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Cryopreservation has been a key technology in medical science, food preservation, and many other ﬁelds. In a freezing process, the
formation of ice crystals may cause signiﬁcant damage to the frozen samples. In order to reduce the damage, many cryoprotectants
(CPAs) have been developed and added in cryopreservation processes for reduced ice volume, decreased ice size, proper ice
shaping, and cell protection. According to the material characteristics, the CPAs are either impermeable (i.e., antifreeze protein,
polyampholytes, and polyvinyl alcohol) or permeable (i.e., dimethyl sulfoxide, proline, and glycerol) to cell membranes. The
typical CPAs are introduced in this work with their material characteristics, antifreeze mechanisms, and applications. Antifreeze
mechanisms for diﬀerent CPAs involve molecular adsorption on the ice surface, hydrogen bonding to ice, bending the ice
surface, lowering the freezing point, inhibiting ice recrystallization, protecting cell membranes, reducing dehydration of cells,
and breaking hydrogen bonds among ice crystals to reduce the size of ice crystals. In practice, diﬀerent CPAs can be used
together with their cryopreservation properties functioning synergetically. This study reviews the recent applications of CPAs in
food, biology and medicine, and agriculture. Future works for CPAs are suggested in improving eﬃciency, revealing
mechanisms, broadening application, and ﬁnding new CPAs.

1. Introduction
In recent years, the demand for cryopreservation has been
increasingly high in food, biology, medicine, and many other
ﬁelds [1–3]. Since the rate of deterioration is reduced at low
temperatures, the shelf lives of products, namely, the lifecycles
of organisms, can be prolonged by freezing [4]. Long-term
cryopreservation of cells and tissues also needs to maintain
their bioactivity [5]. However, organisms are easily damaged
during freezing with the following two types of injury: osmotic
injury and mechanical injury, as shown in Figure 1. Osmotic
injury is caused by the freezing of the extracellular solution,
leading to increases in the concentrations of the solutes. Subsequently, the cells are damaged by osmotic dehydration.
Mechanical injury refers to the puncture damage of cells by
sharp ice crystals [6]. During thawing, small ice crystals disap-

pear while large ones grow, namely, ice recrystallization,
which is consistent with Ostwald ripening. Large ice crystals
formed by ice recrystallization can cause severe, even fatal,
mechanical injury to cells [7]. These two kinds of injuries
restrict the development of cryopreservation.
In order to restrict osmotic injury and mechanical injury,
researchers are committed to developing cryoprotectants
(CPAs) for cryopreservation processes. CPAs are a class of
agents that can prevent or reduce damage from freezing
and/or thawing. The earliest CPAs came from the special
proteins, namely, antifreeze proteins (AFPs), in polar ﬁshes
that allowed them to survive in the extreme cold conditions
of subzero temperatures [8]. Later, diﬀerent AFPs have been
found in insects [9, 10], bacteria [11], plants [12], and so
forth. In recent years with revelation of the antifreeze mechanisms, some antifreeze proteins have also been called ice-
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Figure 1: Schematic diagram of osmotic injury and mechanical injury to cells.

binding proteins (IBPs) or ice structure proteins (ISPs) in
line with their molecular interactions with ice. For the convenience of expression, this article still refers to these proteins
as AFPs.
According to the material characteristics, the CPAs are
either impermeable or permeable to cell membranes. Permeable CPAs are mostly small molecules, such as dimethyl sulfoxide (DMSO) [13] and proline [14], which can penetrate
into cells and prevent cells from low-temperature injuries
during cryopreservation. Impermeable CPAs include AFPs,
polyvinyl alcohol (PVA) [15], polyampholytes [16],
graphene oxide [17], and so forth. These types of CPAs work
outside the cells, structuring the ice shapes to lower the lowtemperature damage. Although the mechanism of permeable
and impermeable CPAs is diﬀerent, both the two types of
CPAs have good cryopreservation ability and may be jointly
used in many cases.
AFPs have been widely used in many ﬁelds but still can
hardly achieve perfect cryopreservation [18]. More CPAs
have been found, modiﬁed or synthesized in recent decades
to improve cryopreservation. In this paper, the representative
and popular CPAs of these two types (permeable and impermeable) are selected. Their properties, functions, and mechanisms are introduced in detail in the following sections
(brieﬂy listed in Table 1). The work also presents the methods
to determine if a substance has a cryoprotective eﬀect, the
applications of the CPAs, and the methods to improve the
activity of CPAs. Based on current ﬁndings and discussion,
future directions in cryopreservation are proposed.

