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REVIEW

Sperm cryopreservation: A review on current 
molecular cryobiology and advanced approaches
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KEY MESSAGE
Understanding the new aspects of sperm cryobiology, such as epigenetic and proteomic modulation, as well as novel 
techniques, is essential for clinical applications and the improvement of ART protocols. Long-term follow-up studies 
on the resultant offspring obtained from cryopreserved spermatozoa is recommended for future studies.

ABSTRACT
The cryopreservation of spermatozoa was introduced in the 1960s as a route to fertility preservation. Despite 
the extensive progress that has been made in this field, the biological and biochemical mechanisms involved 
in cryopreservation have not been thoroughly elucidated to date. Various factors during the freezing process, 
including sudden temperature changes, ice formation and osmotic stress, have been proposed as reasons for poor 
sperm quality post-thaw. Little is known regarding the new aspects of sperm cryobiology, such as epigenetic and 
proteomic modulation of sperm and trans-generational effects of sperm freezing. This article reviews recent reports 
on molecular and cellular modifications of spermatozoa during cryopreservation in order to collate the existing 
understanding in this field. The aim is to discuss current freezing techniques and novel strategies that have been 
developed for sperm protection against cryo-damage, as well as evaluating the probable effects of sperm freezing on 
offspring health.
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INTRODUCTION

The first record of semen 
cryopreservation dates back 
approximately 200 years, 
when Lazaro Spallanzani (1776) 

attempted to preserve spermatozoa 
by cooling it in snow (Royere et al., 
1996). Further scientific progress was 
made considerably later with Polge's 
discovery of glycerol's cryoprotectant 
properties (Polge et al., 1949). This 
advance marked a turning point in the 
field of fertility preservation. Since that 
advance, there have been considerable 
improvements in techniques for 
cryopreservation of semen of different 
species. The earliest offspring produced 
from cryopreserved spermatozoa were 
reported in 1951 (cow), 1953 (human), 
1957 (pig, horse) and 1967 (sheep) 
(Curry, 2000). Sperm cryobanks were 
developed in the 1960s for cattle and 
in the 1970s for humans (Sanger et al., 
1992). Today, artificial insemination of 
animals and human assisted reproductive 
technology routinely use cryopreserved 
semenatozoa (Kopeika et al., 2015; 
Yeste, 2016). However, despite numerous 
achievements in sperm cryobiology, the 
search continues for methods that can 
optimally recover viable spermatozoa 
after cryopreservation.

Sperm cryopreservation is an effective 
route to the management and 
preservation of male fertility in humans 
and domestic animals (Sharma, 2011). 
Cytotoxic treatments, such as 
chemotherapy and radiotherapy, as 
well as surgical treatments, may lead 
to testicular failure or ejaculatory 
dysfunction (Agarwal et al., 2014b; 
Rousset-Jablonski et al., 2016). In such 
situations, freezing of spermatozoa can 
be a suitable solution to preserve fertility; 
the frozen-thawed semen can be used 
for intrauterine insemination (IUI), IVF 
or intracytoplasmic sperm injection 
(ICSI) (Dohle, 2010). Cryopreservation 
is widely used to preserve spermatozoa 
obtained from azoospermic patients 
who have undergone testicular sperm 
extraction (Di Santo et al., 2012) and 
can also be routinely used in men who 
want to begin assisted reproduction 
treatment and have a back-up sperm 
source. Furthermore, cryopreservation 
facilitates the storage of donor semen, 
while infectious disease screening can 
be completed and confirmed negative 
(Anger et al., 2003). In animals, artificial 
insemination is an extensively employed 

technique that uses frozen-thawed 
spermatozoa to manage or accelerate 
the rate of genetic improvement (Flores 
et al., 2011; Masoudi et al., 2016) by 
inseminating select or multiple females, 
respectively, with the semen obtained 
from a male of desired genetic quality 
(Comizzoli, 2015).

BIOLOGY OF SPERM 
CRYOPRESERVATION

A complete understanding of sperm 
physiology during cryopreservation is 
mandatory to ensure maximum success. 
A key factor in sperm cryobiology is that 
they are small cells with a large surface 
area (John Morris et al., 2012; Morris, 
2006). These characteristics affect the 
viscosity and glass transition temperature 
of the intracellular cytosol in sperm cells, 
which makes them less susceptible to 
potential damage (Isachenko et al., 2003). 
In the absence of cryoprotective agents, 
cold shock and the induction of ice crystal 
formation can lead to the destruction of 
organelles in the sperm cells (AbdelHafez 
et al., 2009). This event may manifest 
in the oxidation of cellular compounds, 
as well as disruption and damage of 
cellular structures, such as the DNA, 
acrosome and plasma membrane, which 
ultimately reduces fertility (O'Connell 
et al., 2002). Reactive oxygen species 
(ROS) such as hydrogen peroxide (H2O2), 
superoxide anions (O2–) and hydroxyl 
radicals (OH–) may induce apoptosis, 
membrane lipid peroxidation, disruption 
of mitochondria and DNA damage 
(Bollwein et al., 2008). Conventionally, the 
concentration of cryoprotective agents, 
as well as membrane-stabilizing additives, 
is correlated with the rate and sensitivity 
of spermatozoa to sub-zero temperatures. 
The lipid composition of the sperm 
plasma membrane is a major factor that 
can influence the cryotolerance and cold 
sensitivity of spermatozoa. Differences 
in the fatty acid profile and omega-3/
omega-6 ratio in spermatozoa of different 
species results in different levels of 
cryotolerance (Esmaeili et al., 2015). 
Moreover, spermatozoa obtained from 
different species may be different in size, 
shape and lipid composition, potentially 
affecting their resistance to cryo-injuries 
(Esmaeili et al., 2015; Fattah et al., 2017; 
Maldjian et al., 2005). Pre-freezing semen 
quality parameters, such as sperm motility 
and the abstinence period of sperm 
donors, can also affect the cryosurvival 
rate of post-thaw sperm (Zhou et al., 
2014). Spermatozoa with abnormal 

motility traits (e.g. asthenozoospermic, 
oligoasthenozoospermic) are particularly 
susceptible to cryo-damage, possibly 
reducing their fertilizing ability (Borges 
et al., 2007). The following sections 
discuss the effects of freezing on the 
structures and macromolecules (proteins, 
transcriptome and epigenome) of 
spermatozoa, as well as the effects of 
cryopreservation on post-thaw sperm 
parameters.

ULTRASTRUCTURAL CHANGES 
OF SPERMATOZOA DURING 
FREEZING

Several studies have examined cryo-
damage in spermatozoa of different 
species (Ozkavukcu et al., 2008; Yeste, 
2016). Acrosome disintegration and 
partial removal of the outer acrosomal 
membrane with depletion of acrosomal 
content are common alterations that  
are attributed to physical freezing  
events (Barthelemy et al., 1990). 
These defects are probably attributable 
to ice crystal formation during the 
freezing of extracellular fluids, which 
results in expansion of the sub-
acrosomal region. Alternatively, osmotic 
changes may cause damage to the lipid 
membrane structure, leading to tension 
changes in water canal proteins and 
ionic leakage in plasma membranes 
and resulting in morphological changes 
(Sa-Ardrit et al., 2006). Interestingly, 
it has been shown that rapid freezing 
markedly reduced the ultrastructural 
changes and preserved the integrity 
of sperm heads compared with slow 
freezing (Serafini et al., 1986). Studies 
have shown that glycerol is preferable 
to dimethyl sulfoxide (DMSO) as a 
cryoprotectant to protect sperm 
structures (Oettle and Soley, 1986; 
Serafini et al., 1986).

Woolley and Richardson have observed 
that extenders containing glycerol 
and egg yolk improved the apical 
segment of the acrosome and circular 
mitochondria after thawing (Woolley and 
Richardson, 1978). Cytoskeleton proteins, 
such as vimentin and actin, are other 
sperm structures that may incur damage 
during freezing. Transmission electron 
microscopy (Harvey et al., 2013) of 
post-thaw spermatozoa showed an 
incremental increase in wrinkling of 
the plasmalemma and sub-acrosomal 
swelling, as well as loss of acrosomal 
content and the appearance of 
vesiculations (Ozkavukcu et al., 2008). 
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Post-thaw scanning electron microscopy 
has revealed an increase in the number 
of loose sperm head and tail defects. 
New nanoscopic techniques, such as 
scanning near-field optical microscopy 
(Andolfi et al., 2015), may help to 
elucidate the topographic images 
and subcellular structural details of 
spermatozoa without special staining 
or sample preparation, including the 
assessment of different cytoplasmic 
organs and the structure of the 
mitochondria (Di Santo et al., 2012).

PROTEOME, TRANSCRIPTOME 
AND EPIGENOME 
MODIFICATIONS OF POST-
THAWED SPERMATOZOA

The underlying mechanisms behind 
the effect of cryopreservation on 
sperm parameters are not completely 
understood. Genes and protein 
expression, mRNA stability and 
epigenetic content of spermatozoa are 
thought to be modulated during the 
freeze-thaw process. Cryopreservation 
can affect the expression of key genes 
(e.g. SNORD116/PWSAS and UBE3A) 

related to fertility potential (Valcarce 
et al., 2013b). Alterations in protein 
expressions in post-thawed boar 
spermatozoa have been verified by 
differences in the expression of 41 
proteins (Chen et al., 2014). Expression 
of AKAP3, superoxide dismutase 1 
(SOD1), TPI1 and ODF2 proteins have 
been shown to be increased in frozen-
thawed spermatozoa. It has also been 
reported that levels of heat shock 
protein 90 (HSP90), which plays a direct 
role in the motion characteristics of 
spermatozoa, significantly decreased after 
freezing-thawing (Huang et al., 2009). 
Proteomic analysis of normozoospermic 
spermatozoa showed significant changes 
in proteins such as mitochondrial 
aconitase hydratase (ACO2), OXCT1, 
tektin1 (TEKT1), alpha-enolase (ENO1), 
vimentin, and the level of tyrosine 
phosphorylation in frozen spermatozoa 
compared with the fresh state (Wang 
et al., 2014). These proteins are related 
to motility, viability and acrosomal 
integrity of spermatozoa. In another 
recent study, it was shown that levels 
of several quantifiable proteins, such 
as superoxide dismutase 1 (SOD1), 

peroxiredoxin 6 (PRDX6), isoform 2 of 
thioredoxin domain-containing protein 
2 (TXNDC2), glutathione S-transferase 
Mu 3 (GSTM3), NADH-cytochrome b5 
reductase 2 (CYB5R2), zona pellucida-
binding proteins 1 and 2 (ZPBP1 and 
ZPBP2), acrosin-binding protein (ACRBP), 
acrosome membrane-associated protein 
3 (SPACA3) and sperm equatorial 
segment protein 1 (SPESP1), decreased 
after cryopreservation, while those of 
other proteins, such as those of the 
annexin family (ANX1, ANX3 and ANX4), 
clusterin (CLU), importin-1b (KPNB1), 
histone H4 (HIST1H4A), tubulin-a1 A 
chain (TUBA1A) and sperm-associated 
antigen 17 (SPAG17), increased (Bogle 
et al., 2017). A recent study on chicken 
spermatozoa showed increases in 36 
proteins and reductions in 19 proteins 
after thawing compared with pre-
freezing. These proteins were related 
to sperm metabolism and the flagellum 
structure of spermatozoa (Cheng et al., 
2015). Proteins such as ACRBP, FN1, 
HSP90AA1 and VDAC2 are biomarkers 
that predict boar sperm resistance to 
cryopreservation. ENO1 and glucose-
6-phosphate isomerase (GPI) are 

FIGURE 1 A general overview of modification in protein, mRNA and genome of cryopreserved spermatozoa that may affect the paternal 
contribution and early embryo development.
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markers related to the quality of human 
spermatozoa before freezing (Jiang et al., 
2015).

Spermatozoa deliver paternal mRNA 
to the oocyte during fertilization 
(Harvey et al., 2013; Lalancette et 
al., 2008; Stoeckius et al., 2014) and 
thus play an important role in early 
embryo development (Jodar et al., 
2013). Furthermore, during the freezing 
process, transcripts and mRNA–protein 
interactions in spermatozoa can be lost, 
which may directly influence embryo 
development (Valcarce et al., 2013a). 
Correlations between sperm mRNA and 
early development have been reported in 
humans and several animals such as pig 
and murine research models (Avendano 
et al., 2009; Depa-Martynow et al., 
2007; Fang et al., 2014; Hwang et al., 
2013). Valcarce et al. (2013a) showed 
that cryopreservation decreased the 
expression of several key transcripts 
(PRM1, PRM2, PEG1/MEST and ADD1) 
related to human sperm fertility.

