvature in the ice surface, once a 

certain critical surface density is reached.  This curvature is thermodynamically unsuitable 

for continued ice growth and therefore decreases the freezing point via the Gibbs-

Thompson (Kelvin) effect.97,102,103 THA is observed when the aforementioned AFP 

binding-induced ice curvature causes any further ice growth to be stopped.99   

One of the more recently proposed theories for the ice binding mechanism of AFPs 

is known as the anchored clathrate model. This theory describes ice-like water forming a 
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clathrate, or water cage, about the hydrophobic methyl group of the previously described 

Thr residues in the AFP involved with ice binding. Hydrogen bonding anchors this 

clathrate to the hydroxyl groups of the Thr residues as well as the main chain nitrogen 

atoms of the AFP. The AFP now has a quasi-liquid membrane around it, formed by the 

clathrate, and binds to the ice surface while preventing further ice crystal growth.33,73,104 

It should be noted that the spacing of these Thr residues on the ice binding surface of 

AFPs are proposed to be complimentary to the spacing of water molecules in the ice 

lattice along both the a- and c-axes.105 

Interestingly, the ice-binding domains of fish and insect AFPs are flat and relatively 

hydrophobic. In order to gain more understanding of the importance of specific amino 

acids for both ice-binding and antifreeze activity, the ice-binding sites of type I and III 

AFPs have been altered.45,90 While there is no universally accepted ice binding 

mechanism, ice binding likely involves a complex combination of van der Waals 

interactions, hydrogen bonding, hydrophobic forces, and water structuring. 5,22,30,33,73,106-

108 The duration of ice binding is also debated. AFPs were originally thought to bind 

irreversibly to ice, however, studies have shown this is not always the case and binding 

can be reversed.101,109,110 More recently, a GFP-tagged type III and GFP-tagged insect 

AFP observed under fluorescence microscopy show a “quasi-permanent” ice 

binding.111,112 

 

VIII.  ApAFP752 

The insect antifreeze protein ApAFP752 is a 9.4 kDa AFP from the central Asian desert 

beetle Anatolica polita. A. polita is commonly found in the Gurbantunggut desert area of 

the Xinjiang province of China. These deserts can experience extreme temperature 



 

 

14 

fluctuations up to 40 °C in a single day, and lows down to -40 °C.105,113,114 These extreme 

temperatures necessitate ApAFP752 having high THA, similar to other insect AFPs. 

Homology models predicted this protein to be a right-handed parallel β-helix consisting of 

six repetitive 12-amino acid loops.105 It is important to note all published studies have 

been done using a thioredoxin fusion protein TrxA-ApAFP752, as the Varga group has 

been the first to successfully stabilize and study the pure, non-fusion ApAFP752.105,113-

116 The structure of ApAFP752 has been determined by nuclear magnetic resonance 

(NMR) spectroscopy and resolved using CS-Rosetta (Figure 6) (unpublished data).117,118 

ApAFP752 is a right-handed β-helix stabilized by disulfide bonded cysteine residues with 

a flat ice binding surface consisting of multiple Thr-Cys-Thr repeats. This structure is 

similar to a previously reported homology model from Mao et al.105 The structure is also 

similar to other insect AFPs, such as those from the beetles Tenebrio molitor (TmAFP) 

and Rhagium inquisitor (RiAFP).79,119 TmAFP and RiAFP both have a Thr-X-Thr ice-

binding motif, however X is always a cysteine residue in ApAFP752. TmAFP, RiAFP, and 

ApAFP752 are all β-helical proteins.71 These cysteine residues are disulfide bonded to 

other cysteine residues on the opposing side of the helix, increasing structural rigidity and 

creating the flat ice binding surface necessary for the ApAFP752’s thermal hysteresis 

activity.120 The β-helix of RiAFP is only stabilized by a single disulfide bond. Both TmAFP 

and ApAFP752 have their β-helical secondary structure stabilized by multiple intraloop 

disulfide bonds, where a single helical turn consists of 12 amino acid residues. 

Additionally, each ice-binding surface is dominated by five parallel β-sheets. The activity 

of ApAFP752 as a TrxA-ApAFP752 fusion protein has been previously demonstrated with 

the use of differential scanning calorimetry (DSC) and has been shown to confer partial 
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cryoprotection to human skin fibroblast cells and Xenopus laevis eggs.115,121-124 It should 

be noted that the THA of TrxA-ApAFP752 measured via DSC was 0.65 °C.124 This 

measured THA is not as high as other β-helical AFPs, however, these other AFPs were 

measured by a different means, nanoliter osmometry with a cooling stage.77,125,126 Also 

of note, is the fact that TrxA-ApAFP752 has been observed to cause the formation of 

rounded ellipsoid ice crystals. This indicates binding of both the prism and basal planes 

of ice, and by some definitions would make TrxA-ApAFP752 a hyperactive AFP. These 

reasons, as well as the structural similarities between ApAFP752 and other hyperactive 

β-helical AFPs, particularly in the Thr-X-Thr ice binding motif, warrant future studies to 

measure the THA of ApAFP752 via nanoliter osmometry with a cooling stage, as a more 

direct comparison. 

 
 
 

 
Figure 6: The structure of ApAFP752 determined by NMR and resolved using CS-
ROSETTA. Yellow arrows correspond to the flat ice-binding surface. 
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CHAPTER 2 
 

INTRODUCTION TO CRYOPRESERVATION 
 

 
The field of cryobiology studies sub-physiological temperature effects on biological 

systems. Within this field, cryopreservation involves protecting these biological systems 

from the destructive effects of freezing. Cryopreservation is a powerful tool for advancing 

development in the fields of agriculture, food science, and medicine.127-131 For example, 

in the animal agricultural industry, cryopreservation of sperm amounts to billions of dollars 

for international trade.132 Apart from the large strides in reproductive technologies, new 

cryopreservation methods are being developed to reduce freezing damage in plants.133 

In medicine, cells, tissues, embryos for in-vitro fertilization, and organs must be 

cryopreserved for research, development of therapeutics, and transplantation.134-136 The 

aforementioned research also calls for a need to further improve existing cryopreservation 

methods, as well as develop novel means of cryopreservation. Improving current methods 

and developing new methods of cryopreservation can be daunting due to the multiple 

factors that must be taken into account. In the first place, the exact mechanisms of 

freezing damage are not completely understood, which can be further complicated by the 

need to optimize cryopreservation methods based on the types of cells and/or tissues 

present as well as the selected method of cryopreservation.5 Here we will focus on 

cryopreservation as it pertains to cell-based research. 

A specific example of cell-based research is found in the cutting-edge area of 

cellular therapy. Cellular therapies such as those using stem cells and CAR-T cells offer 
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precise, potent, and cutting-edge treatment options for complex diseases, such as 

cancer, neurodegeneration, hematologic diseases, inflammatory bowel disease, 

cardiovascular disease, and diabetes.137-142 Immune cells, adult, embryonic, 

hematopoietic, induced pluripotent, and mesenchymal stem cells, as well as hepatocytes 

are commonly used in cellular therapies.143-145 These cells cannot be stored at 4 °C for 

more than 2-4 days due to decreased viability from metabolic decline.143 In order to 

address this issue, manufacturers often turn to lower temperatures (below -80 °C or below 

-140 °C) using cryopreservation for a more practical, longer-term storage solution.131,146 

Likewise, eggs and embryos are also frozen to temperatures below -140 °C for long-term 

storage. 

 

I. Freezing 

Water in frozen biological solutions is separated into three categories: free water, weakly 

bound water, and tightly bound water (Figure 7).147 Of these three categories, the first to 

freeze is free water. Free water is defined as water which is unbound to non-water 

constituent molecules of the biological solution and freezes from about 0 to -4 °C.148 

Weakly bound water requires a lower temperature to freeze than free water (about -4 to 

-20 °C), and tightly bound water will freeze at temperatures far below -20 °C or does not 

freeze.149 This is determined mainly by the increased solute concentration in weakly 

bound or tightly bound water. The increase in solute concentration, among other changes, 

lowers the freezing point of the water in the biological solution.150 As each biological 

solution may have differing cells, concentration, and media/serum conditions, the 

amounts of weakly bound or tightly bound water differ. This in turn changes the freezing 
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curve for each unique biological solution. This freezing point depression is due to the 

colligative properties of solutions. 

Figure 7. A freezing curve demonstrating the tentative definition of “weakly bound water” 
and “tightly bound water”. Modified from Poulsen and Lindelov.147,150 

 

Biological solutions are able to be stored frozen for extended periods of time. 

However, there are 3 different reactions that occur in frozen biological solutions and each 

reaction has a different temperature optima.147  The reactions occurring in frozen 

biological solutions are enzymatic (enzyme activity), the browning (Maillard) reaction, and 

auto-oxidation (Figure 8).147 Briefly, sub-freezing auto-oxidation occurs when oxygen is 

available to perform oxidative processes. The browning reaction is mainly studied in food 

science, where this reaction changes the color, taste, and smell of foods. Without getting 
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overly technical, the browning (Maillard) reaction is a series of ring opening reactions in 

sugars. Typically, enzymatic activity decreases as temperature decreases due to slower 

moving molecules and therefore reduced frequency of enzyme-substrate collisions. 

However, after the freezing temperature lowers below 0 °C, solute concentration 

increases, bringing reactive molecules in nearer proximity, and enzymatic activity actually 

increases until a certain temperature is reached. As demonstrated by the theoretical 

freezing curves in Figure 8, about -80 °C is a point at which auto-oxidation, the browning 

(Maillard) reaction, and enzyme activity are at near theoretical minima. This is a reason 

for freezers being set to such a temperature for relatively long-term storage of many 

biological samples. For storage at -80 °C there are also a larger selection of freezing 

containers, more available space, etc., over storage at lower temperatures requiring liquid 

nitrogen. However, all three reactions will continue to take place to some extent at -80 

°C. Liquid nitrogen vapor phase (-196°C) is below the theoretical maxima for all three 

reactions and is therefore the most suitable for long-term freezing of biological solutions 

and cells. 
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Figure 8. Curves demonstrating the varying optima and influence of temperature and 
water activity on the three main reactions occurring in frozen biological solutions: auto-
oxidation, browning, and enzyme activity (partly theoretical). Modified from Poulsen and 
Lindelov. 147,150 

 

II. Cellular Freezing Damage and Mechanisms 

Freezing living cells in suspension diminishes the viability of the cells in a multi-event 

process.151 As the solution is cooled, water surrounding the cells is the first component in 

the cell suspension to freeze and change to ice. This freezing process begins at 

temperatures below 0 °C, and the actual temperature of freezing depends on the varying 

supercooling properties of the suspension. The liquid water begins to solidify and form 

ice crystals as the suspension of cells is cooled. When these ice crystals begin to form, 

an exothermic reaction occurs where heat energy, known as the latent heat of fusion, is 
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released. This exothermic reaction can be observed with a calorimeter by a measurable 

rise in the temperature of the cell suspension. Ice crystal formation is stochastic in the 

sense that the probability of ice formation is proportional to the amount of water in the 

suspension.152 This stochastic nature of ice formation means a larger volume has a higher 

probability of ice formation than does a smaller volume.153 The extracellular space 

surrounding the cells is the first area of ice crystal formation because it is much larger 

than the volume of any individual cell within the solution.152,154 During cooling, any 

dissolved components are not incorporated into the developing ice crystals. When water 

solidifies as ice, it expands and becomes less dense. This decrease in density causes 

the forming ice to float and pushes the excluded components, such as salts, downward 

in the solution. These excluded components in time become supersaturated and viscous 

and can possibly precipitate out and crystallize.150  

 The molecules of water must align with each other in a strict lattice to form ice. 

