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A B S T R A C T   

This study investigates the feasibility of ice-free isochoric vitrification for cryopreservation applications using 
mathematical modeling, computation tools, and the underlying principles of thermo-mechanics. This study is 
triggered by an increasing interest in the possibility of isochoric vitrification, following promising experimental 
results of isochoric cryopreservation. In general, isochoric cryopreservation is the preservation of biological 
materials in subzero temperatures in a rigid-sealed container, where some ice crystallization creates favorable 
pressure elevation due to the anomaly of water expansion upon ice Ih formation. Vitrification on the other hand 
is the transformation of liquid into an amorphous solid in the absence of any crystals, which is typically achieved 
by rapid cooling of a highly viscous solution. The current study presents a mathematical model for vitrification 
under variable pressure conditions, building upon a recently published thermo-mechanics modeling approach for 
isochoric cryopreservation. Using the physical properties of dimethyl sulfoxide (DMSO) as a representative 
cryoprotective agent (CPA), this study suggests that vitrification under isochoric conditions is not feasible, 
essentially since the CPA solution contracts more than the isochoric chamber by an order of magnitude. This 
differential contraction can lead to absolute zero pressure in the isochoric chamber, counteracting the premise of 
the isochoric cryopreservation process. It is concluded that the only alternative to prevent ice formation while 
benefiting from the potential advantages of higher pressures is to create the required pressures by external 
means, and not merely by passively enclosing the specimen in an isochoric chamber.   

1. Introduction 

Vitrification is the most promising alternative for indefinite storage 
of large-size biological tissues and organs in cryogenic temperature, 
where vitrification means transformation into a glassy or amorphous solid 
[12]. It is emphasized that the term vitrification is used throughout this 
study to signify an ice-free state, whereas the literature term of partial 
vitrification often means the coexistence of vitrified and crystallized 
material. Isochoric (i.e., constant-volume) cryopreservation, or the 
preservation of biological materials in a rigidly sealed container has 
been explored in recent years, where natural pressure elevation helps in 
limiting the extent of crystallization [29,36,47]. An experimental study 
aimed at providing a proof-of-concept that the underlying concepts of 
vitrification and isochoric preservation can be integrated was presented 
recently [49]. 

Vitrification is achieved by loading the tissue with cryoprotective 
agents (CPAs), which exhibit exponential increase in viscosity with the 
decreasing temperature [25]. The viscosity of that CPA varies from 
water-like value at room temperature, and up to such a high value in 

cryogenic temperatures, that it behaves as a solid within any practical 
timescale. The threshold below which the CPA behaves like a solid is 
known as the glass transition temperature (Tg). If the CPA is cooled fast 
enough, such that the timescale to form ice is longer than the time 
window to reach the glass transition temperature, crystallization can be 
avoided, and the material can reach a pure vitreous state. Due to tem
perature gradients, the tendency of the material to change volume with 
the decreasing temperature, and the underlying principles of solid me
chanics, thermo-mechanical stresses may develop in the material during 
vitrification [42–44]. When these stresses exceed the strength of the 
material, structural damage follows, with fracture formation as the most 
notable outcome [33,34]. The tendency to change volume with tem
perature is represented by the thermo-physical property of thermal 
expansion coefficient [39]. 

Most commonly, cryopreservation processes are conducted under 
standard atmospheric surrounding conditions, while the added benefits 
of elevated pressure to avoid ice crystallization have been demonstrated 
[11,12,45,46]. In general, increasing the pressure lowers the homoge
neous nucleation temperature and elevates the glass transition 
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temperature, which in turn reduces the CPA concentration and cooling 
rate required to achieve vitrification [21]. A lower concentration of the 
CPA also lowers the critical rewarming rate required to avoid 
rewarming-phase crystallization (RPC) [14], potentially leading to 
lower thermo-mechanical stresses [40]. 