2. Impermeable CPAs
2.1. Antifreeze Protein (AFP). AFPs can signiﬁcantly reduce
the freezing point of a solution, whereas most AFPs have
no eﬀect on the melting point. The phenomenon of keeping
the freezing point below the melting point, namely, thermal
hysteresis (TH), is achieved by adsorption of AFP molecules
on the ice-forming surface curvatures [18]. Under the Kelvin
eﬀect, thermodynamically, it is more diﬃcult for H2O molecules to bind to a curved surface than a ﬂat one, thus leading
to thermal hysteresis [20]. With thermal hysteresis, organisms will not freeze at temperatures slightly below 0°C, where
freezing damage is avoided. Another property of AFP is ice
recrystallization inhibition (IRI). AFP can inhibit the forma-

tion of large ice crystals by recrystallization of small ice crystals, where the large crystals can puncture cells and are lethal
to organisms.
The mechanism of ice recrystallization is related to
Ostwald ripening, where the diﬀusion of free H2O molecules
between ice crystals plays a key role in ice recrystallization.
AFP adsorbed on the ice surface can restrain the H2O diﬀusion, thus inhibiting ice recrystallization [21]. IRI increases
the freezing tolerance of organisms, where only small ice
crystals exist. Some reports have claimed that many types
of macromolecules have IRI activity, whereas only AFPs have
the TH property [22]. When AFP has been added to a
sample, the formed ice crystals are very small due to the IRI
activity. These small ice crystals, however, can integrate to
form large aggregation and fuse if the curved parts of two
ice crystals get too close to each other. Since the system
becomes less stable with the growth of curved ice, the ice
crystals may eventually become a network structure to make
the system stable [23].
There are three proposed mechanisms for the AFP
adsorption on ice surfaces. The ﬁrst hypothesis is the formation of hydrogen bonding [17], where the hydroxyls on the
AFP ﬁrst attach to the ice surface forming several hydrogen
bonds. Subsequently, the hydroxyls occupy the sites of
oxygen atoms on the ice leading to the formation of more
hydrogen bonds. The second hypothesis is with regard to
the hydrophobic eﬀect. The conﬁned water molecules around
hydrophobic areas of AFP can diﬀuse away from the hydrophobic areas, driving AFP-binding to ice with entropy
increasing. The third mechanism is called anchored clathrate
hypothesis, where there will be ice-like clathrate waters
around the ice-binding site (IBS) of AFP [24]. The ice-like
clathrate waters have similar physical properties like the quasiliquid water layers on the ice surface. The ice-like clathrate
layer and the quasiliquid layer would merge during freezing,
binding AFP to ice [20].
The antifreeze property of AFP is also related to the cell
culture and the location (intracellular or extracellular) of
AFP. Tomas et al. [25] studied the location eﬀect of AFP on
cell suspension and monolayer cryopreservation. The result
showed that in cell suspension cryopreservation, neither
intracellular nor extracellular AFP had a signiﬁcant eﬀect
on the cell recovery. In the study of monolayer cryopreservation, intracellular AFP increased the cell recovery at a low
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Table 1: Structure, mechanism, and applications of typical CPAs.

Types of CPA

Structure

AFPa

OH

PVA
n

Impermeable
CPAs

Mechanism

Application

Strong, irreversible binding to ice surfaces
and causing the ice surface to bend, lowering
the freezing point and inhibiting ice
recrystallization

Food, agriculture,
cryomedicine

Week, reversible adsorption with ice surface,
and it can inhibit ice recrystallization,
generally cannot lower freezing point

Couse with other
CPAs

Protecting cell membranes

A variety of cells

Binding to ice in the form of hydrogen bond
and inhibits ice recrystallization

Sperm cells

Diﬀusing through membranes, reducing
dehydration of cells during freezing

A variety of cells
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O
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Permeable
CPAs

O

Proline

OH
NH

A variety of cells,
Diﬀusing through membranes, reducing
and living organisms
dehydration, breaking hydrogen bonds
between ice crystals, reducing the formation such as fruit ﬂies and
ants
of large ice crystals

The simple schematic of snow ﬂea antifreeze protein structure [10]. bThe structure refers to COOH-PLL [19].

a

DMSO concentration while extracellular AFP increased the
cell recovery at a high DMSO concentration.
Just as every coin has two sides, AFP has some disadvantages. Some AFPs have been reported with cytotoxicity to
human embryonic liver (2 mg/mL of AFP) and embryonic
kidney cells (0.63 mg/mL of AFP) [18, 26]. The problem
may be solved using artiﬁcially synthesized AFPs instead of
natural ones to avoid potential immunogenicity and toxicity
concerns. In addition, when high concentrations of AFP are
used, the shape of the extracellular ice will change from dendritic to sharp bipyramidal, puncturing cell membranes [27].
2.2. Polyvinyl Alcohol (PVA). PVA has been proven to be an
eﬀective macromolecular CPA, mainly through the IRI cryoprotective eﬀect. Contrary to the strong, irreversible adsorp-