In a study by Riesco and Robles (2013), 
cryopreservation was observed to 
alter several transcripts (i.e. eif2s1 and 
lhcgr), while several others (i.e. human 
HOXB1 and ACTB) remained stable in 
spermatozoa. Transcript analysis of frozen 

boar spermatozoa showed that the 
transcripts B2M, BLM, HPRT1, PGK1, S18, 
SDHA, YWHAZ, PPIA, RPL4, DNMT3A, 
DNMT3B, JHDM2A, KAT8 and PRM1 
differed after cryopreservation (Zeng 
et al., 2014a). In the latter study, several 
micro-RNA (i.e. let-7c, ssc-miR-26a and 
ssc-miR-186) also underwent changes.

Recently, other studies have begun 
to explain certain of the epigenetic 
modifications that may occur in sperm 
cells during the freezing process. For 
instance, histone H1-DNA binding 
proteins and protein–DNA disulphide 
bonds are altered in boar spermatozoa 
after cryopreservation (Flores et al., 
2011). Zeng et al. (2014b) stated that 
epigenetic-related expression of genes 
such as DNMT3A, DNMT3B, JHDM2A, 
KAT8, PRM1, PRM2 and IGF2 may 
change after freezing. Higher methylation 
in the vasa and cxcr4b promoters have 
been observed in zebra fish spermatozoa, 
but there were no differences in DNA 
methylation after cryopreservation 
(Riesco and Robles, 2013). Another study 
reported that cryopreservation did not 
affect the DNA methylation pattern of 
human sperm genes, such as maternally 
imprinted LIT1, SNRPN and MEST, 
as well as paternally imprinted MEG3 
and H19 genes (Klaver et al., 2012). 

figure 1 shows a hypothetical overview of 
potential modifications that may be seen 
in proteins, mRNA and the genome of 
cryopreserved spermatozoa that could 
affect the paternal contribution to early 
embryo development.

SPERM PARAMETERS AFFECTED 
BY FREEZING

Motility, plasma membrane functionality, 
acrosome integrity and overall viability 
of spermatozoa post-thaw typically 
decreases in contrast to the pre-freeze 
state (Ozkavukcu et al., 2008). Nijs et al. 
(2009) reported that the percentage 
of motile spermatozoa decreased from 
50.6% to 30.3% after cryopreservation. 
However, the mechanism through 
which motility decreases has not 
been thoroughly elucidated to date. A 
strong correlation exists between the 
percentage of immotile spermatozoa 
and mitochondrial defects after thawing 
(Ozkavukcu et al., 2008). It has also 
been suggested that rapid changes in 
osmolarity and intracellular ice crystal 
formation in the cryopreservation 
process may lead to changes in 
membrane proteins and carbohydrate 
composition, which can disrupt 
membrane structures (Pedersen and 
Lebech, 1971) and reduce sperm viability.

FIGURE 2 A summary of production of reactive oxygen species (ROS) in cryopreserved sperm mitochondria that leads to reduced sperm quality. 
NADPH = dihydronicotinamide-adenine dinucleotide phosphate; NAD = nicotinamide adenine dinucleotide; O2° = superoxide; H2O2 = hydrogen 
peroxide; SOD = superoxide dismutase; ONOO = peroxynitrite; GPx = glutathione peroxidase; CAT = catalase.
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ROS production and lower antioxidant 
enzyme activity in spermatozoa 
induce apoptotic pathways that can 
lead to a reduction in sperm viability 
(Di Santo et al., 2012). DNA integrity is 
a concern during cell freezing because 
cryopreservation easily changes 
mitochondrial membrane properties and 

increases the production of ROS, which 
may subsequently result in the oxidation 
of DNA, producing high frequencies of 
single and double-strand DNA breaks 
(Said et al., 2010). Furthermore, defects 
in DNA repair enzymes have been 
reported as another reason for DNA 
damage after freezing (Bogle et al., 2017).

Another parameter affected by freezing 
is morphology (Donnelly et al., 2001), 
as an uncontrolled liquid influx into 
spermatozoa may change cellular 
osmolality and deform the membrane 
structure, consequently altering sperm 
morphology (O'Connell et al., 2002; 
Ozkavukcu et al., 2008). Loose head and 

TABLE 1 THE EFFECTS OF VARIOUS ANTIOXIDANTS ON FROZEN-THAWED SPERM QUALITY

Additives Species Improvement effects References

Vitamin E analogous Ram, bovine, human, boar Viability, LPO, motility, DNA integrity Azawi and Hussein (2013)

Hu et al. (2011)

Kalthur et al. (2011)

Satorre et al. (2012)

Jeong et al. (2009)

Minaei et al. (2012)

Nekoonam et al. (2016)

Glutathione Human, boar, deer LPO and DNA integrity Ghorbani et al. (2016)

Giaretta et al. (2015)

Varo-Ghiuru et al. (2015)

Wang and Dong (2017)

L-cysteine Boar, ram, human, buffalo Motility, acrosome integrity, viability, LPO Chanapiwat et al. (2009)

Kaeoket et al. (2010)

Topraggaleh et al. (2014)

Iqbal et al. (2016)

Noguchi et al. (2015)

Sharafi et al., (2015a)

Melatonin Ram, human Viability, motility, intracellular ATP concentrations, 
DNA integrity and fertilizing ability

Succu et al. (2011)

Karimfar et al. (2015)

L-carnitine Human, rooster, cat Motility, vitality, LPO, DNA integrity Banihani et al. (2014)

Zhang et al. (2016)

Fattah et al. (2017)

Manee-In et al. (2014)

Taurine, hypotaurine Human, buffalo Motility, viability and membrane integrity Brugnon et al. (2013)

Shiva Shankar Reddy et al. (2010)

Catalase Human, rooster, goat, bull Motility, vitality and DNA integrity Moubasher et al. (2013)

Moghbeli et al. (2016)

Shafiei et al. (2015)

Paudel et al. (2010)

Superoxide dismutase Human, ram, bull, goat Motility, vitality, LPO and ROS levels Bateni et al. (2014)

Santiani et al. (2014)

Olfati Karaji et al. (2014)

Shafiei et al. (2015)

Cholesterol-loaded  
cyclodextrins (CLC)

Goat, boar, rabbit Fertilizing ability, acrosome integrity  
and viability

Konyali et al. (2013)

Tomas et al. (2014)

Nishijima et al. (2014b)

LPO = lipid peroxidation; ROS = reactive oxygen species.
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tail defects, such as coiled and looped 
tails, are frequently observed following 
the freezing of spermatozoa.

It has been postulated that DNA changes 
in spermatozoa during cryopreservation 
may be caused by oxidative stress and 
apoptosis-inducing factors, which lead 
to disruption of nucleoprotein structure, 
disulphide bonds and the DNA–protamine 
complex (Johnston et al., 2012; Yeste et 
al., 2013). It has also been shown that 
spermatozoa with abnormal morphology 
are more sensitive to DNA damage during 
cryopreservation compared with those with 
normal morphology (Di Santo  
et al., 2012). Furthermore, the percentage 
of single-strand breaks in cryopreserved 
spermatozoa obtained from infertile men 
is higher than those obtained from fertile 
donors (Hammadeh et al., 1999). Single-
stranded DNA may be more susceptible 
to the denaturing stress of oxidation, as 
samples of in vitro cultured testicular 
spermatozoa with higher motility possess 
more double-stranded DNA (Emiliani et al., 
2001).

Conversely, other studies have 
indicated that cryopreservation does 
affect the stability of sperm DNA (Duru 
et al., 2001; Isachenko et al., 2004b; 
Paasch et al., 2004; Schuffner et al., 
2001). This discrepancy may be related 
to factors such as the freezing method 
or the method used for DNA integrity 
evaluation (TUNEL, SCSA, SCD, 
Comet neutral or Comet alkaline) (de 
Paula et al., 2006; Spano et al., 1999). 
For example, a significant increase in 
DNA fragmentation has been reported 
following solid surface vitrification 
(SSV) and rapid freezing techniques 
(Satirapod et al., 2012), whereas 
Isachenko et al. (2004a) observed no 
significant differences in DNA integrity 
following vitrification or rapid freeze 
techniques. figure 2 displays possible 
intercellular events in cryopreserved 
spermatozoa that may lead to a 
reduction of antioxidant capacity and 
sperm quality.

STRATEGIES AGAINST  
CRYO-INJURIES

For nearly 70 years, scientists have 
attempted to reduce the detrimental 
effects of cryopreservation on 
spermatozoa. In this regard, defensive 
and controllable offensive strategies have 
been proposed and are discussed in the 
following sections.

Defensive strategies
Defensive strategies are methods in 
which different supplements are added 
to freezing media to protect sperm cells 
against damage. These additives could be 
cryoprotectants, antioxidants, antifreeze 
proteins (AFP), fatty acids, animal serum, 
nanoparticles or plant essential oils.

Cryoprotectants
Cryopreservation-induced changes 
in carbohydrate composition may 
reduce the integrity of the sperm 
plasma membrane, subsequently 
affecting their fertilization potential (Di 
Santo et al., 2012; Parks and Graham, 
1992). Alterations in the content 
and location of proteins, such as ion 
channels, are another possible cause 
of impairment of membrane function 
after cryopreservation. Consequently, 
cryoprotectants are added to sperm 
freezing media to protect spermatozoa 
against the latter damage. The 
cryoprotective effect of cryodiluents 
against freezing damage acts through 
several mechanisms, such as decreasing 
the freezing point of intracellular and 
extracellular water (Royere et al., 
1996), penetrating and interacting with 
cytoplasmic components, as well as 
forming a protective layer around the 
membranes of spermatozoa. Generally, 
cryoprotectants are classified into two 
groups, permeable and non-permeable. 
Permeable cryoprotectants including 
glycerol, dimethyl sulfoxide (DMSO), 
dimethyl acetaldehyde, propylene glycol 
and ethylene glycol (Di Santo et al., 2012) 
pass through the plasma membrane 
and replace water in the sperm cell. 
Such cryoprotectants are toxic at 
higher concentrations and numerous 
reports have shown that sperm fertility 
potential is dramatically decreased in 
freezing medium supplemented with 
high concentrations of these permeable 
agents (Gilmore et al., 1997). However, 
non-permeable agents, such as raffinose, 
sucrose, egg yolk citrate, albumin, 
polyethylene glycol and polyvinyl 
pyrrolidone, are common additives 
that cannot pass through the plasma 
membrane but do provide protective 
characteristics (Di Santo et al., 2012). 
In recent years, novel cryoprotective 
supplements, such as soybean lecithin 
and low-density lipoprotein, have been 
evaluated in human and animal sperm 
freezing (Emamverdi et al., 2015). These 
new cryoadditives have lipid properties that 
can directly combat ROS (Chaudhari  
et al., 2015; Shahverdi et al., 2015).

Antioxidants
ROS generation and oxidative stress during 
the freezing process may lead to serious 
sperm damage (Anger et al., 2003). 
Numerous studies have recently shown 
that the addition of antioxidants to freezing 
extenders can neutralize ROS and improve 
post-thaw sperm function (Agarwal et 
al., 2014a; Zhang et al., 2012). While 
some antioxidants can improve post-thaw 
sperm quality, others lack these beneficial 
effects (Zhandi and Sharafi, 2015). Based 
on their chemical structure, antioxidants 
are divided into two categories, namely 
enzymatic and non-enzymatic. Enzymatic 
antioxidants include glutathione peroxidase 
(GPx), SOD and catalase. Non-enzymatic 
antioxidants consist of radical scavengers 
such as vitamin E (α-tocopherol), vitamin 
C (ascorbic acid), glutathione (GSH), 
taurine and cofactors such as selenium or 
zinc that are necessary for the function 
of antioxidant enzymes. These represent 
defence systems that can combat free 
radicals (Amidi et al., 2016; Moghbeli et al., 
2016; Sharafi  
et al., 2015a).

