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Abstract | Cryopreservation of cells and biologics underpins all biomedical research from routine
sample storage to emerging cell-based therapies, as well as ensuring cell banks provide authenti-
cated, stable and consistent cell products. This field began with the discovery and wide adoption
of glycerol and dimethyl sulfoxide as cryoprotectants over 60years ago, but these tools do not
work for all cells and are not ideal for all workflows. In this Review, we highlight and critically
review the approaches to discover, and apply, new chemical tools for cryopreservation. We sum-
marize the key (and complex) damage pathways during cellular cryopreservation and how each
can be addressed. Bio-inspired approaches, such as those based on extremophiles, are also dis-
cussed. We describe both small-molecule-based and macromolecular-based strategies, including
ice binders, ice nucleators, ice nucleation inhibitors and emerging materials whose exact mecha-
nism has yet to be understood. Finally, looking towards the future of the field, the application of
bottom-up molecular modelling, library-based discovery approaches and materials science tools,
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Cryopreservation, the process of storing materials at
sub-zero temperatures, is an essential process for fun-
damental research, as well as the clinical, biomedical
and food sciences’. The ability to prolong the storage
of biological materials, by reducing the temperature to
slow the rate of degradation, has wide-reaching applica-
tions. For instance, millions of seed samples are housed
frozen in the Svalbard Global Seed Vault in Norway,
making cryopreservation essential to future food and
crop security’. Nearly every biomedical research lab
in the world keeps frozen stocks of cells to reduce
phenotypic drift from continuous culture?, to serve as
backups and to preserve valuable or rare cells that are
hard to come by, such as specific primary and clinical
samples. The ability to store oocytes, spermatozoa and
embryos has revolutionized in vitro fertility treatment,
allowing individuals to preserve their fertility for many
years, particularly in circumstances where it could be
lost (such as certain types of cancer and the associated
treatments required). More recently, cryopreservation
has enabled pioneering medicines for cancer treatment,
such as adoptive cell therapies, by allowing patients’
cells to be successfully shipped to dedicated processing
facilities and stored for future treatments. These new
immunotherapies offer promising options for cancers that
are difficult to treat. New techniques for tissue and organ
preservation are emerging, which, if successful, could
abolish long waiting lists for organ transplantation'.
Finally, the COVID-19 pandemic has demonstrated
that cryopreservation is imperative to afford an effective

which are set to transform cryopreservation strategies, are also included.

cold chain for vaccine storage and delivery, particularly
for vaccines requiring ultralow-temperature storage,
such as those based on mRNA technology. In all of these
mentioned applications, cryopreservation is necessary to
facilitate prolonged storage of the material with mini-
mal loss in function. We should note that there is also a
desire for non-cryo and hypothermic solutions for the
short-term storage of cells, such as immobilizing cells in
hydrogels’, which is outside of the scope of this Review.

At ultralow temperatures (below —130°C), kinetic
energy and molecular motion within a biological mate-
rial decrease. Rates of chemical and biological reac-
tions slow down and processes such metabolism,
active transport, enzymatic reactions and diffusion
decline. This allows the material to remain in a sus-
pended state until the temperature is increased again.
Although ultralow temperatures are not directly
responsible for cryopreservation-induced damage,
the freezing and thawing processes needed to achieve
these temperatures inflict damage to the material
in a number of ways (detailed in the next section). In
order to moderate cryopreservation-induced damage,
cryoprotective agents (CPAs) are employed, the most
common being dimethyl sulfoxide (DMSO) and glyc-
erol. These low-molecular-weight cryoprotectants were
originally discovered over 60 years ago™ (not rationally
selected for a particular biological/physical property),
yet they have been exceptionally effective and widely
used in both research and clinical applications. Stocks
of red blood cells are cryopreserved using 20-40 wt%
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Cryoprotective agents
(CPAs). Compounds added to
freezing solutions to provide
a protective effect to the
material being frozen.

Ice recrystallization

An increase in ice crystal size
over time in an already frozen
material.

glycerol’, immortalized cell lines are routinely stored in
10% (v/v) DMSO and cells for clinical transplantation,
including haematopoietic stem cells and chimeric anti-
gen receptor (CAR)-T cells, are frequently cryopreserved
in 5-10% DMSO®*’ (amongst other additives).

Despite their utility, these common cryoprotectants
present a number of issues to the biological material
being frozen, and some cell types still remain challenging
to cryopreserve and recover, such as human embryonic
stem cells (hESCs)", cell monolayers''-"* and multicel-
lular systems. Red blood cells stored in glycerol require
a lengthy deglycerolization process to safely remove the
cryoprotectant while also avoiding osmotic shock'.
DMSO has been shown to cause epigenetic changes in
hepatic microtissues”, induce differentiation in embry-
onic stem cells'® and has potentially contributed to the
leaching of plasticizers from cell storage bags'”. In addi-
tion, DMSO can cause adverse effects in patients who
receive cryopreserved transplanted material (noting that
the clinical benefits of the transplant outweigh this)'*".
Overall, there is a clear unmet need for the design
and discovery of novel cryoprotectants that can either
replace or reduce the required amount of these current
gold standards and address challenging sample types,
such as multicellular systems and whole organ-freezing.

In this Review, we will summarize the challenges of
cryopreserving biological material, describing the intri-
cate chemical processes involved and the impact on the
material being frozen. We will highlight and evaluate
current and emerging chemical tools that modulate
the cryopreservation process. Further, we will discuss
specific methods that utilize chemical tools such as
cell encapsulation and the modulation of biochemical
pathways. Finally, we will introduce areas for develop-
ment, outline knowledge gaps and suggest emerging
approaches that would greatly benefit the field.

Challenges during cryopreservation

A general understanding of the challenges associated
with cryopreservation is required before discussing
new chemical approaches to cryopreservation. In most
cases, cooling aqueous solutions below the equilibrium
freezing point will inevitably result in the formation of
ice crystals in the extracellular media and a decrease
in the concentration of water in the sample, which
has two key consequences. First, an osmotic gradient
forms across the cell membrane, which causes the cell
to dehydrate (FIG. 1). Some cellular dehydration is ben-
eficial for cryopreservation outcomes, as it reduces the
chance of excessive intracellular ice formation (IIF),
which is often fatal — the exact underlying mechanisms
are still being investigated. However, disproportionate
dehydration can be irreversible and is a key cause of
cryopreservation-induced damage to biological mate-
rial. The second consequence is that, as ice crystals
continue to grow in the extracellular media, solutes that
were previously dispersed in the bulk solution become
concentrated in the residual water channels between ice
crystals. Cells trapped within these channels will expe-
rience a much higher concentration of solutes compared
with the sample solution without ice present, ultimately
leading to osmotic shock and increased toxicity.

A further challenge in cryopreservation is sample
supercooling, whereby the temperature of the solution
cools to many degrees below the equilibrium melting
point before (heterogeneous) extracellular ice nucleation
occurs™. When ice does nucleate, the exothermic pro-
cess causes latent heat to be released, thereby warming
the solution close to the melting point, while the solu-
tion temperature simultaneously continues to decrease.
Consequently, as the previously supercooled solution
readjusts to the solution temperature, it experiences
a greater cooling rate than solutions that nucleate at
higher temperatures. Typically, inducing extracellular ice
formation at temperatures close to zero drives cellular
dehydration and reduces the likelihood of fatal IIE.

