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Abstract

Freezing sperm for artificial insemination (Al) has been common for decades, but this method causes damage to
sperm, which affects its viability and fertility. Various strategies have been used to treat sperm cryopreservation
complications, but their results are still not satisfactory. The latest approach in this field is using extracellular vesicles
(EVs). The role of EVs in reproduction, such as spermatogenesis, sperm capacitation, and fertility has been proven.
EVs can deliver proteins, lipids, nucleic acids, and other molecules to the sperm for repair. The EVs carry proteins,
lipids, nucleic acids, and other molecules, which could be involved in sperm quality, functionality or fertility. The
application of EV derived from animal and human cell sources for cryoinjury treatment indicates the improvement
of sperm quality after freeze-thawing. In addition, different EV engineering methods regarding various EV cargos
could be more influential for cryopreserved sperm treatment because they could provide EV customized content
for delivering to cryoinjured sperm, according to their unique needs to enhance viability and fertility. In this
review, first, we reminded the sperm cryopreservation complications, and next explained the conventional and
modern strategies for overcoming them. Then, we have pointed out the role of EV in sperm development and the
following mentioned the study results of using EV from different cell sources in sperm cryoinjuries repair. Also, we
suggested several predisposing molecules (including microRNAs and proteins) for EV engineering to treat sperm
cryopreservation complications by indirect engineering procedure, including genetic manipulation and incubation
with therapeutic molecules, and direct engineering procedure, including electroporation, sonication, incubation,
saponin permeabilization, extrusion, CaCl2-heat shock, and freeze/thawing. Finally, we discussed the limitations of
EV application and ethical considerations in this context. In the meantime, despite these limitations, we pointed
out the promising potential of the EV engineering strategies to reduce infertility rates by helping to overcome
sperm cryopreservation challenges.
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Background

Artificial insemination (AI) is an important technique
for addressing infertility in humans under specific cir-
cumstances, such as treatment for cancer, vasectomy, or
surgical interventions for infertility, and in animals for
ex-situ wildlife conservation [1, 2]. However, using Al is
hampered by poor cryopreserved sperm [2]. Sperm cryo-
damage is attributed to factors such as oxidative stress,
osmotic stress and temperature fluctuations [3, 4]. Cryo-
preservation could include various structural damage to
sperm, such as the plasma membrane, acrosome dam-
age, nucleus, mitochondria and vital molecules including
proteins, lipids and nucleic acids (mRNAs, microRNAs,
and DNA) damage [3, 5]. These freeze-thawing (FT) inju-
ries decrease the quality, fertility of sperm and pregnancy
rates [6—8]. Consequently, researchers have been striving
for years to find solutions to enhance the viability and fer-
tility of sperm post-cryopreservation. These approaches
can be categorized into three procedures: before and dur-
ing cryopreservation for prevention of sperm cryoinjury,
and after cryopreservation for healing cryoinjured sperm.
Currently, a range of methods are employed to prevent
sperm cryoinjury. These include traditional approaches
like cryoprotectants and membrane stabilizers as well as
innovative techniques such as applying mild sub-lethal
stress and inducing a magnetic field prior to freezing
[5]. Although these strategies are effective in improving
the results, they don't seem to be sufficient for achiev-
ing better post-thaw sperm quality and there is a need
for new strategies [4]. In recent years, the biological roles

of extracellular vesicles (EVs) have become better under-
stood, particularly their functions in cell communica-
tion and their therapeutic effects [9, 10] and engineering
potential [11]. EVs are nano-sized membrane vesicles that
are released by a wide variety of cells into the extracellu-
lar space and body fluid. They are abundant in biologi-
cal fluids such as blood and semen. EVs have three main
subtypes including exosome, microvesicle, and apoptotic
body that have different sizes, contents and formation
mechanisms [12]. However, the International Society for
Extracellular Vesicles (ISEV) has recommended using the
general term extracellular vesicle [13]. Exosomes have a
diameter of approximately <100 nm and are released by
the fusion of endosomal compartments to the plasma
membrane (exocytosis), while microvesicles are around
100-1000 nm and they are secreted by cell membrane
budding. Apoptotic bodies are released by apoptotic
cells of approximately 500—5000 nm diameter. The roles
of EVs play a crucial role in cell-to-cell communication
the regulation of biological processes in both physiologi-
cal and pathological conditions. For EV characterization
transmission electron microscope (TEM), dynamic light
scattering (DLS) and internal markers expression such
as Alix, TSG101 and surface markers expression such
as CD63 and CDS81, are used. Additionally, methods
like differential ultra-centrifugation, density gradients,
precipitation, filtration, size exclusion chromatography
and immunoisolation are used for the separation and
concentration of EVs [13, 14]. New studies show that
EVs are emerging significant players in next-generation
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diagnostic and therapeutic platforms [15, 16]. EVs con-
tain various superficial and internal cargo, including
proteins, lipids and nucleic acids, which can be delivered
to recipient cells to influence their functions [3, 5]. EVs
can create biological responses by contact and binding
to the membrane receptor on the surface of the recipient
cell for triggering intercellular signaling pathways, direct
membrane fusion with target cells or internalization via
endocytosis by the recipient cell [17]. Today, the role of
EVs in various biological processes has been significantly
elucidated, for example, in reproduction including sper-
matogenesis, capacitation, fertility, pregnancy, and even
childbirth, and also in reproductive regulation and preg-
nancy-related diseases [18, 19]. It has been proved that
exosomes can interact with sperm and transfer their
contents into the sperm cells [20]. In recent years, EVs
have been employed to enhance sperm vitality [21] and
fertilizing ability [22]. In this section, we begin by dis-
cussing the cryoinjuries in sperm sustain during cryo-
preservation, followed by an overview of traditional and
innovative approaches to mitigate these effects. Finally,
we explore the potential of EV engineering to address
sperm cryopreservation challenges and propose some
recommendations.

Sperm cryopreservation injuries (sperm cryoinjury)
In humans, freezing of sperm has led to thermal shock
with the appearance of intracellular and extracellular ice
crystals, cellular dehydration and osmotic shock [23].
Cryopreservation can harm essential sperm components,
affecting various aspects such as the plasma membrane
(integrity, ion channel alterations, lipid composition
changes and membrane fluidity) [2, 5]. Plasma mem-
brane damage can result not only from the equilibration
process with cryoprotectant media but also from events
that occur during cooling [24, 25]. On the other hand,
high levels of DNA fragmentation have been observed
following sperm cryopreservation [26], due to increased
oxidative stress on DNA, therefore, further research is
needed to fully understand the underlying mechanisms
[27]. However, recently, oxidative stress has emerged as
the most likely suspect in sperm DNA damage caused
by freezing [28]. Mitochondrial dysfunction following
cryopreservation is caused by the generation of reactive
oxygen species (ROS). This is likely due to the disrup-
tion of oxidative phosphorylation and the inactivation of
antioxidant enzymes [29], although it may be linked to
damage to the inner and outer mitochondrial membranes
as well as its DNA [30]. After freezing, protein degrada-
tion, phosphorylation and carbonylation have also been
observed [31]. For example, cryopreservation has been
found to induce abnormal modifications in protein
phosphorylation in ram sperm [32]. Furthermore, cryo-
preservation can modify sperm function by influencing
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the many protein expression levels in human, such as
glucose-6-phosphate isomerase (GPI), lactate dehydro-
genase B (LDHB), alcohol dehydrogenase 5 (ADHS5) and
phosphoglycerate mutase 1 (PGAM1) [33, 34]. These
proteins are involved in major sperm characteristics,
including motility, plasma membrane integrity, energy
metabolism, capacitation and sperm—oocyte fusion after
cryopreservation [33, 35]. Besides, the cryopreserva-
tion can lead to the release of associated proteins with
the nucleus, mitochondrial structure or metabolism, the
cytoskeleton and the cytosol into the extracellular fluid
[36]. Cryopreservation also increases lipid peroxida-
tion, triggers premature acrosome exocytosis, degrades
mRNAs and microRNAs (miRs) [2, 5].

It has been proved that using different cryopreservation
media has adversely impacted sperm capacitation, motil-
ity and morphology after thawing [37, 38]. Also, studies
have demonstrated that bovine, ovine and goat sperm
cryopreservation significantly reduces sperm parameters
such as acrosome integrity, enzyme activity, motility and
fertility [39].

Studies have clearly shown that oxidative stress is
increased in cryopreserved sperm, leading to epigenetic
changes (including histone modifications, DNA methyla-
tion, and non-coding RNAs) [40]. These modifications,
in addition to reducing sperm motility and fertilization
potential, affect embryo development and can be passed
down to offspring [41-43].

Conventional and novel strategies for sperm
cryoinjury prevention and treatment

Strategies for preventing sperm cryoinjury have been cat-
egorized into conventional and novel approaches, which
have recently been thoroughly reviewed [5]. These strate-
gies encompass a range of methods that will be reviewed
below. A sperm extender requires suitable osmolarity
and buffering capacity at an appropriate pH [42]. Also,
cryopreservation extenders for sperm may contain pen-
etrating cryoprotectants like glycerol or dimethyl sulfox-
ide (Me2SO) as well as non-permeating cryoprotectants
such as milk, egg yolk, soybean lecithin/raffinose or com-
binations of these [5, 44, 45].

Conventional strategies encompass a variety of meth-
ods [5]. For instance, glycerol and ethylene glycol serve
as traditional penetrating cryoprotective agents (CPAs)
that help protect sperm during cryopreservation. How-
ever, high doses of glycerol can be detrimental to the
plasma membrane and the overall function of the cells.
Toxic levels of glycerol can alter sperm tail movement by
affecting the polymerization and depolymerization of a
and P tubulins [46]. Additionally, non-permeating cryo-
protectants like sugars can provide colligative protection
outside the cells [47]. In contrast, permeating CPAs cause
changes in water volume during equilibration, whereas
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non-permeating solutes lead to significant long-term vol-
ume changes that can damage membranes and cytoskel-
etal structure [47]. Notably, egg yolk and soybean lecithin
have been successfully used as low-density lipoproteins to
protect against sperm freeze-thaw injury [48-51]. During
semen cryopreservation, high amounts of polyunsatu-
rated fatty acids (PUFAs) in sperm are exposed to lipid
peroxidation because of the tremendous production of
ROS. This oxidative stress is controlled by diverse intrin-
sic antioxidant protective systems in sperm and seminal
plasma (SP) containing enzymatic antioxidants, and non-
enzymatic antioxidants [52]. Besides, some studies have
indicated that vitamin E or C supplements may have ben-
eficial effects on sperm cryopreservation [53, 54].

In addition to providing energy resources, sugars reg-
ulate osmotic pressure, decrease relative ion concentra-
tions, stabilize proteins and phospholipid bilayers during
sperm cryopreservation [55]. Trehalose and its combina-
tions with other additives are commonly used as a non-
permeating cryoprotectant. This sugar can help stabilize
cell plasma membranes [56]. Furthermore, it is reported
that other sugars are also successfully applied for sperm
cryopreservation. Some sugars in cryopreservation media
recipes have shown different results in some species. For
instance, while raffinose is beneficial for mice, it nega-
tively affects chicken sperm [57]. Additionally, Chanapi-
wat et al. (2012) found that lactose is more effective
than fructose, glucose and sorbitol in enhancing sperm
recovery in boars when using an egg yolk-based medium
[58]. In recent years, cholesterol-loaded cyclodextrins
or cholesterol-cyclodextrin complexes (CLC) have been
used before cryopreservation to improve sperm plasma
membrane and acrosomal integrity, and increase osmotic
tolerance [59-61]. In addition, CLC pretreatment Addra
gazelle sperm before freezing prevented the loss of
metabolism and proteins associated with sperm motility
and after thawing motility [62]. Although these effects
were not observed in some species, such as sheep [38].

It is acceptable that diet can affect reproductive
enhancement. For example, it has been shown that the
dietary content of fish oil (3%) alters the semen lipid com-
position, while not enhancing the post-thaw semen qual-
ity of ram spermatozoa [63], while another study found
that including fish oil (3% of the diet’s dry matter) signifi-
cantly improved several post-thaw ram sperm parame-
ters [64]. Furthermore, the warming and thawing process
can influence sperm quality. To avoid harmful recrystalli-
zation during warming, samples that were cooled quickly
should also be warmed rapidly. For example, it has been
demonstrated that faster warming leads to improved
motility parameters in boar sperm, with the effects being
influenced by the interaction between warming rates and
glycerol concentrations [65].
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To enhance the outcomes of sperm cryopreservation,
alongside traditional methods, innovative techniques
have been developed. These approaches include vari-
ous strategies [5]. Research indicates that inducing mild,
non-lethal stresses before freezing, such as osmotic [66],
hydrostatic [67] or oxidative stress [68] improves sperm
resistance to cryo-damage, likely by inhibiting the apop-
totic pathway [5]. Additionally, it has been shown that
in certain species, magnetizing extenders using a high
magnetic field can reduce hexagonal ice crystal forma-
tion and protect sperm from damage [69, 70]. More-
over, increasing attention is being given to freeze-drying
(lyophilization) for sperm preservation [71]. Even though
freeze-dried sperm may not remain viable, the chroma-
tin remains intact, making them suitable for use in intra-
cytoplasmic sperm injection [72]. Besides, single-layer
centrifugation (SLC) application as a colloid-based pro-
cedure can separate strong sperm from the rest, thus, it
can select viable sperm with higher persistence against
post-thawing cryo-damages [73]. Recently, studies have
demonstrated that adding some nanoparticles (NPs) to
cryopreservation media can improve fertility results [74].
Applied nanoparticles in this field can be divided into
two groups, including inorganic (such as cerium oxide
(CeO,) and selenium nanoparticles (SeNPs) and organic
nanoparticles (such as nanoliposome and extracellular
vesicles). It has been shown that CeO2 NPs conserve the
integrity of DNA and plasma membranes in ram sperm
by acting as ROS scavengers against oxidative stress [75].
Additionally, SeNPs also act as a scavenger of ROS, by the
addition of vitamin E into rooster semen extender, which
could lead to enhancing total antioxidant capacity (TAC)
level and decreasing malondialdehyde (MDA) concentra-
tion [76]. Furthermore, it has been proved that lecithin
nanoliposome extender, in addition to decreasing apop-
totic sperm percentage, could enhance post-thawing ram
sperm quality [77]. In addition, it has been demonstrated
that the combination of vitamin E with 1.0 glutathione
peroxidase (GPX) in a lecithin-nanoliposome-based
extender enhanced post-thawing bull sperm viability and
blastocyst formation rate [78]. In recent decades, EV as
a natural nanoparticle group that attracted much atten-
tion due to their important role in intracellular commu-
nication. Exosomes, microvesicles and apoptotic bodies
are the main subtypes of EVs. They could have many dif-
ferent cargoes such as proteins, lipids and nucleic acids
[12]. The male genital tract has shown particulate loca-
tion diversity [79] and cryo-electron microscopy has
revealed a variety of EVs in human semen [80]. Studies
confirmed that EVs play a role in regulating reproduc-
tive tract activity [18, 19]. Recently, many studies have
highlighted the role of EVs in regulating mammalian
reproduction, including follicular and early embryonic
development, the implantation process of embryos and
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male reproductive function [19, 81, 82]. In addition, it
has also been proven that EVs can be used in the diag-
nosis and treatment of pregnancy-related diseases [19].
The authors have emphasized the role of proteins and
miRNAs among the various compounds in EVs [83, 84],
demonstrating their importance in regulating biologi-
cal functions within the mammalian reproductive sys-
tem. However, the role of other biomolecules in EVs
still requires further investigation. Du et al. showed that
exosomes from boar SP help maintain sperm function
by integrating into the sperm membrane [85]. Another
study has demonstrated that co-incubation of spermato-
zoa with porcine oviductal EVs increased frozen sperm
survival [86]. In addition, it has been shown that canine
adipose-derived MSCs can effectively improve the viabil-
ity and fertility of cryopreserved sperm [87]. Altogether,
these studies indicate that EVs derived from various cell
sources have significant potential to improve the quality
and fertility of cryopreserved sperm.