tion of AFP, the interaction between PVA and ice is weak and
reversible. The PVA in solution that adsorbed on ice may be
less than 9% [28]. When the concentration of PVA is only
5 × 10−7 mol/L, it can still eﬀectively inhibit ice recrystallization [29]. The IRI activity of PVA is proportional to the
concentration and molecular weight. PVA with a very small
molecular weight has almost no IRI activity. Vail et al. [30]
proved that the critical degree of polymerization of PVA with
IRI activity was 12. If PVA shows IRI activity with the degree
of polymerization lower than 12, the reason can be related to
its high polymer dispersity index (PDI), where the sample
contained a small amount of highly polymerized PVA. In
another study, when the PVA with a degree of polymerization of 10 is terminated with catechol, the star-shaped polymer can be formed under the trigger of Fe3+ where the IRI
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activity switches on [31]. The complete structure of PVA is
crucial to its IRI activity [32]. The IRI activity decreases by
adding hydrophobic or hydrophilic groups to PVA because
the added groups on the PVA chain destroy its precise
hydroxyl arrangement for ice binding. Even if the arrangement of hydroxyls is not signiﬁcantly aﬀected, simply
increasing the hydrophobicity also results in less activity. It
is inconsistent with the prediction that the hydrophobicity
improves the IRI activity [33]. Within a certain range, the
IRI activity of PVA is positively correlated with pH of the
solution but does not rely on the types of positive and negative ions [28]. Although the reason for this phenomenon has
not been studied, the pH must aﬀect the physiochemical
characteristics of hydrogen bonds [34] and ice surface [35].
The IRI activity of PVA owes to its precisely arranged
hydroxyls, which can be paired with the ice surface. So
PVA can be adsorbed on the ice surface through hydrogen
bonds. In contrast, although polyols have multiple hydroxyls,
their IRI activity is very weak since there is no precise
hydroxyl structure for ice binding [36]. Regarding this ﬁnding, some polymers have been synthesized with similar structures (arrangement of hydroxyls) to PVA, such as the linear
polyglycerol [28].
2.3. Polyampholyte. Polyampholytes are emerging CPAs with
balanced anion and cation side chains [37]. Matsumura and
Hyon [19] polymerized ε-poly-L-lysine (PLL) with succinic
anhydride to produce polymers with diﬀerent carboxylation
ratios (COOH-PLL). They found that COOH-PLL with a
ratio of carboxylation at 0.65 and a concentration of
7.5%wt had the optimal cryoprotective activity. By using it
at the optimal conditions, the viability of the postthaw cells
exceeded 90% (better than using 10% DMSO). Subsequently,
COOH-PLL became a research hotspot in cryopreservation.
Fujikawa et al. [38] found that COOH-PLL was not toxic to
cells, and thawed cells could continue to survive in COOHPLL. To compare, when DMSO is used in cryopreservation,
it must be removed immediately after thawing to prevent
its toxicity from damaging cells. As shown in Table 2,
COOH-PLL has been applied for cryopreservation of human
mesenchymal stem cells (hBMSC) [39], islet cells [40], bull
semen [41], human induced pluripotent stem (iPS) cells
[42], and so forth. COOH-PLL can work solely or in combination with other CPAs.
Finding new polyampholytes as CPAs is also a research
hotspot. The poly(methyl vinyl ether-alt-maleic anhydride)
has been polymerized with dimethylaminoethanol to obtain
polyampholyte [5]. The carboxyl is the anionic group, and
the dimethylamino is the cationic group. This polyampholyte
can increase the cell recovery of monolayer cryopreservation
to 88% and can also greatly reduce the amount of DMSO
used in suspension cryopreservation. In order to further
explain the structure-activity relationship of polyampholytes,
Stubbs et al. [37] used 2-(dimethylamino)ethyl methacrylate
(MDEAMA) and methacrylic acid (MMA) as anion and
cation components. 120 polymers were obtained by highthroughput RAFT polymerization. Their cryopreservation
ability was measured by the red blood cell recovery after
freezing-thawing processes. The results showed that the poly-
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mer containing 4% ethyl methacrylate (HEMA) had the
highest cell recovery, while the polymer containing 10%
cyclohexyl methacrylate (CyMA) had the lowest cell recovery. It showed that simply increasing the hydrophobicity of
the polymer cannot improve the cryoprotective activity. In
contrast, the strong hydrophobic eﬀect of the cyclohexyl
methacrylate resulted in the weakest cryoprotective activity.
Unlike PVA and AFP, most polyampholytes have very
weak IRI activity. At present, the mechanism of action of
polyampholytes has not been fully understood. But it is
generally believed that polyampholytes can stabilize cell
membranes, thereby preventing cells from freezing-induced
damage [43].
2.4. Graphene Oxide (GO). Graphene oxide (GO) is a classic
two-dimensional material, and it has recently been found to
be suitable for cryopreservation [17]. After adding GO to
the sample for freezing, the rate of ice crystal growth
decreased signiﬁcantly. There are many precisely arranged
hydroxyls on GO. These hydroxyls can be adsorbed on the
ice surface through hydrogen bonds, bending the ice surface
and inhibiting the growth of ice. This is similar to the mechanism of AFP. GO also has good biocompatibility, which can
improve the activity of postthaw sperm cells. Some classic
materials may be tried for cryopreservation if they contain
a lot of hydroxyls.