An additional challenge is adopting a cooling rate
that leads to optimal cell survival. Slow cooling rates
(<1°Cmin™") allow cells sufficient time to dehydrate and
prevents ITE. However, cells become exposed to high sol-
ute concentrations as well as any (potentially toxic) cry-
oprotective agents that have been added for an extended
period of time. In contrast though, fast cooling rates (for
example, >100°Cmin™') avoid prolonged periods in
high-solute solutions but can lead to IIFE, as cells are not
capable of dehydrating fast enough, causing irreversi-
ble damage. The optimum cooling rate for cell survival
is outlined by Mazur’s two-factor hypothesis® — the
highest cell viability will be achieved by an intermedi-
ate cooling rate, which will provide a balance of these
two scenarios. It is important to mention that different
cell types will have different optimal cooling rates. One
caveat to Mazur’s two-factor hypothesis is that, at excep-
tionally high cooling rates, the crystalline (ice) phase
can be bypassed to achieve an ultrahigh-viscosity glass,
known as vitrification (FIC. 1). It prevents catastrophic
cellular damage caused by ice nucleation and intracellu-
lar ice growth during cryopreservation. However, vitri-
fication usually requires very high concentrations of
cryoprotectants that can result in osmotic stress during
CPA loading and removal.

There are additional cryopreservation challenges
when warming biological material back to physiologi-
cal temperature. Exposure of dehydrated cells to large
volumes of water or buffer solutions during the thaw-
ing process leads to an influx of water across the cell
membrane and can result in swelling and cell lysis.
Ice recrystallization (a type of Ostwald ripening) can
occur, where ice crystals grow into larger crystals at the
expense of smaller ones, leading to mechanical damage
and osmotic stress”. During thawing, vitrified solutions
are at risk of devitrification, where ice nucleation and
subsequent ice recrystallization occur. It is important to
note that the recrystallization can sometimes be used
to describe nucleation from a vitrified solution, but
the term is not used in this way here. More broadly, the
freezing and thawing process imposes extensive stress
on cells that can lead to protein denaturation* and
impacts higher-order structures, such as microtubules
and the meiotic spindle in oocytes™.

Some of these cryopreservation challenges can
be mitigated by the addition of permeating and
non-permeating cryoprotectants (CPAs), also referred
to as penetrating and non-penetrating cryoprotective
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Fig. 1| Potential mechanisms of cellular damage during cryopreservation. Several challenges occur when cells are
cooled for cryogenic storage, as well during rewarming. During cooling, the formation of extracellular ice crystals leads
to an osmotic imbalance across the cell membrane and subsequent cell dehydration. In the absence of extracellular ice,
samples might supercool below the equilibrium freezing point, leading to an increased chance of fatal intracellular ice
formation. Fast cooling rates and the addition of high concentrations of cryoprotective agents (CPA) can achieve vitrifica-
tion, an amorphous, ice-free state. However, high concentrations of CPA can be toxic to cells. During warming, ice recrys-
tallization can occur, where ice crystals grow and cause mechanical damage and cell lysis. Vitrified samples may become
unstable and devitrify, leading to further ice growth. Finally, cryopreservation can induce apoptosis, leading to delayed
cell death post-thaw. Note that these are all extremes, do not necessarily occur simultaneously and can be partially
mitigated by the addition of cryoprotective agents. Ice crystals are not to drawn to scale for illustrative purposes.

agents. Permeating cryoprotectants, including DMSO
and glycerol, can cross cellular membranes. By contrast,
non-permeating cryoprotectants remain extracellular
and some examples include polymeric materials, such
as poly(vinyl pyrrolidone) and hydroxyethyl starch
(HES), as well as small molecules, such as trehalose.
Specific mechanisms of action for individual cryopro-
tectants have not been fully elucidated, with the general
view that many cryoprotectants are multimodal in their
protection®. Overall, cryoprotection likely arises from
a combination of factors including the modulation of
hydrogen bonding, effects on cell membrane properties,
dilute solute effects and increases in solution viscosity at
low temperatures, among others (reviewed in detail by
Fuller” and Elliott et al.>®).

Chemical tools for cryopreservation

In order to improve cryopreservation outcomes,
researchers are now looking beyond chance discover-
ies of cryoprotectants and instead utilizing a toolbox

of methodologies, from bio-inspired synthetic design
to molecular modelling and emerging discovery tools.
In the following sections, we will review and critically
analyse some of these advancements and highlight
where chemical tools are being utilized in existing and
emerging areas.

Vitrification agents

Vitrification is the clinically preferred method to cryo-
preserve oocytes and embryos”, with reports of supe-
rior clinical outcomes compared with slow-freezing
(ice formation) protocols®. It could also be used
for large-volume storage and whole-organ freezing
where slow freezing is not suitable”. To achieve vit-
rification, high concentrations of both permeating
and non-permeating CPAs are needed (for example,
ethylene glycol, propylene glycol, sugars, DMSO and
high-molecular-weight agents)’*~, along with rapid
cooling rates, to bypass ice formation (FIC. 2a). A major
challenge with this method is cryoprotectant toxicity
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Fig. 2 | Vitrification agents for cryopreservation. To achieve vitrification, a sample
must be cooled to obtain a glassy, amorphous state without heterogeneous (via foreign
particles) or homogeneous (through random ordering of water molecules) ice nuclea-
tion. a | Schematic phase diagram of an aqueous sample with different concentrations
of a cryoprotectant, adapted with permission from REF.*. T and the solid line denote
the equilibrium melting temperature, T, and the dashed line denote the temperature of
homogeneous ice nucleation, and T, and the dashed/dotted line denote the glass transi-
tion temperature of the sample. For dilute samples (<40% cryoprotectant), vitrification

is difficult to achieve due to the likelihood of nucleation occurring. b | Structures of small
molecules that have been investigated for toxicity neutralization: dimethyl sulfoxide
(DMSO), urea and formamide*. ¢ | Macromolecular compounds such as poly(vinyl alcohol)-
co-poly(vinyl acetate) (PVA-co-PVAc) copolymers and carboxylated e-poly-L-lysine
(COOH-€PLL) have been used to limit devitrification of samples during warming*’.
Panel a adapted with permission from REF.'%, Elsevier.

and the need for rapid but stepwise removal of the CPA
to avoid post-thaw toxicity and osmotic damage.
Mixtures of permeating cryoprotectants and their
effect on the viability (K*/Na* ratios) of rabbit renal cor-
tical slices have been analysed®. Solution toxicity was
correlated to the hydrogen bonding between water and
polar groups on permeating cryoprotectants. New vitri-
fication solutions that had overall higher concentrations
but lower intrinsic toxicities than standard vitrification
solutions were screened for improved K*/Na* ratios.
Interestingly, the toxicity of some permeating cryopro-
tectants used in vitrification, such as formamide, can be
reduced by the addition of compounds such as DMSO,
urea and acetamide (FIG. 2b). This approach is known
as cryoprotectant toxicity neutralization*. A proposed
mechanism was that these small molecules might act as
low-toxicity analogues of formamide, but competition

Glass transition temperature
The temperature at which
materials transition from

rigid to flexible.

