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Abstract
Exosomes are nano-vesicles (30–150 nm) which may be useful as therapeutic delivery vehicles and as diagnostic biomark-
ers. Exosomes are produced naturally within the human body and therefore are not prone to immunogenicity effects which 
would otherwise destroy unelicited foreign bodies. Clinically, they have been regarded as ideal candidates for applications 
relating to biomarker developments for the early detection of different diseases. Furthermore, exosomes may be of interest 
as potential drug delivery vehicles, which may improve factors such as bioavailability of loaded molecular cargo, side effect 
profiles, off-target effects, and pharmacokinetics of drug molecules. In this review, the therapeutic potential of exosomes and 
their use as clinical biomarkers for early diagnostics will be explored, alongside exosomes as therapeutic delivery vehicles. 
This review will evaluate techniques for cargo loading, and the capacity of loaded exosomes to improve various reproductive 
disease states. It becomes important, therefore, to consider factors such as loading efficiency, loading methods, cell viability, 
exosomal sources, exosome isolation, and the potential therapeutic benefits of exosomes. Issues related to targeted drug 
delivery will also be discussed. Finally, the variety of therapeutic cargo and the application of appropriate loading methods 
is explored, in the context of establishing clinical utility.
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Exosomes: an introduction to their origin, 
diversity, and cellular roles

Exosomes are classified as small (30–150 nm), phospho-
lipid bilayer extracellular vehicles (EVs), which are released 
by both eukaryotic and prokaryotic cells for the purpose 
of intercellular communication and signalling [1, 2]. Ini-
tially, exosomes were identified as EVs used for excreting 
unwanted cellular waste–however, further research has found 
that exosomes are important molecular mediators in cellular 
communication through their ability to transport proteins, 

metabolites, and various nucleic acids across the body [3, 
4]. In support of this, recent literature has identified specific 
binding proteins which contribute to cellular transportation 
machineries related to different exosomal RNA species and 
regulatory proteins interaction such as with syntenin and 
ADP-ribosylation factor 6 (ARF6) [3, 5]. Exosomes can be 
formed and secreted by cells through various stepwise pro-
cesses relating to the initial formation of endosomes and the 
inward budding of multi-vesicular bodies [3–5].

Exosomes are secreted by many different cell and tis-
sue types, including macrophages, placental tissue, epithe-
lial cells, endometrial cells, uterine cells, follicular fluid, 
embryos, oviductal epithelium, dendritic cells, cancer cells, 
and mesenchymal stem cells [5, 6]. They are also abun-
dantly found in various bodily fluids such as breast milk, 
amniotic fluid, plasma, saliva, semen, and cervical-vaginal 
fluid–signalling their applicability as biomarkers through 
portraying the physiological state of different donor cells 
[3, 6]. For example, exosomal RNA differs from that of 
the parent cell and recently various shared and selective 
RNA binding proteins have been identified and implicated 
in processes relating to RNP complexes which are involved 
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in cellular regulation relating to RNA translation, transport, 
maturation, and metabolism [3].

Due to their functions of transporting cellular materi-
als and reflecting the physiological state of the donor cell, 
exosomes can influence various processes relating to inflam-
mation, central nervous system (CNS) communication, 
immune responses, and different types of tissue repair [2]. 
Their phospholipid bilayer membrane contains lipid struc-
tures such as ceramides and cholesterol, which assists in  
the sorting, secretion, and signalling between the exo-
some and host cell [7]. Exosomes also contain mRNA, 
DNA, non-coding RNA, ribosomal RNA, transfer RNA, 
and small nuclear RNA. The abundance of RNA species 
within exosomes plays a pivotal role in various biological 
processes, particularly in different disease states and disease 
progression factors [8–10]. Hence, exosomes may be consid-
ered important therapeutic tools for the possible treatment 
and/or early detection of various diseases, including repro-
ductive and pre-natal disorders [7–10].

Exosomal formation and maturation

Exosomes are formed from late endosomes, which are cre-
ated by the inward budding of the multivesicular body mem-
brane (MVB) (see Fig. 1)–two main processes have been 
suggested regarding the formation of exosomes [11]: (1) 

the ESCRT pathway and (2) endocytosis and recycling of 
cargo back into MVBs. The budding of the late-stage endo-
somal membrane creates clusters of intraluminal vesicles 
(ILVs) within the MVBs. Throughout the process, various 
proteins are added within the developing membrane while 
different cytosolic components are engulfed and encapsu-
lated inside the ILVs [12]. The whole developmental stage 
is mediated and promoted through the endosomal sorting 
complex required for transport (ESCRT) to facilitate MVB 
production, vesicle budding, and the cargo sorting of various  
constituents [12, 13]. Recently, it has been found that ILV 
formation is highly dependent on ESCRT-related constit-
uents such as Rab11, Vps4a, and ATPase [13]. Many of  
the ILVs are eventually released into the extracellular space 
following fusion with the plasma membrane–eventually 
becoming characteristic of a typical spherical exosome [14].

This sorting complex consists of four main proteins, 
being ESCRT-0 to ESCRT-3, and this mechanism is acti-
vated by the recognition and segregation of ubiquitinated 
proteins to various domains in the endosomal membrane 
through the ubiquitin-binding sites of the ESCRT-0 compo-
nent [15]. Following, there are multiple interactions between 
the ESCRT-1 and EXCRT-2 complexes, which further pro-
motes the combining with ESCRT-3–the protein compo-
nent involved in the budding process [15]. The final step in 
this proposed mechanism includes the cleaving of the buds 
to form ILVs while ESCRT-3 disconnects from the MVB 

Fig. 1   The proposed process of 
exosome formation, including 
the production of the MVB fol-
lowed by the ILV, then further 
followed by endocytosis and 
the eventual inward budding of 
the MVB membrane releas-
ing mature exosomes into the 
extracellular environment
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membrane via energy supplied by the Vps4 sorting protein 
[16].

The other prominent exosomal cargo sorting and biogen-
esis pathway suggested within literature is independent of the 
ESCRT system and is involved with the direct inward bud-
ding of the cell membrane [17]. The process relies on complex 
lipids such as ceramides which can self-associate into raft-like 
structures to then bind with the initial membrane structure 
and contribute towards the budding process–resulting in ILVs 
[12, 18]. These raft-like structures contain high concentrations  
of sphingomyelinases which assist in the production of cera-
mides through hydrolytically removing phosphocholine moie-
ties on sphingomyelin [19]. Related literature has supported 
this mechanism by showing that a neutral sphingomyelinase 
inhibitor is an effective method to inhibit the secretion of 
exosomes [20]. Similarly, it has also been found that inhibition  
of ESCRT machinery can promote exosome release through 
lysosomal dysfunction, while  the inhibition of ceramide 
suppressed  basolateral CD9- and CD63-positive exo-
some release [12, 19]. As ceramide is formed through the  
removal of phosphocholine moieties by sphingomyelinases, 
these results may indicate that ceramide is highly involved in 
the formation of specific types of exosomes and their release  
[12, 19].

It has also been reported that tetraspanin proteins are 
involved in both exosomal cargo loading, sorting, and pro-
duction [21], with tetraspanins such as CD9, CD81, and 
CD63 being some of the most prominent exosomal surface 
markers for detection [22]. It has also been found that certain 
lysosomal transmembrane proteins (LAMP1/2, PLD3) were 
found exclusively in CD63-predominant exosomes, while 
soluble lysosomal enzymes (CTSV/D/C, TPP1) were present 
in both CD63 and CD9 [22]. This could suggest a mecha-
nism more structured towards membrane-specific sorting, 
involving one or multiple tetraspanins [22].

The tetraspanin-enriched microdomain (TM) is consid-
ered as the ubiquitous membrane platform and is important 
for the sorting of various receptors and signalling proteins 
within different compartments of the plasma membrane 
[22, 23]. The CD81 tetraspanin together with the TM are 
specifically involved in chaperoning important cellular  
communication-related receptors towards exosomes  
[24]. Additionally, the mechanisms which facilitate the 
chaperoning of different receptors and the various tetras-
panins depend on the cellular origin of exosomal biosyn-
thesis [25]. Furthermore, the protein referred to as “ALIX” 
has been found to be involved in the selective secretion of  
exosomes through collaborating with tetraspanins and 
thus controlling the sorting of specific proteins and down-
stream pathways [25, 26]. A notable difference between 
tetraspanin-dependent sorting and ALIX-dependent sort-
ing is that tetraspanins require specific regulation through  
ubiquitination sites, while ALIX is both ubiquitin-dependent 

and ubiquitin-independent within its binding capacities [26, 
27]. Table 1 shows the comparative differences and related 
literature regarding exosomal formation.

Exosomal functions, cellular interactions, 
and clinical applicability

Exosomes have been found to be increasingly involved in 
cellular messaging and complex cell-to-cell communication 
[28]. Characteristically, exosomal communication (including 
paracrine, endocrine, exocrine, or synaptic-based) is primar-
ily used by cells when more complex and distant commu-
nication must be established with other related cells [28]. 
Several recognition marker proteins are involved in the com-
municative processes, including the tetraspanin complexes 
and various Rab proteins (Rab27A/B) [28]. For example, 
exosomes released by a tumour or other cells can bind to 
nearby cells and travel through the bloodstream to another 
part of the body to deliver cellular information related to the 
biological state of the donor cell [29]. This is completed by 
the host cell absorbing the exosome through fusion with the 
membrane, receptor-mediated engulfment, and endocytosis 
mechanisms [29].

It is evident to note that the biodistribution of exosomes is 
determined by a variety of factors, such as the nature of the 
donor cell, the targeted cellular destination, and the deliv-
ery pathway. Largely, the biodistribution of exosomes from 
their cellular origin to the targeted site has been described as  
asymmetric, wherein the physiological condition of the host  
may affect exosomal biodistribution throughout the body  
[30, 31]. Depending on the cellular environment, 
exosomes may interact with membrane proteins to  
initiate vital signalling pathways leading to internalisation. 
Other mechanisms include phagocytosis, micropinocytosis, 
and various types of endocytosis mediated through clathrin, 
caveolin, and lipid-raft mediums (see Fig. 2 for reference), 
meaning that exosomes may be taken up by the receiving 
cell through different methods and rates [31]. Hence, the 
consideration of factors such as exosomal biodistribution 
and pharmacokinetic parameters for clinical applicability is 
pivotal for assessing therapeutic parameters such as the half-
life of circulating exosomes loaded with therapeutic cargo  
[31].