Isochoric cryopreservation refers to a special class of high-pressure 
cryopreservation [36], where the pressure elevates due to the anomaly 
of water expansion upon ice Ih formation [4], while the specimen is 
contained in a stiff sealed container. Due to the Le Chatelier’s principle 
[31], the increased pressure with the decreasing temperature limits 
further ice crystallization, thereby creating a self-limiting ice formation 
process. At equilibrium, the relation between temperature and pressure 
in a pure water system is given by the liquidus curve on the phase dia
gram, denoted by the red line in Fig. 1 [16]. The harmful effects of ice 
crystallization on the cryopreserved specimen could be avoided if the 
specimen is located within the unfrozen portion of the isochoric vessel at 
all times [36,47]. 

The application of isochoric freezing is not limited to pure water 
systems, whereas CPAs dissolved in water can further assist by modu
lating ice formation. The presence of CPAs is expected to lower the 
overall pressure in the isochoric system at any given temperature, due to 
the lower crystallization rate of the mixture. Furthermore, ice crystal
lization would increase the concentration of the remaining CPA solution, 
further suppressing the tendency of the remaining solution to crystallize. 
Isochoric cryopreservation has been demonstrated as an effective pro
cess for short-to medium-term preservation of tissues, organs, and food 
products, within a temperature range bounded by the melting temper
ature of pure water and the liquidus curve of the CPA solution [1,2,23, 
28,30,48]. 

A proof-of-concept study was published recently [49], aiming at 
achieving vitrification under isochoric conditions. There, the authors 
hypothesized that the pressure should remain unchanged during the 
isochoric vitrification process, while the effect of thermal expansion of 
the container on the pressure within the system can be neglected. 
Furthermore, pressure increase during rewarming was presented there 
as a measure of the degree of devitrification when it does take place. 
Based on the above hypothesis [49] and in comparison with vitrification 
in standard atmospheric conditions (i.e., in an open container), it was 
concluded that isochoric vitrification requires: (i) substantially lower 

CPA concentration, and (ii) less expensive chambers, having thinner 
walls to support the lower pressures. That publication [49] creates an 
excellent platform for sharing research analysis approaches and tech
niques, while debating the associated physical phenomena. In this 
context and in the absence of visual or other direct observations, the 
authors of the current study recruited mathematical modeling and 
computation tools to investigate the feasibility of isochoric vitrification 
concept. Specifically, the current study is based on a thermo-mechanics 
model, which was recently developed for general isochoric processes 
[41]. 

2. Problem definition and mathematical formulation 

A simplified spherical container with an infinitely rigid wall is 
assumed in this study, Fig. 2. This geometry is a practical choice, 
following the notion that the ability to achieve a vitrification state is 
shape independent, while avoiding the unnecessary discussion about 
container geometries and preferences. The modeling approach taken 
here has recently been developed for isochoric cryopreservation where 
some crystallization does occur [41]. That model treats the contained 
material as having a viscoelastic behavior (i.e., the constitutive law), 
which is the expected material behavior from a vitrifying material [10, 
33,40,42]. Furthermore, it is explained there how to include crystalli
zation during isochoric cooling [41]. Below are the key modeling ele
ments in brief, for the completion of presentation. 

2.1. Heat transfer model 

The heat transfer model assumes conduction throughout the domain, 
while heat generation due to viscous dissipation is neglected [17]: 

ρCpṪ = ∇⋅(k∇T) (1)  

where ρ is the density, Cp is the specific heat at constant pressure, T is the 
temperature, and k is the thermal conductivity. The Einstein model for 
internal energy storage is used to approximate the temperature- 
dependent specific heat [13]: 

Cp ≅ Cv =
3Nκb
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(
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)2
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)[
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ℏωm
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(2)  

where Cv is the specific heat at constant volume, N is the number of 
oscillators, κb is the Boltzmann constant (1.38 × 10−23 J/K), Mu is the 
molecular weight, Ta is the absolute temperature, θE is the Einstein 
temperature, ℏ is the reduced Planck’s constant (1.054 × 10−34 J s), and 
ωm is the frequency of oscillation of the molecule (6.415 × 1013 Hz) 

Fig. 1. Temperature-pressure phase diagram of pure water [16].  