Super-flash freezing
Cooling at an incredibly high
cooling rate, so the liquid
freezes almost instantly.

experiments refuted this theory*. Instead, the neutral-
ization is thought to be due to a general reduction in
non-specific toxicity™. These initial studies corrobo-
rate that small-molecule approaches can help address
cryoprotectant toxicity.

Rather than mitigating toxicity, approaches to reduce
the total CPA concentration have also been explored. In
small volumes, thermal diffusion distances are shorter,
such that higher cooling rates can be achieved at low
CPA concentrations, allowing for rapid cooling below
the glass transition temperature (Tg), such that no nucle-
ation occurs®. Droplets 70 um in diameter of encap-
sulated AML-12 hepatocytes were vitrified with 1.5M
propanediol and 0.5 M trehalose, resulting in post-thaw
viabilities of ~90% (REF.*). High-throughput vitrification
using inkjet printing of 3T3 mouse fibroblast cells ena-
bled cryopreservation with low CPA concentrations®.
Examples of cryoprotectant-free vitrification have been
reported, in which super-flash freezing was employed for
picolitre sample volumes. Post-thaw viabilities of mouse
myoblast (C1C12) cells and primary rat stem cells by
super-flash freezing with no CPA were 70-80%, which
is comparable with conventional cryopreservation
protocols®. These approaches show great promise for
research purposes but may not be useful for cell-therapy
applications where large volumes of cells are required.

The warming cycle faces the same challenges asso-
ciated with the cooling cycle; how to bypass the ice
phase directly to the liquid phase. External heating can
be helpful, but thermal gradients present a challenge
because the outside of the sample thaws before the
inside. Nanowarming exploits the local heating effect
associated with magnetic nanoparticles in an alternat-
ing magnetic field, allowing homogeneous and rapid
rewarming. Application of mesoporous silica-coated
iron oxide nanoparticles have aided the cryopreservation
of porcine arterial tissue (20 ml volume)** and magnet-
ite (Fe,0,) nanoparticles increased the cell viability of
human induced pluripotent stem cells (hiPSCs) to 74.8%
compared with 38.5% as assessed immediately post-thaw
by Hoechst/SYTOX green staining"’. Microporous
silicon-coated iron oxide nanoparticles improved cry-
opreservation outcomes with samples as large as rat
kidneys*'. In addition, cell attachment rates of vitrified
alginate-encapsulated stem cells increased from 24% to
68% with nanowarming*.

Chemical tools to prevent ice nucleation can also
reduce the damage from ice formation during warming.
Poly(vinyl alcohol)-co-poly(vinyl acetate) (PVA-co-
PVAc) copolymers (1-3%) (FIC. 2c) were used to inhibit
devitrification in solutions of 56% (w/w) ethylene glycol
and DMSO®. A copolymer consisting of a 20:80 ratio
of vinyl acetate to vinyl alcohol units afforded the
best results, showing the importance of the mole-
cular structure of the additive and the particularly
unique ice-binding properties of PVA*. Adding 3%
(w/w) PVA to solutions of aqueous 1,2-propanediol
(35% (w/w)) inhibited ice nucleation as well as ice
growth®. Introducing carboxylated e-poly-L-lysine
(COOH-¢PLL, FIC. 2¢) (discussed in greater detail in the
‘Macromolecular cryoprotectants’ section) has also
shown promise as an additive in vitrification solutions.
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Differential scanning
calorimetry

(DSQ). A thermal analysis
technique used to study the
heat flow of a sample.

Ice-binding proteins
Molecules found in a diverse
range of organisms that bind
to the interface between ice
and water.

Thermal hysteresis
A difference in the melting
and freezing temperatures.

A quantity of 10% (w/v) COOH-¢PLL, in a solution
of 6.5M ethylene glycol and 0.75M sucrose, allowed
successful vitrification of hiPSCs, with colony attach-
ment rates increasing from 46.8% to 73.4% (REF.*9).
The mechanism of action of COOH-¢PLL has yet to
be fully understood but it appears to reduce osmo-
tic stress or inhibit devitrification, as observed by
differential scanning calorimetry (DSC) analysis***". Similar
results with COOH-€ePLL have been reported for the
successful vitrification of hESCs*, porcine embryos*

and 3D cell constructs™.

Ice recrystallization inhibitors
Ice recrystallization, a type of Ostwald ripening,
describes the increase in ice crystal size over time in an
already frozen material (FIC. 3A). This phenomenon is a
contributor to cell death during the thawing phase of
cryopreservation and leads to osmotic stress’’. A diverse
range of ice-binding proteins that inhibit ice recrystalliza-
tion activity are known®', with antifreeze glycoproteins
inhibiting ice growth at 0.022 ug ml™ (REF.*?), whereas
even the most active synthetic ice recrystallization inhib-
itors (IRIs) are orders of magnitude less effective™. In
1992, Carpenter and Hansen reported that the antifreeze
protein from Pseudopleuronectes americanus reduced
post-thaw haemolysis of red blood cells, providing the
first demonstration that ice recrystallization inhibition
benefits cryopreservation®. When discussing ice recrys-
tallization inhibition for cryopreservation, it is crucial to
note that ‘how much inhibition is needed for cryopres-
ervation benefit?’ is a deceptively challenging question,
as any agent can have multiple modes of action, which
may vary across different cell lines, cryoprotectant type,
freeze/thaw cycle and other variables in any cryopreser-
vation procedure. Adding complexity, ice recrystalliza-
tion inhibition is a continuum, not an on/off property,
and any material can slow ice growth at sufficiently high
concentrations. Therefore, cryopreservation cannot
simply be attributed to ice recrystallization inhibition,
as opposed to other effects (especially when high con-
centrations are used). To highlight this, poly(p/L-serine)
and poly(ethylene glycol) (PEG), which have limited ice
recrystallization inhibitory activity, can aid red blood cell
cryopreservation at high concentrations (100 mgml™)>.
By contrast, oligoproline, which is a weak IR, is a potent
cryopreservation enhancer for monolayers of A549
cells*® (at ~10mgml™) and oocytes”. Proving a causative
link between materials that inhibit ice recrystallization
and improved cryopreservation can also be challeng-
ing, and some structural features, such as amphipathy™**
(FIC. 3B}, can be associated with both. It is also crucial to
highlight that additional ice-binding effects can be seen,
including thermal hysteresis and dynamic ice shaping
(which can be detrimental to the sample)*. The mech-
anism of ice binding is beyond the scope of this Review,
but it is clear that multiple molecular-level mechanisms
can give rise to this macroscopic effect™*-=¢,
Simplified glycopeptide-based IRIs, as opposed to
total synthesis of glycoproteins, were reported from the
first chemistry-driven attempt to discover new IRIs*>.
Following this in a specific protocol, aryl glycosides
IRIs were shown to mitigate damage to red blood cells,
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increasing post-thaw yields from ~40% to >80% (REF).
A hydrophobic face has been characterized as crucial
for the activity associated with these small-molecule
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Fig. 3 | Ice recrystallization inhibitors. Ice recrystalliza-
tion describes the growth of larger ice crystals at the
expense of smaller crystals and is a form of Ostwald ripen-
ing, as depicted in A. Ice recrystallization inhibitors (IRls)
are molecules/materials that slow the growth of ice crys-
tals, for instance, poly(vinyl alcohol) is a highly active
macromolecular IRl (B). The chemical structures of IRIs
are crucial to their function and the design rules can vary
between classes. Removing the hydroxyl groups of PVA
(for example, to add more hydrophobic groups) or decreas-
ing the molecular weight reduces ice recrystallization
inhibitory activity (Ba)*’. O-aryl-glycosides (Bb) are an
example of small-molecular-weight IRIs that have been
shown to improve red blood cell recovery**. For this class
of IRl, an increase in hydrophobicity leads to an increase
in their ice recrystallization inhibitory activity. Facial amphi-
philicity has been found to be crucial for a range of materi-
als to have ice recrystallization inhibitory activity and is a
feature of many IRI-proteins, but also synthetic polymers
that can slow ice growth, such as those shown in Bc (REF.).
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IRIs®“*® (FIG. 3Bb), and this element has also been seen
in macromolecular IRIs*’. The placement of the hydro-
phobic groups is essential, as more hydrophobic does not
always lead to significant increases in activity, as seen for
hydrophobic modified PVA® (FIG. 3Ba) and fluorinated
glycopeptides™.