The presence of exosomal surface proteins such as 
integrins assists in guiding exosomes to their target cell, 
thereby facilitating a type of intrinsic cellular targeting 
[32, 33]. The multitude of cellular signalling mechanisms 
which exosomes contain allow for flexibility in cellular  
transport and recognition, which may support their function 
as potential biomarkers and therapeutic cargo vectors [32].  
Additionally, exosomal cargo can influence both the 
internal and external environments of the recipient cells. 
Such environmental changes can include activating or 
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Table 1   The various genomic markers involved in exosomal formation and the related recent literature

Protein name Type of cells utilised 
in literature

Isolation method Exosomal markers Inhibitory constituents 
for confirmation

References

ESCRT-0
HRS HeLa Ultracentrifugation CD63 shRNA [151]

HeLa CIITA Tangential flow filtration, PEG-6000 
precipitation, ultracentrifugation

CD63, LMP1, CD81 shRNA [152]

Nasopharyngeal 
carcinoma HK1

PEG-6000 precipitation, 
ultracentrifugation

Syntenin-1 shRNA [152]

STAM1 HeLa CIITA PEG-6000 precipitation, 
ultracentrifugation

CD63, MHCII shRNA [152]

STAM2 HEK-293 Differential centrifugation VPS4, CD63, CD9 shRNA [153]
ESCRT-I
TSG101 HeLa CIITA PEG-6000 precipitation, 

ultracentrifugation
CD63, MHCII shRNA [152]

Caco-2 Differential centrifugation Wnt5b siRNA [154]
Neuroblastoma SH- 

SY5Y
Differential centrifugation, 

ultracentrifugation
Flot1, Tsg101 siRNA [155]

VSP28 Drosophila S2 Ultracentrifugation Wg, CD63 siRNA [156]
ESCRT-II
EAP20 Jurkat E4 Ultracentrifugation, differential 

centrifugation
CD63 siRNA [157]

EAP45 U1 Ultracentrifugation, differential 
centrifugation

CD63 siRNA [157]

ESCRT-III
CHMP2A MCF-7 Ultracentrifugation, differential 

centrifugation
SDC1CTF, syntenin, 

CD63
siRNA [158]

CHMP4 MCF-7 Ultracentrifugation, differential 
centrifugation

SDC1CTF, syntenin, 
CD63

siRNA [158]

Associated proteins
ALIX HeLa-CIITA Tangential flow filtration, PEG-6000 

precipitation, ultracentrifugation
CD63, CD81, LMP1 shRNA [152]

MCF-7 Ultracentrifugation, differential 
centrifugation

SDC1CTF, syntenin, 
CD63

siRNA [158]

HT29, HCT116 Ultracentrifugation ALIX, Rab5, Rab7, 
Rab11

shRNA [159]

VPS4 MCF-7 Ultracentrifugation, differential 
centrifugation

SDC1CTF, syntenin, 
CD63

Dominant negative VPS4 
overexpression

[158]

Huh7.5 Ultracentrifugation, ultrafiltration CD63, Hsp70 siRNA [160]
MDCK Differential centrifugation ALIX, Tsg101, Hrs Dominant negative VPS4 

overexpression
[16]

ESCRT-independent mechanisms
RAB31 HEK-293 T Ultrafiltration CD63, HRS, FLOT1, 

FLOT2
shRNA [123]

Ceramides Neuro 2a Differential centrifugation CD63, ALIX, 
flotillin-1

GW4869 ceramide 
inhibitor

[161]

A549 Differential centrifugation TSG101, CD81, 
CD61, CD9

GW4869 ceramide 
inhibitor

[162]

RAW264.7 Differential centrifugation CD61, CD81 GW4869 ceramide 
inhibitor

[163]

Flotillin-2 PC-3 Ultracentrifugation, differential 
centrifugation

TSG101, CD81, 
CD61, CD9, ALIX

siRNA [164]

Human Astrocytes Density gradient ultracentrifugation Flotillin, HSP90 Aβ1–42 [165]
PLD2 MCF-7 Differential centrifugation Syntenin, CD63 siRNA [5]
ARF6 MCF-7 Differential centrifugation Syntenin, CD63 siRNA [5]
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deactivating signalling pathways through various phospho-
rylation events and transferring genetic material between 
different cells [32]. An example of this can be noted during 
pregnancy, where exosomal signalling can mediate inflam-
matory pathways, growth factors, foetal development, and 
activation of the maternal-foetal vascular exchange path-
way [34].

Considering the multitude of functions exhibited by 
exosomes, recent literature has elicited considerable inter-
est towards their clinical applicability relating to the transfer 
of various types of cargo between cells within the body. As 
exosomes exhibit enhanced immunocompatibility, a phospho-
lipid bilayer structure protecting them from degradation, and  
flexibility in the types of contained cargo, they could be  
considered as potential diagnostic biomarkers and therapeutic 

vehicles for cargo such as proteins, compounds, and drug mol-
ecules [35]. Furthermore, their relatively small size and mem-
brane structure allows them to travel through a multitude of  
areas within the human body, including the ability to safely 
pass through the blood–brain barrier (BBB) [8, 9].

The various methods for exosomal cargo loading is an 
important topic to consider when discussing the many differ-
ent types of possible cargo and therapeutic targets. Previous 
research has led to the viable use of pre-clinical exosomal 
models and their potential uses. In example, the medica-
tion paclitaxel (PTX) has been loaded into exosomes mul-
tiple times and found to produce higher therapeutic activity 
with notably reduced side effects and increased bioavail-
ability when utilising exosomes as delivery vehicles [36]. 
The potential of exosome-mediated cytotoxic cancer  

Fig. 2   Exosomal cellular communication and the processes by which 
the exosome may be introduced into the host cell. a This shows the 
process of phagocytosis, wherein the EV is engulfed by the cell 
[30, 31]. b Clathrin-mediated endocytosis includes the process of 
internalising the EV through the assembly of clathrin-coated vesi-
cles and lipid rafts [28]. c The process of lipid raft-mediated endo-
cytosis, where the EV is chaperoned into the cell through binding 
with a lipid raft [30]. d Engulfing the EV via macropinocytosis, an  

endocytic pathway in which membrane ruffles form and fuse into the 
intracellular environment [31]. e Caveolin-mediated endocytosis in 
which small sub-domains of glycolipid raft indentations called caveolae  
are formed and can internalise EVs into the cell, acting as a type of 
chaperoning system [30, 31]. f Membrane fusion wherein the EV can 
directly fuse with the plasma membrane of the cell and become inter-
nalised rapidly [31]. Adapted from previous research [31]
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therapy therein resides in the ability for exosomes to safely 
deliver a molecule to the target site while minimising medi-
cation side effects and potential harm to healthy neighbour-
ing cells [36]. This aspect can also relate to maximising 
bioavailability through protecting the cargo from first-pass 
metabolism and/or enzymatic degradation [36].

Exosomal changes in reproductive disorders

As exosomes are highly involved in cell-to-cell communi-
cation and exosomal content is relative to the state of the 
donor cell, they may be utilised as potential biomarkers in 
dysfunctions and diseases during human reproduction [37]. 
In human reproduction, many processes are highly regulated 
and require specific steps and cellular support to undergo  
normal completion. Such can include follicular growth, 
oogenesis, implantation, embryonic development, fer-
tilisation, and foetal development [37]. Exosomes are  
involved in the progression of the reproductive cycle relating 
to various regulatory mechanisms initiated through foetal-
maternal communication and cellular regulation–all of which 
act to adapt the body to the many different physiological 
changes [37]. Such mechanisms can be related to immu-
nological responses, inflammatory signals, and metabolic 
adaptations necessary for nurturing a growing foetus [37, 
38]. The expression of quintessential mechanisms is medi-
ated through various exosomal and cellular communication 
relating to direct cellular contact, hormonal signalling, and 
EV transportation throughout the maternal circulation [38].

In the healthy individual, these processes are tightly regu-
lated in space and time to carry out the necessary alterations 
required for normal reproductive modifications to occur. 
Hence, the role of the exosome becomes important in main-
taining a conserved reproductive state due to their functions 
in cellular communication and regulation through the differ-
ent stages of the reproductive cycle [37, 38]. However, many 
of these normal processes can be dysregulated, leading to 
conditions such as localised or widespread inflammation, 
polycystic ovarian syndrome (PCOS), premature ovarian 
failure (POF), endometriosis, gestational diabetes mellitus 
(GDM), and pre-eclampsia [37].

Changes often occur at a cellular level before signs and 
symptoms of pregnancy complications begin to manifest 
[37]. Many such changes can be affected by gestational age, 
genetic factors, and individual health status–all important 
factors in the variations to exosomes and their cargo through 
the different stages of pregnancy [39]. Circulating exosomes 
contain complex mixtures of RNA species, proteins, and 
lipids, which are capable of modifying ‘normal’ biological 
functions and exerting downstream effects such as premature 
immune cell activation, inflammatory cytokine release, and 
dysregulation of pivotal circulating hormones [39].

Exosomal communication requires maternal exosomes to  
travel through the villous space in the placenta to regulate 
cargo and can be measured within the peripheral blood  
of pregnant women from the 6th week of gestation, particu-
larly the exosomes which originate in the trophoblast area 
[40]. As exosomes carry cellular information from the donor 
cell around the peripheral circulation, the cellular cargo which  
is exclusively related to the donor cell is an important factor  
in distinguishing which biological functions may have 
been altered [40]. Such alternations can be related to  
the contents of exosomal cargo, especially that of miRNA  
and various proteins, and can often be related to a physio-
logical change which may indicate a pathological state [41].

It can be common for complications during pregnancy to 
result in various physiological changes for both the mother 
and the foetus and increase the risk of congenital condi-
tions and miscarriage [39]. In example, pre-eclampsia can 
result in an increased risk of cerebral palsy and early-onset 
hypertension and diabetes, while GDM may also increase 
the risk of early-onset metabolic dysfunction later in life 
[42–44]. As reproductive conditions contain many alterca-
tions on a cellular level, exosomal biomarkers can be impor-
tant in distinguishing the occurrence and development of 
such pathological conditions during pregnancy [38, 39,  
45].

Exosomal functions in the healthy 
reproductive cycle

Exosomes carry through many different functions relating 
to the regulation of multiple physiological functions within 
pregnancy towards ensuring positive outcomes during the 
reproductive process [37, 39]. During the early stages of 
reproduction and the menstrual cycle, exosomes are abun-
dantly found in the uterine luminal fluid [37]. As cell-to-cell 
signalling becomes even more crucial during pregnancy and 
reproduction, exosomes exhibit various specific roles regard-
ing the regulation of pre-conceptive cellular mechanisms 
[37].

