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Abstract 

 

A significant credit towards today’s scientific and medical advancements goes to the technique of cryopreservation. 

Cryopreservation refers to the maintenance of cellular life at subzero temperatures for a definite period of time in a 

state of suspended cellular metabolism. The technique has become an indispensable step in most scientific research 

and medical applications like assisted reproduction, transplantations, and cell-based therapies where-in it allows the 

long-term preservation of biological specimens like gametes, embryos, viruses, cells and tissues. Although already 

an extensively used technique, a significant proportion of the cryopreserved samples still incur notable damage. 

Ultimately this leads to a decreased post-thaw viability and proliferation. Moreover, it is also possible that events 

during the freezing process, provoke more serious disturbances in the preserved material with regard to its identity 

and functionality. Hence, with the need to use the technique more judiciously, additional studies are needed for 

optimizing the current cryopreservation methods in use. For this, a thorough understanding of the normal 

physiological changes that the cryopreserved sample undergoes and the physics of cryopreservation seems plausible. 

The review thus aims to unravel the current knowledge on the complex physico-chemical processes and reactions 

that occur during the standard cryopreservation techniques. 
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1. Introduction 

Cryopreservation aims to store cells indefinitely by 

arresting their metabolism and retarding the cellular 

reactions by means of low subzero temperatures. Such 

ultralow temperatures ensure that the cells are maintained 

below the glass transition temperature. 

 

2. The Underlying Biophysics of Cryopreservation 

2.1. Water and its Transition to Ice 

Like in the biology of all living cells, water play a 

central role in cryobiology too. A cell consists of around 60 

to 85% water both in free and bounded forms. The bound 

form refers to the water hydrated to complex mixtures of 

cells like proteins, lipids and (Tg) of pure water and no 

detectable biochemical activity is possible due to lack of 

sufficient thermal energy. Moreover, the progressive 

reduction and ultimately the absence of liquid water (once 

completely frozen) limit all metabolic processes [1,2]. 

Freezing is removal of water so that it transforms the 

liquid water into ice either when within the cell or after it 

flows out of the cell and freezes externally. However, it 

should be noted that freezing only affects free water in cells 

and not the bound form [3]. 

The protons and the oxygens of multiple water 

molecules are attracted electrostatically which form 

numerous weak hydrogen bonds. These bonds are highly 

dynamic and undergo frequent breaks and re- formations 

especially at its interface with other molecules and on the 

surfaces [3]. However, on cooling water below its freezing 

point, it resists breaking of hydrogen bonds. Rather 

molecules lock each other tightly to get organize into lattice 

like symmetry. This give rise to solid crystalline structures 

called ice which is less dense and occupy larger volume 

than liquid water. 

2.2 It all begins with nucleation 

Water in its pure form when cooled below its freezing 

point is undercooled or more commonly said to be super-

cooled until it is disturbed. However, once the local thermal 

properties allow hydrogen and oxygen molecules to come 

together to form sufficient H-bonds, they initiate to form an 

‘ice embryo’ [4]. This is called nucleation wherein 

molecules come close together and congregate in an 

arrangement which defines the crystal structure of the solid. 

The embryonic ice is thermodynamically capable to grow 

into a full-fledged ice as shown in Figure 1 [5]. 

Post nucleation, multiple water molecules complex with 

each other thereby forming networks that result in the 

exponential growth of the structure. Two types of 

nucleation exist depending upon the presence of a 

nucleation site [4]. The most common nucleation is the 

heterogeneous type wherein ice begins to form around a 

mere physical disturbance or an impurity like salt in the 

liquid or an irregularity in the container that act like a 

defined nucleation site. 

Homogenous nucleation, on the other hand occurs only 

in pure water wherein ice forms without a predefined site of 

nucleation or a seed crystal [5]. Given to the rarity of pure 

water in biological samples, almost all nucleation is always 

heterogeneous. The types of nucleation are shown in Figure 

2.
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Figure 1. The process of nucleation. 1. Formation of a nucleation site (an ice embryo). 2. The congregation of water 

molecule complexes on the embryo site to form an ice core. 3. The growth of a full fledged ice crystal wit regular 

symmetry. 

