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has been widely used in livestock breeding, conservation, 
and aquaculture [3–6]. However, studies involving marine 
invertebrates are still limited and often focus on species of 
high economic value [7, 8]. Among these, the cryopreserva-
tion of sperm and larvae has been the most developed, as 
oocytes present complex physical and biochemical charac-
teristics [2, 9, 10]. There are many factors affecting success-
ful cryopreservation (Fig. 1). One of the main limitations is 
the risk of cryoinjury, caused by intracellular ice crystal for-
mation during low-temperature exposure, which can disrupt 
the cellular structures [11]. In early developmental stages 
of marine invertebrates, this cryosensitivity is often exacer-
bated by high lipid content, low permeability to cryoprotec-
tive agents (CPAs), and sensitivity to chemical exposure and 
chilling [12–17]. Other factors, such as pH fluctuations, and 
osmotic pressure, can also cause cryoinjuries and compro-
mise the success of cryopreservation [1, 16, 18]. The extent 
of these injuries varies due to the high diversity of marine 

Introduction

Cryopreservation is an innovative technique based on freez-
ing cells, tissues, and organs at cryogenic temperatures 
(−196 °C) [1, 2]. The goal is to preserve the cellular integrity 
of biological samples over the long term. Cryopreservation 
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Abstract
Cryopreservation is a promising biotechnological tool for the long-term conservation of marine invertebrates, yet its 
molecular impacts remain insufficiently understood. This review synthesizes current findings on how cryogenic procedures 
encompassing controlled slow-freezing, two-step freezing, and vitrification affect molecular structures in marine inver-
tebrates. Cryoinjury caused by intracellular ice formation and osmotic stress remains the primary challenge, especially 
in lipid-rich early developmental stages with limited membrane permeability to cryoprotective agents. DNA damage, 
including fragmentation and methylation pattern alteration, has been reported in mollusks and corals, while variations in 
lipid phase transition highlight membrane destabilization under cold exposure. Cryopreservation also perturbs mitochon-
drial activity, leading to adenosine triphosphate depletion and reactive oxygen species accumulation. Protein alterations 
include degradation, shifts in energy metabolism enzymes, and stress-induced upregulation of heat shock proteins such 
as HSP70 and HSP90. In parallel, reductions in RNA synthesis and transcriptional responses related to antioxidant and 
apoptotic regulation have been documented, demonstrating species-specific redox adaptations. Despite these challenges, 
evidence suggests that surviving cells may recover basal metabolic activity, underscoring the resilience of some taxa. 
Future studies should integrate molecular biomarkers including DNA integrity, lipidomics, proteomics, and transcriptomics 
to evaluate cryoinjury mechanisms and optimize species- and stage-specific cryopreservation protocols. Understanding 
these molecular consequences will enhance the reliability of cryopreservation as an ex situ conservation strategy for 
marine biodiversity.
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organisms, and optimal conditions may differ between spe-
cies or even between cell types of the same organism [19]. 
More specifically, cryopreservation can impact molecular 
components such as lipids, proteins, mRNA stability, and 
DNA integrity [20–23] (Fig. 2). Advancing this field requires 
elucidating how cryopreservation influences molecular 
and genetic processes during development, with particular 
attention to changes in gene expression, DNA integrity, and 
other biomarkers that may predict developmental success 
[24]. Analysing such indicators would provide valuable 
tools for monitoring embryo quality, guiding the optimiza-
tion of species- and stage-specific protocols, and ensuring 
the functional viability of preserved material [1].

DNA Damage During Cryopreservation of Marine 
Invertebrates

Cryopreservation can induce DNA damage, compromis-
ing chromosome integrity and altering the methylation pat-
terns, which are important indicators of cellular stress and 
apoptosis [23, 25, 26]. While such damage has been widely 
documented in mammals, it has been less studied in marine 
invertebrates [27, 28]. In mollusks such as Crassostrea 
gigas, increased DNA fragmentation and changes in meth-
ylation have been observed, particularly in trochophore 
larvae [29, 30]. These changes are associated with tran-
scriptional modulation of epigenetic regulators, including 
a general downregulation of Jumonji histone demethylase 
orthologs, an increased expression of DNA methyltransfer-
ases as DNMT3b, and altered expression of methyl-DNA 
binding domain (MBD) proteins like MBD2 and MeCP2, 
with MeCP2 being significantly downregulated following 
cryopreservation [30]. This particular sensitivity of early 

developmental stages has been confirmed in several stud-
ies [23, 31, 32]. From a functional perspective, metabolic 
studies have shown that although DNA synthesis may 
decrease, surviving cryopreserved cells can recover a basal 
activity similar to their original state [33–35]. Furthermore, 
increased DNA fragmentation has been shown to negatively 
correlate with sperm motility in various species, including 
Haliotis discus hannai and C. virginica, thereby affecting 
fertilization capacity and embryonic development [21, 36–
38]. Similar results have also been observed in vertebrate 
species (e.g., Oncorhynchus mykiss) [39]. Nevertheless, the 
mechanisms involved in vertebrates cannot be directly com-
pared to those of marine invertebrates, and species-specific 
studies are essential.

Lipid Analysis After Cryopreservation

The poikilothermic nature of marine invertebrates lim-
its their ability to adjust lipid composition in response to 
environmental fluctuations [20, 40]. For this reason, cryo-
preservation can induce specific changes in membrane lip-
ids, leading to their reorganization [17]. This phenomenon, 
known as membrane lipid phase transition, occurs when low 
temperatures cause lipids to shift from a liquid-crystalline 
state to a gel phase [20, 41]. This reduces membrane fluid-
ity and compromises its integrity, potentially causing leak-
age of intracellular contents or structural damage such as 
epithelial tissue disintegration [17, 20, 42–44]. Damage can 
also specifically affect polyunsaturated fatty acids (PUFAs) 
in the total lipid content [40]. Cryopreservation may reduce 
PUFA levels either through their direct loss due to stress or 
by increasing the relative concentration of saturated fatty 
acids [40, 45]. A possible adaptive response to cold stress 

Fig. 1  Main factors affecting cryopreservation outcomes in marine invertebrate. The figure organizes the potential factors affecting cryopreserva-
tion according to a scale, ranging from ambient temperature to the stages of freezing and thawing, including CPAs at different time periods
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is the increase in lysophosphatidylcholine (LPC) content, 
which may help enhance membrane fluidity [20]. Although 
an overall increase in this lipid class (neutral lipids as wax 
ester, sterol ester, triacylglycerol, cholesterol, and polar lip-
ids as phosphatidylethanolamine (PE), phosphatidylcholine 
(PC), LPC) has been observed in coral larvae of Pocillo-
pora verrucosa, resulting in higher cryotolerance compared 
to Seriatopora caliendrum larvae, both species showed lim-
ited homeoviscous adaptation, a key mechanism for coping 
with low temperatures [20, 46]. Several studies on corals 
and crustaceans have further demonstrated that membrane 
lipid composition, particularly the abundance of phospho-
lipid like PE, PC, and PUFAs, plays a critical role in cold 
tolerance, with higher lipids levels correlated with lower 
lipid phase transition temperatures and improved membrane 
fluidity [15, 32, 47–49]. The major lipid classes reported 
to influence membrane properties, chilling sensitivity, and 
cryopreservation outcomes in marine invertebrate embryos 
and larvae are summarized in Table  1. Additionally, later 
embryonic stages in some marine invertebrates, such as 
penaeid shrimp (Trachypenaeus byrdi) and coral shrimp 

(Stenopus hispidus), have shown increased resistance to 
chilling, possibly due to shifts in lipid composition through-
out development, with early stages being more lipid-rich but 
more sensitive to cold stress [44, 49, 50].