TABLE 1. characterizes the effects of 
various antioxidants used for the 
cryopreservation of spermatozoa of 
different species. Notable antioxidants 
include vitamin E, vitamin C, catalase, 
quercetin, pentoxifylline, genistein, biotin, 
butylated hydroxytoluene, resveratrol, 
honey, l-carnitine and nerve growth 
factor (Najafi et al., 2014; Saeednia et 
al., 2016; Shabani Nashtaei et al., 2017). 
Significant improvements in sperm 
parameters have been shown after 
supplementation of freezing media with 
these components. Further investigations 
are required to evaluate the clinical 
applications of antioxidants and the 
effect of combinations of antioxidant 
compounds in order to establish optimal 
conditions for semen cryopreservation 
technology.

Antifreeze proteins
Antifreeze proteins (AFP) and antifreeze 
glycoproteins (AFGP) are biological 
antifreeze agents found in numerous 
species that have adapted to extreme 
temperature conditions, such as 
polar fish, as well as some insects and 
plants (Cheung et al., 2017; Kim et al., 
2017). These components act through 
decreasing the freezing point, inhibiting 
ice crystal formation, and stabilizing 
phospholipids and unsaturated fatty acids 
of plasma membranes. It is believed that 
AFP and AFGP can help preserve the 
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integrity of cellular membranes during 
sperm freezing (Inglis et al., 2006). 
The possible beneficial effects of AFP 
for freezing human spermatozoa have 
not been elucidated in detail; however, 
these compounds have been found to 
significantly increase the motility and 
viability of ram, chimpanzee, mouse, 
fish and sea bream spermatozoa after 
freeze-thawing (Karanova et al., 2002; 
Koshimoto and Mazur, 2002; Payne  
et al., 1994; Younis et al., 1998; Zilli et al., 
2014). Both AFP and AFGP improved the 
osmotic resistance of bull spermatozoa 
during cryopreservation (Prathalingam  
et al., 2006), while AFPIII has increased 
the post-thaw motility and plasma 
membrane integrity of rabbit (Nishijima 
et al., 2014a) and buffalo spermatozoa 
(Qadeer et al., 2014, 2015) during 
freezing. Nonetheless, use of AFP as a 
cryopreservation additive for preserving 
spermatozoa from different species still 
needs to be further investigated.

Other defensive strategies
The use of magnetized water as a 
base solution of freezing media is an 
interesting suggestion in recent years. 
By passing water through a specially 
manufactured permanent magnet, water 
molecules are activated and ionized, 
changing them into a hexagonal structure 
with numerous hydrogen bonds and a 
high electron donor capacity (Cai et al., 
2009; Toledo et al., 2008). It has been 
suggested that freezing media composed 
of magnetized water may form smaller 
ice crystals during freezing (Cai et al., 
2009; Xu and Yu, 2008). A recent report 
stated that a magnetized extender 
could protect plasma, acrosomal and 
mitochondrial membranes of boar 
spermatozoa against cryopreservation-
induced damage (Lee and Park, 2015). 

Low-level laser irradiation (LLLI) is also 
a novel biophysics-based approach 
to improving the quality of post-thaw 
spermatozoa. It has been suggested 
that spermatozoa can absorb low-
power laser energy via respiratory chain 
components, such as cytochrome C 
oxidase (complex IV of the mitochondrial 
electron chain), that can modify 
various biological processes occurring 
in spermatozoa. Several studies have 
revealed that this method can improve 
the viability, acrosome integrity and ATP 
production of spermatozoa after thawing 
(Iaffaldano et al., 2010). LLLI affects the 
spermatozoa's mitochondrial respiratory 
chain, resulting in increased ATP 
production and decreased ROS. Hence, 
sperm cell survival can be enhanced 
during freezing (Fernandes et al., 2015).

Offensive controllable strategies
Stress preconditioning of spermatozoa 
before cryopreservation is a novel 
strategy for sperm cryopreservation 
(Horvath et al., 2016). Application 
of sub-lethal stress in spermatozoa 
may induce a general adaptation and 
increased resistance to various future 
stresses (Pribenszky et al., 2010, 2011). 
It has been reported that the key 
factors that respond to sub-lethal stress 
include biosynthesis of stress-related 
proteins such as heat shock proteins 
and intracellular antioxidants because 
these proteins reduce the activation 
of the apoptotic cascade, and thus 
protect spermatozoa against cryo-
injury (Pribenszky et al., 2011). Sperm 
preconditioning to high hydrostatic 
pressure (HHP), osmotic pressure, 
heat or oxidative agents before 
cryopreservation has been evaluated with 
human and animal spermatozoa (TABLE 2) 
(Pribenszky and Vajta, 2011). Pribenszky 

and colleagues reported that the mild 
stress induced by hydrostatic pressure 
(HP; 30 MPa for 90 min) in bull and boar 
spermatozoa resulted in higher post-thaw 
motility, membrane integrity and viability 
after cryopreservation (Pribenszky et al., 
2010). Furthermore, HHP increased the 
life-span of stored semen and litter size 
compared with fresh semen (Pribenszky 
et al., 2011). Huang et al. (2009) 
reported that HHP treatment increased 
levels of sperm proteins that play a key 
role in fertilization (Huang et al., 2009). 
This research group also reported that 
the levels of proteins, such as ubiquinol-
cytochrome C reductase complex core 
protein 1, perilipin and carbohydrate-
binding protein AWN precursor, 
increased following the exposure of boar 
spermatozoa to sub-lethal amounts of 
HHP (Pribenszky et al., 2010).

Another sub-lethal stressor used for 
spermatozoa is an osmotic challenge. 
Increased HSP70 expression and 
post-translational modification of 
phosphoproteins such as tyrosine have 
been observed in macaque sperm 
treated with sub-lethal osmotic stress 
(Cole and Meyers, 2011). Mild oxidative 
stress induced by 200 μmol/l H2O2 
increased fertilization and penetration 
rates of post-thaw bull spermatozoa 
(Rahman et al., 2012). In other studies, 
the quality of frozen-thawed spermatozoa 
significantly improved when very small 
doses of stressors (e.g. ethanol and nitric 
oxide) were added to cryopreservation 
medium before freezing (Dodaran et al., 
2015; Sharafi et al., 2015c). Further 
investigations in this area would facilitate 
understanding of the cellular and 
subcellular mechanisms involved in the 
application of sub-lethal doses of stress 
before and after freezing.

TABLE 2 EFFECTS OF VARIOUS SUB-LETHAL MILD STRESSORS FOR PRECONDITIONING OF SPERMATOZOA BEFORE 
CRYOPRESERVATION

Sub-lethal stress Species Effects References

HHP Bull, boar Motility, viability and fertility potential Pribenszky et al. (2010, 2011)

Huang et al. (2009)

Horvath et al. (2016)

H2O2 Bull Fertilization and blastocyst rates Rahman et al. (2012)

NO Bull, human Motility, mitochondria potential and  
apoptotic rates

Sharafi et al. (2015b)

Hezavehei et al. (unpublished observations)

Osmotic Rhesus macaque Motility, viability, heat shock protein  
phosphorylation

Cole and Meyers (2011)

Ethanol Bull Motility, viability and apoptotic rates Dodaran et al. (2015)

HHP = high hydrostatic pressure; NO = nitric oxide.
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UPDATED TECHNIQUES FOR 
SPERM CRYOPRESERVATION

Many techniques are available for the 
cryopreservation of human and animal 
spermatozoa. In recent years, various 
procedures have been added to the 
technology of sperm freezing (Sharma  
et al., 2015).

Conventional method of 
cryopreservation
Slow freezing, rapid freezing and ultra-
rapid freezing (i.e. kinetic vitrification) 
are conventional cryopreservation 
methods. Slow freezing is a method 
in which sperm cells are cooled 
progressively over a period of 2–4 h in 
two or three steps, either manually or 
automatically, using a programmable 
machine. It has been suggested 
that in slow freezing, ice crystal 
formation results in high electrolyte 
concentrations inside cells and possible 
chemical-physical damage to the 
spermatozoa (Di Santo et al., 2012). 
Cooling rates must be controlled at 
a certain value to reduce osmotic 
injury (Said et al., 2010). In the rapid 
freezing technique, spermatozoa are 
mixed with the cryoprotectant and the 
suspension is loaded into a cryo-straw 
or cryovial and subsequently exposed 
to a liquid nitrogen vapour phase for at 
least 10 min before being plunged into 
liquid nitrogen (Di Santo et al., 2012). 
Several studies have compared the slow 
and rapid freezing methods (Tongdee 
et al., 2015; Vutyavanich et al., 2010), 
consistently reporting a significantly 
greater rate of chromatin deterioration 
with rapid cooling compared with slow 
freezing (Hammadeh et al., 2001).

Vitrification is an alternative method used 
for the storage of human spermatozoa 
without the use of permeable 
cryoprotectants (Isachenko et al., 2003). 
Using this method, the sperm suspension 
is plunged directly into liquid nitrogen 
and the sperm cells are cooled in an 
ultra-rapid manner, known as kinetic 
vitrification (Isachenko et al., 2003). 
Recently, Isachenko et al. (2012b) have 
reported successful ICSI with vitrified 
spermatozoa and the birth of two 
healthy babies. A few other studies have 
shown a reduction in sperm quality after 
vitrification compared with slow freezing 
(Agha-Rahimi et al., 2014; Vutyavanich 
et al., 2012). Some researchers believe 
that kinetic vitrification is more suitable 
for clinical trials, because spermatozoa 

are separated from seminal plasma 
before cryopreservation and warmed 
spermatozoa do not need an additional 
centrifugation step for plasma removal 
(Isachenko et al., 2011, 2012a).

Advanced methods of 
cryopreservation

Freezing small numbers of sperm
Conventional freezing methods are not 
suitable for freezing small numbers of 
spermatozoa because in these methods, 
sperm samples are diluted in a large 
volume of cryoprotectant and recovery 
for ICSI is difficult. For this purpose, 
biological and non-biological carriers 
have been used to prevent the loss of 
small numbers of spermatozoa during 
the freezing of micro-volume aliquots of 
spermatozoa (AbdelHafez et al., 2009).

Empty zona pellucida (ZP) as a bio-
carrier for sperm freezing (Cohen and 
Garrisi, 1997) efficiently sustained 
recovery rates, post-thaw motility, DNA 
integrity and the subsequent fertilization 
rate of small numbers of spermatozoa 
after thawing (Borini et al., 2000; Levi-
Setti et al., 2003; Ye et al., 2009). The 
first pregnancy using micro-encapsulated 
cryopreserved spermatozoa from this 
method was obtained in 1998 (Walmsley 
et al., 1998). This technique is not 
simple because micromanipulation is 
required for sperm insertion into the 
ZP and spare homogeneous empty 
human ZP is not necessarily accessible 
(AbdelHafez et al., 2009). Other 
instruments that were also studied for 
storing small numbers of spermatozoa 
include cryo-loops, microdroplets, cut 
straws, mini-straws, open pulled straws, 
alginate beads, agarose gel microspheres, 
cryotop, plastic capillaries and high-
security straws (HSV) (Desai et al., 2004; 
Isachenko et al., 2005). It was reported 
that open pulled straws appeared to 
be better because they had the lowest 
risk of contamination (Isachenko et al., 
2005). Cryopreservation of small 
numbers of spermatozoa in a cryoloop 
is an approach derived from embryo 
vitrification. The spermatozoa obtained 
from this method sustain their viability 
and can fertilize oocytes (Desai et al., 
2004). In the micro-droplet method, 
the sperm suspension is mixed with a 
vitrification solution and pelleted directly 
onto a super-cooled stainless steel 
surface, with the vitrified droplets then 
being placed into cryovials and stored in 
liquid nitrogen. The latter methods are 

considered open systems with a possible 
risk of contamination during freezing and 
storage (Di Santo et al., 2012).

ICSI pipettes have also been used to 
freeze small numbers of spermatozoa. 
However, their fine glass tips are fragile 
and unsealed, which may increase the 
risk of contamination in liquid nitrogen 
(AbdelHafez et al., 2009). Recently, Endo 
et al. (2012) have proposed the use of 
vitrification devices, such as the cryotop 
and cell sleeper, for the cryopreservation 
of small numbers of spermatozoa. In 
these two carriers, small numbers of 
sperm contained in a micro-droplet 
of freezing medium are placed on the 
cryotop strip or tray of the cell sleeper. 
Next, the spermatozoa are suspended 
above a liquid nitrogen surface for 2 min 
and subsequently plunged into sterilized 
liquid nitrogen. A desirable recovery rate 
(83–96%) was achieved after freezing 
in cell sleeper and cryotop devices, 
respectively. Following ICSI using vitrified 
spermatozoa, the fertilization rate was 
good (71%) and a single live birth was 
achieved (Endo et al., 2012).

