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ABSTRACT: Cryopreservation of tissues and organs can bring transformative changes to medicine and medical science. In the past
decades, limited progress has been achieved, although cryopreservation of tissues and organs has long been intensively pursued. One
key reason is that the cryoprotective agents (CPAs) currently used for cell cryopreservation cannot effectively preserve tissues and
organs because of their cytotoxicity and tissue destructive effect as well as the low efficiency in controlling ice formation. In stark
contrast, nature has its unique ways of controlling ice formation, and many living organisms can effectively prevent freezing damage.
Ice-binding proteins (IBPs) are regarded as the essential materials identified in these living organisms for regulating ice nucleation
and growth. Note that controversial results have been reported on the utilization of IBPs and their mimics for the cryopreservation of
tissues and organs, that is, some groups revealed that IBPs and mimics exhibited unique superiorities in tissues cryopreservation,
while other groups showed detrimental effects. In this perspective, we analyze possible reasons for the controversy and predict future
research directions in the design and construction of IBP inspired ice-binding materials to be used as new CPAs for tissue
cryopreservation after briefly introducing the cryo-injuries and the challenges of conventional CPAs in the cryopreservation of tissues
and organs.

1. INTRODUCTION
Via completely stopping all metabolic actions at cryogenic
temperatures, cryopreservation enables unlimited storage times
of tissues and organs without deterioration, which can bring
revolutions to medicine and medical science (Figure 1a). For
example, breakthroughs in tissue and organ cryopreservation
can transform organ transplantation via making more organs
available, decreasing costs, improving transplant outcomes, and
mitigating risks.1 Breakthroughs in tissue engineering and
regenerative medicine require advances in organ and tissue
cryopreservation to enable batch manufacturing and distribu-
tion as well as quality control of tissue products.2 Ballooning
costs in drug discovery could be greatly reduced if currently used
animal models could be replaced by effectively cryopreserved
human tissue models.3 Advances in the cryopreservation of
healthy and pathological tissues and organs enable biobanks4 to
provide high-quality and data-rich biosamples for developing
human biomolecular atlas5 as well as revealing the pathological
processes of major and serious diseases.6,7

Currently, almost all of the donated tissues and organs can
only be preserved for some hours at 4−8 °C with the state-of-
the-art static cold storage technology, leading to an unfortu-
nately high discard rate; for instance, donated hearts can be
typically preserved for only ∼4 h with a discard rate as high as
70% (Figure 1b).8 In the United States, if 10% of donated hearts
currently discarded could be transplanted, the number of
additional hearts made transplantable would be equal with that
of waiting-list patients who currently die or are too sick for a
transplant before receiving one.1 Recognizing the great
importance of tissue and organ cryopreservation, many
organizations and science agencies including the National

Institutes of Health, the US Commerce Department, US
Department of Defense, the US government’s Multi-Agency
Tissue Engineering Science working group,9 Pan-European
Biobanking, and Biomolecular Resources Research Infra-
structure10 have identified cryopreservation of tissues and
organs as a key priority.
The main challenge for tissue and organ cryopreservation is

uncontrolled ice formation, which induces mechanical damages
and osmotic pressure stress, causing irreversible destructions to
the intra- and intercellular structures.11,12 Therefore, cryopro-
tective agents (CPAs) must be used to control the ice
nucleation/growth so that the destruction of the tissues and
organs during the cryopreservation can be prevented or at least
minimized. However, tissues and organs are large in volume,
containing a rich variety of cells and complex extracellular
components in comparison with cells;9 consequently, ice
nucleation and growth in tissues and organs during the
cryopreservation is very complicated and challenging to control.
Therefore, it is not yet possible to cryopreserve almost all human
tissues and organs, although quite a few cells can currently be
successfully cryopreserved.1,11,13

In stark contrast, some living organisms, such as polar fish and
Alaska wood frog, can effectively protect themselves from freeze
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damage because of their unique strategies in regulating ice
nucleation and growth,14,15 and it has been recognized that ice-
binding proteins (IBPs) are the most efficient materials for
controlling ice formation in these living organisms. The past
decade has witnessed rapid progress in imaging, sequencing,
omics approaches, and others, which allow us to understand and
intervene in physiology from the tissue and organ level down to
the molecular level.13 With these cutting-edge techniques, it is
now possible to reveal the exact mechanisms of IBPs in
controlling ice formation in organisms like polar fish and Alaska
wood frog, so as to guide the creation of new biocompatible
IBPs-inspired ice-binding materials (IBMs), which will certainly
provide a completely new avenue for the cryopreservation of
tissues and organs.
In this perspective, we will first give an overview of the ice-

induced injuries during the cryopreservation of tissues and
organs. Then, we will analyze why conventional CPAs that

succeeded in cryopreserving cells failed in most cases for
cryopreserving tissues. After that, IBPs, which are isolated from
living organisms that can survive severe cold and even freezing,
will be introduced, and their working mechanisms will be
detailed. Specifically, a summary will be given on recent
endeavors in utilizing the IBPs for the cryopreservation of
tissues and organs, which surprisingly showed controversial
results.16−18 Special emphasis will be placed on the analysis of
possible reasons for this controversy, which sheds light on future
research directions in designing and utilizing IBMs for the
cryopreservation of tissues and organs.

2. ICE-INDUCED CRYOINJURIES AND
CONVENTIONAL CRYOPROTECTANTS

Uncontrolled ice nucleation and growth in the tissues and
organs is a major challenge for cryopreservation. The freeze of
intracellular water results in severe mechanical damage inside

Figure 1. Urgent needs for the cryopreservation of tissues and organs. (a) Major areas with the need of cryopreserving tissues and organs.1 Created
with BioRender.com. (b) Relatively high storage temperatures of the state-of-the-art static cold storage limit the storage duration and increase the
discard rate of solid organs,8 which can be greatly reduced by the successful cryopreservation at much lower temperatures.

Figure 2. (a) Typical HBs formed in DMSO-water mixtures. Reproduced with permission from ref 27. Copyright 1992 American Chemical Society.
(b) Supplemented phase diagram of CPA/water mixtures, and the pathways of cryopreservation by slow freezing (A−B−C−D−E−F) and vitrification
(A−G−H). During slow freezing, a moderate concentration of CPA is loaded (A−B), and extracellular ice initiates at C and then propagates and grows
(C−D−E), during which the intracellular water flows out and extracellular CPA moves in. When the concentration of CPA inside the cells is high
enough to achieve intracellular vitrification, the frozen sample is finally transferred into liquid nitrogen for long-term storage (E−F). The vitrification
method uses a high concentration of CPA (A−G), which substitutes a large fraction of intracellular water. As such, the vitrification of the solutions both
inside and outside the cells is achieved (G−H). Reproduced with permission from ref 34. Copyright 2021 Springer Nature. (c) The detrimental effect
of DMSO in cryopreservation ranges from molecular structure to tissue integrity. Created with BioRender.com.
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the cells, such as disruption of the microtubules, organelles, and
cell nucleus,19−21 all of which are fatal to cells. The uncontrolled
freezing of the extracellular water induces severe mechanical
damage to the samples, including the rupture of the cell
membranes, the breakage of the intercellular connection, and
damage to vessel walls.22,23 Moreover, when extracellular ice
forms, the osmotic pressure outside the cells increases
correspondingly, which leads to severe dehydration and
shrinkage of the cells as well as excessive salt accumulation.22−24

