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Abstract

Cryopreservation techniques have been widely used, especially in biomedical applications and preservation of
germplasm resources. Ideally, biological materials would maintain functional integrity as well as a normal structure
and can be recovered when needed. However, this tool does not work all the time. Ice formation and growth are
the key challenges. The other major reason is that the cryoprotective agents (CPAs) currently used do not meet
these needs and are always accompanied by their cytotoxicity. A comprehensive and synergistic approach that
focuses on the overall frozen biological system is crucial for the evolution of cryopreservation methods. In this
review, we first summarize the fundamental damage mechanisms during cryopreservation, as well as common
cryoprotectants and their limitations. Next, we discuss materials that interact with ice to improve cryopreservation
outcomes. We evaluated natural and synthetic materials, including sugars and polymers, AFPs and mimics, ice
nucleators, and hydrogels. In addition, biochemical regulation, which enhances the tolerance of biosamples

to cryopreservation-induced stresses, was also mentioned. Nanotechnology, cell encapsulation, cryomesh, and
isochoric freezing, such scalable approaches, are further discussed for cryopreservation. Finally, future research
directions in this field for efficient cryopreservation are proposed. We emphasized the need for multidisciplinary
progress to address these challenges. The combination of cryobiology mechanisms with technologies, such as
synthetic biology, nanotechnology, microfluidics, and 3D bioprinting, is highlighted.

Introduction

The long-term storage of organs, tissues, cells, and other
biosamples can be achieved through cryopreservation
at very low temperatures (—80 °C—-196 °C). By signifi-
cantly reducing or even completely stopping all chemical
and biological reactions during frozen storage, biological
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materials maintain functional integrity as well as nor-
mal structure after thawing and can be used in scien-
tific research and future clinical applications. This is
the fundamental mechanism of cryopreservation. This
technique has been widely used, especially in biomedi-
cal applications and germplasm resource preservation
[1, 2]. Using cryopreservation, for example, will increase
the availability of organs, eliminate waiting lists, reduce
costs, and improve transplant outcomes in biomedi-
cine. For reproductive therapies, the storage of gam-
etes (sperm and oocytes), whole reproductive organs or
parts of tissues (ovarian tissue and testicular tissue) and
embryos has revolutionized in vitro fertility treatment,
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allowing individuals to preserve their fertility for many
years, even in emergency situations that might otherwise
end in sterility [3]. In germplasm banks, the preservation
of genetic material from animals has advanced signifi-
cantly over the past few decades [4]. This work is essen-
tial for biodiversity conservation and endangered species
protection. Moreover, cryopreservation overcomes the
spatiotemporal limitations of animal reproduction, there-
fore accelerating the genetic progress of animals.

The cryopreservation of biomaterials is essential for
various applications. However, in the process of cryo-
preservation, ice formation and growth are major

challenge [5] leading to mechanical damages and oxi-
dative stress. These effects can harm intra- and inter-
cellular structures and functions, such as microtubule
disruption, DNA fragmentation, RNA degradation, and
nucleoprotein complex structure alteration, ultimately
leading to cell death [6-8]. To moderate cryopreserva-
tion-induced damage, cryoprotective agents (CPAs), the
most common of which are dimethyl sulfoxide (DMSO)
and glycerol, are employed [9]. However, in comparison
with somatic cells, tissues and organs are large in volume
[10], sperm are very sensitive to temperature changes [6],
oocytes have a low surface area-to-volume ratio and high
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susceptibility to intracellular ice formation [11], and cry-
oinduced trauma to the embryos is subsequently mani-
fested downstream [12]. Therefore, the cryopreservation
and recovery of a number of biological materials are still
highly challenging.

In this review, we first summarize the fundamental
damage that occurs during the cryopreservation of bio-
materials. Next, we introduce the advanced strategies
applied in the freezing-thawing process. We will evaluate
natural and synthetic materials that interact with ice, bio-
chemical mechanisms for freezing tolerance, and some
tool systems for high-throughput application research.
Finally, we discuss future research directions and some
emerging methods that may add to this issue.

Fundamental challenges during cryopreservation
To achieve systematic optimization, it is crucial to under-
stand how cryoinjuries occur during freezing and thaw-
ing. The potential challenges were showed in Fig. 1.

Mechanical damage by ice

A remarkable aspect of the freezing and thawing process
is the formation and growth of ice crystals. This is the
primary cause of cell viability loss. When the tempera-
ture falls below the freezing point, water molecules tend
to arrange in an orderly manner. This occurs because of
the competition between the disordered thermal motion
of water molecules and their ordered arrangement [13].
The phase change of intracellular and extracellular water
leads to cryoinjury. Generally, extracellular aqueous
solutions below the equilibrium freezing point form ice
crystals, reducing the concentration of water in the solu-
tion and increasing the concentration of the extracellu-
lar matrix. Consequently, the osmotic pressure outside
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the cells increases, leading to severe dehydration and
shrinkage, which is common in a slow freezing process.
A certain degree of cellular dehydration is beneficial for
cryopreservation since it reduces the possibility of exces-
sive accumulation of intracellular ice. However, excessive
dehydration may be irreversible and is a primary factor
harmful to biological functions.

Another challenge is sample supercooling, where the
actual crystallization temperature (often between —15 °C
and - 60 °C) is lower than the theoretical freezing point.
This means that when the temperature falls below zero,
biosamples do not immediately undergo a phase change
from liquid to solid. A supercooled solution is in a meta-
stable state [14] where the phase transition can easily be
triggered by minimal thermal disturbance. As soon as
ice nucleates, it rapidly propagates throughout the entire
biosample, accompanied by the release of latent heat
and warming of the solution, resulting in more severe
mechanical damage to the samples [15]. This cryoinjury
is more severe when a fast freezing process with little
cryoprotectant is used. As the cooling rate accelerates,
intracellular water cannot flow out as quickly, thus form-
ing intracellular ice and leading to fatal cryoinjury to
cells.

It is also a challenge when biological materials are
rewarmed to physiological temperatures. Similar to the
freezing process, the major obstacle in the thawing pro-
cess is bypassing the water-ice transition phase. When
the temperature is between -15 °C and -60 °C, the
cells become increasingly supercooled, which promotes
the transformation of free water into ice, and then, the
ice crystals grow larger as the temperature increases
[10]. This phenomenon, known as “ice recrystallization’,
causes mechanical injuries both in slow-freezing and
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fast-freezing process [16]. As the temperature increases
near the melting point, the extracellular space becomes
rapidly hypotonic as large ice crystals melt into water.
Consequently, hyperosmotic stress drives an influx of
water into the cells, leading to cell swelling and potential
rupture.