Another ultra-rapid cooling approach for 
cryopreserving individual spermatozoa 
without cryoprotectant uses 
polydimethylsiloxane (PDMS) chips in 
microfluids that can cryopreserve a small 
number of spermatozoa in micro-vessels 
that remain stable during freeze-thawing. 
The rate of sperm recovery was found to 
be acceptable with this method, but it is 
not considered technically simple (Zou 
et al., 2013).

Solid surface vitrification (SSV)
This method is a combination of several 
methods in which sperm suspension is 
mixed with cryoprotectant and directly 
exposed to a freezing metal surface at a 
rapid cooling rate. Initially, this method 
was developed for use with bovine 
oocytes (Dinnyes et al., 2000). In this 
work, sperm cells were loaded into thin 
capillaries. Then, the capillaries were 
allowed to come in contact with the cold 
(−180°C) surface of a cryo-chamber. The 
vitrified droplets were transferred into 
a cryovial for storage in liquid nitrogen. 
Decreased DNA damage and reduced 
damage to the tails of the sperm are the 
advantages of this method (Satirapod 
et al., 2012).

Freeze-drying method (lyophilization)
Freeze-drying of spermatozoa is a 
preservation method in which liquid 
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nitrogen is not required. Lyophilized 
freeze-dried sperm can be kept at 4°C 
and transported at room temperature 
(Keskintepe et al., 2002). This method 
has been used for humans (Kusakabe 
et al., 2008) and several animals 
(Keskintepe and Eroglu, 2015). Although 
the spermatozoa recovered following 
this method are immotile, DNA damage 
was decreased compared with methods 
that use liquid nitrogen (Gianaroli et al., 
2012). Several studies have reported 
successful fertilization of oocytes using 
lyophilized spermatozoa from mice 
(Ward et al., 2003), rats (Kaneko and 
Serikawa, 2012), pigs and rabbits 
(Kwon et al., 2004), as well as humans 
(Keskintepe and Eroglu, 2015). This 
inexpensive method is safe for bio-
banking but requires ICSI for successful 
fertilization because sperm cells obtained 
by this procedure are not motile.

Effect of freezing on reproductive 
outcome and offspring health
Currently, sperm cryopreservation is a 
necessary tool in assisted reproductive 
techniques (ART) (Kopeika et al., 
2015; Tournaye et al., 1999). The 
fertility potential of cryopreserved 
spermatozoa may depend on the 
method of fertilization (IUI, IVF and 
ICSI). Using cryopreserved spermatozoa, 
pregnancy outcomes after IVF or ICSI 
are not significantly different and are 
similar compared with the use of fresh 
spermatozoa (Kalsi et al., 2011; Kopeika 
et al., 2015) and as expected, pregnancy 
rates are lower after IUI (Sun et al., 2013). 
Poor-quality cryopreserved spermatozoa 
do not significantly affect pregnancy 
rates after ICSI (Kuczynski et al., 2001). 
Although motility is not required for 
fresh testicular spermatozoa to achieve 
fertilization, it is a prerequisite to ensure 
the selection of viable spermatozoa for 
ICSI to maintain optimal fertilization and 
pregnancy rates (Schiewe et al., 2016). 
The latter investigator has shown that  
the promotion of pre-freeze testicular 
sperm motility improves the ease and 
selection of motile spermatozoa  
post-thaw.

In a recent study, embryo quality and 
blastocyst formation were negatively 
affected by cryopreserved spermatozoa 
injected into oocytes (Braga et al., 
2015). Perez-Cerezales et al. (2011) 
reported that post-thaw spermatozoa 
with fragmented DNA may exhibit altered 
gene expression in surviving embryos. 
However, in other studies, morphokinetic 

parameters of early embryo development 
were not affected by sperm freezing 
(Eastick et al., 2017; Vicdan et al., 2016). 
Furthermore, there was no evidence of 
chromosomal abnormality in offspring 
obtained from IVF using frozen-thawed 
spermatozoa (Kopeika et al., 2015). 
On a cautionary note, it has been 
reported that mouse zygotes fertilized by 
cryopreserved spermatozoa had higher 
methylation levels and reduced rates of 
cleavage and formation of blastocysts 
(Jia et al., 2015), and the offspring 
may experience improper growth and 
mesenchymal tumours (Kopeika et al., 
2015). However, there are only few follow-
up studies reporting on the correlation 
between sperm cryopreservation and 
child health after birth.

CONCLUSIONS AND FUTURE 
DIRECTIONS

Sperm cryopreservation is an 
important technique of fertility 
management in ART, but cryo-
damage to cellular components may 
have detrimental effects on sperm 
function. Understanding the cellular 
and molecular modifications involved 
in the cryopreservation process can be 
useful for the optimization of sperm 
freezing. Whole genome sequencing 
and proteomics are powerful 
technological advances that could yield 
insightful supplemental information 
on the mechanism of cryo-injury, 
which may improve the efficacy of 
cryopreserved spermatozoa and related 
ART procedures. Because the post-
thaw production of proteins and RNA 
may be altered after cryopreservation, 
evaluating them may be useful in 
the future as biomarkers indicating 
cryostress. Although cryopreserved 
spermatozoa have been effectively used 
to assist reproduction for decades, 
it is recommended that long-term 
follow-up studies be performed on 
offspring obtained from cryopreserved 
spermatozoa in future generations to 
fully assess their biological safety.

ACKNOWLEDGEMENTS

The authors would like to thank Mrs 
Lakshmi of Valardocs Company and  
the reviewers of Reproductive 
BioMedicine Online for their assistance 
with English editing of the manuscript. 
They also appreciate the technical support 
of Afshin Yavari in preparation of the 
manuscript.

REFERENCES

Abdelhafez, F., Bedaiwy, M., El-Nashar, S.A., 
Sabanegh, E., and Desai, N. Techniques 
for cryopreservation of individual or small 
numbers of human spermatozoa: A systematic 
review. Hum. Reprod 2009; 15: 153–164

Agarwal, A., Durairajanayagam, D., and Du Plessis, 
S.S. Utility of antioxidants during assisted 
reproductive techniques: An evidence based 
review Reprod. Biol. Endocrinol 2014 a; 12: 112

Agarwal, A., Ong, C., and Durairajanayagam, D. 
Contemporary and future insights into fertility 
preservation in male cancer patients. Transl 
Androl Urol 2014; 3: 27–40

Agha-Rahimi, A., Khalili, M.A., Nabi, A., and 
Ashourzadeh, S. Vitrification is not superior 
to rapid freezing of normozoospermic 
spermatozoa: Effects on sperm parameters, 
DNA fragmentation and hyaluronan binding. 
Reprod. Biomed 2014; 28: 352–358

Amidi, F., Pazhohan, A., Shabani Nashtaei, M., 
Khodarahmian, M., and Nekoonam, S. The role 
of antioxidants in sperm freezing: A review. 
Cell Tissue Bank 2016; 17: 745–756

Andolfi, L., Trevisan, E., Troian, B., Prato, S., 
Boscolo, R., Giolo, E., Luppi, S., Martinelli, 
M., Ricci, G., and Zweyer, M. The application 
of scanning near field optical imaging to 
the study of human sperm morphology. J 
Nanobiotechnology. 2015; 13: 2

Anger, J.T., Gilbert, B.R., and Goldstein, M. 
Cryopreservation of sperm: Indications, 
methods and results. J. Urol 2003; 170: 
1079–1084

Avendano, C., Franchi, A., Jones, E., and 
Oehninger, S. Pregnancy-specific {beta}-1-
glycoprotein 1 and human leukocyte antigen-e 
mrna in human sperm: Differential expression 
in fertile and infertile men and evidence 
of a possible functional role during early 
development. Hum. Reprod 2009; 24: 270–277

Azawi, O.I., and Hussein, E.K. Effect of vitamins 
c or e supplementation to tris diluent on the 
semen quality of awassi rams preserved at 5 c. 
Vet Res Forum 2013; 4: 157–160

Banihani, S., Agarwal, A., Sharma, R., and 
Bayachou, M. Cryoprotective effect of 
l-carnitine on motility, vitality and DNA 
oxidation of human spermatozoa. Andrologia 
2014; 46: 637–641

Barthelemy, C., Royere, D., Hammahah, S., 
Lebos, C., Tharanne, M.-J., and Lansac, J. 
Ultrastructural changes in membranes 
and acrosome of human sperm during 
cryopreservation. Syst. Biol. Reprod. Med 
1990; 25: 29–40

Bateni, Z., Azadi, L., Tavalaee, M., Kiani-Esfahani, A., 
Fazilati, M., and Nasr-Esfahani, M.H. Addition 
of tempol in semen cryopreservation medium 
improves the post-thaw sperm function. Syst. 
Biol. Reprod. Med 2014; 60: 245–250

Bogle, O.A., Kumar, K., Attardo-Parrinello, C., Lewis, 
S.E., Estanyol, J.M., Ballesca, J.L., and Oliva, R. 
Identification of protein changes in human 
spermatozoa throughout the cryopreservation 
process. Andrology 2017; 5: 10–22

Borges, E.Jr., Rossi, L.M., Locambo De Freitas, 
C.V., Guilherme, P., Bonetti, T.C., Iaconelli, 
A., and Pasqualotto, F.F. Fertilization and 
pregnancy outcome after intracytoplasmic 
injection with fresh or cryopreserved 
ejaculated spermatozoa. Fertil. Steril 2007; 87: 
316–320

http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0001
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0001
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0001
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0001
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0001
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0002
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0002
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0002
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0002
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0003
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0003
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0003
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0003
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0004
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0004
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0004
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0004
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0004
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0004
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0005
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0005
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0005
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0005
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0006
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0006
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0006
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0006
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0006
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0006
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0007
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0007
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0007
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0007
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0008
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0009
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0009
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0009
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0009
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0010
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0010
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0010
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0010
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0010
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0011
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0011
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0011
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0011
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0011
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0011
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0012
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0012
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0012
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0012
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0012
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0013
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0013
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0013
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0013
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0013
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0014


336 RBMO  VOLUME 37  ISSUE 3  2018

Borini, A., Sereni, E., and Bonu, Flamigni, C. 
Freezing a few testicular spermatozoa 
retrieved by tesa. Mol. Cell. Endocrinol 2000; 
169: 27–32

Braga, D.P., Setti, A.S., Figueira, R.C., Iaconelli, 
A.Jr., and Borges, E.Jr. The negative influence 
of sperm cryopreservation on the quality and 
development of the embryo depends on the 
morphology of the oocyte. Andrology 2015; 
3: 723–728

Brugnon, F., Ouchchane, L., Pons-Rejraji, H., 
Artonne, C., Farigoule, M., and Janny, L. 
Density gradient centrifugation prior 
to cryopreservation and hypotaurine 
supplementation improve post-thaw 
quality of sperm from infertile men with 
oligoasthenoteratozoospermia. Hum. Reprod 
2013; 28: 2045–2057

Cai, R., Yang, H., He, J., and Zhu, W. The effects 
of magnetic fields on water molecular 
hydrogen bonds. J. Mol. Struct 2009; 938: 
15–19

Chanapiwat, P., Kaeoket, K., and Tummaruk, P. 
Effects of dha-enriched hen egg yolk and 
l-cysteine supplementation on quality of 
cryopreserved boar semen. Asian J. Andro 
2009; 11: 600–608

Chaudhari, D.V., Dhami, A.J., Hadiya, K.K., 
and Patel, J.A. Relative efficacy of egg 
yolk and soya milk-based extenders for 
cryopreservation (-196 degrees c) of buffalo 
semen. Vet World 2015; 8: 239–244

Chen, X., Zhu, H., Hu, C., Hao, H., Zhang, J., Li, K., 
Zhao, X., Qin, T., Zhao, K., Zhu, H., and Wang, D. 
Identification of differentially expressed proteins 
in fresh and frozen-thawed boar spermatozoa by 
itraq-coupled 2d lc-ms/ms.  Reproduction 2014; 
147: 321–330 

Cheng, C.Y., Chen, P.R., Chen, C.J., Wang, 
S.H., Chen, C.F., Lee, Y.P., and Huang, S.Y. 
Differential protein expression in chicken 
spermatozoa before and after freezing-
thawing treatment. Anim. Reprod. Sci 2015; 
152: 99–107

Cheung, R.C.F., Ng, T.B., and Wong, J.H. 
Antifreeze proteins from diverse organisms 
and their applications: An overview. Curr. 
Protein Pept. Sci 2017; 18: 262–283