Impact of Low Temperature on Adenosine 
Triphosphate (ATP) and Reactive Oxygen Species 
(ROS)

Cryopreservation can significantly impair mitochondrial 
function in marine invertebrates, affecting cell vitality and 
embryonic cell quality [51]. The main role of mitochondria 
is to produce ATP, a key marker of an organism’s energetic 
state [52]. For this reason, studying mitochondrial DNA 
(mtDNA) can be useful for assessing sample quality, as it 
plays a critical role in efficient ATP production [26, 51, 53]. 
Previous studies have shown that exposure to cryoprotec-
tants can reduce ATP levels, possibly as a stress response 
to their toxicity (Echinopora spp.) [21, 52]. Similarly, high 
concentrations of cryoprotectants (e.g., 2–3 M methanol) 
in the scleractinian coral Echinopora have been shown to 

Fig. 2  Overview of the potential molecular damages associated with 
cryopreservation. The freezing process can lead to a variety of molecu-
lar dysregulation, from DNA fragmentation, gene expression alteration 
to membrane lipid phase transition. The normal mitochondrial func-

tion is also threatened, due to a possible decrease of ATP level, ROS 
overproduction or degradation of protein involved in mitochondrial 
energy metabolism
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drastically reduce mtDNA copy number, falling below the 
estimated threshold (<2,000,000 copies) necessary for nor-
mal embryonic development [51, 54]. However, in some 
cases, such as in Haliotis tuberculata, surviving cells were 
able to recover metabolic activity similar to fresh cells [34]. 
In addition, studies on Symbiodiniaceae have shown ele-
vated ATP levels in response to certain CPAs [55–58], which 
may reflect a protective mechanism under stress conditions. 
These observations are particularly relevant given the criti-
cal symbiotic association of Symbiodiniaceae with marine 
invertebrates, including corals and giant clams. Cryopreser-
vation is also known to generate reactive oxygen species 
(ROS), which damage mtDNA more readily than nuclear 
DNA [59, 60]. In the gametes and larvae of invertebrates, 
excessive ROS accumulation, often caused by temperature 
fluctuations during freezing and thawing, has been linked 
to lipid peroxidation, DNA damage, and reduced post-thaw 
viability [35, 61–64]. Although ROS at low concentrations 
have signaling functions, their excess leads to metabolic 
dysfunction [35, 65]. Not all species, however, appear to be 
equally affected; for example, Mytilus galloprovincialis and 
C. gigas showed minimal impact from ROS accumulation 
[35, 66].

Protein Alteration Following Cryopreservation

Cryopreservation can profoundly alter the protein profile of 
marine invertebrates, even in the absence of visible cellular 
damage or reduced fertilization rates [22]. In the oocytes 
of M. galloprovincialis and Perna canaliculus, the affected 
proteins were mainly involved in mitochondrial energy 
metabolism, suggesting increased metabolic activity and 
ROS production [22, 62, 67–69]. These changes may lead 
to delayed development and subsequent ultrastructural and 
functional damage. Moreover, exposure to certain CPAs 
such as dimethyl sulfoxide (DMSO) can modify specific 
protein types, including those associated with the cytoskel-
eton and meiotic resumption [22]. A study on C. angulata 
larvae reported an increase in protein degradation following 
cryopreservation, along with overexpression of heat shock 
protein 70 (HSP70), which plays a key role in cytoskele-
tal stabilization and apoptosis suppression [70–72]. Some 
marine invertebrates, indeed, express molecular chaperones 
constitutively, such as Heat shock protein Hsp90, Hsc70, 
Glucose regulated protein 78, and Hypoxia up-regulated 
1, which are involved in protein folding, stabilization, and 
degradation control [73–75]. In Sterechinus neumayeri, 
González et al. [75] demonstrated the constitutive expres-
sion of these heat shock proteins across various tissues, 
suggesting a cold-adapted cellular state that ensures protein 
homeostasis even under continuous thermal stress. In con-
trast to these findings, a study on dissociated mantle cells 

Table 1  Major lipid classes involved in chilling and cryopreservation 
sensitivity in marine invertebrate embryos and larvae
Lipid 
class

Devel-
opment 
stage

Low temperature 
effect

Proposed 
mechanism

Refer-
ences

Triacyl-
glycerols 
(TAG)

Embryos, 
larvae

High TAG con-
tent frequently 
associated 
with increased 
sensitivity to 
chilling and 
cryopreservation

Energy stor-
age for early 
development

Lin et al. 
[15]; Lin 
et al. [44]; 
Cirino et 
al. [20]

Wax 
esters 
(WE)

Embryos, 
larvae

Highly abun-
dant in early 
developmental 
stages; indirectly 
linked to chilling 
sensitivity

Long-term 
energy 
storage and 
buoyancy 
regulation

Lin et al. 
[15]; Lin 
et al. [44]; 
Cirino et 
al. [20]

Choles-
terol

Larvae Increased cho-
lesterol content 
associated with 
enhanced chill-
ing tolerance

Modulation 
of phos-
pholipid 
packing and 
stabilization 
of membrane 
fluidity at low 
temperatures

Cirino et 
al. [20]

Sterol 
esters 
(SE)

Larvae Higher SE 
content observed 
after chilling 
exposure

Intracellular 
sterol storage 
potentially 
supporting 
membrane 
remodeling 
during cold 
stress

Cirino et 
al. [20]

Phospha-
tidylcho-
line (PC)

Embryos, 
larvae

Higher PC con-
tent associated 
with lower mem-
brane melting 
and lipid phase 
transition

Maintenance 
of bilayer 
organization, 
influencing 
membrane 
fluidity

Lin et al. 
[44]; Lin 
et al. [48]; 
Cirino et 
al. [20]

Phospha-
tidyletha-
nolamine 
(PE)

Embryos Correlated with 
increased resis-
tance to chilling

Regulation 
of membrane 
surface 
viscosity, 
contribut-
ing to fluid 
membranes

Lin et al. 
[44]; Lin 
et al. [48]

Lyso-
phos-
phatidyl-
choline 
(LPC)

Larvae Increased fol-
lowing chilling 
exposure; 
associated with 
improved cold 
tolerance

Increase of 
membrane 
fluidity

Cirino et 
al. [20]

Polyun-
saturated 
fatty 
acids 
(PUFAs)

Embryos, 
larvae

Preferentially 
reduced after 
freezing–thaw-
ing; higher levels 
associated with 
improved chill-
ing resistance

Increase of 
membrane 
fluidity

Cook & 
Gabbott, 
[47]; Lin 
et al. [15]; 
Lin et 
al. [32]; 
Odintsova 
et al. [40]
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Molecular 
Component

Species Biomaterial Cryopreservation 
Method

Freezing component Reference

DNA Haliotis discus 
hannai

Sperm Two-step freezing 8% Me2SO, 8% EG, 6% PG, 2% GLY, and 
2% MeOH

Hossen et al. 
[21]

Crassostrea gigas Trochophore (18 h 
post-fertilization)

Controlled 
slow-freezing

10% EG + 5% Ficoll + 0.2% 
polyvinylpyrrolidone

Liu et al. [30]

H. tuberculata Mantle cells Two-step freezing 10% Me2SO, 10% GLY Poncet et al. 
[34]

Pecten maximus Heart cells Two-step freezing Me2SO 5, 10, 12, 15%, GLY 12, 15% Le Marrec-
Croq et al. [33]

C. virginica Gametes Controlled 
slow-freezing

0, 5, 10, 15, 20, and 25% PG/ 0.5 M Me2SO, 
1.75 M Me2SO, or 2 M Me2SO

Paniagua-
Chávez et al. 
[37]

LIPIDS Junceela fragilis, J. 
juncea and Ellisella 
robusta

Oocytes Chilling – Lin et al. [48]

Mytilus trossulus 
and Strongylocen-
trotus intermedius

Trochophore stage/ 
blastula stage

Two-step freezing Me2SO 6%, trehalose 15 mg/ml, MLE 
0.085–0.15% and antioxidants

Odintsova et 
al., [40]

Seriatopora calien-
drum and Pocillo-
pora verrucosa

Larvae Chilling 1 M PG, 1 M EG Cirino et al. 
[20]

P. maximus Heart cells Two-step freezing Me2SO 5, 10, 12, 15%, GLY 12, 15% Le Marrec-
Croq et al. [33]

ATP Symbiodiniaceae Clade D Two-step freezing 2 M PG Thongpoo et 
al. [26]

Junceella fragilis Clade G 
Symbiodinium

CPA toxicity 1, 2, 3, 4, and 5 M DMSO, Gly, EG, MeOH, 
PG

Lin et al. [56]