Oxidative stress induced by cryopreservation
Oxidative stress is a significant concern during cryo-
preservation. Oxidative stress is caused by the genera-
tion of excessive reactive oxygen species (ROS), which
can lead to cellular damage through lipid peroxidation,
protein oxidation, and DNA damage [17, 18], thus lead-
ing to application failure [19]. The level of ROS, such as
superoxide radicals (O,"), hydrogen peroxide (H,0O,), and
hydroxyl radicals (OH"), is increased during cryopreser-
vation, primarily due to the disruption of cellular metab-
olism and the activation of various enzymatic pathways.
While cellular metabolic activities are suppressed dur-
ing cryopreservation, some biochemical reactions con-
tinue even at low temperatures, and the mitochondrial
electron transport chain remains active in generating
ROS. Additionally, cell dehydration, increased ion con-
centration, and changes in pH can further promote the
production of free radicals. Solute damage, particularly
from high concentrations of electrolytes, can alter the
redox potential, leading to protein denaturation and
lipid peroxidation. Low temperatures can also impair
the activity of endogenous antioxidant enzymes, such as
superoxide dismutase (SOD) and catalase, and the forma-
tion of ice crystals can directly damage cell membranes
and organelles, causing the leakage of intracellular com-
ponents (e.g., lysosomal enzymes) and triggering second-
ary oxidation reactions. Moreover, rapid temperature
changes during cryopreservation can induce the forma-
tion of free radicals, further exacerbating oxidative stress.
For a more detailed understanding of the different char-
acteristics of ROS produced in cells, published review
articles [20, 21] provide comprehensive insights.

Common cryoprotectants and their limitations

CPAs are used to moderate ice during the freezing-thaw-
ing process. Owing to their outstanding ability to form
hydrogen bonds (HBs) with water, the most widely used
CPAs, DMSO and glycerol, are exceptionally effective in
controlling crystals and improving the outcomes of cryo-
preservation [22]. As the CPA concentration increases,
the proportion of CPA-water hydrogen bonds increases,
leading to a decrease in the nucleation temperature and
an increase in the glass transition temperature, which
reduces the opportunity for the formation and growth of
ice. Meanwhile, their toxicity becomes apparent and can
even dominate. For example, DMSO induces dehydra-
tion near lipid membrane surfaces [23]; has a synergistic
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effect with vanadium to delay the development of zebraf-
ish embryos and cause pericardial edema [24]; inhibits
osteoclast formation, differentiation and function in vitro
[25]; induces drastic changes in human cellular processes
and the epigenetic landscape in vitro [26]; dramatically
decreases the percentage of oocytes with normal actin
microfilaments by EG and DMSO treatment [7]; glycerol
causes hemolysis or alters red blood cell shape [27]; and
glycerol residues remain inside the cells even after mul-
tiple complex washing steps and thus occasionally cause
complications [28]. The categories and affecting factors
involved in CPA toxicity are documented in Benjamin P.
Best’s review [29]. Notably, CPAs prevent ice formation
via the interference of hydrogen bonds between water
molecules, but they also cause nonspecific toxicity at
high doses. That is, “two sides of the same coin” or “dou-
ble blades sword”.

To date, cryopreservation strategies are divided into
slow freezing and fast freezing strategies (also called vitri-
fication, in which, at exceptionally high cooling rates, the
crystalline phase can be bypassed to achieve ultrahigh-
viscosity glass), according to Mazur’s hypothesis [30]. The
slow freezing method allows low CPA loading, but the
challenges of exposure of cells to CPAs (potentially toxic)
for an extended period of time and ice injuries are still
not easy to overcome. For the vitrification mothod, high-
dose CPA toxicity and achieving a completely vitrified
state are the main problems. Taken together, the search
for biocompatible cryoprotective materials and methods
to control ice formation, ice growth and ice recrystalliza-
tion during freeze-thaw cycles are still major tasks. In the
following sections, we introduce recent developments,
focusing on innovations in materials and methods.

Natural and synthetic materials that interact with
ice

Polumers, surfactants, or other molecules can affect the
nucleation, growth, and melting processes of ice through
physical or chemical means. For example, some mol-
ecules interact with water by forming hydrogen bonds,
whereas others may do so through van der Waals forces
or electrostatic interactions. Certain polymers can adsorb
onto the surface of ice crystals, forming a protective layer
that inhibits the growth of ice crystals, whereas some
surfactants can promote the melting of ice by reducing
the surface tension of water. Some of these materials that
interact with ice have been developed as CPAs for years,
which has provided great opportunities to improve the
outcomes of cryopreservation.

Sugars and polymers

Sugars and polymers, nonpermeating agents such as tre-
halose [31], Rhodiola rosea polysaccharides [32], fucose-
conting polysaccharide( FucoPol) [33], poly(ethylene
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glycol) [34] and poly(vinyl alcohol) [35], have been
reported to be effective at recovering the composition
of cells after freeze-thaw cycles. In addition, polysaccha-
rides and their derivatives are used as scaffolding materi-
als since they contain many negatively charged functional
groups [36, 37]. Some of these biobased, biodegradable
and noncytotoxic biomaterials have been used in com-
mercial cryopreservation cocktails.

Efforts have been made to deliver trehalose, a non-
reducing disaccharide cryoprotective agent, into cells
because of its inability to be synthesized by mammalian
cells or to enter cells directly through diffusion or endo-
cytosis. Microinjection is used for large mammalian cells
such as oocytes. Hypochlorite treatment is an effective
method to permeabilize oocysts and enable the intracel-
lular uptake of cocktail solutions, including trehalose,
for the cryopreservation of infectious Cryptosporidium
parvum oocysts [38]. Nanoparticle microencapsulation-
based platforms are exploited for successful delivery of
trehalose into small cells, which are often needed in large
quantities to avoid cryoinjury [39-41]. Although it is the
central dogma that regulates intra- and extracellular ice
during freezing and thawing, according to the results of
Robert C. Deller and coworkers, there is significant ice
formation in the cryopreservation solution, whereas PVA
enables nonvitreous cellular cryopreservation only by
limiting extracellular ice growth, resulting in increased
cell recovery [35]. This could be because the suspension
system was already optimized or because the cryopre-
served cells were freeze-tolerant. A deeper look into the
evidence is needed.

Antifreeze proteins and their mimics

Antifreeze proteins (AFPs) are produced by various
organisms, such as some vertebrates, polar fish, insects,
and bacteria, that live in extremely cold environments, to
allow them tolerence towards frozen (Fig. 2A). They can
be classified into several structural categories based on
their sequence and structural features. The most com-
mon classification includes type I, type II, and type III
AFPs. Type I AFPs are typically found in polar fish and
have a simple helical structure with repetitive alanine and
threonine residues [42]. Type II AFPs, also found in fish,
have a more complex beta-sheet structure with multiple
disulfide bonds. Type III AFPs, present in insects, pos-
sess a unique sequence with a high content of glycine
and aspartic acid, forming a compact and stable tertiary
structure.

