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Freezing Technology: Control of Freezing, Thawing, and Ice
Nucleation
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Abstract

From early dry-ice-based freezers and passive coolers, cryopreservation devices have come a long way. With
increasing interest in the field of cryobiology from new scientific applications, the importance of reliable,
traceable, and reproducible cold chain devices is sure to increase, ensuring more precise cryopreservation
and enabling better post-thaw outcomes, both for the user and for biological samples. As with any
cryopreservation process, it is important to optimize each part of the cold chain for each lab’s biological
samples, cryocontainers used, and logistical restraints. In this chapter we describe how freezing technology
can be used for cryopreservation of cells.
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1 Introduction

For successful cryopreservation of most eukaryotic cells, control of
the freezing, cryogenic storage, and thawing procedures is essential
for optimal cell recovery. Recent advances in cellular therapies
employing cryopreservation, often administered directly and
immediately post-thawing, require stringent controls to ensure
that the required level of cell function is achieved without the
need for a “recovery” period of in vitro culture. Such therapies
often require one or several cooling, storage, and warming stages,
with a typical process shown in Fig. 1.

Historically, cryopreservation of cell lines was carried out using
a passive cooling system with samples enclosed in, for example, a
polystyrene box that was then cooled by placing in a suitable
refrigerated environment. More recently low-cost systems such as
a “Mr. Frosty” or “CellCool” designed for use with —80 °C refrig-
erators have become commercially available. These are widely used
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Fig. 1 A typical workflow for a cell therapy, which may involve cooling, thawing, storage, and shipment at
several parts of the process. Each of these steps requires precise control and technologies to ensure that the
final therapy has optimal post-thaw viability and function

for the cryopreservation of generic immortalized and cryo-resistant
cell lines. Starting in the 1970s, the need for accurately controlled
and variable cooling rates led to the development of controlled-rate
freezers (CRF) [1-3]. The first of these systems used heaters and
liquid nitrogen (LN,) to control cooling rates that could be
adjusted for different cell lines. More recently, systems that avoid
the need for LN, have become more common [4].

A suitable storage temperature for cryopreserved (but not
dried), biological samples must be below the glass transition tem-
perature of the extracellular solution (~—120 °C for DMSO-based
cryoprotectants), to prevent time-sensitive cellular degradation [ 5—
91]. When cryopreservation emerged as a discipline in its own right
(in the early 1950s), eukaryotic samples were routinely stored in
dry ice containers (~—78 °C), significantly limiting viable storage
time. In modern times secure long-term storage is in either liquid
nitrogen or the vapor phase immediately above it. Mechanical,
ultra-low freezers (~—150 °C) are also widely used.

The final step in a cold chain before therapeutic or research use
is thawing which is, typically, the least-controlled part of the pro-
cess. Viability and performance can be lost here as easily as in any
other phase of the cryopreservation process. The most commonly
used thawing procedure is direct immersion of the frozen sample
container in a warmed water bath (37 °C), which produces rapid
thawing. Dry thawing systems have also been developed in
response to constraints imposed by current cleanroom procedures
and clinical practice [10-12].
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. Biological sample—For optimal cryopreservation of a cell sus-

pension, it is important to optimize the cryoprotectant(s) and
cooling rate for the specific cellular system [13—15]. These have
been discussed in detail elsewhere, and we point the reader to
the works referenced and theme 4 of this text.

Cryocontainer—Cryovials (typically <5 mL volume) are con-
structed of plastic with a flexible neck ring to relieve pressures
during cooling and warming. They are widely used, particularly
in research, but for the storage of medical-grade therapies,
hermetically sealed cryocontainers are required [16]. These
fall into three broad categories—cryobags, sealed vials, and
straws [16, 17]. These latter containers are also common for
the cryopreservation of small (<0.3 mL) biological samples
such as sperm, eggs, and embryos [16]. It is important to use
cryocontainers designed with specific structural properties for
safe use at ultra-low temperatures, as inappropriate plastics, for
example, can become brittle and shatter on warming.