Exaiptasia diaphana Breviolum sp. Two-step freezing 2 M MeOH, 2 M PG Li et al. [58]
Echinopora spp. Oocytes CPA toxicity 0.25, 0.5, 2, 3, 4, and 5 M MEOH, DMSO, 

EG, PG
Tsai et al. [52]

Echinopora spp. Oocytes Chilling 0.5 M MeOH, 1 M MeOH or 2 M MeOH Tsai et al. [54]
ROS M. galloprovincialis Trochophore larvae Controlled 

slow-freezing
10% EG + 7.5%
Ficoll + 0.2% polyvinylpyrrolidone

Liu et al. [35]

C. gigas Trochophore larvae Controlled 
slow-freezing

10% EG + 5% Ficoll + 0.2% 
polyvinylpyrrolidone

Liu et al. [66]

PROTEIN M. galloprovincialis Oocytes Controlled 
slow-freezing

1.5 M DMSO or 1.5 M EG Blanco et al. 
[22]

H. tuberculata Mantle cells Two-step freezing 10% Me2SO, 10% GLY Poncet et al. 
[34]

Exaiptasia diaphana Breviolum sp. Two-step freezing 2 M MeOH, 2 M PG Li et al. [58]
C. angulata D-larvae Controlled 

slow-freezing
10% DMSO + 1% polyvinylpyrrolidone + 
0.2 M
Sucrose

Anjos et al. 
[72]

Table 2  Molecular evaluation following cryopreservation experiments
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according to developmental stage; the gastrula stage appears 
to be less tolerant to cold treatment compared to the blastula 
stage, showing lower RNA synthesis levels after thawing 
[82]. Cells respond to cryopreservation-induced stress by 
modulating the expression of protective genes, particularly 
those involved in oxidative stress and apoptosis. English 
and Storey [83] reported a upregulation of metallothionein 
(MT) gene expression in Littorina littorea exposed to both 
anoxia and freezing, suggesting a key role in neutralizing 
ROS generated during low-temperature stress. Several stud-
ies have reported changes in antioxidant enzyme activity 
(superoxide dismutase (SOD), catalase, glutathione peroxi-
dase (GPx), glutathione reductase) following cryopreserva-
tion, though results vary, ranging from decreased activity 
[64, 84], to increases [66], or even no change at all [35]. In 
C. angulata, for instance, cryopreservation led to a decrease 
in SOD levels, counterbalanced by increased GPx activity 
to reduce ROS accumulation [63]. These findings suggest 
that redox responses are species-specific and depend on 
both the cell type and the freezing protocol used [35, 85]. 
In marine larvae, high lipid reserves, although essential for 
development, also make them more vulnerable to oxidative 
stress [62, 66]. Therefore, the development of cryopreserva-
tion protocols must always be species-specific [11].

Cryopreservation techniques

Three are the principle techniques used in cryopreservation: 
controlled slow-freezing, two-step freezing (ultra-rapid 
freezing) and vitrification [86]. Slow-freezing is a con-
trolled process in which cells are gradually cooled below 
their freezing point, allowing water to exit the cell and thus 

of H. tuberculata exposed to 10% DMSO and glycerol 
reported no significant change in total protein content, sug-
gesting a limited toxic effect at these concentrations [34]. 
Although not directly focused on protein content, a study 
on crustacean embryos showed that cold exposure and cryo-
protectant treatments modulate the expression of specific 
glycans [76]. In particular, the research focused on glycans 
that bind to lectin proteins, indicating that changes in glycan 
profiles may also reflect functional modifications in associ-
ated proteins. Recent studies indicate that cryopreservation 
can also significantly affect the molecular profiles in symbi-
otic dinoflagellates. Li et al. [58] reported changes in protein 
expression in Breviolum sp., while glycan-based analyses 
in B. psygmophilum revealed comparable signs of cryoin-
jury, reinforcing the value of molecular biomarkers to assess 
damage and improve preservation strategies [77].

RNA Synthesis Reduction Following 
Cryopreservation

Cryopreservation induces a reduction in RNA synthesis and 
expression in some marine invertebrate species; however, 
data on this topic remain limited. In the sperm of H. discus 
hannai, a marked decrease in mRNA levels of HSP70 and 
HSP90, associated with sperm motility and intracellular cal-
cium regulation, has been observed [21, 78–80]. Similarly, a 
reduction in mRNA levels of the ion channel regulating gene 
PKA-C, also involved in sperm motility, has been reported 
[21, 81]. In primary cell cultures of the mantle of H. tuber-
culata, mRNA synthesis, measured by [³H]uridine incor-
poration, was significantly reduced following freeze, thaw 
treatment [34]. In sea urchins as well, RNA synthesis varies 

Molecular 
Component

Species Biomaterial Cryopreservation 
Method

Freezing component Reference

RNA M. trossulus, 
Mizuchopecten yes-
soensis and S. nudus

Primary cell Two-step freezing 10% DMSO or/and trehalose (3-30 mg/ml) Odintsova et 
al., [82]

H. discus hannai Sperm Two-step freezing 8% Me2SO, 8% EG, 6% PG, 2% GLY, and 
2% MeOH

Hossen et al. 
[21]

H. tuberculata Mantle cells Two-step freezing 10% Me2SO, 10% GLY Poncet et al. 
[34]

H. discus hannai Sperm Two-step freezing 8% DMSO + 3% sucrose, 8% EG + 1% glu-
cose, 6% PG + 2% glucose, 2% GLY + 3% 
glucose and 2% MeOH + 4% trehalose

Hossen et al. 
[64]

C. angulata and 
Chamelea gallina

D-larvae Controlled 
slow-freezing

10% EG + 1% polyvinylpyrrolidone + 0.2 M 
sucrose or 10% MeOH + 1% polyvinylpyr-
rolidone + 0.2 M sucrose

Anjos et al. 
[63]

C. gigas Trochophore larvae Controlled 
slow-freezing

10% EG + 5% Ficoll + 0.2% 
polyvinylpyrrolidone

Liu et al. [66]

M. galloprovincialis Trochophore larvae Controlled 
slow-freezing

10% EG + 7.5%
Ficoll + 0.2% polyvinylpyrrolidone

Liu et al. [35]

Overview of the different development stages, cryopreservation techniques and relative CPA used
DMSO (Me2SO), Dimethyl sulfoxide; EG, Ethylene glycol; PG, Propylene glycol; GLY, glycerol; MeOH, methanol

Table 2  (continued) 

1 3

1700



Cell Biochemistry and Biophysics (2026) 84:1695–1704

analysis, F.B and P.T.; resources, C.L., Z.H.W. and S.T.; writing—
original draft preparation, F.B. and C.L.; writing—review and edit-
ing, Z.H.W, C.L. and S.T.; visualization, C.L. and S.T.; supervision, 
C.L. and Z.H.W. ; funding acquisition, C.L. All authors have read and 
agreed to the published version of the manuscript.

Funding  Coral Research and Development Accelerator Platform 
Foundation, CAP-2023-1391.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations

Conflict of interest  The authors declare no competing interests.

References

1.	 Narida, A., Tsai, S., Huang, C. Y., Wen, Z. H., & Lin, C. (2023). 
The effects of cryopreservation on the cell ultrastructure in 
aquatic organisms. Biopreservation and Biobanking, 21, 23–30. 
​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​9​​/​b​i​​o​.​2​0​2​1​.​0​1​3​2.

2.	 Campos, S., Troncoso, J., & Paredes, E. (2024). Ultrastructural 
examination of cryodamage in Paracentrotus lividus eggs during 
cryopreservation. Scientific Reports, 14, 1–10. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​4​-​5​7​9​0​5​-​2

3.	 Silva, A. R., Lima, G., Peixoto, G., & Souza, A. L. (2015). Cryo-
preservation in mammalian conservation biology: current appli-
cations and potential utility. Research and Reports in Biodiversity 
Studies, 2484, 1 ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​4​7​​/​r​r​​b​s​.​s​5​4​2​9​4.

4.	 Guo, J. H., & Weng, C. F. (2020). Current status and prospects of 
cryopreservation in aquatic crustaceans and other invertebrates. 
Journal of Crustacean Biology, 40, 343–350. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​9​3​​/​j​c​​b​i​o​l​/​r​u​a​a​0​3​4.