As such, cell connections could be broken, and the excessive salt
accumulation could lead to protein destabilization. In the
thawing process, small ice crystals recrystallize into larger ones as
the temperature increases, which exacerbates the mechanical
injuries both inside and outside the cells.25 When the
temperature raises close to the melting point, the extracellular
space becomes rapidly hypotonic with the melting of large ice
crystals, and the osmotic pressure drives water moving into the
cells, which can lead to their swelling and even rupture. All these
ice-induced cryoinjuries to the cells, intercellular connections,
and blood vessels may lead to the loss of the functions of tissues
and organs. As such, it is crucially important and at the same
time extremely challenging to prevent uncontrolled ice
formation during the cryopreservation, and breakthroughs in
cryopreservation are highly dependent on the discovery of new
CPAs that can effectively regulate the nucleation and growth of
ice crystals.
Conventional CPAs include permeable molecules such as

alcohols, sulfoxides, and amides, and nonpermeable molecules
such as sugars, sugar alcohols, and polymers,26 all of which have
outstanding hydrogen bonds (HBs) forming capabilities. For
example, dimethyl sulfoxide (DMSO), the most widely used
CPA, can formHBs with water molecules, as illustrated in Figure
2a,27 which are stronger than the HBs formed among water
molecules. As the fraction of DMSO increases, the proportion of
DMSO-water HBs increases correspondingly, leading to a
dramatic decrease in the translational mobility of water
molecules.28 The slowing down of water diffusion delays the
formation and growth of ice embryos, which depresses the
freezing point and promotes ice-free glass formation, that is, the
so-called vitrification.29 Vitrification allows water to reach
cryogenic temperatures without forming ice crystals. Without
CPAs, glass formation can be achieved only if the cooling rate is
as fast as 107 °C/s, which is almost impossible for large tissues
and organs. The presence of CPAs with an increasing
concentration can decrease the ice nucleation temperature and
increase the glass transition temperature, thus the chance of ice
formation is greatly decreased (Figure 2b).30 In summary,
conventional CPAs depress ice nucleation temperature
following the colligative rule, that is, it is concentration
dependent and promotes the vitrification of water (glass
water) by forming HBs with water molecules.31−33

If conventional CPAs are to be used in the tissue and organ
cryopreservation, a very high CPA concentration is required to
reach uniform CPA distribution in the heterogeneous and large
tissues. When conventional CPAs are used in a high dosage, the
CPA toxicity becomes non-negligible and even becomes the
dominant injury. Indeed, it has been experimentally revealed
that DMSO has a detrimental effect on the multilevel structures
of the tissues (Figure 2c): (1) On the molecular level, the
histone acetylation,35 global DNA methylation, proteins
denaturation, and change in DNA conformation have been
reported; (2) on the subcellular level, negative effects include
the membrane disruption, change in spindle configuration,35

mitochondrial disfunction36 and so on; and (3) on the level of
cell connections, the destruction of extracellular structures may
break the cell junctions and invalidate the cell communica-
tions.37,38 All these detrimental effects may directly affect the
function of the tissues and organs after cryopreservation. As
such, better cryopreservation strategies for tissues and organs
should focus on two aspects, that is, more efficacy in ice control
during the freezing/thawing processes and greatly reducing or
completely replacing toxic CPAs with nontoxic alternatives.39

3. STRATEGIES IN NATURE: TO FREEZE OR NOT TO
FREEZE
3.1. Noncolligative Ice Controlling Strategy. Many

organisms in nature can survive supercooling and even freezing
in subzero habitats (Figure 3a). Fishes living in the polar regions

are constantly exposed to freezing water;40 wood frogs in Alaska
can revive well in spring after frozen in winter;41 some insects
larvae can even survive at temperatures as low as −100 °C;42,43
and many plants can endure extreme cold during winter.44 To
maintain the supercooled state or to survive the frozen state,
these organisms have developed various strategies,45 with

Figure 3. (a) Typical living organisms that survive in subzero
environments: Antarctic fish. Reproduced with permission from ref
40. Copyright 1969 American Association for the Advancement of
Science. Wood frog reproduced with permission from ref 41. Copyright
2017 The American Physiological Society. Insects Cucujus clavipes
reproduced with permission from ref 42. Copyright 2011 Springer
Nature; and plants (a pine tree covered with snow). (b) Freezing points
as a function of the molar concentration for aqueous solutions of
colligative small molecules (DMSO) and noncolligative AF(G)Ps
(glycoprotein 3).46
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antifreeze (glyco)proteins (AF(G)Ps) being found as a special
type of material due to the unique capability in controlling ice
nucleation/growth. The first discovered AF(G)P is isolated
from Antarctic fishes by DeVries andWohlschlag.40 They found
that purified glycoprotein is about 500 times more effective than
conventional CPAs, such as DMSO, galactose, and sodium
chloride, which colligative depress the freezing temperature
(Figure 3b),46 that is, AF(G)Ps can depress freezing much more
efficiently in a noncolligative way.
3.2. Antifreeze (Glyco)protein (AF(G)P). Since the first

discovery of AF(G)Ps in the blood of Antarctic fishes in 1969,40

various types of AF(G)Ps with diverse structures ranging from
the α-helix to β-sheet and random coils have been identified in
the biological kingdom (Figure 4a).47 The AF(G)Ps generally
work in a noncolligative manner with the magnitude of freezing
point depression being protein specific. Some of them possess
more impressive freezing point depression capabilities. For
example, the AFP isolated fromTenebrio molitor (TmAFP)48 can
depress the freezing point by 2 °C at 10 μM, which is 100,000
times more effective than the colligative salt on the molar base.47

Inspired by their outstanding ice controlling properties, the ice-

inhibiting mechanism of AF(G)Ps has been intensively
investigated.
The widely accepted ice-inhibiting mechanism of AF(G)Ps is

the adsorption−inhibition mechanism. It is proposed that the
AF(G)Ps comprise two distinct faces with or without ice-
binding affinity (Figure 4b), that is, the ice-binding face (IBF)
and the non-ice-binding face (NIBF).49 Molecular dynamics
(MD) simulations showed that the water molecules atop the IBF
display an ordered hexagonal ice-like structure, which is
attributed to the periodic spatial arrangement of the HB-
forming groups. In contrast, no ordered water structure has been
observed atop the NIBF due to the irregular arrangement of the
hydrophilic groups. Further MD simulation (Figure 4b, right)
reveals that the IBF binds preferably to the ice surface, while the
disordered interfacial water layer atop the NIBF hinders the
further growth of the ice crystals, which results in the so-called
adsorption−inhibition.
The adsorption of AF(G)Ps on ice lattice affects the ice

growth from three important aspects as illustrated in the top row
of Figure 4c. Due to the adsorption−inhibition and the
formation of the curved ice surface, the freezing temperature
(Tf) is reduced due to the Kelvin effect.