Fig. 2. Schematic illustration of the simplified spherical isochoric chamber 
used in the current study, where points C and W refer to the center and the 
surface of the CPA domain, respectively. 
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[13]. The Einstein model has been demonstrated as a good approxima
tion for the specific heat of amorphous materials (such as glasses) [7]. 
Moreover, since the lack of long-range order among the molecules of 
liquids resembles that in amorphous materials, the Einstein model was 
used to approximate the specific heat for 7.05 M DMSO from room 
temperature, where the CPA behaves as a liquid, down to temperatures 
below Tg [13]. Although the Einstein model describes the specific heat at 
constant volume (Cv), its deviation from the specific heat at constant 
pressure (Cp) is less than 1% within the temperature range of available 
relevant literature data [13,38]. 

The heat transfer between the outer surface of the specimen and the 
cooling environment is described using convective heat transfer [18]: 

−k
dT
dn̂

= h(TW − T∞) (3)  

where n̂ is a unit normal to the wall, and h is the heat transfer coefficient 
between the outer surface of the isochoric chamber and the cooling 
environment, denoted by subscripts W and ∞, respectively. The heat 
transfer coefficient is considered to be 350 W/m2K, selected to recreate 
conditions inside a Planar Kryo-10 controlled-rate cooler as a cooling 
environment [13] as an example. Nonetheless, the conceptual outcome 
of this study is independent of this value. 

2.2. Solid mechanics formulation 

The vitrified material is modeled as a Maxwell fluid, where the total 
strain rate is [9,40,42]: 

ε̇total = ε̇creep + ε̇elastic + ε̇thermal (4)  

where the creep, elastic, and thermal strain rates are calculated by: 

ε̇creep =
S
2η (5)  

ε̇elastic =
1
E

[(1 + ν)σ̇ − νI⋅tr(σ̇) ] (6)  

ε̇thermal =
dεthermal

dt
(7)  

where S is the deviatoric stress tensor, η is the viscosity, E is the elastic 
modulus, ν is the Poisson ratio, I is the identity matrix, and tr is the trace 
of a matrix. 

To enforce isochoric conditions on the specimen, the outer surface of 
the container is constrained to zero displacement: 

u(ΩCPA) = 0 (8)  

where u is the displacement tensor and ΩCPA is the outer boundary of the 
CPA domain (Fig. 2). 

The pressure is defined as the average normal stress in the solution of 
the mechanics problem: 

P = −
1
3

∑3

1
σii (9)  

where the three normal stress components in a stationary fluid are 
identical and equal to the hydrostatic pressure. 

2.2.1. Material properties 
Dimethyl Sulfoxide (DMSO) is selected as a reference vitrification 

solution in this study at a concentration of 7.05 M [27,35]. DMSO is a 
key ingredient in many CPA solutions for cryopreservation by vitrifi
cation [27]. In practice, 7.05 M DMSO displays viscoelastic behavior 
with exponentially increasing viscosity as the cooling progresses [25] 
(Table 1). Pressure dependency of the thermophysical properties is not 
considered in this study, due to lack of sufficient data. Notably, by far 
the most significant pressure-dependent effect during isochoric partial 

crystallization is the melting of pure water ice [36,41], which is to be 
avoided in an ideal vitrification process. 

The thermal strain εthermal for pure 7.05 M DMSO was measured 
previously using a proprietary measurement device between room 
temperature and −95.8 ◦C, with the functional behavior listed in 
Table 1. Based on experimental data, 7.05 M DMSO is demonstrated to 
undergo contraction in this temperature range, which translates to a 
monotonically decreasing thermal strain [32]. The thermal strain below 
this temperature is extrapolated using quadratic extrapolation. Note that 
thermal strain of tissues permeated with 7.05 M DMSO is available in the 
literature [20,32]. 

While 7.05 M DMSO is used as a reference solution in the current 
study, the main conclusions of this study are independent of the CPA 
concentration, as discussed below. 