5.	 Khosla, K., Kangas, J., Liu, Y., Zhan, L., Daly, J., Hagedorn, M., 
& Bischof, J. (2020). Cryopreservation and laser nanowarming of 
zebrafish embryos followed by hatching and spawning. Advanced 
Biosystems, 4, e2000138 ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​d​​b​i​.​2​0​2​0​0​0​1​3​
8.

6.	 Liu, Y., Gluis, M., Miller-Ezzy, P., Qin, J., Han, J., Zhan, X., & 
Lo, X. (2020). Development of a programmable freezing tech-
nique on larval cryopreservation in Mytilus galloprovincialis. 
Aquaculture, 516, 734554 . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​q​u​​a​c​u​​l​t​u​r​​e​.​​
2​0​1​9​.​7​3​4​5​5​4

7.	 Paredes E. (2016) Biobanking of a marine invertebrate model 
organism: The sea urchin. Journal of Marine Science and Engi-
neering 4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​j​m​​s​e​4​0​1​0​0​0​7

8.	 Rodriguez-Riveiro, R., Heres, P., Troncoso, J., & Paredes, E. 
(2019). Long term survival of cryopreserved mussel larvae (Myti-
lus galloprovinciallis). Aquaculture, 512, 734326 . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​a​q​u​​a​c​u​​l​t​u​r​​e​.​​2​0​1​9​.​7​3​4​3​2​6

9.	 Lin, C., & Tsai, S. (2012). The effect of cryopreservation on DNA 
damage, gene expression and protein abundance in vertebrate. 
Italian Journal of Animal Science, 11, 119–122. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​4​​0​8​1​​/​i​j​​a​s​.​2​0​1​2​.​e​2​1.

10.	 Heres, P., Troncoso, J., & Paredes, E. (2021). Larval cryopreser-
vation as new management tool for threatened clam fisheries. Sci-
entific Reports, 11, 1–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​1​-​9​4​
1​9​7​-​2.

11.	 Lin, C., & Tsai, S. (2020). Fifteen years of coral cryopreservation. 
Platax, 17, 53–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​9​9​2​​6​/​p​​l​a​t​a​x​.​2​0​2​0​1​2.

12.	 Choi, Y. H., Jo, P. G., Kim, T., Bai, S., & Chang, Y. (2007). The 
Effects of Cryopreservation on Fine Structures of Pearl Oyster 

reducing intracellular ice formation [11]. This gradual dehy-
dration, achieved with low CPA concentrations and regu-
lated cooling rates, helps minimize cryoinjury [1]. Two-step 
freezing is considered a intermediate strategy between 
slow-freezing and vitrification, in which samples are first 
exposed to liquid nitrogen vapor (approximately –25 °C) 
to equilibrate cellular osmotic pressure and promote water 
efflux in the presence of CPAs [58]. Finally, they are trans-
ferred to cryogenic temperature of –196 °C for long-term 
storage [25]. This approach, avoid the use of a programma-
ble machines as in the slow-freezing and employs low CPA 
concentrations compared to vitrification [86]. Vitrification 
is a recent and promising cryopreservation technique that 
relies on the glass-like solidification of highly concentrated 
CPA solutions, thereby preventing ice crystal formation [11, 
87, 88]. This outcome is achieved through the combined use 
of an ultra-rapid cooling, and fast warming [89]. Since high 
CPA concentrations are toxic to cells, an equilibration step is 
typically required, in which samples are gradually exposed 
to increasing CPA concentrations prior to vitrification [87]. 
The molecular targets analyzed and the cryopreservation 
protocols applied are summarized in Table  2. Two-step 
freezing emerged as the most commonly used technique, 
followed by controlled slow-freezing, with DMSO and eth-
ylene glycol (EG) being the most frequently utilized CPAs 
for marine invertebrate, although their concentrations var-
ied depending on the species and sample type. Most studies 
were conducted on mussels across different developmental 
stages [90]. Research focusing on ATP assessment and lip-
ids profile mainly represents the works carried out on corals; 
however, no cryopreservation protocol has been conducted, 
and the studies focused on chilling and CPA toxicity.

Summary

Cryopreservation, although a valuable technique in the field 
of biological conservation, involves complex procedures 
(such as the addition/removal of CPAs, freezing, and thaw-
ing) that expose cells to extreme conditions. As a result, the 
structural and functional integrity of molecular constituents 
such as nucleic acids, proteins, lipids, and organelles like 
mitochondria may be compromised; in addition, cell growth 
can be delayed due to the slow reactivation of metabolism, 
which is inhibited by low temperatures. For this reason, it 
is crucial to analyse cellular biomolecules and their changes 
to better understand and improve post-thaw survival. How-
ever, cryopreservation protocols are not easily standardized, 
and it is important to adopt different approaches depending 
on the cell type and the species under investigation.

Author Contributions  Conceptualization, C.L., P.T. and S.T.; method-
ology, F.B, P.T. and F.W.K; validation, C.L., Z.H.W. and S.T.; formal 

1 3

1701

https://doi.org/10.1089/bio.2021.0132
https://doi.org/10.1038/s41598-024-57905-2
https://doi.org/10.1038/s41598-024-57905-2
https://doi.org/10.2147/rrbs.s54294
https://doi.org/10.1093/jcbiol/ruaa034
https://doi.org/10.1093/jcbiol/ruaa034
https://doi.org/10.1002/adbi.202000138
https://doi.org/10.1002/adbi.202000138
https://doi.org/10.1016/j.aquaculture.2019.734554
https://doi.org/10.1016/j.aquaculture.2019.734554
https://doi.org/10.3390/jmse4010007
https://doi.org/10.1016/j.aquaculture.2019.734326
https://doi.org/10.1016/j.aquaculture.2019.734326
https://doi.org/10.4081/ijas.2012.e21
https://doi.org/10.4081/ijas.2012.e21
https://doi.org/10.1038/s41598-021-94197-2
https://doi.org/10.1038/s41598-021-94197-2
https://doi.org/10.29926/platax.202012


Cell Biochemistry and Biophysics (2026) 84:1695–1704

28.	 Suquet, M., Labbé, C., Puyo, S., Mingant, C., Quittet, B., Boulais, 
M., Queau, I., Ratiskol, D., Diss, B., & Haffray, P. (2014). Sur-
vival, growth and reproduction of cryopreserved larvae from a 
marine invertebrate, the Pacific oyster (Crassostrea gigas). PLoS 
ONE, 9, 1–6. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​9​3​4​8​6

29.	 Riviere, G., Wu, G. C., Fellous, A., Goux, D., Sourdaine, P., 
& Favrel, P. (2013). DNA Methylation Is Crucial for the Early 
Development in the Oyster C. gigas. Marine Biotechnology, 15, 
739–753. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​1​2​6​-​0​1​3​-​9​5​2​3​-​2

30.	 Liu, Y., Bao, L., Catalano, S. R., Zhu, X., & Li, X. (2023). The 
effects of larval cryopreservation on the epigenetics of the Pacific 
Oyster Crassostrea gigas. International Journal of Molecular 
Sciences, 24, 17262 . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​4​2​4​1​7​2​6​2

31.	 Gwo, J. C., & Lin, C. H. (1998). Preliminary experiments on 
the cryopreservatioh of penaeid shrimp (penaeus japonicus) 
embryos, nauplii and zoea. Theriogenology, 49, 1289–1299. 

32.	 Lin, C., Han, C. C., & Tsai, S. (2013). Effect of thermal injury 
on embryos of banded coral shrimp (Stenopus hispidus) under 
hypothermal conditions. Cryobiology, 66, 3–7. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​1​​2​.​0​5​.​0​0​5

33.	 Le Marrec-Croq, F., Fritayre, P., Chesné, C., Guillouzo, A., & 
Dorange, G. (1998). Cryopreservation of Pecten maximus heart 
cells. Cryobiology, 37, 200–206. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​c​r​​y​o​.​1​
9​9​8​.​2​1​1​3

34.	 Poncet, J. M., Serpentini, A., Boucaud-Camou, E., & Lebel, J. M. 
(2002). Cryopreservation of mantle dissociated cells from Hali-
otis tuberculata (Gastropoda) and postthawed primary cell cul-
tures. Cryobiology, 44, 38–45. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​1​1​-​2​2​
4​0​(​0​2​)​0​0​0​0​1​-​9.