When solutes such as salts are present, the structure of ice is disrupted, and ice forms 

with mostly pure water with few other molecules present.152,155 As mentioned before, the 

solutes are excluded into an unfrozen fraction containing very high concentrations of the 

various solutes (proteins, sugars, etc.).156 This concentration of solutes potentially 

damages cells in various ways and further depresses the freezing point. The high solute 

concentration can change protein conformation, phospholipid bilayer structure, and salt 

out proteins in the cells within the freezing solution. High solute concentrations can also 

cause tremendous osmotic stress on the cells, as water moves across the plasma 

membrane and out of the cells and into the extracellular space in an attempt to re-
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equilibrate the solute gradient.151 This further increases the salt concentration and 

depresses the freezing point. 

Apart from this solute damage from changes in electrolyte concentration, 

dehydration, and physical damage to cells due to the ice crystal formation, there are yet 

more mechanisms to consider when cryopreserving cells.157 In fact, many mechanisms 

are responsible for the damage caused during freezing. In addition to the dehydration, 

solute effects, and intracellular ice formation, other damaging effects include molecular 

effects such as biochemical pathway uncoupling, decreased available energy and 

metabolic activity, and stress response pathway activation.151,158,159 These all need to be 

considered when cryopreserving cells, as many of these effects are both temperature and 

time sensitive. For example, even at -80 °C metabolism is not stopped, but slowed, and 

metabolic waste products cannot be cleared due to the low temperature. This can 

eventually cause an accumulation of these toxic metabolic waste products that can 

damage cells or activate stress responses upon thawing.151 

 

III. Cooling Rate 

The rate at which the cell solution is cooled affects the cells in different ways. For 

example, if the cell solution is cooled too rapidly, that leaves less time for water to escape 

the cells. The larger volume of water within the cells will become supercooled and can 

eventually nucleate to form intracellular ice.151,152 Intracellular ice can cause irreparable 

damage and is almost always lethal for cells. On the other hand, if the cell solution is 

cooled too slowly, the cells will be exposed to the high solute concentration for a longer 

period of time. More osmotic pressure will be applied to the cells and they will undergo 
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dehydration, both of which can be lethal.143 This is why the cooling rate is so crucial for 

cryopreserving cells. There must be a cooling rate that does not cause intracellular ice 

formation nor cellular dehydration and would therefore be optimal to maximize cell 

viability.160-162 The optimal cooling rate varies depending on the type of cell being 

cryopreserved. For example, a cooling rate of -1 °C/min is optimal for most mammalian 

cells to retain maximum viability (Figure 9).151 However, for red blood cells, the optimal 

cooling rate is ten to one hundred times as fast depending on the makeup of the 

cryopreservation medium. On the other hand, hepatocytes have an optimal cooling rate 

closer to 0.5 °C/min. 
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Figure 9. Typical cooling rate profile of cell solution frozen at a controlled, slow rate. The 
schematic shows both supercooling and the exothermic reaction of nucleation. Modified 
from Baust 2017.151 
 

To achieve a more consistent and controlled rate of cooling, cryovials containing 

cells can be placed in various freezing containers. The first option for cooling cells is the 

least expensive, but also the least consistent means of controlled and consistent cooling, 

and that is a simple insulated container such as a styrofoam box. However, the 

inconsistency of these simple insulated containers is not suitable for many cell types or 

applications. For increased consistency a common, cost-effective means of achieving a 

cooling rate of approximately -1 °C/min is by using a specialized freezing container such 

as a Mr. Frosty™ or a CoolCell™.131 A Mr. Frosty™ freezing container is filled with an 

appropriate volume of isopropanol, then samples prepared in cryotubes are placed in a 

cryotube holder inside the freezing container. The container is insulated and designed 

such that it can approximate a cooling rate of -1 °C/min when placed in a -80 °C freezer. 

After 2 hours, samples reach -80 °C and can remain at this temperature or be moved to 

liquid nitrogen vapor phase (-196 °C). A CoolCell™ freezing container offers an alcohol-

free alternative to the Mr. Frosty™ with a similar protocol. For the most accurate cooling 

rate and to adjust the cooling rate for other cell types, a programmable controlled-rate 

freezer is the best option.151 Cells should be stored at -196 °C (liquid nitrogen), as having 

them remain at -80 °C can allow for the aforementioned reactions to occur. Over time, 

these changes can reduce cell function and viability.163 

 

IV. Cryoprotective Agents 
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In an effort to protect cells from the previously mentioned damaging effects of freezing, 

cryoprotective agents are used. Cryoprotective agents (CPAs) have various mechanisms 

of action for cryopreserving cells. The exact mechanisms of various CPAs are still 

unknown and debated, even for some well-studied CPAs. In terms of differentiation, there 

are two major categories of CPAs: penetrating and non-penetrating (Figure 10).154,164 As 

their name implies, non-penetrating CPAs cannot penetrate cell membranes and are 

typically polymers, such as polyvinyl alcohol (PVA), or small molecules, such as the sugar 

trehalose.165-167 Penetrating CPAs, like  dimethyl sulfoxide (DMSO) or glycerol are the 

most commonly used of all CPAs.152,168  
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Figure 10. Illustration demonstrating the two major classes of cryoprotectant agents 
(CPAs) (A) penetrating and (B) non-penetrating. Penetrating cryoprotectants enter cells 
while non-penetrating cryoprotectants remain in the extracellular space. 

 

Non-penetrating CPAs, like long chain polymers or sugars, are formulated into 

various cryoprotective solutions. Though they do not enter cells, non-penetrating CPAs 

prevent ice crystal growth. Non-penetrating CPAs are a less toxic alternative to 

penetrating CPAs, and can be used to reduce the amount of penetrating CPAs included 

in a cryoprotective solution.152 In most cases, non-penetrating CPAs dehydrate the cells 

by increasing the extracellular osmolarity, or number of solutes, of the extracellular 

solution. This increased extracellular osmolarity in turn dehydrates the cells via the solute 

A 

B 
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gradient and increases the concentration of solutes within the cells. The increased 

concentration of solutes within the dehydrated cells prevents intracellular ice formation.169 

This is the rationale for including non-penetrating CPAs in media used for thawing cells, 

as they can reduce the rate at which the cells are rehydrated to prevent lysis or traumatic 

effects of osmotic shock.152,164 In addition to increasing extracellular osmolarity, there is 

some evidence that non-penetrating CPAs also have the ability to interact with cell 

membranes and provide them with a means of stabilization during phase transition, but 

this is debated.170  

 Penetrating cryoprotectants have a more complex method of protecting cells from 

freezing damage, as they interact with more than just the extracellular environment. 

Penetrating cryoprotectants pass through the cell membrane and prevent intracellular ice 

formation. The penetrating CPAs typically consist of molecules such as alcohols, amides, 

and sulfoxides.171 Penetrating CPAs interact with various cellular components and have 

many different methods of action which are not completely understood. Due to this 

interaction with cellular components, penetrating CPAs are more toxic than non-

penetrating CPAs. 

 The basic function of penetrating CPAs is lowering the freezing point of the cellular 

solvent. Penetrating CPAs reduce the propensity of intracellular ice formation and can 

also reduce the magnitude of dehydration for both the cells themselves and the organelles 

within them.143 It should be noted that penetrating cryoprotectants require a certain 

amount of incubation time to allow them to permeate cells membranes, as they permeate 

membranes at a rate as much as 100 to 1000 times less than water.172 This incubation 

period varies depending on the type of penetrating cryoprotectant being used as well as 
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the cell and media conditions. The incubation period is essential to functioning as a CPA, 

because there must be equilibration and distribution of the penetrating cryoprotects in 

both the intracellular and extracellular compartments.143 A balance must be found in 

optimizing the incubation period for the penetrating CPA and mitigating any cellular 

toxicity by keeping the incubation period to a minimum.173 

Some penetrating CPAs act by increasing the permeability of cell membranes and 

thereby enable more water to exit the cell. This decreases the likelihood of intracellular 

ice formation.174 The most widely studied penetrating CPAs are DMSO and glycerol, and 

these CPAs may bind cell membranes and also provide some protection during phase 

transition. For example, DMSO is able to cause pore formations in membranes at high 

concentrations, while increasing membrane fluidity and also reducing membrane 

thickness at low concentrations.175,176 

In mammalian cell culture, most cryopreservation procedures utilize 5-10% DMSO 

as the cryoprotectant, but as previously mentioned, DMSO can have harmful effects by 

exhibiting cellular toxicity, especially when exposed to cells, such as stem cells, at room 

temperature or warmer.177 There is a need for less toxic or non-toxic alternatives to 

DMSO.173 In some applications, mixtures of non-penetrating and penetrating CPAs, such 

as ethylene glycol and DMSO, have been shown to have a synergistic effect and provide 

significant improvement in cryopreservation over each individual CPA.173 However, the 

issue of cellular toxicity still remains and the reduction in osmotic stress could be 

overshadowed by toxicity of the non-penetrating/penetrating CPA mixture, especially 

those containing DMSO, to the cells being cryopreserved.143,173 In an effort to reduce the 

toxicity of CPAs, they can be added gradually in a stepwise manner to achieve the desired 
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final concentration.178 This adds time and requires optimization for various cell systems 

and applications. In addition, the toxicity of CPAs can be reduced by lowering the 

temperature at which they are added by using an ice bath or refrigerator to keep the 

system near 4 °C. This would also require optimization to ensure enough time is provided 

for the penetrating CPAs to be able to permeate the cells at this lower temperature, while 

ensuring the cells are not exposed to the CPAs for an amount of time that is toxic.179  

 

V. Thawing 

In order to recover the frozen cells, thawing must occur. In many ways, thawing can have 

just as critical an impact as freezing on cell survival and recovery.131,180 Potential issues 

may arise when considering air exposure, dilution, mixing, and both the rate and 

temperature of thawing.151 Typically, thawing should be performed as rapidly as possible 

(~50 to 100 °C/min). This will help reduce potential ice recrystallization damage, as well 

as limit exposure time to damaging concentrations of solutes as the ice is melting.131 

Frozen mammalian cell samples must be removed from a -80 °C freezer or liquid nitrogen 

(-196 °C) storage and actively warmed as quickly as possible to the point of a small ice 

fraction remaining in the otherwise liquid sample. Air exposure from passive rewarming 

during the period of time between transferring cells from frozen storage to active thawing 

can induce damaging intracellular ice formation and, given enough time, could even lead 

to complete sample loss.181 Another reason for rapid thawing is to reduce the exposure 

time of the mammalian cells to toxic CPAs and thereby reduce the cytotoxic damage. The 

samples must also be mixed continuously and diluted as soon as possible after rapid 

thawing.151 
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The simplest and most widely accepted method of rapid thawing is with the use of 

a 37 °C water bath. The cell solution is gently agitated while maintaining contact with the 

water for about 3-5 minutes depending on the sample conditions. Care must be taken to 

avoid over-warming of the cell solution to temperatures above refrigerated temperature 

(approximately 4 °C) , as well as to avoid water bath-related contamination, especially if 

samples are not capped properly.182 The cell solution should be warmed to near-

refrigerated temperatures close to 4 °C (small ice fraction remaining). Warming the cell 

suspension to room temperature or warmer adds additional stress to the cells. For 

example, after thawing, warmed exposure to the cytotoxic CPA could prove lethal to the 

cells. Another method of rapid thawing is known as dry thawing. This less-common 

method uses specialized devices which deliver a more sterile and reproducible thawing 

rate, with some offering a live temperature readout. These dry thawing systems offer 

automatic agitation to reduce thermal gradients and help ensure sample homogeneity.151 

As with controlled rate freezers, these dry thawing systems have more clinical or industrial 

applications due to their automation and scaling potential. After visual confirmation that 

the last remnants of ice are being melted, the sample is then ready for dilution and CPA 

removal. 