Exosomes in the fertilisation process

During the process of fertilisation, the spermatozoa migrate 
from the vagina to the oviducts during the formation and 
development of a viable blastocyst for implantation into the 
endometrial surface of the uterus, located in the uterine cav-
ity [37]. Previous research has found that uterine fluids are 
rich in cellular components such as proteins, RNA species, 
and lipids–much of which is contained in exosomes [37]. 
During the fertilisation and implantation processes, both 
physiological and morphological changes occur wherein 
the uterine and endometrial tissue and receptivity changes, 
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along with cellular signalling and the involvement of vari-
ous hormones and other stimuli [38, 39, 46]. Relatedly, the 
endometrium is involved in the early stages of implanta-
tion during the reproductive process and contains many 
proteins and fluids to assist this process [46]. For example, 
epithelial-mesenchymal transition and decidualisation is 
regulated through increasing levels of ovarian steroids and 
hormones such as oestrogen and progesterone and other 
proteins [47]. Relatedly, exosomes involved in the chaper-
oning of different proteins have been found to be taken in 
and released from the endometrium [46]. Exosomes derived 
from the trophoblast have been associated with modulat-
ing endometrial receptivity through various transcriptomic 
alterations, which ultimately may assist in both the pre- and 
post-fertilisation processes [46, 47].

Exosomes in the placental development process

Placental exosomes are morphologically very similar to 
exosomes from other mediums such as milk and urine. Their 
spherical shape and size are retained (30–150 nm) together 
with their function of cellular signalling [35]. While the 
typical exosomal markers such as CD63 are retained, pla-
cental exosomes also carry the specific enzyme ‘placental-
type alkaline phosphatase’, which is indicative of their origin 
[35]. Further, placental exosomes do not carry the marker 
molecule MHC–which is typically involved in stimulating T 

cell proliferation through direct complex binding and results 
in site-specific immune stimulation [39]. Considering, pla-
cental exosomes instead display MHC-related molecules 
such as MICA/MICB, RAET1, and ULBP1-5 on their outer 
surface, which are also ligands of NKG2D–an activating 
NK cell receptor [48]. Placental exosomes have also been 
shown to express proapoptotic molecules such as the Fas 
ligand (FasL) and tumour necrosis factor–related apoptosis-
inducing ligand (TRAIL), which are involved in proliferative 
immune responses [49]. A ‘typical’ placental exosome draw-
ing is presented in Fig. 3, based on descriptions of previous 
research.

During pregnancy, the placenta modulates a variety  
of mechanisms relating to immunotolerance, nutritional 
balance, inflammatory regulation, and oxygen support,  
all within the grounds of supporting the foetus [50]. The 
human placenta secretes a multitude of extracellular vesi-
cles, most of which are derived from the cytotrophoblast,  
syncytiotrophoblast (STB), and extravillous trophoblast cells 
[6, 42]. Larger EVs are also secreted by the placenta through the 
apical membrane of the STB cells for release into the maternal 
circulation during cell-to-cell communication (Fig. 4), which  
work together with exosomes to continue the process of  
ongoing conception [50]. Exosomes become important  
immunomodulatory messengers during pregnancy–a 
notable characteristic is their ability to downregulate T  
cell responses in pregnant women, resulting in less overall 
inflammation and immune-related reactions at target sites  

Fig. 3   The morphology of a 
placental exosomes, noting the 
roles of specific markers which 
mainly relate to immunomodu-
latory functions [36, 47], 
together with cellular signalling 
and recognition markers [47], 
which include placenta-specific 
domains [35]
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involved in reproductive processes [43]. The downregulation 
of the T cell immune response assists with appropriate foetal 
recognition and by extension regulates inflammatory pathways 
[51].

Similar activity has been described in previous research 
where placental exosomes have been shown to exert  
an immunosuppressive effect through the protein syncytin-1 
[52]. Through this protein, placental exosomes have a distin-
guished role in suppressing the production of Th1 cytokines, 
TNF-α, CXCL10, and IFN-γ [52]. These cytokines are well 
known for producing pro-inflammatory effects and inducing  
immune responses [52]. Together with the ability to sup-
press certain inflammatory cytokines, exosomes assist 
in the disposal of already circulating cytokines through 
targeted encapsulation processes, which also assists to  
dispose of any leftover cytokines following premature immu-
nological stimulation [52]. As Th1 becomes more down-
regulated during pregnancy, there is a physiological switch  
to more Th2-type immune responses to avoid any potential  
damage to the foetus [52]. For example, previous research  

has shown that an increase in a Th1 immune response and 
cytokines (TNF-α, CXCL10, and IFN-γ) has been associated 
with pro-inflammatory pathways and an increased incidence 
of adverse developmental events and miscarriages [52, 53]. 
Hence, exosomes which carry syncytin-1 may reduce the 
occurrence of adverse maternal events and assist in regulat-
ing the levels of inflammation during the multiple stages of 
conception [50–53].

Exosomes in the foetal development process

The ongoing development of the foetus is highly dependent 
on feto-maternal communication [37]. As placental devel-
opment approaches the final stages, the foetal-placental cir-
culatory system continues to act as a pathway for various 
substituent exchanges, including oxygen, nutrients, hor-
mones, cytokines, and EVs such as exosomes [37]. During 
the later stages of pregnancy, exosomes derived from cho-
rionic villous tissue have been shown to be more involved 
in regulating metabolic pathways relating to carbohydrate 

Fig. 4   The cellular components of the intervillous space of the cho-
rionic villi, leading on from the umbilical cord and housing the pro-
cess exosomes maturing from budding microvesicles and eventually 
being released into the extracellular placental environment to be sent 
into maternal circulation. The main differences between a budding 

microvesicle and an exosome are that structures such as proteins 
and nucleic acids are more pronounced and distinctive in the mature 
exosome–harbouring the intracellular components necessary for  
cell-to-cell communication and transport [42, 50]
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metabolism and glucose uptake by cells [54]. This was 
demonstrated through further investigation into exosome 
samples isolated from patients with gestational diabetes, in 
which glucose uptake was reduced–indicating a potential 
role for exosomes in the glucose exchange system [55]. In 
the later stages of foetal development, exosomes have been 
found to be involved within immunoregulation and protect-
ing the developing foetus from the innate immune system 
[56]. In relation, one study found that exosomes can regulate 
the maternal immune response through expressing the nega-
tive immunoregulatory factors PD-L1/L2 [56]. The potential 
effects of these exosomes point to the downregulation of 
the maternal immune system through regulating immune 
functions and vascular development throughout ovulation 
and general follicular development [56]. Additional exoso-
mal functions may also include modulating naïve cells in 
concordance with regulatory T cells through binding on the 
PD-1 receptor of the related immunomodulatory cells [57].

Exosomes as therapeutic tools 
in reproductive pathology

Exosomes contain cellular cargo relating to the physiologi-
cal state of the donor cell–they may be ideal as therapeu-
tic tools for diagnosing and treating complications dur-
ing reproduction in both males and females [58]. Recent 
studies have found that the concentration of exosomes in 
peripheral blood increases over time until the final stages 
of pregnancy and is further increased before and during rel-
evant pathological complications [58, 59]. Considering this, 
exosomes may be utilised for the early detection of many 
pregnancy-related complications, and therefore may assist 
providing early interventions through a timely and directed 
approach. An example from recent literature included the 
use of circulating exosomal miRNA species for the early 
diagnosis of foetal ventricular septal defects (VSDs) [60]. 
The study explained that certain exosomal miRNA species 
(hsa-miR-186-5p, hsa-miR-199a-3p, hsa-miR-146a-5p, hsa-
miR-181a-5p, and hsa-miR-3158-3p) were dysregulated in 
VSD cases from early in pregnancy, signifying that these 
miRNAs may act as potential biomarkers [60].

Furthermore, it has been reported that placental-derived 
exosomes can suppress certain immune responses through 
increasing lymphocyte apoptosis and reducing CD3 expres-
sion [61]. It has also been found that exosomes can regulate 
the NKG2D receptor on NK, CD8(+), and gamma delta 
T cells, which has resulted in a reduction of cytotoxicity 
in vitro [61]. The clinical applicability of exosomes can 
therefore relate to their utilisation to treat a multitude of dis-
orders during pregnancy, including impaired foetal growth 
and inflammation (refer to Tables 2 and 3 for a summary).

The reproductive cycle is a complicated mix of highly 
regulated processes, meaning that problems may occur 

relating to immunological function, cellular signalling, and 
nutrition malabsorption–thus, irregular placental and foe-
tal development may ensue [62]. As previously mentioned, 
exosomes can mediate cell-to-cell communication and carry 
different cargo based upon the physiological state of the 
donor cell; this means that specific cargos such as miRNA 
and proteins may be useful in understanding the pathology 
behind reproductive disorders [38, 39, 58]. Exosomal func-
tion in obstetric pathology can be extended to syndromes 
such as PCOS, acute or chronic inflammation, endometrio-
sis, POF, GDM, and pre-eclampsia [52]. Furthermore, the 
relevant pathology also becomes important when discussing 
male fertility/infertility as to how exosomes contribute to the 
progression of various functions such as sperm production 
and maturation, and therefore assist in healthy reproduction, 
as discussed below [63–65].

Exosomal functions in male reproductive pathology

Although this review is mainly focussed on reproductive 
pathology within females, it is important to highlight cer-
tain aspects surrounding exosomes in the male reproduc-
tive system. Exosomes play a considerable role in the male 
reproductive system, more specifically in relation to fertil-
ity and infertility, being highly involved in sperm matura-
tion, acrosome reactions, capacitation, and fertilisation 
[63]. These exosomes have been found to originate from 
within the prostate (prostasomes), testis, seminal fluid, and 
epididymosomes [63]. Due to their supportive role in vari-
ous seminal functions, they have been associated with the 
progression of normal reproductive cycles and are impli-
cated within the transportation of various regulatory proteins 
and nucleotides [63].