3. Permeable CPAs
3.1. Dimethyl Sulfoxide (DMSO). DMSO is a classic permeable CPA and is the widely used CPA for cell cryopreservation [16]. DMSO, discovered in 1959, was found to have
good permeability to living cells, and it could protect frozen
red blood cells and bull sperm cells [44]. Subsequently,
Ashwoodsmith [45] found that DMSO could reduce the
freezing damage of mouse bone marrow cells at -79°C.
The postthaw cell ability to synthesize proteins and liposomes retained 50-60%. Stiﬀ et al. [46] combined DMSO
with hydroxyethyl starch (HES) in cryopreservation, which
could directly freeze cells at -80°C without the need for
programmed cooling.
DMSO can penetrate into cells and partially dehydrate
them, thereby reducing the damage to cells caused by ice.
Although DMSO is an eﬀective CPA for most cells, it is an
organic solvent with inherent toxicity that can cause apoptosis, developmental disorders, and impaired enzyme functions
[47, 48] and may induce abnormal diﬀerentiation of stem
cells [49]. After thawing, DMSO also needs to be quickly
washed and removed. This process may cause osmotic shocks
that signiﬁcantly damage cells [50]. In addition, DMSO is not
suitable for cell monolayer cryopreservation [25], since monolayer cells can be typically injured during the freezing [51].
Therefore, many researchers are looking for CPAs that can
reduce or replace the use of DMSO in cryopreservation.
3.2. Proline. Proline is an endogenous amino acid. Studies
have shown that proline is related to the freezing tolerance
of some plants. For example, genetically modiﬁed tobacco
with high proline productivity has improved freezing
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Table 2: Cryopreservation of various cells using COOH-PLL.

Types of cells
L929 cell
Bovine
ﬁbroblast cells
Bovine
cumulus cells
hBMSC
Islet cells
Bull semen
iPS cell

Optimum
concentration (%wt)

Ratio of
carboxylation

Viability
(%)

Viability of control group
(10%DMSO) (%)

Combination

Reference

7.5

0.65

>95

~80

None

[19]

5

0.65

96.5

~85

None

[38]

20

0.65

95.3

~90

None

[38]

7.5
20
0.75 (v/v)

0.65
None
None

>95
74
~80

~85
No report
No report

[39]
[40]
[41]

10

0.65

61.6

No report

None
30%wt ethylene glycol
5%v/v glycerol
0.75 M sucrose, 6.5 M
ethylene glycol

tolerance to cold environments [52]. Withers and King [53]
have discovered that proline can protect Zea mays L cells
showing a higher cell recovery after thawing, compared to
glycerol and DMSO. The mechanism is related to the molecular diﬀusion through cell membrane, where proline enters
into cells to counteract the osmotic injury caused by dehydration during the freezing process. In addition, proline can
break hydrogen bonds between ice structures to inhibit their
growth, reducing mechanical injury to cells from large ice
crystals [14]. The cryopreservation ability of proline for
various cells is shown in Table 3. Compared with DMSO,
proline is an endogenous, nontoxic compound with good
biocompatibility and may be suitable for cryopreservation
of food, cells, tissues, and organs [54].
Proline has also been used for the cryopreservation of
some living insects. Kostal et al. [55] added proline to the feed
of fruit ﬂy larvae. The proline intake increased the fruit ﬂy
larvae survival rate from 0.7% to 42.1% when cultured at
-5°C. It was believed that proline reduced protein unfolding
and cell membrane fusion, thus improving the survival rate
in cold environments. In another study, Dou et al. [56] fed
proline to Camponotus japonicus Mayr (insect) for 5 days.
When the insects were cooled to -26.66°C, their survival rate
was over twice that of the control group. Metabolite analysis
showed that the proline content of Camponotus japonicus
Mayr was greatly increased, improving its freezing tolerance. These ﬁndings provide a theoretical and technical
basis for freezing more complex tissues, organs, and even
living organisms.

4. Characterization Methods
4.1. IRI Activity. IRI activity is an important index for CPAs’
performance. The most common method for measuring IRI
activity is the splat assay, where a small amount of CPAcontained solution is dropped onto an ultracold glass slide
and annealed at -8°C for ice recrystallization. The size of
the ice grains can be observed under a polarizing microscope
[57]. Another method to detect IRI activity is the sucrose sandwich assay, where the CPA is dissolved in a high concentration
sucrose solution, quickly frozen, and annealed at -6°C for a
period of time to observe the size of ice grains [58]. The size
of ice grains is inversely proportional to the IRI activity [36].