Mechanism of extracellular vesicles (EV) effect in
sperm maturation and function

Sertoli cells, the epididymis and the prostate play a cru-
cial role in spermatogenesis, sperm maturation, and
functioning. New findings show the involvement of EVs
in the testis in the communication between the Sertoli
cell, germ cells and spermatozoa [88]. It is observed that
Sertoli-derived exosomes (SC-EXO) as guardians of germ
cells ameliorate the negative impact of electromagnetic
field-induced oxidative stress in mouse spermatogonial
stem cells (SSCs) [89]. However, their effects go beyond
this, as exosomes appear to mediate the interaction of
Sertoli cells with SSCs and Leydig cells. Exosomes as a
part of Sertoli cell paracrine secretion, besides hormones
and growth factors play an important role in spermato-
genesis. Tian et al. confirmed that SC-EXO participates
in the regulation of the spermatogenesis process. They
revealed that exposure to SC-EXOs increases promy-
elocytic leukaemia zinc finger protein (PLZF), mouse
vasa homologue (MVH) and Stimulated by retinoic acid
8 (STRAS8) expression in SSCs cultures, simultaneous
with a reduction of inhibitor of DNA binding4 (ID4) and
GDNF family receptor ol (GFRA1) levels [90]. Recent
studies have shown that exosomes released by Sertoli
cells not only potentially promote the survival of Leydig
cells by crossing the blood-testis barrier but also regulate
the differentiation of SSCs through miR-486-5p, which
binds to PTEN in mice [91, 92]. In addition, deliver-
ing miR-24-3p inhibitor into germ cells enhances sperm
mobility by Sertoli-derived EVs crossing the blood-testis
barrier [93]. These findings suggest that miRs carried by
Sertoli-derived EVs effectively mediate the regulation of
spermatogenesis and sperm mobility. Given the impor-
tant role of Sertoli cells in spermatogenesis regulation,
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further research is needed to more accurately elucidate
the mechanism of action of Sertoli-derived EVs compo-
nents, specifically miRs in the spermatogenesis process
regulation.

The epididymis is a tube tightly coiled on the testis sur-
face, carrying sperm from the seminiferous tubules to
the ductus deferens. One of its important roles is to help
sperm post-testicular maturation [18, 94]. The principal
cells (PCs) of epididymal epithelium secrete the EVs via
apocrine secretion [95]. After the release of EVs into the
fluid, they interact with passing sperms in the epididymis
[96]. The EVs secreted by the epididymis are called epi-
didymosomes. It has been proved that epididymosomes
interact with sperm in vitro. In addition, about 12-36%
of the epididymosomes carry the targeted sperm protein
[97]. Epididymosomes can be divided into two groups,
including smaller CD9-positive EVs, and larger CD9-
negative EVs. The small EVs fuse with sperm via their
tetraspanin domains, and the larger ones contain higher
levels of epididymal sperm-binding protein 1 (ELSPBP1)
[98, 99]. In several species, the presence of ELSPBP1 has
been proved in epididymosomes [100]. These proteins
bind to sperm after ejaculation and facilitate multiple
functions such as capacitation [101]. A study of compara-
tive proteome and lipid profiles of bovine epididymo-
somes shows the cargo differs between the epididymal
fluid, caudal and distal epididymosomes [102]. It has
also been shown that the miRNA cargo differs between
EVs released from the proximal and distal epididymis
[103]. Some of the molecules transferred between epi-
didymosomes and sperm such as sperm adhesion mol-
ecule 1 (SPAM1), play a role in fertilization [104], glioma
pathogenesis-related 1-like protein 1 (GliPr1L1) [105],
and metallo-proteases [106]. Furthermore, it seems that
the exchange of proteins such as the proto-oncogene
C-terminal tyrosine-protein Src (cSrc) kinase [107] and
macrophage migration inhibitory factor (MIF) [108] via
epididymosomes to sperm have roles in sperm capacita-
tion and motility. Furthermore, the transfer of non-con-
ventional glutathione peroxidase 5 (GPX5) can protect
sperm DNA from oxidative stress [109] and Liprin a3
transferring is necessary for acrosome reaction [110].
Epididymosomes from various segments of the epididy-
mis exhibit distinct interactions with spermatozoa. The
transfer of proteins from epididymosomes to spermato-
zoa is influenced by factors such as time, temperature,
and pH with zinc enhancing the efficiency of this process
[84]. Additionally, sperm migration inhibitory factor is
delivered to the flagellar fibers, which are essential for
sperm motility [111], while P26h and P25b, which regu-
late binding to the zona pellucida, are transported to the
plasma membrane of the acrosome [112].

The prostate, a small accessory gland in the male repro-
ductive system, produces a crucial fluid that supports
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sperm transport and protection. The EVs released by the
prostate epithelium are called prostasomes [113]. These
EVs are heterogeneous in size and appearance and have
one exosome entity. They contain prostate-specific pro-
teins such as PAP, PSA, type 2 transmembrane serine
protease (TMPRSS2), prostate-specific transglutamin-
ase, prostate stem cell antigen (PSCA) and chromosomal
DNA [113, 114]. The presence of prostasomes is posi-
tively influenced by sperm motility and they play a role
in preventing premature capacitation and acrosome reac-
tion of sperm [115].

Research indicates that the presence of SP exosomes is
linked to the maintenance of boar sperm motility, mem-
brane integrity, antioxidant capacity and inhibition of
premature capacitation [85]. Recently, exosomes have
been candidates as biomarkers for male infertility iden-
tification such as in patients with azoospermia, hypo-
spermia and teratozoospermia [16]. In addition, it has
been observed that oviductosomes, uterosomes, vagino-
somes, endometriosomes and oocytosomes can interact
with sperm [116]. These EVs are naturally absorbed by
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sperm within the female reproductive system to exert
their effects. These findings highlight the physiological
and transformative roles of EVs in the male reproductive
system [100] and propose a potential strategy to more
effectively address the challenges of sperm cryopreser-
vation through the application of EVs. Furthermore, EVs
are not only crucial in the male reproductive system but
have also been shown to contribute to oocyte matura-
tion, fertilization, prevention of polyspermy and embryo
implantation [117].

Extracellular vesicles (EV) as a new strategy

for prevention and treatment of sperm
cryopreservation complications

The therapeutic potential of EVs has been a topic of inter-
est for over twenty years [118]. EVs transport a range of
surface and internal materials, including proteins, lipids
and nucleic acids (Fig. 1). They have the ability to interact
with spermatozoa and deliver these bioactive molecules
to them in mammals such as porcine [19, 100, 119]. This
results in the acquisition of essential molecules for sperm
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maturation, motility, activation, protection, capacitation,
acrosome reaction and fertilization [87]. Research shows
that exosomes derived from HEK293T cells were taken
up by boar sperm within 10 min of co-incubation [120]. It
has been noted that sperm-derived extracellular vesicles
(SP-EVs) carry delicate molecules associated with sperm
fertility in pigs [121]. Accordingly, it is proved that EVs
from seminal vesicles interact with spermatozoa in farm
animals and pets [122]. Shamsi et al. (2024) have indi-
cated that supplementing the freezing diluent with exo-
some-derived SP could preserve the quality parameters
of the post-thawed bull sperm [123]. Furthermore, treat-
ment with follicular fluid (FF) vesicles remarkably alters
the trajectory of human sperm motion, which can certify
an enhancement in their hyperactivation and, assum-
able, fertilizing capacity [124]. It has also shown that the
minimum of 5x 10° EVs/mL of bovine FF was sufficient
to support sperm viability and also induce bull sperma-
tozoa capacitation and acrosome reaction [125]. Chen
et al. (2024) have demonstrated that exosomes secreted
from epithelial cells and follicular layer cells regulate
sperm motility during female long-term storage sperm
in black rockfish (Sebastes schlegelii) ovary [20]. Based on
findings, it is expected that EVs could also be effective in
improving sperm cryoinjury treatment.

EVs of many types of MSCs have indicated anti-inflam-
matory and immunomodulatory effects [126—128]. These
EVs can mitigate inflammation, modulate the immune
response and lead to a conducive environment for cell
survival. For example, it has proved that adipocyte-
derived microvesicles play a role in maintaining cell sur-
vival [129]. Accordingly, Mokarizadeh et al. (2013) have
revealed that incubation with mesenchymal stem cell
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(MSC)-derived microvesicles (MVs) improved cryo-
preserved sperm quality parameters (viability, motility
and antioxidant capacity) and their adhesive properties
(CD29, CD44, ICAM-I1 and VCAM-I). Qamar et al. (2020)
have used adipose-derived MSCs for the treatment of
frozen-thawed dog sperm and observed improving their
viability and fertility. They have also found enhancement
in the post-thaw quality of canine semen after incubation
with exosomes from a conditioned medium harvested
from adipose-derived MSCs. Alcantara-Neto et al. (2020)
proved that porcine oviductosomes interact with gam-
etes and regulate sperm mobility and survivance. It has
been shown exposure to epididymal EVs improves the
function of immature sperm and maintains the vitality
of cryopreserved spermatozoa in the domestic cat model
[21]. Mahdavinezhad et al. (2022) have proved that exo-
somes and microvesicles from sperm play a protective
role during human sperm cryopreservation. So far, there
are no suitable options for preserving fertility in boys
who undergo chemotherapy before puberty. Because
controlled vitrification of testicular tissue leads to poten-
tial structural damage to the SSCs niche during cryo-
preservation. In this regard, Liakath et al. (2023) have
indicated the protective effect of human umbilical cord-
derived MSC exosomes by preserving the SSCs niche and
preventing testicular damage in mice, against chemother-
apy-induced testicular cytotoxicity. They observed that
mice receiving multiple injections of exosomes exhibited
remarkably higher fertility rates and serum testoster-
one levels [130]. These findings highlight the significant
potential of EVs in engineering solutions to repair cryo-
injured sperm (Table 1). Additionally, research indicates
that the proteomes of large and small EVs in pig sperm

Table 1 Extracellular vesicles (EV) treatment effects on cryopreserved sperm

EV cell sources EV EV During/After Main Results Some important pre- Reference(s)
donor recipient  cryopreservation dispose proteins for EV
engineering
Oviductosomes Porcine  Porcine After Regulating sperm mobility ~ MYH9, MYH14, HSPAS5, ANXA  [86, 200-202]
and survivance and OVGP1
Epididymal EVs Domes- Domestic After Improves the function DCXR, P34H, [21,105,
ticcat  cat of immature sperm and p26h, P25b, GliPr1L1, 203-207]
maintains the vitality AKR1B5, SDH and ELSPBP1
Exosomes and MVs of SP Human Human During Cryoprotective properties  CRISPs, MSMB and MIF [135, 136,
144, 208,
209]
Adipose-derived MSCs Canine  Dog After Viability and fertility ANXT, H3, and HMGB [87]
exosomes
Bone marrow MSC- Wistar ~ Wistar rat After Viability, motility and IGF1, HGF, LIF, FGF, and HO1 ~ [210-217]
derived MVs rat antioxidant capacity, and

adhesive properties
Abbreviations in Table 1: MYH9, Myosin Heavy Chain 9; MYH14, Myosin heavy chain 14; HSPA5, Heat Shock Protein Family A (Hsp70) Member 5; ANXA, Annexin AT;
OVGP1, Oviductal Glycoprotein 1; DCXR, Dicarbonyl/I-xylulose reductase; P34H, Epididymal sperm protein; P26h, Hamster sperm protein; P25b, Bull sperm fertility
marker protein; Glipr1l1, GLIPR1 (GLI Pathogenesis Related 1) like 1; AKR1B5, Aldoketoreductase 1B5; SDH, Succinate dehydrogenase; ELSPBP1, Epididymal sperm
binding protein 1; CRISPs, Cysteine Rich Secretory Proteins; MSMB, Microseminoprotein Beta; MIF, Macrophage Migration Inhibitory Factor; ANX1, Annexin A1; H3,
Histone H3; HMGB, High Mobility Group Box; IGF-1, Insulin-like Growth Factor-1; HGF, Hepatocyte Growth Factor; LIF, Leukemia Inhibitory Factor; FGF, Fibroblast
growth factors; HO1, Heme oxygenase 1
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differ [131]. Consequently, comparing the cargo of differ-
ent EV subgroups could enhance research on the treat-
ment of cryopreserved sperm.