Intracellular ice is often fatal, and conventional
CPAs effectively mitigate this. Hence, whether IRIs are
required inside cells remains a question. The permea-
ble IRI p-bromophenyl-B-p-glucoside (FIC. 3Bb) dimin-
ished intracellular ice growth in human umbilical vein
endothelial cells”". By contrast, a recombinant type III
a-fetoprotein protected A549 cell monolayers during
cryopreservation (increasing recovery from 10 to >40%
at 5% DMSO), but only when applied extracellularly”.
Interestingly, cryopreserving the cells in suspension
gave only very small gains. This could be because the
suspension system was already optimized or that
the lack of cell-cell and cell-substrate contacts for cells
frozen in suspension meant that intracellular ice and
ice recrystallization was not a primary mechanism of
damage”. Other IRIs, which are non-permeable, have
demonstrated that they can mitigate (but not remove)
cellular damage, including PVA for red blood cell
cryopreservation® and graphene oxide for horse sperm™.
The effect of ice recrystallization inhibition on the post-
thaw cell viability of three human cell lines (WRL-68,
HepG2 and HEK 293) with different sugars was
explored”. The relative uptake (and, hence, intracellular/
extracellular location compared with the non-permeable
trehalose) could not be factored in despite there being
a link to the IRIs location. Taking this into account,
IRIs clearly have potential as extracellular supplemental
additives, alongside traditional CPAs, rather than as a
replacement. Further, the cryopreservation of rat lung
was improved by an IRI, as there were about fourfold
fewer damaged membranes compared with the control’,
showing application beyond cell cultures, where the IRI
must penetrate a complex matrix.

Inspired by these positive results in cryopreservation,
there is an increasing number of new molecules and
polymers being developed that can inhibit ice recrys-
tallization activity, but have yet to be evaluated for cell
cryopreservation. These include nanomaterials®”’,
organometallic self-assemblies™, self-assembled organic
dyes”, peptides® and nylon-3-based polymers®, all of
which have been previously reviewed"**>®. Finally, ice
recrystallization inhibition has been associated with
aiding protein cryopreservation by reducing irrevers-
ible aggregation during the freeze/thaw transition,
but has so far only been demonstrated with PVA and
a self-assembled peptide®**’.

Macromolecular cryoprotectants

The inclusion of macromolecules, such as polymers,
proteins and/or polysaccharides, in cryopreservation
solutions is widespread. For example, hydroxyethyl
starch is used as a red blood cell protectant™, and serum
proteins®, dextran® or PEG* (amongst others) are
added into cryoprotectant solutions (FIC. 4a). However,
interest has peaked in discovering new synthetic and
natural polymers that can replace or reduce the amount

of organic solvents and increase post-thaw yields,
including those that do not have specific ice binding
or ice recrystallization inhibitory activity (see previ-
ous sections). Carboxylation of e-poly-L-lysine (FIC. 4bi)
introduced remarkable cryoprotective functionality
that enabled the recovery of viable mouse fibroblast
cells in the absence of DMSO®. Follow-up studies have
shown that the polyampholyte motif — polymers with
mixed cationic and anionic side chains — was essential
for function, rather than the specific polymer used®.
It was thought that polyampholytes act through con-
trolling ice recrystallization inhibition, but the magni-
tude of this activity is very low compared with the potent
IRI PVA®*!. Despite this low activity, polyampholytes
outperform ice recrystallization inhibitory materials
and can work in vitrification as well as slow-freezing
protocols”. Liposomal dye leakage assays suggest that
polyampholytes can protect by lowering the lipid T,
supported by observations that increasingly hydropho-
bic polymers lead to more cryoprotectant activity”. In
contrast though, a photochemical high-throughput
screen of ampholyte copolymers (FIC. 4bii) for red blood
cell and human lung (A549) cell cryopreservation sug-
gested that a small increase in hydrophilicity, rather
than hydrophobicity, improved post-thaw cell recovery,
highlighting the complex associated trends*. Solid-state
NMR suggests that, upon cooling, polyampholytes can
increase viscosity and, thus, ‘trap’ ions from solution and
prevent osmotic shock”. Finally, the precise chemical
nature of the charged side chains is also key, as ‘any type
of charge’ does not necessarily work; polybetaines show
significantly lower cryoprotectant activity” (FIG. 4biii).
Reference™ provides a review on polyampholyte cell
recoveries.

A crucial consideration of polyampholytes is that
they are not replacements for DMSO. Post-thaw via-
bilities of cells with polyampholytes can be high when
cryopreserved with both polyampholytes and DMSO
together, but are severely limited in the absence of any
DMSO. This observed effect implies a synergistic mode
of action between polyampholytes and permeating
cryoprotectants like DMSO?*”. When combined with
DMSO, a synthetically scalable polyampholyte (FIG. 4biv)
enabled high post-thaw recovery of up to 90% for A549
monolayers”, as well as stem cells” and red blood cells'®.
Polymers with a ‘PEG-like’ backbone and sulfoxide side
chains (considering the electron distribution between
the sulfur and oxygen atoms, these could be consid-
ered to have ‘mixed charges’) have also been evaluated.
Under DMSO-free conditions, these polymers gave high
immediate post-thaw viabilities, which were far lower
than DMSO alone upon culture (60h)'"". The mode of
action of these materials is not yet known and chemical
probes are required to delineate this function.

As an alternative, trehalose side chain polymers have
been evaluated for use in the stabilization of proteins
(FIG. 4c) under heat and freeze-dry stress, but the utility
of these for cells has not yet been reported'*>'*. Notably,
polymers with trehalose in their main chain (by reac-
tion with epichlorohydrin) do allow some recovery
post-thaw, although the membrane integrity of cells
stored in this manner was lower than DMSO alone'™.
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Fig. 4| Macromolecular cryoprotectants for cryopreservation. There is a huge interest in using macromolecular
cryoprotectants to mimic the action of antifreeze proteins, as well as investigate new methods of protection during cold
temperature exposure. This started with the use of polymers such as hydroxyethyl starch (HES), dextran and poly(ethylene
glycol) (PEG) (a). More recently, polyampholytes (polymers with alternating positive and negative charges) have been
shown to be beneficial for cryopreservation of mammalian cells, such as bi (REF.*%), bii (REF.°") and biv (REF.*%). Their modes
of action are still being elucidated, but may involve membrane stabilization and ion trapping. Polybetaines (biii) with
mixed charges on the same polymer branch have, so far, not shown the same benefit®. Alternative macromolecular
structures that are of interest for cryopreservation include those with trehalose side chains (c)'°>*** and FucoPol (d)**°.