After thawing, the CPA must be removed from the cell solution regardless if it is 

penetrating or non-penetrating. This is achieved with dilution followed by centrifugation 

and resuspension. There are multiple methods to dilute and reduce/remove the CPA, and 

different cells and amounts of CPA require different handling techniques.131 All methods 

aim to reduce/remove the CPA while mitigating the amount of osmotic shock experienced 

by the cells. The first method is a single step dilution of the cell solution via immediate 
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resuspension in ≥ 10 times the volume of fresh, CPA-free complete culture medium.151 

This is typical for cells stored in 5% CPA. Another method is a stepwise dilution to 

gradually expose cells in solution to fresh, CPA-free complete culture medium. This is to 

reduce the osmotic shock experienced by cells stored in 10% CPA.151 The last method of 

CPA reduction/removal is with density gradient centrifugation using Percoll or Ficoll, 

and/or using osmotic buffers (ex: mannitol or sucrose) to help prevent cell swelling. These 

methods are less common and are mainly used for cells that are highly susceptible to 

freeze/thaw damage, such as hepatocytes. 

 

VI. Viability Assessment 

Post-thaw viability assessments are essential to optimizing cryopreservation protocols 

and determining the best choice for CPA by determining the state of the cells. There are 

a number of different assays from that can be used, and they can measure a variety of 

markers for viability and functional activity depending on the cells that were 

cryopreserved.183,184 The importance of timing and reliability of post-thaw viability 

assessments has more recently become of concern in the field of cryobiology.131,143,151  

 In terms of assay selection, there are four tiers based upon the type of viability 

assessment.151 Tier 1 assays test for membrane integrity. Tier 2 assays include 

assessments of enzymatic and molecular mechanisms. Tier 3 assays are cell-specific 

functional assays that can be performed on certain cells.145 Finally, tier 4 assays test for 

proteomic and/or genomic changes, and are still under development. Best practices 

dictate that 2-3 assays, one from each applicable tier, should be performed to ensure the 

most accurate viability assessment.151   
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Tier 1 assays are necessary for rapid determination of post-thaw viability. These 

tests determine cellular membrane integrity, and are also known as live/dead tests.151 

The most common Tier one tests are those that rely on vital dye exclusion, where a vital 

dye such as trypan blue or erythrosin B is taken up by dead or dying cells with cell 

membranes that are no longer completely intact. Cells with intact membranes do not take 

up the vital dye, are left unstained, and are considered living. Tier 1 assays provide 

important initial viability determinations, but can sometimes overestimate cell viability by 

not accounting for cryopreservation-induced cell death in the form of apoptosis or 

necrosis occurring 24-48 hours post-thaw.185 

Molecular cell death indicators and metabolic activity are the categories of assays 

which comprise tier 2 assessments. These assays are best performed between 4-48 

hours post-thaw to detect longer term cryopreservation-induced cell death.151 An example 

of a molecular cell death indicator is the detection of cytosolic enzymes released during 

necrosis or apoptosis, such as lactate dehydrogenase (LDH).186,187 The LDH release 

assay can be detected and quantified by a colorimetric spectrophotometric plate reader. 

Another example of a common molecular cell death indicator is the Annexin V/PI assay. 

Apoptotic cells express phosphatidyl serine (PS) and are stained by Annexin V 

conjugated to a fluorescent dye such as Alexa Fluor 488. Propidium Iodide (PI) enters the 

membrane of dead or necrotic cells and stains them fluorescent red. Viable cells are left 

unstained. Annexin V/PI is multiparametric as it detects the PS on the surface of cells 

undergoing apoptosis, while PI determines membrane integrity. Annexin PI requires the 

use of a flow cytometer for detection and quantification. 
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Metabolic activity assays are good determinants of cell viability, proliferation, and 

cytotoxicity. Common examples include the MTT/MTS/XTT assays as well as the Alamar 

blue assay. The MTT/MTS/XTT assays involve cellular uptake of a yellow tetrazolium salt, 

which is then reduced by metabolically active cells to form an orange formazan dye.188 

For the Alamar Blue assay, resazurin permeates cells and is reduced by metabolically 

active cells to form the colored product resorufin.189 The amount of colored product 

produced by the MTT/MTS/XTT and Alamar Blue assays can then be detected and 

quantified by a colorimetric spectrophotometric plate reader. 

Tier 3 assays are functional assays to determine if viable cells have retained their 

specific functions. These assays are not appropriate for cells that do not have specific 

and detectable functions. Some cells, such as hepatocytes, can test as viable in tier 1 

and/or tier 2 assay but no longer function as they did prior to cryopreservation.151,190,191 

Albumin secretion, cytochrome p450, and urea production can be negatively affected by 

cryopreservation, and functionality should be tested post-thaw. Cell specific functional 

assays are also necessary for immune cells to determine any changes to cell surface 

markers or protein receptors. 

 Tier 4 assays are a new set of assays to be considered. These assays are still 

under development and can be the most complicated of all four tiers.151 The aim of tier 4 

assays is to not only determine structural damage, but also to determine potential 

functional alterations, molecular changes, and/or selection or enrichment of 

subpopulations for cells following cryopreservation. These types of advanced and specific 

analyses are modeled after molecular diagnostics for diseases and could potentially 

provide comparisons between sample sets. Once developed, a tier 4 assay would have 
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the potential to replace some assays from other tiers and provide valuable genetic and 

functional information to assess cells used in cellular therapies and drug development. 

 

VII. Additional Considerations 

Both the age and quality of a cells can affect their ability to survive freezing. Cells 

subjected to stresses from manipulation or poor culture conditions prior to 

cryopreservation have significantly decreased function and viability post-thaw.151 Multi-

tiered viability testing is not only recommended for post-thaw assessments, but is also 

ideal to ensure the cells are damaged as little as possible prior to cryopreservation. Non-

transformed cells, such as normal diploid somatic cells, should be cryopreserved at low 

passage numbers. Some types of cells require use at fewer than 6-12 passages to avoid 

senescence related functionality/viability issues.192,193 For example, if some cells are too 

old (passage numbers above 12) they are less resistant to stresses associated with 

freezing. In general, cells harvested from late log or early stationary populations can have 

the greatest chance for recovery. However, the window of optimal growth can be quite 

narrow, and this is another reason for testing from more than one of the aforementioned 

tiers. 
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CHAPTER 3 

 
EXPRESSION, PURIFICATION, AND CHARACTERIZATION OF 

ApAFP752 

 

Cryoprotection is of interest in many fields of research, necessitating a greater 

understanding of different cryoprotective agents. In recent years, antifreeze proteins have 

been identified that have the ability to confer cryoprotection in certain organisms. 

Antifreeze proteins are an evolutionary adaptation that contributes to the freeze 

resistance of certain fish, insects, bacteria, and plants. These proteins adsorb to an ice 

crystal’s surface and restrict its growth within a certain temperature range. In this chapter, 

we will examine Aim 1: Characterize the antifreeze activity of the antifreeze protein 

ApAFP752 (see “Project Aims and Hypothesis”).  
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I. INTRODUCTION 

Effective cryoprotection is an important, unsolved, practical problem in medicine, 

pharmaceutical and food industries, and agriculture. Near-freezing and freezing 

temperatures are not ideal for the survival of eukaryotic organisms, but in nature there 

are a variety of compounds and strategies for freeze avoidance and freeze tolerance to 

enhance the survival of certain organisms that experience extremely low temperatures. 

Antifreeze proteins (AFPs) were originally discovered in the blood of Antarctic nototheniid 

fish3 and have since been identified in other fish,34,194 insects,13 plants,7,58 and bacteria195 

which live in extreme cold temperature environments. AFPs are structurally diverse; 

however, all AFPs have thermal hysteresis properties and inhibit ice recrystallization (the 

growth of small ice crystals into large ones) via the direct binding of AFPs to the surface 

of ice crystals.90,196 Thermal hysteresis is the ability of AFPs to depress the freezing point 

of the solution without significantly affecting the melting point.4,23 Insect AFPs are 

considered ‘hyperactive’ AFPs24,100,197 relative to fish AFPs due to their higher TH activity, 

a property which helps insects survive much colder temperatures on land (e.g., -40 C) 

than the temperatures fish encounter in the arctic ocean (e.g., -1 to -2 C).198 Although 

the exact mechanism of ice-growth inhibition at the molecular level has been much 

debated, it is likely that both the hydrophobic effect and hydrogen bonding contribute to 

AFP adsorption to ice.73  

 These studies deal with ApAFP752, which originates from the desert beetle 

Anatolica polita found in the Gurbantunggut Desert within the Xinjiang province of China 

and parts of Central Asia.116,199 ApAFP752 is an ortholog of the antifreeze proteins DAFP 

from the beetle Dendroides canadensis 104,200 and TmAFP from Tenebrio molitor,60 both 
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of which are extensively disulfide bonded right-handed β-helical proteins,120,201 and the 

ice-binding β-sheet contain Thr-Cys-Thr motifs in which the Thr residues line up with the 

oxygen atoms of the ice crystals. It is important to note that the most prior studies on AFP 

applications have utilized the better-characterized fish derived AFPs. AFPs from insects 

are thought to be more promising candidates for cryoprotection,13 because they are 

hyperactive and the ice morphology they promote is different from fish AFPs (i.e., ‘lemon-

shaped’ vs. ‘needle-shaped’ ice crystals respectively).4,9 The protein is expressed in the 

laboratory as a thioredoxin-antifreeze fusion protein (TrxA-ApAFP752) and has been 

shown to protect E. coli cells against cold damage in a concentration-dependent 

fashion105 and to enhance the viability of human skin fibroblast cells after freeze-

thaw.115,121,122  

II. Expression and Purification of TrxA-ApAFP752 

Expression and purification of TrxA-ApAFP752 has been reported previously.115 The 

recombinant plasmid pET32b containing the TrxA-ApAFP752 gene105 (NCBI Accession 

code: MW187079) was transformed into Escherichia coli BL21 (DE3) pLysS (Promega). 

Luria-Bertani (LB) agar plates with 100 μg mL-1 ampicillin were inoculated with the 

transformed cells. Plates were then incubated at 37 C for 12-14 hours. Single colonies 

were selected and used to inoculate 30 mL aliquots of Luria-Bertani (LB) medium with 

100 μg mL-1 ampicillin. The inoculants were incubated in an orbital shaker at 37 C and 

225 rpm for 12-18 hours. These precultures were then used to inoculate LB medium with 

100 μg mL-1 ampicillin at a rate of 4mL preculture/1L LB medium and incubated in an 

orbital shaker at 37 C and 225 rpm until an optical density at 600 nm (OD600) of 0.65 to 

0.80 was achieved. Cells were then harvested by centrifugation at 9559 x g, 4 °C for 20 
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minutes, and resuspended in a minimal growth medium consisting of 15N enriched (>99%) 

ammonium chloride (NH4Cl) at a ratio of 1:4 minimal growth medium to LB broth. The 

cells were then incubated at 15 °C, 225 rpm for 45 minutes, and protein overexpression 

was induced by adding 1 mL of 400 mM (final concentration 0.4 mM) isopropyl β-D-1-

thiogalactopyranoside (IPTG) and incubated at 15 °C, 225 rpm for 12 hours.115 Finally, 

the cells were pelleted by centrifugation at 9559 x g, 4 °C for 25 minutes, and pellets were 

either used immediately or frozen at -80 °C for long term storage. 

