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Aqueous supercooling provides a method by which to preserve
biological matter at subfreezing temperatures without the delete-
rious effects of ice formation. The extended longevity of the pre-
served biologic is a direct result of a reduction in the rate of
metabolism with decreasing temperature. However, because the
nucleation of ice from a supercooled solution is a stochastic pro-
cess, supercooled preservation carries the risk of random ice
nucleation. Theoretical supercooled biopreservation research to
date has largely treated these biological and thermophysical phe-
nomena separately. Here, we apply a statistical model of stochas-
tic ice nucleation to demonstrate how the possible reduction in
metabolic rate is inherently related to supercooling stability (i.e.,
the likelihood of ice nucleation). We develop a quantitative
approach by which to weigh supercooling stability versus
potential metabolic reduction, and further show how the
stability–metabolism relationship varies with system size for two
assumed modes of nucleation. Ultimately, this study presents a
generalizable framework for the informed design of supercooled
biopreservation protocols that considers both phase transforma-
tion kinetics and biochemical or biophysical kinetics.
[DOI: 10.1115/1.4054217]

Introduction

The challenge of preserving biological matter and organisms
outside their native homeostatic environments is a wide-reaching
problem with relevance to food preservation [1], organ transplan-
tation [2], reproductive science [3], tissue engineering [4], and
beyond. The myriad biochemical processes that comprise life rely
on relatively controlled thermodynamic conditions (temperature,
mass exchange, hydration, etc.) to proceed, and deviation from
these conditions can drive spoilage in harvested foods, expiration
of ex vivo donor organs, and potentially biological death for living
organisms.

For centuries, humans have recognized that cold temperatures
can stave off these negative effects (by reducing the overall rate
of metabolism/biochemical reaction), leading to the widespread
adoption of refrigeration. With the groundbreaking studies of
Polge et al. [5], among others, this technique was extended into

the realm of human biology in order to preserve organs and other
constructs outside of the human body.

However, while refrigeration provides extended longevity,
long-term preservation nigh-universally requires temperatures
well below the freezing point of water, the principal material con-
stituent of most biological matter of interest. The crystallization
of ice at subfreezing temperatures can in turn cause irreversible
mechanical, osmotic, and dehydrative damage, and thus much of
the past half-century of cryobiology research has sought strategies
by which to mitigate the damage caused by ice, implicitly accept-
ing its presence [6].

Recently, however, the unique penchant of water to remain in a
metastable liquid state below its equilibrium freezing temperature
has received increasing attention as a potential method for ice-free
biopreservation. This new modality, termed supercooling, has
been leveraged to excellent effect in the preservation of rat livers
[7], human livers [8], human cardiac microtissues [9], and various
foods [10] at subfreezing temperatures yet in the absence of ice.
However, the calculus required to design stable and predictable
supercooling protocols, which operate at a continuous metastable
equilibrium, is significantly different than that required to design
conventional freezing protocols.

The rates of metabolism and other biological processes are tem-
perature dependent [11,12] and these reactions typically slow at
progressively lower temperatures. It may thus seem clear that
indefinitely lower temperatures should be sought for increasingly
robust preservation. While this logic is reasonable from a conven-
tional cryopreservation standpoint, wherein ice growth is consid-
ered inevitable, it is incompatible with metastable supercooled
preservation, because it ignores the physics of ice nucleation,
which predict that the probability for ice nucleation (which is
always nonzero for a supercooled liquid) increases with both the
depth below the freezing point and with the time spent in a super-
cooled state.

A comprehensive analysis of supercooled biopreservation must
thus necessarily consider both aspects of biochemical/biophysical
kinetics and of ice nucleation kinetics. With this in mind, we have
developed a new method of analysis that enables optimal design
of cryopreservation protocols through a marriage of biology and
physics.

In this study, we present a coupled analysis of metabolism and
ice nucleation kinetics to describe the potential suppression of
metabolic rate as a function of the probability for ice nucleation.
We find that a compromise must be made between the competing
design parameters (metabolic suppression, preservation duration,
nucleation probability), and that this informed decision can only
be made by following a multiphysics approach. Furthermore, it
should be noted that while significant previous research has
sought to characterize [14,15] and optimize [16] cryopreservation
protocols via various modes of thermal transport analysis, the
physics relevant to the stability of supercooling are not dominated
by thermal transport, but by first-nucleus nucleation kinetics,
offering a less-treaded path by which to approach the problem.