Cohen, J., and Garrisi, G.J. Micromanipulation of 
gametes and embryos: Cryopreservation of a 
single human spermatozoon within an isolated 
zona pellucida. Hum. Reprod 1997; 3: 453

Cole, J.A., and Meyers, S.A. Osmotic stress 
stimulates phosphorylation and cellular 
expression of heat shock proteins in rhesus 
macaque sperm. J. Androl 2011; 32: 402–410

Comizzoli, P. Biobanking efforts and new 
advances in male fertility preservation for rare 
and endangered species. Asian J. Andro 2015; 
17: 640–645

Curry, M.R. Cryopreservation of semen from 
domestic livestock. Rev. Reprod 2000; 5: 
46–52

De Paula, T.S., Bertolla, R.P., Spaine, D.M., Cunha, 
M.A., Schor, N., and Cedenho, A.P. Effect 
of cryopreservation on sperm apoptotic 
deoxyribonucleic acid fragmentation in 
patients with oligozoospermia. Fertil. Steril 
2006; 86: 597–600

Depa-Martynow, M., Kempisty, B., Lianeri, 
M., Jagodzinski, P.P., and Jedrzejczak, P. 
Association between fertilin beta, protamines 
1 and 2 and spermatid-specific linker histone 
h1-like protein mrna levels, fertilization 
ability of human spermatozoa, and quality of 

preimplantation embryos. Folia Histochem. 
Cytobiol 2007; 45: S79–S85

Desai, N.N., Blackmon, H., and Goldfarb, J. 
Single sperm cryopreservation on cryoloops: 
An alternative to hamster zona for freezing 
individual spermatozoa. Reprod. Biomed 
2004; 9: 47–53

Di Santo, M., Tarozzi, N., Nadaliniw, M., and 
Borini, A. Human sperm cryopreservation: 
Update on techniques, effect on DNA 
integrity, and implications for art. Adv Urol 
2012; 854837

Dinnyes, A., Dai, Y., Jiang, S., and Yang, X. High 
developmental rates of vitrified bovine 
oocytes following parthenogenetic activation, 
in vitro fertilization, and somatic cell nuclear 
transfer. Biol. Reprod 2000; 63: 513–518

Dodaran, H.V., Zhandi, M., Sharafi, M., Nejati-
Amiri, E., Nejati-Javaremi, A., Mohammadi-
Sangcheshmeh, A., Shehab-El-Deen, M.A., and 
Shakeri, M. Effect of ethanol induced mild 
stress on post-thawed bull sperm quality. 
Cryobiology 2015; 71: 12–17

Dohle, G.R. Male infertility in cancer patients: 
Review of the literature. Int. J. Urol 2010; 17: 
327–331

Donnelly, E.T., Steele, E.K., Mcclure, N., and 
Lewis, S.E. Assessment of DNA integrity and 
morphology of ejaculated spermatozoa from 
fertile and infertile men before and after 
cryopreservation. Hum. Reprod 2001; 16: 
1191–1199

Duru, N.K., Morshedi, M., Schuffner, A., and 
Oehninger, S. Cryopreservation-thawing of 
fractionated human spermatozoa and plasma 
membrane translocation of phosphatidylserine. 
Fertil. Steril 2001; 75: 263–268

Eastick, J., Venetis, C., Cooke, S., Storr, A., 
Susetio, D., and Chapman, M. Is early embryo 
development as observed by time-lapse 
microscopy dependent on whether fresh or 
frozen sperm was used for icsi? A cohort 
study. J. Assist. Reprod. Genet 2017; 34: 
733–740

Emamverdi, M., Zhandi, M., Shahneh, A.Z., 
Sharafi, M., Akhlaghi, A., Motlagh, M.K., 
Dadkhah, F., and Davachi, N.D. Flow 
cytometric and microscopic evaluation of 
post-thawed ram semen cryopreserved in 
chemically defined home-made or commercial 
extenders. Anim. Prod.Sci 2015; 55: 551–558

Emiliani, S., Van Den Bergh, M., Vannin, A.S., 
Biramane, J., Verdoodt, M., and Englert, Y. 
Evidence of reduced single-stranded testicular 
sperm DNA from obstructive azoospermic 
men after 3 days of in-vitro culture. Hum. 
Reprod 2001; 16: 1200–1203

Endo, Y., Fujii, Y., Kurotsuchi, S., Motoyama, H., 
and Funahashi, H. Successful delivery derived 
from vitrified-warmed spermatozoa from a 
patient with nonobstructive azoospermia 
Fertil. Steril 2012; 98: 1423–1427

Esmaeili, V., Shahverdi, A.H., Moghadasian, M.H., 
and Alizadeh, A.R. Dietary fatty acids affect 
semen quality: A review. Andrology. 2015; 3: 
450–461

Fang, P., Zeng, P., Wang, Z., Liu, M., Xu, W., Dai, 
J., Zhao, X., Zhang, D., Liang, D., Chen, X., 
Shi, S., Zhang, M., Wang, L., Qiao, Z., and Shi, 
H. Estimated diversity of messenger rnas in 
each murine spermatozoa and their potential 
function during early zygotic development. 
Biol. Reprod 2014; 90: 94

Fattah, A., Sharafi, M., Masoudi, R., Shahverdi, 
A., Esmaeili, V., and Najafi, A. L-carnitine 

in rooster semen cryopreservation: Flow 
cytometric, biochemical and motion findings 
for frozen-thawed sperm. Cryobiology 2017; 
74: 148–153

Fernandes, G.H., De Carvalho Pde, T., Serra, 
A.J., Crespilho, A.M., Peron, J.P., Rossato, C., 
Leal-Junior, E.C., and Albertini, R. The effect of 
low-level laser irradiation on sperm motility, 
and integrity of the plasma membrane and 
acrosome in cryopreserved bovine sperm. 
PLoS ONE 2015; 10 e0121487

Flores, E., Ramio-Lluch, L., Bucci, D., Fernandez-
Novell, J.M., Pena, A., and Rodriguez-Gil, 
J.E. Freezing-thawing induces alterations in 
histone h1-DNA binding and the breaking of 
protein-DNA disulfide bonds in boar sperm. 
Theriogenology 2011; 76: 1450–1464

Ghorbani, M., Vatannejad, A., Khodadadi, I., 
Amiri, I., and Tavilani, H. Protective effects of 
glutathione supplementation against oxidative 
stress during cryopreservation of human 
spermatozoa. Cryo letters 2016; 37: 34–40

Gianaroli, L., Magli, M.C., Stanghellini, I., Crippa, 
A., Crivello, A.M., Pescatori, E.S., and Ferraretti, 
A.P. DNA integrity is maintained after freeze-
drying of human spermatozoa. Fertil. Steril 
2012; 97: 1067–1073

Giaretta, E., Estrada, E., Bucci, D., Spinaci, M., 
Rodriguez-Gil, J.E., and Yeste, M. Combining 
reduced glutathione and ascorbic acid has 
supplementary beneficial effects on boar 
sperm cryotolerance. Theriogenology 2015; 
83: 399–407

Gilmore, J., Liu, J., Gao, D., and Critser, J. 
Determination of optimal cryoprotectants and 
procedures for their addition and removal 
from human spermatozoa. Hum. Reprod 1997; 
12: 112–118

Hammadeh, M.E., Askari, A.S., Georg, T., 
Rosenbaum, P., and Schmidt, W. Effect of 
freeze-thawing procedure on chromatin 
stability, morphological alteration and 
membrane integrity of human spermatozoa in 
fertile and subfertile men. Int. J. Androl 1999; 
22: 155–162

Hammadeh, M.E., Dehn, C., Hippach, M., 
Zeginiadou, T., Stieber, M., Georg, T., 
Rosenbaum, P., and Schmidt, W. Comparison 
between computerized slow-stage and static 
liquid nitrogen vapour freezing methods 
with respect to the deleterious effect on 
chromatin and morphology of spermatozoa 
from fertile and subfertile men. Int. J. Androl 
2001; 24: 66–72

Harvey, S.A., Sealy, I., Kettleborough, R., Fenyes, 
F., White, R., Stemple, D., and Smith, J.C. 
Identification of the zebrafish maternal and 
paternal transcriptomes. Development 2013; 
140: 2703–2710

Horvath, A., Szenci, O., Nagy, K., Vegh, L., and 
Pribenszky, C. Stress preconditioning of 
semen before cryopreservation improves 
fertility and increases the number of 
offspring born: A prospective randomized 
study using a porcine model. Reprod. Fertil. 
Dev 2016; 28: 475–481

Hu, J.H., Zhao, X.L., Tian, W.Q., Zan, L.S., and Li, 
Q.W. Effects of vitamin e supplementation in 
the extender on frozen-thawed bovine semen 
preservation Animal 2011; 5: 107–112

Huang, S.Y., Pribenszky, C., Kuo, Y.H., Teng, S.H., 
Chen, Y.H., Chung, M.T., and Chiu, Y.F. Hydrostatic 
pressure pre-treatment affects the protein profile 
of boar sperm before and after freezing-thawing. 
Anim. Reprod. Sci 2009; 112: 136–149

http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0015
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0015
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0015
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0015
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0016
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0016
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0016
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0016
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0016
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0016
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0017
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0018
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0018
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0018
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0018
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0019
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0019
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0019
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0019
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0019
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0020
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0020
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0020
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0020
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0020
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0021
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0021
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0021
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0021
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0021
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0021
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0022
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0022
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0022
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0022
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0022
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0022
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0023
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0023
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0023
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0023
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0024
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0024
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0024
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0024
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0025
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0025
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0025
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0025
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0026
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0026
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0026
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0026
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0027
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0027
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0027
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0028
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0028
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0028
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0028
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0028
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0028
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0029
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0030
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0030
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0030
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0030
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0030
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0031
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0031
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0031
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0031
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0031
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0032
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0032
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0032
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0032
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0032
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0033
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0033
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0033
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0033
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0033
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0033
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0034
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0034
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0034
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0035
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0035
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0035
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0035
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0035
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0035
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0036
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0036
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0036
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0036
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0036
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0037
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0038
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0039
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0039
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0039
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0039
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0039
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0039
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0040
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0040
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0040
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0040
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0040
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0041
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0041
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0041
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0041
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0042
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0043
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0043
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0043
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0043
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0043
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0043
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0044
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0045
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0045
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0045
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0045
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0045
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0045
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0046
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0046
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0046
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0046
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0046
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0047
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0047
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0047
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0047
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0047
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0048
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0048
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0048
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0048
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0048
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0048
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0049
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0049
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0049
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0049
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0049
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0050
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0051
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0052
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0052
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0052
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0052
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0052
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0053
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0054
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0054
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0054
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0054
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0055
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0055
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0055
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0055
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0055


 RBMO  VOLUME 37  ISSUE 3  2018 337

Hwang, J.Y., Mulligan, B.P., Kim, H.M., Yang, 
B.C., and Lee, C.K. Quantitative analysis of 
sperm mrna in the pig: Relationship with 
early embryo development and capacitation. 
Reprod. Fertil.Dev 2013; 25: 807–817

Iaffaldano, N., Rosato, M.P., Paventi, G., Pizzuto, 
R., Gambacorta, M., Manchisi, A., and 
Passarella, S. The irradiation of rabbit sperm 
cells with he-ne laser prevents their in vitro 
liquid storage dependent damage. Anim. 
Reprod. Sci 2010; 119: 123–129

Inglis, S.R., Turner, J.J., and Harding, M.M. 
Applications of type i antifreeze proteins: 
Studies with model membranes and 
cryoprotectant properties. Protein Pept. Sci 
2006; 7: 509–522

Iqbal, S., Riaz, A., Andrabi, S.M., Shahzad, Q., 
Durrani, A.Z., and Ahmad, N. L-cysteine 
improves antioxidant enzyme activity, 
post-thaw quality and fertility of nili-ravi 
buffalo (bubalus bubalis) bull spermatozoa. 
Andrologia. 2016; 48: 855–861

Isachenko, E., Isachenko, V., Katkov, Ii, 
Dessole, S., and Nawroth, F. Vitrification of 
mammalian spermatozoa in the absence 
of cryoprotectants: From past practical 
difficulties to present success. Reprod. 
Biomed 2003; 6: 191–200

Isachenko, E., Isachenko, V., Katkov, Ii, Rahimi, 
G., Schondorf, T., Mallmann, P., Dessole, S., 
and Nawroth, F. DNA integrity and motility 
of human spermatozoa after standard 
slow freezing versus cryoprotectant-free 
vitrification. Hum. Reprod 2004 a; 19: 932–939