For purification, cell pellets were resuspended in a lysis buffer containing 3 mL 50 mM 

sodium phosphate, 150 mM NaCl, 30 μL Halt™ Protease Inhibitor Cocktail (Thermo 

Scientific), and 6 μL Benzonase Nuclease pH 8.0 per pellet. Resuspended cells were 

lysed by four rounds of pressing with a French Press at 1500 psi. Next, the cell lysate 

was centrifuged at 20,217 x g, 4 °C for 30 minutes, the supernatant was then collected 

and filtered through .45 and .22 μm filters. Fast protein liquid chromatography (FPLC; GE 

Healthcare ÄKTA purifier 900) was performed using Ni-affinity (first fast flow then high 

pressure) columns to take advantage of the 6xHis tag engineered into the protein 

sequence (Figures 11-14). The protein was eluted from the columns using a 500 mM 

imidazole gradient and dialyzed or buffer exchanged into a buffer containing 50 mM 

potassium phosphate, 20 mM NaCl, pH 8.0.   



 

 

39 

 
Figure 11. Chromatogram of the first of 2 HisFF Ni-affinity purifications for TrxA-
ApAFP752 sample preparation. Colored lines represent following measurements: 
(Green) concentration of elution buffer relative to the starting imidazole concentration (%); 
(Blue) absorption at 280 nm; (Brown) conductivity of sample/solution in units of mS cm-1. 
The peaks at fractions 28-32 correspond with the elution of TrxA-ApAFP752 fusion 
protein. Peaks prior to fraction 15 correspond with non-6xHis proteins, aggregated 
proteins, and debris. 
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Figure 12. Chromatogram of the second of 2 HisFF Ni-affinity purifications for TrxA-
ApAFP752 sample preparation. Colored lines represent following measurements: 
(Green) concentration of elution buffer relative to the starting imidazole concentration (%); 
(Blue) absorption at 280 nm; (Brown) conductivity of sample/solution in units of mS cm-1. 
The peaks at fractions 28-32 correspond with the elution of TrxA-ApAFP752 fusion 
protein. Peaks prior to fraction 15 correspond with non-6xHis proteins, aggregated 
proteins, and debris. 
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Figure 13. Chromatogram of the first of 2 HisHP Ni-affinity purifications for TrxA-
ApAFP752 sample preparation. Colored lines represent following measurements: 
(Green) concentration of elution buffer relative to the starting imidazole concentration (%); 
(Blue) absorption at 280 nm; (Brown) conductivity of sample/solution in units of mS cm-1. 
The peaks at fractions 28-32 correspond with the elution of TrxA-ApAFP752 fusion 
protein. Peaks prior to fraction 6 correspond with non-6xHis proteins, aggregated 
proteins, and debris. 
 



 

 

42 

Figure 14. Chromatogram of the second of 2 HisHP Ni-affinity purifications for TrxA-
ApAFP752 sample preparation. Colored lines represent following measurements: 
(Green) concentration of elution buffer relative to the starting imidazole concentration (%); 
(Blue) absorption at 280 nm; (Brown) conductivity of sample/solution in units of mS cm-1. 
The peaks at fractions 28-32 correspond with the elution of TrxA-ApAFP752 fusion 
protein. Peaks prior to fraction 6 correspond with non-6xHis proteins, aggregated 
proteins, and debris. 
 

 

 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) stained 

with Coomasie brilliant blue was performed to determine protein purity (Figure 15). In 

some instances, anion exchange chromatography and/or size-exclusion chromatography 

were performed in order to improve protein purity. After concentrating to a desired 

concentration, some lyophilized protein samples were prepared for alternative long-term 
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storage studies in which the sample was lyophilized in buffer (50 mM potassium 

phosphate, 20 mM NaCl, and 1 mM NaN3 at pH 8.0) overnight115 and stored at room 

temperature (~21 C) for 17 months. The sample was rehydrated with 18.2 MΩ Milli-Q® 

water (EMD Millipore) before cryopreservation studies and buffer exchanged into the Tris 

buffer. Heat inactivation of purified Trx-ApAFP752 was achieved by incubating the protein 

at 60 °C for 15-20 minutes. TrxA-ApAFP752 sample concentration was estimated using 

UV-Visible spectrophotometry (ε280 = 19,575 M-1cm-1) (Figure 16). 

 

 
Figure 15. SDS-PAGE of 12% acrylamide gel stained with Coomasie brilliant blue. 
Various concentrations of TrxA-ApAFP752 were loaded into lanes surrounding the 
molecular weight (MW) marker, and bands appear around the 26.4 kDa consistent with 
the molecular weight of TrxA-ApAFP752. 
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Figure 16. UV-Vis absorption spectra of TrxA-ApAFP752. The full spectrum is pictured 
above with a close-up of the 280 nm absorption pictured below. 
 
 

III. Cleavage of TrxA-ApAFP752 

 ApAFP752 was removed from the fusion protein via proteolytic cleavage using bovine 

His-enterokinase (Prospec-Tany). TrxA-ApAFP752 cleavage was performed in Buffer B. 

A small-scale cleavage test was performed with a ratio of 1 IU bovine His-enterokinase 

to 400 μg TrxA-ApAFP752 for six hours at 25 °C. Samples were taken every two hours 

to assess cleavage efficiency using SDS-PAGE and staining with Coomassie brilliant 

blue. Full cleavage was performed using 1 IU bovine His-enterokinase per 400 μg Trx-
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ApAFP752 for six hours at 25 °C. The ApAFP752 sample was then purified using FPLC 

Ni-affinity and the flow through was collected (Figure 17). Purity was assessed using 

SDS-PAGE and visualized with silver staining (Figure 18). ApAFP752 sample 

concentration was estimated using UV-Visible spectrophotometry (ε280 = 5,470 M-1cm-1) 

(Figure 19).  

 

Figure 17. Chromatogram of TrxA-ApAFP752 after cleavage. Colored lines represent 
following measurements: (Green) concentration of elution buffer relative to the starting 
imidazole concentration (%); (Blue) absorption at 280 nm; (Brown) conductivity of 
sample/solution in units of mS cm-1. The peak at fraction 4 corresponds with the elution 
of ApAFP752 protein in the column flow-through. Peaks at fractions 28-38 correspond 
with the elution of TrxA and bovine His-enterokinase. 
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Figure 18. Comparison of fusion and cleaved protein. (A) Coomassie Blue staining of 26.4 
kDa TrxA-AFP752 run through SDS-PAGE in a 12% acrylamide gel. (B) Silver staining of 
cleaved 9.4 kDa ApAFP752 run through SDS-PAGE in a 16% acrylamide gel. 
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Figure 19. UV-Vis absorption spectra of ApAFP752. The full spectrum is pictured above 
with a close-up of the 280 nm absorption pictured below. 
 

IV. Characterization of TrxA-ApAFP752 

To characterize the antifreeze activity of the recombinantly expressed and purified TrxA-

ApAFP752, thermal hysteresis activity (THA) and the ice-recrystallization inhibition (IRI) 

activity assays were conducted.  
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Differential scanning calorimetry (DSC) was used to assay THA. Aqueous 

solutions of 180 µM TrxA-ApAFP752 in buffer (50 mM K2HPO4, 20 mM NaCl, pH 8) were 

analyzed via differential scanning calorimetry (DSC, TA Instruments Q2000). Samples 

were first cooled to -40 °C and held for 10 minutes so as to completely freeze the solution. 

The next cycle involved heating from -40 to 10 °C at a rate of 1 °C/min to completely melt 

the solution and to capture the total enthalpy of melt for the sample. Subsequently, a 

sequence of cycles were run that consisted first of a 1 °C/min cooling back to -40 °C 

followed by 1 °C/min heating to a progressively higher hold temperature starting at -1 °C 

and increasing by 0.1 °C in the next heating cycle199. This cycling of heating and cooling 

profiles process continued through to a maximum of 0.5 °C for hold temperature. In the 

initial heating cycles, the goal was to only melt a small fraction of the ice, hold the system 

at that hold temperature for 5 minutes to come to steady state, and then on cooling to 

capture the exothermic profile of the refreezing of that water fraction.  In early cycles, the 

melting and freezing endotherms and exotherms maintained symmetry, where for one (or 

two) cycles the freezing temperature is observed (Figure 20) at a temperature lower than 

the hold temperature (i.e., melting temperature for that cycle). This depression in freezing 

point is defined as the thermal hysteresis activity (THA). The derivative of that particular 

heat flow cycle also allows us to more easily observe the rapid change in slope at the 

onset of freezing near the first minimum just under 0 °C. 

 In Figure 20, a series of heating and cooling cycles are shown for the TrxA-

ApAFP752 in buffer (50 mM potassium phosphate, 20 mM sodium chloride, pH 8). The 

sample was first cooled to -40 °C so as to fully freeze the sample. Then, the sample was 

heated to a hold temperature subzero and held isothermal for 5 minutes, which induced 
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a partial melting of the sample. The melting endotherm associated with each heating 

cycle is shown as the dashed curves with negative heat flow. After the hold period, the 

respective cooling cycles follow with the exotherm on recrystallizing that fraction of water, 

seen as dashed profiles in the figure. The cycle where we can assess thermal hysteresis 

is emphasized with a solid profile in dark blue (where other cycles are shown in dashed 

gray) and the depression in the freezing point relative to the hold temperature is clearly 

observable. In this particular case, the hold temperature was -0.1 °C and the freezing 

point was observed as a rapid change in slope of the cooling exotherm at -0.75°C; thus, 

we observe a THA of 0.65 °C. Subsequent heating cycles (with higher hold temperatures) 

did not show an immediate freezing exotherm on cooling, but instead experienced 

supercooled freezing in the heterogeneous nucleation temperature range (observed at -

22.9 °C, -22.6 °C, and -21.6 °C). We also wanted to assess whether lyophilized AFP 

retains cryoprotective activity, as lyophilization can be a very useful technique for protein 

storage. The AFP sample was lyophilized, reconstituted with water, and activity was 
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reassessed. Differential scanning calorimetry showed retention of thermal hysteresis 

activity after lyophilization. 

Figure 20. Differential scanning calorimetry measurement of thermal hysteresis activity of 
TrxA-ApAFP752 (50 mM K2HPO4, 20 mM NaCl, pH 8). Negative heat flow endothermic 
profiles indicate partial melting of the ice, where positive exothermic profiles refer to the 
subsequent refreezing upon cooling. The solid exothermic profile refers to the particular 
cooling cycle used for thermal hysteresis activity analysis and shows the depression in 
the freezing point relative to the melting hold temperature for that cycle. THA data was 
collected in collaboration with John Tsavalas, University of New Hampshire.  

 

For ice recrystallization inhibition assays, solutions of TrxA-ApAFP752 were 

prepared at 20, 10, 5.0, 2.5, and 1.0 μM in 50 mM K2HPO4, 20 mM NaCl, pH = 8 buffer. 

Approximately 15 μL of sample was loaded by capillary action into a 25 μL microcapillary 

tube [Drummond] and the ends sealed in a flame.202 The tubes were positioned next to 

one another and secured with a small amount of aluminum tape on each end.  The 

solutions were flash frozen over 10-15 seconds in a stream of N2 gas coming from a LN2 

tank, creating microcrystalline ice as seen in Figure 21A.  The microcapillary tubes were 

positioned in a home-built apparatus to hold the samples at -6.0 °C while observing each 
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sample under magnification for 20 hours. An initial photograph at 0 h and end photograph 

at 20 hours are compared to the determine the extent of ice recrystallization across the 

different solutions. 