2.3. Thermal protocol 

A representative vitrification thermal protocol for 7.05 M DMSO is 
selected for this study, as displayed in Fig. 3: (C1) fast cooling at a rate of 
5 ◦C/min between an initial temperature of 20 ◦C and −122 ◦C; (H1) 
annealing temperature hold at −122 ◦C, which is 10 ◦C above the glass 
transition temperature (Tg = −132 ◦C, Table 1); (C2) slow cooling at a 
rate of 1 ◦C/min to the storage temperature of −196 ◦C; (H2) storage 

Table 1 
Material properties of 7.05 M DMSO used in the current study as a representative 
CPA used for vitrification.  

Property Value 

Viscosity, Pa⋅s 1.77 × 104 −106 ◦C ≤ T [25] 
2.8190 × 10−27 

e−0.6447 T 
−143 ◦C ≤ T <
−106 ◦C 

4.06 × 1014 T ≤ −143 ◦C 
Glass transition 

temperature, ◦C 
−132 [24] 

Density, kg/m3 1100 [20] 
Thermal conductivity, W/ 

m ◦C 
−2.95 × 10−10T4 − 6.87 × 10−8T3 − 1.29 ×
10−6T2 + 7.42 × 10−4T + 0.356 

[8] 

Specific heat, J/kg ◦C Eq. (4) [13] 
Thermal Strain 5.63 × 10−8T2 + 2.08 × 10−4T – 4.46 × 10−3 [32] 
Young’s modulus, MPa 2.38 × 10−7 e−1.663 T 

+ 49.9 
−132 ◦C ≤ T <
25 ◦C 

[19] 

800 T ≤ −132 ◦C 
Poisson’s ratio 0.25 [9]  

Fig. 3. Thermal histories at the center, TC, and surface the boundary of the CPA 
domain, TW, while the cooling environment is represented by T∞. 
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temperature hold at −196 ◦C; (R1) slow rewarming at a rate of 7.5 ◦C/ 
min up to −100 ◦C; and (R2) fast rewarming at a rate of 100 ◦C/min back 
to room temperature. Segments H1 and H2 are sufficiently long to 
approach thermal and pressure equilibrium across the domain. While 
virtually an infinite number of thermal protocol parameters could be 
selected to specify the above thermal protocol for the purpose of the 
current study, the specific choice of values does not affect the generality 
of the conclusions drawn below. 

2.4. Computer modeling 

The thermo-mechanics coupled problem is solved incrementally, by 
sequentially solving the heat transfer and solid mechanics problems, 
using the commercial FEA code COMSOL Multiphysics [6]. For this 
purpose and due to the spherical symmetry of the problem, only one 
quadrant of the sphere is simulated, using 7000 biquadratic elements 
with the commercial finite element analysis (FEA) code COMSOL Mil
tiphysics ® [5]. 

3. Results and discussions 

3.1. Mathematical modeling 

The temperature and pressure histories in a spherical container 
having a diameter of 10 mm, in which the CPA undergoes complete 
vitrification, are displayed in Figs. 3 and 4, respectively. The surface of 
the specimen, TW, closely follows the temperature of the cooling sur
rounding environment, T∞, while the center of the specimen lags behind 
due to the low thermal conductivity of 7.05 M DMSO [8]. During cooling 
and rewarming, the maximum temperature difference between the 
surface and center of the specimen is 12.5 ◦C and 94.2 ◦C, respectively. 
The maximum temperature difference in the specimen is observed at the 
onset of fast rewarming (R2) when the surface of the specimen experi
ences sudden rapid rewarming while the center of the specimen is much 
slower to respond. 

It can be observed from Fig. 4 that the pressure only decreases with 
temperature during cooling when ice crystallization is assumed to not 
take place. This can be easily explained by the fact that the thermal 
expansion coefficient of the CPA is larger than that of the container wall, 
while the isochoric chamber wall is assumed to be infinitely rigid. 

Higher thermal expansion coefficient means larger strains with the 
change of temperature, where the thermal expansion coefficient is a 
physical property having a positive value only. It is the direction of 
change in temperature which dictates whether the accumulated effect 
would result in contraction or expansion. When expansion or contrac
tion are constrained, pressure will increase or decrease to make defor
mation compatible across the domain. 