50 At the same time, the

Figure 4. (a) Structures of some typical AFPs found in different species living in extreme cold habitats. Reproduced with permission from ref 57.
Copyright 2014 Elsevier Ltd. (b) Side view of water molecules atop the IBF and theNIBF, and a typical side view snapshot of the simulation result with
the IBF of TmAFP in contact with ice (carbon, nitrogen, oxygen, and hydrogen atoms are represented in cyan, blue, red, and white spheres,
respectively). Reproduced with permission from ref 49. Copyright 2016 National Academy of Sciences. (c) AF(G)Ps can depress the freezing point
(TH), inhibit the ice recrystallization (IRI), and shape ice crystals;58 the size difference between INPs and AF(G)Ps leads to their completely different
activity in controlling ice nucleation. (d) Ice nucleation efficiency of model proteins as a function of the length L of the ice-binding site. Symbols
indicate the ΔTf(L) computed in molecular simulations with PsINP (blue ▲), TmINP (red ■), AlcoholINP (black ●), and TmAFP (magenta right
▲). Inset: Views of the critical ice nucleus on the 5 nm long TmINP; orange shows the anchored clathrate, and gray shows the rest of the ice nucleus.
Reproduced with permission from ref 59. Copyright 2019 American Chemical Society.
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melting temperature (Tm) is not obviously affected or only
slightly elevated.51 The difference between Tm and Tf is termed
as thermal hysteresis (TH), that is, TH = Tm− Tf.

52 As such, the
living organisms can avoid fatal ice growth and survive when the
temperature is within the TH gaps. Based on the TH values,
AF(G)Ps can be classified as moderately active and hyperactive,
the former includes AF(G)Ps from plants and fishes whose TH
values are commonly <2 °C;53 while the latter includes AF(G)Ps
that derived from insects or bacteria with TH values as high as
2−13 °C.54,55
Another beneficial effect of AF(G)Ps is their ice recrystalliza-

tion inhibition (IRI) activity. Without AF(G)Ps, large ice
crystals grow at the expense of small ones, which results in an
increase in the mean crystal size and a decrease in the total
number of crystals, thereby minimizing the free energy of the
system, a process known as ice recrystallization.56 This process is
undesirable since the growth of large ice crystals aggravates the
mechanical injuries; and at the same time, as the ice-to-liquid
ratio generally increases in the initial period of recrystallization,
the exclusion of solutes accompanying ice growth results in the
increase in the concentration of solute molecules and leads to
more severe osmotic stress.56 By binding with AF(G)Ps, the ice
recrystallization can be greatly inhibited (Figure 4c), and the
formed ice crystals remain small and numerous so that the blood
circulation is not blocked, and the integrity of cells and tissues is
not destructed by ice crystals.
The ice-shaping effect is an indicator that testified the

existence of AF(G)Ps. The ice-shaping effect of AF(G)Ps results
from their different affinity toward different crystallographic
planes.16 The planes adsorbed with AF(G)Ps are prohibited
from further growth, while the unadsorbed planes grow
preferentially, endowing ice with certain crystal shapes (Figure
4c). Theoretically, such angular shaped ice crystals are only a
side effect of the adsorption of the AF(G)Ps, but do not favor the
survival of living organisms. The possible beneficial effect of ice
shaping in the cold evolution is still unknown.
3.3. Ice Nucleation Proteins. Another protein that can

regulate ice formation is the ice nucleation protein (INP), which
initiates ice nucleation at a relatively higher subzero temperature
to prevent deep supercooling.60 If nucleation occurs in a deeply
supercooled temperature, the formed ice crystals tend to grow
faster andmore dendritic; meanwhile, the temperature following
ice nucleation will rise close to the melting point of the solution
before decreasing rapidly to the environment temperature due
to the sudden release of the latent heat, which leads to sharp
local temperature gradients. As a result, the fast and disruptive
ice growth, the accompanying accumulation of salts, and the
temperature shock (the sudden drop/raise of the temperature
due to latent heat release) can cause more severe tissue
damage.61,62 With the INPs, ice formation at deep supercooling
can be effectively prevented and the related injuries can be
alleviated.
Although the effect of INPs is completely opposite to that of

the AF(G)Ps on the ice formation, both INPs and AF(G)Ps can
bind effectively to the ice surface; therefore, these two types of
proteins are also termed as IBPs. It has been proved that these
two extraordinary families of proteins, more specifically INP and
hyperactive AFPs, actually share very similar repeat units, that is,
both INPs and hyperactive AFPs have tandem arrays of amino
acids as β-helix that can organize water molecules into the ice-
like clathrate structures;63 and the determining factor of ice
inhibition or promotion between INPs and hyperactive AFPs is
the size (Figure 4c). Molinero and co-workers59 used MD

simulations to elucidate the effect of the length (L) of IBPs on
the nucleating efficiency of IBPs, including both INP and AFP.
They proved that the ice nucleation efficiency of model proteins
is a function of the length of the IBF. Figure 4d presents the ice
nucleation efficiencies as a function of the L of the binding faces
for the bacterial INP (PsINP), the TmINP made by stacking of
ice-binding loops of the antifreeze protein TmAFP, and the rigid
fragments of alcohol monolayer, AlcoholINP, with the same
width and lattice mismatch to ice. The three IBFs display the
same qualitative behavior: ΔTf is zero for very short molecules,
then increases sharply, and finally plateaus. Wang and co-
workers64 prepared a series of narrow-sized graphene oxide
(GO) nanosheets to experimentally investigate the effect of the
size of nanosheets on the nucleation of water droplets. It was
shown that ice nucleation occurs only above a certain size of GO
that varies with the degree of supercooling of the water droplets.
Inferred from the experimental data and theoretical calculations,
it was concluded that the critical size of GO reflects the size of
the critical ice nucleus; only when the size of GO is larger than
that of the critical ice nucleus can the ice form; otherwise, the ice
nucleus is pinned at the periphery of the GO, leading to a much
higher free-energy barrier for nucleation and consequently
freezing does not occur. As such, they used the GO to probe the
critical nucleus size for ice formation, which had previously only
been explored theoretically and through simulations due to its
transient and nanoscale nature.
The IBPs, including both INPs and AF(G)Ps, are crucial

ingredients for the survival of organisms living in subzero
habitats. Some species can survive in subzero environments by
preventing the formation of apparent ice crystals, and these
organisms are referred as “freeze avoidant”. The existence of
AF(G)Ps is crucial for their survival, as AF(G)Ps bind to the
possible ice nucleation sites and the existing tiny ice embryos to
prevent the freezing of the body fluid; consequently, ice-induced
injuries are avoided.46,65 Some other species can survive when
the body fluid is frozen and are referred to as “freezing tolerant”.
The coexistence of INPs and AF(G)Ps is critical, as the INPs
initiate the ice nucleation at a relatively higher subzero
temperature; meanwhile, the AF(G)Ps bind to the formed ice
embryos to inhibit their uncontrolled growth and alleviate the
accompanying ice-related injuries.66−68

4. THE CONTROVERSIAL EFFECT OF IBPS IN
CRYOPRESERVATION

Inspired by the IBPs in effectively controlling ice nucleation/
growth and protecting living organisms from ice-related
damages, continuous investigations have been carried out for
utilizing IBPs in the cryopreservation of tissues and organs.
Similar to living organisms that survive freezing damage via
“freezing avoidance” or “freezing tolerance”, preservation of
tissues and organs with IBPs can be categorized into avoiding-
freezing and tolerating-freezing as detailed below.