35.	 Liu, Y., Catalano, S. R., Qin, J., Han, J., Zhan, X., & Li, X. (2021). 
Effects of cryopreservation on redox status and gene expression 
of trochophore larvae in Mytilus galloprovincialis. Journal of the 
World Aquaculture Society, 53, 516–526. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​
/​j​w​​a​s​.​1​2​8​5​5

36.	 Gwo J., Wu C., Chang W. P., Cheng H. (Crassostrea Gigas) Sper-
matozoa Before and After Cryopreservation Using Comet Assay 

37.	 Paniagua-Chávez, C. G., Jenkins, J., Segovia, M., & Tiersch, T. 
R. (2006). Assessment of gamete quality for the eastern oyster 
(Crassostrea virginica) by use of fluorescent dyes. Cryobiology, 
53, 128–138. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​0​​6​.​0​5​.​0​0​1

38.	 Alcay, S., Ustuner, B., Aktar, A., Mulkpinar, E., Duman, M., 
Akkasoglu, M., & Cetinkaya, M. (2020). Goat semen cryopreser-
vation with rainbow trout seminal plasma supplemented lecithin-
based extenders. Andrologia, 52, 3–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​a​n​​d​
.​1​3​5​5​5.

39.	 Cabrita, E., Robles, V., Rebordinos, L., Sarasquete, C., & Her-
ráez, M. P. (2005). Evaluation of DNA damage in rainbow trout 
(Oncorhynchus mykiss) and gilthead sea bream (Sparus aurata) 
cryopreserved sperm. Cryobiology, 50, 144–153. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​0​​4​.​1​2​.​0​0​3

40.	 Odintsova, N. A., Boroda, A. V., Velansky, P. V., & Kostetsky, E. 
Y. (2009). The fatty acid profile changes in marine invertebrate 
larval cells during cryopreservation. Cryobiology, 59, 335–343. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​0​​9​.​0​9​.​0​0​6.

41.	 Zhu, Y. C., & Cooper, R. L. (2018). Cold exposure effects on 
cardiac function and synaptic transmission at the neuromuscu-
lar junction in invertebrates. International Journal of Zoological 
Research, 14, 49–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​2​3​​/​i​j​​z​r​.​2​0​1​8​.​4​9​.​6​0.

42.	 Alvarez, J. G., & Bayard, T. S. (1993). Evidence that membrane 
stress contributes more than lipid peroxidation to sublethal cryo-
damage in cryopreserved human sperm: Glycerol and other poly-
ols as sole cryoprotectant. Journal of Andrology, 14, 199–209.

43.	 Arav, A., Zeron, Y., Leslie, S. B., Behboodi, E., Anderson, G. B., 
& Crowe, J. H. (1996). Phase transition temperature and chilling 
sensitivity of bovine oocytes. Cryobiology, 33, 589–599. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​c​r​​y​o​.​1​9​9​6​.​0​0​6​2.

(Pinctada fucata martensii) Larvae. Development & Reproduc-
tion, 11, 79–84. 

13.	 Paredes, E., & Bellas, J. (2009). Cryopreservation of sea urchin 
embryos (Paracentrotus lividus) applied to marine ecotoxicologi-
cal studies. Cryobiology, 59, 344–350. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​
.​​c​r​y​​o​b​i​​o​l​.​2​​0​0​​9​.​0​9​.​0​1​0

14.	 Tsai, S., & Lin, C. (2009). Effects of cryoprotectant on the 
embryos of banded coral shrimp (Stenopus hispidus); prelimi-
nary studies To establish freezing protocols. Cryo-Letters, 30, 
373–381. 

15.	 Lin, C., Wang, L. H., Fan, T. Y., & Kuo, F. W. (2012). Lipid con-
tent and composition during the oocyte development of two gor-
gonian coral species in relation to low temperature preservation. 
PLoS ONE, 7, 3–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​3​8​6​8​
9.

16.	 Tsai, S., & Lin, C. (2012). Advantages and applications of cryo-
preservation in fisheries science. Brazilian Archives of Biology 
and Technology, 55, 425–434. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​S​1​​5​1​6​​-​8​9​​
1​3​2​0​​1​2​​0​0​0​3​0​0​0​1​4.

17.	 Cirino, L., Tsai, S., Wang, L. H., Hsieh, W. C., Huang, C. L., 
Wen, Z. H., & Lin, C. (2022). Effects of cryopreservation on the 
ultrastructure of coral larvae. Coral Reefs, 41, 131–147. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​3​3​8​-​0​2​1​-​0​2​2​0​9​-​4.

18.	 Gao, D., & Critser, J. K. (2000). Mechanisms of cryoinjury in liv-
ing cells. ILAR journal / National Research Council, Institute of 
Laboratory Animal Resources, 41, 187–196. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​i​l​​a​r​.​4​1​.​4​.​1​8​7.

19.	 Mm C., Paredes E., Peleteiro M., Gambón F., Dios S., Gestal C. 
(2024) Cryopreservation Enables Long-Term Studies of Octopus 
vulgaris Hemocyte Immune Functions 

20.	 Cirino, L., Tsai, S., Wen, Z. H., Wang, L. H., Chen, H. K., Cheng, 
J. O., & Lin, C. (2021). Lipid profiling in chilled coral larvae. 
Cryobiology, 102, 56–67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​2​​1​
.​0​7​.​0​1​2.

21.	 Hossen, S., Sukhan, Z. P., Cho, Y., & Kho, K. H. (2021). Effects 
of cryopreservation on gene expression and post thaw sperm 
quality of pacific abalone, Haliotis discus hannai. Frontiers in 
Marine Science, 8, 1–16. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​m​​a​r​s​.​2​0​2​1​.​6​5​
2​3​9​0

22.	 Blanco S., Campos S., Reboreda P., Paredes E., Diz A. P. (2025) 
Comprehensive proteomic, structural and functional analysis of 
cryoprotectant effects on marine mussel oocytes

23.	 Chen, Y.-P., Hu, C.-C., Tsai, S., Wen, Z. H., & Lin, C. (2025). 
Identification of housekeeping gene for future studies exploring 
effects of cryopreservation on gene expression in shrimp. Scien-
tific Reports, 15, 1–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​5​-​9​5​2​5​
8​-​6.

24.	 Figueroa, E., Lee-Estévez, M., Valdebenito, I., Farías, J. G., & 
Romero, J. (2020). Potential biomarkers of DNA quality in cryo-
preserved fish sperm: impact on gene expression and embryonic 
development. Review in Aquaculture, 12, 382–391. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​1​1​1​​/​r​a​​q​.​1​2​3​2​3.

25.	 Chong G., Tsai S., Lin C. (2016) Cryopreservation and Its Molec-
ular Impacts on Microorganisms Cryopreservation and Its Molec-
ular Impacts on Microorganisms. 43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​9​8​2​​2​/​J​​F​
S​T​.​2​0​1​6​1​2

26.	 Thongpoo, P., Tsai, S., & Lin, C. (2019). Assessing the impacts 
of cryopreservation on the mitochondria of a thermotolerant 
Symbiodinium lineage: Implications for reef coral conservation. 
Cryobiology, 89, 96–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​1​​9​.​
0​5​.​0​1​1.

27.	 Smith, G. D., & Silva, C. A. S. E. (2004). Developmental conse-
quences of cryopreservation of mammalian oocytes and embryos. 
Reproductive Biomedicine Online, 9, 171–178. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​S​1​​4​7​2​-​6​4​8​3​(​1​0​)​6​2​1​2​6​-​8.