. Freezing devices—The three main choices for cryopreservation

are a passive cooler, a controlled-rate freezer (CRF) using LN,,
or a CRF that is LN,-free [ 1-4]. When small sample numbers
are involved and viability can be recovered from rapid post-
thaw cell growth, passive coolers can be a practical option. They
provide an opportunity for low-cost, low-footprint cryopreser-
vation and can be particularly appropriate in a research envi-
ronment where cryopreservation is an enabling technology.

Both LN, and LN,-free CRFs provide controlled, accurate,
and reproducible cooling. A choice between them may rest,
for example, on cooling rates required (LN, devices have
higher maximum rate), available infrastructure and resources,
and the work location (LN, freezers cannot be operated in
cleanrooms) [4, 16, 18].

. Samples cooled to just below their equilibrium freezing point.

Cryopen (see Note 1) or pre-chilled forceps (see Note 2).

. Liquid nitrogen vapor-phase storage tank.

Ultra-cold mechanical freezer.

Dry ice (see Note 3) or insulated chilled container.

Thawing system.
Cryopreserved samples.
Prepared culture medium or washing solution.

Dry ice (see Note 3) or insulated chilled container.
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3 Methods

3.1 Cooling

3.1.1 Passive Coolers

3.1.2 Controlled-Rate
Freezers

. Prior to cryopreservation the passive cooler should be stored in

a 4 °C refrigerator. To prepare, fill the system with coolant
(usually propanol) if required and place the device in a 4 °C
fridge for at least 1 h before use, to allow for temperature
equilibration.

. Prepare biological samples in the chosen cryoprotectant

medium and load them into a suitable cryocontainer. Transter
promptly to the passive cooler to minimize any toxicity (see
Notes 4 and 5). Fill unused spaces in the cooler with vials
containing cryoprotectant medium only (see Note 6) to ensure
more consistent cooling within the device.

. Place the passive cooler into a —80 °C mechanical freezer (see

Notes 6-8). It is recommended that the cooler is placed
toward the back or bottom of any freezer, where thermal
variations are minimal, and that a chest (top opening) freezer
is used, as opening the door will cause less thermal variation
here than in a side-opening freezer.

. During the cooling process, it is important that the mechanical

freezer remains closed as even brief opening will disrupt the
cooling cycle.

. When the cooling run is complete, transfer the biological

samples to long-term storage below —120 °C. The samples
should be thermally protected during this transfer as they can
warm rapidly, risking a negative impact on post-thaw outcome
(see Note 3). For a transport time of only a few minutes, leaving
the cryocontainers in the passive cooler will protect them from
excessive warming. For longer times, or delicate samples, trans-
fer on dry ice or insulated chilled container for transport is
required (see Note 3).

. Preparation of the freezer. As with passive coolers, it is recom-

mended to prepare the freezing device prior to preparing the
cells. The chamber/sample holder of the CRF should be
pre-cooled to desired start temperature (see Note 9).

. Selection of starting temperature. The starting temperature of

the cryopreservation protocol should be as low as possible to
reduce cryoprotectant toxicity and limit the overall cooling
time. It must, however, be above the freezing point of the
cryoprotective medium to avoid the risk of ice formation in
the sample before the commencement of the intended cooling
protocol, which could have damaging effects. Starting tem-
peratures of +4 °C to —2 °C are typically used.
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3. Selection of cooling rate. The importance of cooling rates in
cryopreservation is well-known and should be optimized for
each cell type (see Note 10) 5, 6, 13, 19]. These cooling rates
may be linear—i.e., one cooling rate throughout the cooling
process, or multistep, i.c., different cooling rates at different
steps in the protocol.

4. Loading of biological samples. Prepare biological samples in
chosen cryoprotectant medium at an appropriate temperature
(e.g., onice) and load into suitable cryocontainers (sec Note 4).
Transfer quickly to the CRF to minimize any toxicity (se¢ Notes
4,5, and 11). Start the cooling procedure.