4.1. Preservation by Avoiding-Freezing. Subzero
preservation can considerably extend the viable preservation
time of organs compared with the standard hypothermic
preservation, as the metabolic rate decreases exponentially
with the temperature.69 For example, the preservation time of rat
livers is <12 h by hypothermic preservation at +4 °C but can be
prolonged to about 4 days when effectively stored at −6 °C.70,71
To realize avoiding-freezing subzero preservation, the freezing

point of the body fluid can be depressed either colligatively by
increasing the concentration of the colligative agents in the
preservation solution or noncolligatively using AF(G)Ps. It

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c00203
J. Am. Chem. Soc. 2022, 144, 5685−5701

5689

pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


requires about 10 wt % sodium chloride (NaCl) to depress the
freezing point of water to −6 °C, which is 10 times more than
that of the physiological solution (equivalent to 0.90 wt %
NaCl). Obviously, such a high salt concentration affects
adversely the function of cells and tissues, thus simply increasing
the solute concentration is of limited application. It is therefore
obvious that the addition of AF(G)Ps provides an effective way
to depress the freezing point noncolligatively by the Kelvin effect
as noted above, at the same time, without greatly increasing the
concentration.46,72

AFP III, which is isolated from Antarctic fish and can reduce
noncolligatively the freezing temperature of their body fluid by
1.2 °C,73 is the most frequently used AF(G)Ps for subzero
preservation.74 Using the mixture of the University ofWisconsin
(UW) preservation solution and AFP III, rat hearts preserved at
−1.3 °C can be protected from freezing damages. In contrast, all
rat hearts preserved at −1.3 °C without the addition of AFP III
completely lost their function due to the formation of ice.72 By
using a hyperactive insect AFP (TmAFP), whose TH is as high
as 5.5 °C, rat kidneys were stored at −4.4 °C with the Carolina
Rinse (CR) preservation solution.75 In this way, the preservation
time of rat kidneys was prolonged to 72 h, which is three times
longer than that stored at 4 °C. Utilization of the Dendroides
antifreeze proteins (DAFPs), whose TH is as high as 10 °C,
enables ice-free storage at temperatures down to −7 °C.76

However, it was reported that AF(G)Ps are not always effective
in promoting supercooling as expected. Wang and co-workers77

studied the application of AFGPs for the perfusion preservation
of rat hearts via exposure to −1.4 °C for 3−5 h. They reported
that the presence of AFGPs increased the ice-related injuries due
to the formation of destructive needle-like ice at high AFGP
concentrations. There are even reports suggesting that the
AFGPs promote intracellular freezing of rat cardiomyocytes at
high subzero temperatures.78 A consensus of beneficial effects of
AF(G)Ps in promoting subzero preservation by preventing
apparent ice formation is missing.
4.2. Preservation by Tolerating-Freezing. By mimicking

the survival principles of freeze-tolerant species, that is, allowing
the formation of ice crystals but controlling their nucleation
sites, their size, shape and growth rate, so as to mitigate the ice-
related injuries, the tissues and organs can be cryopreserved by
programmed slow freezing.79 Rubinsky and co-workers80

managed to freeze rat livers by closely mimicking freeze-tolerant
species: Rat livers were infused by glycerol and AFGP isolated
from North Atlantic Cod, and then ice nucleation was intrigued
at a higher subzero temperature of −3 °C and kept for 6 h. On
subsequent ex vivo reperfusion, these livers produced bile and
had a well-preserved histological morphology, compared to
livers frozen in the absence of AFGP. When the AF(G)Ps are
used in the presence of ice crystals, the IRI activity instead of the
TH activity ensures the protective effect. For example, it has
been found that the moderately active LeAFP protects mouse

ovarian tissue more effectively than the hyperactive Ff IBP,
whose TH value is ∼10 times higher, in slow freezing
preservation.81 However, contradicting effects of AF(G)Ps in
the slow freezing are also widely reported. Both positive and
negative outcomes were reported when using AFP I and AFP III
in the embryos’ slow-freezing preservation. It has also been
reported that improved viability outcomes are observed at low
AFP concentrations but not at high concentrations.82 Indeed,
both in the preservation of cells and tissues, higher
concentrations of AF(G)Ps usually lead to a decrease in the
post-thaw survival of the preserved biosamples compared with
that of low concentration ones.83

Some studies have also reported beneficial effects of AF(G)Ps
in the preservation of tissues via vitrification,84 and some
underlying protection mechanisms have been proposed: (1)
decrease in the freezing temperature and control of the ice
crystal shape;85 (2) inhibition of ice recrystallization and
devitrification during thawing;86 (3) protection of the plasma
membrane;87 and (4) reduce reactive oxygen species production
in the vitrification−warm process.88 Some investigations also
reported that the addition of AF(G)Ps in the preservation
solutions can also reduce the amount of conventional CPA
needed for vitrification. However, there are also some reports
revealing that the addition of AF(G)Ps induces more severe ice
injuries possibly due to the bursting growth of ice crystals
beyond the TH gap of the used AF(G)Ps.
A survey of the research about using AF(G)Ps for the

cryopreservation has made it clear that the effects of AF(G)Ps in
the cryopreservation are complicated and, sometimes, even
controversial. As summarized in Table 1, the AF(G)Ps can both
promote and depress supercooling in the preservation of tissues
and organs at high subzero temperatures. When tissues and
organs are aimed to be preserved in a freeze-tolerant manner,
both ice growth inhibition and ice burst growth with sharp ice
edges have been reported. Moreover, the beneficial effect of
AF(G)Ps is found to be dependent on a variety of factors,
including the concentration, the type of AF(G)Ps, the
composition and concentration of other cryoprotectants, the
features of the tissues and organs, and the specific preservation
protocols. Because of the reported controversial effects of the
AF(G)Ps on the cryopreservation of tissues and organs, further
investigation on the mechanisms of AF(G)Ps on controlling ice
formation during the cryopreservation of tissues and organs is
urgently needed so that breakthroughs can be achieved.