A pressure variation between the wall and the center of the container 
can be first observed at the beginning of the stress relaxation segment (i. 
e., the onset of segment H1), Fig. 4, which corresponds to the tempera
ture gradient across the CPA at that time. Note that although the tem
peratures are above Tg throughout the domain during segment H1, the 
stress distribution, and consequently the pressure distribution may 
already develop at that time [33]. The temperature below which the 
material may develop significant stresses has been defined as the 
set-temperature, Ts [33], which is strain-rate dependent – it increases 
with the increasing strain rate (i.e., the rate of loading). A temperature 
range of the order of 10 ◦C may be expected between the Ts and Tg under 
some conditions related to cryopreservation by vitrification [33]. In fact, 
the purpose of segment H1 is to allow for the strain to relax across the 
domain before surpassing Tg. The maximum pressure variation at the 
onset of segment H1 is 1.76 MPa, which dissipates to a pressure variation 
of 0.176 MPa (10% of its initial value) in 8.4 min. The pressure variation 
eventually reduces to negligible values as segment H1 continues. 

While previous computational studies of vitrification under isobaric 
conditions have considered a temperature-independent elastic modulus 
for the CPA [9,40,42], this assumption may become weak under iso
choric conditions due to the stress history development. The reason for 
this assumption in prior studies is that the specimen does not experience 
significant stresses in high cryogenic temperatures, when the viscosity 
value is low and when the material behaves like a free-to-flow fluid. By 
contrast, higher stresses develop in isochoric preservation in higher 
temperature, and the temperature-dependency of the elastic modulus 
cannot be neglected anymore (Table 1). 

Now that the distinction between stress development in a fluid-like 
material and a solid-like material has been made, it is crucial to take a 
step back and evaluate the magnitude of the pressures displayed in 
Fig. 4. It is clear that the pressure predictions in Fig. 4 are grossly 
nonphysical, where the pressure is presented relatively to the reference 
pressure when the chamber was sealed (i.e., gauge pressure) and hence 
the negative sign signifies below atmospheric pressure. If the isochoric 
container is sealed at a standard atmospheric pressure (i.e., 0.101 MPa), 
its pressure cannot go below −0.101 MPa pressure gauge (i.e., complete 
vacuum), whereas Fig. 4 suggests negative pressures of the order of 70 
MPa. Furthermore, the pressure decrease to a complete vacuum occurs 
115 s from the onset of cooling, corresponding to an outer surface 
temperature drop of 8 ◦C from its initial condition. While a negative 
absolute pressure is clearly nonphysical, it begs the question of what 
might possibly take place within the isochoric chamber as the pressure 
decreases and approaches vacuum conditions. 

There may be many possible scenarios for the events occurring when 
the CPA approaches vacuum conditions, however two physical phe
nomena may dominate the process, both leading to the formation of 
microbubbles: cavitation [3,37] and degasification [15,22]. Cavitation 
is a phenomenon in which the static pressure of a liquid reduces to below 
the liquid’s vapor pressure, leading to the formation of small vapor-filled 
cavities in the liquid (the same material in the vapor bubbles and the 
surrounding liquid), whereas degasification is the removal of dissolved 
gases, such as oxygen, from liquids (gas bubbles of a different material 
than the surrounding liquid). Either way, such bubbles can serve as 
nucleators for the formation of water ice [26], which can negate the 
attempt to achieve the ice-free state of vitrification. 