1 3

1702

https://doi.org/10.1371/journal.pone.0093486
https://doi.org/10.1007/s10126-013-9523-2
https://doi.org/10.3390/ijms242417262
https://doi.org/10.1016/j.cryobiol.2012.05.005
https://doi.org/10.1016/j.cryobiol.2012.05.005
https://doi.org/10.1006/cryo.1998.2113
https://doi.org/10.1006/cryo.1998.2113
https://doi.org/10.1016/S0011-2240(02)00001-9
https://doi.org/10.1016/S0011-2240(02)00001-9
https://doi.org/10.1111/jwas.12855
https://doi.org/10.1111/jwas.12855
https://doi.org/10.1016/j.cryobiol.2006.05.001
https://doi.org/10.1111/and.13555
https://doi.org/10.1111/and.13555
https://doi.org/10.1016/j.cryobiol.2004.12.003
https://doi.org/10.1016/j.cryobiol.2004.12.003
https://doi.org/10.1016/j.cryobiol.2009.09.006
https://doi.org/10.1016/j.cryobiol.2009.09.006
https://doi.org/10.3923/ijzr.2018.49.60
https://doi.org/10.1006/cryo.1996.0062
https://doi.org/10.1006/cryo.1996.0062
https://doi.org/10.1016/j.cryobiol.2009.09.010
https://doi.org/10.1016/j.cryobiol.2009.09.010
https://doi.org/10.1371/journal.pone.0038689
https://doi.org/10.1371/journal.pone.0038689
https://doi.org/10.1590/S1516-89132012000300014
https://doi.org/10.1590/S1516-89132012000300014
https://doi.org/10.1007/s00338-021-02209-4
https://doi.org/10.1007/s00338-021-02209-4
https://doi.org/10.1093/ilar.41.4.187
https://doi.org/10.1093/ilar.41.4.187
https://doi.org/10.1016/j.cryobiol.2021.07.012
https://doi.org/10.1016/j.cryobiol.2021.07.012
https://doi.org/10.3389/fmars.2021.652390
https://doi.org/10.3389/fmars.2021.652390
https://doi.org/10.1038/s41598-025-95258-6
https://doi.org/10.1038/s41598-025-95258-6
https://doi.org/10.1111/raq.12323
https://doi.org/10.1111/raq.12323
https://doi.org/10.29822/JFST.201612
https://doi.org/10.29822/JFST.201612
https://doi.org/10.1016/j.cryobiol.2019.05.011
https://doi.org/10.1016/j.cryobiol.2019.05.011
https://doi.org/10.1016/S1472-6483(10)62126-8
https://doi.org/10.1016/S1472-6483(10)62126-8


Cell Biochemistry and Biophysics (2026) 84:1695–1704

59.	 Yakes, F. M., & Van Houten, B. (1997). Mitochondrial DNA dam-
age is more extensive and persists longer than nuclear DNA dam-
age in human cells following oxidative stress. Proceedings of the 
National Academy of Sciences of the United States of America, 
94, 514–519. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​a​s​.​9​4​.​2​.​5​1​4.

60.	 Kopeika, J., Zhang, T., Rawson, D. M., & Elgar, G. (2005). Effect 
of cryopreservation on mitochondrial DNA of zebrafish (Danio 
rerio) blastomere cells. Mutation Research/Fundamental and 
Molecular Mechanisms of Mutagenesis, 570, 49–61. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​r​f​m​m​m​.​2​0​0​4​.​0​9​.​0​0​7

61.	 Qiu, J., Wang, W. N., Wang, L. J., Liu, Y. F., & Wang, A. L. 
(2011). Oxidative stress, DNA damage and osmolality in the 
Pacific white shrimp, Litopenaeus vannamei exposed to acute 
low temperature stress. Comparative Biochemistry and Physiol-
ogy Part C Toxicology & Pharmacology, 154, 36–41. . ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​b​p​c​.​2​0​1​1​.​0​2​.​0​0​7

62.	 Gale, S. L., Burritt, D. J., Tervit, H. R., Adams, S. L., & McGowan, 
L. T. (2014). An investigation of oxidative stress and antioxidant 
biomarkers during Greenshell mussel (Perna canaliculus) oocyte 
cryopreservation. Theriogenology, 82, 779–789. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​j​.​​t​h​e​​r​i​o​​g​e​n​o​​l​o​​g​y​.​2​0​1​4​.​0​5​.​0​3​0

63.	 Anjos, C., Duarte, D., Diogo, P., Matias, D., & Cabrita, E. (2022). 
Assessment of larval quality of two bivalve species, Crassostrea 
angulata and Chamelea gallina, exposed and cryopreserved with 
different cryoprotectant solutions. Cryobiology, 106, 24–31. . ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​2​​2​.​0​4​.​0​0​7

64.	 Hossen, S., Sukhan, Z. P., Cho, Y., Lee, W. K., & Kho, K. H. 
(2022). Antioxidant activity and oxidative stress‐oriented apopto-
sis pathway in saccharides supplemented cryopreserved sperm of 
Pacific Abalone, Haliotis discus hannai. Antioxidants, 11, 1303 . ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​n​​t​i​o​x​1​1​0​7​1​3​0​3

65.	 Tatone, C., Di Emidio, G., Vento, M., Ciriminna, R., & Artini, P. 
G. (2010). Cryopreservation and oxidative stress in reproductive 
cells. Gynecological Endocrinology, 26, 563–567. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​3​​1​0​9​​/​0​9​​5​1​3​5​9​1​0​0​3​6​8​6​3​9​5.

66.	 Liu, Y., Zhan, X., Catalano, S. R., Qin, J., Han, J., & Li, X. (2022). 
Investigation on redox status and gene expression related to larval 
cryopreservation in the Pacific oyster Crassostrea gigas. Fisher-
ies Science, 88, 377–386. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​5​6​2​-​0​2​2​-​0​
1​5​9​4​-​1

67.	 Hill, B. G., & Bhatnagar, A. (2009). Beyond reactive oxygen spe-
cies. Circulation Research, 105, 1044–1046. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​
6​1​​/​c​i​​r​c​r​​e​s​a​​h​a​.​1​​0​9​​.​2​0​9​7​9​1.

68.	 Yang, S., & Lian, G. (2020). ROS and diseases: Role in metabo-
lism and energy supply. Molecular and Cellular Biochemistry, 
467, 1–12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​0​1​0​-​0​1​9​-​0​3​6​6​7​-​9.

69.	 Shields, H. J., Traa, A., & Van Raamsdonk, J. M. (2021). Benefi-
cial and detrimental effects of reactive oxygen species on lifes-
pan: A comprehensive review of comparative and experimental 
studies. Frontiers in Cell and Developmental Biology, 9, 1–27. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​c​​e​l​l​.​2​0​2​1​.​6​2​8​1​5​7.

70.	 Zhang, G., Wang, J., Fang, X., Guo, X., Li, L., Luo, R., Xu, F., 
Yang, P., Zhang, L., Wang, X., Qi, H., Xiong, Z., Que, H., Xie, 
Y., Holland, P. W., Paps, J., Zhu, Y., Wu, F., Chen, Y., & Wang, 
J. (2012). The oyster genome reveals stress adaptation and com-
plexity of shell formation. Nature, 490, 49–54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​3​8​​/​n​a​​t​u​r​e​1​1​4​1​3.

71.	 Balogi, Z., Multhoff, G., Jensen, T. K., Lloyd-Evans, E., 
Yamashima, T., Jäättelä, M., Harwood, J. L., & Vígh, L. (2019). 
Hsp70 interactions with membrane lipids regulate cellular func-
tions in health and disease. Progress in Lipid Research, 74, 18–30. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​l​i​​p​r​e​​s​.​2​0​​1​9​​.​0​1​.​0​0​4.

72.	 Anjos, C., Duarte, D., Fatsini, E., Matias, D., & Cabrita, E. 
(2024). Comparative transcriptome analysis reveals molecular 
damage associated with cryopreservation in Crassostrea angulata 

44.	 Lin, C., Wang, L. H., Meng, P. J., Chen, C. S., & Tsai, S. (2013). 
Lipid content and composition of oocytes from five coral species: 
Potential implications for future cryopreservation efforts. PLoS 
ONE, 8, 2–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​5​7​8​2​3.

45.	 Cerolini, S., Maldjian, A., Pizzi, F., & Gliozzi, T. (2001). Changes 
in sperm quality and lipid composition during cryopreservation of 
boar semen. Reproduction (Cambridge, England), 121, 395–401. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​h​e​​r​i​o​​g​e​n​o​​l​o​​g​y​.​2​0​0​4​.​0​9​.​0​2​1.