Ice-recrystallization inhibition assays were performed before and after 

lyophilization. The IRI assays corroborate the THA performance and exhibit no change in 

ice-crystal granularity, indicating no change in the IRI activity at concentrations above 1 

mM. The IRI assays with TrxA-ApAFP752 demonstrate functional behavior at 5.0 μM 

(Figure 21), which is the concentration used for cryoprotection of the frog eggs. The 

concentration of TrxA-ApAFP752 necessary for ice recrystallization inhibition was 

consistent across batches of the protein. Both of these assay methods indicated that 

lyophilization does not functionally alter the activity of the AFP. 
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Figure 21. Ice recrystallization inhibition by TrxA-ApAFP752 at different concentrations 
before and after lyophilization. A) Initial solutions, t = 0 h, of buffer alongside varying 
concentrations of TrxA-ApAFP752 in microcapillary tubes after flash freezing to yield 
microcrystalline ice and the same solutions after holding for 20 h at -6.0 °C demonstrating 
significant ice recrystallization in the buffer but not the TrxA-ApAFP752 solutions. B) A 
similar experiment using lyophilized and reconstituted TrxA-ApAFP752 that demonstrates 
significant ice recrystallization inhibition for all concentrations higher than 1.0 μM.  IRI 
data was collected by Paul Baures and Ian B. Lehner, Keene State College (P. B. is 
currently at Florida State University).  
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CHAPTER 4 

MAMMALIAN CELL CRYOPRESERVATION WITH ApAFP752 

The following chapter is taken from my publication in Biomolecules.203 

Sreter, J. A., Foxall, T. L. & Varga, K. Intracellular and Extracellular Antifreeze Protein 

Significantly Improves Mammalian Cell Cryopreservation. Biomolecules 12, 

doi:10.3390/biom12050669 (2022). 
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Abstract: Cell cryopreservation is an essential part of the biotechnology, food, and 

healthcare industries. There is a need to develop more effective, less toxic cryoprotective 

agents (CPAs) and methods, especially for mammalian cells. In order to achieve Aim 2: 

Examine the extracellular cryoprotective activity of ApAFP752 for mammalian cell 

cryopreservation and Aim 3: Examine the intracellular cryoprotective activity of 

ApAFP752 in mammalian cells, we investigated the impact of an insect antifreeze 

protein from Anatolica polita (ApAFP752) on mammalian cell cryopreservation using the 

human embryonic kidney cell line HEK 293T. An enhanced green fluorescent protein 

(EGFP) tagged antifreeze protein, EGFP-ApAFP752 was transfected into the cells and 

the GFP was used to determine the efficiency of transfection. AFP was assessed for its 

cryoprotective effects intra- and extracellularly and both simultaneously at different 

concentrations with and without dimethyl sulfoxide (DMSO) at different concentrations. 

Comparisons were made to DMSO or medium alone. Cells were cryopreserved at -196 

°C for ≥ 4 weeks. Upon thawing, cellular viability was determined using trypan blue, 

cellular damage was assessed by lactate dehydrogenase (LDH) assay, and cellular 

metabolism was measured using a metabolic activity assay (MTS). The use of this AFP 

significantly improved cryopreserved cell survival when used with DMSO intracellularly. 

Extracellular AFP also significantly improved cell survival when included in the DMSO 

freezing medium. Intra- and extracellular AFP used together demonstrated the most 

significantly increased cryoprotection compared to DMSO alone. These findings present 

a potential method to improve the viability of cryopreserved mammalian cells. 

Keywords: Antifreeze protein; cryopreservation; cryoprotectants; freezing; mammalian 

cells 
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I. Introduction 

Cryopreservation of cells has long been necessary in the use of cells in research, for in 

vitro fertilization, and the increased use of mammalian cells in the production of 

therapeutics, vaccines, and even food production 134,135,204,205. Thus, there is a need for 

cryoprotectants and improved cryopreservation protocols that will enhance the viability of 

cells stored at low temperatures, and some of these can be found as naturally occurring 

proteins 152. Cellular therapies offer precise, potent, and cutting-edge treatment options 

for complex diseases 137-142. However, reliable and consistent long-term cryogenic 

storage of mammalian cells remains a challenge, and it has been recognized as a 

potential major obstacle in the development of complex cellular therapies 143,166. Long-

term storage and transport can also be further complicated, as some cells are especially 

sensitive to freezing damage 206. For over 60 years, dimethyl sulfoxide (DMSO) has been 

added to cells to reduce ice formation when stored in liquid nitrogen (-196 °C), however 

DMSO can have harmful effects by causing adverse reactions in patients and exhibiting 

cellular toxicity 177,207. 

Almost all cells and cellular organisms are damaged by freezing, and much is still 

not understood about how to counteract its adverse effects. Numerous organisms have 

natural compounds to avoid or tolerate freezing in order to survive in extreme cold. 

Antifreeze proteins (AFPs), a type of ice binding protein, were first discovered in Antarctic 

fish blood 3. Over the past few decades, it has been discovered that a wide range of 

organisms produce AFPs for protection against freezing 4-6. Mammals, however, have not 

been found to produce AFPs. AFPs inhibit ice growth, direct ice crystal shaping, and 
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prevent ice recrystallization in cold adapted organisms as a result of becoming adsorbed 

to the nascent ice surface by an unusual mechanism 7-9.  

Previous work has investigated incorporating AFPs as cellular cryoprotectants 

5,96,208-212. However, these studies typically involved teleost or other moderately active 

AFPs that shape ice crystals into needle-like formations that can puncture cell 

membranes 209,213. Insect AFPs induce formation of rounded ice crystals which may 

reduce cell membrane damage and provide better cryoprotective activity 214. To date, 

these insect AFPs have been added to cryoprotective agents (CPAs) as a non-

penetrating part of cryoprotectant solutions, and some have shown promising results in 

mammalian cells 215,216.  

The insect antifreeze protein ApAFP752 was found in the central Asian desert 

beetle Anatolica polita 105. These deserts can experience extreme temperature 

fluctuations up to +40 °C and down to -40 °C in a day 105,113,114. ApAFP752 is a 9 kDa 

protein with a predicted highly disulfide bonded β-helical structure containing an array of 

Thr residues on the ice binding surface, similar to the homologous AFP from the beetle 

Tenebrio molitor (TmAFP) 120,201. Current studies of ApAFP752 use the recombinant 

thioredoxin A (TrxA) fusion protein TrxA-ApAFP752 105,115,121,208. 

TrxA-ApAFP752 has previously been shown to provide cryoprotection to E. coli 

cells against cold damage 105, Xenopus laevis eggs 124 and human skin fibroblast cells 

115,121,208. In these studies, TrxA-ApAFP752 demonstrated cryoprotective activity when 

microinjected into the Xenopus laevis eggs 124, and when included in the freezing medium 

external to the E. coli 105 and human skin fibroblast cells 115. In this study, the goal was to 

observe and determine both the extracellular and intracellular cryoprotective activity of 
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ApAFP752 in human cells. We designed plasmids for both an enhanced green 

fluorescent protein (EGFP-ApAFP752) fusion protein and EGFP alone. Cells were then 

left untransfected or transfected with either EGFP-ApAFP752 fusion protein or EGFP 

alone and the transfection efficiency and cryoprotective activity were assessed compared 

to varying concentrations of DMSO. Extracellular Trx-ApAFP752 will be denoted as EC 

AFP, and transfected EGFP-ApAFP752 will be referred to as intracellular or IC AFP. 

Extracellular TrxA-ApAFP752 (EC AFP) and intracellular EGFP-ApAFP752 (IC AFP) 

cryoprotection efficacy was then evaluated and compared using trypan blue for viability 

determination, lactate dehydrogenase (LDH) release for membrane damage, and 

metabolic activity from the cellular metabolism of (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays. 

 

II. Materials and Methods 

Cells and Reagents 

Human embryonic kidney (HEK) 293T cells were purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA), and cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% 

v/v fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA). Cells were incubated in a 

humidified incubator at 37 °C and 5% CO2. Cells were rinsed with Dulbecco’s phosphate 

buffered saline (DPBS) (Thermo Fisher Scientific, Waltham, MA, USA) and dissociated 

from cultureware using 0.05% trypsin + 0.02% EDTA (Thermo Fisher Scientific, Waltham, 

MA, USA). Cell viability was determined using a hemocytometer and 0.4% trypan blue 
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solution (Thermo Fisher Scientific, Waltham, MA, USA) and an Invitrogen Countess™ II 

FL automated cell counter (Thermo Fisher Scientific, Waltham, MA, USA).  

 

Transfection of HEK 293T Cells 

Plasmids for EGFP and EGFP-ApAFP752 were designed and purchased from GeneArt 

(Thermo Fisher Scientific, Waltham, MA, USA). Transfection of EGFP-ApAFP752 

plasmid (Figure S1) into HEK 293T cells was optimized according to manufacturer 

protocols. After optimization, 1 × 107 cells were seeded into T75 flasks with a final volume 

of 19.7 mL DMEM supplemented with 10% FBS and incubated overnight. The following 

day, cells were ~80% confluent. 20 µL of plasmid DNA (1 µg/µL) was combined with 2 

mL of Gibco™ OptiMEM (Thermo Fisher Scientific, Waltham, MA, USA), then 60 µL of 

TransIT®-293 (Mirus Bio, Madison, WI, USA) was mixed in and left for 30 mins at room 

temperature to complex. The solution was then mixed, added to the ~80% confluent T75 

flask of HEK 293T cells, and cells were incubated for 48 hours. Following incubation, cells 

were observed, and digital images were taken with epifluorescence microscopy to 

visualize EGFP and EGFP-ApAFP752 transfection. 

 

Flow Cytometry 

After visualization of optimal transfection conditions, transfection efficiency was quantified 

by measuring EGFP expression using flow cytometry. Transfected HEK 293T cells were 

released by trypsinization, centrifuged, and resuspended in DPBS. Flow cytometry was 

performed using a Sony SH-800Z sorting flow cytometer (Sony Biotechnology, San Jose, 

CA, USA) equipped with 405 nm, 488 nm, 561 nm, and 638 nm lasers capable of 
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detecting up to 8 parameters (6 fluorescent and 2 scatter channels). Sony cell sorter 

software was used to operate the instrument. Untransfected HEK 293T cells were used 

as a negative control. The 488 nm excitation laser was used with a 100 µM chip operating 

at 6 psi. EGFP (or EGFP-ApAFP752) fluorescence was detected using the fluorescence 

2 (FL2) emission detector at 525 nm. The percentage of HEK 293T cells expressing 

EGFP (or EGFP-ApAFP752) was measured by gating for a region with <1% of 

untransfected HEK 293T cells in the EGFP gated region, as described previously 217. The 

gating strategy can be found in Figure S2. All flow cytometry data was analyzed using 

FlowJo software (Becton Dickinson, Franklin Lakes, NJ, USA). 

 

Expression and Purification of Recombinant TrxA-ApAFP752 

TrxA-ApAFP752 was expressed and purified for testing it as an extracellular agent (EC 

AFP) and for comparison with intracellular EGFP-AFP (IC AFP) to determine which has 

more potent activity in HEK 293T cryopreservation. Expression and purification of TrxA-

ApAFP752 was performed as described previously 115. In short, the recombinant plasmid 

pET32b-TrxA-ApAFP752 was transformed into BL21 (DE3) pLysS competent 

Escherichia coli cells (Promega, Madison, WI, USA). Protein overexpression was induced 

with isopropanol-1-thio-β-D-galactopyranoside (IPTG) 105. The cells were harvested via 

centrifugation and then lysed using a French press. TrxA-ApAFP752 was purified using 

an ÄKTA purifier 900 fast protein liquid chromatography (FPLC) system with nickel-affinity 

columns (Cytiva, Marlborough, MA, USA). Protein purity was assessed using SDS-PAGE 

and Coomassie blue staining. TrxA-ApAFP752 concentration was estimated using UV-

Visible spectrophotometry (ε280 = 19,575 M-1cm-1). TrxA-ApAFP752 was used as 
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extracellular AFP (EC AFP) at final concentrations of 5 or 15 µM (0.13 or 0.40 mg/ml) in 

the cryoprotectant solutions. 