[42]

Table 3: Cryopreservation of various cells using proline.
Types of
Optimal
Viability
cells
concentration
(%)
Zea
mays L
cell
SRBC
GLG-82
LTP-a-2
3T3
SMC
Mouse
oocyte

Viability of
control group
(%)

Reference

10%wt

~80

~0

[53]

4%wt
6%wt
8%wt
6%wt
6%wt

72
~85
~80
~80
~60

0
~20
~10
~20
~5

[14]
[14]
[14]
[14]
[14]

2 mol/L

94.7

88.4

[54]

The mean grain size (MGS) and the mean largest grain
size (MLGS) are used to quantitatively characterize the IRI
activity. MGS is the average area of all ice grains in the sample, and software may be used to automatically identify the
MGS [59]. Small MGS indicates a strong IRI activity. MLGS
is another indicator of the ice grain size. In early reports,
MLGS was considered to be the average area of the ten largest
ice grains in the ﬁeld of view [59]. More recently, MLGS was
considered to be the average length of the longest axis of the
ten largest ice grains [60]. The IRI activity of PVA and PBS
measured by splat assay is shown in Figure 2 (our original
data). Measuring MLGS is easier but less precise compared
with measuring MGS. These two methods have their own
advantages and can be used ﬂexibly in practice.
Ice recrystallization rate is the kinetic information for IRI
activity, and it is usually measured by a modiﬁed sucrose
sandwich assay [23, 28, 61]. The sample was cooled to
-50°C and anneal at -5~-10°C for 1 hour to recrystallize.
Microscopic photos are taken every 2 minutes to calculate
the cubic average radius of the ice grains. The average radius
of the cube was plotted against time, where the slope of the
ﬁtted straight line is the ice recrystallization rate constant
(K d ) [23, 61]. It is also possible to observe the growth of a single ice crystal and record the change of radius for this ice
crystal grain. This method may be more convenient but cause
less precise in K d [62]. The ice growth rate measured by the
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(b)

60
52.5

MLGS (𝜇m)

50
40
30
20

13.5

10
0
PBS

PVA
(c)

Figure 2: IRI activity measured by splat assay. (a) PBS and (b) 1 mg/mL PVA dissolved in PBS. (c) The MLGS of PVA and PBS. Ten largest ice
grains were chosen, and the lengths of their longest axis were measured to calculate the mean largest grain size (MLGS). MLGS is inversely
proportional to IRI activity. Scale bar = 20 μm (our original data).

sucrose sandwich assay is shown in Figure 3 (our original
data). Generally, a small K d indicates strong IRI activity.
The relationship between K d and CPA concentration can
be obtained by repeated tests, according to the LWS (Lifshitz-Slyozov-Wagner) theory where the plot of K d over
CPA concentration shows an S-shaped curve [61]. K d at the
inﬂection point of the S-shaped curve indicates the critical
eﬀective concentration of CPA [28].
Recently, X-ray diﬀraction (XRD) has been used in the
detection of IRI activity [63]. The number of ice orientations
is easy to obtain in XRD, and it is inversely proportional to
the ice grain size. The kinetic information of ice crystal
growth can also be obtained from the graph of the ice crystal
orientation change with time. Moreover, the size of ice
crystals can be measured in the test tube during freezing and
thawing to qualitatively determine the IRI activity [14]. Most
macromolecules may show IRI activity when the concentration is high enough. For instance, PEG does not have signiﬁcant interaction with the ice surface, but it shows obvious
IRI activity when its concentration reaches 100 mg/mL [36].
4.2. Thermal Hysteresis Activity. Thermal hysteresis (TH) is
the diﬀerence between the melting point and the freezing

point. The melting point is the temperature when solid and
liquid coexist, whereas the freezing point is the temperature
in which the number of ice crystals begins to explosively
increase. As mentioned above, it is generally believed that
only AFP has TH activity [22]. The classic method of measuring TH activity uses nanoliter osmometry, where the sample is quickly frozen in a nanoliter osmometry instrument
and then heated to obtain small ice crystals. Subsequently,
the sample is further cooled down at a very slow rate until
the explosive growth of ice crystals is observed under the
microscope. The temperature diﬀerence is TH for the two
processes [12]. However, this method is easily disturbed by
some factors, such as the rate of heating and cooling, resulting in poor reproducibility of experimental results [64].
Sonocrystallization can completely measure the cooling,
freezing, heating, and melting processes in one test and can
test TH activity by applying ultrasound to start the crystallization process of the AFP solution. This method clearly
obtains TH activity from the curve and has a high reproducibility of experimental results [65]. However, TH obtained by
sonocrystallization is diﬀerent from that obtained by nanoliter osmometry, possibly due to the diﬀerence in binding
mechanisms of AFP on ice surfaces regarding the ultrasound
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(b)

Radius of ice grain (𝜇m)

40
35
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PVA
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Figure 3: Ice growth rate measured by sucrose sandwich assay. (a) PBS and (b) 1 mg/mL PVA in PBS. (c) The change in radius of ice grain
against time. The slope is the K d which can indicate ice growth rate. Enough sucrose was added to all samples until the mass fraction reached
60%. Scale bar = 20 μm (our original data).