Recently, a study focussed on the exosomal profiles of 
azoospermia patient semen samples and found that several 
types of RNA (miRNA, piRNA Y RNA, rRNA, and tRNA) 
were present in the related exosomes, with miRNA display-
ing the most differential profile compared to other bodily 
fluids [63]. Considering, the study found that many miRNA 
levels were dysregulated in seminal plasma exosomes, 
including species which were germ-cell specific [63]. Impor-
tantly, a high predictive accuracy was found in certain RNA 
species (miR-205-5p, miR-31-5p, and germ cell piR-58527) 
with a diagnostic efficiency of AUC > 0.95 specifically for 
miR-31-5p and a related high level of sensitivity and speci-
ficity [63]. While more research needs to be established, 
miRNA-based exosomal profiles may assist in building an 
efficacious diagnostic model for azoospermia and related 
possible causes.

The possibility of diagnostic models has been found in 
exosome-associated proteins, which are important for the 
maturation of spermatozoa and can thus also be implicated 
as potential biomarkers for male infertility [64]. One study 
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described that exosomal proteins annexin A2 (ANXA2), 
semenogelin-1 (SEMG1), transferrin (TF), and kinesin-1 
heavy chain (KIF5B) were dysregulated in male patients 
with varicocele–a condition characterised by the formation 
of varicose veins within the scrotum which can often lead to 
infertility [64]. As these proteins are variable in their expres-
sion, it may be possible to utilise them as biomarkers to 
detect early signs of infertility in males [64].

Another similar study compared seminal exosomal pro-
tein levels in fertile versus infertile men and distinguished 
that within the infertility group, many proteins were differen-
tially expressed, including the upregulation of ANXA2 and 
the downregulation of KIF5B [65]. The same study found 
that 47 seminal plasma proteins were dysregulated in unilat-
eral varicocele patients in comparison to controls–it was fur-
ther deducted that dysregulated proteins were correlated to 
androgen receptors YB1 and NRF2 [65]. Overall, exosome-
associated proteins may be useful in the early diagnostics 
of male infertility and may also point towards the relevant 
pathology involved within the progression of reproductive 
disorders [64, 65].

Exosomal functions in female reproductive 
pathology

In relation to female reproduction, many of the pathways 
involved in the pathological progression of reproductive dis-
orders are connected to exosomes and their cargo, such as 
miRNA species and proteins (refer to Table 2). While there 
has been relevant research in this field, many studies have 
had various limitations relating to smaller sample sizes, and 
narrow or inconclusive results, with much research not being 
replicable to an acceptable standard. Further, research gaps 
can be identified relating to various exosomal biomarkers 
and how these may be used in a clinical setting, such as for 
diagnostic or interventional purposes. Hence, it becomes 
important to further explore as to how exosomes may be of 
viable clinical applicability when discussing reproductive 
pathology [38, 39].

Exosomes in polycystic ovarian syndrome

PCOS is a common reproductive endocrine disorder affect-
ing approximately 8–10% of women of child-bearing age in 
which pathological changes occur in relation to abnormal 
follicular granulosa cell proliferation, abnormal apoptosis, 
and hyperandrogenism [62, 66]. PCOS can be phenotypi-
cally characterised through affected individuals experienc-
ing symptoms relating to hair loss, hair overgrowth, obesity, 
amenorrhea, and menstrual irregularities [66]. As exosomes 
are involved in follicular development through cellular sig-
nalling and communication, specific exosomal biomark-
ers may indicate towards the progression of PCOS, which Ta
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ultimately may lead to an early intervention. Recent stud-
ies have found that cargo from follicle-derived exosomes 
includes various PCOS-specific miRNAs such as miR-373, 
miR-640, and miR-654-5p, with newer biomarkers being 
hsa-miR-1299, hsa-miR-6818-5p hsa-miR-192-5p, and 
hsa-miR-145-5p [66, 67]. These specific miRNA biomark-
ers have been found to be overexpressed in PCOS patients 
and may possibly be used as diagnostic tools [67].

Furthermore, another recent study found that serum 
exosomes from PCOS patients expressed highly elevated 
levels of miR-590-3p and miR-27a-5p [62]. Functionally, 
miR-27a-5p in PCOS-derived exosomes was found to pro-
mote proliferation and migration in endometrial cancers, 
which may be linked with the progression of PCOS through 
the driver gene SMAD4 [62]. This pathway was found to 
occur through the targeting of the SMAD4 gene by miR-
27a-5p, in which the gene is upregulated, and migration and 
proliferation are promoted [62]. Conversely, one study found 
that exosomal miR-323-3p derived from mesenchymal stem 
cells both promoted proliferation and inhibited apoptosis in 
PCOS, which resulted in the condition somewhat improving 
[68]. Additionally, another recent study explained that PCOS 
follicular fluid–derived exosomes carrying miR-424-5p 
upregulated granulosa cell senescence through the direct 
targeting of the CDCA4 gene, which resulted in downregu-
lated cell proliferation [69].

Research has also found that the DENND1A.V2 protein 
was higher in PCOS theca cells compared to that in con-
trols, which may have an indirect downstream effect on 
insulin and luteinising hormone through the RAB5B sys-
tem [70]. Similarly, one study indicated that significantly 
higher levels of mRNA expression relating to the proteins 
CYP11A, CYP19A, and HSD17b1 were found in follicular 
fluid of PCOS patients compared to study controls [71]. 
The dysregulation of such constituents can also point to 
the strategy of loading these particles into exosomes to  
act as therapeutic cargo for targeted delivery, where specific  
types of molecules such as miRNA or proteins could medi-
ate dysregulated pathways. Thus, the miRNA exosomal 
markers may have the potential to provide a basis for the 
early diagnosis of PCOS and understanding precipitating 
factors which may also promote the development of endo-
metrial cancer from PCOS [62, 66–71].

Exosomes in reproductive inflammation

Exosomes carry inflammatory mediators which differ 
among cellular pathways depending on their site of ori-
gin and can signify the unique properties and disease state 
of their original environment [72]. One study explains 
that exosomal inflammatory mediators were observed 
in mice in gestation days E5 to E19 and that increased 

inflammatory markers can be responsible for causing early 
inflammatory activation in maternal gestational cells [72]. 
Important inflammatory markers in reproduction are cyclo-
oxyenase-2 (COX-2), granulocyte–macrophage colony-
stimulating factor (GMCSF), interleukin 6 (IL-6), and 
interleukin-8 (IL-8) [73]. These markers have the poten-
tial to provide information on the state of the host cell and 
how some inflammatory processes may progress within 
the reproductive cycle [73]. Research has found that the 
pro-inflammatory cytokines GMCSF, IL-6, and IL-8 were 
abundant in exosomes which were exposed to increased 
levels of oxidative stress (OS), and in turn contributed to a 
state of inflammation in various tissues [73]. Additionally, 
foetal-derived exosomes were found to exhibit differential 
characteristics and were distinct in promoting an inflam-
matory state in uterine cells, which was associated with the 
initial development of parturition [73].

Exosomes may have modulatory roles in various inflam-
matory pathways, and potentially be involved in the up- 
and downregulation of pro-inflammatory cytokines. Add-
ing to this, a recent study explained that exosomes derived 
from amniotic fluid can project the current inflammatory 
status of the uterine environment through their specific 
miRNA and protein contents [74]. Furthermore, miRNA 
biomarkers are of particular interest in distinguishing 
maternal systemic inflammation [34], for example, the 
upregulation of hsa-miR-126-3p and hsa-miR-23a-3p, 
which are both involved in pathways relating to vascular 
cell adhesion molecule 1 (VCAM1) inhibition, limiting 
leukocyte cell adhesion, and targeting ATG12-mediated 
autophagy [34]. Such exosomal biomarkers could possi-
bly indicate the development of abnormal pregnancies and 
provide specific information about uterine health, includ-
ing any imminent risks and predisposing factors contribut-
ing to a potential miscarriage [74].

Exosomes in endometriosis

Endometriosis can be defined as the presence of endo-
metrial tissue around the outside of the uterine cavity 
and affects approximately 10–15% of women of repro-
ductive age [75]. The main symptoms are presented as 
pelvic pain, infertility, heavy bleeding, and ovulatory pain 
[75]. Exosome-derived miRNA species may be consid-
ered potential diagnostic biomarkers for various repro-
ductive disorders, including endometriosis. Research 
has found that exosomes derived from follicular fluid 
have shown differences in the contents of their cargo 
between control and PCOS patients, specifically relating 
to miRNA species [76]. It was explained that the differ-
ences in exosomal cargo could alter processes relating to 
the development and progression of endometriosis, indi-
cating that exosomal cargo may be involved in regulatory 
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pathways [76]. Relatedly, a recent study explored the use 
of endogenous exosomal miRNA for the early diagnosis 
of endometriosis through attempting to identify multiple 
dysregulated miRNAs in serum exosomes derived from 
patients [75]. Some notable targets were namely miR-
134-5p, miR-197-5p, miR-22-3p, miR-320a, miR-494-3p, 
and miR-939-5p–the main miRNA biomarkers which 
were highly upregulated in endometriosis patients were 
found to be miR-22-3p and miR-320a [75]. These miRNA 
targets were found to have a high specificity towards 
the progression of endometriosis and could potentially 
increase the diagnostic sensitivity relating to screening 
for and treating endometriosis early and effectively [75].

Similarly, another recent study found various exosomal 
biomarkers relating to the progression of endometriosis 
[77]. The notable biomarkers circular RNA_0026129, 
miRNA-15a-5p, and the genomic marker ATP6V1A were 
highly related to the endometriosis-associated exosomal  
competing endogenous RNA network [77]. Overall,  
the study found these markers to be differentially 
expressed between endometriosis patients and related 
healthy controls, indicating reliability in sequencing and 
their possible use as specific biomarkers for diagnosis  
or targeted treatment [63]. Hence, these may indicate the  
different stages and processes in the progression  
and development of endometriosis during pregnancy. 
Relatedly, another recent study described dysregulated 
proteins in endometriosis patients compared to healthy 
control patients, of which includes PRDX1, H2A type 
2-C, ANXA2, ITIH4, and the tubulin α-chain (Tα) [78].  
These proteins may have endometriosis-specific roles and in  
which case would assist with early detection of related 
pathology, although further research would be required  
to confirm uniqueness [78].

Exosomes in premature ovarian failure

Premature ovarian failure (POF) is a disease of women’s 
reproductive health which results in the premature cessation 
of ovarian function before the age of 40, and its prevalence 
is largely genetically linked [79]. Individuals will typically 
present with symptoms of reduced oestrogen levels, amenor-
rhea, infertility, reduced mature follicles, and high gonado-
tropin levels [79]. POF accounts for approximately 1% of 
infertility occurrences in females, and as fertility is key to 
reproduction, it becomes pertinent to screen for POF as early 
as possible [80]. Overall, recent literature has stated that the 
follicle-derived exosomal miRNA component miR-144-5p 
has been used to identify and treat chemotherapy-induced 
ovarian failure in animal models, indicating promise towards 
a potential POF biomarker [81].