CPAs, cryoprotective agents.

In addition to proteins, a polyxylomannan was
reported to modulate ice growth without informa-
tion regarding the structure-property relationships'®.
FucoPol, a fucose-rich anionic polysaccharide from
Enterobacter A47 (FIG. 4d), has been found to have cryo-
protective properties'**. At 2.5 mgml™, FucoPol increased
the post-thaw viabilities of DMSO-cryopreserved cells
by 70% (REF.'”). As with many emerging cryoprotectants,
the exact mechanism is not yet clear and it has minimal
effects on ice growth, but was suggested to reduce the
extent of supercooling. Exopolysaccharides are frequently
found in extremophilic microorganisms and, thus, are
recognized as exciting platforms'*, with the potential to

Exopolysaccharides
Macromolecules secreted
from microorganisms.

Extremophilic

A propensity for extreme
environments, such as
organisms that survive
at very high or very low
temperatures.

be obtained in large scales using bioreactors, although
their characterization remains challenging owing to their
complex structure'”.

Ice nucleators

As discussed previously, supercooling, in which a solu-
tion will cool far below its equilibrium melting tem-
perature prior to ice nucleation, is a common issue in
cryopreservation (FIG. 5). This process is particularly true
for small volumes, such as multiwell plates, cryovials and
straws, where the probability of the solution containing
a contaminant or site for heterogeneous nucleation is
lower than for larger volumes''"’. The ability to control
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Fig. 5 | Control of ice nucleation. Cryopreservation samples generally supercool below
the melting point of the solution before heterogeneous ice nucleation (ice formation cata-
lysed by the presence of foreign particles) occurs. As an exothermic process, ice formation
leads to heat release (heat of crystallization) and the supercooled solution warms up to
close to the melting point. Thermodynamically stable extracellular ice drives dehydration
of the cell, leading to a reduced chance of fatal intracellular ice formation. Nucleation at
warmer sub-zero temperatures leads to a small heat of crystallization (red line) followed by
agradual return to the set cooling rate (dashed line) and more time for dehydration. This is
generally achieved with the addition of ice nucleators. Nucleation at lower temperatures
(more supercooling, blue line) leads to a large heat of crystallization, a higher subsequent
cooling rate and less time for dehydration, resulting in intracellular ice formation.

Heterogeneous ice
nucleation

Ice crystallization induced
by the presence of foreign
particles.

Ice seeding

Introducing microscopic ice
crystals to induce nucleation
in a supercooled liquid.

Electrofreezing

Applying an electric current
to induce ice nucleation

in a supercooled liquid.

Shock cooling

Applying external force

or rapid temperature changes
to induce nucleation in a
supercooled liquid.

nucleation, which is a stochastic process, and induce
nucleation at temperatures close to zero has been shown
to increase both cell recovery and reproducibility”, by
allowing cells sufficient time to dehydrate and conse-
quently avoid ITE. There are two conceptual approaches
to this: external induction (mechanical) and the use
of ice-nucleating agents.

Ice mist was used to induce nucleation during cryo-
preservation of adherent primary somatic cells in 96-well
plates, increasing post-thaw viabilities from ~30% with-
out ice mist to 60% (REF.'""). Nucleation induced by
liquid nitrogen vapour improved cryopreservation of
alginate-encapsulated mesenchymal stem cells (MSCs)' ">
and enabled freezing of human fetal liver MSCs'".
Liquid-nitrogen-cooled forceps''* and specific nuclea-
tion devices'” have also been used effectively to con-
trol nucleation. Despite the obvious benefits, controlled
nucleation is often overlooked in cryopreservation
protocols, potentially because procedures that include
nucleation control can be cumbersome and non-trivial.
For instance, physical methods such as ice seeding''"'"%,
electrofreezing''® and shock cooling'"’” require direct inter-
vention with the material, accurate timing for their use
during the cooling profile and are also difficult to auto-
mate and scale up. Chemical nucleants, which could be
added to the culture media, offer a promising alternative
as they do not require specific timing of application, can
be applied to automated workflows and would be com-
patible with a range of cryopreservation vessels, such as
plates, vials and cell bags.

Crystalline cholesterol (2.8 mM), which has been
shown to nucleate ice as warm as —4 °C (REF.''®), was used
to induce nucleation in encapsulated liver spheroids'”.
Cell viability and multiple functional outputs, such as
albumin production, all increased when crystalline cho-
lesterol was employed, an effect that was observed in
extended culture — up to 72 h post-thaw. In a follow-up
study using encapsulated liver spheroids, a strong corre-
lation was identified between higher nucleation temper-
atures (less supercooling) and improved cell viabilities
post-thaw'?". Crystalline cholesterol has the benefit of
being chemically well defined. Electron microscopy cou-
pled with molecular simulations have suggested that the
varied topography of cholesterol crystals may give rise to
its broad temperature range (—4 to —20°C) of ice nucle-
ation activity''. Other steroids, including testosterone
and androsterone, have also been shown to nucleate ice
at relatively high temperatures (~-7°C), although their
use in cryopreservation applications has been limited'*'.

Several bacterial species are known to produce ice-
nucleating proteins. One of the most studied bacterial
protein extracts comes from Pseudomonas syringae,
which is sold as the commercial product Snomax as
an additive in the artificial production of snow. The
cryopreservation outcomes of mouse embryos when
frozen with Snomax as a nucleant were compared
with using manual nucleation (via application of a
liquid-nitrogen-cooled swab) and with no-seeding
controls'**. Embryos cryopreserved with Snomax in the
medium had the same development success as manually
seeded embryos (no embryos in the no-seeding group
survived). However, there are questions surrounding
the biocompatibility of Snomax, particularly in sam-
ples intended for clinical use. Attempts have been made
to encapsulate Snomax in alginate beads to provide a
barrier between the nucleant and the biologics to give
a more effective means of removal'*.

Feldspars (aluminium tectosilicates) can nucleate ice
at temperatures close to zero and may contribute towards
cloud formation in the atmosphere'**'*. Different types
of feldspar are found to have different ice nucleation
activities, with K-feldspar (KAISi,O,) reported to be
the most active'*, nucleating 50% of water droplets
at —22.6°C in a microlitre droplet assay'*. Despite its
promising nucleating activity, the low solubility of feld-
spar in aqueous solutions that means it is difficult to
incorporate it into existing cryopreservation protocols,
thereby restricting its practical use in cryopreservation.

Considering the potential impact of nucleants
in cryopreservation, there is a real need and interest in
discovering and developing new ice-nucleating agents.
However, few tested compounds nucleate ice and the
molecular descriptors for a good nucleator are largely
unknown. This is, in part, because the timescale of
ice nucleation (nanoseconds) makes it difficult to
observe experimentally, and the variation between dif-
ferent known ice nucleators (small molecules versus
ice-binding proteins) makes deciphering important
characteristics challenging. A number of new materi-
als have been assessed for nucleation control that have
not been evaluated in cell cryopreservation protocols,
including graphene-oxide-modified hydrophobic
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Cryosurvival

The ability to survive exposure
to cold temperatures, often
referring to temperatures

far below 0 °C.