Although negative absolute pressure in free-to-flow fluids is 
nonphysical, negative normal stresses in solids violates no physical law 
(recall that normal stress in a stationary fluid is defined as pressure, Eq. 
(9)). Negative normal stress in solids is defined as tensile stress, and its 

Fig. 4. Pressure history at the center, PC, and the surface, PW, of the CPA 
domain undergoing vitrification, where negative pressure signifies tension 
in solids. 
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upper limit is defined by the strength of the material, which is a physical 
property varying among different materials. It is well established that 
the vitrified material can be modeled as a linear-elastic solid below glass 
transition [25,33,44], and hence the pressure values in Fig. 4 provide 
insight into the thermo-mechanics process in those lower temperatures. 
For example, the pressure variation observed in the CPA at lower tem
peratures can be attributed to differential thermal contraction in the 
CPA as different layers of the linear-elastic solid contract at different 
rates in response to the temperature gradients [44]. The maximum 
pressure variation within the specimen during cooling and rewarming is 
3.1 MPa and 12.5 MPa, respectively. 

Since the stress during monotonic cooling of a solid is cumulative, 
one can estimate the tensile stress magnitude at storage as the increase 
of stress between the glass transition and the storage temperatures. It 
can be seen from Fig. 4 that the corresponding difference is of the order 
of 55 MPa. Unfortunately, the tensile strength of vitrified CPAs is of the 
order of a few MPa only [33], which would result in structural damage 
to the CPA. In practice, this may result in a series of fractures within the 
domain, each generated when the local stress reaches the yield strength 
of the material. It is quite difficult to project where the first fracture 
would occur and how it would progress, but the potential of destructive 
outcome across the domain is major. 

3.2. Comparison with experimental literature data 

A recent study aimed at providing a proof-of-concept for isochoric 
vitrification, using propanediol (PD) and DMSO water-based solutions as 
CPAs [49]. That study included either a multi-step cooling protocol, or 
direct immersion of the isochoric chamber in a liquid nitrogen (LN2) 
bath to achieve the rapid cooling required to facilitate vitrification. That 
study generally demonstrated that under repeated identical conditions, 
the elevated pressure magnitude decreases with the increasing CPA 
concentration to the point that only marginal pressure is being detected. 
For example, in a series of isochoric chamber immersion in LN2, the 
pressure decreased from a maximum level of 200 MPa with 10% PD 
solution to the order of a few MPa with 30% PD during cooling. Both 
cases showed evidence of crystallization during rewarming. In a 
different set of stepwise controlled cooling in 40 ◦C decrements, the 
pressure magnitude dropped from a level of 220 MPa–47 MPa for 10% 
and 30% PD solution, respectively. The trends remain the same when 
switching from PD to DMSO solutions, although the pressure levels 
varied. 

As the concentration of CPAs is further increased to 44% PD in one 
experiment and to 35% DMSO in another experiment, the maximum 
pressure is reported to decrease below 5 MPa [49]. For 49% DMSO, the 
authors there reported on a further maximum pressure decrease to 
below 3 MPa, while the reference solution of 7.05 M DMSO in the cur
rent study represents a concentration of 50.2%. Based on comparison 
with the pressure increase at lower concentrations of PD and DMSO, and 
the sensitivity of the pressure transducer below 5 MPa, the authors of 
[49] have concluded that a complete ice-free state was achieved when 
the isochoric chamber containing 44% PD or 35% DMSO was cooled to 
cryogenic temperatures. According to the previous study [49], these 
concentrations of CPA were sufficient to achieve isochoric vitrification 
using both cooling protocols – controlled cooling in 40 ◦C decrements, 
and rapid cooling by plunging in LN2,. 

Critical to the current discussion, the authors of the experimental 
study [49] reported on pressure increase in all experiments, while the 
results of the current mathematical analysis suggest that vitrification 
must result in pressure decrease. The question is how to reconcile results 
of the previous and the current studies, assuming that the constitutive 
model and the physical properties used in the current study are repre
sentative. In higher temperatures, it is quite possible that limited ice 
crystallization does take place, nucleated by microbubbles, just in the 
right amount to maintain the observed single digit MPa pressure. 
Furthermore, since ice Ih expands upon freezing in temperatures above 

the triple point of water displayed in Fig. 1 (liquid, ice Ih and ice III at 
−22 ◦C [4]), ice crystals can possibly counteract the formation of bub
bles to maintain constant pressure. In essence, this maybe a self-limiting 
effect of ice formation, where this term takes a different meaning than 
that in the context of isochoric preservation [31]. Of course, this is only 
one plausible explanation, which does not preclude other possibilities. 