 

Cryopreservation and Thawing 

Prior to cryopreservation, all HEK 293T cell viability was > 90%. For studies comparing 

untransfected HEK 293T cells, those transfected with EGFP, or those transfected with 

EGFP-ApAFP752 (AFP), 1 mL of 5 × 106 cells were cryopreserved with 0, 5, 10, 15, and 

20 % (v/v) concentrations of DMSO in Corning® cryogenic tubes (Corning, Corning, NY, 

USA). Cryotubes were placed in a Mr. Frosty™ freezing container (Thermo Fisher 

Scientific, Waltham, MA, USA) and cooled at -1 °C/min to -80 °C. After 24 hours, 

cryotubes were then stored in liquid nitrogen vapor phase (-196 °C) for ≥ 4 weeks. Cells 

were rapidly thawed using a 37 °C water bath, added to 5 mL of prewarmed DMEM 

supplemented with 10% FBS, and centrifuged for 5 mins at 200 × g. The resulting cell 

pellet was then resuspended in 5 mL of prewarmed DMEM supplemented with 10% FBS. 

The cryopreservation and thawing methods described previously were then used to 

compare the cryoprotective activity of extracellular AFP (EC AFP) and intracellular AFP 

(IC AFP) and both together. The following cryopreservation conditions were compared to 

untransfected HEK 293T cells frozen with the same DMSO concentrations (0, 5, and 10% 

v/v) and stored in liquid nitrogen vapor phase (-196 °C) for ≥ 4 weeks: 

 

1) 5 µM EC AFP  

2) 15 µM EC AFP  

3) IC AFP 
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4) 5 µM EC AFP & IC AFP 

5) 15 µM EC AFP & IC AFP  

 

Viability Tests 

Three different assays were utilized to assess cryopreservation efficacy of the HEK 293T 

cells after freeze/thaw: trypan blue, LDH release, and MTS assays. It is important to note 

that immediate post-thaw viability testing can fail to account for cellular apoptosis or 

necrosis in some cells, which may take 24-48 hours to occur 163,218. To increase 

confidence in results from immediate post-thaw viability assays, such as trypan blue, 

additional viability assessments were conducted at multiple time points including both 

immediate (within 12 hours) and longer term (48 hours post-thaw) testing. The trypan blue 

viability assay is based on the principle that the vital dye, trypan blue, enters dead or 

dying cells with a damaged membrane while leaving viable cells with intact membranes 

unstained 219. Any user error was mitigated by the use of an automated cell counter in 

conjunction with manual counting with a hemocytometer 220,221. The LDH release assay 

is based on the fact that cells undergoing necrosis, apoptosis, or other cellular membrane 

damage will rapidly release LDH into the surrounding medium, and this is easily quantified 

by the LDH release assay 222. Cellular metabolic activity was measured by the reduction 

of a tetrazolium compound, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, and an electron coupling 

reagent (phenazine ethosulfate; PES) by metabolically active living cells to form a colored 

formazan product 223. This assay is widely used to determine either cellular proliferation 
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or cytotoxicity by quantifying cellular metabolism. The same number of viable cells 

counted using trypan blue were plated for each treatment 48 hours prior to measurement.  

 

Trypan Blue Assay 

All HEK 293T cells were enumerated and viability was determined using a 

hemocytometer and 0.4% trypan blue vital dye solution (Thermo Fisher Scientific, 

Waltham, MA, USA) as well as an Invitrogen Countess™ II FL automated cell counter 

(Thermo Fisher Scientific, Waltham, MA, USA) 219. Cell viability assessments using the 

trypan blue assay began within 1 hour after freeze/thaw and were completed within 12 

hours. 

 

 LDH Assay 

Within 1 hour post-thaw, the Cyquant™ LDH cytotoxicity assay (Thermo Fisher Scientific, 

Waltham, MA, USA) was performed to determine the amount of cell damage by following 

manufacturer protocols and absorbance values were read at 490 nm using a 

spectrophotometric plate reader (BioTek, Winooski, VT, USA) 222. Total LDH released 

was determined by measuring Triton X-100 lysed HEK 293T cells as positive controls. All 

values were media subtracted and cell damage was expressed as % total LDH release. 

 

MTS Assay 

Viable cells for each condition were plated in a 96-well plate at a density of 1.5 × 104 

cells/well. Cell media was changed after 24 hours and a CellTiter 96® Aqueous One 

Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA) was used to perform 
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an MTS assay 48 hours post-thaw according to the manufacturer protocols. Absorbance 

values were read at 490 nm using a spectrophotometric plate reader (BioTek, Winooski, 

VT, USA). Percent (%) total metabolic activity was measured relative to fresh, non-

cryopreserved HEK 293T cells. 

 

Experimental Design and Statistical Analysis 

First, the objective was to determine successful transfection of EGFP-ApAFP752 (IC 

AFP) and EGFP into HEK 293T cells. Next, we determined the cryoprotective effect of IC 

AFP compared to the control groups of untransfected cells and EGFP transfected cells at 

0, 5, 15, 15, and 20% v/v DMSO concentrations using three different cell viability 

measurements (trypan blue, LDH, and MTS). After establishing AFP is responsible for 

the intracellular cryoprotective effect, comparisons were then made to determine the 

cryoprotective activity of extracellular AFP (EC AFP) and intracellular AFP (IC AFP) and 

both together at 0, 5, and 10% v/v DMSO concentrations again using three different cell 

viability measurements (trypan blue, LDH, and MTS). All experiments contained 3 

biological repeats (n=3) with each containing 3 technical repeats. Statistical analyses 

were performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). 

 

III. Results 

Transfection 

To evaluate transfection efficiency, cells were observed and imaged using both light and 

epifluorescence microscopy at 24- and 48-hours post-transfection (Figure 22, Figure S3). 

Cells transfected with EGFP or EGFP-ApAFP752 produced green fluorescence when 
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excited by blue light (450-490 nm). No fluorescence was observed in untransfected cells. 

The amount of EGFP-ApAFP752 expression was higher after 48 hours vs. 24 hours, so 

48 hours was selected for optimal protein expression and absence of cellular pathologies. 

It should be noted that cells were also examined 72-hours post-transfection, however, no 

increase in protein expression was observed. Flow cytometry was performed to quantify 

the percent of cells expressing EGFP (or EGFP-ApAFP752) fluorescence (transfection 

efficiency) and transfection efficiency was determined to be an average of 80%. 

 

Figure 22. Transfection of HEK 293T cells. (A) Epifluorescent images of HEK 293T cells 
comparing untransfected cells and cells transfected with EGFP and EGFP-ApAFP752 
(EGFP-AFP) after 48 hours photographed at 100X. (B) Flow cytometry analysis of AFP 
transfection measuring transfection efficiency of EGFP-ApAFP752 gated against 
untransfected cell autofluorescence. (C) Average transfection efficiency (% EGFP 
expression) for EGFP-ApAFP752 (blue) compared to untransfected cells (magenta). 
Mean value ± SEM. All experiments contained 3 biological repeats (n=3) with each 
containing 3 technical repeats. 
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Figure 23. Analysis of cell viability by trypan blue exclusion in untransfected, EGFP 
transfected, and EGFP-AFP transfected (IC AFP) HEK 293T cells after cryopreservation. 
5 × 106 cells were cryopreserved with (A) 0, (B) 5, (C) 10, (D) 15, and (E) 20 % (v/v) 
concentrations of dimethyl sulfoxide (DMSO) and stored in liquid nitrogen for ≥ 4 weeks. 
Data was analyzed using a one-way analysis of variance (ANOVA) and a Tukey’s post 
hoc test was used for pairwise comparisons of experimental groups. All experiments 
contained 3 biological repeats (n=3) with each containing 3 technical repeats. Mean value 
± SEM (n.s. p > 0.05, ***p ≤ 0.001). 
 

Untransfected vs. EGFP vs. IC AFP  

EGFP and untransfected cells are the negative controls to rule out any potential 

cryoprotective activity from the EGFP part of the EGFP-AFP fusion protein for IC AFP. 

Untransfected, EGFP transfected, and EGFP-ApAFP752 transfected cells (IC AFP) were 

cryopreserved with 0, 5, 10, 15, and 20 % (v/v) concentrations of cell culture grade DMSO. 

These concentrations were chosen because 5-10% DMSO are the concentrations most 
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commonly used for cell cryoprotection, and we sought to compare a wide range for 

determining DMSO activity 164. Cells were then stored in liquid nitrogen vapor phase (-

196 °C) for ≥ 4 weeks. Cells that were frozen and thawed without cryoprotectants (0% 

DMSO, untransfected cells), Fig. 2A, exhibited lowest viability, ~5% on average (Table 

1). 5% and 10% DMSO increased the survival of untransfected HEK 293T cells, however 

higher DMSO concentrations of 15% and 20% decreased cell survival, implying the 

toxicity of higher DMSO concentrations to cells (Figure 23 and Table 1). Post-thaw testing 

showed a significant increase in viability for cells transfected with AFP (IC AFP) vs. 

untransfected cells or cells transfected with EGFP across all treatments using the trypan 

blue viability assay (Figure 23). The results are summarized in Table 1. There were no 

significant differences between untransfected cells and cells transfected with EGFP 

across each DMSO concentration. 

 

Table 1. Average % viability of HEK 293T cells across treatments as determined by trypan 
blue assay. 

 0% DMSO  5% DMSO  10% DMSO 15% DMSO 20% DMSO 

Untransfected 5 46 72 60 37 

EGFP 10 42 70 62 44 

IC AFP 31 80 89 77 62 

IC AFP vs. 

Untransfected 

+26 (***) +34 (***) +17 (***) +17 (***) +25 (***) 

IC AFP vs. EGFP +21 (***) +38 (***) +19 (***) +15 (***) +18 (***) 

All experiments contained 3 biological repeats (n=3) with each containing 3 technical 
repeats. ***p ≤ 0.001 
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Post-thaw cell damage was measured using an LDH assay (Figure 24). The assay 

showed a significant decrease in LDH release for IC AFP cells vs. untransfected cells, or 

cells transfected with EGFP across all treatments except 20% DMSO. The findings are 

summarized in Table 2. There were no significant differences between untransfected cells 

and cells transfected with EGFP across each DMSO concentration.  

Figure 24. LDH assay of cell damage for untransfected, EGFP transfected, and EGFP-
AFP transfected (IC AFP) HEK 293T cells after cryopreservation. 5 × 106 cells were 
cryopreserved with (A) 0, (B) 5, (C) 10, (D) 15, and (E) 20 % (v/v) concentrations of DMSO 
and stored in liquid nitrogen vapor phase (-196 °C) for ≥ 4 weeks. All values are media 
subtracted and cell damage is expressed as % total cellular LDH. Data was analyzed 
using a one-way analysis of variance (ANOVA) and a Tukey’s post hoc test was used for 
pairwise comparisons of experimental groups All experiments contained 3 biological 
repeats (n=3) with each containing 3 technical repeats. Mean value ± SEM (n.s. p > 0.05, 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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Table 2. Average LDH release of HEK 293T cells across treatments expressed as % total 
cellular LDH.  

 0% DMSO 5% DMSO 10% DMSO 15% DMSO 20% DMSO 

Untransfected 80 47 29 42  46 

EGFP 81 45 30 40 42 

IC AFP 66 25 16 25 32 

IC AFP vs. 