treatment [66]. Gold nanoparticle (AuNP) colorimetric
method can also test TH activity. This method is simple
and highly sensitive. The limit of detection is 100 times
higher than traditional methods [67]. DSC is an alternative,
stable, and reproducible method to measure TH activity.
The sample can be cooled to -30°C and heated to partially
melt, where the recorded temperature T h is the melting
point. With the sample being cooled again, the temperature
when the ice crystals start to explosively grow is the freezing
point T o . The diﬀerence between T o and T h indicates the TH
activity of this CPA. Multiple T h can be obtained for diﬀerent
ice fraction by DSC so that various TH values can be obtained
regarding diﬀerent operating conditions [68, 69].
4.3. Cell Activity. In a macrosensor, cells can survive after
freezing, and thawing is the key result for choosing CPA in
biological cryopreservation. Trypan blue exclusion can detect
the survival of postthaw cells, where dead cells are stained
while live cells are not. Both recovery and viability can be
used to characterize cell survival rates, using the following
equations:

Recovery =

Unstained cells
× 100%,
Total cells before freezing

Unstained cells
× 100%:
Viability =
Total cells in field of view

ð1Þ

In general, postthaw cells show higher viability values than
recovery values, as only considering cell viability may overestimate the eﬃciency of some CPAs [70]. Culturing time also
plays an important role in correctly measuring CPAs. The
cell densities at zero hour are much higher than after 24 h
culture [71, 72]. Ignoring cell recovery values and culturing
time may cause false results of positives.
There are also concerns about whether postthaw cells can
maintain their functions. The proliferation of cells can evaluate cell function. The postthaw cells are washed with PBS
solution and then cultured in a plate. Under a microscope,
the cell proliferation can be observed by counting the number
of cells in the well plate for 4 consecutive days. The observed
results comprehensively describe the function of postthaw
cells, which better indicate the performance of CPAs [14].
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Cryopreservation of red blood cells is a common method
to biologically test CPAs, where the hemolysis rate of red
blood cells is used to characterize the ability of CPAs. Typically, red blood cells are cooled with CPA in liquid nitrogen
and slowly thawed at room temperature to promote ice
recrystallization. After centrifugation, the supernatant is collected and measured for absorbance at 415 nm with a spectrophotometer. The red blood cells’ integrity rate can be
calculated according to the absorbance compared with that of
the control group [27]. Although cryopreservation of sperms
and eggs, stem cells, and other types of cells has also been used
to test CPAs, these methods are too complicated for the measurement of CPA performance from a material perspective.