Furthermore, another recent study found that the tran-
scription factor Yin Yang 2 (YY2) is significantly reduced 

in patients with POF [82]. The study focused on exosomes 
derived from peripheral blood from patients with POF and 
denoted a positive correlation between progesterone/oestra-
diol levels and YY2, as these levels are usually diminished in 
patients with POF [82]. Hence, YY2 was found to be related 
with fluctuating hormonal levels during disease progression 
in POF, making it a possible target for early diagnostics and 
therapeutics [82]. Additionally, another recent study found 
that exosomal miR-127-5p, a miRNA involved in down-
regulation pathway of DNA repair mechanisms, was over-
expressed in patients with POF [83]. Furthermore, a simi-
lar study noted the presence of multiple up/downregulated 
proteins in patients with POF [84]. These included proteins 
involved in the reproductive process such as ceruloplasmin 
(CP), complement C3 (CC3), fibrinogen, and sex hormone 
binding globulin (SHBG) [84]. These protein biomarkers 
were described to be increased twofold within POF patients 
compared to the control group [84]. Their relevance can be 
linked to specific functions, such as CP being important for 
transporting copper throughout the body, especially dur-
ing pregnancy [84]. Relatedly, CC3 is involved in the com-
plement system, which is a part of the regulation cycle of 
immune system and phagocytosis [84]. Finally, fibrinogen 
plays a pivotal role in clotting factors to stop bleeding and 
SHBG is attached to androgens and estrogens and is usually 
increased in postmenopausal women [84]. Hence, dysregula-
tion of these proteins may help in understanding a variety of 
disease factors before, during, and after POF.

Exosomes in gestational diabetes mellitus

Gestational diabetes mellitus (GDM) affects roughly 14% 
of worldwide pregnancies and is a complication in which 
patients without a previous history of diabetes begin to 
develop clinically significant and chronic levels of hyper-
glycaemia during gestation [85]. The development of 
GDM is linked to the impairment of glucose tolerance 
in relation to pancreatic β-cell dysfunction and is usually 
more common in women with pre-existing risk factors 
[85]. Such can include being overweight, previous family 
history of diabetes, and an advanced maternal age [85]. 
Exosomes may improve both early diagnostics assist in 
tailoring therapy for the management of GDM, which in 
turn may act as a type of prevention and treatment for both 
the foetus and the mother.

A recent study explored potential exosomal miRNA bio-
markers which were downregulated in GDM and during 
the 3rd trimester of gestation (miR‑516‑5p, miR‑517‑3p, 
miR‑518‑5p, miR‑222‑3p, and miR‑16‑5p) [86]. The 
downregulated exosomal miRNAs were linked to various 
metabolic pathways associated with the development and 
progression of GDM. This indicates that exosomes and 
their cargo may be pivotal in cellular pathways relating to 
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inflammation, energy production, and insulin mobilisation 
[86]. Furthermore, the cellular mechanisms of the related 
miRNA correspond to pathways in stress responses and 
variations in circulating blood glucose levels [86]. Another 
recent study found that circulating exosome release was 
higher in GDM patients compared to non-GDM patients, and 
that exosomal miRNA may affect pathways relating to lipid 
metabolism, glucagon signalling, and glucose homeostasis 
[87]. The research suggests that exosomes which express 
specific contents could modulate various metabolic pathways  
and alter processes in which normal metabolism may be dys-
regulated through the stages of pregnancy.

Specific miRNA species could possibly be used as 
both biomarkers and therapeutic targets and further 
indicate as to which metabolic pathways may be dys-
regulated before and during GDM [87]. Another study 
which focused on exploring different potential exosomal 
miRNA biomarkers found that miR-125b was consistently  
downregulated in GDM while miR-144 was found to be con-
sistently upregulated [88]. The authors further performed  
AUC models for both miR-125b and miR-144 and obtained 
results of 0.898 and 0.875 respectively, indicating favour-
able diagnostics [88]. These findings detail the dysregula-
tion of miR-125b and miR-144 within GDM and outline 
their potential use as diagnostic tools. Additionally, another 
research study explained the presence of protein biomarkers  
through their dysregulation within GDM patient samples, 
specifically S100 calcium binding protein A9 (S100A9) and  
damage associated molecular patterns, which are involved in  
cell cycle progression/differentiation and the innate immune 
response system, respectively [89]. The study found that a 
more specific increase in S100A9 protein numbers corre-
lated to maternal obesity in GDM patients and increased the 
chances of macrosomia in newborns [89]. Hence, a mixture 
of such miRNA and protein biomarkers may be more effi-
cient in determining treatment options in GDP patients and 
providing better long-term patient outcomes [89].

Exosomes in pre‑eclampsia

Pre-eclampsia can be a common and serious complication 
during pregnancy, in which 5–8% of pregnancies are affected 
and the exact pathological cause remains an unknown area, 
with higher incidences in at-risk populations, such as smok-
ing, obesity, and a family history of hypertension [90]. The 
disorder is characterised by symptoms such as hypertension 
and multiple organ injury stemming from placental malp-
erfusion in which various disease-promoting factors are 
released into maternal circulation [90]. As no medication 
has been shown to completely alleviate the progression of 
the condition, early diagnostics may help with the initial 
management and timing during the pregnancy to optimise 
foetal and maternal outcomes. Considering, exosomes may  

help in understanding the pathologies involved in pre-
eclampsia and how this condition may develop, including a  
multitude of other reproductive disorders. A recent  
study showed that isolated exosomes from patients with pre-
eclampsia contain several miRNA makers specific to the  
progression of pre-eclampsia [91]. The identified exosomal  
miRNA species included miR-153 and miR-325-3p, which 
were both significantly upregulated in pre-eclampsia [91]. 
Literature has found both miR-153 and miR-325-3p to be 
associated with reduced tube formation in primary human 
umbilical vein endothelial cells and endothelial cell dys-
function, respectively [92, 93]. Considering the high  
amount of upregulation of these miRNA species, they may 
be utilised as potential biomarkers and provide more infor-
mation regarding pre-eclampsia during the different stages  
of pregnancy [91].

Similarly, another study explored related miRNA exo-
somal biomarkers which could describe the stages of  
pre-eclampsia relating to late-onset and early-onset, such 
examples included miR-122-5p, miR-3605-3p, miR-2113,  
miR-374c-5p, and miR-505-3p, which confirms that a 
multitude of miRNA species may be involved in the patho-
genesis of pre-eclampsia (see Fig. 5) [74]. The relevance  
of miRNA species is related to the variation between 
patients with and without pre-eclampsia–however, fur-
ther research is required to ascertain exact pathogenesis  
[74]. A recent study looking at therapeutic targets found 
that miRNA (miR-18b-3p) obtained from human umbilical  
cord mesenchymal stem cell–derived exosomes inhibits 
the development of pre-eclampsia through targeting the 
leptin protein [94]. The study found that inhibition of 
leptin through miR-18b-3p lowered systolic blood pres-
sure and proteinuria in pre-eclampsia rat models. With 
the result of leptin inhibition, it would be possible to load 
this miRNA cargo into exosomes for targeted delivery 
into patients who have or are at risk of pre-eclampsia and 
gestation hypertensive issues (refer to Table 3). Further-
more, one study found that exosomal PLAP levels was  
increased in women who developed pre-eclampsia, which  
could potentially differentiate between exosomal con-
tent useful in determining biomarkers [95]. Another 
recent study identified increased levels in pre-eclampsia- 
associated proteins as being the glycocalyx-associated pro-
teins, versican and biglycan [96]. Both proteins have been  
implicated in endothelial dysfunction and eventually pre-
eclampsia [96]. The study also found that women with 
pre-eclampsia displayed reduced levels of the pregnancy 
zone protein (PZP), which is involved in the inhibition 
of misfolded protein aggregates [96]. The reduced PZP 
levels may be associated with a high incidence of protein 
aggregates in patients with pre-eclampsia [96]. However, 
other barriers exist towards therapeutic progression–such 
as efficient exosomal cargo loading, targeted delivery, and 
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the translation of exosome therapeutics from the labora-
tory setting to a clinical setting. These barriers must be 
overcome so factors such as cargo loading, and delivery 
may be efficiently and safely implemented.

Exosomal isolation and loading methods

Exosomes are important mediators for cell-to-cell commu-
nication, especially in disease pathology. It becomes pivotal 
to investigate exosomes as potential therapeutic delivery 
vehicles for medications, miRNA/siRNA, and other pro-
teins or compounds [97]. The therapeutic suitability of 
exosomes relates to their ability to pass certain biological 
or physical barriers like the BBB or the placenta, while 
having an excellent immunogenicity profile–resulting in 
fewer immune-related reactions such as T cell foreign body 
destruction. Furthermore, exosomes can protect cargo from 
enzymatic degradation due to their phospholipid bilayer, 
alongside increasing drug bioavailability and reducing rapid 
drug clearance through their mononuclear phagocyte system 
[98].

As the state of pregnancy is one in which many bodily 
processes are altered to accommodate a growing foetus, it 
becomes difficult to effectively diagnose and treat many of 
the common complications during this period [79]. Cur-
rently, various limitations exist in diagnosing and treating 
complication within pregnancy, some of which include 
a lack of diagnostic tools, limited available treatments, 
and limited medications which may be safely used [99]. 
For example, inflammatory and autoimmune conditions 
can be relatively common during and after pregnancy. A 
significant concern in treatment is the safe use of medica-
tions which reduces inflammation such as prednisolone, 
which is prone to potentially cause off-target effects and 
affect the foetus–including increasing the risk of GDM 
and pre-eclampsia [99]. Exosomes have the capability to 
overcome medication side effects through the encapsula-
tion of therapeutic molecules and targeted delivery to the 
intended site of action [99].