Untransfected  

-14 (*) -22 (***) -13 (*) -17 (**) -14 (ns) 

IC AFP vs. EGFP -15 (*) -20 (***) -14 (*) -15 (**) -10 (ns) 

All experiments contained 3 biological repeats (n=3) with each containing 3 technical 
repeats. n.s. p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
 

The MTS assay showed no significant differences in metabolic activity between 

untransfected, EGFP transfected, and AFP transfected cells for each DMSO 

concentration, indicating both the accuracy of the trypan blue and LDH release assays 

performed within 12 hours post-thaw, and no mitogenic effects of AFP for HEK 293T cells 

(Figure 25). 
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Figure 25. Relative metabolic activity assessed via MTS assay performed on 
untransfected, EGFP transfected, and EGFP-AFP transfected (IC AFP) HEK 293T cells 
after cryopreservation. 5 × 106 cells were cryopreserved with 0, 5, 10, 15, and 20% (v/v) 
concentrations of DMSO and stored in liquid nitrogen vapor phase (-196 °C) for ≥ 4 
weeks. Media was changed after 24 hours and MTS assay was performed after 48 hours 
with % metabolic activity measured relative to fresh, non-cryopreserved HEK 293T cells. 
Data was analyzed using a one-way analysis of variance (ANOVA) and a Tukey’s post 
hoc test was used for pairwise comparisons of experimental groups All experiments 
contained 3 biological repeats (n=3) with each containing 3 technical repeats. Mean value 
± SEM (n.s. p > 0.05) 
 

 Intracellular vs. Extracellular AFP 

In order to determine whether the cryoprotective activity of IC AFP is more potent than 

extracellular AFP (EC AFP), the two conditions were directly compared to untransfected 

cells. Due to no increased cryoprotective effects observed for 15 or 20% v/v DMSO over 

5 and 10% v/v DMSO, and with the aim to use as little DMSO as necessary for 

cryopreservation, DMSO concentrations were kept at those most commonly used for 

cryopreservation (5 and 10% v/v) for intracellular vs. extracellular (IC vs. EC) AFP testing 

164. We tested two concentrations (5 μM and 15 μM) of EC AFP to establish its efficacy in 

cryopreservation, and 5 μM was chosen as the minimal concentration as we have 

previously shown that this was the minimal concentration at which purified TrxA-

ApAFP752 exhibited potent ice-recrystallization inhibition (IRI) behavior 124. The trypan 
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blue assay showed a significant increase in viability for all AFP treatments (Figure 26 A-

C). Cells cryopreserved with both extracellular and intracellular (EC and IC) AFP 

compared to untransfected HEK 293T cells yielded the highest levels of cryoprotection. 

These viability increases are summarized in Table 3. 
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Figure 26. (A-C) Trypan blue exclusion assay in untransfected and AFP transfected (IC 
AFP) HEK 293T cells after cryopreservation. 5 × 106 cells were cryopreserved with (A) 0, 
(B) 5, and (C) 10 % (v/v) concentrations of DMSO and/or 5 or 15 µM (0.132 or 0.396 
mg/ml) TrxA-ApAFP752 (EC AFP) and stored in liquid nitrogen vapor phase (-196 °C) 
for ≥ 4 weeks. (D-F) LDH assay measurement of cell damage for untransfected and AFP 
transfected (IC AFP) HEK 293T cells after cryopreservation. 5 × 106 cells were 
cryopreserved with (D) 0, (E) 5, and (F) 10 % (v/v) concentrations of DMSO and/or 5 or 
15 µM (0.132 or 0.396 mg/ml) TrxA-ApAFP752 (EC AFP) and stored in liquid nitrogen 
vapor phase (-196 °C) for ≥ 4 weeks. All values are media subtracted and cell damage is 
expressed as % total cellular LDH. Data was analyzed using a one-way analysis of 
variance (ANOVA) and a Tukey’s post hoc test was used for pairwise comparisons of 
experimental groups All experiments contained 3 biological repeats (n=3) with each 
containing 3 technical repeats. Mean value ± SEM (n.s. p > 0.05, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001) 



 

 

72 

Table 3. Average increased % viability of HEK 293T cells across treatments for 
extracellular (EC) AFP and intracellular (IC) AFP vs. cells without AFP (untransfected), 
as determined by trypan blue assay. 

  
5 µM  

EC AFP 

15 µM  

EC AFP 
IC AFP 

5 µM EC  

& IC AFP 

15 µM EC 

& IC AFP  

0% DMSO +12 (***) +16 (***) +24 (***) +24 (***) +32 (***) 

5% DMSO +19 (***) +18 (***) +27 (***) +29 (***) +34 (***) 

10% DMSO +14 (***) +20 (***) +20 (***) +23 (***) +26 (***) 

All experiments contained 3 biological repeats (n=3) with each containing 3 technical 
repeats. ***p ≤ 0.001 
 

Post-thaw cell damage was measured using an LDH assay comparing 

untransfected cells to the various AFP treatments (Figure 26 D-F). For 5 µM vs. 15 µM 

EC AFP, significant decreases in LDH release were not found in 0% DMSO samples 

(Figure 26 D). There was also no significant decrease in LDH release for cells 

cryopreserved with 15 µM EC AFP at 10% DMSO (Figure 26 F). It should be noted that 

this value is very nearly statistically significant (p = 0.06), and this treatment may still be 

biologically significant. A significant decrease in LDH release was found in all IC AFP 

treatments and the results are summarized in Table 4 and Table S2. 
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Figure 27. Relative metabolic activity assessed via MTS assay performed on 
untransfected and AFP transfected (IC AFP) HEK 293T cells after cryopreservation. 5 × 
106 cells were cryopreserved with 0, 5, and 10 % (v/v) concentrations of DMSO and/or 5 
or 15 µM (0.132 or 0.396 mg/ml) TrxA-ApAFP752 (EC AFP) and stored in liquid nitrogen 
vapor phase (-196 °C) for ≥ 4 weeks. Media was changed after 24 hours and MTS assay 
was performed after 48 hours with % metabolic activity measured relative to fresh, non-
cryopreserved HEK 293T cells. Data was analyzed using a one-way analysis of variance 
(ANOVA) and a Tukey’s post hoc test was used for pairwise comparisons of experimental 
groups All experiments contained 3 biological repeats (n=3) with each containing 3 
technical repeats. Mean value ± SEM (n.s. p > 0.05) 
 

Table 4. Average LDH release of HEK 293T cells expressed as % total cellular LDH 
across treatments for extracellular (EC) AFP and intracellular (IC) AFP vs. cells without 
AFP.  

  
5 µM  

EC AFP 

15 µM  

EC AFP 
IC AFP 

5 µM EC  

& IC AFP 

15 µM EC 

& IC AFP  

0% DMSO -15 (ns) -13 (ns) -23 (*) -22 (*) -24 (**) 

5% DMSO -17 (*) -15 (*) -31 (***) -32 (***) -34 (***) 

10% DMSO -14 (*) -13 (ns) -20 (***) -19 (***) -20 (***) 

All experiments contained 3 biological repeats (n=3) with each containing 3 technical 
repeats. n.s. p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
 

The MTS assay showed no significant differences in metabolic activity between 

post-thaw untransfected cells and EGFP-ApAFP752 transfected (IC AFP) cells for each 

condition for each DMSO concentration (Figure 27). This indicates the accuracy of the 

trypan blue and LDH assays performed within 12 hours post-thaw and no mitogenic 

effects of EC AFP or IC AFP for HEK 293T cells. 
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IV. Discussion 

Effective cryopreservation and long-term storage are essential requirements for the use 

of cells in research and clinical applications of cell-based therapies and improving 

cryopreservation materials and procedures is critical for many cell types 173,224. There are 

two major categories of CPAs: penetrating and non-penetrating 154,164. As their names 

imply, non-penetrating CPAs are extracellular with some examples being polymers, such 

as polyvinyl alcohol (PVA) or polyampholytes 165,166. Penetrating CPAs such as DMSO or 

glycerol are intracellular and are the most commonly used of all CPAs 152,168, and in 

mammalian cell culture, most cryopreservation procedures utilize DMSO as the 

cryoprotectant. The concentration of DMSO as well as exposure time must be optimized 

to a level that yields the most cryoprotective benefit with the least cytotoxic effects, and 

in most applications, cells are incubated in the presence of 5-10% v/v of DMSO for 10 

minutes prior to freezing to allow penetration of DMSO. The cells are then cooled at a 

rate of -1 °C/min in a standard freezing container down to -80 °C before moving the frozen 

cell suspension to liquid nitrogen storage (-196 °C) 164. A non-toxic alternative or addition 

to DMSO would be beneficial to increase cryopreservation efficacy and potentially reduce 

the amount of DMSO required, thereby reducing the toxic effects. Here, ApAFP752 

demonstrated significant extra- and intracellular cryoprotective activity. By transfecting 

AFP into cells, the AFP is given the ability to protect cells from within, improving its 

cryoprotective potency compared to when it is confined to the extracellular medium. This 

transient transfection also allows for AFP expression and cryoprotection in a non-heritable 

manner. 
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The trypan blue assay showed a significant increase in post-thaw viability for HEK 

293T cells transfected with EGFP-ApAFP752 (IC AFP) (Figure 23). Interestingly, though 

viability was optimized at 10 % DMSO, continued cryoprotection and potential attenuation 

of cytotoxic levels of DMSO was observed for IC AFP at 15 and 20% DMSO (Figure 23, 

Figure 24) 225. Though extracellular TrxA-ApAFP752 (EC AFP) also provided a significant 

increase in post-thaw viability, IC AFP demonstrated significantly higher post-thaw 

viability for the 0% and 5% DMSO concentrations (Figure 26 A-B), and at 10% DMSO, 

15 µM EC AFP displayed the same increased viability as IC AFP, with no significant 

difference between the two conditions (Figure 26 C). This could be due to the fact that 

the post-thaw viability with 10% DMSO alone was an average of 66% (Table S1), and 

there was less room for improvement. Interestingly, there was significantly improved post-

thaw viability for the combined approach of 15 µM EC & IC AFP over IC AFP alone at 0 

and 10% DMSO, while at 5% DMSO there was no statistically significant change in 

viability (Figure 26, Table S1). Overall, 15 µM EC & IC AFP yielded the most potent 

cryoprotective activity across every DMSO concentration tested. For example, at 10% 

DMSO, 15 µM EC & IC AFP HEK 293T cells demonstrated 92% viability on average after 

freeze/thaw (Figure 26, Table S1). It is also worth noting at 5% DMSO, IC AFP offers 

improved cryoprotective activity over 10% DMSO alone (Figure 23, Figure 26, Table 1, 

Table S1), demonstrating IC AFP can be implemented as a means of reducing DMSO. 

Also, 5% DMSO with 5 and 15 µM EC & IC AFP gives similar post-thaw viability as 10% 

DMSO with 5 and 15 µM EC AFP (Figure 26, Table S1). This further demonstrates EC 

and IC AFP can be used to reduce the amount DMSO required for cryoprotection. 
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 The LDH release assay results were in agreement with the trypan blue viability 

results, only with the LDH release assay, cell damage is quantified. IC AFP significantly 

reduced the amount of LDH released by cells at 0, 5, 10, and 15% DMSO concentrations 

(Figure 24, Table 2, Figure 26, Table 3, Table S2). No significant decreases in LDH 

release were detected for the combined approach of 5 and 15 µM EC & IC AFP over IC 

AFP alone, indicating IC AFP is mainly responsible for the significant decrease in LDH 

release (Figure 26 D-F, Table 4, Table S2). For the MTS assay, no significant differences 

in the relative metabolic activity measurements across treatments for each DMSO 

concentration demonstrated the accuracy of these initial viability counts (Figure 25, Figure 

27). It should be noted that cells exhibiting low metabolic activity, as at confluence, are 

still alive 226-228. The consistent reduction in post-thaw metabolic activity was not 

surprising, as cryopreserved mammalian cells have been shown to have reduced cellular 

proliferation as measured by metabolic activity, and cells can take up to 96 hours to 

recover pre-freeze proliferation rates 181,229,230. 

