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Abstract

Cryoprotective agents (CPAs) are routinely applied in cryopreservation protocols to achieve the 

vitrified state thereby avoiding the damaging effects of ice crystals. Once the CPA has been added, 

the system needs to cool at a rate ≥ critical cooling rate (CCR) to avoid ice crystallization and 

successfully enter the vitrified state. Subsequently, upon warming the system needs to meet or 

exceed a critical warming rate (CWR), often one to two orders of magnitude higher than the 

CCR, to avoid ice formation and return the system to physiological temperatures for use. Many 

experimental and theoretical studies have been published on CCRs and CWRs, and correlation for 

these rates as a function of concentration has been explored for some single component CPAs, 

but not the CPA cocktails which are commonly used in tissue and organ cryopreservation. In 

this paper, we summarize the available data of CCRs and CWRs for a variety of CPAs, and 

suggest a convenient mathematical expression for CCR and CWR that can guide general use for 

cryoprotective protocol, but also highlights the critical need for further study on CPA cocktails and 

tissue systems in which CPAs may behave differently and/or may not be fully equilibrated to the 

loaded CPA.
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INTRODUCTION

Vitrification, as a means of cryopreservation, has been used with rapidly expanding 

frequency due to its distinct advantage – it can completely eliminate the ice formation and 

its consequent damage. Since 1984 when a practical universal approach to vitrification was 

proposed by Fahy (26), a variety of biological systems has been vitrified, e.g., embryos 

(62), veins (70) and arteries (4), and kidneys (26). The success of vitrification relies 

on successfully entering and returning from the vitrified state which requires the sample 

to exceed the critical cooling rate (CCR) and critical warming rate (CWR), which are 

the minimum rates to suppress ice formation during the cooling and rewarming process, 

respectively. CCRs and CWRs mainly depend on the CPA formulation and concentration. In 

general, for a given CPA, lower concentrations require high cooling rates and even higher 

warming rates to avoid ice formation. For instance, for tissue and organ cryopreservation, 
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the three most commonly used CPA cocktails (DP6 (6 M), VS55 (8.4 M), and M22 (9.3 

M)) have CCRs of 40 °C/min (23), 2.5 °C/min (49), and 0.1 °C/min (29), and CWRs of 

189 °C/min (85), 50 °C/min (70), and 0.4 °C/min (28), respectively. However, we lack 

data for diluted CPA cocktails, which is the most frequent situation in tissue and organ 

cryopreservation since tissues normally aren’t equilibrated to the base CPA concentration. 

For instance, Manuchehrabadi and Gao et al. have shown that even after 180 min loading 

with VS55, the 0.8 mm carotid artery was still not equilibrated (45), while the practical 

loading protocol is normally much less than that time due to the toxicity effect of CPA 

exposure (46).

Previous work has studied the relationship between CCRs and CWRs vs concentration of 

single component CPAs (27, 53, 79), with a summary of this data re-plotted in Figure 

1a and b. Concentrations are given in % w/w (CPA weight by solution weight). The 

conversion from C (concentration in % w/w) to M (molarity) is, M = C/W/(C/ ρcpa+(1-C)/ 

ρwater), where W is the molar mass of the CPA, ρcpa and ρwater are the densities of CPA 

and water respectively. For example, for DMSO, the concentrations of 20, 40, 60, and 

80% in w/w correspond to 2.61, 5.31, 8.12, and 11.05 mol/L respectively. The data (and 

extrapolations) show that lower CPA concentrations require higher CCRs, and even higher 

CWRs (12, 36, 78). While valuable, this data is focused on only a few CPAs, mostly at CPA 

concentrations larger than 30% due to the cooling and heating ability of existing DSCs (74). 

Recently, researchers have developed new cooling and heating methods and measured the 

CCRs and CWRs in the lower CPA concentration region (lowest at 18%) (11). This brief 

communication reviews all available data at all rates available for single component CPAs, 

to establish a general relationship between their CCRs and CWRs, which can provide a 

reference for the diluted CPA cocktails and other CPAs that are lacking direct measurement 

data.