AFPs functions primarily include adhesion and ice
inhibition. AFPs adsorb to the surface of ice crystals,
preventing their growth and recrystallization. This bind-
ing is facilitated by the presence of specific ice-binding
sites on the AFPs, which have complementary struc-
tures to the ice lattice. For instance, type I AFPs have a
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helical structure that aligns with the ice lattice, allow-
ing for effective binding and inhibition of ice growth.
As shown in Fig. 2B, AFPs comprise two distinct faces,
the ice-binding face (IBF) and the nonice-binding face
(NIBF). The ice-like hydration layer structure is due
to the synergetic effects of the orderly arrangement of
hydrophobic methyl groups and hydrophilic hydroxyl
groups in the residues of the IBF, which consists of a flat
array of B-sheets. In contrast, the water molecules in the
hydration layer on the NIBF display a disordered arrange-
ment. The specific arrangement of methyl groups and
hydroxyl groups leads to an enhanced heterogeneous ice
nucleation capability, whereas bulky hydrophobic groups
and charged groups result in a depressing effect [43].

By binding as discrete proteins, AFPs cause microcur-
vature of the ice surface that depresses the freezing tem-
perature below the melting point. This is the so called
“Thermal hysteresis” phenomenon, which is a key mech-
anism of AFPs [44]. The thermal hysteresis effect is cru-
cial for preventing the formation of large ice crystals that
can damage cells and tissues, as it maintains the solu-
tion in a supercooled state without freezing. The extent
depends on the concentration and type of AFPs present
in the solution.

Recrystallization inhibition is another important mech-
anism of AFPs. During the freezing and thawing process,
small ice crystals tend to grow into larger ones, which
can cause significant damage to cells and tissues. AFPs
prevent this recrystallization by adsorbing to the surface
of ice crystals and inhibiting their growth. This results in
the maintenance of smaller and more stable ice crystals
throughout the freezing and thawing cycles.

AFPs are promising candidates for CPAs since they
show excellent ability to modulate ice crystals; however,
their wider application remains limited because of their
drawbacks, including high cost, potential immunogenic-
ity and toxicity effects, as well as the difficulties of large-
scale production.

Currently, researchers focus on simple designs and
syntheses of ice modulators with ice tuning functions
by mimicking AFPs. Polymer-based nanomaterials are
biocompatible and can be easily functionalized to inter-
act with ice crystals. Wang’s team designed biocompat-
ible L-proline oligomers (L-Pro,), which have the same
polyproline II helical structure as AFPs do, for the cryo-
preservation of mouse oocytes by reducing the amount of
DMSO and EG to 1.8 M, and the survival rate increased
to 99.11% (Fig. 2C). Rami EI reported the preservation
of human NK cell viability and antitumor function via
a cocktail of CPAs based on dextran and carboxylated
L-lysine, which act in a way similar to AFPs (Fig. 2D).
PVA nanoparticles, for example, can form hydrogen
bonds with water molecules, preventing the formation
of large ice crystals. PEG-coated nanoparticles can also
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inhibit ice crystal growth by creating a physical barrier
between the ice crystals and the surrounding water mole-
cules. These polymers are often used in biomedical appli-
cations due to their non-toxicity and biocompatibility.
Carbon-based nanomaterials and metal-based nano-
materials have also been shown to have ice-regulating
properties similar to those of AFPs and can be used
as cryopreservation agents to inhibit ice. Graphene
oxide (GO) is a typical example. Graphene oxide (GO)
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preferentially adsorbs on the surface of ice crystals in
liquid water. This adsorption leads to the formation of
curved ice crystalsand lowers the freezing tempera-
ture, and contributes to the suppression of ice growth
(Fig. 3A). The zirconium (Zr)-based metal-organic
framework (MOF) nanoparticles (NPs) are used for
the cryopreservation of red blood cells (RBCs). These
nanoparticles inhibit ice recrystallization. They also act
as “catalysts” to accelerate the melting of ice crystals.
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(Fig. 3B). The key point was the periodic arrangement of
organic linkers on the MOF outer surface, which provides
precise spacing of hydrogen donor groups to recognize
and match the prism/basal plane of ice crystals. Com-
pared with GO NPs, the transition metal dichalcogen-
ide (TMDC) family has great potential in this field. For
example, tungsten diselenide (WSe2) is a good candidate
because of its excellent photothermal transformation
performance and tunable local surface. The WSe2-PVP
NPs combined with the laser showed synergetic ice regu-
lation ability in both the freezing and thawing processes
(Fig. 3C).

Another promising work involves using antifreeze
peptide-functionalized DNA origami as a cryoprotectant
for cell preservation (Fig. 3E). In this study, M13mp18
single-stranded DNA, staple DNA strands, and PNA
strands were used. The hightlight is that these strands
were decorated with antifreezing Thr-peptides which
can self-assembled onto DNA-peptide nanopatch struc-
tures. After incubation with cells, these nanopatches
retrardated ice growth both inside and outside the cells.
DNA-peptide nanopatch structures attached to the
cell membrane additionally provided protection abil-
ity during the cryopreservation process. Owing to their
biocompatibility and biodegradability, DNA-based nano-
materials are potentially superior to traditional cytotoxic
CPAs for cryopreservation.

The structural properties of nanomaterials play a cru-
cial role in their ability to regulate ice formation. Nano-
materials with high surface area and surface energy can
interact more effectively with water molecules, inhibit-
ing ice crystal growth. For example, graphene has a large
surface area that allows it to adsorb a significant number
of water molecules, preventing them from forming ice
crystals. Similarly, metal oxide nanoparticles with high
surface energy can adsorb onto ice crystal surfaces, dis-
rupting their growth.

Interestingly, ice recrystallization inhibition (IRI)
activity can be introduced into polymer nanoparticles
from components that themselves have no ice bind-
ing or associated activity. Examples of such components
include poly(ethylene glycol), poly(dimethylacrylate), and
poly(vinylpyrrolidone) (Fig. 3D). Observations indicate
that ice-binding domains may not be necessary for IRI
activity at the macroscopic level; instead, polymer size
and density could enhance IRI activity in polymers that
are not typically active.

What, then, is important for an antifreeze particle?
Some studies have focused on profiling the effects of
nanomaterial morphology on ice suppression [48]; other
efforts explorehave explored the impact of nanosize on
regulating ice crystal formation [49]. Additionally, there
is a focus on finding nanomaterials or platforms that have
multifunctional ice inhibition capabilities and are easy to
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handle [50-52]. In-depth research is necessary to eluci-
date the mechanism of nanoparticles.