5. Ice nucleation if required (see Subheading 3.2).

6. End temperature. An appropriate temperature must be chosen
where controlled cooling is no longer required, and samples
can be transferred to long-term storage (se¢ Notes 3, 12, and
13). CRFs should stop cooling and maintain this final temper-
ature until all biological samples have been removed. Program-
ming a temperature a few degrees below the minimum
endpoint temperature will help protect the biologics from any

unintended warming during transfer to long-term storage (see
Notes 12 and 13).

7. When the cooling run is complete, transfer the biological
samples to long-term storage below —120 °C. The samples
should be protected from the environment during this transfer,
as they can warm rapidly which will negatively impact post-
thaw outcomes. Transfer on dry ice or similar coolant may be
required (see Note 3).

Manual nucleation can be used to nucleate a biological sample at a
defined temperature, which is beneficial for some cell types [20]. A
small section of the cryocontainer surface is cooled to significantly
below the equilibrium freezing point causing ice nucleation in the
limited, excessively supercooled region. Ice can then propagate
through the remainder of the sample at a relatively high tempera-
ture (see Note 14). Manual nucleation can be achieved using a
dedicated device such as a cryopen (a small device which, by expel-
ling liquid nitrous oxide, can cool a small area to below —50 °C
[21], see Notes 1 and 2) or the tips of pre-cooled forceps. Alterna-
tively, an appropriate ice-nucleating agent can be included in the
cryocontainer (see Note 15). For manual nucleation:

1. Ensure that cryopreservation protocol includes a constant
temperature holding step approximately 5 °C below the equi-
librium freezing point of the cryopreservation medium
(see Note 6).

2. Maintain the holding temperature for at least 5 min to allow
biological sample temperature to equilibrate.
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3.3 Storage
and Transfer

3.4 Thawing

3. Access the cryocontainers as rapidly as possible, and, holding

them so as not to further warm their content, use the cryopen
to cool the surface of the cryocontainer. This cooling should be
focused until ice is seen to nucleate. Be careful to cool only one
point of the vial (se¢ Notes 2 and 16).

. Ice nucleation will cause the cryocontainer contents to turn

from clear liquid to opaque ice.

. Return the cryocontainer to the controlled-rate freezer as rap-

idly as possible and resume the cooling profile when all samples
have been nucleated.

. If samples take longer than ~ 30 s to nucleate, return the

samples and reduce the device’s hold temperature a further
2°C.

Storage of biological samples containing live cells for any more than
a few days must be below the glass transition temperature of the
cryoprotectant medium [5, 8]. In DMSO-based cryoprotectants,
this is typically ~—120 °C. Storage is therefore in LN, vapor or in an
ultra-low mechanical freezer. Appropriate safety considerations
should always be in place where this hardware is present. Inade-
quate handling during transfer between the cooling device and
long-term storage location can lead to damaging sample warming.

1.

Ensure that the controlled rate or passive cooler has reached
the final temperature and that the biological samples have
equilibrated below at least —50 °C [6, 22].

. Prepare a polystyrene box containing dry ice or other appropri-

ate cold-transfer system and ensure that space is available in the
long-term storage (see Note 3).

. Remove cryocontainers by their lids, or area containing the

least biological material, and place quickly into the dry ice or
transfer vessel. Always use insulated gloves and other appropri-
ate personal protective equipment.

. Add biological samples to appropriate location in long-term

storage. It is essential to ensure that samples are positioned in
the storage container to minimize warming of surrounding,
already stored samples during retrieval of the required material
(see Note 17). Dispersal of duplicate samples to different loca-
tions in a storage tank is recommended, as is the use of dupli-
cate tanks.

. Maintain the freezer at the end temperature until transfer to

storage is complete. If there is a problem during transfer, then
samples can be temporarily returned to the cooling device.