Though we only explicitly consider simple models for the tem-
perature dependence of metabolism and nucleation kinetics, the
framework is entirely generalizable and can be supplemented with
the development of more detailed models of biochemical/biophys-
ical and ice nucleation kinetics.

Metabolic Rate Temperature Dependence

The temperature dependence of metabolism has been character-
ized by Gillooly et al. [11] for several classes of organisms using
an Arrhenius function of the form

BðTÞ ¼ B0e
�Ei=kBT (1)

where B0 is a normalization constant with units W�kg�3/4 (analo-
gous to the classical Arrhenius frequency factor), Ei is a represen-
tative activation energy for the rate-limiting enzyme-catalyzed
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biochemical reactions of metabolism, kB is the Boltzmann con-
stant, and T is the temperature in K.

This general model for mass-normalized resting metabolic rate
was derived on the basis of allometry and biochemical reaction
kinetics and fits metabolic data in a temperature range of 0 �C to
40 �C. In order to extend this model to supercooled temperatures
(<0 �C), we risk a loss of quantitative accuracy, however the gen-
eral trends should not be compromised.

Figure 1(a) depicts the metabolic temperature dependence
determined by Gillooly et al. [11] for mammals/birds, plants, and
fish. The respective metabolic rate parameters are provided in
Table 1 in the Methods section

Nucleation Statistics

The stochastic process of solid phase crystallization from a
supercooled liquid may be modeled by Poisson statistics [17–21].
For a liquid held at a constant subcooled temperature, the proba-
bility for nucleation, p, is given by the homogeneous Poisson
distribution.

p T; tð Þ ¼ 1� e�J Tð Þ�t (2)

wherein J is the system nucleation rate, T is the temperature, and t
is the time spent in a supercooled state. If nucleation is initiated in
the bulk of a fluid, the total system nucleation rate is dependent on
the fluid volume, V, and if nucleation is initiated on the surface
encapsulating the fluid, then it is dependent on the total system
surface area, A. If the temperature varies spatially or temporally,
the nucleation process is considered a nonhomogeneous Poisson
process, and the probability can be generalized as

p T t;V;Að Þð Þ ¼ 1� exp �
ð
t

ð
V

ð
A

J T t;V;Að Þð ÞdtdVdA
� �

(3)

Equations for the nucleation rate are often sought through appli-
cation of classical nucleation theory [22,23]; however, empirical

relations may also be obtained by fitting parameterized equations
to experimental data. A common form for an empirical nucleation
rate equation is

JðDTÞ ¼ cDTn (4)

wherein DT ¼ Tm � T is the depth below the equilibrium melting
point, Tm; and c and n are empirical fitting parameters [24,25].
With this system nucleation rate, the nucleation probability at con-
stant temperature becomes

p T; tð Þ ¼ 1� e�cðTm�TÞnt (5)

A recent study characterized the nucleation of de-ionized water
in an isochoric system (V¼ 5.3mL, A¼ 18.7 cm2) with
petrolatum-coated walls [13], and average empirical nucleation
parameters c and n were evaluated as 2.20� 10�22 and 22.06,
respectively. The numerical results presented in the remainder of
this study will use this data, as it is one of the few nucleation data-
sets available characterizing a bulk-volume nondroplet system
(>1mL). However, it should be emphasized that the methodology
and equations presented herein are generalized and do not depend
on specific values of c or n, or on the specific form of the nuclea-
tion rate. Thus, the present analysis can be applied to any set of
nucleation data.

Figure 1(b) depicts the nucleation probability (%) as a function
of temperature and supercooled duration for the characterized sys-
tem. This probability-temperature-time mapping gives the basest
outline of the temperatures and preservation durations that are
achievable with high stability (i.e., low ice nucleation probabil-
ity). For example, nucleation is predicted to occur at a rate less
than 0.1% for all temperatures above �6 �C and durations up to
three months.

Qualitatively, we can see that for a given preservation period,
the nucleation probability increases slowly up until 10%, after
which the trend intensifies and reaches a nearly deterministic
regime (>99.99%) in a span of only 2 �C. Therefore, while tem-
perature can be varied relatively safely below and around the
region of 10% nucleation probability, any incidental fluctuations
thereafter carry significantly enhanced risk for nucleation.