Ice nucleators

Unlike AFPs, ice nucleators are a different class of ice
regulators that facilitate the phase transition of solu-
tions at relatively high subzero temperatures, thereby
inhibiting severe supercooling. Endogenous ice nuclea-
tors include proteins, lipoproteins, and inorganic crys-
tals. Several bacterial species are known to produce
ice-nucleating proteins; for example, Snomax, a commer-
cial product used as an additive in the production of arti-
ficial snow, is from Pseudomonas syringae. In addition,
ice mimics such as inorganic and mineral particles used
to induce nucleation at temperatures close to zero have
been shown to increase both cell recovery and repro-
ducibility. Rao’s team developed chitosan-decorated cel-
lulose nanocrystals for enhancing the elimination of CD
44 high-expression cells in the phase-change process of
cryoablation [58]. More interestingly, sand-madiated ice
seeding has been shown to be useful for the cryopreser-
vation of human iPSCs with less cryoproteectant and
without serum, while retained high cell survival and high
pluripotency [59].

Nucleants and antifreeze proteins have opposite
effects on ice modulation, but both have tandem arrays
of amino acids as p-helices and can bind to the ice sur-
face effectively. The issue becomes whether it is inhibi-
tion or promotion. Some researchers have indicated that
the determining factor is size [49], whereas others have
emphasized the optimum freezing point when nuclea-
tors are added [59]. Considering the impacts of particles
on cryopreservation, determining how freezing occurs
and the exact link between antifreezing and freezing is
necessary.

Hydrogels

Hydrogels are novel wet and soft materials that have been
widely applied in tissue engineering, clinical medicine,
and drug delivery owing to their superior softness and
flexibility, wettability and lubricity, biocompatibility, and
optical transparency. Recently, a series of hydrogel mate-
rials with anti-icing functions have been developed [60—
62]. The underlying mechanisms of hydrogels are mainly
attributed to the following. Strong hydrogen bond inter-
actions exist between water molecules and the hydrogel
network. These interactions reduce the free water frac-
tion within the hydrogel and decrease the ice formation
[63]. Alginate, a polysaccharide that can be crosslinked
by divalent cations to form hydrogel networks, is the
most commonly used polysaccharide. For example, algi-
nate hydrogels have been shown to improve the survival
of human ES cells during slow freezing; alginate hydro-
gels with ion crosslinks can also facilitate vitrification and
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reduce CPA concentrations. Moreover, their low cost,
mild crosslinking conditions, and cytocompatibility make
them popular for cell encapsulation and suitable for 3D
bioprinting ink. A detailed description of the hydrogels is
provided in subsection “5.2 Cell encapsulation”

Biochemical regulation for tolerating-freezing
Antioxidants for reducing oxidative stress

Excessive ROS can lead to cellular damage through lipid
peroxidation, protein oxidation, and DNA damage. One
way for scavenging ROS is by providing redox cofactors,
such as nicotinamide nucleotides and flavins, which are
crucial for most redox reactions and necessary for main-
taining proper redox balance. Another approach is to
supply antioxidants, including small bioactive molecules
like vitamins, micronutrients, and metal ions, as well as
components of enzymes like redoxins (thioredoxin, glu-
taredoxin, and peroxiredoxin), glutathione peroxidase
(GPx), and superoxide dismutases (SODs).

Enzymatic antioxidants function due to their ability to
directly neutralize ROS. SOD is a key enzyme that cata-
lyzes the dismutation of superoxide radicals (O,7) into
oxygen (O,) and hydrogen peroxide (H,O,). Catalase is
another essential enzymatic antioxidant that decom-
poses hydrogen peroxide (H,O,) into water (H,O) and
oxygen (O,), thereby preventing the formation of highly
reactive hydroxyl radicals (OH~). GPx utilizes GSH as an
electron donor to convert H,O, to H,O. Non-enzymatic
antioxidants play a vital role in cryopreservation through
the following ways: scavenge free radical, protect of cell
membranes and organelles, regulate antioxidant enzyme
expression, inhibit oxidative stress-induced apoptosis,
and repair cryoinjury.

Direct scavenging of ROS

Vitamin C, Vitamin E, and glutathione (GSH) can neu-
tralize free radicals by donating electrons, converting
them into less reactive molecules, thus preventing the
chain reactions initiated by free radicals [64]. Some lipid-
soluble antioxidants, such as Vitamin E, can embed in the
phospholipid bilayer of cell membranes, preventing lipid
peroxidation and thus protecting the membrane’s integ-
rity and function.

Activating endogenous antioxidant systems

The Nrf2/ARE pathway is a key cellular defense mecha-
nism against oxidative stress. Nrf2 (nuclear factor ery-
throid 2-related factor 2) regulates the expression of
antioxidant enzymes such as SOD and GPx. Under
normal conditions, Nrf2 is bound to Keapl (Kelch-like
ECH-associated protein 1) in the cytoplasm. When cells
are exposed to oxidative stress, Nrf2 is released from
Keapl and translocates to the nucleus, where it binds to
the antioxidant response element ARE and activates the
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transcription of antioxidant enzymes. Antioxidants can
activate the Nrf2/ARE pathway, enhancing the expres-
sion of antioxidant enzymes and reducing oxidative dam-
age. For example, melatonin has been shown to reduce
oxidative stress and apoptosis in cryopreserved ovarian
tissue (Fig. 4A) and mouse germinal vesicle oocytes [65]
by activating the Nrf2/HO-1 signaling pathway.

Regulating apoptosis-related signaling pathways

Oxidative stress can induce apoptosis. Apoptosis is a
major factor leading to cell death during cryopreserva-
tion [66]. Inhibition of apoptosis by caspase is one of
the main functions of antioxidant substances. By inhib-
iting apoptosis-related signaling pathways, the release of
pro-inflammatory factors and apoptotic signals can be
blocked.

The MAPK (mitogen-activated protein kinase) path-
way and the AMPK (5'AMP-activated protein kinase)
pathway are two distinct but interconnected signaling
pathways in cells, each playing crucial roles in regulating
various cellular processes. Activation of such pathways
lead to the phosphorylation of downstream substrates,
triggering a cascade of cellular responses, including
apoptosis. Mitoquinone (MitoQ), a mitochondria-
targeted antioxidant, has been shown to regulate the
expression of mitochondrial dynamics proteins (Drpl
and Mfn2) and inhibit the p38 MAPK pathway, thereby
reducing apoptosis in mouse ovarian tissue vitrification
[67]. Resveratrol, a polyphenol compound, improves boar
sperm quality by promoting AMPK (5’AMP-activated
protein kinase) phosphorylation. This process decreases
ROS production and enhances the post-thaw sperm’s
antioxidative defense system during cryopreservation
[68]. Similarly, carboxylated Cg, could effectively pro-
tect boar sperm against oxidative injury by inhibiting the
ROS-induced protein dephosphorylation via the cAMP-
PKA signaling pathway (Fig. 4B). Pretreatment of IL-15
and IL-18 improves natural killer cell recovery and func-
tion after cryopreservation by upregulating antiapop-
totic genes, especially BCL2L1 (Bcl-XL), from granzyme
B-mediated cell death [69].