46.	 Holmstrup, M., Bouvrais, H., Westh, P., Wang, C., Slotsbo, S., 
Waagner, D., Enggrob, K., & Ipsen, J. H. (2014). Lipophilic 
contaminants influence cold tolerance of invertebrates through 
changes in cell membrane fluidity. Environmental Science & 
Technology, 48, 9797–9803. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​e​s​​5​0​2​2​2​1​g.

47.	 Cook, P. A., & Gabbott, P. A. (1972). Seasonal changes in the bio-
chemical composition of the adult barnacle, Balanus balanoides, 
and the possible relationships between biochemical composition 
and cold-tolerance. Journal of the Marine Biological Association 
of the United Kingdom, 52, 805–825. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​
0​2​5​3​1​5​4​0​0​0​4​0​5​6​X

48.	 Lin, C., Kuo, F. W., Chavanich, S., & Viyakarn, V. (2014). Mem-
brane lipid phase transition behavior of oocytes from three gorgo-
nian corals in relation to chilling injury. PLoS ONE, 9, 1–6. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​9​2​8​1​2.

49.	 Wang, L. H., Huang, C. Y., Tsai, S., & Lin, C. (2015). Studies on 
lipid content and composition in banded coral shrimp (Stenopus 
hispidus) embryos. Journal of Crustacean Biology, 35, 622–626. 
. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​6​3​​/​1​9​​3​7​2​4​0​X​-​0​0​0​0​2​3​6​3

50.	 Alfaro, J., Muñoz, N., Vargas, M., & Komen, J. (2003). Induc-
tion of sperm activation in open and closed thelycum penaeoid 
shrimps. Aquaculture, 216, 371–381. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​
4​4​-​8​4​8​6​(​0​2​)​0​0​5​1​4​-​8.

51.	 Tsai, S., Jhuang, Y., Spikings, E., Sung, P. J., & Lin, C. (2014). 
Ultrastructural observations of the early and late stages of gor-
gonian coral (Junceella juncea) oocytes. Tissue & Cell, 46, 225–
232. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​i​c​e​.​2​0​1​4​.​0​5​.​0​0​2

52.	 Tsai, S., Spikings, E., Kuo, F. W., Lin, N. C., & Lin, C. (2010). 
Use of an adenosine triphosphate assay, and simultaneous stain-
ing with fluorescein diacetate and propidium iodide, to evaluate 
the effects of cryoprotectants on hard coral (Echinopora spp.) 
oocytes. Theriogenology, 73, 605–611. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​t​h​e​​r​i​o​​g​e​n​o​​l​o​​g​y​.​2​0​0​9​.​1​0​.​0​1​6

53.	 Spikings, E. C., Alderson, J., & St. John, J. C. (2006). Transmis-
sion of mitochondrial DNA following assisted reproduction and 
nuclear transfer. Human Reproduction Update, 12, 401–415. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​h​u​​m​u​p​d​/​d​m​l​0​1​1.

54.	 Tsai, S., Chen, J. C., Spikings, E., Li, J. J., & Lin, C. (2015). 
Degradation of mitochondrial DNA in cryoprotectant-treated 
hard coral (Echinopora spp.) oocytes. Mitochondrial DNA, 26, 
420–425. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​1​0​9​​/​1​9​​4​0​1​7​3​6​.​2​0​1​3​.​8​5​5​7​3​4

55.	 Chong, G., Tsai, S., Wang, L. H., Huang, C. Y., & Lin, C. (2016). 
Cryopreservation of the gorgonian endosymbiont Symbiodinium. 
Scientific Reports, 6, 1–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​r​​e​p​1​8​8​1​6.

56.	 Lin, C., Chong, G., Wang, L. H., Kuo, F. W., & Tsai, S. (2019). 
Use of luminometry and flow cytometry for evaluating the effects 
of cryoprotectants in the gorgonian coral endosymbiont Symbio-
dinium. Phycological Research, 67, 320–326. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​1​1​​/​p​r​​e​.​1​2​3​8​6.

57.	 Di Genio, S., Wang, L. H., Meng, P. J., Tsai, S., & Lin, C. (2021). 
Symbio-Cryobank: Toward the development of a cryogenic 
archive for the coral reef dinoflagellate symbiont symbiodini-
aceae. Biopreservation and Biobanking, 19, 91–93. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​8​9​​/​b​i​​o​.​2​0​2​0​.​0​0​7​1.

58.	 Li, H. H., Lu, J. L., Lo, H. E., Tsai, S., & Lin, C. (2021). Effect of 
cryopreservation on proteins from the ubiquitous marine dinofla-
gellate breviolum sp. (family symbiodiniaceae). Plants, 10, 1–15. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​l​​a​n​t​s​1​0​0​8​1​7​3​1.

1 3

1703

https://doi.org/10.1073/pnas.94.2.514
https://doi.org/10.1016/j.mrfmmm.2004.09.007
https://doi.org/10.1016/j.mrfmmm.2004.09.007
https://doi.org/10.1016/j.cbpc.2011.02.007
https://doi.org/10.1016/j.cbpc.2011.02.007
https://doi.org/10.1016/j.theriogenology.2014.05.030
https://doi.org/10.1016/j.theriogenology.2014.05.030
https://doi.org/10.1016/j.cryobiol.2022.04.007
https://doi.org/10.1016/j.cryobiol.2022.04.007
https://doi.org/10.3390/antiox11071303
https://doi.org/10.3390/antiox11071303
https://doi.org/10.3109/09513591003686395
https://doi.org/10.3109/09513591003686395
https://doi.org/10.1007/s12562-022-01594-1
https://doi.org/10.1007/s12562-022-01594-1
https://doi.org/10.1161/circresaha.109.209791
https://doi.org/10.1161/circresaha.109.209791
https://doi.org/10.1007/s11010-019-03667-9
https://doi.org/10.3389/fcell.2021.628157
https://doi.org/10.3389/fcell.2021.628157
https://doi.org/10.1038/nature11413
https://doi.org/10.1038/nature11413
https://doi.org/10.1016/j.plipres.2019.01.004
https://doi.org/10.1016/j.plipres.2019.01.004
https://doi.org/10.1371/journal.pone.0057823
https://doi.org/10.1016/j.theriogenology.2004.09.021
https://doi.org/10.1016/j.theriogenology.2004.09.021
https://doi.org/10.1021/es502221g
https://doi.org/10.1017/S002531540004056X
https://doi.org/10.1017/S002531540004056X
https://doi.org/10.1371/journal.pone.0092812
https://doi.org/10.1371/journal.pone.0092812
https://doi.org/10.1163/1937240X-00002363
https://doi.org/10.1016/S0044-8486(02)00514-8
https://doi.org/10.1016/S0044-8486(02)00514-8
https://doi.org/10.1016/j.tice.2014.05.002
https://doi.org/10.1016/j.theriogenology.2009.10.016
https://doi.org/10.1016/j.theriogenology.2009.10.016
https://doi.org/10.1093/humupd/dml011
https://doi.org/10.1093/humupd/dml011
https://doi.org/10.3109/19401736.2013.855734
https://doi.org/10.1038/srep18816
https://doi.org/10.1111/pre.12386
https://doi.org/10.1111/pre.12386
https://doi.org/10.1089/bio.2020.0071
https://doi.org/10.1089/bio.2020.0071
https://doi.org/10.3390/plants10081731
https://doi.org/10.3390/plants10081731


Cell Biochemistry and Biophysics (2026) 84:1695–1704

83.	 English TE, & Storey KB (2003) Freezing and anoxia stresses 
induce expression of metallothionein in the foot muscle and hepa-
topancreas of the marine gastropod Littorina littorea. The Journal 
of experimental biology, 206(Pt 14), 2517–2524. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​2​4​2​​/​j​e​​b​.​0​0​4​6​5 

84.	 Huang, X., Feng, G., Zhao, F., Liu, J., Zhang, T., Wang, Y., & 
Zhuang, P. (2016). Effects of vitrification protocol on the lac-
tate dehydrogenase and total atpase activities of Chinese mitten 
CRAB eriocheir sinensis embryos. Cryo-Letters, 37, 142–153.