28 and oxidized

polymers'”’, diamond nanoparticles
carbon nanomaterials'?.

As it stands, there is still an unmet need for soluble
and sterilizable (can be filtered) chemically defined
nucleants, and any material meeting these criteria could
have wide-reaching benefits for the field of cryopreser-
vation. As discussed earlier, inhibition of nucleation also
has benefits for vitrification.

Methods that use chemical tools

The following sections describe strategies that use chem-
ical tools to improve cryopreservation outcomes, spe-
cifically covering cell encapsulation, intracellular CPA
delivery and the modulation of biochemical pathways.

Cell encapsulation

Cell encapsulation is now widely used to facilitate
ready-to-use materials for tissue engineering applica-
tions"" or allow above-zero cell storage for short time
periods (up to two weeks)'*'. In many cases, studies have
shown superior outcomes in cryopreservation when cells
are encapsulated, compared with non-encapsulated
cells]waleS‘

Alginates are polysaccharides that can be crosslinked
by divalent cations, such as calcium and barium, to form
hydrogel networks. They are popular for cell encapsu-
lation due to their cytocompatibility, mild crosslinking
conditions and low cost. Primary rat neurospheres were
cryopreserved in ultrahigh-viscosity calcium alginate
microbeads and it was found that microencapsulation
retained neurosphere shape, average diameter and mem-
brane integrity, reduced cell disintegration and improved
cell viabilities post-thaw'*. The investigators attributed
the success to reduced mechanical damage to neuro-
spheres, such as loss of cell-cell contacts, during cryopres-
ervation. Alginate—poly-L-lysine-alginate microbeads
were generated to encapsulate PC12 cells and the latent
heat released at different cooling rates was measured
using DSC'*. Atlower cooling rates (0.5°Cmin™), latent
heat release was lower and cell viabilities were higher for
microencapsulated cells, compared with those in suspen-
sion, suggesting that the microcapsules reduced the degree
of ice formation. Although alginate encapsulation is bene-
ficial for the cryopreservation of some cell types, further
research is required to elucidate direct structure-activity
relationships and the mechanism of protection.

New materials are emerging to utilize encapsula-
tion as a tool for cryopreservation. Alginate gels were
modified with an arginine-glycine-aspartic acid-serine
(RGDS) peptide, which is an essential recognition site
for many adherent cells'””. They hypothesized that inclu-
sion of RGDS would mitigate apoptosis by increasing
cell attachment and improve cellular responses to CPA
loading, as RGDS plays a role in cell and tissue permea-
bility. Mouse embryonic stem cell (mESC) survival, met-
abolic activity and stem cell markers were all increased
post-thaw in RGDS-modified alginates compared with
non-modified alginate or free-floating cells. Typical
mESC characteristics such as cell spreading and actin
remodelling were also observed with RGDS-alginate, but
not with unmodified alginate. A thermoreversible supra-
molecular gel based on a Boc-O-dodecyl-L-tyrosine
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(BDT) gelator was prepared and self-assembled at 8.2°C
into a hydrogel network'*. When used for the cryopres-
ervation of two rat cell lines, PC12 and RSC96, post-thaw
viabilities increased from 73% and 68% (without BDT
gelator) to 81% and 76%, respectively. Calculations from
DSC measurements indicated that the degree of water
available for freezing was lower in the BDT gel than in
the culture media, meaning that less ice was able to form.
Analysis of gel swelling kinetics also revealed that the
gel led to slower diffusion rates of DMSO, leading to
decreased cell swelling and reduced osmotic shock. The
thermoresponsive gel returned to a solution as the tem-
perature was increased, providing a simple method for
cell recovery. Dextran-based polyampholytes capable of
forming hydrogel networks were made and evaluated for
their ability to cryoprotect L929 cells*. Azido-dextran
was combined with carboxylated poly-L-lysine to
form dextran polyampholytes with azido functionality
(azide-Dex-PA). Post-thaw cell viability was highest
when 69% of the poly-L-lysine side chain was carboxy-
lated. Increasing the number of amine groups on
each dextran unit also led to increased cell viabilities.
Similar to previous reports'”’, fluorescently tagged poly-
ampholyte was found to adsorb onto the cell surface,
potentially providing cryoprotection through mem-
brane stabilization. Mixing azide-Dex-PA with dibenz-
ocyclooctyne (DBCO)-modified dextran (DBCO-Dex)
produced hydrogels via Cu-free strain-promoted azide-
alkyne cycloaddition click chemistry. Further cryopres-
ervation studies demonstrated that the Dex-PA hydrogel
afforded cell viabilities of >90%. Cryopreservation tests
without the polyampholyte motif produced 0% live cells
post-thaw, highlighting that polyampholyte functionality
is key to cryopreservation success.

Cryopreserving cells in an encapsulated format ena-
bles prefabricated, off-the-shelf materials to be manu-
factured and stored, such as stem-cell-laden alginate
microgels used in the 3D bioprinting of living tissues'*.
Excitingly, encapsulation has shown success in clin-
ical trials for diabetes treatment through transplan-
tation of encapsulated B-islet cells to improve insulin
production'*’.

Intracellular cryoprotectant delivery

The (non-reducing) disaccharide trehalose can protect
mammalian cells during cryopreservation'**'** and is
required to be present both extracellularly and intra-
cellularly for optimum cryoprotection'*’. However,
trehalose is largely impermeable to cell membranes
and mammalian cells lack transporters to facilitate its
intracellular delivery. Poly(r-lysine isophthalate) with
pendant L-phenylalanine groups was synthesized to
yield an amphipathic biopolymer (PP-50), intended
to transiently permeabilize cell membranes to enable
trehalose loading'**. Application of PP-50 enabled an
85-fold increase in intracellular trehalose concentration
of up to 120mM in ovine red blood cells and improved
cryosurvival by 20% compared with extracellular treha-
lose alone. The biopolymer’s hydrophobicity was key for
efficient membrane permeabilization, with less hydro-
phobic amino acid side chains (leucine and valine) lead-
ing to lower trehalose loading. When applying PP-50 to
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human osteosarcoma cells for DMSO-free cryopreser-
vation, 25 ug ml™ was the optimum concentration of
biopolymer for cryosurvival'*. The results were com-
parable with those achieved with 10% DMSO and PP-50

led to less variation in cell-doubling time post-thaw.
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Fig. 6 | Modulating biochemical pathways. a| There is a growing understanding of

how biochemical pathways can be modulated to improve cryopreservation outcomes.

Naturally occurring osmolytes, such as trehalose, L-proline and betaine, have shown
promise in protecting organisms and cells at low temperatures due to modulating
biochemical pathways'**°. Improved cryopreservation outcomes have been achieved
by applying specific inhibitors for biochemical pathways, such as caspase inhibitors
(caspase-1 inhibitor V, also referred to as Z-VAD-FMK) for apoptosis'®. b | Activity

of Rho-associated coiled kinase (ROCK) has been linked to the biochemical pathway
for anoikis'’* (pathway diagram reproduced from REF.*®) and inhibition of this path-
way by ROCK inhibitor Y-27632 has shown benefits for embryonic stem cells after
cryopreservation'’”. Panel b is reprinted from REF’® under a Creative Commons
licence CC BY 4.0.