Facilitating the recovery post-thaw

Furthermore, certain substrates contribute to recovery
following cryopreservation. Experiments using GS and
human HLC have shown that the metabolism of 5-ami-
nolevulinate (5-ALA) is crucial for limiting free radical
generation during the rewarming process. Supplemented
5-ALA enhances Complex III activity and improves mito-
chondrial respiration, thereby promoting both anabolic
and catabolic activities while reducing cell death, inflam-
mation, hypoxia, and other stress responses in isolated
perfused rat livers (Fig. 4C). Adding RGD-REP (a ligand
for integrin protein) to the cryopreservation solution



Huang et al. Journal of Nanobiotechnology (2025) 23:187

A Melatonin

Melatonin MT1

2

Page 10 of 21

03y}

§ b
RO! v

T RCS
T

) , i« L
1) D adiEI *Qm)l Cytopasm

\ e
£, oY CoeD
i g * (% awm
G &P
e g '
‘ ( | ampiate ) s
Melatonin .‘..... .....‘. - il @
.
-
C ) ®._® g > P-AMPK AMPK ﬂ:>< Motility t\l
) @f r.\ r!\ H L \_—/ \v/
OF ene 30l boc? ' 38R
()& '”ch un \I'\ e Inin N W/
: L ‘:’ : “e“’” Yyl gyl y U SeNvEy UuY D RGD-REP (TGPG[VGRGD(VGVPG)S|20WPC)
Matrix /17y "'::::::f?‘l’f:: % % %
NADH NAD* O ey —— il
ADP ATP YREXEAELD; VOERED

bt gttt S
200 SO0 g X mﬁé@ﬁr]ﬁw 2056
Matrix £
NADH NAD" J % KON
ADP ATP

% £t I
W % e \)Q(cytc PEERSOOK 9080

‘Stem cell” /" Stemcell
\ ;urwva?'_ ; differentiationt /

hESCs

Fig. 4 Schematic illustration of antioxidants function during cryopreservation. (A) Schematic mechanisms by which melatonin ameliorates oxidative
stress via modulation of the Nrf2 pathway. Reproduced with permission from Frontiers, 2020 [70]. (B) Putative mechanisms by which carboxylated C60
protects boar sperm from ROS-induced functional damage. Reproduced with permission from Spring Nature, 2019 [71]. (C) Schematic diagrams of a
possible protective effect of 5-ALA via Complex Il (down) during rewarming. Reproduced with permission from vyspring International Publisher, 2022
[72]. (D) Schematic illustration of the underlying mechanism of the RGD-REP-induced improvement of hESC viability. Reproduced with permission from

Springer Singapore, 2023 73]

boosts cell survival and the expression of pluripotency
markers. This improvement is attributed to the activa-
tion of the FAK-AKT signaling cascade by RGD-REP
binding to the integrin protein on the surface of hESCs,
which subsequently inhibits FoxO3a. The inactivation
of FoxO3a decreases the expression of apoptosis-related
genes such as BIM, leading to enhanced survival of PSCs
in a suspension state (Fig. 4D).

The pleiotropy of ROS in physiological signalling is
well-known [74]. Redox signaling influences protein
function, thereby causing alterations in signaling path-
ways, enzyme activities, transporter, receptor and tran-
scription factor regulatory sites, as well as allosteric and
macromolecular interaction sites. Although individual
bioactive molecules and their combinations have been
demonstrated to be effective in reducing the oxidative
stress associated with cryopreservation, the list of redox
signaling targets in cryopreservation is too extensive to

cover exhaustively. We present here a few prototypical
examples in Table 1.

lons for stabilizing cell membrane

Cell membrane plays a crucial role in maintaining the
integrity and functionality of cells. The protection effect
of cell membrane is important for preventing damage
caused by ice crystals when the cells are frozen. Studies
have shown that certain ions can stabilize the cell mem-
brane during cryopreservation.

Zwitterions, also known as dipolar ions, are neu-
tral compounds that contain both positive and negative
charges within the same molecule. Their unique physi-
cochemical properties, including low volatility, tunable
hydrophobicity, and strong hydrogen-bonding capac-
ity, enable them to mitigate freezing-induced cellular
damage. Some structures of zwitterions were shown in
Fig. 5A. Unlike other materials, zwitterions have electric
charges. Owing to strong electrostatic interactions with
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Antioxidants Biosamples Effects References
Melatonin Sperm Up-regulate SOD, catalase and GPx activity [75,76]
Sperm Up-regulate BCL—2, SOD2, GSTM1, NRF2, HSPOOAAT, catalase and HO—1 gene expression [77]
Oocyte Up-regulate oocyte maturation rate, MMP, ATP MMP.  ATP [65]
Embryo Down-regulate ROS levels, DNA fragmentation and apoptotic gene expression [78]
Up-regulate telomere maintenance genes expression
Up-regulate embryonic stem cell derivation and implantation rate
Vitamin C Sperm Up-regulate post-thaw motility and viability [79]
(ascorbate) Up-regulate acrosomal integrity and hypoosmotic swelling positivity
Vitamin E Sperm Down-regulate malondialdehyde (MDA) levels [80]
(a-tocopherol) Up-regulate the activities of SOD and GSH-PX
Sperm Down-regulate MDA levels [81]
Trolox(Vitamin E - Ovarian tissue Up-regulate BMP4, BMP15, CTGF, GDF9, KL expression [82]
analog)
Glutathione Sperm Up-regulate fertilization rate and % cells with ability to undergo acrosome reaction [83]
(GSH) Down-regulate lipid peroxidationg, mitochondrial ROS, total ROSs and intracellular ROS
L-carnitine(LC) ~ Sperm Up-regulate viability and motility [84]
COC complexes  Up-regulate SOD1 gene expression [85]
Combination Embryo Down-regulate H3K9 and H3K27 levels [86]
of L-carnitine, Up-regulate blastocysts developmental potential in vitro and viability
N-acetyl-L-
cysteine and
a-lipoic acid
L-proline Oocyte Up-regulate survival rate (%) [87]
Up-regulate MMP
Down-regulate ROS levels
Metformin Adipose tissue Activate the AMPK signaling pathway [88]
Up-regulate Bmal1, Nrf2 and SOD
Resveratrol Oocyte Down-regulate cell apoptosis [89]
Sperm promoting AMPK phosphorylation [68]
Quercetin Oocyte Up-regulate oocyte maturation rate and embryo developmental ratio [90]
Astaxanthin Oocyte Down-regulate ROS levels, cathepsin B [91]
Pterostilbene Sperm Up-regulate AMPK phosphorylation [92]
Up-regulate ubiquitination
Up-regulate LC3 conversion
Up-regulate SQSTM1/p62 degradation
Catalase Sperm Down-regulate Apoptotic like changes, apoptotic and necrotic cells [93]
Down-regulate DNA damage
Up-regulate MMP
Coenzyme Q10 COC complexes  Up-regulate cell survival after vitrification [94]
Up-regulate migration of cortical granule
MitoQ Sperm Attenuates the vitrification-induced ultrastructural changes and alterations in the key proteins [95]
involved in spermatozoa functions and fertilization
MitoTEMPO Sperm Up-regulate motility, membrane integrity, sperm vitality, MMP, SOD activity, catalase activity, GPx [96]