Possible mechanisms of action for extracellular vesicles
(EV) in cryopreserved sperm repair

Recent studies have demonstrated that EVs possess sig-
nificant therapeutic properties that can aid in the repair
of damaged cells [132, 133]. These properties may address
various aspects of sperm cryoinjuries. These effects are
linked to the delivery of contents from EVs such as mito-
chondria, microRNAs and antioxidants, which can be
taken up by cells through mechanisms like endocytosis
or membrane fusion [134] (Fig. 2). We will explore the
potential mechanisms by which EVs may contribute to
the treatment of cryopreserved sperm in the following
discussion.

Bioenergy

Access to adequate energy can aid in repairing cellu-
lar damage and enhancing sperm motility. Additionally,
extracellular ATP has been shown to trigger the acro-
some reaction in human spermatozoa. Ronquist et al.
(2013) proposed that prostasomes produce high levels
of extracellular ATP which interacts with sperm surface
receptors to facilitate the acrosome reaction [135, 136]. It
has been demonstrated that mitochondria lacking MSC-
derived EVs significantly lost their ATP content, whereas
those treated with MSC-EVs retained at least 90% of their
ATP after two days of cold storage, compared to fresh
mitochondria [137]. Furthermore, another study indi-
cated that EVs from a human brain endothelial cell line
can enhance ATP levels in recipient cells [138]. It has
been suggested that damaged mitochondria in recipient
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cells can be converted into functional ones through the
delivery of medium-to-large EVs (m/lEVs) containing
mitochondria, as healthy mitochondria can fuse with and
repair damaged ones [139]. Moreover, research has found
that EVs can transfer polarized mitochondria (intact
mitochondria with a highly negative charge) and improve
cellular energetics in ischemic endothelial cells [140].
Additionally, studies indicate that mitochondrial-derived
vesicles (mitovesicles) maintain membrane potential and
contain functional ATP synthase, which could poten-
tially restore ATP-deficient mitochondria [141]. Recently,
Kowalczyk et al. (2024) have shown that isolated exo-
somes from the bull SP and supplemented with a con-
centrated dose in the extender for sperm freezing were
demonstrated to greatly improve cell cryostability by
keeping the potentials of the mitochondrial membrane of
the frozen/thawed spermatozoa [142].

Sperm motility

Sperm motility is crucial for normal fertility, but it can be
compromised by cryopreservation. Research has proved
that when prostasomes fuse with sperm, a calcium ion
(Ca2+) surge occurs in the sperm cytoplasm. Since
ionic signals and particularly calcium ions are essential
for stimulating sperm motility in the midpiece, prosta-
somes can sustain prolonged Ca®" signals in spermatozoa
through pH-dependent vesicle fusion [115]. Therefore,
using prostasomes after cryoinjury may enhance sperm
motility.

Delivering membrane compartments

The side effects of glycerol during sperm cryopreserva-
tion arise from protein denaturation, alterations in actin
interactions and the induction of plasma membrane

Fig. 2 Schematic view of natural/engineered extracellular vesicles (EVs) uptake by sperm (A: internalized EV, B: cell surface membrane fusion EV)
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fragility [3]. EVs have significant potential for delivering
membrane-associated proteins for therapeutic purposes
[143]. Microvesicles (MVs) and exosomes are rapidly
absorbed by the sperm plasma membrane [144]. Addi-
tionally, it has been noted that exosomes secreted by epi-
thelial and follicular layer cells attach to the mid-piece of
sperm stored in the ovaries of black rockfish (Sebastes
schlegelii) [20]. It is expected that using EV during and/
or after cryopreservation can help to plasma membrane
damage repair of sperm. Measurements of sperm qual-
ity indicators have proven that treatment with exosomal
proteins has protective and regenerative effects, includ-
ing preserving the integrity of the plasma membrane as
well as the chromatin material of canine sperm during
cryopreservation [145]. Furthermore, research has indi-
cated that oviductosomes from dogs and cats contain
proteins capable of restoring sperm function after cryo-
preservation. Thawing red wolf and cheetah sperm in the
presence of these oviductosomes improves post-thaw
motility in red wolf sperm and prevents premature acro-
some exocytosis (AE) in both red wolf and cheetah sperm
[2]. It has been noted that oviductosomes contain lipids
with protective properties. Research indicates that these
lipids can aid in safe guarding sperm during thawing by
altering the plasma membrane’s permeability and fluid-
ity. The bilayer membrane of EVs is abundant in lipids
like cholesterol, sphingomyelin, glycosphingolipids and
phosphatidylserine, which sperm can acquire through EV
uptake. By delivering cholesterol to sperm via oviducto-
somes, membrane stability could be enhanced, offering
protection against membrane damage and premature
acrosomal exocytosis during the thawing process [2].

MiRNAs

Studies have confirmed that exosomal cargoes and par-
ticularly miRNAs are involved in countless physiological
functions such as reproduction [19] by playing a role in
the post-transcriptional regulation of gene expression
[146]. It has been demonstrated that EVs can deliver
miRNAs to sperm. For instance, murine oviductosomes
are capable of transferring miR-34c-5p which localizes to
the centrosome of sperm [147]. A comparison of miRNA
profiles between fertile and subfertile individuals reveals
distinct differences. miRNAs from SP-EVs are linked to
spermatogenesis and sperm quality as they can regulate
transcription and translation processes [148]. Whole
transcriptome analysis of Yorkshire boar SP-EVs has
identified several key miRNAs related to sperm motility
[149]. Recent research suggests that miR-222 released by
semen EVs plays an important role in maintaining sperm
viability and reducing apoptosis [150]. Additionally, miR-
NAs within epididymosomes, secreted by the proximal
epididymis, have been shown to alter gene expression in
distal epididymal cells [151, 152]. The impact of this on
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the subsequent release of epididymal EVs and their cargo
warrants further investigation [100]. Moreover, studies
have found that miRNA profiles in follicular fluid vary
with age in women, influencing sperm characteristics
after treatment [153]. This field is susceptible to more
applied research.

Epigenetic effects

Research has indicated that cryopreservation induces
genetic and epigenetic changes in zebrafish genital ridges
and roosters [41, 42]. Epigenetic alterations are a crucial
factor in the decline of sperm motility and fertilization
capacity [43]. In recent years, it has been demonstrated
that epididymal EV-mediated miRNAs can induce epi-
genetic modifications [154]. Small EVs (sEVs) in semen
carry a significant population of small non-coding RNAs
(sncRNAs, 20 to 100 nucleotides) that, through various
epigenetic and post-transcriptional mechanisms, play a
major role in gene expression regulation [155]. Previous
studies have shown that modifications in sperm RNA,
triggered by external factors, can alter paternally inher-
ited traits in offspring, such as insulin sensitivity [156,
157]. The potential epigenetic role of EVs in mitigating
cryoinjury-induced epigenetic damage in sperm requires
further investigation.

Antioxidant properties

Oxidative stress is recognized as a key factor contributing
to sperm cryodamage [3, 4]. Research has demonstrated
that MSC-EVs are rich in antioxidant enzymes such as
glutathione peroxidase, superoxide dismutase 1 (SOD1),
SOD2, CAT and others [158]. Additionally, small EVs
in semen exhibit antioxidant properties that help pro-
tect sperm from oxidative stress [159]. Moreover, vari-
ous antioxidants can be loaded into EVs and delivered to
sperm, offering potential prevention or treatment for oxi-
dative stress-related damage.

Extracellular vesicles (EV) engineering to improve
viability and fertility of cryopreserved sperm

The natural role of EVs in spermatogenesis and sperm
capacitation for fertilization has been well established
[18] as well as their positive impact on reducing sperm
cryopreservation injuries [122, 124, 145]. Given these
findings, along with the potential of EV engineering [17],
there is growing interest in leveraging EV engineering
to address sperm cryopreservation-related damage. EV
engineering is commonly used to introduce or enhance
specific biomolecules to improve therapeutic outcomes
[17]. It has been suggested that SP-EVs can be extracted
and engineered in vitro by loading specific molecules,
then standardized for use in artificial reproductive tech-
nology (ART) applications [121]. This approach could
also involve harvesting EVs from other beneficial cell
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Table 2 Important direct EV engineering methods that are used
for loading molecule types in EVs

Direct EV Load- Used for loading of mol- Reference(s)
engineering ing ecule types
methods types Proteins RNA  Small
types molecules
Electroporation Active miRNA v n7a,
or 218-220]
SiRNA
Sonication Active ¢ miRNA - (166, 169]
or
SiRNA
Incubation Pas- miRNA v [167,169,
sive 221,222]
Freeze/thawing Active ¢ miRNA - [169]
Saponin per- Active ¢ miRNA v 169,171,
meabilization 223]
Extrusion Active ¢ - v (169, 171]
CaCl”heat Active - miRNA - 1671
shock

sources within the male or female reproductive tracts for
treating sperm cryoinjury. Overall, EV engineering strat-
egies can be divided into two main approaches: direct
and indirect.

It is important to note that EVs required for treating
cryopreserved sperm can be sourced either from secre-
tions of specific cells in the human body or from secre-
tions during the cultivation of these cells. The benefit of
obtaining EVs from body fluids is that the secreting cells
remain in their natural environment, though this method
typically yields a smaller quantity of EVs. In contrast, EVs
derived from cell culture are usually produced in larger
amounts but the cells are no longer in their natural niche.
Therefore, it is essential to compare the quality-to-quan-
tity ratio between these two methods and evaluate their
respective effectiveness in addressing the complications
of cryopreserved sperm.

EV targeting can be enhanced through engineering to
improve uptake by recipient cells. For instance, increas-
ing the presence of various integrins, CD63, the tet-
raspanin 8 (TSPANS)-integrin a4 complex and glycans
on the EV surface can boost EV targeting efficiency [17,
160]. Modifying the EV surface with these molecules
can improve their targeting capabilities and retention in
sperm after thawing.

Extracellular vesicle (EV) engineering before the
production (indirect EV engineering)

Indirect EV engineering can be done by engineering
parental cells that secrete EVs. This EV engineering strat-
egy could lead to the customized, effective and rich pro-
duction of EVs. Genetic manipulation is one of the most
important tools in this strategy [161]. For example it has
been shown that over expression of neutral sphingomy-
elinase II (NSMase2) enhanced the miRNA production
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in EVs [162]. Furthermore, incubation of parental cells
with selected molecules such as miRNAs and proteins
is another procedure of this strategy. In this procedure,
parental cells could be incubated with therapeutic mol-
ecules in a sub-lethal concentration for a certain period.
The incubated molecules will be internalized by the
cells and their secreted EVs will contain a certain frac-
tion of incubated molecules [163]. Because the effects of
miR-222 [150] and miR-22 [164], respectively on sperm
viability maintaining, apoptosis decreasing and preserv-
ing ATP levels in injured cardiomyocytes have been
observed. Their over expressing in the parental cell could
be reflected in their EV and could be useful for sperm
cryopreservation treatment. It seems that further studies
in this new field can also be very helpful for the improve-
ment of sperm cryopreservation treatment, with con-
sidering their other bioactive molecules (Tables 1 and
2and Fig. 1). In recent years, Muiioz et al. (2022) have
well-reviewed EVs in mammalian reproduction including
their very different EV cargoes from various cell sources,
that could inspire EV engineering for sperm cryoinjury
treatment.

Extracellular vesicle (EV) engineering after the production
(direct EV engineering)

Extracted EVs can be directly engineered after secretion
from their cell sources using various techniques, includ-
ing electroporation, sonication, incubation, saponin per-
meabilization, extrusion, CaCl2-heat shock, and freeze/
thawing [161]. In electroporation, a high-voltage electri-
cal pulse disrupts the EV membrane, creating temporary
pores that allow cargo molecules to enter. This is the most
commonly used method for loading miRNAs into EVs
[165]. Sonication uses sound wave energy to temporarily
disrupt the cell membrane, enabling molecules to enter
EVs [166]. Incubation, the simplest technique, involves
incubating molecules like miRNAs with EVs at room
temperature for a set period, allowing gradual entry of
the cargo into the EVs [167]. Saponin is a detergent-like
molecule that forms temporary pores in membranes by
interacting with cholesterol [168]. In another method, EV
cell sources and cargo molecules are mixed in a syringe
and forced through a porous membrane, mechanically
disrupting the EV membrane to trap molecules inside
[169]. This approach can also generate artificial EVs while
simultaneously loading cargo molecules. A novel method
involves incubating EVs in CaCl2 followed by heat shock
to directly load molecules into exosomes [167]. In freeze-
thawing, cargo molecules are first incubated with exo-
somes at room temperature, then quickly frozen in liquid
nitrogen and thawed again at room temperature [169].
However, the drug-loading capacity of freeze-thawing
is generally lower than sonication or extrusion methods
[170]. Electroporation has been proven superior for EV
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loading compared to sonication, incubation, extrusion
and saponin permeabilization [171]. Various molecules,
such as miRNAs and proteins can be loaded into EVs
based on therapeutic needs (Table 2) [161, 163]. Notably,
miR-222 [150]and miR-22 [164] are promising candidates
for EV loading to treat sperm cryopreservation complica-
tions due to their anti-apoptotic effects. Moreover, it has
been observed that epididymal EV-mediated miRNAs
can induce epigenetic modifications during sperm devel-
opment [154]. Studying these miRNAs and their specific
roles could pave the way for their incorporation into EVs
for delivery to sperm, potentially aiding in the treatment
of epigenetic damage in cryopreserved sperm.

Since cryopreservation causes damage to the sperm
plasma membrane [24], EVs have great potential for engi-
neering the delivery of membrane-associated proteins
after sperm cryopreservation [143]. As previously noted,
treating spermatozoa with cholesterol-loaded cyclodex-
trins can help preserve motility-related proteins during
the cryopreservation process [62]. Additionally, engi-
neered EVs functioning as bilayer membranous vesicles
can transport surface cargoes such as proteins, lipids, and
phospholipids to cryodamaged sperm. These vesicles can
also deliver bioactive molecules including antioxidants
and proteins as internal cargo to support the recovery
of cryoinjured sperm (Fig. 2). Consistent with this, it
has been shown that pig SP contains all TGF-f isoforms
(TGF-PB1, 2, and 3), with a significant portion being asso-
ciated with SP-EVs, which can modulate the immune
environment in the female reproductive tract [172].