 

 

 
Figure 2. Types of nucleation: Homogenous nucleation occurs only in pure water wherein ice forms without a predefined 

site of nucleation or a seed crystal; heterogeneous nucleation wherein ice begins to form around a physical disturbance or 

an impurity or an irregularity in the container that act like a defined nucleation site. 

 

2.3. Osmosis follows Ice formation 

Cryobiology not only concern with the state of water in 

the cells but also involves its movement and the factors that 

govern such movement of water into and out of the cells 

during the freezing process. The osmotic relations of the 

cell abides by the principle that in the absence of metabolic 

forces, the concentration of water and solutes in the cell is 

adjusted such that both are in a chemical potential 

equilibrium with the concentrations outside the cell [3]. 

Hence, the two kinetic processes occurring during the 

cooling of cells that is growth of ice and the loss of water 

from the cell, happens at a characteristic rate [3]. This is 

highly influenced by the cooling rate imposed on the system 

[6,7]. If cooling is provided at a slow constant rate (such as 

during conventional freezing), it allows the cell to remain 

close to the osmotic equilibrium and the rate of water loss 

from the cell will be in accordance to the rate of water loss 

from extracellular solution as it changes to ice. However, if 

a rapid cooling rate is applied, the two rates will vary 

significantly. The intracellular water freezes to ice at a 

faster rate due to the absence of a permeability barrier 

which the water inside of the cells need to surpass. This 

leads to a continuous increase in the osmolality gradient 

across the plasma membrane [6-8]. 

 

 

3. Biophysics of Conventional Slow Freezing and Rapid 

Freezing 

Freezing usually occurs only when it is energetically 

and physically favorable that is when ice templates are 

available for it to do so [4]. With the drop in temperature 

associated with the cryopreservation process, ice is 

preferentially formed extracellularly (except when cells 

undergo rapid freezing). As the extracellular liquid water 

transitions to a solid state, the solute concentration of the 

system increases. This creates a deficit between the partially 

frozen outside of the cell and the unfrozen inside. This in 

turn induces the efflux from the inside of the cells to 

establish the osmotic equilibrium [3]. In case a controlled 

reduction of temperature is maintained, a sufficient osmotic 

pressure persists that prevents the formation of ice crystals 

within the cell.  However, the cells continually shrink 

during the process due to the efflux of water [9]. During 

rapid freezing, there is less time for water to move in the 

extracellular compartment and gets supercooled very fact 

leading to intracellular ice formation. Therefore, an 

optimum cooling rate is essential. Rapid freezing leads to 

cell death due to intracellular ice formation. Slow freezing 

leads to cell exposure to hypertonic environment thereby 

causing water efflux and cellular dehydration. The 

mechanism is explained in Figure 3. 
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Figure 3. The consequences of different cooling rates imposed on cells undergoing cryopreservation. 

 

4. Biophysics of Vitrification 

Viscous liquids allow rapid cooling far below their 

melting temperature and undergo solidification by avoiding 

crystallization [10-12]. This property is utilized in the 

process of vitrification. The supercooled substance with the 

physical properties of a liquid subsequently acquires solid 

properties once it reaches below a particular temperature 

called the glass transition temperature (Tg) [10]. At this 

point, the molecules of the substance remain in a disordered 

pattern as in liquids but are locked in place and the 

consequent “solid-liquid” is called as the glass [11]. Since 

there is no crystallization event, vitrification outruns the 

processes of ice nucleation and growth and thus their 

potential adverse effects [12]. 