Additionally, pre-eclampsia is another potential complica-
tion during pregnancy in which diagnosis is not always clear 
and medications have not been found to greatly influence 
disease progression in a positive manner [90]. However, 

Fig. 5   The exosome within the structure and vessels of the placenta, 
including the various exosomal markers which may indicate the early 
diagnosis of different reproductive diseases. This summary includes–
polycystic ovarian syndrome (PCOS) [62, 66–69, 76, 78], uterine and 
reproductive inflammation [34, 73, 74], endometriosis [75, 76], pre-

mature ovarian failure (POF) [79–82, 84], gestation diabetes melli-
tus (GDM) [85–88], and pre-eclampsia [74, 90–94]. These exosomal 
markers are possible milestones of the pathological responses which 
are undergone in these reproductive diseases and indicates that early 
diagnosis may indeed be a possibility
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previous clinical trials have indicated that more consistent 
and accurate diagnostic and prognostic tools may improve 
patient outcomes [90]. Thus, exosomes may hold the answer 
towards improving diagnostics and treatment using miRNA 
biomarkers and the safe delivery of anti-hypertensive medi-
cations. Through this, it could potentially allow for early 
diagnostics and interventions, overall reducing maternal and 
foetal risks and increasing positive patient outcomes.

Exosome loading becomes highly relevant when discuss-
ing the therapeutic potential in pregnancy and the possibility 
for targeted medication delivery. However, this is an area 
which needs further research to develop new methods and 
improve on already established methods. Currently, many 
methods exist for exosomal isolation and cargo loading, 
all of which differ in aspects relating to loading efficiency, 
constituent viability, difficulty, cost, and appropriateness in 
terms of the specific cargo (see Figs. 6 and 7) [100–102]. An 
important factor to consider is the loading method used for 
specific cargo. Method selection becomes important because 
certain molecules will react very differently when exposed to 
conditions such as electrical current, sound waves, tempera-
ture fluctuations, mechanical force, and other chemical com-
pounds. Overall, it becomes important to first understand the 
various conditions of exosomal isolation and loading and to 
further explore how improvements and optimisations can be 
made for loading therapeutic cargo, such as drug molecules 
[100].

Exosome isolation methods

Various methods exist for isolating exosomes, and vary 
on aspects relating to yield, purity, equipment, cost, and 
amount of time required to perform the specific isolation 
method [103–105]. As exosomes differ in characteristics 
such as size, source, content, and presence within differ-
ent mediums, isolation can be challenging and variable as 
many techniques cannot fully separate exosomes from other 
counterparts related to nanovesicles [103]. Such challenges 
often manifest through results of low exosomal yield, purity, 
or damaged content [103]. As explained by Théry et al. and 
as per guidelines by the International Society of Intracellu-
lar Vesicles, exosome isolation remains an integral part of 
the therapeutic development process and includes various 
isolation methods which are selected depending on exoso-
mal applications [106]. These include ultracentrifugation, 
differential centrifugation, size-exclusion chromatography 
(SEC), immunoaffinity isolation, polyethylene polymer pre-
cipitation, microfluidics, and ultrafiltration (refer to Table 4).

Ultracentrifugation

Exosomal isolation through ultracentrifugation is based 
on the separation of different-sized particles through high 

centrifugal forces and has often been a preferred and simple 
method [103, 104]. Although ultracentrifugation is straight-
forward and inexpensive if the equipment is readily avail-
able, it is time-consuming and commonly results in vari-
able exosomal yields, albeit the high level of purity within 
exosomal samples [103, 104]. Relatedly, it was found that 
ultrafiltration provided a larger yield of exosomes, which 
can be translated to higher loading efficiencies where many 
exosomes are readily available [103, 104].

Differential centrifugation

Similar to ultracentrifugation, differential centrifugation 
is based on separating particles through centrifugal forces 
related to the particle sedimentation rate [107]. This process 
relies on a stepwise procedure wherein centrifugal force is 
increased in varying increments, thereby separating particles 
layer by layer [108]. Lower speeds are used to separate larger 
particles while higher speeds are used to separate smaller 
particles, hence the increase in speed over time [108]. Over-
all, this method may provide high purity exosomes and less 
general debris due to its rigorous nature. However, exosomal 
yield may be hindered as multiple spin cycles may exclude 
exosomes to an extent and damage existing exosomes [107, 
108].

Size‑exclusion chromatography

SEC is an isolation method which works by separating 
molecules by their size and weight (for heavier particles) 
[109]. This method is useful for separating larger mole-
cules from smaller molecules and generally results in high 
exosomal yields and variable purity with a minimal loss 
in overall volume [110]. When utilising SEC, it becomes 
important to use a reliable column for the adequate separa-
tion of different molecules by their relative size and weight 
[110]. If a suitable column is not present or if clogging 
occurs, the sample may become contaminated, or exoso-
mal yield and purity may be insufficient [109]. Hence, 
while this method is useful and easy to perform, it bears 
a low threshold for error and sample recovery, should 
the equipment not be appropriate or properly calibrated 
[109–111].

Immunoaffinity

Immunoaffinity-based exosome isolation relies on the inter-
actions between specific membrane proteins and binding 
antibodies [112]. Exosomes can be isolated by using anti-
bodies which are specific to exosomal proteins, and through 
receptor and ligand interactions [112]. Immunoaffinity 
isolation provides higher exosome purity although vari-
able yields and can be an expensive and time-consuming 
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method to complete, it is not usually the isolation method 
of choice [112, 113]. Since immunoaffinity binding uses 
different antibodies and reagents, there is also a chance 
of cross-contamination into the isolated exosomes, which 
would create inviable samples, therefore leading to variable 
loading rates [112, 113].

Polyethylene polymer precipitation

The precipitation method utilises the sample solubility fac-
tors to ultimately precipitate exosomes from the solution 
[114]. This method is increasing more common nowadays 
as precipitation reagents are relatively inexpensive and the 

Fig. 6   The various methods for loading cargo into exosomes, includ-
ing a electroporation, a physical method involving using electrical 
current to increase micropores in exosomes; b transfection, using spe-
cific reagents to load plasmids for the expression of desired cargo; c 
utilising a membrane permeabiliser (such as saponin) to increase the 
surface permeability of the exosome; d utilising a membrane per-
meabiliser with incubation to create larger pores; e utilising a mem-
brane permeabiliser with electroporation or sonication, creating larger 
pores; f click chemistry, using copper-catalysed azide alkyne cycload-

dition to form strong bond between particles and thereby help by 
chaperoning the desired cargo into the exosome; g sonication, a phys-
ical method in which sounds waves are utilised to create micropores 
in the exosomal surface to assist with particle loading; h incubation, 
incubating exosomes with desired cargo for the creation of a concen-
tration gradient to assist with loading; i extrusion, another physical 
method, using an extruder to squeeze particle into exosomes; and j 
freeze–thaw, another physical method, using multiple cycles of freez-
ing and thawing to mechanically push particles into exosomes
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method is easy to perform, hence providing an easy method 
of isolation without the need for specialised equipment 
[115, 116]. This method allows flexibility in the sample 
volume being used and commonly results in high exosomal 
yields, although variable purity because contamination may 
be an issue, depending on the reagents being used [115, 
116]. Further, there is a higher chance of particle aggre-
gation in conjunction with this method compared to other 
more conventional methods such as ultracentrifugation or 
SEC and can be time-consuming while the sample precipi-
tates [114–116].

Microfluidics

Exosome isolation using microfluidics is based upon 
microfluidic technology capable of particle detection, 
analysation, and isolation from various fluids [117]. In lit-
erature, it has been more commonly used for bodily fluids 
such as blood, saliva, and urine [117]. These techniques 
allow for particle separation through various means such 
as fluid acoustic models, lateral displacement of particles, 
and automated biocompatible chip technology which acts 
to separate cells based on their biological characteristics 
[117, 118]. These techniques can result in high exosome 
yields and purity and are often highly sensitive during 
particle sorting [117–119]. However, such methods are not 
commonly established and require specific instruments, 
which results in a highly expensive and experimental 
methodology. Hence, while such technology is useful, it is 
not necessarily viable when compared to less complicated 
and inexpensive methods such as ultracentrifugation, dif-
ferential centrifugation, and SEC [117–119].

Ultrafiltration

The ultrafiltration method uses centrifugal force together 
with a cellulose membrane to isolate exosomes above the 
filter level, while other cellular debris are forced through 
the membrane into the waste component of the sample 
[120]. Ultrafiltration can consistently separate particles 
based on their size and molecular weight, while being 
relatively simple, fast, and inexpensive to perform [120, 
121]. Considering, ultrafiltration produces high exosomal 
purity although variable yields due to the stringent nature 
of the required filter [120, 121]. While this method may be 
advantageous to perform, it becomes important to consider 
factors such as filter clogging and the potential loss of 
exosomes which are smaller or larger than the average exo-
some, leading to less overall exosomal yields [120, 121].

Exosome loading methods

Incubation

The incubation method can be the most straightforward and 
simplest method to use for exosome cargo loading [122]. 
This is done by allowing the desired cargo to diffuse across 
a concentration gradient at a certain temperature (usually 37 
°C) over a set time [122]. Since exosomes and the plasma 
membranes are mostly hydrophobic and lipid-enriched, 
many cargos (more so hydrophobic ones) can interact with 
the exosomal membrane and be engulfed into the exosome 
in a spontaneous manner [122]. Furthermore, exosomes 
contain a hydrophilic core, which can facilitate hydro-
philic cargo loading, allowing for flexibility in cargo choice 
[123]. Incubation may be useful depending on the type of 

Fig. 7   The various factors influencing exosome cargo loading and 
targeted drug delivery in clinical applicability. a Line cluster graph 
showing the different relative costs and efficiencies of exosome load-
ing techniques. As can be seen, electroporation is efficient for load-
ing exosomes and is relatively inexpensive, alongside permeabiliser-

assisted loading, and to an extent, extrusion. Passive exosome loading 
remains mixed in its efficiency, although the cost in inexpensive if 
the materials are available. b Cluster vector chart displaying common 
issues which may arise specific to the loading method which is being 
utilised–adapted and based on previous research [81, 82]
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therapeutic cargo as it is usually less damaging to both the 
cargo and the exosomes, compared to other physical meth-
ods [122]. A previous study loaded curcumin into exosomes 
isolated from HEK293 cells for testing anti-inflammatory 
effects, in which loading efficiency was described to be 
65.8%, denoting moderate encapsulation [122]. Paclitaxel 
(PTX) has also been loaded into exosomes via incubation 
and was found to be useful for maintaining the exosomal 
membrane to a higher extent compared to other methods, 
although did not harbour the same high loading efficiency 
as sonication [124].

Another study incubated bovine milk–derived exosomes 
with siRNA and found that while there was more consist-
ency in maintaining the exosomal membrane, the loading 
efficiency was less than electroporation [124]. Overall, this 
method has previously been a popular choice, but newer 
methods tend to be preferred due to the relatively low cargo 
loading efficiency of incubation [101].