The enhancement of the antioxidative effect can be
achieved through EV engineering. EVs can directly
deliver antioxidant substances such as superoxide dis-
mutases (SOD), CAT, peroxiredoxin (PRDX), GPX, glu-
tathione S-transferase (GST) and thioredoxin (TRX) to
recipient cells. Additionally, EVs can indirectly supply
either a single regulatory agent or multiple regulators to
recipient cells [173]. This approach could be beneficial
for preventing and treating oxidative stress during sperm
cryopreservation.

As noted earlier, enhancing ATP production in sperm
can aid in repairing and improving motility. Therefore, it
is recommended to deliver mitochondria via engineered
m/lEVs to sperm to enhance quality after freezing [139].
Additionally, mitovesicles could enhance ATP synthesis,
serving as an engineering method to restore ATP-defi-
cient mitochondria [141].

Proper cell sources for extracellular vesicles (EV)
engineering for sperm cryopreservation treatment

EVs released from various cell types can exhibit distinct
therapeutic effects [132, 133]. Therefore, to address com-
plications related to sperm cryopreservation, it is prefer-
able to utilize cell sources whose EVs can naturally treat
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these issues or whose EVs can be engineered to enhance
their effectiveness in mitigating such complications.
Among the first group, male cell sources like Sertoli cells
and epithelial cells from the epididymis and prostate are
noteworthy for their EVs’ natural role in sperm differen-
tiation. Additionally, female cell sources such as oviduc-
tosomes have been shown to interact with sperm [86],
and improve sperm function after thawing [2]. Other
female-derived EVs including uterosomes, vaginosomes,
endometriosome, and oocytosomes have also been
observed to interact with sperm, making them suitable
sources for EV harvesting and engineering. From the sec-
ond group, mesenchymal stem cells (MSCs) stand out as
the best option due to their inherent healing properties
and widespread use in EV engineering [174, 175] (Fig. 1).
Besides bone marrow MSCs and adipose-derived MSCs
and other MSCs, particularly those derived from urine,
have gained attention for EV harvesting due to the non-
invasive extraction method. Recent findings indicate that
producing native or engineered EVs from urine-derived
MSCs represents a powerful platform [176]. It has also
been reported that MSC-EVs can modulate mitochon-
drial content in microglia [177], potentially increasing
ATP levels in the cells. Additionally, recent studies have
found that EVs derived from aloe vera cells exhibit anti-
oxidant activity and are effectively taken up by skin cells
during the wound healing process [178], which could be
beneficial for treating cryoinjured sperm.

Choosing autologous EV sources is preferred over
allogeneic ones, as the potential side effects associated
with using allogeneic EVs in post-thaw sperm treatment
require further exploration. This aspect could be advan-
tageous in addressing issues related to cryopreserved
sperm. However, it’s essential to recognize that research
in this field is still in its infancy and more studies are
necessary to investigate the effects of EVs from differ-
ent cell sources on complications arising from sperm
cryopreservation.

Restrictions of EV application

Although the therapeutic effects of EVs are increasingly
recognized, some limitations also must be regarded in
their application, for example in sperm cryoinjury treat-
ment. The reproducibility (replicability), purity and
recovery rate of EVs must be considered for perfect EV
therapeutic applications [179]. It should be noted that
heterogeneity can affect EV reproducibility. Reducing
heterogeneity appears to be beneficial for reproducibility
and also makes EV quantification easier. The heterogene-
ity of the EV main population and their various subpopu-
lations can be attributed to differences in their biogenesis
[180]. Heterogeneity is often recognized between EVs
harvested from different cell types, it is also seen within
EVs released from a single cell type [181]. Furthermore,
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other factors such as extraction technique [182] and stor-
age conditions [183] can also result in variations in the
EV’s physical properties and function that change EV
heterogeneity. So far, various methods for extracting
EVs have been employed, the most common of which
are ultracentrifugation, size exclusion and sedimentation
techniques using polymers such as polyethylene glycol
(PEG) [184, 185]. Among these methods, centrifugation
is the most commonly used. Current insights indicate
that the choice of extraction method can influence both
the uptake of EVs [186] and their therapeutic properties.
Different methods are used to isolate EVs, and not only
do their results differ, but even within one method such
as centrifugation, the effect of rotor type and centrifuga-
tion time on the yield and purity of EVs is observed [187].
Veerman et al. have suggested that no method is ideal
for all studies, rather, different methods are suitable rely-
ing on sample type and desired EV subtype, sample vol-
ume and budget [182]. Hence, it seems that in a nascent
research field like EV use for frozen sperm treatment,
different cell sources, cultivation and extraction methods
should be compared and the most appropriate method
should be selected for EV extraction. Consequently,
more research is needed in this field. It has been shown
that EV storage destabilizes their surface characteristics,
morphological features and protein content which could
decrease their therapeutic effects [188, 189]. To increase
accuracy and reproducibility, EV-TRACK was created as
a crowd sourcing knowledge base that allows authors to
deposit their EV extraction and characterization proto-
cols and obtain advice on potential weaknesses in experi-
mental design [190].

In addition to improving therapeutic effects, large-
scale EV production is also a significant challenge. Recent
studies have indicated that using three-dimensional (3D)
cell culture methods can significantly enhance EV pro-
duction [191-193]. Increasing EV yield not only reduces
costs but also makes production more economical for
clinical applications. Additionally, different 3D culture
methods and cell sources have been shown to impact
exosome production [194]. For example, culturing MSCs
in 3D has been found to yield EVs with enhanced produc-
tion and greater therapeutic efficacy [192]. Large-scale
cultivation methods, such as bioreactor systems that use
microcarriers and hollow-fiber bioreactors, can produce
substantial amounts of EVs. Moreover, employing co-
culture techniques with various cell types can help rec-
reate the natural cellular environment, further enriching
EV production [195]. The advancement of techniques for
producing, isolating and yielding EVs is hoped to reduce
production costs, increase yields and provide better cir-
cumstances for EV research and clinical trials especially
in reproduction research.
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Presently, various methods from production to engi-
neering, and administration are used for improving ther-
apeutic features and large-scale production of EVs, which
need to be standardized and defined. In this regard, Min-
imal Information for Studies of EVs (MISEV) guidelines
that have been released and updated by ISEV that is an
important step for the standardization of EV research
and clinical applications [13]. In addition, Welsh et al.
published a paper that defines reference materials for
measuring extracellular vesicle refractive index, epitope
abundance, size and concentration [196]. It seems that
special comprehensive guidelines and standardization
protocols of EV engineering for clinical application are
also needed [17], especially in the field of reproduction,
there is a need for greater ethical sensitivity because the
consequences can potentially affect future generations.

Ethical aspects considering

Compliance with Good Manufacturing Process-like
conditions (GMP) standards in the production of EVs is
essential for clinical safety [197], including the treatment
of human sperm for use in fertilization. Furthermore,
EV cargo is transferred to gametes during the cryoin-
jury treatment, which potentially could lead to changes
in the offspring. For instance, miRNAs and sncRNAs can
induce epigenetic modifications, making it essential to
consider the ethical aspects in this context.

For sperm cryopreservation complications treatment,
the primary priority is for EV harvesting from the same
sperm-producing parent [135]. The secondary prior-
ity can be on using EVs from the ovum-producing par-
ent [125]. Additionally, it is important to ensure that the
cell sources used for EV harvesting are obtained through
non-invasive methods whenever possible. For example,
prioritizing isolated EVs from semen or MSCs derived
from urine is advisable [176]. Today, with the progress
of stem cell technologies, about induced pluripotent
stem cells (iPSCs), could produce personalized iPSC-
derived EVs at high efficiency. These cells are easy to get
through the direct reprogramming of a patient’s somatic
cells, in addition, iPSCs can secrete many more EVs than
human MSCs, which will significantly decrease probable
immunogenicity besides avoiding potential ethical issues
[198]. It should be noted that the use of EVs derived from
immortalized cell lines or their co-culturing with other
cells does not seem permissible for sperm treatment due
to possible germ line modification.

Overall, it is crucial to compare the effectiveness of EVs
extracted from various cell sources and determine the
most suitable source, highlighting the need for further
research in this area. In addition, although EV therapy
is considered an approach with low immunogenicity,
factors such as origin, size, surface composition, inter-
nal cargo, production/storage methods, dosage and the
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biomolecular corona could affect EV immunogenicity
[199], more detailed research is needed, especially about
engineered EVs.

Conclusion and future perspective

Cryopreservation of sperm for artificial insemina-
tion has been practiced for decades, yet it often leads
to various types of cryodamage, including harm to the
plasma membrane, acrosome, nucleus, mitochondria
and essential molecules like proteins, lipids and nucleic
acids. As a result, a range of conventional and modern
methods have been employed to mitigate the effects of
cryodamage but these solutions have yielded unsatisfac-
tory outcomes. Consequently, researchers are exploring
innovative strategies to address the challenges of sperm
cryopreservation. It has been revealed that EVs secreted
from male sources such as Sertoli cells, the prostate and
the epididymis as well as from female sources including
the oviduct, uterus, vagina, endometrium and oocytes
can interact with sperm and perform critical functions.
These EVs contain a variety of cargoes such as proteins,
lipids and nucleic acids that may aid in sperm restora-
tion. Given their roles during spermatogenesis and the
influence they have on sperm after ejaculation within the
female reproductive system, using EVs from both sexes
could be beneficial for treating cryopreserved sperm. In
males, EVs from Sertoli cells, the prostate and the epi-
didymis have been shown to interact with sperm, while
in females, EVs from the oviduct, uterus, vagina, endo-
metrium, and oocytes fulfill similar functions. Although
extracting EVs from SP is one of the best sources for
addressing sperm freezing complications, access to this
resource can be limited. To overcome the scarcity of
in vivo resources, abundant and enriched EVs can be
obtained through in vitro culture of suitable cells using
3D culture methods or co-culture techniques. The engi-
neering potential of EVs whether direct or indirect
allows for the customization of their content, particularly
through the inclusion of miRs and proteins, tailored for
treating frozen sperm. The combination of EVs from dif-
ferent cell sources may enhance the efficacy of treatment
for cryopreserved sperm, a hypothesis that warrants fur-
ther investigation. Ultimately, EV engineering strategies
can complement both traditional and novel approaches
to improve sperm cryopreservation outcomes. This inno-
vative use of EVs offers new possibilities for addressing
post-thaw complications in sperm and could play a sig-
nificant role in reducing infertility rates. Furthermore,
these strategies may also benefit other areas of infertil-
ity treatment, including the prevention or mitigation of
complications associated with oocyte freezing. Finally,
although the research results are promising, we still need
more research to comprehensively understand the EV
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therapeutic properties, their bioactive molecules and
their engineering potential in sperm cryopreservation.

Abbreviations

3D Three-dimensional

ADH5 Alcohol dehydrogenase 5

AE Acrosome exocytosis

Al Artificial insemination

ART Artificial reproductive technology
CAT Catalase

CeO, Cerium oxide

CLC Cholesterol-cyclodextrin complexes
CPAs Cryoprotective agents

cSrc C-terminal tyrosine-protein Src

DLS Dynamic light scattering

ELSPBP1 Epididymal sperm-binding protein 1
EVs Extracellular vesicles

FF Follicular fluid

FT Freeze-thawing

GFRA1 GDNF family receptor al

GliPriL1 Glioma pathogenesis-related 1-like protein 1
GMP Good Manufacturing Process-like conditions
GPI Glucose-6-phosphate isomerase

GPX Glutathione peroxidase

GPX5 Glutathione peroxidase 5

GST Glutathione S-transferase

iPSCs Induced pluripotent stem cells

ISEV International Society for Extracellular Vesicles
LDHB Lactate dehydrogenase B

MDA Malondialdehyde

Me2SO Glycerol or dimethyl sulfoxide

miRs MicroRNAs

MISEV Minimal Information for Studies of EVs
MSCs Mesenchymal stem cells

MVH Mouse vasa homologue

MVs Microvesicles

NPs Nanoparticles

NSMase2  Neutral sphingomyelinase I

PCs Principal cells

PEG Polyethylene glycol

PGAM1 Phosphoglycerate mutase 1

PLZF Promyelocyticleukaemia zinc finger protein
PRDX Peroxiredoxin

PSCA Prostate stem cell antigen

PUFA Polyunsaturated fatty acid

SC-EXO Sertoli-derived exosomes

SeNPs Selenium nanoparticles

SEVs Small EVs

SLC Single-layer centrifugation

SNcRNAs Small non-coding RNAs

SOD Superoxide dismutase

SOD1 Superoxide dismutase 1

SP Seminal plasma

SPAM1 Sperm adhesion molecule 1

SP-EVs Sperm-derived extracellular vesicles
SSCs Spermatogonial stem cells

STRA8 Stimulated by retinoic acid 8

TAC Antioxidant capacity

TEM Transmission electron microscope
TMPRSS2  Type 2 transmembrane serine protease
TRX Thioredoxin

TSPAN8 Tetraspanin 8

Acknowledgements
Not applicable.

Author contributions

AE. Conceptualization, Writing-original draft. V.E, A.S., and M.B.E.,, Writing
review and editing. A.E. Conceptualization and preparing the 3-dimensional
figures. All authors read and approved the final manuscript.



Esmaeili et al. Reproductive Biology and Endocrinology

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

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

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Generative Al in scientific writing
The authors declare that they have not use Al-generated work in this
manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Department of Stem Cells and Developmental Biology, Cell Sciences
Research Center, Royan Institute for Stem Cell Biology and Technology,
ACECR, Tehran, Iran

’Department of Embryology, Reproductive Biomedicine Research Center,
Royan Institute for Reproductive Biomedicine, ACECR, Tehran, Iran

Received: 7 January 2025 / Accepted: 29 April 2025
Published online: 21 May 2025

References

1. DiSanto M, Tarozzi N, Nadalini M, Borini A. Human sperm cryopreservation:
update on techniques, effect on DNA integrity, and implications for ART. Adv
Urol. 2012;2012:854837.