5. THE CONTROVERSIAL EFFECT OF IBPS IN ICE
REGULATION

Reported controversial effects of IBPs in the cryopreservation of
tissues and organs can be reconciled when considering the
following two facts: (1) The molecular structure and
aggregation behavior of IBPs differ greatly for different IBPs,
which certainly affects the capability of IBPs in controlling ice

Table 1. Controversial Effects of AF(G)Ps in the Cryopreservation of Tissues and Organs

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c00203
J. Am. Chem. Soc. 2022, 144, 5685−5701

5690

https://pubs.acs.org/doi/10.1021/jacs.2c00203?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00203?fig=tbl1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formation; and (2) the native environments differ dramatically
from the in vitro diluted solutions and are distinct for different
tissues and even the same tissue at different locations, which can
have a completely different effect on the activity of the IBPs in
regulating ice nucleation and growth.
5.1. The Effect of the Molecular Structure and

Aggregation of AF(G)Ps in Ice Regulation. 5.1.1. AF(G)Ps
in Ice Inhibition. According to the adsorption−inhibition
mechanism, the activity of AF(G)Ps in controlling ice formation
is closely related to their efficacy of binding with the ice surfaces.
The AF(G)Ps have a Janus feature, containing an IBF and a
NIBF. MD simulations revealed that water molecules atop the
IBF display an ordered hexagonal ice-like structure,49 which
facilitates the recognition and binding of the AF(G)Ps to ice
surface by lowering the energy barrier for binding. Meanwhile,
the disordered water structure around NIBF helps prevent the
adsorbed protein from becoming engulfed by ice due to the
increased energy barrier for converting the disordered interfacial
water into an ordered ice-like one; this leads to the formation of
curvatures on the ice surface, which in turn facilitates the
decrease of freezing point following the Kelvin law.89 As shown
in the left illustration of Figure 5a, only when the IBFs of
AF(G)Ps bind to the ice surface can the growth of ice crystals be
effectively inhibited.
Because of the Janus feature of the IBPs, it is critically

important whether the IBFs of the AF(G)Ps are exposed to the

ice surface available for binding to ice. If the NIBFs are exposed,
they do not have the capability for binding to ice surface, thus
losing the freezing point depression activity. Two possible
situations with exposed or buried IBFs are as follows:

(1) Components binding with the IBFs or NIBFs (Figure 5a,
middle). It has been reported that the presence of large
groups attached to the AFP (fusion proteins) of the non-
ice-binding regions increases the area covering the ice
surfaces, which leads to an increased ice surface curvature
and, consequently, an increase in TH values.91 However,
if the IBFs are covered by other components with the
NIBFs being exposed, the IBPs fail to bind to the ice
surfaces with the loss of the TH activity.

(2) Formation of multimers or aggregates with the IBFs or
NIBFs exposed to ice surfaces (Figure 5a, right). Davies
and co-workers genetically fused AFPs to a 24-subunit
protein cage, resulting in a multimer containing 12 AFPs
with their IBFs being exposed to the ice surface, which
exhibited freezing point depression >50-fold greater than
monomeric AFPs. This high efficiency is explained by the
more curved ice surfaces formed by adsorbing the AFP
multimers, as shown in Figure 5a, right column.90 Similar
multimer-enhanced TH activities have been widely
observed in nature93 and synthetic systems.94 On the
other hand, if all the IBFs are buried inside the multimer,
the freezing depression capability will surely be lost.

As AF(G)Ps are amphiphilic, having a relatively hydrophobic
IBF and a relatively hydrophilic NIBF,95 AF(G)Ps tend to form
aggregates when dissolved in water, with the hydrophobic IBFs
buried inside and the hydrophilic NIBFs exposed.96 Interest-
ingly, such aggregates were observed to enhance but not reduce
the TH values of the AF(G)Ps.96 A possible reason is the
dynamic nature of the aggregates, which aggregate and
disaggregate all the time, and the thermodynamic equilibrium
changes in the presence of ice crystals. It is also noteworthy to
emphasize that the investigation about the aggregation
behaviors of AF(G)Ps is far from satisfactory, and sometimes
contradictory results are reported even for the same AF(G)-
P.96−98 All these seemingly contradictory effects of AFPs
contribute to the observed controversial results when using
AFPs in the cryopreservation of tissues and organs.

5.1.2. Effect of Aggregates on Ice Nucleation. The way
AF(G)Ps aggregate can also affect greatly ice nucleation.96 As
revealed by recent investigations, the larger the lateral size of the
AF(G)P aggregates, the higher the ice nucleation temperature
can be (Figure 5b).59,99 Also, Wilson and co-workers100

reported that for the AFP I, ice nucleation is enhanced rather
than hindered when the concentration is above ∼8 mg/mL,
possibly because of the formation of AFP I aggregates at high
concentrations. A recent report by Koop and co-workers showed
that both AFP III and TmAFP can also trigger ice nucleation at
higher concentrations.99 Note that the effect of AF(G)P
aggregates in promoting ice nucleation is highly dependent on
the surfaces of AF(G)Ps and aggregates in contact with water;
that is, if IBFs of AF(G)Ps are in contact with water, ice
nucleation is promoted; otherwise promotion of ice nucleation
may not be obvious.49

It is widely reported that AF(G)Ps can effectively deactivate
the ice nucleation sites via binding to potential ice nucleation
sites, as illustrated in Figure 5c, left.101,102 Interestingly, a recent
investigation by Meister and co-workers revealed that such an
effect is protein specific,92 as they discovered that larger

Figure 5. Controversial effects of AF(G)Ps in regulating ice formation.
(a) The Janus feature of AF(G)Ps and the exposure or burying of the
IBFs by molecular interactions and aggregation can greatly influence
the activity of AF(G)Ps in controlling ice growth.90,91 (b) Larger lateral
size of AF(G)P aggregates induces the increase in ice nucleation
temperature. (c) The adsorption of AF(G)Ps on or between INPs can
either inhibit or promote nucleation activity.92
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AF(G)Ps, such as larger AFGP1−5 isoforms, can act as bridges
to bring together INPs leading to much larger INP aggregates;
consequently, ice nucleation is greatly facilitated rather than
inhibited due to the increased size of the ice nucleation sites
(Figure 5c).92

5.2. Influence of the Microenvironments of Tissues on
the Activity of IBPs. In addition to the complicated molecular
structure and aggregation behaviors of the IBPs, the complexity
of the structure and composition of tissues and organs can
inevitably influence the ice regulating properties of IBPs, which
can also account for their controversial effect in the
cryopreservation of tissues and organs. As summarized in Figure
6, the fluid within the tissues and organs differs from the dilute
solution in three important aspects. First, the in vivo environ-
ment of tissues and organs is a multicomponent system, which
contains both organic and inorganic ingredients, including
cationic/anionic ions, small-molecule metabolites, and bio-
macromolecules such as collagen, proteins, and hyaluronans.103