At lower temperatures, when the CPA behaves like a solid, the reason 
for the discrepancy between the results of the previous study [49] and 
the outcome of the current modeling study must be different. This may 
be a compounded reason associated with the mechanical behavior of 
glasses and the specific experimental setup. While the experimental 
study reports on pressures measured down to −180 ◦C, the pressure 
transducer used there is designed for free-to-flow fluids only, and the 
vitrified material behaves as a solid below Tg in any practical time scale 
[25]. Considering the fluidity of the CPA, pressure measurements with 
that transducer (HP1000 series, SUCO ESI, Boca Raton, FL, USA) can 
only be done above Tg = −115 ◦C and Tg = −133 ◦C for PD and DMSO, 
respectively. In fact, the CPA will stop flowing freely above Ts as already 
discussed above. Furthermore, if the pressure transducer is immersed in 
the cooling environment (the controlled-rate cooling chamber of the 
experimental setup for example), it cannot reliably measure pressures 
below −40 ◦C according to its specifications. 

The above discussion does not imply that vitrification is not possible 
under high pressure conditions. By application of high pressure using 
mechanical devices, a previous study has demonstrated that the con
centration of the glass forming material required to achieve vitrification 
can be reduced [21]. In this context, the increased pressure by the me
chanical device in Ref. [21] would offset the tendency of the glass 
forming material to contract, and thereby create favorable conditions for 
vitrification. The mathematical framework presented in the current 
study is suitable for the analysis of such externally pressurized systems 
as well. 

3.3. Void volume due to thermal contraction during vitrification 

Calculating the amount of ice that must form before the pressure 
elevates in a partial vitrification process in an isochoric chamber is quite 
complex, given the nature of bubbles formation, the kinetics of crys
tallization in low pressures, and transient thermo-mechanics effects. 
However, it is possible to first-order approximate the maximum void 
volume that would have been created due to thermal contraction, if 
indeed complete vitrification has taken place in an isochoric chamber. 
This approximation is based on the following simplified assumptions: (i) 
the thermal expansion of CPA in lower pressures remains the same as in 
standard atmospheric pressure; (ii) the thermal expansion of the iso
choric chamber (steel) is an order of magnitude smaller than that of the 
CPA; (iii) the CPA is free to flow as a Newtonian fluid within the tem
perature range of interest; (iv) the fluid domain is cooled uniformly; and 
(v) the isochoric chamber is sealed at 20 ◦C, while absolute zero pressure 
is reached at 12 ◦C, as discussed in one of the examples above. 

It was found experimentally that 7.05 M DMSO can flow freely under 
similar vitrification conditions down to at least −95.8 ◦C [32]. The 
linear thermal strain of 7.05 M DMSO between 12 ◦C and −95.8 ◦C is 
2.19%, resulting in a volumetric strain of 6.43%, which would be the 
overall bubbles volume (i.e., the maximum void volume) based on the 
above assumptions. If 7.05 M DMSO is further assumed to be cooled as a 
free-to-flow fluid down to the so-called set temperature of −122 ◦C (10 ◦C 
above Tg = −132 ◦C) [33], the linear thermal strain would be 2.73% 
(based on a quadratic extrapolation below −95.8 ◦C) and the maximum 
void volume would increase to 7.97%. Based on a follow-up study on 
blood vessels permeated with 7.05 M DMSO [20], the corresponding 
volumetric strain would be 3.99% and 5.30% for the same end tem
peratures of −95.8 ◦C and −122 ◦C (this time with no extrapolation), 
respectively. Obviously, in a real process, the biological sample would 
be surrounded by a large amount of pure solution, and the actual void 
volume would be a weighted average of the above values. 
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Notably for the case of pure 7.05 M DMSO cooled to −95.8 ◦C as an 
example, it is not only that the total amount of crystals would have to 
reach 6.43% before pressure elevation is sensed, but that the difference 
between volume contraction of the remaining liquid and the volume 
expansion of the forming crystals must exceed that 6.43% value – this 
would translate to a massive amount of crystals. To put this number into 
perspective, recall that pure water expands by 9% upon freezing in 
standard conditions (or compressed by 9% if expansion is prohibited), 
and that about 50% of the 7.05 M DMSO is pure water before cooling. 