activity, GPI protein levels
Down-regulate MDA level

water, zwitterion solutions are viscous and easily trans-
form into a glassy state, thus resulting in the inhibition
of ice crystallization. Yang reported that zwitterionic
betaine could be ultrarapidly taken up by cells for intra-
cellular protection during the freezing process [97]. Syn-
thetic zwitterions are also efficient cryoprotectants. They
can interact with lipid molecules on cell membranes and
change the surface charge of the membrane, or embed-
ded into the cell membrane by hydrophobic interactions
and cover a large area of the cell membrane (Fig. 5B and

D). Consequently, membrane stability is maintained
during cryopreservation. In addition, they can inhibit
the permeation of DMSO through the membrane, thus
reducing toxicity. Similarly, zinc cations interact mod-
erately with lipid molecules and promote the formation
of small, dynamic lipid clusters. As a result, membrane
fluidity is maintained, and cells become more resistant to
osmotic and mechanical stresses (Fig. 5C).

It is necessary to understand the structure-property
relationships of ionic liquids and their interactions with



Huang et al. Journal of Nanobiotechnology (2025) 23:187

— 0
\6 O/\/)zN/\_//\N+\/\)J\ o NN \/\)J\

OE2|m030

Page 12 of 21

N > N\/\/SO3

C,imCsC C4imCsS

Rigid membrane Fluid membrane
cryopreservation

K3 0

water/OE2imC3C/DMSO water/DMSO Cell Rupture Cell Survival
Membrane | > 90Wvi stearic poly-SPB
D surface acid
poly-(MAA-DMAEMA)
<
1]
3
4
E
"
=)
2
=
Hydrophobic
" core 16-doxyl stearic poly-(MAA-DMAEMA)
acid with 5% Oc-MA

Lipid Bilayer
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cells. Zwitterions indirectly inhibit intracellular ice for-
mation by dehydrating cells due to the high osmotic pres-
sure, which can damage the cells [102]. To develop better
zwitterionic cryoprotectants, a structure that can reduce
osmotic pressure after freeze concentration is required.
It is important to note that all of the ionic liquids were
significantly more toxic than the current standard

cryoprotective agent, DMSO [103]. Introduction of polar
groups at the end of alkyl chain, composed of bio-derived
ions(such as choline cations), or zwitterionization, can
result in very low toxicity [98]. A synthetic zwitterion-
type ionic liquid containing histidine-like module, ZIL,
possesses suitable affinity to the plasma membrane and
acts as a biocompatible cryoprotectant [104].
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Scaled-up approaches for cryopreservation
Nanowarming

There are two aspects of the application of nanotechnol-
ogy in cryopreservation. One is the use of nanomaterials
that mimic AFPs, which possess ice-regulating properties
and can be added as CPAs in the process of freezing and
thawing. Such contents have been presented in subsec-
tion “3.2 Antifreeze proteins and their mimics” The other
application uses nanomaterials as self-heating seeds
accompanied by external physical fields to achieve rapid
and uniform rewarming during the thawing process,
leading to ice recrystallization inhibition (Fig. 6).

The rewarming rate is a crucial factor for the out-
come of cryopreservation. The ability to remove ice can
be greatly enhanced by the heating effect. To this end,
nanowarming can not only greatly increase rewarm-
ing rates but also lower the requirements for CPAs and
eliminate temperature nonuniformity, which is very
important, especially for large-volume biosamples. Such
nanowarming involves two main physical processes:
magnetothermal conversion and photothermal conver-
sion. Radiofrequency radiation and laser illumination are
the main external physical fields used in this technique.
Currently, nanowarming has been shown to facilitate the
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rewarming of cells, tissues, and even organs, both physi-
cally and biologically. The preparation of nanoparticles
was also optimized to be scalable [107]. The representa-
tive studies that used nanomaterials as rewarming pro-
moters are summarized in Table 2.

Although nanomaterials have made great progress in
cryopreservation, limitations such as how to load uni-
form nanomaterials in samples, how to optimize the
parameters for better rewarming efficiency, and the
potential safety concerns of residual nanoparticles should
be evaluated.

Cell encapsulation

Cell microencapsulation is now widely used to facilitate
off-the-shelf materials for biomedical applications [111].
Biocompatible hydrogels are utilized to enclose living
cells in capsules. Encapsulated cells perform better than
nonencapsulated cells in cryopreservation [112]. The
mechanisms of the cell encapsulation strategy for cryo-
preservation may be attributed to the following factors:
the inhibition of mechanical damage and shear stress
from extracellular ice formation, the promotion of cell
attachment and cell-matrix interactions in three-dimen-
sional environments [113], and the stabilization of cell
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Table 2 Representative nanowarming for some biosamples
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Nanowarming methods Warming parameters Nanoparticles Biosamples References
Radiofrequency magnetic field 20 kA/m, 360 kHz, >130°C/ Mesoporous silica- Human dermal fibroblast cells, porcine [108]
min coated iron oxide arteries and porcine aortic heart valve leaflet
nanoparticle(msIONPs)  tissues(1-50 ml)
Radiofrequency magnetic field 63 kA/m, 180 kHz, mean msIONPs First time successful recovery of a rat kidney ~ [105]
rate 63.7 °C/min from the vitrified state using nanowarming
Radiofrequency magnetic field 63 kA/m, 180 kHz, mean msIONPs Life-sustaining kidney transplantation in a [109]
rate 72+8°C/min rat model
Radiofrequency magnetic field 42.5kA/m, 278 kHz, upto  Superparamagnetic Whole heart [106]
321 °C/min iron oxide nanoparticles
(SPIONs)
Radiofrequency magnetic field Melting time about 30 s Cold- responcive Fe;O,  Rat 3 cells (52]
to 1 min NPs
Radiofrequency magnetic field \ GO-Fe;0, nanocom- Mesenchymal stem cells (MSCs), 80.1% [51]
and laser posites (NPs) survival
Laser 800 nm, 2 W/cm?, recrystal- 2D Ti;C,Tx MXene MSCs, 80.9% survival [50]
lization time duration from
4.5s reduce to 1.4s
Laser 808 nm, 1.5 W/cm? Molybdenum disulfide  A549 cells, 85.3% survival (48]
(MoS2)
Laser 808 nm, 2 W/cm? 2D GO A549 cells, 95.2% viability; Hela cells, 93% [49]
survival
Radiofrequency magnetic field 15 A, 3W/cm? GO NPs and Fe;0,NPs  Mouse preantral follicles(PAFs), 90% survival, — [110]

and laser

gained healthy mouse pups

morphology, which is often linked to functional perfor-
mance [114]. The advances in slow freezing cryopreser-
vation of microencapsulated cells have been reviewed by
Gurruchaga H and coworkers [115]. Here, we pay more
attention to microencapsulation cells for vitrification.