Interaction of these individual molecules with IBPs can affect the
activity of IBPs in controlling ice formation. Second, the total
concentration of these soluble molecules in the tissues and
organs is usually very high, occupying a substantial fraction of
the total volume of the medium.104 Such an environment exerts
surprisingly large effects on the thermodynamics and kinetics of
processes such as intermolecular associations and self-
aggregation.104 Third, different types of cells and extracellular
components in different tissues and organs form varying and

sometimes completely different heterogeneous microenviron-
ments with a rich variety of interfaces. These interfaces can also
affect the adsorption, aggregation, and local concentration of
IBPs and, consequently, their ice controlling activity.
Inorganic ions and small organic osmolytes are ubiquitous in

the interstitial fluid in the tissues and organs. It has been
reported that these inorganic/organic small molecules can
disturb the hydration layer of IBPs and thus affect the adsorption
of IBPs on the ice surfaces and consequently the TH values
(Figure 6).105−108 The inorganic salts induce salting-out/in
effects on IBPs following the Hofmeister series, which may
promote cluster formation109,110 and enhance the adsorption of
IBPs on the ice surfaces, inducing an increase in the TH activity.
However, there are also studies reporting the inactivation of
AFGPs via complexing the carbohydrate cis-hydroxyl groups
with borate.111 The small organic osmolytes, especially the
seasonal regulated ones, may have a pronounced effect on the
TH activity of the AF(G)Ps. It has been reported that citrate can
increase the TH value of Dendroides canadensis AFP from 1.2 to
6.8 °C, which is nearly 6-fold higher.112 Other solutes that can
increase the TH value by about 4-fold are succinate, malate,
aspartate, glutamate, and ammonium sulfate. Glycerol, sorbitol,
alanine, and ammonium bicarbonate are reported to increase the
TH value by approximately 3-fold. Actually, among the survival
strategies of living organisms in subzero habitats, the production
of a high concentration of organic osmolytes, for example,
glucose, glycerol, and urea, is also very important. These organic

Figure 6.Multicomponent, crowded, and heterogeneous nature of the microenvironments inside different tissues and organs affects the conformation,
aggregation, and distribution of IBPs, which may profoundly affect their ice regulation activities in the cryopreservation of tissues and organs. Created
with BioRender.com.
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metabolites may work synergistically with the IBPs in these
living organisms to facilitate freeze-avoidance or freeze-
tolerance.107,113−115

Another feature of the tissues and organs is that they are
highly crowded with various inorganic/organic compo-
nents.116,117 It is well-known that the level of crowding can
easily alter various biological processes.117−120 Here, we want to
emphasize three important aspects (Figure 6): (1) Protein
diffusion in the crowded in vivo environment is found to be
slowed down to ∼20% of that in the dilute media solely due to
hydrodynamic interactions,121 as the AF(G)Ps have to diffuse to
the ice surface before effective binding. If the diffusion of
AF(G)Ps is slower than their binding on the ice surfaces,
diffusion dominates the adsorption−inhibition process.122 (2)
Depletion force induced aggregation or adsorption: Gibson and
co-workers123 reported that the depletants shift the equilibrium
toward ice binding, hence enabling a higher IRI activity at lower
concentrations. (3) Crowding is a parameter that affects the
conformational isomerization of the proteins,104,119,120,124

including the regularity of the function groups and the secondary
structures of the proteins, which are crucially important to
ensure the ice affinities of IBPs.125

Tissues and organs are ensembles of cells and extracellular
matrices. Consequently, there are always interfaces that lead to
preferential adsorption and aggregation of IBPs on the

interfaces. Meanwhile, the local concentration of IBPs could
differ greatly due to the existence of interfaces. If the INPs are
enriched in certain locations, ice preferentially grows there. Note
that even for the freeze-tolerant species, ice forms in some
specific locations. It is highly possible that the ice nucleation in
particular sites is a result of adaptive evolution. For example,
INPs are often found in the blood vessels,126,127 preferentially
initiating ice nucleation there, because the formation of ice
crystals in the lumen of blood vessels is less detrimental. As such,
the presence of a rich variety of interfaces leads to the difference
in the local concentration of IBPs, which could be beneficial for
cryopreservation if the distribution can be regulated.
As the effectiveness of IBPs in controlling ice formation and

protecting living organisms from freezing damage always
depends on the microenvironments the IBPs locate, a full
understanding of the working mechanisms of IBPs in the in vivo
native environment must be achieved before IBPs and mimics
can be used for the cryopreservation of tissues and organs. The
last decades have witnessed the fast development of high-
resolution and in vivo real-time detection techniques in crowded
biological environments. For example, researchers have been
able to determine the high-resolution three-dimensional
structure of proteins inside crowded biological environments
for the first time by combining “in-cell” nuclear magnetic
resonance spectroscopy and the cutting-edge computational

Figure 7. (a) Guiding lines of construction of IBMs for controlling ice formation. (b) Proposed mechanism for ice recognition by ZrAc. Reproduced
with permission from ref 137. Copyright 2012 American Chemical Society. (c) The adsorption of safranin-O on ice crystals by supramolecular
stacking. Reproduced with permission from ref 138. Copyright 2016 American Chemical Society. (d) The binding of poly(vinyl alcohol) (PVA) on the
ice crystals by repeated hydroxyl groups. Reproduced with permission from ref 139. Copyright 2020 American Chemical Society. (e) Ice adsorption of
two-dimensional graphene derivatives. Reproduced with permission from ref 140. Copyright 2020 Royal Society of Chemistry.
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algorithms.128,129 Imaging techniques such as the ambient mass
spectrometric imaging,130 single-molecule localization micros-
copy,131,132 and chemical imaging technique133 are becoming
ever-more powerful tools for quantitatively visualizing macro-
molecules in the complex in vivo environment. Fluorescence
correlation and cross-correlation spectroscopies have seen a
greater rise in the last decades revealing information about flow
velocity, protein−protein binding, ligand−receptor affinity, and
transport in living organisms.134−136 Linking IBPs with
fluorescent molecules, the dynamics of IBPs in their in vivo
surroundings can be determined. It is therefore possible to reveal
the conformation, aggregation, distribution, and dynamics of
IBPs in the crowded in vivo environment and discover the
specific ice nucleation sites and the ice growth behavior in tissues
and organs. As such, a correlation between the structure and the
function of IBPs in the tissues and organs can be established that
will guide the application of IBPs in the cryopreservation of
human tissues and organs.

6. ICE-BINDING MATERIALS AS CPA FOR THE
CRYOPRESERVATION OF TISSUES AND ORGANS
6.1. Building the Library of Bioinspired Ice Binding

Materials. As the natural IBPs are specifically designed to work
synergistically within their in vivo microenvironments, so as to
protect the insects, fishes, and amphibians, for example, beetle
Cucujus clavipes,43 polar fishes,40 and wood frogs,126,127 these
proteins may not be suitable for the cryopreservation of the
tissues and organs of human beings; as such, it is urgently
necessary for chemists and materials scientists to design and
construct a library of materials that can effectively control ice
formation. In the past decade, many IBMs mimicking IBPs have
been synthesized, which have already displayed great potential
for the cryopreservation of cells. Based on the current
understanding of the mechanisms of IBPs, we summarize the
designing principles of the IBMs in the following sections
(Figure 7).
6.1.1. HB Forming Groups. Without any exceptions, the

IBMs with good ice affinities include HB forming groups both
on the IBFs and NIBFs, such as hydroxyl, carboxyl, and amino
groups. It was reported that the lifetime of the HBs between
water molecules and the IBFs is longer compared with that on
theNIBFs,141 and this elongatedHBs lifetime on the IBF surface
is correlated with their capability in binding to the ice surfaces.
Replacing the threonine to tyrosine on the IBFs decreases the
HBs lifetime to be comparable with the NIBF, which results in
90% loss of the TH activity of TmAFP. The amino acid residues
frequently discovered on the IBFs of IBPs include alanine,
glycine, proline, threonine, cysteine, and glutamines,52,142 and
this may guide the selection of ice-binding moieties in
constructing IBMs.
6.1.2. Arrangement of HB-Forming GroupsMatches the Ice