Unfortunately, the above first-order analysis falls short of predicting 
the precise volume of crystals that is required to drive pressure eleva
tion. A more detailed analysis must be employed for this purpose, ac
counting for the kinetics of crystallization in an ever-changing CPA 
concentration (due to the formation of ice), under low pressures, and 
subject to a nonuniform and transient temperature field. Nonetheless, it 
is clear from the above first-order analysis that the inability to sense 
pressure elevation in and of itself cannot serve as an indication for the 
absence of a crystalized material, the amount of which can be quite 
significant. 

4. Summary and conclusions 

Isochoric cryopreservation is a promising approach for the preser
vation of biological materials in low temperatures, which benefits from 
decreased ice formation with the increasing pressure in a sealed-rigid 
container. Recent experimental studies have demonstrated the poten
tial benefits of isochoric cryopreservation for tissue and organ banking, 
as well as for the preservation of food products. Not surprisingly, with 
exclusive experimental measurements of macro-level indicators on the 
one hand, and with the inability to make direct experimental observa
tions at the micro-level on the other hand, opinions and speculations are 
often recruited to assist in rationalizing the cryopreservation outcome. 
In this context, macro-level means the entire isochoric system, which is 
thus far exclusively characterized by a lumped temperature and a lum
ped pressure measured somewhere in the container, while micro-level 
refers to the distributed phenomena of ice formation, temperature field, 
and the nine-components stress tensor field. To the best of our knowl
edge, no isochoric cryopreservation system has been presented thus far 
which facilitates micro-level isochoric observations. In effort to assist in 
bridging this gap of knowledge, the current study utilizes mathematical 
modeling, computation tools, and the underlying principles of thermo- 
mechanics. 

The current study presents a mathematical model for vitrification 
under variable pressure conditions, building upon a recently published 
thermo-mechanics modeling approach for isochoric cryopreservation 
[41]. The current study suggests that complete vitrification under iso
choric conditions is not likely to take place, essentially since the CPA 
solution contracts more than the isochoric chamber in the absence of 
water crystallization. This would lead to a decreasing rather than an 
increasing of pressure with the decreasing temperature inside the 
chamber, resulting in two adverse effects: (i) counteracting the protec
tive effect attributed to pressure elevation on the cryopreserved 
biomaterial, and (ii) promoting rather than suppressing ice nucleation, 
which in turn would require even faster cooling rates to facilitate 
vitrification. 

When crystallization is assumed to be prevented in the isochoric 
chamber, the pressure must rapidly decrease early on in the isochoric 
process, probably yielding the formation of microbubbles as the absolute 
pressure approaches zero (i.e., vacuum). It is difficult to imagine that 
those microbubbles would not serve as extremely favorable nuclei for ice 
formation. Furthermore, when microbubbles fuse to fewer but larger 
bubbles, an increased ice growth rate can be expected on their 
expanding surfaces. Based on a first-order analysis, it is demonstrated in 
this study that a significant amount of ice may form in the isochoric 
chamber before its pressure would elevate. If follows that the pressure 
alone cannot be used as a measure of the quality of vitrification. 

It seems that the only alternative to facilitate the ice-free state of 
vitrification while benefiting from the presumed advantages of higher 
pressures is to create the required pressures by external means. By no 
means does this study come to argue that results of prior experimental 
studies designated by their authors as isochoric vitrification are invalid 
in terms of tissue viability, functionality, and other possible cryobiology 
measures. However, this study questions the designation of those re
ported experiments as isochoric vitrification. Notably, the current study 
is not about semantics but about attributing the correct physical phe
nomena to experimental measurements, in effort to develop better 
cryopreservation solutions, devices and processes. 
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