CCR, CWR measuring method

To determine CCR and CWR, researchers have to cool down and warm up the sample, 

respectively, record the thermal history and then detect ice formation during the cooling or 

warming process. Cooling and warming can be achieved by differential scanning calorimetry 

(DSC), plunge cooling/warming, fast scanning calorimetry and laser calorimetry, as listed in 

Table 1.

Ice formation can be detected by visual inspection (11, 34, 81), X-ray diffraction 

measurements (11, 21, 32, 48, 81), and calorimetry measurements (13, 75). Calorimetry 

measurements can quantify the ice formation dynamically and precisely, but traditional 

DSC cannot achieve cooling or warming rates more than 160 °C/min (6, 74, 81). Visual 

inspection, which can be combined with X-ray diffraction at liquid nitrogen temperatures, 

can detect ice formation during rapid plunge-cooling and warming [i.e., high speed video 

microscopy (38, 73)]. However, visual inspection cannot quantify the amount of ice 

formation, only whether or not it occurred and XRD is usually just used at the cooling 

end point to assess the presence of crystalline vs. amorphous phase [i.e., not a dynamic 

measurement (11, 21, 35, 48)].
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DSC can be used to determine both the CCR and CWR. For CCR determination, researchers 

apply different cooling rates, vcr (°C/min), ranging from 2.5 to 160 °C/min to cool down 

the sample, and record the heat of ice crystallization, q, for each cooling rate. They plot q 
vs vcr and fit into the model developed by Boutron (12) to obtain the two constants in the 

model, qmax (maximum heat of ice crystallization) and k4 ( ∝ CCR), which represents the 

glass-forming tendency of the specific CPA at the specific concentration (7, 9, 18, 60). Then 

one can theoretically calculate the quantity of ice formation at any rate. The CCR by this 

method is defined as the point on the theoretical curve corresponding to 0.2% ice formation 

in the solution (13).

CWR defined by the DSC method is the warming rate required to confine crystallization to 

approximately 0.2~0.5% of the mass of an average sample (13, 29). For practical purposes, 

the CWR can be defined as the rate at which Tm/Td = 1.05, where Tm is the melting 

temperature and Td is the devitrification peak, which is an increasing function of warming 

rate (60). Tm/Td varies linearly with warming rate in log scale, log(vwr), in agreement with 

theory within a good approximation between 2.5 and 80°C/min (17, 43, 44). Warming rates 

larger than 160 °C/min are too high to be observed in DSC, therefore they have typically 

been estimated by extrapolation (17).

For plunge cooling and warming (11, 34, 81), researchers used different sizes of sample 

holders (e.g. CryoLoops, capillaries of different diameters) to create different sizes of CPA 

samples in order to obtain different cooling and warming rates. Cooling and warming 

are done by rapidly inserting the samples into liquid nitrogen and hot oil, respectively. 

The thermal history, recorded by thermocouples, is applied to estimate the cooling and 

warming rates. Ice formation is assayed by judging sample transparency/opacity, i.e., 

visual inspection. X-ray diffraction is often used as a supplement to visual inspection after 

plunge cooling, to confirm the transparent/opaque transition corresponds to the glass/crystal 

transition.

Future work may be able to take advantage of faster calorimetry techniques based on nano 

and laser calorimetry. For instance, nanocalorimetry is a thin film sensor technique that can 

reach 105 – 106 °C/min (1, 22, 86, 87). A small mass of sample (nano-grams) is placed 

on a flat thin membrane with a film-heater. A film-thermopile sensor is placed next to the 

heater to record the temperature history. The sample is cooled by the ambient helium or 

nitrogen gas, which serves as cooling agent providing the heat transfer between the sample 

and the thermostat (50, 51, 52, 88). This technique, or modifications of it, can achieve very 

fast cooling and warming rates, and may well be useful in assessing CCRs and CWRs of 