With continuous exposure to low temperatures, the 

energy of molecules progressively dissipates with time such 

that they are unable to move amongst each other. Hence the 

molecular motion ceases and at Tg, they are physically 

confined (although still disordered) and vibrate at their 

positions mimicking the confinement within crystals. With 

subsequent temperature fall, the viscosity of the system 

significantly increases (as cell solutes become 

concentrated) [11]. The increased viscosity prevents the 

water molecules coming together to initiate ice formation 

[10]. With this, the values of heat capacity, thermal 

expansivity, and compressibility resemble to those of a 

crystal and hence the substance results into an amorphous 

solid [11]. 

 

5. Biophysics of Thawing 

The rewarming process also encompasses change in ice 

stability, size and structure. However, the exact magnitude 

and type of change depends on the type of specimen, the 

cooling rate and the cryoprotective additives used in the 

process. More significantly, the events of warming vary in 

terms of type of cryopreservation method employed. As the 

ice melts, the solute concentration in the residual phase is 

decreased. For cells that underwent slow freezing and thus 

the dehydration process, a progressive rehydration step 

occurs during warming [3]. This is opposed to cells frozen 

at high cooling rates since they are not in osmotic 

equilibrium during the freeze. They thus undergo further 

dehydration in response to the decreased extracellular 

solute concentration during thaw. But as more ice melts, the 

extracellular solution is diluted, causing the reversal of the 

water flux and ultimately cell rehydration [3]. 

A significant event during rewarming that might result 

in increased cell lethality is recrystallization in cells with 

intracellular ice. It should be noted that small ice crystals 

have a higher internal pressure than the larger ones due to 

increased interfacial curvature and ice–solution interfacial 

tension. Since this high pressure influences chemical 

potential, large ice crystals may grow while small ice 

crystals are melting at a given temperature causing further 

damage to cells [6]. 

 

6. Devitrification 

Successful devitrification is a challenge. The glassy 

solid is extremely fragile and can revert back either to a 

liquid or devitrify to form ice [13]. The ice formation may 

be a consequence of the changes in molecular mobility of 

rewarmed water molecules which under sufficient energy 

conditions, can relax and rearrange themselves to form ice. 

Further the glass may simply crack or fracture causing 

significant damage to organelles [14,15]. 

Hence in practice, most vitrification protocols employ a 

rapid rate of warming such that ice nucleation is inhibited 

while passing through the temperature of glass transition 

[16,17]. However, utmost concern must be given since too 

rapid rewarming increases the possibility of stress cracks 

and fractures. Ideally employing a two phase procedure, in 

which a short slow rewarming phase lasting a mere few 

seconds followed by a rapid warming phase at a high 

temperature looks promising for successful devitrification 

[18]. 

 

7. Mechanism of Cryoinjuries 

There may be multiple effects of ice formation such as 

cellular dehydration, mechanical stress by extracelluar ice, 

intracellular crystallization, thermal shock etc. The extent 

to which the cryopreservation technique will succeed 

depends on the immediate post-thaw survival rate and the 

effect of the freeze thaw process on cryopreserved cells. 

However, the other subtle effects on DNA, mRNA and 

protein function may not be observed immediately post-

thaw. DNA quality and gene expression are crucial factors 

for cell development. Cells undergoing cryopreservation 

are exposed to extreme physical and chemical conditions 

that may alter cell integrity at molecular level. 

There have been studies on molecular effects of 

cryopreservation targeting DNA damage and altered gene 

expression. Few study group showed no adverse effects of 

cryopreservation in the porcine and humans [19] whereas 

other groups showed negative effects in the ovine and 

human species [20,21]. The extensive work done in 

different cell types such as sperm, oocytes, erythrocytes and 

leukocytes showed that cell quality declines after the 

freeze-thaw process due to DNA damage and fall in mRNA 

levels due to addition of cryoprotectants, cryo injury, 

intracellular ice crystallization [20, 22,23]. 
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Figure 4. The process of slow freezing of cells and its cell injury mechanisms. 