Electroporation

Electroporation is a physical method which loads cargo 
into exosomes by creating an electrical field that produces 
micro-pores on the exosomal membrane and increases 
permeability [101]. The electrical field is produced by 
exposing the exosome-cargo mixture to a series of elec-
tric pulses over a range of different voltages, using a set 
amount of capacitance [125]. Electroporation has com-
monly been utilised to load cargo such as nucleic acids, 
nanomaterials, and certain drug molecules [101]. How-
ever, it becomes important to consider the physicochemi-
cal properties of the medium and the cargo being loaded 
into the exosomes as exposure to electrical currents can 
often disrupt membrane integrity and the chemical com-
position of different compounds [125]. Electroporation has 
been often used for loading drug molecules as it provides 
superior loading efficiency compared to incubation and 
other related methods [126]. In example, the anti-cancer 
drug doxorubicin (DOX) has been loaded into exosomes 
isolated from MDA-MB-231 and HCT-116 cell lines 
using electroporation [127]. It was found that DOX had 
increased effects at the target sites of action and less over-
all toxicity compared to the medication by itself [127]. 
Although electroporation remains an effective method in 
relation to loading efficiency, it causes particle aggregation 
which can render exosomes and related cargo unusable to 
varying extents [128].

Sonication

Sonication is another physical method for loading thera-
peutic cargo into exosomes. This method works by using 
sound energy to permeabilise the exosome wall by forming 

nanopores [129]. This leads to fast and efficient loading of 
drugs, proteins, and other nanoparticles [129]. Sonication 
can be a useful method for exosome cargo loading as it 
is generally less detrimental to the cargo or the exosomal 
wall integrity compared to electroporation, although par-
ticle aggregation remains an issue [101]. The cytotoxic 
medication gemcitabine (GEM) has been loaded into 
exosomes isolated from pancreatic cancer cell line (Panc-
1) cells using sonication [129]. A high loading efficiency 
of 11.68 ± 3.68% was reported, compared to the incuba-
tion method leading to lower loading efficiencies at 2.79 
± 0.72% [129]. Another recent study loaded exosomes 
with PTX and obtained high loading efficiency compared 
to incubation, with minimal disruption to the structural 
integrity of the cargo or the exosomal wall compared to 
electroporation [124].

Additionally, a recent study focussed on loading 
exosomes with human chorionic gonadotropin (hCG) by 
using sonication [130]. As endometrial exosomes contain 
bioactive molecules which promote implantation, human 
hCG was loaded into exosomes with the aim of improv-
ing endometrial receptivity [130]. The study found that 
sonication was much more effective in loading efficiency 
compared to the freeze–thaw cycle method, with loading 
capacities of 710.05 ± 73.74 and 245.06 ± 95.66 IU/mg 
respectively [130]. Hence, sonication proves to be a solid 
method for exosome loading–however, particle aggrega-
tion and exosome membrane damage can be problematic 
due to the intensities of prolonged sound energy output. 
These factors may be somewhat mitigated if experimental 
parameters were optimised for the desired cargo, relating 
to cargo-specific such as size and zeta-potential [101]. Fur-
ther research would be required to ascertain the optimal 
sonication settings in conjunction with loading different 
therapeutic cargo which may have distinct variabilities, 
such as between drug molecules and protein particles.

Transfection

The transfection method utilises certain reagents for the 
induction of specific plasmids into cells to ectopically 
express targeted proteins, peptides, or nucleic acids which 
may be loaded into exosomes afterwards [131]. In example, 
this method has been popular for efficiently and safely load-
ing miRNA into exosomes for therapeutic benefits, such as 
miR-122 by transfecting mesenchymal stromal/stem cells 
(MSCs) with miR-122-expressing plasmids [131]. This 
resulted in exosomes highly expressing miR-122 and hav-
ing therapeutic potential in treating hepatocellular carcinoma 
[131]. Further, siRNA has also been loaded through using 
human embryonic kidney 293 (HEK293) cells for treating 
chronic myeloid leukaemia, which becomes important as 
gene-silencing therapy, rather than drug therapy [132].
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Additionally, transfection has been used with HEK293 
cells to create exosomes loaded with catalase mRNA for tar-
geting CNS cells in treating Parkinson’s disease (PD) [133]. 
Neurological diseases become a highly relevant therapeutic 
target for exosomes as they can pass the BBB effectively 
and deliver therapeutic cargo more safely and with high bio-
availability [133]. Another recent study transfected bovine 
milk–derived exosomes with hsa-miR-148a-3p with an aim 
to examine the therapeutic benefit in relation to miRNA-
based therapy [10]. The study found that cells treated with 
has-miR-148a-3p underwent changes in processes relating 
to insulin response, protein kinase B signalling, and cho-
lesterol homeostasis, among various other alterations [10]. 
It was also shown that exosomes can efficiently be used for 
miRNA therapy with minimal off-target effects through a 
high absorption of exosomal cargo in HepG2 and Caco-2 
cell lines [10]. Overall, transfection seems to be an efficient 
method for the safe and easy loading of cargo into exosomes, 
although issues can arise relating to high production costs, 
chemical impurities, and reduced loading efficiency [134]. 
Further, since it is difficult to completely remove the trans-
fecting agent, there is a risk of haemolytic toxicity to cells 
if the transfection reagent is not properly removed [134].

Extrusion

This is another physical loading method which works by 
squeezing the exosome-cargo mixture within an extruder 
to induce membrane fusion–this must be done more than 
once, depending on the cargo, to effectively load exosomes 
[101]. Extrusion has been previously used to load exosomes 
isolated from a mouse macrophage cell line (Raw 264.7) 
with catalase for therapeutic use in varying PD models [8]. 
Additionally, another study loaded porphyrins into exosomes 
and compared extrusion to the electroporation and saponin-
assisted loading methods [135]. It was found that extru-
sion was extremely efficient and comparable to sonication  
and saponin-assisted loading, although created a distinctive  
change in the zeta-potential of the loaded exosomes [135]. 
While extrusion has been found to generally produce high 
cargo loading efficiencies, the physical force used in this 
method may disrupt the exosomal surface membrane struc-
ture [135]. This may promote instability or alter certain 
intrinsic properties, such as the favourable immunogenic-
ity profile of exosomes, which would make it visible to the 
immune system upon entry into the body [135]. Moreover, 
extrusion has been used to load clodronate disodium–loaded 
(CDL) liposomal vesicles into exosomes and thereby creat-
ing a hybrid, where the exosomes were previously isolated 
from the murine fibroblast cell line L-929 [136].

Although extrusion has been shown to provide rela-
tively high loading rates, a prominent limitation of extru-
sion remains the potential of cytotoxicity due to the changes 

in the exosomal zeta potential which occurs upon loading 
exosomes with the desired cargo [135]. It was shown that the 
zeta potential was stable between that of the exosome and 
the CDL liposome, indicating that a hybrid structure may 
provide more stability within the exosome. However, it has 
been reported that significant changes to the exosomal zeta 
potential are more common with the extrusion method and 
causes the exosome itself to become cytotoxic to target cells, 
thereby nullifying potential therapeutic benefits of loaded 
cargo [135]. It is important to consider how this limitation 
may be mitigated if the desired therapeutic cargo and the 
exosome have similar zeta potential levels. Further research 
would be required to optimise ideal experimental conditions 
as to how many extrusion cycles may be needed and to avoid 
potential damage to the exosome and the cargo.

Freeze–thaw

The freeze–thaw reconstitution procedure is a rapid and 
well-established method which has been previously used 
for liposomal formation [101]. In example, the exosomes 
and the cargo of interest may be briefly frozen at −80 °C 
and then thawed to the desired temperature, which is usu-
ally around room temperature at ~22 °C. This method has 
shown higher loading efficiency in comparison to incubation 
by loading catalase into exosomes isolated from Raw 264.7 
cells with multiple freeze–thaw cycles, with rates of 14.7 
± 1.1% regarding freeze–thaw and 4.9 ± 0.5% for incuba-
tion [8]. However, a recent study isolated exosomes from 
human-derived endometrial stem cells (hEnSCs) and found 
that utilising the freeze–thaw method for loading atorvas-
tatin into exosomes obtained only a 10% loading efficiency 
[137]. This was lower than other methods tested such as 
incubation (25%), sonication (20%), and incubation with 
the permeabilisation reagent Tween-20 (28%) [137]. The 
study also stated that multiple freeze-thawing cycles were 
commenced using exosomes exposed to atorvastatin, and 
that the parameters were set to −80 to 37 °C [137]. It is 
possible that the variability in loading efficiency may be 
due to the parametric changes between experimental studies 
and that adjusting the freezing and thawing temperature may 
increase or decrease loading efficiencies. Freeze-thawing is 
cost-effective and relatively simple to preform; however, 
loading efficiencies have been found to be inconsistent and 
particle aggregation has been an outlying issue after repeat-
ing the cycles enough times to load the desired cargo [138]. 
Depending on the physicochemical properties of the relevant 
cargo, potential damage may be caused to the molecules 
due to the repeated cycles of freezing and thawing. Overall, 
such damage to exosomes may hinder therapeutic effects 
when certain molecules are exposes to rapid fluctuations in 
temperature.
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Surfactant permeabilisation

Utilising a surfactant such as saponin or Tween-20 works 
through dissolving fatty membrane molecules (cholesterol) 
and thereby creating micropores on the exosomal membrane 
to help facilitate cargo loading, without destroying the phos-
pholipid bilayer [139]. Surfactant-based loading has been 
found to be useful for resulting in high loading efficiencies 
compared to passive loading without the use of a surfactant 
[140]. This is because saponin assists with the overall  
loading of large and small molecules [140]. A recent study 
isolated exosomes from a mouse neural progenitor cell line 
(C17.2) and utilised Tween-20 to assist with the loading of 
a protein (mCherry) into exosomes for transfer through the 
BBB [140]. It was found that the protein loading was sig-
nificantly increased in the Tween-20 group compared with 
the non-permeabilised exosomes [140].