Lattice. The periodic arrangement of HB-forming groups which
matches the periodicity of ice lattice is an important prerequisite
for the effective binding of IBMs on the ice surfaces.143,144 The
single α-helix structure of fish type I AFP, which contains a
linear-like array of regularly spaced threonine residues, enables
lattice-matching regularity in one direction.145 While the
hyperactive insect AFPs, taking TmAFP as an example, which
owes six short β-strands form a remarkably flat β-sheet, have
two-dimensional array of threonine side chains that makes a
remarkably good match to the repeated spacing between oxygen
atoms in the ice lattice on the primary prism plane.146 The
periodic arrangement of HB-forming groups of the IBMs can be

achieved covalently or noncovalently, including coordination
effect,147 supramolecular assemblies,138 polymerization,148 and
so on.149,150

6.1.3. Amphiphilic Nature. The requirement for the high
activity in controlling ice growth is the full adsorption of the
IBMs at the ice−water interface. It is a thermodynamically
favorable process when the binding free energy per unit area of
the IBMs to the ice surface, Δγbind < 0.151 That is, the sum of
interfacial energy of the IBF of the IBMs with ice (γIBF‑ice) and
that between NIBF of the IBMs and the water (γNIBF‑water) is
lower than the ice−water interfacial energy (γice−water), written as
Δγbind = (γIBF‑ice + γNIBF‑water) − γice−water, and Δγbind < 0.
Therefore, the efficient adsorption of IBMs requires both
icephilic and hydrophilic natures of the IBMs. To endow the
IBMs with proper icephilicity, the HB forming groups on the
IBFs are usually arranged to match the ice lattice. In addition to
HB forming groups, it is proposed that the addition of methyl
groups152 can enhance the icephilic nature of the IBFs due to the
entropy gain in the dehydration process when the methyl groups
nest in the cavities on the ice lattice.152,153 Meanwhile, when the
IBFs are bound on ice surfaces, it is crucially important that the
NIBFs are not engulfed by ice. Therefore, the NIBFs should be
an “ice-phobic” disorder where the interfacial water structures
do not match with the ice lattice and create an energy barrier for
converting the disordered interfacial water into an ordered ice-
like one. At the same time, the NIBFs should also be hydrophilic
to endow the IBMs with good solubility. The disordered
arrangement of HBs forming groups and the introduction of
charged groups are frequently used strategies to construct
NIBFs.
By meeting the above-mentioned three criteria, IBMs with

efficient ice-binding affinity are achieved, and ice growth can be
inhibited. Note that the capability of IBMs in facilitating ice
nucleation is highly dependent on the size of IBMs (right two
roles in Figure 7a). Molinero and co-workers discovered for the
first time via MD simulation that AFPs can greatly increase the
ice nucleation temperature with an increase in the number of ice-
binding loops.59 Koop and co-workers proved experimentally
that the AFPs can promote ice nucleation in a size-dependent
manner, that is, larger AFPs promote ice formation at higher
temperatures.99 A direct size dependency of nanoparticles on
promoting ice nucleation was reported in the GO systems.64 It
was found that the potency of GOs in promoting ice nucleation
as measured by the nucleation supercooling (ΔT) is inversely
proportional to the lateral size (L) of GOs, which may be
extended to other nanoparticles.
So far, the developed IBMs range from small molecules to

polymers and nanomaterials. The smallest ice-binding molecule
found is an inorganic salt, that is, the zirconium acetate (ZrAc),
which can form complexes with the hydroxyl groups periodically
arranged to match with the ice lattice (Figure 7b).147 Small
organic molecule safranin-O can self-assemble by π−π stacking
to order amino groups matching with the ice lattices (Figure
7c).138 It was interestingly reported that safranin-O not only has
good activities of IRI and ice shaping but also shows an obvious
thermal hysteresis property with the TH value as high as 0.6 °C.
Polymers, which have adjustable repetitive functional groups
and varying degrees of polymerization, are also promising IBMs.
Poly(vinyl alcohol) (PVA) is the most active synthetic polymer
with the most active IRI activity reported so far.148 The spacing
between the neighboring hydroxyl groups on PVA matches well
with the lattice on the basal plane of the ice crystals and hence
may explain its high IRI activity as proposed by Koop and co-
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workers.154 Molinero and co-worker139 reveal that the limiting
step for the binding of flexible molecules such as PVA to ice is
not the alignment of the molecule to the surface or the initiation
of the binding but the propagation to reach its full binding
potential (Figure 7d). Recently, it was reported that nanoma-
terials, which have fixed structures, precise and adjustable
function groups, can also be designed to exhibit ice
affinities.149,150 MD simulations reveal that the modification of
−CH3 and −OH groups similar to the IBFs of AFPs on the
surface of graphene enables their effective adsorption on ice
lattice (Figure 7e).140 This also applies for the three-dimen-
sional nanomaterials. It was found that the long-range
arrangement of HB donors on the surface of a zirconium
(Zr)-based metal organic framework can provide accurate
matching with the ice crystal faces and has a good IRI activity.155

Such IBP-inspired IBMs have received great success in
cryopreservation of cell suspensions, including RBCs,150,156

sperms, oocytes,149,157 and cell monolayers.158

6.2. Specific Requirements of IBMs for the Cryopre-
servation of Tissues and Organs. Although some IBMs have
already received great success in the cryopreservation of cells
and hold great promise in tissue cryopreservation, additional
requirements need to be met before using IBMs for the
cryopreservation of tissues and organs due to the multi-
component and crowded environment of tissues and organs,
as illustrated in Figure 8.
6.2.1. Biocompatibility. The biocompatibility of IBMs used

for cryopreservation of tissues and organs should not only
include the low cytotoxicity to the cells39 but also no destructive
effects to the structure of the tissues, including the extracellular
matrix and the cell junctions, etc.38,159,160 In addition, the IBMs
should not induce rejection effects and, at the same time, should
be easily removable after thawing. Major variables that could
influence the biocompatibility include the chemical composi-
tion, the micro- (or nano)-structure, the crystallography, the
hydrophobic−hydrophilic balance, the surface charge proper-
ties, the degradation products, and so on.161 It is apparent that
whether an IBM is biocompatible depends on various criteria,
and a series of tests must be conducted to ensure that it meets
the standards of use,162 such as testing the effect of the IBMs on
the morphology integrities by histological imaging and evaluate
the metabolism of tissues and organs with the presence of IBMs.
6.2.2. Controllable Aggregation of IBMs in the Crowded In

Vivo Environment. Controllable lateral alignment of the IBMs
can be achieved by decorating noncovalent linking groups on the
opposing positions of the IBMs, as illustrated in Figure 8, which
promote their ice-inhibiting efficiency by enabling larger
adsorption areas on the ice crystals. However, sometimes the
aggregation of IBMs is undesirable due to the following two
reasons. First, the aggregation of IBMs into large clusters may
lead to an undesirably enhanced ice nucleation activity. Second,
the complexation of IBMs with other components may bury the
IBFs, which inactivate the ice-binding capability of the IBMs.
Therefore, strategies for preventing undesired aggregation are
also necessary when IBMs are applied in the cryopreservation of
tissues,163,164 especially when the IBMs are dispersed in the
crowded interstitial space as the crowding effect may
dramatically affect the aggregation propensity of the IBMs.
Traditional strategies inhibiting aggregation include modifying
the IBMs with moieties with charged repulsions or steric
hindrance and introducing inert noninteracting macromolecules
such as polyethylene glycol, polyethylenimine, galactose, and so

on.165 All of these strategies may also be applied in inhibiting the
aggregation of IBMs in the tissues and organs.