Relating Metabolic Suppression and Nucleation

Probability

By solving for temperature in Eq. (5) and substituting into Eq.
(1), we can obtain the following relation for the metabolic rate as
a function of supercooled duration and nucleation probability:

Fig. 1 (a) Temperature dependence of metabolic rate for mammals/birds, plants, and fish.
Parameters from Gillooly et al. [11]. (b) Nucleation probability (%) as a function of tempera-
ture and supercooled duration for de-ionized water in a petrolatum-coated isochoric system
[13].

Table 1 Metabolic rate parameters from Gillooly et al. [11]

lnB0 (W�kg�3/4) Ei (eV)

Mammals and birds 34.67 0.78
Plants 26.55 0.66
Fish 19.65 0.43
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B t; pð Þ ¼ B0exp � Ei=kB

Tm � �ln 1� pð Þ
ct

� �1=n

0
B@

1
CA (6)

The results of this analysis are shown in Figures 2(a)–2(c) rela-
tive to the metabolic rate at 4 �C, which is the current clinical
standard for organ preservation [2] and is further commonly
encountered in food refrigeration. As it may be expected, because
the relative reduction in metabolic rate trends strongly with the
temperature dependence (or equivalently the ice nucleation proba-
bility, as shown in the figure), organisms with larger characteristic
activation energies, Ei, experience larger reductions in
metabolism.

Additionally, a similar trend with nucleation probability at con-
stant duration is observed with metabolism as with temperature. A
large change in metabolism does not significantly affect the nucle-
ation probability in the region below 10%; however, the trend
quickly steepens, and for nucleation probabilities greater than
10%, further change in metabolic suppression is accompanied by
large changes in probability and swift entering of a quasi-
deterministic regime.

Scaling With System Size

The experimental data obtained by Consiglio et al. [13] and
used in this study characterized the nucleation rate of a specific
5.3mL isochoric system, and further investigation is required to
identify the mode(s) of nucleation and determine how the nuclea-
tion rate scales with volume and container surface area. Despite

this gap in our current knowledge, however, we can still conject
how the nucleation phenomena (probability-time-temperature
relation) would scale by assuming that only surface-mediated or
volumetric nucleation will dominate.

Assuming this independent scaling (i.e., that only one nuclea-
tion mode is applicable), the nucleation rate would become

J V;DTð Þ ¼ V

V0

cDTn or J A;DTð Þ ¼ A

A0

cDTn (7)

wherein V0 is the volume (5.3mL) and A0 the surface area
(18.7 cm2) of the chamber from Consiglio et al. [13], and V and A
are the volume and surface area of a hypothetically scaled system.

The relation between temperature, supercooled duration, and
system size for two nucleation probabilities (0.001% and 10%) is
shown in Fig. 3(a). The indicated volumes correspond to the volu-
metric scaling assumption, and conversely, the indicated surface
areas correspond to the surface area scaling assumption.

Toward the Design of Supercooled Biopreservation

Protocols

We may now seek to consider specific applications using these
new design tools, and one of the most promising applications is
full organ supercooling for transplantation purposes. By applying
the simple scaling analysis above, we can estimate the metabolic
suppression possible in a petrolatum-coated isochoric system of
arbitrary size. Shown in Fig. 3(b) is the dependence of mamma-
lian metabolism on nucleation probability and supercooled dura-
tion for a 4 L system (volume scaling assumed). This volume is

Fig. 3 (a) Scaled temperature versus time dependence for nucleation probabilities of
0.001% (red) and 10% (blue). Indicated volumes correspond to volume scaling assumption.
Indicated areas correspond to surface area scaling assumption. (b) Dependence of mamma-
lian metabolic rate on supercooled duration and nucleation probability for a hypothetical 4 L
system applicable to human organ preservation (volumetric scaling assumed).

Fig. 2 Suppression of metabolic rate as a function of nucleation probability and supercooled duration for (a) mammals/birds,
(b) plants, and (c) fish. Reduced metabolic rate calculated with reference to the rate at Tref 54 �C.
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expected to be able to contain any mammalian organ, excluding
perhaps the lungs. We can see that a two-thirds reduction in the
metabolic rate (B/Bref � 1/3) may be achieved compared to pres-
ervation at 4 �C for a preservation period of one week and nuclea-
tion probability of only 0.01%.