A major role of AFPs is the inhibition of ice recrystallization during the thawing 

process and in the frozen state during temperature cycling. Ice recrystallization refers to 

the phenomenon that larger ice crystals grow more preferentially than smaller ones in 

order to minimize the total surface energy. The small ice crystals fuse together, increase 

their size significantly, and cause physical damage to cells. Inhibition of ice 

recrystallization is important in the control of crystal size in cryopreservation of cells and 

tissues 94,231,232. Another distinction between AFPs relating to their measured ability to 

create a gap between the freezing point and melting point of water, known as thermal 

hysteresis activity (THA), and in this regard, AFPs are considered either moderately 
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active or hyperactive 80,104. Possibly more important for cryopreservation is that 

moderately active and hyperactive AFPs also differ in their ice crystal shaping ability. 

Moderately active AFPs bind to the prism and/or pyramidal planes of ice, limiting ice 

crystal expansion to the c-axis, resulting in a needle-like ice crystal shape 6,30,80. 

Hyperactive AFPs bind to both the basal and prism planes of ice, restricting ice crystal 

growth along all axes, and resulting in a rounded ice crystal shape 6,81. The fusion TrxA-

ApAFP752 antifreeze activity has been previously characterized by us and others for ice-

recrystallization inhibition activity and affecting ice crystal size and shape 115,123,124 and 

THA 123,124. We have shown that purified Trx-ApAFP752 demonstrates functional ice-

recrystallization inhibition behavior at 5 μM or higher concentrations 124, which is why we 

used 5 μM and 15 μM concentrations for the extracellular AFP assays. Ice-

recrystallization inhibition activity, and ice shaping are likely much more important 

contributors to cryoprotection in cells than THA, which does not likely play much of a role 

when cells are stored at cryogenic temperatures.  

Previous studies using hyperactive AFPs as part of the extracellular freezing 

solution have shown increased cryoprotective activity in mammalian cells 115,216. The 

aforementioned differences between hyperactive and moderately active AFPs may 

explain why improved intracellular cryoprotective activity was observed here compared 

to previous studies using moderately active AFPs 209. It should be noted that these 

previous studies used different mammalian cells, and our findings with HEK 293T cells 

may not apply to all mammalian cells. The methodology used here was also vastly 

different than any previous study. By transfecting mammalian cells and expressing AFP 

within them, there are minimal manipulations necessary to obtain intracellular AFP. This 
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ensures cells are not exposed to any additional stresses prior to freezing. This approach 

yielded stronger cryoprotection by ApAFP752 than our previous studies in which we either 

supplemented the freezing medium for human skin fibroblast cells with purified TrxA-

ApAFP752 115 or microinjected amphibian cells (frog Xenopus laevis eggs and embryos) 

with the protein 124. 

GFP-AFP fusion proteins have been shown to retain or even enhance the 

cryoprotective activity of similar insect AFPs such as RiAFP and TmAFP 80,214. This is 

thought to be due to the increased size of the fusion protein from the 27 kDa GFP 

combined with the 12.8 kDa (RiAFP) or 9 kDa (TmAFP) AFPs 102,125,233. These data are 

further corroborated by our findings here. By transfecting AFP into cells, the otherwise 

non-penetrating cryoprotectant AFP is given the ability to protect the cells from within, as 

penetrating cryoprotectants do. This intracellular cryoprotective activity is increased for 

AFP in a manner similar to studies of intracellular delivery of other non-penetrating CPAs 

224. Including extracellular AFP along with intracellular AFP may provide the best 

cryoprotection. 

One of the main goals of this study was to use well-established technologies and 

methods and to maintain a straightforward experimental design that builds off of current 

protocols. In addition, the tests performed are rapid, commercially available, and relatively 

low cost, making them suitable options for virtually all cell culture facilities 143. 

Furthermore, these protocols follow best practices and combine several types of assays 

(membrane integrity, metabolic activity, etc.) necessary to achieve a comprehensive 

assessment of cryopreservation efficacy 151. Because cell viability after freeze/thaw is 

increased with intracellular AFP, other types of cells may be studied and a unique, 
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cryoprotected cell line with stable and inheritable AFP expression can be developed with 

numerous, far-reaching practical applications. This work sheds light on potential 

improvements to current cryopreservation protocols by the addition of an AFP transfection 

step 48 hours prior to freezing, while still using widely available and well-established 

methods. For example, cells especially susceptible to cryoinjury, such as immune cells, 

could be transiently transfected with AFP prior to freezing to improve post-thaw cell 

viability 234,235. Within just a few replication cycles after thawing, these cells would no 

longer produce AFP and could be used for other research purposes, including plasmid 

transfection, drug testing, etc. Further studies could also include determining localization 

of EGFP-AFP in mammalian cells to help elucidate any membrane localization during 

freezing using new methods of confocal microscopy on frozen samples 236.  

V. Conclusions 

This study presented insight into differences between extracellular and intracellular 

cryoprotective activity of AFP. This proof of concept shows a means of effective 

intracellular delivery of AFP yielding both biologically and statistically significant increases 

in cell viability following cryopreservation compared to current protocols. Reducing or 

ultimately eliminating DMSO is the ultimate goal for expanding and improving cellular 

storage, vaccine, and therapeutic methods seeking to avoid its toxic effects, but still retain 

effective means of cryopreservation.  
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CHAPTER 5 
 

CONCLUSIONS AND SUMMARY 
 

Project: Cryopreservation studies of the antifreeze protein ApAFP752  

Antifreeze proteins show great promise in the field of cryopreservation. We have worked 

to determine the cryoprotective activity of the antifreeze protein ApAFP752. To that end, 

we have improved our understanding of both the functional and cryopreservative aspects 

of the protein. In focusing on three primary aims, we have been able to answer multiple 

questions. 

Aim 1: Characterize the antifreeze activity of the antifreeze protein 

ApAFP752. We hypothesized that ApAFP752 not only exhibits thermal hysteresis activity 

but also potent ice recrystallization inhibition. The observed thermal hysteresis activity of 

the TrxA-ApAFP752 (thioredoxin tagged ApAFP752) fusion protein was 0.65 °C, much 

lower than that of other insect antifreeze proteins. However, this was measured by 

differential scanning calorimetry, and other insect antifreeze proteins have been 

measured via nanoliter osmometry. It would be interesting to measure multiple insect 

antifreeze proteins with both methods to determine potential differences in observed 

thermal hysteresis activity. More importantly for cryopreservation, TrxA-ApAFP752 

demonstrated potent ice recrystallization inhibition at concentrations as low as 5 µM. Ice 

recrystallization activity was still observed at 2.5 µM, though crystals began to grow in 

size. TrxA-ApAFP752 retained functional activity in terms of both thermal hysteresis 
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activity and ice recrystallization inhibition after lyophilization, indicating no functional 

alteration of TrxA-ApAFP752 when lyophilized. 

Aim 2: Examine the extracellular cryoprotective activity of ApAFP752 for 

mammalian cell cryopreservation and Aim 3: Examine the intracellular 

cryoprotective activity of ApAFP752 in mammalian cells concerned the application of 

ApAFP752 in mammalian cell cryopreservation, and we tested these applications. We 

hypothesized that purified ApAFP752 added to the freezing solution would offer 

cryoprotection to mammalian cells during freeze/thaw. We also hypothesized that 

intracellular ApAFP752 would offer better cryoprotection during freeze/thaw than 

extracellular AFP. The data we collected shows that HEK 293T cells transfected with 

EGFP-ApAFP752 (intracellular or IC AFP) showed significantly improved viability after 

freezing to liquid nitrogen vapor phase (-196 °C) for ≥ 4 weeks then thawing. Intracellular 

AFP improved cell viability when combined with both 5 and 10% v/v DMSO, over cells 

treated with DMSO alone. IC AFP also showed significantly increased cryoprotective 

activity over cells treated with TrxA-ApAFP752 at 5 and 15 µM concentrations 

(extracellular or EC AFP) at both 0 and 5% DMSO. For cells frozen with 10% DMSO, 

significantly improved post-thaw viability for IC AFP was only observed compared to cells 

frozen with 5 µM, but not 15 µM EC AFP. Across all treatments and DMSO 

concentrations, IC AFP combined with EC AFP demonstrated the most potent 

cryoprotective activity. Additional studies involving intracellular delivery of ApAFP752 as 

a cryoprotective agent are underway in cells more susceptible to freeze/thaw damage 

such as hepatocytes or immune cells. 
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APPENDIX 

 

Materials and Methods 

Plasmid Constructs: The fusion protein TrxA-ApAFP752 plasmid construct was obtained 

as a gift from Dr. Ji Ma at XinJiang University, Urumqi, China. This fusion protein is 

engineered with a pET32a construct and it contains an enterokinase cleavage site 

between the thioredoxin A (TrxA) and the ApAFP752 with a C-terminal 6-His histidine tag 

located on the TrxA portion of the fusion protein.  
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Figure S1. Plasmid map of EGFP-ApAFP752. 
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Figure S2. Gating strategy for flow cytometry assessment of EGFP-AFP transfection. 
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Figure S3: 24- and 48-hour post-transfection microscopy images. All images were 
photographed at 100X. 
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Table S1. Average increased % viability of HEK 293T cells across treatments for 
extracellular (EC) AFP and intracellular (IC) AFP and comparisons vs. cells without AFP 
(untransfected), as determined by trypan blue assay. 

 0% DMSO 5% DMSO 10% DMSO 

Untransfected 7 51 66 

5 µM EC AFP 19 70 80 

15 µM EC AFP 23 69 86 

IC AFP 31 78 86 

5 µM EC & IC 
AFP 

31 80 89 

15 µM EC & IC 
AFP  

39 85 92 

5 µM EC AFP 
vs. 

Untransfected 
12 (***) +19 (***) +14 (***) 

15 µM EC AFP 
vs. 

Untransfected  
+16 (***) +18 (***) +20 (***) 

IC AFP vs. 
Untransfected 

+24 (***) +27 (***) +20 (***) 

5 µM EC & IC 
AFP vs. 

Untransfected 
+24 (***) +29 (***) +23 (***) 

15 µM EC & IC 
AFP vs. 

Untransfected 
+32 (***) +34 (***) +26 (***) 

n = 3, ***p ≤ 0.001 
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Table S2. Average LDH release of HEK 293T cells expressed as % total cellular LDH 
across treatments for extracellular (EC) AFP and intracellular (IC) AFP and 
comparisons vs. cells without AFP (untransfected). 

 0% DMSO 5% DMSO 10% DMSO 

Untransfected 84 54 35 

5 µM EC AFP 69 37 21 

15 µM EC AFP 71 39 22 

IC AFP 61 23 15 

5 µM EC & IC 
AFP 

62 22 16 

15 µM EC & IC 
AFP  

60 20 15 

5 µM EC AFP 
vs. 

Untransfected 
-15 (ns) -17 (*) -14 (*) 

15 µM EC AFP 
vs. 

Untransfected  
-13 (ns) -15 (*) -13 (ns) 

IC AFP vs. 
Untransfected 

-23 (*) -31 (***) -20 (***) 

5 µM EC & IC 
AFP vs. 

Untransfected 
-22 (*) -32 (***) -19 (***) 

15 µM EC & IC 
AFP vs. 

Untransfected 
-24 (**) -34 (***) -20 (***) 

n = 3, n.s. p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
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