 
7.1 Biophysics of Slow-Freezing Injury 

During slow cooling, the cell is able to sustain the 

osmotic equilibrium by balancing the rate of water loss 

from cells to the rate of extracellular ice formation [3] 

Although this prevents the problem of intracellular ice 

formation, it encompasses considerable cell dehydration. 

Two important mechanism of cell injury is noted during 

slow freezing: Solute toxicity and physical changes due to 

cell dehydration [7,8, 24-27]. The two major consequences 

of dehydration are a) increased extracellular solute 

concentration denaturing membrane proteins b) salt 

crystallization may also bring pH changes that may again 

denature proteins. 

Solute toxicity arises due to the increased solute 

concentration in cells. During slow cooling process, solutes 

increase in concentration both extracellularly and 

intracellularly due to the formation of external ice and the 

resulting efflux of water from the cells [28]. This can lead 

to alterations in the chemical equilibrium of the cell through 

varied biophysical and biochemical changes leading to cell 

death. For instance, highly concentrated salt can have a 

lyotropic effect on the cell membrane [19]. The mechanism 

of cell injury in slow freezing is shown in Figure 4. 

On the other hand, cell shrinkage is capable of causing 

structural deformations among other defects. The 

dehydration of the plasma membrane due to water loss may 

cause membrane fusion events resulting in parts of 

membrane being internalized as vesicles and consequently 

decreasing the surface area of the cell adversely affecting 

its housekeeping functions [27]. Besides this, there are 

many theories as to how cell dehydration causes damage to 

the cells. The minimal volume hypothesis states that once 

the cell reaches its minimum volume after water efflux, it 

fails to maintain the osmotic equilibrium and thus the 

gradient difference can only be minimized by salt 

movement from extracellular solution into the cytoplasm. 

On reversal to isotonic condition during thawing, the 

cytoplasm with higher concentration of solute would draw 

water in to reach equilibrium. If this expansion surpassed 

the yield strength of the membrane, the cell undergoes lyses 

[29]. A variant of the same theory suggests that once the 

minimum volume is reached, the induced hydrostatic 

pressure gradient causes a mechanical stress on the cell 

resulting in injury [26]. 

Nevertheless, formation of large ice crystals even 

extracellular can have grave consequences. The expansion 

can cause pressure and has a shearing effect on membranes 

resulting in appreciable damage [9]. 

 

7.2 Biophysics of Rapid Freezing Injuries 

Intracellular ice formation is the most well-known cell 

injury inflicted by higher rates of cooling [30]. As described 

earlier, during a rapid freeze protocol, a cell is unable to 

maintain equilibrium with the external environment since 

extracellular ice forms too quickly to balance by exosmosis. 

As a result, the cytoplasm is increasingly super-cooled 

which in turn increases the chance of allowing nucleation 

and thus intracellular ice formation. [30,31] The nucleation 

has been shown to result from interactions of extracellular 

ice with the plasma membrane. A set of hypotheses explain 

that the external ice with an appropriate tip radius grows 

through the aqueous or proteinaceous pores of plasma 

membrane to seed the cytoplasm for intracellular ice 

formation [31-33]. This results in cell injury due to the 

enlargement of the membrane pore on re-crystallization 

during warming. This is well explained under the protein- 

pore theory [32]. Alternatively, it could also be that 

membrane damage precedes intracellular ice formation (the 

membrane failure hypothesis) as shown through the work 

on unfertilized eggs of sea urchin [34]. The membrane may 

be damaged either by development of electrical transients 

created by charge separation at the interface of the growing 

ice and the aqueous solution or through the virtue of a 

critical osmotic pressure gradient across the membrane 

[35,36]. It has also been hypothesized that the plasma 

membrane could act as an effective nucleator for internal 

ice when acted on by extracellular ice. This is known as the 

surface- catalyzed nucleation theory [37]. 