Isachenko, V., Isachenko, E., Katkov, Ii, Montag, 
M., Dessole, S., Nawroth, F., and Van Der Ven, 
H. Cryoprotectant-free cryopreservation 
of human spermatozoa by vitrification and 
freezing in vapour: Effect on motility, DNA 
integrity, and fertilization ability. Biol. Reprod 
2004 b; 71: 1167–1173

Isachenko, V., Isachenko, E., Montag, M., Zaeva, 
V., Krivokharchenko, I., Nawroth, F., Dessole, 
S., Katkov, Ii, and Van Der Ven, H. Clean 
technique for cryoprotectant-free vitrification 
of human spermatozoa. Reprod. Biomed 2005; 
10: 350–354

Isachenko, V., Isachenko, E., Petrunkina, A.M., and 
Sanchez, R. Human spermatozoa vitrified in 
the absence of permeable cryoprotectants: 
Birth of two healthy babies. Reprod. Fertil. Dev 
2012 a; 24: 323–326

Isachenko, V., Maettner, R., Petrunkina, A.M., 
Mallmann, P., Rahimi, G., Sterzik, K., Sanchez, 
R., Risopatron, J., Damjanoski, I., and 
Isachenko, E. Cryoprotectant-free vitrification 
of human spermatozoa in large (up to 0.5 ml) 
volume: A novel technology. Clin. Lab 2011; 
57: 643–650

Isachenko, V., Maettner, R., Petrunkina, A.M., 
Sterzik, K., Mallmann, P., Rahimi, G., Sanchez, 
R., Risopatron, J., Damjanoski, I., and 
Isachenko, E. Vitrification of human icsi/ivf 
spermatozoa without cryoprotectants: New 
capillary technology. J. Androl 2012 b; 33: 
462–468

Jeong, Y.J., Kim, M.K., Song, H.J., Kang, E.J., 
Ock, S.A., Kumar, B.M., Balasubramanian, 
S., and Rho, G.J. Effect of alpha-tocopherol 
supplementation during boar semen 
cryopreservation on sperm characteristics 
and expression of apoptosis related genes. 
Cryobiology. 2009; 58: 181–189

Jia, G., Fu, X., Cheng, K., Yue, M., Jia, B., Hou, 
Y., and Zhu, S. Spermatozoa cryopreservation 

alters pronuclear formation and zygotic DNA 
demethylation in mice. Theriogenology. 2015; 
83: 1000–1006

Jiang, X.P., Wang, S.Q., Wang, W., Xu, Y., Xu, Z., 
Tang, J.Y., Sun, H.Y., Wang, Z.J., and Zhang, 
W. Enolase1 (eno1) and glucose-6-phosphate 
isomerase (gpi) are good markers to predict 
human sperm freezability. Cryobiology. 2015; 
71: 141–145

Jodar, M., Selvaraju, S., Sendler, E., Diamond, 
M.P., and Krawetz, S.A. The presence, role 
and clinical use of spermatozoal rnas. Hum. 
Reprod 2013; 19: 604–624

John Morris, G., Acton, E., Murray, B.J., and 
Fonseca, F. Freezing injury: The special case 
of the sperm cell. Cryobiology. 2012; 64: 
71–80

Johnston, S.D., Satake, N., Zee, Y., Lopez-
Fernandez, C., Holt, W.V., and Gosalvez, 
J. Osmotic stress and cryoinjury of koala 
sperm: An integrative study of the plasma 
membrane, chromatin stability and 
mitochondrial function. Reproduction; 
1432012CambridgeEngland: 787–797

Kaeoket, K., Chanapiwat, P., Tummaruk, P., and 
Techakumphu, M. Supplemental effect of 
varying l-cysteine concentrations on the 
quality of cryopreserved boar semen. Asian J. 
Andro. 2010; 12: 760–765

Kalsi, J., Thum, M.Y., Muneer, A., Pryor, J., Abdullah, 
H., and Minhas, S. Analysis of the outcome of 
intracytoplasmic sperm injection using fresh or 
frozen sperm. BJU Int. 2011; 107: 1124–1128

Kalthur, G., Raj, S., Thiyagarajan, A., Kumar, 
S., Kumar, P., and Adiga, S.K. Vitamin e 
supplementation in semen-freezing medium 
improves the motility and protects sperm 
from freeze-thaw-induced DNA damage. Fertil. 
Steril 2011; 95: 1149–1151

Kaneko, T., and Serikawa, T. Successful long-term 
preservation of rat sperm by freeze-drying. 
PLoS ONE. 2012; 7: e35043

Karanova, M.V., Pronina, N.D., and Tsvetkova, 
L.I. the effect of antifreeze glycoproteins 
on survival and quality of fish spermatozoa 
under the conditions of long-term storage at 
+4 degree c. Izv. Akad. Nauk. Ser. Biol 2002: 
88–92

Karimfar, M.H., Niazvand, F., Haghani, K., Ghafourian, 
S., Shirazi, R., and Bakhtiyari, S. The protective 
effects of melatonin against cryopreservation-
induced oxidative stress in human sperm. Int J 
Immunopathol Pharmacol 2015; 28: 69–76

Keskintepe, L., and Eroglu, A. Freeze-drying of 
mammalian sperm. Methods Mol. Biol 2015; 
1257: 489–497

Keskintepe, L., Pacholczyk, G., Machnicka, 
A., Norris, K., Curuk, M.A., Khan, I., 
and Brackett, B.G. Bovine blastocyst 
development from oocytes injected with 
freeze-dried spermatozoa. Biol. Reprod 
2002; 67: 409–415

Kim, H.J., Lee, J.H., Hur, Y.B., Lee, C.W., Park, 
S.H., and Koo, B.W. Marine antifreeze 
proteins: Structure, function, and 
application to cryopreservation as a potential 
cryoprotectant. Mar. Drugs 2017; 15: 27

Konyali, C., Tomas, C., Blanch, E., Gomez, E.A., 
Graham, J.K., and Moce, E. Optimizing conditions 
for treating goat semen with cholesterol-loaded 
cyclodextrins prior to freezing to improve 
cryosurvival. Cryobiology 2013; 67: 124–131

Kopeika, J., Thornhill, A., and Khalaf, Y. The 
effect of cryopreservation on the genome 
of gametes and embryos: Principles of 

cryobiology and critical appraisal of the 
evidence. Hum. Reprod 2015; 21: 209–227

Koshimoto, C., and Mazur, P. Effects of warming 
rate, temperature, and antifreeze proteins 
on the survival of mouse spermatozoa frozen 
at an optimal rate. Cryobiology 2002; 45: 
49–59

Kuczynski, W., Dhont, M., Grygoruk, C., 
Grochowski, D., Wolczynski, S., and 
Szamatowicz, M. The outcome of 
intracytoplasmic injection of fresh and 
cryopreserved ejaculated spermatozoa–a 
prospective randomized study. Hum. Reprod 
2001; 16: 2109–2113

Kusakabe, H., Yanagimachi, R., and Kamiguchi, 
Y. Mouse and human spermatozoa can 
be freeze-dried without damaging their 
chromosomes. Hum. Reprod 2008; 23: 
233–239

Kwon, I.K., Park, K.E., and Niwa, K. Activation, 
pronuclear formation, and development in 
vitro of pig oocytes following intracytoplasmic 
injection of freeze-dried spermatozoa. Biol. 
Reprod 2004; 71: 1430–1436

Lalancette, C., Miller, D., Li, Y., and Krawetz, 
S.A. Paternal contributions: New functional 
insights for spermatozoal rna. J. Cell. Biochem 
2008; 104: 1570–1579

Lee, S.H., and Park, C.K. Effect of magnetized 
extender on sperm membrane integrity and 
development of oocytes in vitro fertilized with 
liquid storage boar semen. Anim. Reprod. Sci 
2015; 154: 86–94

Levi-Setti, P.E., Albani, E., Negri, L., Cesana, A., 
Novara, P., and Bianchi, S. Cryopreservation of 
a small number of spermatozoa in yolk-filled 
human zonae pellucidae. Arch. Ital. Urol. 
Androl 2003; 75: 195–198

Maldjian, A., Pizzi, F., Gliozzi, T., Cerolini, 
S., Penny, P., and Noble, R. Changes in 
sperm quality and lipid composition 
during cryopreservation of boar semen. 
Theriogenology. 2005; 63: 411–421

Manee-In, S., Parmornsupornvichit, S., 
Kraiprayoon, S., Tharasanit, T., Chanapiwat, 
P., and Kaeoket, K. L-carnitine supplemented 
extender improves cryopreserved-thawed cat 
epididymal sperm motility. Asian-Australas J 
Anim Sci 2014; 27: 791–796

Masoudi, R., Sharafi, M., Zareh Shahneh, 
A., Towhidi, A., Kohram, H., Esmaeili, V., 
Shahverdi, A., and Davachi, N.D. Fertility and 
flow cytometry study of frozen-thawed sperm 
in cryopreservation medium supplemented 
with soybean lecithin. Cryobiology 2016; 73: 
69–72

Minaei, M.B., Barbarestani, M., Nekoonam, S., 
Abdolvahabi, M.A., Takzare, N., Asadi, M.H., 
Hedayatpour, A., and Amidi, F. Effect of trolox 
addition to cryopreservation media on human 
sperm motility. Iran J Reprod. Med 2012; 10: 
99–104

Moghbeli, M., Kohram, H., Zare-Shahaneh, A., 
Zhandi, M., Sharafi, M., Nabi, M.M., Zahedi, V., 
and Sharideh, H. Are the optimum levels of 
the catalase and vitamin e in rooster semen 
extender after freezing-thawing influenced by 
sperm concentration? Cryobiology 2016; 72: 
264–268

Morris, G. Rapidly cooled human sperm: No 
evidence of intracellular ice formation. Hum. 
Reprod 2006; 21: 2075–2083

Moubasher, A.E., El Din, A.M., Ali, M.E., 
El-Sherif, W.T., and Gaber, H.D. Catalase 
improves motility, vitality and DNA integrity 

http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0056
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0056
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0056
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0056
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0056
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0057
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0057
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0057
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0057
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0057
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0057
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0058
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0058
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0058
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0058
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0058
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0059
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0059
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0059
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0059
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0059
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0059
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0060
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0060
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0060
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0060
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0060
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0060
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0061
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0061
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0061
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0061
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0061
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0061
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0062
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0063
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0063
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0063
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0063
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0063
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0063
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0064
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0064
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0064
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0064
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0064
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0065
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0066
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0067
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0068
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0068
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0068
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0068
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0068
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0069
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0069
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0069
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0069
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0069
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0069
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0070
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0070
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0070
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0070
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0071
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0071
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0071
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0071
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0072
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0073
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0073
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0073
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0073
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0073
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0074
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0074
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0074
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0074
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0075
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0075
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0075
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0075
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0075
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0075
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0076
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0076
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0076
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0077
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0077
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0077
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0077
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0077
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0077
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0078
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0078
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0078
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0078
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0078
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0079
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0079
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0079
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0080
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0080
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0080
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0080
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0080
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0080
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0081
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0081
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0081
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0081
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0081
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0082
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0082
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0082
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0082
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0082
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0083
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0083
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0083
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0083
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0083
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0084
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0084
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0084
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0084
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0084
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0085
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0086
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0086
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0086
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0086
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0086
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0087
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0087
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0087
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0087
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0087
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0088
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0088
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0088
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0088
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0089
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0089
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0089
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0089
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0089
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0090
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0090
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0090
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0090
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0090
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0091
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0091
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0091
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0091
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0091
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0092
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0092
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0092
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0092
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0092
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0092
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0093
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0094
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0094
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0094
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0094
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0094
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0094
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0095
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0096
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0096
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0096
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0097
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0097
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0097


338 RBMO  VOLUME 37  ISSUE 3  2018

of cryopreserved human spermatozoa. 
Andrologia 2013; 45: 135–139

Najafi, A., Najafi, M.H., Zanganeh, Z., Sharafi, 
M., Martinez-Pastor, F., and Adeldust, 
H. Cryopreservation of ram semen in 
extenders containing soybean lecithin as 
cryoprotectant and hyaluronic acid as 
antioxidant. Reprod. Domest. Anim 2014; 49: 
934–940

Nekoonam, S., Nashtaei, M.S., Naji, M., Zangi, 
B.M., and Amidi, F. Effect of trolox on 
sperm quality in normozospermia and 
oligozospermia during cryopreservation. 
Cryobiology. 2016; 72: 106–111