In general, three main methods are used to produce
encapsulated cells: electrostatic spraying, air-flowing and
microfluidics (Fig. 7A). Electrostatic spraying technol-
ogy is typically used to produce microcapsulated hydro-
gel beads. Although emulsion droplet vitrification has
emerged as a promising cryopreservation method, the
upper sample size is limited by the nozzle of the ink-
jet head, which makes it inapplicable for mammalian
oocytes, organoids and spheroids [116]. Even when a
combination of droplet printing, conduction cooling and
laser warming is used to dramatically increase the droplet
vitrification volume(best for 4 uL)(Fig. 7C), the device is
complex and not amenable to storage and thawing. Nota-
bly, Zhao'’s group introduced a simple small centrifugal
microfluidic device to microencapsulate mouse preantral
follicles (PAFs) in alginate hydrogels, and healthy mouse
pups were successfully born after IVF and embryo trans-
fer from the vitrified oocytes (Fig. 7B).

Another type of cell encapsulation is the core-shell
structure. Zhao developed capillary microfluidics-based
large-volume core-shell alginate hydrogel encapsulation
technology to successfully facilitate vitreous cryopreser-
vation of encapsulated porcine adipose-derived stem cells
(pADSCs) with low concentrations of CPAs (2 M pen-
etrating CPAs). The microfluidics device was fabricated

by using three tube-in-tube patterned glass capillaries
with different diameters, and it provides a cost-effective
approach for “ready-to-use” cell-laden material [115].
There is room for improvement. Oleksandr Gryshkov
evaluated the structural properties and swelling behavior
of core-shell capsules and demonstrated that core-shell
capsules produced from low-viscosity high-G alginate are
superior to high-M capsules and that the coaxial electro-
spraying process can be scaled up to potentially produce
the required number of core-shell capsules for clinical
applications [117].

More recently, a core-shell microfiber encapsulation
system based on the integration of 3D printing, micro-
fluidics, and core-shell encapsulation technology has
become more attractive for clinical applications. A 3D
cell printing system supplemented with a UV treatment
system, microfluidic channels and a core-shell nozzle
connected to a three-axis robot was developed to fabri-
cate a cryopreservable cell-laden GelMa-based scaffold.
Furthermore, freeform shelf-ready tissue fabrication and
storage were successful by cryobioprinting (Fig. 7D).
These methods are perfect techniques except for the
safety concern of UV exposure to living cells. More safe,
nontoxic and glycerol-free cryopreservation methods for
human red blood cells (RBCs) with high final hematocrits
were investigated by Zhao’s group. They used nonperme-
ating trehalose as the sole CPA to dehydrate RBCs and
core-shell alginate microfibers, which were produced by
a coaxial needle to increase heat transfer (Fig. 7E). This
method can be easily scaled up for practical meaningful
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1. (C) Capillary microfluidic encapsulation of a biosample

in core—shell microcapsules. Reproduced with permission from Wiley, 2021 [118]. (D) Cryobioprinting of tissue constructs for simultaneous cryopreserva-
tion. Reproduced with permission from Elsevier, 2022 [119]. (E) Microfluidic system used to generate core—shell microfibers. Reproduced with permission

from Springer, 2024 [120]

throughput by using 3D bioprinting or woven fibers and
coupling with cryomeshes for batch cooling and thawing
operations.

Cryomesh

Directly printing microfibers on a substrate or into liquid
nitrogen is a good approach for small-volume cells. How-
ever, bioprinting is not suitable for large biosystems, and
achieving scalable cooling and rewarming in throughput
operations is still challenging. Cryomesh may be a prom-
ising alternative for embryo and organism vitrification.
Li Zhan developed a nylon mesh attached to a thin poly-
styrene holder for simple and robust cryopreservation
for Drosophila melanogaster embryos (Fig. 8A) and islets
(Fig. 8B). They further developed a rapid and scalable
rewarming platform for adherent cells, Drosophila mela-
nogaster embryos, and rat kidney slices. The platform
was made of a stainless steel sheet or mesh as an electri-
cal conductor, connected to a pulse generator, and gen-
erated heat via jouke heating (Fig. 8C and D). No doubt,
wicking the CPA solution off the cryomesh prior to vit-
rification results in a “CPA solution-free” method and
maximizes the cooling and warming rates while allow-
ing the processing of a large number of samples within
a short time. However, varying the mesh wire size, pore
size, and materials (nylon, stainless steel or copper) may

lead to different outcomes for vitrification when using
cryomesh [121].

Isochoric freezing

Cryopreservation, as practiced today, is mostly an iso-
baric (constant pressure) process that takes place at a
pressure of 1 atm. The concept of ‘isochoric cold stor-
age’ was first developed by Rubinsky and his group in
2005 [125]. An isobaric (constant volume) cryopreserva-
tion system is in which ice and the solution exist in ther-
modynamic equilibrium at a constant temperature and
constant volume. It requires a constant volume chamber
capable of withstanding the pressures that develop in the
system. In a constant-volume container, when freezing
begins, the lower-density ice cannot expand freely. Con-
sequently, the still-unfrozen portion of the liquid is com-
pressed, forcing the freezing process to follow the “liquid
line” It can reduce mechanical damage related to the for-
mation of dendritic crystals. A container with excellent
pressure resistance and sealing performance, as well as
various sensor devices, is needed. Obviously, biobanking
and other fields may also benefit from isochoric freez-
ing. For example, mammalian hearts were preserved for
the first time at subzero centigrade temperatures without
chemical cryoprotectants [126]; autonomously beating
genetically engineered cardiac tissue was preserved for
the first time, even for several days [127]; mammalian
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pancreatic islets were preserved for several days [128];
tand cm-scale coral fragments were successfully cryopre-
served and revived via mL-scale isochoric vitrification
[129]. Moreover, by altering the fundamental thermo-
dynamics of freezing, significant energy savings can be
achieved [130].