5. Applications
5.1. Food. In the food industry, cryopreservation is often used
to extend the shelf life of products. The freezing and thawing
processes, however, cause irreversible damage to the tissue
and cells, aﬀecting the taste and nutrition of foods. Some classic CPAs such as DMSO and PVA are not suitable for food
cryopreservation due to their toxicity to humans. At present,
most of the CPAs used in food are AFPs. For instance, Du
et al. [73] added AFP to mirror carp. After multiple freezethaw cycles, the quality of mirror carp meat was signiﬁcantly
better than that of the control group. Kaleda et al. [23] used
AFP to improve the texture and taste (smoother) of ice
cream, where the shape of the ice cream relatively remains
unchanged during the melting process. Song et al. [4] applied
AFP in vegetables such as cucumbers, carrots, and zucchini.
The results showed that AFP signiﬁcantly improved the
freshness of these vegetables after thawing. Liu et al. [74]
added recombinant carrot antifreeze protein (rCaAFP) to
the frozen dough and found that rCaAFP maintained the fermentation capacity and microstructure of the frozen dough
during the freeze-thaw cycle, thus improving the taste and
texture of the bread. Yeh et al. [75] used recombinant antifreeze protein analogues (rAFP) in meat. The meat showed
less drip loss and protein loss and improved juiciness, after
freezing and thawing. Calderara et al. [76] found that AFP
could shorten the freezing and thawing time of pasta sauce,
which is very important for cost-reduction. Kong et al. [77]
synthesized antifreeze peptides based on natural AFP. They
found that the color, structure, texture, and total anthocyanin
and antioxidant content of the cherries treated with antifreeze peptides were retained, and the drip loss was reduced.
It is generally concluded that adding AFPs can improve the
ﬂavor and quality of frozen foods. But for people with protein
allergies, adding AFP to foods may have a potential risk [7].
The taste and freshness of frozen food can be improved
for the following reasons [78]. The IRI activity of AFPs can
change the size and growth direction of ice crystals, reducing
cell membrane damage, water loss, and protein oxidation,
Besides, the TH activity of AFPs can lower the freezing point
and reduce the growth of ice crystals inside the food, thus
avoiding protein denaturation [79].
5.2. Biology and Medicine. Living cells are the key to all kinds
of cell-based applications in modern medicine, such as drug
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development, cell therapy, and tissue engineering [80–82].
Cryopreservation is an eﬀective technique for long-term
preservation of various cells. As mentioned above, most
CPAs can improve the survival rate of postthaw cells. Some
of the CPAs also improve the bioactivity of germ cells. For
example, Prathalingam et al. [83] found that AFP orientated
frozen cells with ice crystals, resulting in increased sperm
osmotic resistance and improving the fertility of bovine
sperm. Younis et al. [84] treated Pan troglodytes sperm with
antifreeze peptides, where the sperm motility, plasma membrane integrity, and acrosome integrity were signiﬁcantly
increased after thawing.
Cryopreservation of tissues and organs is a higher level
for CPAs. The common problems include uneven heating
causing thermal stress in the process of rewarming, which
breaks the cellular interactions for tissues and organs [85].
Manuchehrabadi et al. [86] used radio frequency-excited
mesoporous silica-coated iron oxide nanoparticles to nanowarm porcine arteries previously vitriﬁed in VS55 (a CPA).
The nanowarming process made all parts of the tissue be
evenly rewarmed. Compared with fresh porcine arteries, the
rewarmed porcine arteries had no signiﬁcant change in the
biomechanical properties. Avoiding heterogeneous changes
in temperature lays the foundation for cryopreservation of
organs and organisms.
Some AFPs are used in cryosurgery which is a minimally
invasive surgical technique using a low temperature to
destroy bad tissues. When AFP is 10 mg/L, sharp needlelike ice crystals can be produced in cells at low temperatures,
destroying cancer cells [87, 88]. Flounder antifreeze peptide
can act as an adjuvant to improve the ablation eﬀect of Copenhagen rats in cryosurgery, which could enhance its eﬃciency
[89]. Additionally, low concentrations of AFP in cryosurgery
can reduce cryopreservation complications for viable tissues
[90]. These ﬁndings may promote the development of cryosurgery and provide new ideas for killing tumour cells.
5.3. Agriculture. Freeze restricts agricultural development in
cold conditions, such as in winter, at polar regions or high
altitudes. Statistically, the annual loss of agriculture due to
freeze exceeds billions of US dollars [91]. Solving the freezing
problem can greatly promote the development of agriculture.
The genetically modiﬁed crops that can express AFP have
been cultivated and have shown excellent freeze tolerance.
Zhu et al. [92] transferred the spruce budworm (C. fumiferana) AFP (sbwAFP) gene into Arabidopsis and placed them
at -20°C for 30 minutes. The result showed that most of the
wild-type Arabidopsis died, while the transgenic Arabidopsis
showed a higher survival rate. Moreover, the freezing tolerance
of AFP-transgenic wheat can be signiﬁcantly improved, where
the wheat can even survive at -7°C [93]. Tobacco that can
express sbwAFP also showed strong antifreeze activity [94].
AFP-transgenic animals showed great potential as well.
The Macrozoarces americanus AFP gene has been successfully expressed in goldﬁsh. When attacked by low temperature, AFP-transgenic goldﬁsh showed higher cold tolerance
[95]. Besides, the AFP gene in salmon can promote the release
of a growth hormone, making the transgenic salmon grow
much faster than the wild types [96]. These reports show that
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Table 4: The activity of diﬀerent AFP dimers. (The rectangles are AFP and the painted areas indicate IBS).
Dimer ﬁgures

Connection methods

Activity (relative to
monomer)

Reasons for increased
activity

C-terminal disulﬁde bond

1.2

Volume increased

Side by side with the inactivation of AFP

1.2

Volume increased

Side by side with active AFP

2

Eﬀective IBS doubled

AFP-transgenic plants and animals have great application
potential in agriculture. However, the current controversy of
genetically modiﬁed technology hinders the development.

6. Methods to Enhance CPA’s Performance
6.1. Combine with Other Substance. Combining CPAs with
other reagents is a common method to improve cryopreservation performance. Since the adsorption of PVA to ice is
reversible [29], there will be a lot of free PVA molecules in
the solution, awaiting to be absorbed and show IRI activity.
Ishibe et al. [21] found that although PEG in low concentrations had no IRI activity, it could provide a depletion force to
adsorb free PVA to ice so as to enhance the activity of PVA.
Other CPAs in colloidal form can also use polymers with
smaller molecular weight to improve their activity by the
depletion force. Highly hydroxylated block copolymer
worms have no cryopreservation activity, but they can
improve the activity of PVA [60]. When they are used synergistically, red blood cells can be eﬀectively cryopreserved
without adding any organic solvents.
Nian et al. [78] used herring antifreeze protein (hAFP)
with chitosan magnetic nanoparticles (CS@Fe3O4) to treat
red sea bream by vacuum impregnation. It could eﬀectively
reduce damage during freeze-thaw cycles and prevent protein and lipids from oxidizing. Cai et al. [97] further discovered that carboxymethyl chitosan magnetic nanoparticles
(CCMN) combined with AFP had good cryopreservation
on the myoﬁbrils of red sea bream and could delay protein
oxidation and inhibit the mechanical damage of cell membranes caused by ice crystals. Cheng et al. [98] developed
cold-responsive nanocapsules (CR-NCs) as carriers, which
could release trehalose into islet β cells. In this way, the postthaw islet β cells’ recovery is more than 85%.
The polycarboxylate can make AFP be more eﬀectively
adsorbed to the ice surface, forcing ice to grow only in more
curved parts [99]. Thus, polycarboxylate could enhance the
TH activity of AFP, and the number of carboxylates was
proportional to the activity. Moreover, the polyhydroxy compounds can form hydrogen bond networks with free water,