CPAs and CPA loaded tissues warmed by metal forms which can approach 1000s °C/min 

(46). Another calorimetry approach can use laser absorption to estimate CWR in aqueous 

droplets (38). Here the cooling process leverages existing approaches (i.e. plunge liquid 

nitrogen cooling), however, warming is governed by laser absorption within a droplet which 

has well characterized plasmonically active nanoparticles that heat with known efficiency 

[SAR = Cabs·N·I = W/m3, where Cabs is the absorption cross section (m2), N is the number 

of GNP/m3, I is laser fluence rate (W/m2)] (61). By changing the GNP concentration 

and the laser irradiation, a broad range of warming rates can be reached (103~107 °C/s). 
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Ice formation during cooling can be observed visually or by XRD. Ice formation during 

warming can be recording by high-speed video.

CCR, CWR vs concentration correlation

Figure 1c and d summarized the CCR and CWR to avoid ice formation during cooling and 

rewarming in various CPAs obtained from all available sources. From Fig. 1c, one can see 

the same trend for all kinds of CPAs as in Fig. 1a: the lower the CPA concentration, the 

higher the cooling rate required for vitrification.

The two parameters, qmax and k4, obtained from Boutron’s CCR model represents the 

glass-forming tendency in a specific CPA based on concentration, i.e., larger concentration 

CPA has better glass-forming tendency and smaller qmax and k4. However, as cocktails are 

increasingly being used such as DP6, VS55 and M22, there is a need for a general prediction 

based on concentration alone. Furthermore, as tissues are increasingly perfused or diffused 

with CPA cocktails for vitrification, the actual concentrations reached within the tissue will 

be only a fraction of the loading concentration of the cocktail, thereby further necessitating 

a simple relationship for rates vs. concentration (3, 45, 46). To achieve this we plotted all 

the available data points for all single component CPAs (intentionally ignoring variations 

between CPAs) and found a simple relationship (shown in Fig. 1c), R2 = 0.64 ,

vccr = 1 × 107 ⋅ e−0.269 · C [1]

where C represents CPA concentration (w/w) and vccr  stands for the critical cooling rate 

(°C/min).

Since an intrinsic relationship between CCR and CWR is expected, we plotted the CWRs 

and CCRs of CPA aqueous solutions together in Figure 1d and found a roughly linear 

regression between them R2 = 0.69 , shown as the solid line in Fig. 1d.

vcwr = 3.775 ⋅ vccr
2.377 [2]

where vcwr is the critical warming rate (°C/min).

While CCR and CWR data has been generated for many single component CPAs (Fig. 1) 

there is much less data available for CPA cocktails. To illustrate this, we have taken CCR 

and CWR data points from three commonly used CPA cocktails (DP6, VS55 and M22) and 

plotted them in Fig. 2. We then superimposed the single CPA fit extrapolations from Fig. 1. 

One notices that the CCR prediction fits reasonably well R2 = 0.94 , while the CWR fit is 

much less descriptive R2 = 0.38 . This may be due to the use of saccharides in the cocktails 

which are prepared in sugar-rich carrier solutions: DP6 and VS55 in Euro-Collins (EC) (19, 

77), and M22 in LM5 (29). The sugar component is expected to have a significant effect on 

CWR, but much less on the CCR (discussed in the following section), so this could explain 

the observed difference in behavior. However, in the absence of more data from specific 

cocktails these first order estimates can be used to extrapolate to lower concentrations to 
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predict CCRs or CWRs for diluted cocktails (i.e., potentially helpful in partially equilibrated 

tissues and other systems).

Modification of CCR and CWR (CPA type, Carrier Solution, Tissue).