It is important to note that, for optimal results, correct thawing and
post-thaw treatment of a cryopreserved biological sample are as
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important as the earlier cooling process. Immersion of cryocontai-
ners in a warmed water bath is the established, and probably still
most common, method of thawing cryopreserved biological sam-
ples. In the past decade, dry thawing systems have become more
common due to lower contamination risks and greater consistency.

1.
2.

Warm water bath to 37 °C (sec Note 18).

Remove the biological sample from storage device, being care-
ful not to warm other samples in the same storage location.

. Place sample in water bath, and where possible avoid wetting

the lid or inlet/outlet ports of the cryocontainer. Use of a
submerged rack or floating vial holder is often useful here.

. Visually inspect the sample, and when only a small ice crystal

remains visible, remove the sample and quickly begin any
washing or post-thaw steps [23]. As a rule of the thumb,
2 mL cryovials containing 1 mL of liquid take ~ 2 min to
thaw from approximately —120 °C in a 37 °C water bath (see
Note 19).

. Ensure that the correct thawing system is used—some are

optimized for vials, others cryobags, and some both.

. Remove the biological sample from storage, being careful not

to warm other samples within the same storage location.

. Place sample in the equipment for the required time.

. Visually inspect biological sample when thawing is believed to

be complete, to ensure no more than a small ice crystal remains.

. Promptly start any washing or post-thaw steps [23].

4 Notes

. A cryopen is a small device (in shape and size like a pen),

containing nitrous oxide under pressure. When a small volume
of the gas is released onto the outer surface of the sample
container, a transient and localized region of deep cooling is
generated that cools the inner container surface sufficiently to
initiate ice nucleation.

. In the absence of a cryopen, it is possible to use some

pre-chilled forceps or other metal surface to nucleate ice.
Pre-chilling can be done by dipping the tip of the forceps in
LN, and then used in the same way as a cryopen by touching
the side of the cryocontainer with them. The forceps or metal
implement should be re-cooled between samples, as these will
warm rapidly in the air.
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3.

Any suitably cooled and insulated container is effective for
transfer. If no dry ice is available, cold-box gel kits pre-cooled
to —80 °C or below can be used, as well as any specific cold-
transfer device which can maintain the endpoint temperature or
lower. Using a small Dewar containing liquid nitrogen is not
advisable due to the possibility of LN, ingress and the risks of
spills and splashes of LN, from carrying open containers (see
Note 17).

. When transferring procedure-ready samples on ice, it is impor-

tant to ensure that the cryocontainer is dried immediately
before loading into the cooling device. Any water remaining
on the outside of the sample will freeze on cooling and may
result in the sample being stuck to the cooler when it reaches its
target temperature.

. When labelling cryocontainers, it is critically important to use

ink and materials which are resistant to both low temperatures
and water. Labels designed for only ambient temperatures can
become brittle and lose their adhesive properties during ultra-
low temperature storage.

. In this chapter we have at several points recommended that a

“dummy” vial or cryocontainer, containing cryoprotectant
medium but no cells, is used. This can be set up to record
the actual temperature within the cryocontainer that, due to
the thermal mass of the sample and the physical properties of
the cryocontainer, will lag behind the device programmed
temperature. Once the actual sample temperatures have been
established, the programmed cryopreservation protocol can be
modified as required. The process can be carried out without
using dummy cryocontainers in every run as the cooling,/thaw-
ing process should be consistent when carefully repeated, but
for maximum security, a dummy cryocontainer could be
included in each run. For dummy cryocontainer thermocouple
recommendations (se¢ Note 8).

. To alter cooling rates in a passive cooler, a range of mechanical

freezers can be used. For example, using a —150 °C freezer will
increase the cooling rate by approximately 70% compared to
—80 °C system. When changing cooling environment, using a
thermocouple in a vial containing cryoprotectant medium to
test actual cooling rates is useful (se¢ Notes 6 and 8). While
many passive coolers claim a cooling rate of 1 °C/min when
placed into a —80 °C environment, this is a calculated, mean
value and will only be achieved for a small part of the cooling
process. It will be impacted by sample load and freezer temper-
ature fluctuations.