2. de Ferraz AMM, Nagashima M, Noonan JB, Crosier MJ, Songsasen AE. N: Ovi-
ductal extracellular vesicles improve Post-Thaw sperm function in red wolves
and cheetahs. Int J Mol Sci 2020, 21.

3. KhanIM, Cao Z Liu H, Khan A, Rahman SU, Khan MZ, Sathanawongs A,
Zhang Y. Impact of cryopreservation on spermatozoa Freeze-Thawed traits
and relevance OMICS to assess sperm Cryo-Tolerance in farm animals. Front
Veterinary Sci 2021, 8.

4. Ozimic S, Ban-Frangez H, Stimpfel M. Sperm cryopreservation today:
approaches, efficiency, and pitfalls. Curr Issues Mol Biol. 2023;45:4716-34.

5. Sharafi M, Borghei-Rad SM, Hezavehei M, Shahverdi A, Benson JD. Cryo-
preservation of semen in domestic animals: A review of current challenges,
applications, and prospective strategies. Animals. 2022;12:3271.

6.  Pezo F,Romero F, Zambrano F, Sdnchez RS. Preservation of Boar semen: an
update. Reprod Domest Anim. 2019;54:423-34.

7. Garcia JC, Dominguez JC, Pena FJ, Alegre B, Gonzalez R, Castro MJ, Habing
GG, Kirkwood RN. Thawing Boar semen in the presence of seminal plasma:
effects on sperm quality and fertility. Anim Reprod Sci. 2010;119:160-5.

8. Maxwell WM, Evans G, Rhodes SL, Hillard MA, Bindon BM. Fertility of super-
ovulated Ewes after intrauterine or oviducal insemination with low numbers
of fresh or frozen-thawed spermatozoa. Reprod Fertil Dev. 1993;5:57-63.

9. KatsudaT, Kosaka N, Takeshita F, Ochiya T. The therapeutic potential
of mesenchymal stem cell-derived extracellular vesicles. Proteomics.
2013;13:1637-53.

10. Bernardi S, Balbi C. Extracellular vesicles: from biomarkers to therapeutic
tools. Biology (Basel) 2020, 9.

11. FuS,Wang, Xia X, Zheng JC. Exosome engineering: current progress in
cargo loading and targeted delivery. Nanolmpact. 2020;20:100261.

12. Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular vesicles: composi-
tion, biological relevance, and methods of study. Bioscience. 2015;65:783-97.

13. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R,
Antoniou A, Arab T, Archer F, Atkin-Smith GK, et al. Minimal information for
studies of extracellular vesicles 2018 (MISEV2018): a position statement of the

(2025) 23:75

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 14 of 19

international society for extracellular vesicles and update of the MISEV2014
guidelines. J Extracell Vesicles. 2018;7:1535750.

Gyorgy B, Szabd TG, Pasztdi M, Pal Z, Misjék P, Aradi B, LészI6 V, Pallinger E, Pap
E, Kittel A, et al. Membrane vesicles, current state-of-the-art: emerging role of
extracellular vesicles. Cell Mol Life Sci. 2011,68:2667-88.

Rashid MH, Borin TF, Ara R, Angara K, Cai J, Achyut BR, Liu Y, Arbab AS. Differ-
ential in vivo biodistribution of 131I-labeled exosomes from diverse cellular
origins and its implication for theranostic application. Nanomed Nanotech-
nol Biol Med. 2019;21:102072.

Candenas L, Chianese R. Exosome composition and seminal plasma
proteome: A promising source of biomarkers of male infertility. Int J Mol Sci.
2020;21:7022.

Esmaeili A, Alini M, Baghaban Eslaminejad M, Hosseini S. Engineering strate-
gies for customizing extracellular vesicle uptake in a therapeutic context.
Stem Cell Res Ther. 2022;13:129.

Sullivan R, Saez F, Girouard J, Frenette G. Role of exosomes in sperm
maturation during the transit along the male reproductive tract. Blood Cells
Molecules Dis. 2005;35:1-10.

Guo XR, Ma Y, Ma ZM, Dai TS, Wei SH, Chu YK, Dan XG. Exosomes: the role in
mammalian reproductive regulation and pregnancy-related diseases. Front
Physiol. 2023;14:1056905.

ChenY, Zhao X, MenY, Yan K, Li Z, Cai W, He Y, Qi J. Regulation of sperm
motility by exosomes of ovarian fluid during female sperm storage in black
rockfish (Sebastes schlegelii). Aquaculture 2024:741189.

Rowlison T, Ottinger MA, Comizzoli P. Exposure to epididymal extracellular
vesicles enhances immature sperm function and sustains vitality of cryo-
preserved spermatozoa in the domestic Cat model. J Assist Reprod Genet.
2021;38:2061-71.

Lange-Consiglio A, Capra E, Monferrini N, Canesi S, Bosi G, Cretich M, Frigerio
R, Galbiati V, Bertuzzo F, Cobalchini F, et al. Extracellular vesicles from seminal
plasma to improve fertilizing capacity of bulls. Reprod Fertil. 2022,3:313-27.
Stanic P, Tandara M, Sonicki Z, Simunic V, Radakovic B, Suchanek E. Compari-
son of protective media and freezing techniques for cryopreservation of
human semen. Eur J Obstet Gynecol Reprod Biol. 2000,91:65-70.

Fuller BJ, Lane N, Benson EE. Life in the frozen state. CRC. 2004.

Oldenhof H, Gojowsky M, Wang S, Henke S, Yu C, Rohn K, Wolkers WF,

Sieme H. Osmotic stress and membrane phase changes during freezing

of stallion sperm: mode of action of cryoprotective agents. Biol Reprod.
2013;88(68):61-11.

Irvine DS, Twigg JP, Gordon EL, Fulton N, Milne PA, Aitken RJ. DNA integrity
in human spermatozoa: relationships with semen quality. J Androl.
2000;21:33-44.

Paoli D, Lombardo F, Lenzi A, Gandini L. Sperm cryopreservation: effects on
chromatin structure. Genetic Damage Hum Spermatozoa. 2014;137:150.
Fleming SD, Thomson LK. The oxidative stress of human sperm cryopreserva-
tion. Antioxidants. 2025;14:402.

Restrepo G, Varela E, Duque JE, Gdmez JE, Rojas M. Freezing, vitrification,
and Freeze-Drying of equine spermatozoa: impact on mitochondrial
membrane potential, lipid peroxidation, and DNA integrity. J Equine Vet Sci.
2019;72:8-15.

Kurland CG, Andersson SG. Origin and evolution of the mitochondrial pro-
teome. Microbiol Mol Biol Rev. 2000;64:786-820.

Bogle O, Kumar K, Attardo-Parrinello C, Lewis S, Estanyol J, Ballesca J, Oliva

R. Identification of protein changes in human spermatozoa throughout the
cryopreservation process. Andrology. 2017;5:10-22.

Zang S, Yang X, Ye J, Mo X, Zhou G, Fang Y. Quantitative phosphoproteomics
explain cryopreservation-induced reductions in Ram sperm motility. J Pro-
teom. 2024;298:105153.

Wang S, Wang W, Xu'Y, Tang M, Fang J, Sun H, SunY, Gu M, Liu Z, Zhang Z, et
al. Proteomic characteristics of human sperm cryopreservation. Proteomics.
2014;14:298-310.

Ful, An Q ZhangK, LiuY,Tong Y, Xu J, Zhou F, Wang X, Guo Y, Lu W, et al.
Quantitative proteomic characterization of human sperm cryopreserva-
tion: using data-independent acquisition mass spectrometry. BMC Urol.
2019;19:133.

Chen X, Zhu H, Hu C, Hao H, Zhang J, Li K, Zhao X, Qin T, Zhao K, Zhu

H. Identification of differentially expressed proteins in fresh and frozen-
thawed Boar spermatozoa by iTRAQ-coupled 2D LC-MS/MS. Reproduction.
2014;147:321-30.

Nynca J, Arnold GJ, Frohlich T, Ciereszko A. Cryopreservation-induced
alterations in protein composition of rainbow trout semen. Proteomics.
2015;15:2643-54.



Esmaeili et al. Reproductive Biology and Endocrinology

37.

38.

39.

40.

42.

43.

44,

45.

46.
47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

Raad G, Lteif L, Lahoud R, Azoury J, Azoury J, Tanios J, Hazzouri M, Azoury J.
Cryopreservation media differentially affect sperm motility, morphology and
DNA integrity. Andrology. 2018,6:836-45.

Lone SA. Possible mechanisms of cholesterol-loaded cyclodextrin action on
sperm during cryopreservation. Anim Reprod Sci. 2018;192:1-5.

SunW, Jiang S, Su J, Zhang J, Bao X, Ding R, Shi P, Li S, Wu C, Zhao G, et al.
The effects of cryopreservation on the acrosome structure, enzyme activ-
ity, motility, and fertility of bovine, ovine, and goat sperm. Anim Reprod.
2021;17:20200219.

Urrego R, Rodriguez-Osorio N, Niemann H. Epigenetic disorders and altered
gene expression after use of assisted reproductive technologies in domestic
cattle. Epigenetics. 2014;9:803-15.

Salehi M, Mahdavi AH, Sharafi M, Shahverdi A. Cryopreservation of rooster
semen: evidence for the epigenetic modifications of thawed sperm. Therio-
genology. 2020;142:15-25.

Riesco MF, Robles V. Cryopreservation causes genetic and epigenetic
changes in zebrafish genital ridges. PLoS ONE. 2013,8:67614.

Chao S, LiJ, Jin X, Tang H, Wang G, Gao G. Epigenetic reprogramming

of embryos derived from sperm frozen at-20°C. Sci China Life Sci.
2012;55:349-57.

de Paz P, Esteso M, Alvarez M, Mata M, Chamorro CA, Anel L. Development of
extender based on soybean lecithin for its application in liquid Ram semen.
Theriogenology. 2010;74:663-71.

Salmani H, Towhidi A, Zhandi M, Bahreini M, Sharafi M. In vitro assessment of
soybean lecithin and egg yolk based diluents for cryopreservation of goat
semen. Cryobiology. 2014,68:276-80.

Curry MR. Cryopreservation of mammalian semen. Methods Mol Biol.
2007;368:303-11.

Aisen E, Alvarez H, Venturino A, Garde J. Effect of Trehalose and EDTA on cryo-
protective action of Ram semen diluents. Theriogenology. 2000;53:1053-61.
Reed ML, Ezeh PC, Hamic A, Thompson DJ, Caperton CL. Soy lecithin replaces
egg yolk for cryopreservation of human sperm without adversely affecting
postthaw motility, morphology, sperm DNA integrity, or sperm binding to
hyaluronate. Fertil Steril. 2009;92:1787-90.

Forouzanfar M, Sharafi M, Hosseini S, Ostadhosseini S, Hajian M, Hosseini L,
Abedi P, Nili N, Rahmani H, Nasr-Esfahani M. In vitro comparison of egg yolk-
based and soybean lecithin—based extenders for cryopreservation of Ram
semen. Theriogenology. 2010;73:480-7.

Salmani H, Nabi MM, Vaseghi-Dodaran H, Rahman MB, Mohammadi-
Sangcheshmeh A, Shakeri M, Towhidi A, Shahneh AZ, Zhandi M. Effect of
glutathione in soybean lecithin-based semen extender on goat semen qual-
ity after freeze-thawing. Small Ruminant Res. 2013;112:123-7.

Emamverdi M, Zhandi M, Zare Shahneh A, Sharafi M, Akbari-Sharif A. Optimi-
zation of Ram semen cryopreservation using a chemically defined soybean
lecithin-based extender. Reprod Domest Anim. 2013;48:899-904.

Amidi F, Pazhohan A, Shabani Nashtaei M, Khodarahmian M, Nekoonam
S.The role of antioxidants in sperm freezing: a review. Cell Tissue Banking.
2016;17:745-56.

Cerolini S, Maldjian A, Surai P, Noble R. Viability, susceptibility to peroxida-
tion and fatty acid composition of Boar semen during liquid storage. Anim
Reprod Sci. 2000;58:99-111.

Azawi Ol, Hussein EK. Effect of vitamins C or E supplementation to Tris diluent
on the semen quality of Awassi rams preserved at 5 C. Veterinary research
forum. Urmia, Iran: Faculty of Veterinary Medicine, Urmia University; 2013. p.
157.

Aboagla EM-E, Terada T. Trehalose-enhanced fluidity of the goat sperm
membrane and its protection during freezing. Biol Reprod. 2003;69:1245-50.
Bucak MN, Keskin N, Bodu M, Biilbul B, Kirbas M, Oztirk AE, Frootan F, ili P,
Ozkan H, Bagpinar N. Combination of Trehalose and low Boron in presence of
decreased glycerol improves post-thawed Ram sperm parameters: A model
study in Boron research. Andrology. 2022;10:585-94.

Thananurak P, Chuaychu-Noo N, Thélie A, Phasuk Y, Vongpralub T, Blesbois E.
Sucrose increases the quality and fertilizing ability of cryopreserved chicken
sperms in contrast to raffinose. Poult Sci. 2019;98:4161-71.

Chanapiwat P, Kaeoket K, Tummaruk P. Cryopreservation of Boar semen

by egg yolk-based extenders containing lactose or Fructose is better than
sorbitol. J Vet Med Sci. 2012,74:351-4.

Salmon VM, Castonguay F, Demers-Caron V, Leclerc P, Bailey JL. Cholesterol-
loaded cyclodextrin improves Ram sperm cryoresistance in skim milk-
extender. Anim Reprod Sci. 2017;177:1-11.

(2025) 23:75

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 15 of 19

Yadav HP, Kumar A, Shah N, Chauhan D, Lone S, Swain D, Saxena A. Effect

of cholesterol-loaded cyclodextrin on membrane and acrosome status of
Hariana bull sperm during cryopreservation. Cryoletters. 2018;39:386-90.
Consuegra C, Crespo F, Bottrel M, Ortiz |, Dorado J, Diaz-Jimenez M, Pereira

B, Hidalgo M. Stallion sperm freezing with sucrose extenders: A strategy to
avoid permeable cryoprotectants. Anim Reprod Sci. 2018;191:85-91.
Wojtusik J, Wang Y, Pukazhenthi BS. Pretreatment with cholesterol-loaded
cyclodextrins prevents loss of motility associated proteins during cryopreser-
vation of Addra gazelle (Nanger dama ruficollis) spermatozoa. Cryobiology.
2018;81:74-80.