Although Eqns. [1] and [2] establish a simple relationship for protocol development, further 

refinement of these equations to account for CPA type, carrier solution and tissue loading 

are needed. For instance, sugars (e.g. glucose, trehalose and sucrose) and other polymers 

that are routinely included in vitrification solutions (31, 33, 40, 42, 71) can increase the 

glass transition temperature (41, 69), the glass-forming tendency and the stability of the 

amorphous state (9, 30), all of which will reduce the CCR and CWR (76). Carrier solutions 

containing salts and sugars as osmotic buffers (63) have the same effects; sugar-rich carriers 

[e.g., Euro-Collins and LM5 (29, 49)] can also drastically decrease CCR and CWR of CPAs, 

whereas salt-rich carriers (e.g., PBS and St Thomas solution) have a smaller effect (9, 53). 

For instance, Euro-Collins decreased the CCR for 30% 2,3-BD from 272 to 49 °C/min (over 

5-fold), and CWR from 1×108 to 4×104 °C/min (2500-fold), while PBS only decreased the 

CCR to 162 °C/min (1.6-fold) and the CWR to 1.1×107 °C/min (9-fold) (9). Further study 

on the mechanisms of action for these individual components is likely needed to identify a 

better fit to the complete behavior of CPA cocktails.

Tissue permeated with CPAs can further increase the glass-forming tendency and the 

stability of the amorphous state compared to CPA diluted with carrier solution, leading 

to a decrease in the CCR and CWR (60). In Peyridieu et al (60), kidney tissues permeated 

with EC diluted 30% 2,3-BD decreased the CCR from 49 to 3 °C/min (~16-fold) and 

the CWR from 4×104 to 100 °C/min (400-fold). This behavior might be due to the 

compartmentalization of the solution in the tissues, which is very similar to that of the 

compartmentalized water in hydrogels with pore sizes on the order of nanometers (54, 55), 

leading to a confining effect that can decrease the crystallization tendency of water (59). 

This might also be similar to an isochoric process (64), where the tissue surface forms a 

vitrified shell that builds up the internal pressure while cooling (82). While the general 

trends are expected to continue from basic study of the CPA cocktails, this suggests that 

specific study of CPA performance in tissue systems is also needed.

Plant vitrification

Hardy plants are uniquely well adapted to resist extreme cold in the nature (83). For hardy 

plants cryopreservation, samples are preforzen at a temperature varying from −15 to −40 

°C (depends on the relative hardiness of the plant) for hours to freeze dehydrate the hardy 

cells, and then immersed in LN2. However, for less or nonhardy plants cryopreservation, 

vitrification technique was applied (24, 66). Samples are first loaded with intermediate 

concentration CPA (usually 2 M glycerol + 0.4 M sucrose) (57, 68), and then loaded with 

the high concentration plant vitrification solution (PVS) for dehydration. Then the samples 

are cooled by direct immersion in LN2 (cooling rate: about 200 °C/min) and then rapidly 

warmed by water bath (warming rate: about 250 °C/min) (65). The derived encapsulation-

vitrification (47) and droplet-vitrification (37) were developed for easier manipulation and 

faster rates.
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Plant vitrification solutions designed by Sakai et al. were most commonly used, especially 

PVS2 and PVS3. PVS1 [22%(w/v) glycerol, 15%(w/v) ethylene glycol, 15%(w/v) propylene 

glycol and 7%(w/v) DMSO, and 0.5M sorbitol] was designed for asparagus cultured cells 

and somatic embryos (80), PVS2 [30%(w/v) glycerol, 15%(w/v) ethylene glycol and 15%

(w/v) DMSO and 0.4 M sucrose] was designed for citrus callus (67), and PVS3 [50% 

(w/v) glycerol and 50% (w/v) sucrose in water] was designed for asparagus embryogenic 

suspension cells (58). Those PVS cocktails and some modified versions (39) has been 

applied to the vitrification of a wide range of plant materials of both temperate and tropical 

origins, more than 200 plant species (66).