It is widely believed that formation of intracellular ice is 

lethal to cells mostly due to the mechanical damage they 

impose via a surface-area-to-volume redistribution of the 

ice crystal [7,13,38]. This has been believed to damage 
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internal organelles of the cell. As a matter of fact, the 

hazardous effect of ice crystal formation is more 

prominently evident during the warming process. A slow 

thawing protocol results in the recrystallization of the ice, 

increasing its size. Recrystallization, however, is not the 

only means by which intracellular ice can be lethal. 

Intracellular ice formation also include non-mechanical 

modes of destruction such as through solution effects, 

thermal shock, osmotic injury, protein denaturation, and gas 

bubble formation [39-44]. However, the degree of lethality 

and damage incurred is strictly influenced by the amount, 

size, location and mechanism of formation of such ice 

crystals as described in Figure 5 [40,45,46]. 

 

8. The Role of Cryoprotectants 

A range of chemical substances with high solubility that 

work to protect biological cells from cold shock have been 

employed to substantially increase the survival following 

freezing and thawing [47]. These substances called 

cryoprotective agents or cryoprotectants are either 

permeating or non- permeating [1] type depending upon 

their mode of action. 

 

8.1 Mode of action of Permeating Cryoprotectants 

Permeable cryoprotectants diffuse through the plasma 

membrane and equilibrate in the cytoplasm. They have a 

low molecular weight and are non-ionic with low cellular 

toxicity [9, 48]. They are most commonly employed to 

mitigate slow-cooling injuries and primarily work by 

decreasing the freezing point [48]. They lower the amount 

of ice that forms at a given temperature by forming H-bonds 

with water molecules [3]. This in turn lowers the salt 

concentration found normally in physiological solutions for 

a given temperature (below the freezing point, when ice 

formation causes the concentration of these salts). Besides, 

they also act as secondary solvent for the salt present [3]. 

Hence by depressing the temperature at which the cell is 

exposed to increased extracellular solute concentration, the 

magnitude of injury, and the kinetics at which damage 

accumulates, is reduced. Further, it has also been seen that 

permeable cryoprotectants enters the cell and increases its 

viscosity. This helps preventing the cell reaching the 

minimum lethal cell volume due to dehydration [48,49]. 

 

8.2 Mode of action of Non-permeating cryoprotectants 

Non-permeating cryoprotectants are bulky long-chain 

polymers that remain extracellular and are used mostly for 

rapid freeze processes [50]. They have large osmotic 

coefficients and use this property to dehydrate cells before 

freezing which then requires lesser amount of water loss 

from the cell to maintain osmotic equilibrium during 

cryopreservation [3]. As a result the cytoplasm do not 

supercool to the extent to initiate the formation of 

intracellular ice at the given cooling rate [3,9]. Figure 6 

explains modes of action of permeating and non-permeating 

cryoprotectants. 

 

8.3 Cryoprotectants to achieve Vitrification 

Cryoprotective vitrification strategy involves the use of 

cryoprotectants to significantly increase the cell viscosity 

such that when a cell is exposed to cryogenic temperatures 

the nucleation event for ice formation is completely 

inhibited [51]. This can be achieved by the addition of 

cryoprotective additives at very high concentrations [49]. 

However, the toxicity of the cryoprotectant at the intended 

concentration must be taken into account [52]. In the recent 

years, sugars have found a utility in vitrification regimes as 

effective cryoprotectants especially for mammalian cells. 

They offer several advantages in regard to substantially 

increasing the cell viscosity and also protecting cells from 

shrinkage during the freezing process [53]. Sugars like 

sucrose, raffinose, trehalose etc have high molecular 

weights and are capable of forming hydrogen bonds with 

water. At high concentrations of monosaccharides and 

disaccharides, sugars render protection by formation of a 

stable glassy matrix and also by binding to sites previously 

stabilized by water [54- 59]. 

 

 

 
Figure 5. Physical events and possible cryoinjuries during rapid freeze. 
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Figure 6. Mode of action of permeating and non-permeating cryoprotectants. 