Diaz R, Torres MA, Paz E, Quifiones J, Bravo S, Farfas JG, Sepulveda N. Dietary
inclusion of fish oil changes the semen lipid composition but does not
improve the post-thaw semen quality of Ram spermatozoa. Anim Reprod Sci.
2017;183:132-42.

EsmaeiliV, Shahverdi A, Alizadeh A, Alipour H, Chehrazi M. Saturated,
omega-6 and omega-3 dietary fatty acid effects on the characteristics of
fresh, frozen-thawed semen and blood parameters in Rams. Andrologia.
2014;46:42-9.

Herndndez M, Roca J, Gil MA, Vazquez JM, Martinez EA. Adjustments on the
cryopreservation conditions reduce the incidence of Boar ejaculates with
poor sperm freezability. Theriogenology. 2007;67:1436-45.

Lin L, Kragh PM, Purup S, Kuwayama M, Du Y, Zhang X, Yang H, Bolund L,
Callesen H, Vajta G. Osmotic stress induced by sodium chloride, sucrose

or Trehalose improves cryotolerance and developmental competence of
Porcine oocytes. Reprod Fertility Dev. 2009;21:338-44.

Huang S-Y, Pribenszky C, Kuo Y-H, Teng S-H, Chen Y-H, Chung M-T, Chiu Y-F.
Hydrostatic pressure pre-treatment affects the protein profile of Boar sperm
before and after freezing-thawing. Anim Reprod Sci. 2009;112:136-49.
Sharafi M, Zhandi M, Shahverdi A, Shakeri M. Beneficial effects of nitric oxide
induced mild oxidative stress on post-thawed bull semen quality. Int J Fertil-
ity Steril. 2015;9:230.

Malkin TL, Murray BJ, Brukhno AV, Anwar J, Salzmann CG. Structure of ice
crystallized from supercooled water. Proceedings of the National Academy of
Sciences 2012; 109:1041-1045.

Huebinger J, Han HM, Hofnagel O, Vetter IR, Bastiaens Pl, Grabenbauer M.
Direct measurement of water States in cryopreserved cells reveals tolerance
toward ice crystallization. Biophys J. 2016;110:840-9.

Anzalone DA, Palazzese L, luso D, Martino G, Loi P. Freeze-dried spermatozoa:
an alternative biobanking option for endangered species. Anim Reprod Sci.
2018;190:85-93.

Oldenhof H, Zhang M, Narten K, Bigalk J, Sydykov B, Wolkers WF, Sieme

H. Freezing-induced uptake of disaccharides for preservation of chroma-

tin in freeze-dried stallion sperm during accelerated aging. Biol Reprod.
2017;97:892-901.

Lima-Verde I, Hurri E, Ntallaris T, Johannisson A, Stalhammar H, Morrell JM.
Sperm quality in young bull semen can be improved by single layer centrifu-
gation. Anim (Basel) 2022, 12.

Teli MK, Mutalik S, Rajanikant GK. Nanotechnology and nanomedicine: going
small means aiming big. Curr Pharm Des. 2010;16:1882-92.

Falchi L, Khalil WA, Hassan M, Marei WF. Perspectives of nanotechnology in
male fertility and sperm function. Int J Veterinary Sci Med. 2018,6:265-9.

Safa S, Moghaddam G, Jozani RJ, Kia HD, Janmohammadi H. Effect of vitamin
E and selenium nanoparticles on post-thaw variables and oxidative status of
rooster semen. Anim Reprod Sci. 2016;174:100-6.

Mehdipour M, Kia HD, Nazari M, Najafi A. Effect of lecithin nanoliposome or
soybean lecithin supplemented by pomegranate extract on post-thaw flow
cytometric, microscopic and oxidative parameters in Ram semen. Cryobiol-
ogy. 2017;78:34-40.

Nadri T, Towhidi A, Zeinoaldini S, Martinez-Pastor F, Mousavi M, Noei R, Tar M,
Mohammadi Sangcheshmeh A. Lecithin nanoparticles enhance the cryosur-
vival of caprine sperm. Theriogenology. 2019;133:38-44.

Neyroud A-S, Chiechio R, Yefimova M, Lo Faro MJ, Dejucg-Rainsford N, Jaillard
S, Even-Hernandez P, MarchiV, Ravel C. Extra-cellular vesicles of the male
genital tract: new actors in male fertility? Basic Clin Androl. 2021;31:25.

Ho6g JL, Lotvall J. Diversity of extracellular vesicles in human ejaculates
revealed by cryo-electron microscopy. J Extracell Vesicles. 2015;4:28680.
Desrochers LM, Bordeleau F, Reinhart-King CA, Cerione RA, Antonyak

MA. Microvesicles provide a mechanism for intercellular communica-

tion by embryonic stem cells during embryo implantation. Nat Commun.
2016;7:11958.

Vilella F, Moreno-Moya JM, Balaguer N, Grasso A, Herrero M, Martinez S, Mar-
cilla A, Simon C. Hsa-miR-30d, secreted by the human endometrium, is taken



Esmaeili et al. Reproductive Biology and Endocrinology

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

up by the pre-implantation embryo and might modify its transcriptome.
Development. 2015;142:3210-21.

Reilly JN, McLaughlin EA, Stanger SJ, Anderson AL, Hutcheon K, Church K,
Mihalas BP, Tyagi S, Holt JE, Eamens AL, Nixon B. Characterisation of mouse
epididymosomes reveals a complex profile of MicroRNAs and a potential
mechanism for modification of the sperm epigenome. Sci Rep. 2016;6:31794.
Sullivan R, Frenette G, Girouard J. Epididymosomes are involved in the
acquisition of new sperm proteins during epididymal transit. Asian J Androl.
2007;9:483-91.

Du J, Shen J, Wang Y, Pan C, Pang W, Diao H, Dong W. Boar seminal plasma
exosomes maintain sperm function by infiltrating into the sperm membrane.
Oncotarget. 2016;7:58832-47.

Alcantara-Neto A, Lorraine S, Caldas E, Blache M-C, Mermillod P, Almifiana C.
Porcine oviductal extracellular vesicles interact with gametes and regulate
sperm motility and survival. Theriogenology 2020, 155.

Qamar A, Fang X, Kim MJ, Cho J. Improved viability and fertility of frozen-
thawed dog sperm using adipose-derived mesenchymal stem cells. Sci Rep
2020, 10.

Choy KHK, Chan SY, Lam W, Jin J, Zheng T, Law TYS, Yu SS, Wang W, Li L, Xie
G, et al. The repertoire of testicular extracellular vesicle cargoes and their
involvement in inter-compartmental communication associated with sper-
matogenesis. BMC Biol. 2022;20:78.

Salek F, Baharara J, Shahrokhabadi KN, Amini E. The guardians of germ cells;
Sertoli-derived exosomes against electromagnetic field-induced oxidative

stress in mouse spermatogonial stem cells. Theriogenology. 2021;173:112-22.

Tian H, Wang X, Li X, Song W, Mi J, Zou K. Regulation of spermatogonial stem
cell differentiation by Sertoli cells-derived exosomes through paracrine and
autocrine signaling. J Cell Physiol. 2024,239:e31202.

Li Q, LiH, Liang J, Mei J, Cao Z, Zhang L, Luo J, Tang Y, Huang R, Xia H, et

al. Sertoli cell-derived Exosomal MicroRNA-486-5p regulates differentia-

tion of spermatogonial stem cell through PTEN in mice. J Cell Mol Med.
2021;25:3950-62.

MaY, ZhouY, Zou SS, Sun'Y, Chen XF. Exosomes released from Sertoli cells
contribute to the survival of Leydig cells through CCL20 in rats. Mol Hum
Reprod 2022; 28.

Chen, Xu D, MaY, Chen P, Hu J, Chen D, Yu W, Han X. Sertoli cell-derived
extracellular vesicles traverse the blood-testis barrier and deliver miR-24-3p
inhibitor into germ cells improving sperm mobility. J Control Release.
2023,362:58-69.

Caballero J, Frenette G, Sullivan R. Post testicular sperm maturational changes
in the Bull: important role of the epididymosomes and prostasomes. Vet Med
Int. 2010,2011:757194.

Hermo L, Jacks D. Nature's ingenuity: bypassing the classical secretory route
via apocrine secretion. Mol Reprod Dev. 2002;63:394-410.

Schwarz A, Wennemuth G, Post H, Brandenburger T, Aumdiller G, Wilhelm B.
Vesicular transfer of membrane components to bovine epididymal sperma-
tozoa. Cell Tissue Res. 2013;353:549-61.

Barrachina F, Battistone MA, Castillo J, Mallofré C, Jodar M, Breton S, Oliva R.
Sperm acquire epididymis-derived proteins through epididymosomes. Hum
Reprod. 2022,37:651-68.

Frenette G, Girouard J, DAmours O, Allard N, Tessier L, Sullivan R. Charac-
terization of two distinct populations of epididymosomes collected in the
intraluminal compartment of the bovine cauda Epididymis1. Biol Reprod.
2010;83:473-80.

Caballero JN, Frenette G, Belleannée C, Sullivan R. CD9-positive microvesicles
mediate the transfer of molecules to bovine spermatozoa during epididymal
maturation. PLoS ONE. 2013;8:265364.

Rimmer MP, Gregory CD, Mitchell RT. The transformative impact of extracel-
lular vesicles on developing sperm. Reprod Fertil. 2021;2:R51-66.
Ekhlasi-Hundrieser M, Schéfer B, Philipp U, Kuiper H, Leeb T, Mehta M, Kirch-
hoff C, Topfer-Petersen E. Sperm-binding fibronectin type Il-module proteins
are genetically linked and functionally related. Gene. 2007;392:253-65.
Girouard J, Frenette G, Sullivan R. Comparative proteome and lipid profiles of
bovine epididymosomes collected in the intraluminal compartment of the
Caput and cauda epididymidis. Int J Androl. 2011;34:e475-486.

Belleannée C, Calvo E, Caballero J, Sullivan R. Epididymosomes convey differ-
ent repertoires of MicroRNAs throughout the bovine epididymis. Biol Reprod.
2013;89:30.

Griffiths GS, Galileo DS, Reese K, Martin-Deleon PA. Investigating the role of
murine epididymosomes and uterosomes in GPI-linked protein transfer to
sperm using SPAM1 as a model. Mol Reprod Dev. 2008;75:1627-36.

(2025) 23:75

106.

107.

108.

112.

113.

114.

118.

121

123.

Page 16 of 19

. Caballero J, Frenette G, D’Amours O, Belleannée C, Lacroix-Pepin N, Robert

G, Sullivan R. Bovine sperm raft membrane associated glioma Pathogenesis-
Related 1-like protein 1 (GliPr1L1) is modified during the epididymal transit
and is potentially involved in sperm binding to the Zona pellucida. J Cell
Physiol. 2012,227:3876-86.

Oh JS, Han C, Cho C. ADAM7 is associated with epididymosomes and inte-
grated into sperm plasma membrane. Mol Cells. 2009;28:441-6.

Krapf D, Ruan YC, Wertheimer EV, Battistone MA, Pawlak JB, Sanjay A, Pilder
SH, Cuasnicu P, Breton S, Visconti PE. cSrc is necessary for epididymal devel-
opment and is incorporated into sperm during epididymal transit. Dev Biol.
2012;369:43-53.

Eickhoff R, Baldauf C, Koyro HW, Wennemuth G, Suga Y, Seitz J, Henkel R,
Meinhardt A. Influence of macrophage migration inhibitory factor (MIF) on
the zinc content and redox state of protein-bound sulphydryl groups in

rat sperm: indications for a new role of MIF in sperm maturation. Mol Hum
Reprod. 2004;10:605-11.

. Chabory E, Damon C, Lenoir A, Kauselmann G, Kern H, Zevnik B, Garrel C, Saez

F, Cadet R, Henry-Berger J, et al. Epididymis seleno-independent gluta-
thione peroxidase 5 maintains sperm DNA integrity in mice. J Clin Invest.
2009;119:2074-85.

. Joshi CS, Khan SA, Khole V. Regulation of acrosome reaction by liprin A3,

LAR and its ligands in mouse spermatozoa. Andrology. 2014;2:165-74.

. Eickhoff R, Wilhelm B, Renneberg H, Wennemuth G, Bacher M, Linder D,

Bucala R, Seitz J, Meinhardt A. Purification and characterization of macro-
phage migration inhibitory factor as a secretory protein from rat epididymis:
evidences for alternative release and transfer to spermatozoa. Mol Med.
2001;7:27-35.

Eickhoff R, Jennemann G, Hoffbauer G, Schuring MP, Kaltner H, Sinowatz F,
Gabius HJ, Seitz J. Immunohistochemical detection of macrophage migration
inhibitory factor in fetal and adult bovine epididymis: release by the apocrine
secretion mode? Cells Tissues Organs. 2006;182:22-31.

Aalberts M, Stout TAE, Stoorvogel W. Prostasomes: extracellular vesicles from
the prostate. Reproduction. 2014;147:R1-14.

Ronquist GK, Larsson A, Stavreus-Evers A, Ronquist G. Prostasomes are
heterogeneous regarding size and appearance but affiliated to one DNA-
containing exosome family. Prostate. 2012;72:1736-45.

. Burden HP, Holmes CH, Persad R, Whittington K. Prostasomes-their effects on

human male reproduction and fertility. Hum Reprod Update. 2006;12:283-92.

. Munoz EL, Fuentes FB, Felmer RN, Yeste M, Arias ME. Extracellular vesicles in

mammalian reproduction: a review. Zygote. 2022;30:440-63.

. Machtinger R, Laurent LC, Baccarelli AA. Extracellular vesicles: roles in gamete

maturation, fertilization and embryo implantation. Hum Reprod Update.
2016;22:182-93.