In the case of full organ preservation, given the extreme value
of transplantable donor organs (the average heart transplant cost
more than $1M in 2017 [2]), minimization of nucleation probabil-
ity must be prioritized since any formation of ice and freezing of
tissue risks lethal and irreversible damage.

On the other hand, for cell suspensions divided into a multitude
of individual vials, a smaller margin of error may be viable since
100% survival is often not necessary and enhanced metabolic sup-
pression may be of greater value. The 5mL isochoric system from
Consiglio et al. [13] may be a well-suited volume for cell preser-
vation. In this case, we can reference Fig. 2(c) directly and
observe that nearly a three-quarter reduction in the metabolic rate
compared to 4 �C may be obtained for preservation of one week
and nucleation probability of 0.1%.

The preservation of food may likewise not demand total assur-
ance of the avoidance of ice nucleation if a certain loss is accepta-
ble. Future scenario-specific analyses may seek an optimal
protocol that balances nucleation frequency with extension of
shelf life. For example, if it is currently impossible to preserve
sashimi-grade tuna for longer than 72 h, a protocol that enables
longer preservation times but with a 50% chance of ice nucleation
may still be viable and valuable, generating 50% high-quality sur-
vival of a yield that otherwise may be entirely lost.

For each of these scenarios, marriage of the modeling method-
ology herein to experimental validations in applied biopreserva-
tion should be sought in future work, and could be leveraged to
develop standards for acceptable thresholds of nucleation proba-
bility suited to each application.

Conclusions

Although this study has only related the temperature depend-
ence of nucleation kinetics with metabolism as whole, the meth-
odology can be extended to any temperature-dependent
biochemical or biophysical process of interest. For example, the
relation provided in Eq. (6) can be used to characterize any first-
order chemical reaction with known pre-exponential factor and
activation energy. In addition to metabolic rate, the temperature
dependence of membrane processes, enzymatic activity, adeno-
sine triphosphate depletion, and other processes related to hypo-
thermia and ischemia-induced damage would be of interest for
low-temperature biopreservation. These processes might possess
temperature dependencies ill-described by the Arrhenius function
of Eq. (1), and in this case an alternative temperature-dependent
rate equation such as the Eyring equation from transition state
theory [12] may be substituted in its place.

Furthermore, as discussed in previous sections, the nucleation
data used in this study is of limited scope. In order to rigorously
quantify nucleation probabilities applicable to real applications,
further investigations should seek to characterize the volumetric
and surface scaling, and nucleation data reflecting the precise
preservation medium to be employed should be used (as opposed
to pure water data).

Future work should also seek to experimentally distill the
metabolism reduction described herein into more actionable
temperature-dependent metrics, such as gross organ, tissue, or cell
viability, degree of food expiration, etc., and thereby validate
directly the results of this modeling approach.

In conclusion, we have shown that, armed with knowledge of
the temperature dependence of the metabolic rate and rate of ice
nucleation, the safety (against ice nucleation) and effectiveness
(reduction of metabolism) of a proposed supercooled biopreserva-
tion protocol can be quantitatively characterized. We find that a
compromise must be made amongst the various competing design
parameters since metabolism decreases monotonically with

temperature and conversely the probability for ice nucleation
from a supercooled liquid increases monotonically with tempera-
ture and supercooled duration.

Methods

The metabolic rate parameters B0 and Ei, summarized in
Table 1, are computed from data in Fig. 1 of Gillooly et al. [11].

Nucleation rate parameters were computed by parametric infer-
ence of data from constant cooling rate nucleation experiments
[13]. The survivor curve representation of this data (unfrozen frac-
tion versus temperature) corresponds to the cumulative distribu-
tion of a nonhomogeneous Poisson process, the rate parameter of
which is the nucleation rate. By assuming a form for the nuclea-
tion rate (such as in Eq. (4)), a distribution may be fitted to the
data to obtain the empirical parameters.

This empirical fitting method may be applied to arbitrary nucle-
ation experiments reporting unfrozen fraction versus temperature
survivor curves, and the application of the analysis presented
herein to the design of specific supercooling protocols should use
nucleation data that represents the precise system of interest, in
order to capture surface-mediated nucleation effects specific to
that system.
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