Nijs, M., Creemers, E., Cox, A., Janssen, M., 
Vanheusden, E., Castro-Sanchez, Y., Thijs, 
H., and Ombelet, W. Influence of freeze-
thawing on hyaluronic acid binding of human 
spermatozoa. Reprod. Biomed. Online 2009; 
19: 202–206

Nishijima, K., Tanaka, M., Sakai, Y., Koshimoto, 
C., Morimoto, M., Watanabe, T., Fan, 
J., and Kitajima, S. Effects of type iii 
antifreeze protein on sperm and embryo 
cryopreservation in rabbit. Cryobiology 2014; 
69: 22–25

Nishijima, K., Yamaguchi, S., Tanaka, M., Sakai, 
Y., Koshimoto, C., Morimoto, M., Watanabe, 
T., Fan, J., and Kitajima, S. Effects of 
cholesterol-loaded cyclodextrins on the rate 
and the quality of motility in frozen and 
thawed rabbit sperm. Exp. Anim 2014; 63: 
149–154

Noguchi, M., Yoshioka, K., Hikono, H., Suzuki, C., 
and Kikuchi, K. Effect of semen extenders on 
frozen-thawed boar sperm characteristics and 
distribution in the female genital tract after 
deep intrauterine insemination in sows. Anim. 
Reprod. Sci 2015; 163: 164–171

O’connell, M., Mcclure, N., and Lewis, S. The 
effects of cryopreservation on sperm 
morphology, motility and mitochondrial 
function Hum. Reprod 2002; 17: 704–709

Oettle, E., and Soley, J. Ultrastructural changes in 
the acrosome of human sperm during freezing 
and thawing: A pilot trial. Syst. Biol. Reprod. 
Med 1986; 17: 145–150

Olfati Karaji, R., Daghigh Kia, H., and Ashrafi, 
I. Effects of in combination antioxidant 
supplementation on microscopic and 
oxidative parameters of freeze-thaw bull 
sperm. Cell Tissue Bank 2014; 15: 461–470

Ozkavukcu, S., Erdemli, E., Isik, A., Oztuna, 
D., and Karahuseyinoglu, S. Effects of 
cryopreservation on sperm parameters 
and ultrastructural morphology of human 
spermatozoa. J. Assist. Reprod. Genet 2008; 
25: 403–411

Paasch, U., Sharma, R.K., Gupta, A.K., Grunewald, 
S., Mascha, E.J., Thomas, A.J.Jr., Glander, H.J., 
and Agarwal, A. Cryopreservation and thawing 
is associated with varying extent of activation 
of apoptotic machinery in subsets of 
ejaculated human spermatozoa. Biol. Reprod 
2004; 71: 1828–1837

Parks, J.E., and Graham, J.K. Effects of 
cryopreservation procedures on sperm 
membranes. Theriogenology 1992; 38: 
209–222

Paudel, K.P., Kumar, S., Meur, S.K., and 
Kumaresan, A. Ascorbic acid, catalase and 
chlorpromazine reduce cryopreservation-
induced damages to crossbred bull 
spermatoz. oa. Reprod. Domest. Anim 2010; 
45: 256–262

Payne, S.R., Oliver, J.E., and Upreti, G.C. Effect 
of antifreeze proteins on the motility of ram 
spermatozoa. Cryobiology 1994; 31: 180–184

Pedersen, H., and Lebech, P.E. Ultrastructural 
changes in the human spermatozoon after 
freezing for artificial insemination. Fertil. Steril 
1971; 22: 125–133

Perez-Cerezales, S., Gutierrez-Adan, A., 
Martinez-Paramo, S., Beirao, J., and Herraez, 
M.P. Altered gene transcription and 
telomere length in trout embryo and larvae 
obtained with DNA cryodamaged sperm. 
Theriogenology 2011; 76: 1234–1245

Polge, C., Smith, A.U., and Parkes, A.S. Revival 
of spermatozoa after vitrification and 
dehydration at low temperatures. Nature 
1949; 164: 666

Pribenszky, C., Horvath, A., Vegh, L., Huang, 
S.Y., Kuo, Y.H., and Szenci, O. Stress 
preconditioning of boar spermatozoa: A new 
approach to enhance semen quality. Reprod. 
Domest. Anim 2011; 46: 26–30

Pribenszky, C., and Vajta, G. Cells under 
pressure: How sublethal hydrostatic pressure 
stress treatment increases gametes’ and 
embryos’ performance. Reprod. Fertil. Dev 
2011; 23: 48–55

Pribenszky, C., Vajta, G., Molnar, M., Du, Y., Lin, 
L., Bolund, L., and Yovich, J. Stress for stress 
tolerance? A fundamentally new approach in 
mammalian embryology. Biol. Reprod 2010; 83: 
690–697

Qadeer, S., Khan, M.A., Ansari, M.S., Rakha, B.A., 
Ejaz, R., Husna, A.U., Ashiq, M., Iqbal, R., Ullah, 
N., and Akhter, S. Evaluation of antifreeze 
protein iii for cryopreservation of nili-ravi 
(bubalus bubalis) buffalo bull sperm. Anim. 
Reprod. Sci 2014; 148: 26–31

Qadeer, S., Khan, M.A., Ansari, M.S., Rakha, B.A., 
Ejaz, R., Iqbal, R., Younis, M., Ullah, N., Devries, 
A.L., and Akhter, S. Efficiency of antifreeze 
glycoproteins for cryopreservation of nili-ravi 
(bubalus bubalis) buffalo bull sperm. Anim. 
Reprod. Sci 2015; 157: 56–62

Rahman, M.B., Vandaele, L., Rijsselaere, T., Zhandi, 
M., Maes, D., Shamsuddin, M., and Van Soom, 
A. Oocyte quality determines bovine embryo 
development after fertilization with hydrogen 
peroxide-stressed spermatozoa. Reprod. Fertil. 
Dev 2012; 24: 608–618

Riesco, M.F., and Robles, V. Cryopreservation 
causes genetic and epigenetic changes in 
zebrafish genital ridges. PLoS ONE 2013; 8: 
e67614

Rousset-Jablonski, C., Chevillon, F., Dhedin, 
N., and Poirot, C. fertility preservation in 
adolescents and young adults with cancer. 
Bull. Cancer 2016; 103: 1019–1034

Royere, D., Barthelemy, C., Hamamah, S., and 
Lansac, J. Cryopreservation of spermatozoa: 
A 1996 review. Hum. Reprod 1996; 2: 
553–559

Sa-Ardrit, M., Saikhun, J., Thongtip, N., Damyang, 
M., Mahasawangkul, S., Angkawanish, T., 
Jansittiwate, S., Faisaikarm, T., Kitiyanant, 
Y., Pavasuthipaisit, K., and Pinyopummin, 
A. Ultrastructural alterations of frozen-
thawed asian elephant (elephas maximus) 
spermatozoa. Int. J. Androl 2006; 29: 346–352

Saeednia, S., Shabani Nashtaei, M., Bahadoran, 
H., Aleyasin, A., and Amidi, F. Effect of 
nerve growth factor on sperm quality 
in asthenozoosprmic men during 
cryopreservation. Reprod. Biol. Endocrinol 
2016; 14: 29

Said, T.M., Gaglani, A., and Agarwal, A. 
Implication of apoptosis in sperm cryoinjury. 
Reprod. Biomed 2010; 21: 456–462

Sanger, W.G., Olson, J.H., and Sherman, J.K. Semen 
cryobanking for men with cancer–criteria 
change. Fertil. Steril 1992; 58: 1024–1027

Santiani, A., Evangelista, S., Sepulveda, N., 
Risopatron, J., Villegas, J., and Sanchez, 
R. Addition of superoxide dismutase 
mimics during cooling process prevents 
oxidative stress and improves semen 
quality parameters in frozen/thawed ram 
spermatozoa. Theriogenology 2014; 82: 
884–889

Satirapod, C., Treetampinich, C., Weerakiet, 
S., Wongkularb, A., Rattanasiri, S., 
and Choktanasiri, W. Comparison of 
cryopreserved human sperm from solid 
surface vitrification and standard vapour 
freezing method: On motility, morphology, 
vitality and DNA integrity. a Andrologia. 44 
Suppl 2012; 1: 786–790

Satorre, M.M., Breininger, E., and Beconi, M.T. 
Cryopreservation with alpha-tocopherol 
and sephadex filtration improved the quality 
of boar sperm. Theriogenology 2012; 78: 
1548–1556

Schiewe, M.C., Rothman, C., Spitz, A., Werthman, 
P.E., Zeitlin, S.I., and Anderson, R.E. Validation-
verification of a highly effective, practical 
human testicular tissue in vitro culture-
cryopreservation procedure aimed to 
optimize pre-freeze and post-thaw motility. J. 
Assist. Reprod. Genet 2016; 33: 519–528

Schuffner, A., Morshedi, M., and Oehninger, 
S. Cryopreservation of fractionated, highly 
motile human spermatozoa: Effect on 
membrane phosphatidylserine externalization 
and lipid peroxidation. Hum. Reprod 2001; 16: 
2148–2153

Serafini, P., Hauser, D., Moyer, D., and Marrs, R. 
Cryopreservation of human spermatozoa: 
Correlations of ultrastructural sperm head 
configuration with sperm motility and ability 
to penetrate zona-free hamster ova. Fertil. 
Steril 1986; 46: 691–695

Shabani Nashtaei, M., Amidi, F., Sedighi Gilani, 
M.A., Aleyasin, A., Bakhshalizadeh, S., Naji, 
M., and Nekoonam, S. Protective features 
of resveratrol on human spermatozoa 
cryopreservation may be mediated through 
5’ amp-activated protein kinase activation. 
Andrology. 2017; 5: 313–326

Shafiei, M., Forouzanfar, M., Hosseini, S.M., 
and Esfahani, M.H. The effect of superoxide 
dismutase mimetic and catalase on the quality 
of postthawed goat semen. Theriogenology 
2015; 83: 1321–1327

Shahverdi, A., Sharafi, M., Gourabi, H., Yekta, 
A.A., Esmaeili, V., Sharbatoghli, M., Janzamin, 
E., Hajnasrollahi, M., and Mostafayi, F. 
Fertility and flow cytometric evaluations 
of frozen-thawed rooster semen in 
cryopreservation medium containing low-
density lipoprotein. Theriogenology 2015; 
83: 78–85

Sharafi, M., Zhandi, M., and Akbari Sharif, 
A. Supplementation of soybean lecithin-
based semen extender by antioxidants: 
Complementary flowcytometric study on 
post-thawed ram spermatozoa. Cell and Tissue 
Banking 2015 a; 16: 261–269

Sharafi, M., Zhandi, M., Shahverdi, A., and 
Shakeri, M. Beneficial effects of nitric oxide 
induced mild oxidative stress on post-thawed 

http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0097
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0097
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0098
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0099
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0099
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0099
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0099
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0099
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0100
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0100
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0100
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0100
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0100
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0100
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0101
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0101
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0101
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0101
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0101
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0101
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0102
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0103
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0103
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0103
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0103
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0103
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0103
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0104
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0104
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0104
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0104
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0105
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0105
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0105
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0105
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0106
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0106
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0106
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0106
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0106
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0107
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0107
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0107
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0107
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0107
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0107
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0108
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0109
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0109
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0109
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0109
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0110
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0110
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0110
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0110
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0110
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0110
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0111
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0111
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0111
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0112
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0112
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0112
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0112
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0113
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0113
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0113
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0113
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0113
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0113
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0114
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0114
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0114
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0114
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0115
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0115
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0115
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0115
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0115
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0116
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0116
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0116
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0116
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0116
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0117
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0117
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0117
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0117
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0117
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0118
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0118
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0118
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0118
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0118
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0118
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0119
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0119
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0119
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0119
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0119
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0119
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0120
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0120
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0120
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0120
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0120
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0120
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0121
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0121
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0121
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0121
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0122
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0122
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0122
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0122
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0123
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0123
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0123
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0123
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0124
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0125
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0125
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0125
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0125
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0125
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0125
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0126
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0126
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0126
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0127
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0127
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0127
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0128
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0129
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0130
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0130
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0130
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0130
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0130
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0131
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0132
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0132
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0132
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0132
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0132
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0132
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0133
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0133
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0133
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0133
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0133
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0133
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0134
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0135
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0135
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0135
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0135
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0135
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0136
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0137
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0137
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0137
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0137
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0137
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0137
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0138
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0138
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0138