Amphiphilic polymers have been used in applica-
tions where permeabilization or lysis of cell membranes
is desirable (reviewed in detail by Marie et al.’**) and
cationic polymers are widely known to interact with
cell membranes and lead to greater permeability'"’.
Application of these polymers for intracellular cryo-
protectant delivery could offer a useful general strat-
egy; however, the specificity of this approach requires
further development. Other emerging chemical meth-
ods for intracellular trehalose delivery include the use
of nanoparticles'**~'*’, application of metal-attenuated
pore-forming proteins'®' and engineering lipophilic
trehalose'™. A comprehensive review of intracellular
trehalose delivery is provided by Stewart and He (REF'>).
Although other sugars (and osmolytes) can also have a
protective effect, the concept of delivery of a cryopro-
tectant, which would otherwise not function, is an
interesting approach that synergizes with drug delivery
strategies and the challenges of intracellular delivery of
difficult cargoes'*. The fate of trehalose after delivery
inside of cells requires understanding to further develop
this method.

Modulating biochemical pathways

Historically, cryopreservation of biologics has been
viewed as a purely physical problem, with solutions
focused on controlling and modulating ice growth/
nucleation, addressing osmotic changes and cellular
dehydration or altering freezing rates to provide supe-
rior outcomes. However, cryopreservation is increas-
ingly being viewed from a biochemical perspective
such that cold stress can be mitigated through modu-
lation of biochemical pathways, in the same way that
one would consider drug discovery for diseases. The
following subsections describe compounds, both natu-
ral and synthetic, that have demonstrated an ability to
modulate biochemical pathways, resulting in improved
cryopreservation outcomes.

Osmolytes. Nature has developed biochemical tools
for organisms to survive at sub-zero temperatures.
Microorganisms are known to produce and accumu-
late small-molecule osmolytes, such as trehalose'*
and proline’*® (FIG. 6a) in response to cold tempera-
ture exposure. Osmolytes have a physical protective
effect, but there is evidence that some of these also play
a biochemical role.

Feeding drosophila fly larva (Chymomyza costata)
with a proline-rich diet enabled their cryopreserva-
tion in liquid nitrogen, increasing adult-stage devel-
opment of cryopreserved larva from 0 (larva fed a diet
that is not proline-rich) to 36% (REF.'”"), with similar
results obtained for previously chill-susceptible fruit-
fly larva (Drosophila melanogaster)'**. Preincubation
of mouse neuronal cell monolayers with either treha-
lose or L-proline 24 h prior to freezing led to a signifi-
cant increase in cell recovery post-thaw, an effect that
was improved further when the two osmolytes were
combined'. Substituting either osmolyte for sucrose did
not provide the same benefit, indicating that the mech-
anism of action was not simply due to an increase in total
solute concentration, but more likely a biochemical one.
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Caspase

Protease enzyme involved

in the activation and execution
of apoptosis.

Calpain cascade

A signalling cascade driven

by calcium-dependent cysteine
proteases, known as calpains.

This proposed mechanism is supported by recent work
demonstrating that preincubation of A549 cell mono-
layers with 200 mM L-proline resulted in 50% cell
recovery post-thaw, compared with just 25% in the
absence of this L-proline pretreatment'®. The proline
pretreatment led to a significant decrease in cell met-
abolic activity before freezing, again suggesting that
L-proline was exhibiting a biochemical effect. A similar
benefit was observed when L-proline pretreatment was
combined with polyproline as a cryoprotective agent’.
Betaine (FIC. 6a) has been shown to improve cryopres-
ervation outcomes'® and modulate cellular functions
in response to stress, such as increasing proliferation
rates of SV-3T3 cells in hyperosmotic environments'®’,
although the exact mode of action is still unknown.
Understanding the mechanism behind the biochemical
effects of osmolytes will be key to future cryoprotectant
development.

Caspase inhibitors. Apoptosis, the process of pro-
grammed cell death, has been widely reported as a
consequence of cryopreservation, which results in
delayed-onset cell death post-thaw'®"!°>'%*_ Caspase
proteins are known effectors of apoptosis, therefore the
addition of a caspase inhibitor to cryopreservation media
was hypothesized to enable improved outcomes'®.
Addition of 10 uM caspase-1 inhibitor V, also referred to
as Z-VAD-FMK (FIC. 6a), to the cryopreservation media
of Madin-Darby canine kidney (MDCK) cells led to
a modest (10%) but significant increase in living cells
post-thaw in optimized cryopreservation solutions'®.
Higher concentrations (>25pM) of the inhibitor did not
lead to further improvements, suggesting that additional
pathways may also be involved. It has been found that
caspase-3 is activated as a result of cryopreservation'®
and that adding the Z-VAD-FMK to both freezing and
thawing solutions of HeLa, Jurkat and 293 kidney carci-
noma cells led to significantly enhanced survival. These
findings have since been replicated in bovine embryos'?’,
porcine hepatocytes'*, primary human hepatocytes'®
and ovarian tissue'’’. Other broad-spectrum caspase
inhibitors, such as IDN-1965, have also shown efficacy
in cryopreserved porcine hepatocytes'”'. The cryopres-
ervation outcomes for human MSCs after treatment with
Z-VAD-FMK compared with selective caspase inhibitors
were investigated'””. It appeared that both the intrinsic
(mitochondrial) and the extrinsic (death receptor) path-
ways are activated in response to cryopreservation, as
well as the calpain cascade, which likely explains why cell
viability improved in the presence of the broad-spectrum
inhibitor as opposed to specific caspase inhibitors.
These studies highlight the effectiveness of using
a drug-discovery-type approach to cryopreservation.
Although caspase inhibition with the broad-spectrum
inhibitor Z-VAD-FMK appears to be the most via-
ble approach in modulating apoptosis, care must be
taken when considering future applications, par-
ticularly for cells destined for clinical use. Aberrant
apoptosis inhibition is associated with malignancy in
certain cancers'”’, among other diseases. Therefore,
a greater understanding of the specific pathways
involved in cryopreserved-induced apoptosis as well
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as the long-term effects of apoptosis inhibitors on
cryopreserved cells would be incredibly useful.

ROCK inhibitors. The Rho-associated coiled kinase
(ROCK) active site inhibitor Y-27632 (FIG. 6a) was able
to decrease anoikis — dissociation-induced apoptosis
— in hESC'*. Given that adherent cell types cryopre-
served in suspension need to reattach to a substrate
post-thaw in order to survive, this finding offers an
opportunity to target a ‘druggable’ pathway that could
improve cell function post-thaw. When Y-27632 was
supplemented into the freezing medium of hESCs,
post-thaw cell recoveries increased by 50% compared
with untreated controls'”® and also led to increased cell
adhesion. There was a marked increase in hESC col-
ony formation when Y-27632 was added to the thaw-
ing media alone, suggesting that the main impact was
not during the cryopreservation process but during
thawing. These findings have been corroborated where
Y-27632 increased post-thaw survival of hESCs in single
suspension, even under challenging conditions such as
serum-free and feeder-layer-free culture (feeder layers
are typically used to support the growth of embryonic
stem cells)'”®. Cells treated with Y-27632 required longer
treatment with Accutase, an enzyme mixture required
to remove cells from adherent culture, further sug-
gesting that treatment with the ROCK inhibitor led to
improved cell attachment and reduced anoikis. Y-27632
and another ROCK inhibitor, Fasudil, were both able to
improve hESC growth post-thaw'”’. Recently, the fungal
virulence factor gliotoxin was used to identify a specific
signalling pathway for anoikis to better understand the
role of ROCK in anoikis activation'”. The investigators
demonstrated that inhibition of focal adhesion kinase
(FAK) led to activation of a kinase cascade involving
the Rho-ROCK-MKK4/MKK?7-JNK signalling pathway
(FIC. 6b), resulting in anoikis.