Sanz-Ros J, Mas-Bargues C, Romero-Garcia N, Huete-Acevedo J, Dromant M,
Borrés C. Extracellular vesicles as therapeutic resources in the clinical environ-
ment. Int J Mol Sci 2023; 24.

. Eirin A, Zhu XY, Puranik AS, Woollard JR, Tang H, Dasari S, Lerman A, van

Wijnen AJ, Lerman LO. Integrated transcriptomic and proteomic analysis of
the molecular cargo of extracellular vesicles derived from Porcine adipose
tissue-derived mesenchymal stem cells. PLoS ONE. 2017;12:e0174303.

. Vilanova-Perez T, Jones C, Balint S, Dragovic R, M LD, Yeste M, Coward K.

Exosomes derived from HEK293T cells interact in an efficient and noninvasive
manner with mammalian sperm in vitro. Nanomed (Lond). 2020;15:1965-80.
Rodriguez-Martinez H, Roca J. Extracellular vesicles in seminal plasma: A

safe and relevant tool to improve fertility in livestock? Anim Reprod Sci.
2022;244:107051.

. Roca J, Rodriguez-Martinez H, Padilla L, Lucas X, Barranco |. Extracellular

vesicles in seminal fluid and effects on male reproduction. An overview in
farm animals and pets. Anim Reprod Sci. 2022;246:106853.

Shamsi RR, Jozani RJ, Asadpour R, Rahbar M, Taravat M. Seminal Plasma-
Derived exosome preserves the quality parameters of the Post-Thaw semen
of bulls with low freezeability. Biopreserv Biobank 2024.

. Sysoeva AP, Makarova NP, Silachev DN, Lobanova NN, Shevtsova YA, Bragina

EE, Kalinina EA, Sukhikh GT. Influence of extracellular vesicles of the follicular
fluid on morphofunctional characteristics of human sperm. Bull Exp Biol Med.
2021;172:254-62.

. Hasan MM, Reshi QUA, Léttekivi F, Viil J, Godakumara K, Dissanayake K,

Andronowska A, Jaakma U, Fazeli A. Bovine follicular fluid derived extracel-
lular vesicles modulate the viability, capacitation and acrosome reaction of
bull spermatozoa. Biology. 2021;10:1154.



Esmaeili et al. Reproductive Biology and Endocrinology

126.

127.

128.

129.

130.

131.

132

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

145.

146.

Hu P, Yang Q Wang Q, Shi C, Wang D, Armato U, Pra ID, Chiarini A. Mesenchy-
mal stromal cells-exosomes: a promising cell-free therapeutic tool for wound
healing and cutaneous regeneration. Burns Trauma. 2019;7:38.

Li K, Yan G, Huang H, Zheng M, Ma K, Cui X, Lu D, Zheng L, Zhu B, Cheng J,
Zhao J. Anti-inflammatory and Immunomodulatory effects of the extracel-
lular vesicles derived from human umbilical cord mesenchymal stem cells on
osteoarthritis via M2 macrophages. J Nanobiotechnol. 2022;20:38.

Wei Q,Wang Y, Ma K, Li Q, Li B, Hu W, Fu X, Zhang C. Extracellular vesicles from
human umbilical cord mesenchymal stem cells facilitate diabetic wound
healing through MiR-17-5p-mediated enhancement of angiogenesis. Stem
Cell Rev Rep. 2022;18:1025-40.

Ogawa R, Tanaka C, Sato M, Nagasaki H, Sugimura K, Okumura K, Nakagawa
Y, Aoki N. Adipocyte-derived microvesicles contain RNA that is transported
into macrophages and might be secreted into blood circulation. Biochem
Biophys Res Commun. 2010,398:723-9.

Liakath Ali F, Park HS, Beckman A, Eddy AC, Alkhrait S, Ghasroldasht MM,
Al-Hendy A, Raheem O. Fertility protection, A novel concept: umbilical cord
mesenchymal stem Cell-Derived exosomes protect against Chemotherapy-
Induced testicular cytotoxicity. Int J Mol Sci 2023, 25.

Barranco |, Sdnchez-Lépez C, Bucci D, Alvarez A, Rodriguez-Martinez H,
Marcilla A, Roca J. The proteome of large or small extracellular vesicles in pig
seminal plasma differs, defining sources and biological functions. Mol Cell
Proteom. 2023;22:100514.

Fazaeli H, Kalhor N, Naserpour L, Davoodi F, Sheykhhasan M, Hosseini SKE,
Rabiei M, Sheikholeslami A. A Comparative study on the effect of exosomes
secreted by mesenchymal stem cells derived from adipose and bone marrow
tissues in the treatment of osteoarthritis-induced mouse model. Biomed Res
Int 2021,2021:9688138.

Abhange K, Makler A, Wen Y, Ramnauth N, Mao W, Asghar W, Wan Y. Small
extracellular vesicles in cancer. Bioact Mater. 2021;6:3705-43.

Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of extracellular
vesicle uptake. J Extracell Vesicles 2014; 3.

Ronquist KG, Ek B, Morrell J, Stavreus-Evers A, Strém Holst B, Humblot P,
Ronquist G, Larsson A. Prostasomes from four different species are able to
produce extracellular adenosine triphosphate (ATP). Biochim Biophys Acta.
2013;1830:4604-10.

Ronquist KG, Ek B, Stavreus-Evers A, Larsson A, Ronquist G. Human prosta-
somes express glycolytic enzymes with capacity for ATP production. Am J
Physiol Endocrinol Metab. 2013;304:E576-582.

Jiang X, Rodin S, Braesch-Andersen K, Baucom C, Grinnemo K, Segal B.
Extracellular vesicles from mesenchymal stromal cells (imEVs) improve cold
preservation of isolated mitochondria. J Biosci Med. 2024;12:52-63.

Dave KM, Zhao W, Hoover C, D'Souza A, Manickam S. Extracellular vesicles
derived from a human brain endothelial cell line increase cellular ATP levels.
AAPS PharmSciTech. 2021,22:18.

Manickam DS. Delivery of mitochondria via extracellular vesicles— A new
horizon in drug delivery. J Controlled Release. 2022;343:400-7.

D'Souza A, Burch A, Zhao W, Dave KM, Sabatelle C, Joy G, Quillinan N, Herson
PS, Manickam DS. Extracellular vesicles transfer polarized mitochondria

and increase cellular energetics in ischemic endothelial cells. BioRxiv.
2021,2021(2004):2010-439214.

Hazan Ben-Menachem R, Lintzer D, Ziv T, Das K, Rosenhek-Goldian |, Porat Z,
Ben Ami Pilo H, Karniely S, Saada A, Regev-Rudzki N, Pines O. Mitochondrial-
derived vesicles retain membrane potential and contain a functional ATP
synthase. EMBO Rep. 2023;24:56114.

Kowalczyk A, Kordan W. Evaluation of the effectiveness of the use of exo-
somes in the regulation of the mitochondrial membrane potential of frozen/
thawed spermatozoa. PLoS ONE. 2024;19:e0303479.

Yang Y, Hong Y, Cho E, Kim GB, Kim IS. Extracellular vesicles as a platform

for membrane-associated therapeutic protein delivery. J Extracell Vesicles.
2018;7:1440131.

. Mahdavinezhad F, Gilani MAS, Gharaei R, Ashrafnezhad Z, Valipour J,

Nashtaei MS, Amidi F. Protective roles of seminal plasma exosomes and
microvesicles during human sperm cryopreservation. Reprod Biomed Online.
2022;45:341-53.

Qamar AY, Fang X, Kim MJ, Cho J. Improved Post-Thaw quality of canine
semen after treatment with exosomes from conditioned medium of
Adipose-Derived mesenchymal stem cells. Anim (Basel) 2019, 9.

Larriba S, Vigués F, Bassas L. Using small Non-Coding RNAs in extracellular
vesicles of semen as biomarkers of male reproductive system health: oppor-
tunities and challenges. Int J Mol Sci. 2023;24:5447.

(2025) 23:75

148.

149.

151.

153.

155.

156.

161.

163.

164.

166.

168.

Page 17 of 19

. Fereshteh Z, Schmidt SA, Al-Dossary AA, Accerbi M, Arighi C, Cowart J,

Song JL, Green PJ, Choi K, Yoo S, Martin-DelLeon PA. Murine oviductosomes
(OVS) MicroRNA profiling during the estrous cycle: delivery of OVS-borne
MicroRNAs to sperm where miR-34c-5p localizes at the centrosome. Sci Rep.
2018;8:16094.

Sakr OG, Gad A, Canodn-Beltran K, Cajas YN, Prochazka R, Rizos D, Rebollar PG.
Characterization and identification of extracellular vesicles-coupled MiRNA
profiles in seminal plasma of fertile and subfertile rabbit bucks. Theriogenol-
ogy. 2023;209:76-88.

Zhang, Ding N, Xie S, Ding Y, Huang M-F, Ding X, Jiang L. Identification of
important extracellular vesicle RNA molecules related to sperm motility and
prostate cancer. Extracell Vesicles Circulating Nucleic Acids 2021.

. DingY, Ding N, Zhang Y, Xie S, Huang M, Ding X, Dong W, Zhang Q, Jiang L.

MicroRNA-222 transferred from semen extracellular vesicles inhibits sperm
apoptosis by targeting BCL2L11. Front Cell Dev Biology 2021, 9.

Belleannée C, Calvo E, Thimon V, Cyr DG, Légaré C, Garneau L, Sullivan R. Role
of MicroRNAs in controlling gene expression in different segments of the
human epididymis. PLoS ONE. 2012;7:234996.

. Belleannée C, Légaré C, Calvo E, Thimon V, Sullivan R. MicroRNA signature

is altered in both human epididymis and seminal microvesicles following
vasectomy. Hum Reprod. 2013;28:1455-67.

Sysoeva AP, Nepsha OS, Makarova NP, Silachev DN, Lobanova NN, Timofeeva
AV, Shevtsova YA, Bragina EE, Kalinina EA. Influence of extracellular vesicles
from the follicular fluid of young women and women of advanced maternal
age with different MiRNA profiles on sperm functional properties. Bull Exp
Biol Med. 2022;173:560-8.

. Maciel E, Mansuy IM. Extracellular vesicles and their MiRNA cargo: A means of

communication between Soma and germline in the mammalian reproduc-
tive system. Chimia (Aarau). 2019;73:356-61.

Storz G, Altuvia S, Wassarman KM. An abundance of RNA regulators. Annu
Rev Biochem. 2005;74:199-217.

Gapp K, Jawaid A, Sarkies P, Bohacek J, Pelczar P, Prados J, Farinelli L, Miska E,
Mansuy IM. Implication of sperm RNAs in transgenerational inheritance of
the effects of early trauma in mice. Nat Neurosci. 2014;17:667-9.

. Chen Q Yan W, Duan E. Epigenetic inheritance of acquired traits through

sperm RNAs and sperm RNA modifications. Nat Rev Genet. 2016;17:733-43.

. Angulski AB, Capriglione LG, Batista M, Marcon BH, Senegaglia AC, Stimami-

glio MA, Correa A. The protein content of extracellular vesicles derived

from expanded human umbilical cord blood-derived CD133+and human
bone marrow-derived mesenchymal stem cells partially explains why both
sources are advantageous for regenerative medicine. Stem Cell Reviews Rep.
2017;13:244-57.

. Saez F, Motta C, Boucher D, Grizard G. Prostasomes inhibit the NADPH oxi-

dase activity of human neutrophils. Mol Hum Reprod. 2000,6:883-91.

. Rana S, Yue S, Stadel D, Zoller M. Toward tailored exosomes: the Exosomal

tetraspanin web contributes to target cell selection. Int J Biochem Cell Biol.
2012/44:1574-84.

Esmaeili A, Hosseini S, Baghaban Eslaminejad M. Engineered-extracellular
vesicles as an optimistic tool for MicroRNA delivery for osteoarthritis treat-
ment. Cell Mol Life Sci. 2021;78:79-91.

. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory

mechanisms and intercellular transfer of MicroRNAs in living Cells*. J Biol
Chem. 2010;285:17442-52.

Susa F, Limongi T, Dumontel B, Vighetto V, Cauda V. Engineered extracellular
vesicles as a reliable tool in Cancer nanomedicine. Cancers (Basel) 2019; 11.
Feng Y, Huang W, Wani M, Yu X, Ashraf M. Ischemic preconditioning potenti-
ates the protective effect of stem cells through secretion of exosomes by
targeting Mecp2 via miR-22. PLoS ONE. 2014;9:e88685.

. Pomatto MAC, Gai C, Deregibus MC, Tetta C, Camussi G. Noncoding RNAs

carried by extracellular vesicles in endocrine diseases. Int J Endocrinol 2018,
2018:4302096.

Lamichhane TN, Jeyaram A, Patel DB, Parajuli B, Livingston NK, Arumugas-
aamy N, Schardt JS, Jay SM. Oncogene knockdown via active loading of small
RNAs into extracellular vesicles by sonication. Cell Mol Bioeng. 2016;9:315-24.

. Zhang D, Lee H, Zhu Z, Minhas JK, Jin Y. Enrichment of selective MiRNAs

in exosomes and delivery of Exosomal MiRNAs in vitro and in vivo. Am J
Physiology-Lung Cell Mol Physiol. 2017;312:L110-21.

Pomatto MAC, Bussolati B, D’Antico S, Ghiotto S, Tetta C, Brizzi MF, Camussi
G. Improved loading of Plasma-Derived extracellular vesicles to encapsulate
antitumor MiRNAs. Mol Ther Methods Clin Dev. 2019;13:133-44.



Esmaeili et al. Reproductive Biology and Endocrinology

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Haney MJ, Klyachko NL, Zhao'Y, Gupta R, Plotnikova EG, He Z, Patel T, Piroyan
A, Sokolsky M, Kabanov AV, Batrakova EV. Exosomes as drug delivery vehicles
for Parkinson's disease therapy. J Control Release. 2015;207:18-30.

Luan X, Sansanaphongpricha K, Myers |, Chen H, Yuan H, Sun D. Engineer-
ing exosomes as refined biological nanoplatforms for drug delivery. Acta
Pharmacol Sin. 2017:38:754-63.