 RBMO  VOLUME 37  ISSUE 3  2018 339

bull semen quality. Int J Fertil Steril. 2015; 9: 
230–237

Sharma, V. Sperm storage for cancer patients in 
the uk: A review of current practice. Hum. 
Reprod 2011; 26: 2935–2943

Shiva Shankar Reddy, N., Jagan Mohanarao, G., 
and Atreja, S.K. Effects of adding taurine and 
trehalose to a tris-based egg yolk extender 
on buffalo (bubalus bubalis) sperm quality 
following cryopreservation. Anim. Reprod. Sci 
2010; 119: 183–190

Spano, M., Cordelli, E., Leter, G., Lombardo, F., 
Lenzi, A., and Gandini, L. Nuclear chromatin 
variations in human spermatozoa undergoing 
swim-up and cryopreservation evaluated by 
the flow cytometric sperm chromatin structure 
assay. Mol. Hum. Reprod 1999; 5: 29–37

Stoeckius, M., Grun, D., and Rajewsky, N. Paternal 
rna contributions in the caenorhabditis 
elegans zygote. EMBO J 2014; 33: 1740–1750

Succu, S., Berlinguer, F., Pasciu, V., Satta, V., Leoni, 
G.G., and Naitana, S. Melatonin protects ram 
spermatozoa from cryopreservation injuries in 
a dose-dependent manner. J Pineal Res 2011; 
50: 310–318

Sun, H.Y., Gu, M.J., Sun, Y.Y., Wang, S.Q., Liu, 
Z.L., Zhang, Z.X., Lin, F.X., Wu, X.W., Su, J.T., 
and Wang, Z.J. Analysis of the pregnancy 
outcomes of 13 723 tubes of sperm specimens 
from the sperm bank. Zhonghua Nan Ke Xue 
2013; 19: 798–801

Toledo, E.J.L., Ramalho, T.C., and Magriotis, 
Z.M. Influence of magnetic field on physical–
chemical properties of the liquid water: 
Insights from experimental and theoretical 
models. J. Mol.Struct 2008; 888: 409–415

Tomas, C., Gomez-Fernandez, J., Gomez-
Izquierdo, E., Moce, E., and De Mercado, E. 
Addition of cholesterol-loaded cyclodextrins 
to the thawing extender: Effects on boar 
sperm quality. Reprod. Domest. Anim 2014; 
49: 427–432

Tongdee, P., Sukprasert, M., Satirapod, C., 
Wongkularb, A., and Choktanasiri, W. 
Comparison of cryopreserved human sperm 
between ultra rapid freezing and slow 
programmable freezing: Effect on motility, 
morphology and DNA integrity. J. Med. Assoc. 
Thai 2015; 98: S33–S42

Topraggaleh, T.R., Shahverdi, A., Rastegarnia, A., 
Ebrahimi, B., Shafiepour, V., Sharbatoghli, M., 
Esmaeili, V., and Janzamin, E. Effect of cysteine 
and glutamine added to extender on post-
thaw sperm functional parameters of buffalo 
bull. Andrologia 2014; 46: 777–783

Tournaye, H., Merdad, T., Silber, S., Joris, 
H., Verheyen, G., Devroey, P., and Van 
Steirteghem, A. differences in outcome after 
intracytoplasmic sperm injection with fresh or 
with frozen-thawed epididymal spermatozoa. 
Hum. Reprod 1999; 14: 90–95

Valcarce, D.G., Carton-Garcia, F., Herraez, M.P., 
and Robles, V. Effect of cryopreservation on 
human sperm messenger rnas crucial for 

fertilization and early embryo development. 
Cryobiology 2013; 67: 84–90

Valcarce, D.G., Carton-Garcia, F., Riesco, M.F., 
Herraez, M.P., and Robles, V. Analysis of DNA 
damage after human sperm cryopreservation 
in genes crucial for fertilization and early 
embryo development. Andrology 2013; 1: 
723–730

Varo-Ghiuru, F., Miclea, I., Hettig, A., Ladosi, I., 
Miclea, V., Egerszegi, I., and Zahan, M. Lutein, 
trolox, ascorbic acid and combination of 
trolox with ascorbic acid can improve boar 
semen quality during cryopreservation. Cryo 
letters 2015; 36: 1–7

Vicdan, K., Akarsu, C., Sozen, E., Buluc, B., 
Vicdan, A., Yilmaz, Y., and Biberoglu, K. 
Outcome of intracytoplasmic sperm injection 
using fresh and cryopreserved-thawed 
testicular spermatozoa in 83 azoospermic 
men with klinefelter syndrome. J. Obstet. 
Gynaecol. Res 2016; 42: 1558–1566

Vutyavanich, T., Lattiwongsakorn, W., 
Piromlertamorn, W., and Samchimchom, S. 
Repeated vitrification/warming of human 
sperm gives better results than repeated slow 
programmable freezing. Asian J. Androl 2012; 
14: 850–854

Vutyavanich, T., Piromlertamorn, W., and Nunta, 
S. Rapid freezing versus slow programmable 
freezing of human spermatozoa. Fertil. Steril 
2010; 93: 1921–1928

Walmsley, R., Cohen, J., Ferrara-Congedo, T., 
Reing, A., and Garrisi, J. The first births and 
ongoing pregnancies associated with sperm 
cryopreservation within evacuated egg zonae. 
Hum. Reprod 1998; 13: 61–70

Wang, S., Wang, W., Xu, Y., Tang, M., Fang, J., 
Sun, H., Sun, Y., Gu, M., Liu, Z., Zhang, Z., Lin, 
F., Wu, T., Song, N., Wang, Z., Zhang, W., and 
Yin, C. Proteomic characteristics of human 
sperm cryopreservation. Proteomics 2014; 14: 
298–310

Wang, Y., and Dong, S. Glutathione 
in combination with trehalose has 
supplementary beneficial effects on 
cryopreserved red deer (cervus elaphus) 
sperm. Am. J. Reprod. Immunol 2017; 77

Ward, M.A., Kaneko, T., Kusakabe, H., Biggers, 
J.D., Whittingham, D.G., and Yanagimachi, 
R. Long-term preservation of mouse 
spermatozoa after freeze-drying and freezing 
without cryoprotection. Biol. Reprod 2003; 
69: 2100–2108

Woolley, D., and Richardson, D. Ultrastructural 
injury to human spermatozoa after freezing 
and thawing. J. Reprod. Fertil 1978; 53: 
389–394

Xu, P., and Yu, B. Developing a new form of 
permeability and kozeny–carman constant 
for homogeneous porous media by means of 
fractal geometry. Adv Water Resour 2008; 31: 
74–81

Ye, Y., Xu, C., Qian, Y., Jin, F., and Huang, 
H. Evaluation of human sperm function 

after being cryopreserved within the zona 
pellucida. Fertil. Steril 2009; 92: 1002–1008

Yeste, M. Sperm cryopreservation update: 
Cryodamage, markers, and factors affecting 
the sperm freezability in pigs. Theriogenology 
2016; 85: 47–64

Yeste, M., Estrada, E., Casas, I., Bonet, S., and 
Rodriguez-Gil, J.E. Good and bad freezability 
boar ejaculates differ in the integrity of 
nucleoprotein structure after freeze-thawing 
but not in ros levels. Theriogenology 2013; 79: 
929–939

Younis, A.I., Rooks, B., Khan, S., and Gould, 
K.G. The effects of antifreeze peptide iii 
(afp) and insulin transferrin selenium (its) 
on cryopreservation of chimpanzee (pan 
troglodytes) spermatozoa. J. Androl 1998; 19: 
207–214

Zeng, C., He, L., Peng, W., Ding, L., Tang, K., 
Fang, D., and Zhang, Y. Selection of optimal 
reference genes for quantitative rt-pcr studies 
of boar spermatozoa cryopreservation. 
Cryobiology 2014 a; 68: 113–121

Zeng, C., Peng, W., Ding, L., He, L., Zhang, Y., 
Fang, D., and Tang, K. A preliminary study on 
epigenetic changes during boar spermatozoa 
cryopreservation. Cryobiology 2014 b; 69: 
119–127

Zhandi, M., and Sharafi, M. Negative effect of 
combined cysteine and glutathione in soy 
lecithin-based extender on post-thawed ram 
spermatozoa. Cell Tissue Bank. 2015; 16: 
443–448

Zhang, W., Li, F., Cao, H., Li, C., Du, C., 
Yao, L., Mao, H., and Lin, W. Protective 
effects of l-carnitine on astheno- and 
normozoospermic human semen samples 
during cryopreservation. Zygote 2016; 24: 
293–300

Zhang, W., Yi, K., Chen, C., Hou, X., and 
Zhou, X. Application of antioxidants and 
centrifugation for cryopreservation of boar 
spermatozoa. Anim. Reprod. Sci 2012; 132: 
123–128

Zhou, L., Zhang, Z., Shi, J.Z., Liu, X.H., Shi, W.H., 
Kou, H., and Song, J. Influence factors on the 
cryosurvival rate of post-thaw spermatozoa 
from sperm donors. Zhonghua Nan Ke Xue 
2014; 20: 523–526

Zilli, L., Beirao, J., Schiavone, R., Herraez, 
M.P., Gnoni, A., and Vilella, S. Comparative 
proteome analysis of cryopreserved flagella 
and head plasma membrane proteins from 
sea bream spermatozoa: Effect of antifreeze 
proteins. PLoS ONE. 2014; 9: e99992

Zou, Y., Yin, T., Chen, S., Yang, J., and Huang, 
W. On-chip cryopreservation: A novel 
method for ultra-rapid cryoprotectant-free 
cryopreservation of small amounts of human 
spermatozoa. PLoS ONE 2013; 8: e61593

Received 24 June 2017; refereed 19 May 2018; 
accepted 22 May 2018.

http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0138
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0138
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0139
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0139
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0139
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0140
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0140
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0140
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0140
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0140
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0140
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0141
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0141
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0141
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0141
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0141
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0141
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0142
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0142
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0142
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0143
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0143
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0143
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0143
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0143
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0144
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0144
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0144
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0144
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0144
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0144
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0145
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0145
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0145
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0145
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0145
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0146
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0146
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0146
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0146
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0146
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0146
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0147
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0148
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0148
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0148
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0148
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0148
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0148
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0149
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0149
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0149
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0149
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0149
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0149
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0150
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0150
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0150
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0150
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0150
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0151
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0151
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0151
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0151
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0151
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0151
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0152
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0152
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0152
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0152
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0152
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0152
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0153
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0154
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0154
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0154
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0154
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0154
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0154
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0155
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0155
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0155
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0155
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0156
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0156
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0156
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0156
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0156
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0157
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0157
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0157
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0157
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0157
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0157
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0158
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0158
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0158
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0158
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0158
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0159
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0159
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0159
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0159
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0159
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0159
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0160
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0160
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0160
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0160
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0161
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0161
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0161
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0161
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0161
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0162
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0162
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0162
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0162
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0163
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0163
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0163
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0163
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0164
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0164
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0164
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0164
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0164
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0164
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0165
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0165
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0165
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0165
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0165
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0165
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0166
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0166
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0166
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0166
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0166
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0167
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0167
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0167
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0167
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0167
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0168
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0168
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0168
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0168
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0168
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0169
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0169
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0169
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0169
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0169
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0169
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0170
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0170
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0170
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0170
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0170
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0171
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0171
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0171
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0171
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0171
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0172
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0172
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0172
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0172
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0172
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0172
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0173
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0173
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0173
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0173
http://refhub.elsevier.com/S1472-6483(18)30313-4/sbref0173

	Sperm cryopreservation: A review on current molecular cryobiology and advanced approaches
	Introduction
	Biology of sperm cryopreservation
	Ultrastructural changes of spermatozoa during freezing
	Proteome, transcriptome and epigenome modifications of post-thawed spermatozoa
	Sperm parameters affected by freezing
	Strategies against 
cryo-injuries
	Defensive strategies
	Cryoprotectants
	Antioxidants
	Antifreeze proteins
	Other defensive strategies

	Offensive controllable strategies

	Updated techniques for sperm cryopreservation
	Conventional method of cryopreservation
	Advanced methods of cryopreservation
	Freezing small numbers of sperm
	Solid surface vitrification (SSV)
	Freeze-drying method (lyophilization)

	Effect of freezing on reproductive outcome and offspring health

	Conclusions and future directions
	Acknowledgements
	References