Although ROCK inhibitors are not cryoprotectants
in the traditional definition, they are a key example of
how modulating a biochemical pathway, rather than the
cryopreservation process itself, can lead to improved
post-thaw outcomes of biological material. Similar
concepts could be applied to modulate other pathways,
such as oxidative damage through targeted application
of antioxidants, as has been shown for spermatogonial
stem cells'”. It is worth noting that different cell types
will have different biochemical pathways; therefore,
biochemical approaches to cryopreservation will likely
be cell-dependent and tissue-dependent, rather than
a one-size-fits-all solution.

Emerging and future discovery methods

The approaches described in this Review outline some
of the recent innovations in the pursuit of novel cryo-
protectant strategies. However, more detailed structure—-
activity relationships are necessary in order to discover
and develop new cryoprotectants. In addition, linking
the mechanisms of protection (for example, ice growth
inhibition or controlling nucleation) to the specific bio-
logical outcomes and mechanisms quantitatively would
be of great value, but this is challenging owing to the
complexity of the cryopreservation process.
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Lab-on-chip

A miniature microchip device
used to integrate several
processes that are typically
performed in a laboratory,
such as chemical or biological
analyses.

The use of compound libraries for drug screening
applications has revolutionized the process of drug
discovery within the pharmaceutical industry'®. The
combination of intelligent library design, computer
modelling, rapid screening assays and advances in geno-
mics has led to a greater understanding of structure-
function relationships, particularly when using phenotype
or target-driven assays'®'. This combinatorial discov-
ery approach, utilizing a liquid-handling system, was
deployed to create a library of polyampholytes and
screen them for cryoprotective activity using red blood
cells. Non-linear relationships between red blood cell
recovery and the comonomer composition were identi-
fied that would have been missed in traditional targeted
synthetic methods, which allowed selection of ‘hit’
polymers to be evaluated in nucleated cell cryopreser-
vation. A matrix approach enabled by liquid-handling
robotics was used to screen 54 combinations of DMSO
and trehalose for red blood cell cryopreservation. This
initial screen helped identify a cryoprotectant mix-
ture at concentrations lower than either CPA is tradi-
tionally used, leading to synergistic cryoprotective
benefit with minimal toxicity. Addition of a polyam-
pholyte to the mixture mitigated damage further. Novel
high-throughput discovery methods are also emerging;
phage display coupled with an ice-affinity selection pro-
tocol was used to identify new ice-binding peptides'®’.
A lead candidate consisting of a cyclic 14-amino-acid
peptide was identified from a mixture of billions
of potential peptides, but its use in cryopreservation
was not determined. Specific amino acid residues for
ice binding were successfully identified using this
method.

Combining high-throughput testing with iterative
computational algorithms has led to more intuitive
cryopreservation screening. Differential evolution
algorithms have been used to optimize the cooling rate
and cryoprotectant composition for both Jurkat and
MSCs'®. Feeding experimental results into the algo-
rithm for up to eight generations meant that a multipara-
metric space was screened efficiently using far fewer
experiments than empirical methods. This approach has
also been applied to determine optimum DMSO-free
cryopreservation solutions for the cryopreservation
of hiPSCs'*". The total number of experiments was
reduced from >1,000 to just eight using a differential
evolution algorithm, which allowed for the exploration
of a very large design space using minimal consumables
and time.

Advances in microfluidics and lab-on-chip platforms
have been applied to cryopreservation to investigate a
broad spectrum of areas including cell membrane prop-
erties, CPA loading and removal, and effects of cooling
and warming profiles (reviewed by Zhao and Fu)'®.
On-chip cell cryopreservation screening assays are devel-
oping, where different CPAs can be tested for toxicity
and cryoprotection in low-consumable, computer-driven
assays'®. This technology could provide a method for
rapid screening of numerous cryoprotectants to further
inform structure-activity relationships.

Molecular modelling techniques offer an oppor-
tunity to probe processes that cannot be visualized

experimentally due to limits in spatial and temporal
resolution, such as capturing rates of water crystalliza-
tion that lead to homogeneous nucleation'¥’. Modelling
also offers the chance to explore the structure—function
relationships of cryoprotectants and their interactions
with ice, such as probing the ice recrystallization inhibi-
tion mechanism of PVA and synthetic copolymers using
molecular dynamic simulations'®® and assessing the ice
nucleation abilities of crystalline surfaces'®. Properties
of small-molecule cryoprotectants have also been inves-
tigated, including the interaction of DMSO with model
lipid membranes'”, as well as the hydrogen-bonding
networks of water with glycerol”'. Advances in compu-
tational complexity could drive innovation in this field
and aid the design of new cryoprotectants.

For vitrification, a greater understanding of cryopro-
tectant toxicity is needed, beyond simply ‘more is worse,
which is not always the case. An innovative method for
identifying genes involved in cryoprotectant toxicity
resistance was developed by creating a library of mutant
mESCs and exposing them to 9% M22 (a common vit-
rification solution)'*’. The investigators identified six
mutants that were resistant to M22, with multiple possi-
ble pathways involved in cryoprotectant toxicity resist-
ance. Although distinct mechanisms of action were not
established, the identification of genes involved in cryo-
protectant toxicity resistance provides an opportunity to
utilize a pharmacological approach by using druggable
targets.

Considering the immense progress in drug discovery
afforded using approaches across chemistry (synthesis),
automation (robotics) and biochemistry (phage display/
DNA-encoded libraries), there are clear opportunities to
implement discovery programmes to identify advanced
cryoprotectants able to target specific (or multiple) dam-
age pathways. Further, the use of emerging machine
learning/artificial intelligence tools will be essential
to dissect the complex datasets and non-linear trends
typically seen.

Conclusions and outlook

Cryopreservation is, and will remain, an essential tool
for biomedical discovery and translational science.
Building on the seminal contributions that identified
(in particular) DMSO and glycerol, new and more
advanced cell/tissue models and therapies will require
equally advanced tools to: protect precious biological
samples; maximize recovery/function; and ensure the
cryopreservation methods align with the cold chain
needs. The latter point has been specifically highlighted
by the COVID-19 pandemic with the stringent storage
requirements of mRNA vaccines.

In this Review, we have introduced how new chem-
ical tools are being developed to address challenges in
cryopreservation. We also describe the complex nature
of this multivariate problem, in which multiple mecha-
nisms of damage need to be addressed and subtle dif-
ferences between cell types and freezing methods (slow
versus fast) exist. There has been significant interest
in learning from extremophiles and either applying
their solutions (ice-binding proteins) or learning from
these to develop molecules or polymers with advanced
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cryoprotective function. There is also the need for the
analytical tools to enable dissection of function.

To address these challenges, a truly transdisciplinary
approach is required, using structural and evolutionary
biology, synthetic and computational chemistry, mate-
rials discovery and cell biology. There is also the need to
find the right material for the problem of interest. For

example, a new cryoprotectant that cannot be washed/

removed before transfusion to a patient must meet strict
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