85.	 Martínez-Páramo, S., Horváth, Á., Labbé, C., Zhang, T., Robles, 
V., Herráez, P., Suquet, M., Adams, S., Viveiros, A., Tiersch, T. 
R., & Cabrita, E. (2017). Cryobanking of aquatic species. Aqua-
culture, 472, 156–177. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​q​u​​a​c​u​​l​t​u​r​​e​.​​2​0​1​
6​.​0​5​.​0​4​2.

86.	 Abdelhafez, F. F., Desai, N., Abou-Setta, A. M., Falcone, T., & 
Goldfarb, J. (2010). Slow freezing, vitrification and ultra-rapid 
freezing of human embryos: A systematic review and meta-anal-
ysis. Reproductive Biomedicine Online, 20, 209–222. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​b​m​o​.​2​0​0​9​.​1​1​.​0​1​3.

87.	 Chong, G., Tsai, S., & Lin, C. (2016). Factors responsible for suc-
cessful cryopreservation of Algae. Journal of the Fisheries Soci-
ety of Taiwan, 43, 153–162. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​9​8​2​​2​/​J​​F​S​T​.​2​0​1​6​0​
9.

88.	 Narida, A., Tsai, S., Hsieh, W. C., Wen, Z. H., Wang, L. H., Huang, 
C. L., & Lin, C. (2023). First successful production of adult corals 
derived from cryopreserved larvae. Frontiers in Marine Science, 
10, 1–12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​m​​a​r​s​.​2​0​2​3​.​1​1​7​2​1​0​2.

89.	 Cirino, L., Wen, Z. H., Hsieh, K., Huang, C. L., Leong, Q. L., 
Wang, L. H., Chen, C. S., Daly, J., Tsai, S., & Lin, C. (2019). First 
instance of settlement by cryopreserved coral larvae in symbiotic 
association with dinoflagellates. Scientific Reports, 9, 1–8. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​1​9​-​5​5​3​7​4​-​6.

90.	 Narida A., Tsai S., Wen Z.-H., Meng P. J., Huang C. Y., Lin C. 
(2025) Frontiers in cryopreservation techniques for marine inver-
tebrate larvae. Invertebrate Biology 144. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​7​1​1​​​6​1​​
/​​i​​v​b​.​​​1​​4​4​​.​1​.​​​2​0​2​4​.​0​0​0​0​7

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

D-larvae rather than to cryoprotectant exposure. BMC Genomics, 
25, 1–13. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​8​6​4​-​0​2​4​-​1​0​4​7​3​-​1

73.	 Place S. P., Hofmann G. E. (2005) Comparison of Hsc70 ortho-
logs from polar and temperate notothenioid fishes: Differences 
in prevention of aggregation and refolding of denatured proteins. 
American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology 288. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​r​e​g​u​.​0​0​
6​6​0​.​2​0​0​4

74.	 Clark, M. S., Fraser, K. P. P., & Peck, L. S. (2008). Antarctic 
marine molluscs do have an HSP70 heat shock response. Cell 
Stress and Chaperones, 13, 39–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​1​9​
2​-​0​0​8​-​0​0​1​4​-​8.

75.	 González, K., Gaitán-Espitia, J., Font, A., Cárdenas, C. A., & 
González-Aravena, M. (2016). Expression pattern of heat shock 
proteins during acute thermal stress in the Antarctic sea urchin, 
Sterechinus neumayeri. Revista Chilena de Historia Natural, 89, 
1–9. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​4​​0​6​9​3​-​0​1​6​-​0​0​5​2​-​z

76.	 Loeslakwiboon K., Hsieh W. C., Huang C. L., Tsai S., Lin C. 
(2024) First cryorepository for coral larvae: safeguarding corals 
for future generations. Aquaculture Research 2024:. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​1​5​5​​/​2​0​​2​4​/​4​8​8​7​1​9​1

77.	 Binay, S., Li, H. H., Tsai, S., Saco, J. A., Wen, Z. H., & Lin, C. 
(2025). Effects of cryopreservation on the glycan profile of Sym-
biodiniaceae. Journal of Phycology, 61, 951–965. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​1​1​1​​/​j​p​​y​.​7​0​0​5​7.

78.	 Li, K., Xue, Y., Chen, A., Jiang, Y., Xie, H., Shi, Q., Zhang, S., & 
Ni, Y. (2014). Heat shock protein 90 has roles in intracellular cal-
cium homeostasis, protein tyrosine phosphorylation regulation, 
and progesterone-responsive sperm function in human sperm. 
PLoS ONE, 9, 1–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​1​1​5​8​
4​1.

79.	 Zhang, X. G., Hong, J. Y., Yan, G. J., Wang, Y. F., Li, Q. W., & 
Hu, J. H. (2015). Association of heat shock protein 70 with motil-
ity of frozen-thawed sperm in bulls. Czech Journal of Animal Sci-
ence, 60, 256–262. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​7​2​2​​1​/​8​​2​3​9​-​C​J​A​S.

80.	 Zhang, X. G., Hu, S., Han, C., Zhu, Q. C., Yan, G. J., & Hu, J. 
H. (2015). Association of heat shock protein 90 with motility of 
post-thawed sperm in bulls. Cryobiology, 70, 164–169. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​y​​o​b​i​​o​l​.​2​​0​1​​4​.​1​2​.​0​1​0.

81.	 Kong, N., Li, H., Yang, W., Fu, Q., Gong, C., Wang, L., & Song, 
L. (2020). The effects of protein kinase A catalytic subunit on 
sperm motility regulation in Pacific abalone Haliotis discus han-
nai. Aquaculture Research, 51, 2525–2534. . ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​
1​1​​/​a​r​​e​.​1​4​5​9​5

82.	 Odintsova, N., Kiselev, K., Sanina, N., & Kostetsky, E. (2001). 
Cryopreservation of primary cell cultures of marine invertebrates. 
Cryo-Letters, 22, 299–310.

1 3

1704

https://doi.org/10.1242/jeb.00465
https://doi.org/10.1242/jeb.00465
https://doi.org/10.1016/j.aquaculture.2016.05.042
https://doi.org/10.1016/j.aquaculture.2016.05.042
https://doi.org/10.1016/j.rbmo.2009.11.013
https://doi.org/10.1016/j.rbmo.2009.11.013
https://doi.org/10.29822/JFST.201609
https://doi.org/10.29822/JFST.201609
https://doi.org/10.3389/fmars.2023.1172102
https://doi.org/10.1038/s41598-019-55374-6
https://doi.org/10.1038/s41598-019-55374-6
https://doi.org/10.71161/ivb.144.1.2024.00007
https://doi.org/10.71161/ivb.144.1.2024.00007
https://doi.org/10.1186/s12864-024-10473-1
https://doi.org/10.1152/ajpregu.00660.2004
https://doi.org/10.1152/ajpregu.00660.2004
https://doi.org/10.1007/s12192-008-0014-8
https://doi.org/10.1007/s12192-008-0014-8
https://doi.org/10.1186/s40693-016-0052-z
https://doi.org/10.1155/2024/4887191
https://doi.org/10.1155/2024/4887191
https://doi.org/10.1111/jpy.70057
https://doi.org/10.1111/jpy.70057
https://doi.org/10.1371/journal.pone.0115841
https://doi.org/10.1371/journal.pone.0115841
https://doi.org/10.17221/8239-CJAS
https://doi.org/10.1016/j.cryobiol.2014.12.010
https://doi.org/10.1016/j.cryobiol.2014.12.010
https://doi.org/10.1111/are.14595
https://doi.org/10.1111/are.14595

	﻿Molecular Understanding of Cryopreservation of Marine Invertebrates: Achievements and New Perspectives
	﻿Abstract
	﻿Introduction
	﻿DNA Damage During Cryopreservation of Marine Invertebrates
	﻿Lipid Analysis After Cryopreservation
	﻿Impact of Low Temperature on Adenosine Triphosphate (ATP) and Reactive Oxygen Species (ROS)
	﻿Protein Alteration Following Cryopreservation
	﻿RNA Synthesis Reduction Following Cryopreservation
	﻿Cryopreservation techniques

	﻿Summary
	﻿References