 

9. Applications of Biophysics Understanding 

9.1 Selection of Cooling Rates 

The rate of cooling imposed during the cryopreservation 

process greatly determines the cell survival outcome [60-

62]. The effect can be explained by an underlying principle 

described as the inverted “U” of cryobiology (Figure 7). 

This is based on observations whereby graph plots of cell 

survival vs. cooling rate imposed on a system take the form 

of an inverted “U” [3]. This is because, only few cells 

survive when the cooling rate is very slow and even fewer 

survive when the rate is high. Cells remain most viable 

when the cooling rate is optimal which is specific for a cell 

type. Two opposing damaging factors account for the two 

arms of the inverted “U”: the formation of intracellular ice 

crystals and dehydration injury. Formation of intracellular 

crystals is more likely and damaging when the cooling rate 

is high while dehydration damages are higher at low 

cooling rates [63]. 

The injury mechanisms that occur at both slow cooling 

rates and rapid cooling rates are shown. The maximal cell 

survival is obtained at the optimal cooling rate. When 

gradual cooling rates are imposed on cells, as discussed 

earlier, extracellular ice forms raising the solute 

concentration on the outside. This creates a differential 

water gradient and requires water from the interior of the 

cells to undergo exosmosis to relieve the gradient. This is 

the basis to the advantage of a slow controlled cooling. 

Since water is effluxed, the amount of water is reduced 

within the cell and the chance of more lethal intracellular 

ice crystal formation is hence minimized. Said differently, 

the formation of extracellular ice is advantageous since it 

inhibits the more lethal intracellular ice crystal formation. 

However, if the cooling rate is too slow, the solute 

concentration rises sharply causing colligative damage to 

the cells. Hence, an optimal cooling rate is to be chosen for 

best survival rates such that only a minimal water remains 

inside the cells to inhibit ice formation while just the right 

amount of it is to be removed to prevent colligative solution 

effects [3]. 

The real challenge however remains to select the 

optimal cooling rate since it varies with change in specimen 

cell type. For example, the optimum cooling rate for mouse 

marrow stem cells via a study may be concluded at 1°C/min 

for but may be over 1000°C/min for human red blood cells 

(RBCs) [3]. Further, the cell survival at a particular cooling 

rate is also largely determined by the warming and thawing 

procedure applied. In addition to that, the type of 

cryoprotectant used and the concentration it is used at 

further may exert a significant effect on the results. 

 

9.2 Controlling Ice Nucleation 

The most significant event in the course of conventional 

cryopreservation is the nucleation of ice and it has 

important consequences [4]. Ice nucleation is believed to 

affect the cell structural, osmotic and colligative properties 

as well as is capable of causing ruptures and mechanical 

injuries through same means [5]. 
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Figure 7. Cell Survival vs. Cooling Rate Curve. 

 

 “Seeding” refers to one such method wherein an 

external preformed ice crystal is deliberately introduced as 

a nucleator into the system at a particular temperature 

[7,64,65]. A cold spot is generated generally outside of the 

container to minimize contamination. Seeding works by 

preventing the supercooling of the specimen and 

spontaneous nucleation. If such initial transition of liquid to 

ice is site and time controlled, the subsequent events 

leading to damage is also surpassed [5]. Ice nucleators can 

also be formed with the use of ‘chemical nucleants’, added 

in the sample medium or by electro-freezing which utilizes 

a high voltage of electricity to induce crystal formation [66- 

69]. Alternatively, some mechanical methods exists, which 

involve disturbing the solution by shaking or tapping [70]. 

Even the use of ultrasound waves for nucleation is feasible 

however, the standardization is difficult [71]. Other 

methods include using cold shocks or pressure shifts which 

involves exposing the specimen to rapid changes in 

temperatures and pressure respectively [72,73]. 