The exposure of samples to PVS was simply considered as a dehydration process due to 

the short duration (mostly < 1 hour), where CPAs were assumed not able to penetrate the 

cytosol of the explant cells and they only have an osmotic action (25, 67, 72). Therefore, 

the key to the success of vitrification was to carefully control the dehydration procedures 

and to prevent injury by chemical toxicity or excessive osmotic stress during treatment with 

the PVS solution (66), and lots of work focused on optimizing the time and temperature 

of exposure to PVS. However, not too much work focused on the PVS thermal properties 

and permeation. The simplification of a pure dehydration might not be accurate for a fairly 

long loading time, and some groups developed a rapid way of PVS permeation (56), which 

means there must be CPA in the cell cytosol and makes the cell behave like the applied CPA. 

Therefore, the properties of PVS need to be studied. There are reported glass transition, 

devitrification and melting temperatures for PVS2 (67), but CCRs and CWRs were not 

measured for any of the PVS. Based on this review (Fig 1 c and d), PVS1 [61.75% (w/w) 

CPA], PVS2 [64.54% (w/w) CPA], and PVS3 [77.5% (w/w) CPA] have CCRs of 0.611, 

0.288, and 0.01°C/min, and CWRs of 1.17, 0.196, and 6×10−5 °C/min, respectively. Benson 

et al. confirmed that CCR for PVS2 is less than 10 °C/min by DSC (10), which is in 

agreement with our estimation. However, based on the fact that exposure is used primarily 

for dehydration and may not lead to full equilibration (i.e., not fully permeated) these rates 

may be lower than actually needed.

The CCR and CWR curves shown in this study may provide a good reference for optimizing 

the PVS concentration and loading time for plant tissues therefore decreasing the toxicity 

and osmotic shock, and guiding the cooling and warming protocols to achieve the estimated 

rates.

CONCLUSION

In conclusion, this work reviews the available data for the CCRs and CWRs for CPAs. 

For simplicity and protocol development we were able to plot and represent the available 

data with a simple relationship for available single component CPAs that relates CCR and 

CWR to concentration. While the fit is relatively rough and incomplete, it can still provide 

a first-order guide to predicting behavior in CPA cocktails and tissue systems. This review 

identifies several important opportunities for further work in this area including: 1) the 

need for data at low concentrations [< 20% CPA w/w)], 2) a need to include the effects of 

saccharides and tissue loading on the reduction of CCRs and CWRs, and 3) the eventual 

need to develop relationships for specific CPA systems. All of these issues suggest the 
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need for additional experimental (and theoretical) work on CCR and CWR in the future for 

specific CPAs, CPA cocktails and partially or fully CPA equilibrated tissues.
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Figure 1. 
(a-b) Early study on relationships between CCRs and concentrations, and CWRs and CCRs 

for solutions of single component CPAs in water (27, 53, 79). (a) CCRs for solutions 

of CPAs in water in relation to their concentrations. (b) CWRs as a function of CCRs 

for solutions of CPAs in water. (c-d) The same relationships including more recent data 

(circle represents the location of the data in Fig. 1a and b). Symbols: ★: Water estimated 

by Bald (5), 25CF: Water estimated by Bruggeller and Mayer (20), +: 2,3-Butanediol (6, 

9, 13, 75), ◆:1,2-Propanediol (6, 9, 74, 84), ○: Ethylene glycol l (6, 8, 11, 34, 84), ▲: 

Dimethylsulfoxide (DMSO) (6, 11, 34, 75), ◑: Glycerol (6, 34, 81, 84), ▼: 1,3Butanediol 

(6), ◮: 1,2,3-Butanetriol (6), △:Diethylformamide (DEF) (6), ■: dimethylformamide 

(DMF) (6), ♀: 1,4-Butanediol (6), *: 1,3-Propanediol (6), ☒: PEG 200 (11, 34)
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Figure 2. 
(a, b) CCR and CWR data points for full concentration CPA cocktails, 6 M DP6, 8.4 M 

VS55 and 9.345 M M22, and the fitting curves for CPA aqueous solutions.
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