resulting in decreases in the eﬀective concentration of free
water combined with ice [100]. Therefore, polyhydroxy compounds can also eﬀectively enhance the activity of AFP. The
enhancement level is positively related to the number of
hydroxyls but has no relationship with the location of the
hydroxyls and the carbon chain structure.
6.2. Structural Modiﬁcation of CPAs. Modifying the structure
of CPAs signiﬁcantly aﬀects the material activity. For example, the general AFP enhancers (such as glycerol) lose their
eﬀect after modifying the arginine residues on the beetle
DAFP-1 by 1,2-cyclohexanedione [101]. When arginine
residues are restored by hydroxylamine, these AFP enhancers
can work again. This report indicates that arginine residues
are important groups on DAFP-1 that interact with
enhancers. There are 7 coils composed of amino acids in
the β-helix antifreeze protein (TmAFP) of wild beetles
[102]. After removing one coil through structural modiﬁcation, the TH activity of TmAFP is signiﬁcantly reduced.
When two coils are added to reach a nine-coil AFP, its TH
activity doubles and reaches its maximum value. When the
number of coils increased over ten, however, the TH activity
is relatively reduced possibly due to the incomplete match
between the ice-binding sites (IBS) and the ice lattice. As
reported by Xu [103], the rabbit polyclonal antibody can
combine with AFP to form an antibody-AFP complex. This
complex is 7 or 8 times larger than the AFP alone and can
occupy a larger surface area on the ice to increase the activity
of AFP. When two AFPs are connected side by side by a
peptide linker, the activity of this dimer doubles. However,
if the IBS in one AFP is inactivated, the activity of the dimer
is only 1.2 times more than the monomer. When two AFPs
are connected by a C-terminal disulﬁde bond, their IBS is
opposite to each other, so they cannot be adsorbed on the
ice surface at the same time. In this case, the dimer is also
1.2 times more active than the monomer. In conclusion, as
shown in Table 4, when two IBS can bind to the ice surface
at the same time, the activity can be doubled. Otherwise,
the activity of the dimer increases only because of the
increase in volume [104, 105].
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7. Conclusion and Prospect
The cryopreservation techniques have been widely applied in
scientiﬁc research, medicine, food, and other ﬁelds. In order
to reduce the damage of freezing, the uses of CPAs are necessary in many cases. There are two kinds of CPAs: permeable
and impermeable. Permeable CPAs are mostly small molecules, which can penetrate into cells during the cooling
process to reduce cell dehydration, thus protecting cells by
reducing osmotic damage. Impermeable CPAs are mostly
macromolecules, which do not enter cells but adsorb onto
the ice, inhibiting the growth of ice crystals and reducing
their mechanical damage to cells. In addition, AFP can lower
the freezing point to prevent organisms from freezing at low
temperatures. The activity of CPAs can be basically characterized by IRI activity, cell recovery/viability, and TH activity.
Studies on the cryopreservation mechanism of macromolecules such as PVA and GO indicate that the precisely
arranged hydroxyl structure is the key to cryopreservation
activity. This reminds us that other substances with precise
hydroxyl structures can also be used in cryopreservation.
Some substances without cryopreservation ability can
enhance the activity of CPAs by increasing the dispersion,
solubility, and adsorption. Finding existing materials to
explore their cryopreservation activity is an important
research direction in the near future. Compared to the development of new CPAs, this method requires less work and can
achieve good results. Satisfactory results may also be
obtained by modifying the structure of CPAs.
At present, there are the following research directions in
cryopreservation.
(1) Finding New CPAs. For instance, DMSO is toxic
whereas AFP produces needle-like ice crystals. It is
a research hotspot in cryopreservation to ﬁnd CPAs
that are cheap and eﬃcient and have no side eﬀects.
(2) Revealing the Mechanisms of CPAs. The interaction
between AFP and ice is still controversial, and the
mechanism of other CPAs also has not been fully
understood. The study of mechanisms can guide the
development and application of CPAs.
(3) Expanding the Applications of CPAs. At present,
CPAs are mainly used for the cryopreservation of
food, cells, and crops. In fact, CPAs can also be
applied to other ﬁelds that face freezing hazards, such
as aircraft turbines, cables, and road icing. There have
been some reports, and it may become a research
hotspot in the future [106, 107].
(4) Improving the Performance of CPAs. As discussed
above, combination and structural modiﬁcation can
improve the performance of CPAs. This is an easier
way rather than developing new CPAs, and it is
possible to achieve better results.
(5) Studying the Cryopreservation of Tissues, Organs, and
Living Organisms. Currently, CPAs have been mainly
used for cell cryopreservation. For tissues, organs,
and even living organisms, the situation is more com-

plicated and there are more aspects to consider. In
the future, it is believed that organs can be cryopreserved for a long time to solve the problem of transplantation, and cryonics will not only exist in
science ﬁction ﬁlms.
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