Fuhrmann G, Serio A, Mazo M, Nair R, Stevens MM. Active loading into extra-
cellular vesicles significantly improves the cellular uptake and photodynamic
effect of porphyrins. J Control Release. 2015,205:35-44.

Padilla L, Barranco |, Martinez-Hernandez J, Parra A, Parrilla |, Pastor L, Rodri-
guez-Martinez H, Lucas X, Roca J. Extracellular vesicles would be involved in
the release and delivery of seminal TGF-{3 isoforms in pigs. Front Veterinary
Sci. 2023;10:1102049.

QiH,Wang, Fas, Yuan C, Yang L. Extracellular vesicles as natural delivery
carriers regulate oxidative stress under pathological conditions. Front Bioeng
Biotechnol. 2021;9:752019.

Yuan X, Sun L, Jeske R, Nkosi D, York SB, Liu Y, Grant SC, Meckes DG Jr, Li Y.
Engineering extracellular vesicles by three-dimensional dynamic culture of
human mesenchymal stem cells. J Extracell Vesicles. 2022;11:12235.

Zhang B, Tian X, Qu Z, Hao J, Zhang W. Hypoxia-Preconditioned extracellular
vesicles from mesenchymal stem cells improve cartilage repair in osteoarthri-
tis. Membr (Basel) 2022, 12.

Boysen AT, Whitehead B, Revenfeld ALS, Gupta D, Petersen T, Nejsum P.
Urine-derived stem cells serve as a robust platform for generating native or
engineered extracellular vesicles. Stem Cell Res Ther. 2024;15:288.

de Luna IF, Daga KR, Larey AM, Marklein R. Mesenchymal stroma cell-derived
extracellular vesicles modulate microglia morphology and mitochondrial
content. Cytotherapy. 2024;26:¢10-1.

Kim MK;, Choi YC, Cho SH, Choi JS, Cho YW. The antioxidant effect of small
extracellular vesicles derived from Aloe vera peels for wound healing. Tissue
Eng Regen Med. 2021;18:561-71.

LenerT, Gimona M, Aigner L, Borger V, Buzas E, Camussi G, Chaput N, Chat-
terjee D, Court FA, Del Portillo HA, et al. Applying extracellular vesicles based
therapeutics in clinical trials - an ISEV position paper. J Extracell Vesicles.
2015;4:30087.

van de Wakker SI, Meijers FM, Sluijter JPG, Vader P. Extracellular vesicle het-
erogeneity and its impact for regenerative medicine applications. Pharmacol
Rev. 2023;75:1043-61.

Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, Dingli
F, Loew D, Tkach M, Théry C. Proteomic comparison defines novel markers
to characterize heterogeneous populations of extracellular vesicle subtypes.
Proc Natl Acad Sci U S A. 2016;113:E968-977.

Veerman RE, Teeuwen L, Czarnewski P, GuclUler Akpinar G, Sandberg A, Cao
X, Pernemalm M, Orre LM, Gabrielsson S, Eldh M. Molecular evaluation of five
different isolation methods for extracellular vesicles reveals different clinical
applicability and subcellular origin. J Extracell Vesicles. 2021;10:e12128.
Gelibter S, Marostica G, Mandelli A, Siciliani S, Podini P, Finardi A, Furlan R.
The impact of storage on extracellular vesicles: A systematic study. J Extracell
Vesicles. 2022;11:€12162.

Rider MA, Hurwitz SN, Meckes DG. ExtraPEG: A polyethylene Glycol-Based
method for enrichment of extracellular vesicles. Sci Rep. 2016;6:23978.
TianY, Gong M, Hu'Y, Liu H, Zhang W, Zhang M, Hu X, Aubert D, Zhu S, Wu L,
Yan X. Quality and efficiency assessment of six extracellular vesicle isolation
methods by nano-flow cytometry. J Extracell Vesicles. 2020;,9:1697028.
Caponnetto F, Manini |, Skrap M, Palmai-Pallag T, di loreto C, Beltrami A, Ces-
selli D, Ferrari E. Size-dependent cellular uptake of exosomes. Nanomedicine:
Nanatechnol Biology Med 2016, 13.

Cvjetkovic A, Lotvall J, Lasser C. The influence of rotor type and centrifuga-
tion time on the yield and purity of extracellular vesicles. J Extracell Vesicles.
2014,3:23111.

Lee M, Ban J-J, Im W, Kim M. Influence of storage condition on exosome
recovery. Biotechnol Bioprocess Eng. 2016;21:299-304.

Cheng Y, Zeng Q, Han Q, Xia W. Effect of pH, temperature and freezing-thaw-
ing on quantity changes and cellular uptake of exosomes. Protein Cell 2018,
10.

Van Deun J, Mestdagh P, Agostinis P, Akay O, Anand S, Anckaert J, Martinez
ZA, Baetens T, Beghein E, Bertier L. EV-TRACK: transparent reporting and
centralizing knowledge in extracellular vesicle research. Nat Methods.
2017;14:228-32.

Thippabhotla S, Zhong C, He M. 3D cell culture stimulates the secretion of in
vivo like extracellular vesicles. Sci Rep. 2019;9:13012.

(2025) 23:75

195.

198.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211,

212.

213.

214.

Page 18 of 19

. Cao J,Wang B, Tang T, Lv L, Ding Z, Li Z, Hu R, Wei Q, Shen A, FuY, Liu B.

Three-dimensional culture of MSCs produces exosomes with improved yield
and enhanced therapeutic efficacy for cisplatin-induced acute kidney injury.
Stem Cell Res Ther. 2020;11:206.

. Kusuma GD, Li A, Zhu D, McDonald H, Inocencio IM, Chambers DC, Sinclair K,

Fang H, Greening DW, Frith JE, Lim R. Effect of 2D and 3D culture microenvi-
ronments on mesenchymal stem Cell-Derived extracellular vesicles poten-
cies. Front Cell Dev Biol. 2022;10:819726.

. Lee DH, Yun DW, Kim YH, Im GB, Hyun J, Park HS, Bhang SH, Choi SH. Various

three-dimensional culture methods and cell types for exosome production.
Tissue Eng Regen Med 2023.

Esmaeili A, Hosseini S, Baghaban Eslaminejad M. Co-culture engineering:

a promising strategy for production of engineered extracellular vesicle for
osteoarthritis treatment. Cell Communication Signal. 2024;22:29.

. Welsh JA, van der Pol E, Bettin BA, Carter DR, Hendrix A, Lenassi M, Langlois

M-A, Llorente A, van de Nes AS, Nieuwland R. Towards defining reference
materials for measuring extracellular vesicle refractive index, epitope abun-
dance, size and concentration. J Extracell Vesicles. 2020;9:1816641.

. Rohde E, Pachler K, Gimona M. Manufacturing and characterization of extra-

cellular vesicles from umbilical cord-derived mesenchymal stromal cells for
clinical testing. Cytotherapy. 2019;21:581-92.

Liu S, Mahairaki V, Bai H, Ding Z, Li J, Witwer KW, Cheng L. Highly purified
human extracellular vesicles produced by stem cells alleviate aging cellular
phenotypes of senescent human cells. Stem Cells. 2019;37:779-90.

. XiaY, Zhang J, Liu G, Wolfram J. Immunogenicity of extracellular vesicles. Adv

Mater. 2024;36:2403199.

Abe H, Sendai Y, Satoh T, Hoshi H. Bovine oviduct-specific glycoprotein: a
potent factor for maintenance of viability and motility of bovine spermatozoa
in vitro. Mol Reprod Dev. 1995;42:226-32.

Almifana C, Corbin E, Tsikis G, Alcantara-Neto AS, Labas V, Reynaud K, Galio L,
Uzbekov R, Garanina AS, Druart X, Mermillod P. Oviduct extracellular vesicles
protein content and their role during oviduct-embryo cross-talk. Reproduc-
tion. 2017;154:153-68.

Lamy J, Nogues P, Combes-Soia L, Tsikis G, Labas V, Mermillod P, Druart X,
Saint-Dizier M. Identification by proteomics of oviductal sperm-interacting
proteins. Reproduction. 2018;155:457-66.

Boué F, Blais J, Sullivan R. Surface localization of P34H an epididymal protein,
during maturation, capacitation, and acrosome reaction of human spermato-
z0a. Biol Reprod. 1996;54:1009-17.

Frenette G, Lessard C, Sullivan R. Polyol pathway along the bovine epididymis.
Mol Reprod Dev. 2004;69:448-56.

Cao W, Aghajanian HK, Haig-Ladewig LA, Gerton GL. Sorbitol can fuel mouse
sperm motility and protein tyrosine phosphorylation via sorbitol dehydroge-
nase. Biol Reprod. 2009,80:124-33.

DAmours O, Frenette G, Caron P, Belleannée C, Guillemette C, Sullivan R.
Evidences of biological functions of biliverdin reductase A in the bovine
epididymis. J Cell Physiol. 2016;231:1077-89.

Tumova L, Zigo M, Sutovsky P, Sedmikova M, Postlerova P. Ligands and recep-
tors involved in the Sperm-Zona pellucida interactions in mammals. Cells
2021, 10.

Garcia-Rodriguez A, de la Casa M, Peinado H, Gosalvez J, Roy R. Human
prostasomes from normozoospermic and non-normozoospermic men show
a differential protein expression pattern. Andrology. 2018;6:585-96.

Murdica V, Giacomini E, Alteri A, Bartolacci A, Cermisoni GC, Zarovni N,
Papaleo E, Montorsi F, Salonia A, Vigano P, Vago R. Seminal plasma of men
with severe asthenozoospermia contain exosomes that affect spermatozoa
motility and capacitation. Fertil Steril. 2019;111:897-e908892.

Wiltshire EJ, Flaherty SP, Couper RT. Hepatocyte growth factor in human
semen and its association with semen parameters. Hum Reprod.
2000;15:1525-8.

Attar E, Ozsait B, Bulgurcuoglu S, Serdaroglu H, Arici A. Effect of leukaemia
inhibitory factor on long-term sperm motility and survival. Reprod Biomed
Online. 2003;7:71-4.

Cheng D, Zheng XM, Li SW, Yang ZW, Hu LQ. Effects of epidermal growth fac-
tor on sperm content and motility of rats with surgically induced varicoceles.
Asian J Androl. 2006;8:713-7.

Cotton LM, O'Bryan MK, Hinton BT. Cellular signaling by fibroblast growth
factors (FGFs) and their receptors (FGFRs) in male reproduction. Endocr Rev.
2008;29:193-216.

Abdel Aziz MT, Mostafa T, Atta H, Kamal O, Kamel M, Hosni H, Rashed L, Sabry
D, Waheed F. Heme Oxygenase enzyme activity in seminal plasma of Oligoas-
thenoteratozoospermic males with varicocele. Andrologia. 2010,42:236-41.



Esmaeili et al. Reproductive Biology and Endocrinology

216.

219.

220.

. Mokarizadeh A, Rezvanfar MA, Dorostkar K, Abdollahi M. Mesenchymal stem

cell derived microvesicles: trophic shuttles for enhancement of sperm quality
parameters. Reprod Toxicol. 2013;42:78-84.

Szade A, Szade K, Mahdi M, Jozkowicz A. The role of Heme oxygenase-1

in hematopoietic system and its microenvironment. Cell Mol Life Sci.
2021;78:4639-51.

. Lee H, Park Y-S, Lee Y, Seo J. Serum and seminal plasma insulin-like growth

factor-1 in male infertility. Clin Experimental Reproductive Med. 2016;43:97.

. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of SIRNA to

the mouse brain by systemic injection of targeted exosomes. Nat Biotechnol.
2011;29:341-5.

Momen-Heravi F, Bala S, Bukong T, Szabo G. Exosome-mediated delivery of
functionally active miRNA-155 inhibitor to macrophages. Nanomedicine.
2014;10:1517-27.

TianY, Li'S, Song J, JiT, Zhu M, Anderson GJ, Wei J, Nie G. A doxorubicin
delivery platform using engineered natural membrane vesicle exosomes for
targeted tumor therapy. Biomaterials. 2014;35:2383-90.

(2025) 23:75

221.

222.

223.

Page 19 of 19

Sun D, Zhuang X, Xiang X, Liu'Y, Zhang S, Liu C, Barnes S, Grizzle W, Miller D,
Zhang HG. A novel nanoparticle drug delivery system: the anti-inflammatory
activity of Curcumin is enhanced when encapsulated in exosomes. Mol Ther.
2010;18:1606-14.

Munagala R, Aqil F, Jeyabalan J, Gupta RC. Bovine milk-derived exosomes for
drug delivery. Cancer Lett. 2016;371:48-61.

de Abreu RC, Ramos CV, Becher C, Lino M, Jesus C, da Costa Martins PA, Mar-
tins PAT, Moreno MJ, Fernandes H, Ferreira L. Exogenous loading of MiRNAs
into small extracellular vesicles. J Extracell Vesicles. 2021;10:e12111.

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



	﻿Engineered extracellular vesicles: a breakthrough approach to overcoming sperm cryopreservation challenges
	﻿Abstract
	﻿Graphical abstract
	﻿Background
	﻿Sperm cryopreservation injuries (sperm cryoinjury)
	﻿Conventional and novel strategies for sperm cryoinjury prevention and treatment
	﻿Mechanism of extracellular vesicles (EV) effect in sperm maturation and function
	﻿Extracellular vesicles (EV) as a new strategy for prevention and treatment of sperm cryopreservation complications
	﻿Possible mechanisms of action for extracellular vesicles (EV) in cryopreserved sperm repair
	﻿Bioenergy
	﻿Sperm motility
	﻿Delivering membrane compartments
	﻿MiRNAs
	﻿Epigenetic effects
	﻿Antioxidant properties


	﻿Extracellular vesicles (EV) engineering to improve viability and fertility of cryopreserved sperm
	﻿Extracellular vesicle (EV) engineering before the production (indirect EV engineering)
	﻿Extracellular vesicle (EV) engineering after the production (direct EV engineering)
	﻿Proper cell sources for extracellular vesicles (EV) engineering for sperm cryopreservation treatment

	﻿Restrictions of EV application
	﻿Ethical aspects considering
	﻿Conclusion and future perspective
	﻿References