Conclusion and future perspectives

Table 3 summarizes the machanism, cost, operational
complexity, and biocompatibility of different materials
and methods used in cryopreserving various biological
samples.

Scientists have made significant progress with innova-
tive materials and strategies for cryopreservation. How-
ever, until now, even the best cryopreservation strategy
has not guaranteed the success of application. The bio-
chemical pathways of different biosamples differ; thus,
cryopreservation is unlikely to be a one-size-fits-all pro-
cess. Freeze-tolerant creatures, such as arctic woolly bear
caterpillars, marine intertidal snails, wood frogs, hatch-
ling painted turtles, and Alaskan beetles have developed
different strategies to overcome freezing in nature, even
undergo several freeze-thaw cycles. Understanding the

natural cold tolerance mechanisms of creatures that
survive at cold temperatures clearly offers perfect solu-
tions for protecting biological samples during freezing
and thawing. The prospects for achieving this goal have
become increasingly plausible due to swift advancements
in imaging technology, DNA sequencing, omics tech-
niques, and other related fields. Although different cryo-
preservation methods are discussed separately here, it is
essential to integrate a rational scientific mechanism with
multidisciplinary techniques to translate cold tolerance
strategies into cryopreservation practices for biosamples.

The biophysics of the cryopreservation process need
to be clearly understood. Currently, the issue of ‘what is
the exact link between antifreeze and freezing’ is still a
mystery. Even the janus effect of AFPs on ice nucleation
and the existence and temperature-dependent size of the
critical ice nucleus have been provided by experimental
information [43, 131], there is ongoing exploration sur-
rounding the universal mechanism by which natural
AFPs inhibit ice formation. Molecular modeling tech-
niques and computational complexity, such as biomi-
metic crowding coacervates and regioisomerism [132,
133], for determining the molecular interactions between



Huang et al. Journal of Nanobiotechnology (2025) 23:187

Page 17 of 21

Table 3 Summary of the different materials and methods used in cryopreservation

Materials/methods Machanisms Biosamples Cost  Operation Toxicity

Sugars and polymers Induce cell dehydration and reduce intracellular ice forma-  Sperm, oocyte, Low  Easy Biodegradable
tion, IRI. Need high concentration. embryo, stem cell,

etc.

Antifreeze proteins(AFPs) IRl and adhesion to ice by orderly arrangement of hydro- Oocyte, embryo, High  Purification Potential im-
phobic methyl groups and hydrophilic hydroxyl groups. certain types of difficulty munogenicity

stem cells, etc.

Nanoparticles(NPs) Adsorb on the surface of crystals by honeycomb structure,  Cells, tissue, and High  Hard Potential
curve ice crystalsand, lowers the freezing temperature, and  organ toxicity
suppress ice growth.

Ice nucleators Provide localized deep supercooling to induce ice nucle- Cell Low  Difficult to \
ation at high subzero temperatures. standardize

Hydrogels Interact water with hydrogel network, and decrease the ice  Engineering cell Low  Easy Biocompat-
formation. Poor mechanical properties. and tissue, stem able

cells, etc.

Antioxidants Scavenge ROS. Samples with poor Low  Easy Excessive is
Effect differs according to cell type. ROS tolerance: harmful.

sperm, oocyte

Zwitterions Interact with water through strong electrostatic charges, Cell Low  Easy lonic liquids

easily transform into a glassy state, thus inhibit ice

crystallization.
Nanowarming
uniform rewarming, leading to IRl
Cell encapsulation
and 3D printing devices.

Cryomesh
mesh, robust cryopreservation.

Isochoric freezing
freely.

Self-heating by external physical fields to achieve rapid and
Use hydrogels to enclose living cells. Microfluidic devices

Utilize good thermal conductivity materials to create a

Use a constant volume chamber to inhibite ice growth

are toxic, need
modifications.

Embryo, tissue, High  Hard Potential
organ toxicity

Cell, oocyte High  Hard Biodegradable
Large-volume Low  Easy Copper is
samples: embryo, toxic.

tissue, organ

A variety of High  Hard Non- toxic
samples

ice-inhibition materials and water/ice molecules should
be studied. High-throughput discovery methodologies
are progressing, and phage display in conjunction with
ice-affinity selection can be utilized to discover novel ice-
binding peptides [134]. In addition, machine learning/AI
tools are crucial for dissecting complex datasets and non-
linear trends.

Traditionally, cryopreservation has been viewed as
merely a physical process that can be solved by con-
trolling and modulating ice growth and nucleation,
addressing osmotic changes, and altering freezing rates.
Currently, a biochemical perspective is increasingly being
taken into account when considering cryopreservation,
since biochemical pathways can be modulated to mitigate
cold stress. In addition to genomic analysis, transcrip-
tomics, proteomics, metabolomics, and other relevant
omics analyses can provide more information about cold
tolerance.

To effectively implement cold tolerance strategies in
cryopreservation, a multidisciplinary approach involv-
ing the use of cutting-edge materials and the integration
of various techniques are imperative. Recombinant pro-
tein fibers produced through synthetic biology may serve
as a promising alternative to natural AFPs and other ice
regulators [135]. Searching for multifunctional CPAs

is worthwhile [136]. For example, soft, strong, tough,
durable and antifreeze hydrogels [137-139] for cryo-
preservations. Even more, finding some materials that are
beneficial for cryopreservation and suitable for in vitro
cultivation and sustained use in vivo. The rational design
of all-in-one protection may promote the development of
a competent platform [140, 141].

In addition to their use in cell encapsulation with 3D
bioprinting,  microfluidic ~ technology/lab-on-a-chip
systems can also be harnessed for cryopreservation,
encompassing various aspects such as CPAs uptake
and elimination, cell membrane characteristics, and the
implications of temperature reduction and increase pat-
terns [142, 143]. DNA origami structures and cryosilici-
fication may be promising new protection methods for
cryopreservation [144—146]. Liquid helium, slush nitro-
gen, or other cryogens, instead of liquid nitrogen, may
be adopted to achieve high cooling rates for vitrification
[147]. Hypothermic storage, including supercooling and
deep supercooling, is also crucial in sample preserva-
tion [148]. Automated and standardized operational pro-
cesses should be developed to reduce human error and
ensure the repeatability and reliability of the preservation
process.
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In light of these, key research areas for cryopreserva-
tion are as follows.

(1) Elucidating mechanisms of the natural cold tolerance
mechanisms of creatures by imaging technology,
multi-omic techniques, and other related techniques.

(2) Investigating signal pathway targets involved in
cryoinjury repair for specific samples.

(3) Developing multi-functional platform that
is antioxidant, anti-freezing, biocompatible,
and scalable, by computational chemistry,
molecular dynamics simulations, and Al from a
multidisciplinary perspective.

Abbreviations
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