 

9.3 Selection of Cryoprotectants 

Today almost all cryopreservative regimes employ the 

use of some form of cryoprotective agents during the 

freezing process [51,52]. With the understanding of the 

physics of the cryoprotectants and their mode of action, a 

range of chemicals with one or more cryoprotective action 

are available. However, on understanding their working 

mechanism it was also clear that cryoprotectant under use 

must be non-toxic to the specimen being preserved [52]. 

This is especially true for permeating cryoprotectants. 

Nonetheless, non-permeating cryoprotectants also engender 

the risk of causing osmotic injury [51]. Cryo-

conservationists have thus been increasingly exploiting and 

amalgamating cryoprotectant modalities. 

Considering the dynamics of freezing, any 

cryoprotective agent rendering colligative cryoprotection 

will be an effective cryoprotectant. If so, it might be able to 

control the cooling rate and optimize the degree of cell 

dehydration to avoid both ice damage (caused by 

insufficient water loss) and colligative damage (caused by 

excessive water loss) [3]. 

It has also been shown that the use of a mixture of 

different cryoprotective additives is advantageous since this 

might help in nullifying the toxic properties of individual 

cryoprotectants as well as render the system with 

synergistic cryoprotective action [74]. The use of a mixture 

of permeating and non- permeating cryoprotectant is 

already common for many cryopreservation protocols [1]. 

 

9.4 Selection of Thawing and Rewarming Rates 

As discussed earlier, the temperature and mode of thaw 

have as important consequences as the process of freezing 

employed on specimen survival and proliferation. [75,76] 

The method chosen however depends on the method of 

freezing recruited, the cooling rate imposed and the type of 

cryoprotectants used (Figure 8). Taking into account the 

biophysical relations of the cells, in general, cells frozen at 

supra- optimal rates give higher survival when warmed 

rapidly [16,17]. This is because, a slow warming may cause 

recrystallization of ice and/or non-uniform expansions and 

contractions leading to thermal, colligative and osmotic 

stress. On the other hand, the cells which are cooled at 

suboptimal rates do not follow the trend (either work 

oppositely or are unaffected by the warming rate) [18]. 

 

10. Increased Interest towards Vitrification 

Understanding the basic biology of cryopreservation is 

an essential step towards achieving successful survival of 

cells post-thaw [77]. Since cryopreservation by vitrification 

completely omits ice formation and requires minimal 

equipment it stands as a promising alternative to 

conventional methods of freezing [10,11]. From the 

standpoint of biophysics too, vitrification is highly valuable 

in that it omits the drastic molecular reorganization that 

happens in most other freezing strategies and preserves the 

natural disorder of water molecules and dissolved solutes in 

cells [11]. This can be highly beneficial since it will allow 

preserving cells closer to their natural state. Hence, 

vitrification has gained a lot of attention in the recent years. 

The key to a successful vitrification regime involves 

exposing cells to ultralow temperatures with a very high 

cooling rate, and ensuring arrangements that critically 
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increase the cell viscosity to the point where ice formation 

is prevented and the water present turns into an amorphous 

glassy-solid [10] (Figure 8). This has been shown to be 

possible by either the use of cryoprotectants at very high 

concentrations or by the removal of water by techniques like 

evaporative desiccation and osmotic dehydration prior 

freezing; both with its own limitations [9,10]. 

As far as achieving highest cooling rates are concerned, 

studies have shown that plunging samples directly from air 

into a cryogenic liquid such as nitrogen, propane or ethane 

by virtue gives the highest cooling rates (by a factor of 20-

100 over previous best practice) [78]. 

 

11. Conclusion 
A robust protocol development for successful 

cryopreservation involves understanding the basic 
principles of the cryopreservation theory. Consequently, 
scientists can optimize their storage methods leading to 
enhanced long term preservation of varied specimen 
collections in a stable cryogenic state. 

 

 

 
Figure 8. Physical events, possible cryoinjuries (in red) and solution to injuries (green) during cryopreservation processes. 
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