. When setting up a dummy cryocontainer, it is recommended

that a thermocouple attached to a data logger is used. The
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thermocouple lead should be small and flexible enough to be
inserted into a vial or other cryocontainer easily. The entry
point must be securely sealed. The thermocouple junction
(at the end of the lead) should be in the center of the liquid
of small vials (<2 mL), and several spatially separated thermo-
couples may be used in larger containers. Many types of ther-
mocouple are available, and type T can be recommended due to
their better accuracy at low temperatures when compared to
other common types.

. When loading and cooling cryocontainers such as vials, it is

important that they are upright for consistency. Cryobags
should be cryopreserved with as few air bubbles as possible,
as these insulate the biological sample on both cooling and
thawing, leading to suboptimal outcome.

For most somatic mammalian cells in suspension, cooling rates
of 1 °C/min are usually a good starting point for optimization
studies [24]. For larger cell structures, such as spheroids and
organoids, the longer time required for dehydration suggests
that a slower rate such as 0.3 °C/min is a better starting point.
Some specific cell types, such as sperm cells and erythrocytes,
require relatively fast cooling rates (10 °C/min or greater).

When cooling multiple samples in one cooling run in an LN,-
based CRE, it is advisable to leave a gap between individual
cryocontainers. These freezers cool by blowing cold nitrogen
into the freezing chamber at a specific rate. This can result in
differing cooling rates between those samples directly exposed
to this cold nitrogen and those that may be partially insulated
by other samples surrounding it. For sensitive cells this can lead
to variable and /or suboptimal results on thaw.

This endpoint temperature should always be below —50 °C,
and —80 °C is a commonly adopted final temperature. The
—80 °C achieved when a passive cooler is placed into mechani-
cal freezer is a convenient end temperature for such devices.

As the temperature of a biological sample temperature typically
lags behind freezer temperature, albeit slightly, it is preferable
to wait a few minutes after the freezer reaches its endpoint
temperature before transfer of the sample to long-term
storage.

Ice nucleation is volume dependent, and larger samples
(>2 mL) usually nucleate with minimal supercooling, whereas
smaller volumes are more susceptible to excessive supercool-
ing. Where possible, biological sample volumes should be as
large as possible when dealing with known, nucleation-
sensitive material.

Some freezing protocols include an ice-nucleating agent in the
cryoprotective medium. These are reagents which are included
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in small quantities to initiate nucleation at a higher tempera-
ture than would otherwise occur, without the need for manual
handling of the sample [20, 25].

16. Itis usually better to aim to cool the upper section of the liquid
in a cryovial. This is because on cooling, most cells will sink
slowly under gravity. Cooling the upper section of the liquid
will ensure that the minimum number of cells will be present in
the extremely supercooled area. This is only possible, however,
in vertical setups such as cryovials. In cryobags cryopreserved
vertically, this becomes impractical. For cryostraws, the best
area to nucleate is some of the supercooled liquid far away from
the biological sample.

17. It is recommended that samples are stored in the vapor phase
immediately above LN, and not submerged in the liquid itself.
Submerged cryocontainers, if damaged, may allow LN, ingress
which can contaminate the biological sample and other content
in the storage vessel. It can also lead to the sample container
exploding on thawing if a damaged area becomes sealed with
ice, as the liquid nitrogen remaining in the container will
rapidly expand as converting to gas.

18. Replacing water regularly and including a disinfectant reagent
in the water bath are recommended to reduce any contamina-
tion risk to the sample and the lab in general.

19. It is important on thaw to remove the biological sample and
start any wash steps quickly once thawing is complete. Samples
left in a warm environment may start to experience cryopro-
tectant toxicity.
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