6.2.3. IBMs Can Facilely Permeate into the Tissues and
Organs. The amount of IBMs permeated into the tissues/
organs is crucial for appropriate protection of the cells in deep
tissues and the intracellular structures. Tissue permeability is
regulated by a molecular mechanism that involves the
endothelial barrier, which has a high density of endothelial
cells and adherens junctions and tight junctions between them,
so as to control the extravasation of plasma and IBMs.166

Mechanisms for enhancing the tissue permeability to macro-
molecules have been widely investigated in the field of drug
delivery, and several strategies have been proposed.167 For
example, the cell-penetrating peptides (CPPs)168 have been
used to enhance the cell penetration ability of proteins, enzymes,
mRNA, and polymers. Another approach to enhance tissue
penetration is by using nanocarriers, such as polymeric
complexes, superparamagnetic nanoparticles, quantum dots,
dendrimers, and lipid nanoparticles.169 Recently, it has been
reported that nanoparticles fabricated by copolymers with
dendritic arginine-rich CPPs, which mimic viral protein

Figure 8. A scenario of ideal IBMs for the cryopreservation of tissues.
Created with BioRender.com.
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transduction domains, can realize not only robust cell entry but
also vigorously penetration into deep tissues.170 Therefore,
grafting IBMs with cell penetrating peptides, carrying IBMs with
nanostructures, or using dendritic-viral mimicking structures are
promising approaches to enhance the permeability of IBMs to
tissues and organs.
6.2.4. Targeting. Note that even for the freeze-tolerant

species, ice forms only in some specific locations, such as the
coelom of the wood frogs, the hemolymph,171 malpighian
tubules,172 fat body cells,172 muscle cell membranes, and
epidermis cell membranes173 of some insects. In wood frogs,
which can survive after most of their body water freezes, about
25% of all ice is sequestered within the coelom and lymph sacs,
and over half of the water in some organs is relocated to spaces
where it freezes innocuously.171 Therefore, ice only forms in less
detrimental locations but not in ice-sensitive locations, in this
way the survival rates of these frogs or insects are greatly
increased. In human tissues and organs, there should also have
so-called less detrimental spaces where ice formation is less
destructive to the function of the tissues. Therefore, targeting of
IBMs to less destructive locations, especially the ice nucleation
materials, is of critical importance for the tissues to survive from
freezing damages. Targeting strategies for molecules or
nanoparticles based on small molecules, aptamers, peptides,
antibodies, and cell-recognitions have been intensively inves-
tigated and well-reviewed in the field of targeted drug
delivery,174,175 which also provide references for targeting
IBMs to specific locations in the tissues and organs. Among
them, we emphasize here, a very promising approach to target
IBMs by utilizing the homing peptide176−178 that distributes in
the blood vessels of specific tissues. It is reported that such
peptides are capable of mediating selective localization of drugs,
proteins, or nanocarriers to the blood vessels of specific tissues
such as the white fat vasculature,179 brains, and kidneys.177 We
believe that by targeting the IBMs to specific locations of tissues
to initiate or inhibit ice formation, it is possible to mimic the
survival of freeze-tolerant species and preserve tissues and
organs at cryogenic temperature. The relatively safe locations for
ice formation may include blood vessels, adipose tissue, muscles,
etc., but there is no broad consensus on these arguments.171−173

It is necessary to have a more in-depth study on the freezing
tolerance of human tissues to ice crystals, so as to guide the
distribution of ice crystals in tissues and organs during
cryopreservation.
After building the antifreeze toolbox with IBMs designed

specifically for the cryopreservation of tissues and organs, an
ideal scenario of tissue cryopreservation is as follows: “The IBMs
are perfused into the blood vessels of the organs. Along with the
circulation of the IBMs, the ice nucleation IBMs are delivered to
the targeted positions such as the blood vessel of specific tissues,
① in Figure 8. Therefore, ice crystals will form preferentially at
these targeted positions. However, the ice crystals grow at a
tardy rate and remain extremely small because of the existence of
the ice-inhibiting IBMs, ② in Figure 8. At the same time, the
IBMs with good tissue permeability will penetrate deep into the
tissues and mask the possible ice nucleation sites or inhibit the
growth of ice embryos in tissues that are sensitive to ice injuries,
③ in Figure 8. The IBMs will not aggregate unexpectedly into
clusters due to the decoration of IBMs with local charge
repulsion or steric repulsions, ④ in Figure 8. Therefore, the
damage of ice formation to tissues/organs is minimized. In the
thawing process, the size of the ice crystals is also controlled by
the IBMs. As such, the tissues and organs maintain integrated

histological morphology and good function in the whole
cryopreservation process.”

7. SUMMARY AND PERSPECTIVE
Tissue and organ shortage is among the greatest crises facing
biomedicine today,1 and success in cryopreservation of tissues
and organs can substantially increase their availability; therefore,
cryopreservation should be placed at the top of our scientific
priority list.12,180 The key challenge for the tissue and organ
cryopreservation is the effective control of ice formation, which
cannot be achieved by conventional CPAs widely employed for
the cryopreservation of cells. Therefore, the discovery of new
CPAs with high efficacy in regulating ice formation is required,
which is indeed a mission for chemists. Understanding the
mechanism of some living organisms in protecting themselves
from freezing damage provides a unique solution to tackle the
uncontrolled ice formation in tissues and organs during the
cryopreservation, which is now highly possible due to rapid
progress in imaging, sequencing, omics approaches, and others.
It has already been revealed that IBPs are the essential materials
these living organisms employ for regulating ice formation and
consequently protect themselves from freezing damage. There-
fore, building a library of IBPs inspired materials to be used as
effective CPAs for controlling ice formation can lead to a
completely new avenue for the cryopreservation of tissues and
organs. Note that the construction of such an ice-binding
material library specifically designed for the cryopreservation of
tissues and organs requires coordinated cross-disciplinary
research, so that multilevel structures and physiological
functions before and after cryopreservation can be accurately
assessed, and consequently, the design and synthesis of novel
IBMs can have timely feedback. Meanwhile, the functions of
tissues and organs after cryopreservation can be appropriately
intervened with various newly developed technologies. In
addition, rewarming techniques which use nanoparticles in
combination with the electromagnetic field have also provided
new approaches that enable fast and/or unified heating.181,182 As
the past decade has witnessed the great success of the
cryopreservation of cells with IBMs, we, therefore, are confident
that effective cryopreservation of tissues and organs with IBM as
the CPA is an ambitious but achievable goal.
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