Furthermore, saponin permeabilisation together with 
electroporation was used to load exosomes isolated from 
various cells (MCF7, Caco-2, PC3, and HepG2) with differ-
ent phytochemicals (myricetin = 66.89 ± 8.29%; soyasapo-
nin αg = 17.46 ± 3.83%, and soyasaponin βg = 19.69 ± 
4.37%) [141]. It was discussed that the highest loading effi-
ciencies were in the permeabilised groups compared to the 
electroporation only group [141]. However, it was noted that 
exosomes which are permeabilised with saponin were more 
likely to attract irreversible membrane damage following 
the application of voltage–indicating that while efficient in 
loading, the damage to the exosomal membrane may render 
the loaded exosomes unusable and therapeutically inactive. 
Although this method produces efficient cargo loading, the 
drawbacks include the permanent disruption of the exoso-
mal membrane, which would cause intracellular instability. 
Further, permeabilisers such as Tween-20 and saponin can 
be cytotoxic at relatively minimal levels–meaning that using 
too much may cause unwanted effects within the body (refer 
to Table 5 for a summary) [138].

Exosomal therapeutics and targeted cargo 
delivery

Important aspects to consider when discussing exosome 
cargo loading are the therapeutic viability of loaded 
exosomes and the possibility of cargo targeted delivery 
to the intended site of action, thereby avoiding off-target 
effects and reducing overall side effects. A method to exam-
ine the viability of loaded exosomes may be to test the 
effect of which exosomes loaded with therapeutic cargo 
would have on cells versus only the cargo or exosomes 
[142]. One study utilised drug-resistant A2780/DDP cells 
to test the effectiveness of using cisplatin-loaded exosomes 
against the medication by itself to determine if therapeutic 

viability had been increased [142]. The study found that 
by using the cisplatin-loaded exosomes, the cytotoxicity 
of cisplatin was increased by a factor of 3.3 in the drug-
resistant cells and a factor of 1.4 in the drug-sensitive cells  
versus the medication by itself [142]. Another study 
tested therapeutic viability through loading blood-
derived exosomes with dopamine for the treatment of PD  
[143]. It was found that there was a > 15-fold increase in 
the bioavailability of dopamine for distribution in the brain 
through utilising exosomes as delivery platforms [143]. As 
previous research has shown, delivering loaded exosomes 
can prove to be efficient in maintaining drug therapy, 
potentially avoiding factors such as first-pass metabolism, 
limited bioavailability, and moving through barriers such 
as the BBB [8, 142, 143].

Considering the clinical importance of exosome cargo 
loading, it becomes necessary to question the viability  
of targeted delivery to the intended site of action. Currently, 
some strategies for manufacturing targeted exosomes  
includes isolating unmodified exosomes from the specific 
tissue of interest and taking advantage of their intrinsic 
alignment to the organ or tissue in question [144]. Other 
methods may involve modifications of the exosomal sur-
face such as the removal or addition of certain adhesion 
proteins such as integrins [145]. One study investigated 
the effect of overexpressing an exosomal membrane pro-
tein (Lamp2b) to increase the targeting rate towards inte-
grin αvβ3-positive anaplastic thyroid carcinoma cells for 
enhanced doxorubicin delivery [145]. The study found 
that the overexpression of Lamp2b increased the cargo 
delivery to the target cells and resulted in a significant 
reduction in tumour size in 8505C xenograft mouse mod-
els, with minimal side effects [145]. Relatedly, another 
study explored targeted delivery for anti-inflammatory 
effects after cerebral ischemia [146]. The authors isolated 
exosomes from a human neural progenitor cell line (ReN 
cells) and attached specific targeting ligands to the exo-
somal surface by designing a recombinant fusion protein 
[146]. The result was the significant inhibition of site-
specific inflammation in mouse models and was shown 
to induce minimal off-target effects [146]. Thus, while 
exosomal loading is important, targeted delivery is also 
crucial for optimising therapeutic outcomes by reducing 
off-target side effects and increasing bioavailability at the 
intended site of action.

Remaining limitations

Considering the promising applicability of exosomes in diagnos-
ing and treating reproductive disorders, various challenges 
remain for the translation from the laboratory to the clinic. 
Firstly, there are limitation surrounding vesicle isolation and 
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further determining whether the isolated exosomes would be  
viable for clinical use. This can be due to the inconsistencies  
related to the isolated particle number, relevant morphology, 
and the source of isolated exosomes. In example, exosome 
characterisation may need to be completed using exosomes 
from both non-malignant and malignant cell lines for accept-
able comparison if utilising exosomes for cancer therapy 
related research [147]. Further, techniques such as electron 
microscopy and western blotting may be useful for confirma-
tion of presence and composition, although they provide no 
quantitative information [147]. Relatedly, nanoparticle track-
ing analysis is useful for estimating the number of exosomes 
present in a sample, although it does not provide informa-
tion regarding the cell of origin and may also be hindered by 
limitations in measuring Brownian motion over a set period 
[148]. Another prominent challenge is the issue of particle 
aggregation following certain loading methods such as elec-
troporation and sonication. This may result in less efficient 
cargo delivery if particles are aggregated together, and it  
may render some compounds inactive, therefore making  
them inappropriate for therapeutic delivery.

Despite the issue of particle aggregation, both electropora-
tion and sonication have been shown in previous research as 
highly efficient loading methods [94, 97, 102, 122]. Due to 
the rapid changes on the exosomal surface while exosomes 
are near each other, particles can align together and fuse dur-
ing the reformation of the exosomal wall. Various efforts 
to mitigate particle aggregation have not been explicitly 
addressed in recent literature. However, it has been noted that 
various incubation protocols following loading could sepa-
rate membranes alongside utilising less intense voltages and  
sound waves, depending on the desired cargo [77].

Another prominent limitation is the variability in exosomal  
yield and purity related to isolation techniques. While some 
isolation techniques provide higher yield and purity than 
others, inconsistencies in methodologies, equipment, and 
human error prove it difficult to quantify which method is 
most appropriate to use [149, 150]. For example, the ultra-
centrifugation method is efficient for exosome isolation 
although often produces mixed results with protein con-
taminants and modifications to exosome structural integrity 
[149, 150]. Method optimisations would be required to infer 
the optimal conditions for different types of isolations [149, 
150]. Alongside this is the inconsistency in cargo loading 
efficiencies of various methods such as electroporation, soni-
cation, and extrusion, including the methods for measuring 
cargo loading efficiency. The differences in parameter outputs 
(electroporation, sonication) and the possible differences in 
equipment and technique (extrusion), along with inconsist-
encies in determining loading efficiencies, may be ongoing 
issues for the reproducibility of reliable results in future 
literature. However, the type of cargo also plays a role in 
determining loading efficiencies. For example, the variance  

in zeta-potential of the cargo and the exosome in response to  
loading treatment may hinder encapsulation, such as when 
attempting to load certain drug molecules (PTX) [36]. More-
over, the zeta-potential can be a determinant of the colloi-
dal stability of exosomes and their actions at target cells, 
meaning that if significantly altered, detrimental effects may 
be experienced at target sites [36]. Relatedly, it has been 
reported that a positive surface charge (zeta-potential) can 
change the immunogenicity profile of exosomes, while a 
negative surface charge increases compatibility and the effi-
cient delivery into target cells [130]. To address this poten-
tial issue, it may become beneficial to tailor parameters and 
methodologies relative to the specific physicochemical prop-
erties of the desired cargo, such including the zeta-potential 
and other factors relating to size, lipophilicity, and com-
patibility. Considering, testing various parameters against 
loading efficiencies has not been actively included in recent 
literature–which highlights the importance of method optimi-
sations in response to experimental reproducibility.

Conclusions and finalising thoughts

It is evident that exosomes are important in various physi-
ological states, including during the reproductive cycle. 
The potential of exosomal research pertaining to human 
reproduction is extensive, although still faces many dif-
ferent questions in which future research must clarify.  
Such includes the challenge of utilising exosomes as 
therapeutic tools in many of the complications during 
pregnancy, both as diagnostic tools and as  therapeutic 
treatment options. The question also remains as to how 
exosomes can be efficiently loaded and made clinically 
viable on a consistent basis, thereby allowing mass pro-
duction for use in various clinical settings. The notion of 
isolating exosomes, therapeutic cargo loading, and further 
using exosomal biomarkers as early diagnostic and clinical 
tools for the detection and possible treatment of reproduc-
tive diseases is both exciting and perplexing. However, it 
is still unknown as to (1) how exosomes may be utilised 
effectively as diagnostic tools, both from a time-critical, 
ease-of-access, and financial point of view; (2) how load-
ing exosomes with specific cargo can be clinically viable 
in terms of using exosomal markers to target sites of dis-
ease action; and (3) whether exosomal contents (such as 
miRNA, proteins, etc.) are different in the various stages 
of reproduction and if any differences could affect exoso-
mal markers when considering targeted delivery.

Furthermore, an enduring challenge in exosome 
research remains the unanswered questions relating to the 
reproducibility of research and the optimisation of loading 
methods to ensure higher loading efficiencies. Following 
these challenges, the potential towards a solid groundwork 
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for establishing exosomes as fast and efficient diagnos-
tic tools and therapeutic delivery vehicles in pregnancy 
disorders and other clinical settings may be in reach. In 
turn, optimising reproducible methods in future research 
may help in paving the pathway towards the eventual use 
of exosomes in multiple areas of clinical research and 
practice. Thus, it becomes important to examine not only 
exosomal cargo loading, but also the various mechanisms 
relating to exosomal isolation, cellular uptake, and their 
function as biomarker carriers. While the field of repro-
ductive extracellular vesicle research is abundant with 
potential, it is important to pursue the different hypoth-
eses and extend the field further into real-world clinical 
applicability.

Acknowledgements  The figures in this review article were created (by 
the author, M.D.) using the scientific illustration software BioRender 
(BioRender.com), Toronto, Ontario, M5V2J1.

Author contribution  All authors contributed to the study conception 
and design. The idea for this review article is attributed to M.D.; the 
literature search was conducted by author M.D.; the data analysis was 
conducted by authors M.D., P.A., J.L., and M.M.; the drafted work 
was compiled by author M.D.; the critical revision and editing were 
conducted by authors M.D., P.A., J.L., and M.M.; and supervision was 
overseen by authors J.L. and M.M.

Funding  Open Access funding enabled and organized by CAUL and its 
Member Institutions. The author, M.D., is funded internally through the 
Queensland University of Technology (QUT) Postgraduate Research 
Award (QUTPRA) and externally through Mead Johnson Nutrition as 
part of the PhD programme and as part of the Child & Reproductive 
Health Research Group at the Centre for Children’s Health Research 
(CCHR). Further, our laboratory experiments were funded, in part, 
by funding from a partnership fund (DRCX1302) between the New 
Zealand Ministry of Business, Innovation and Employment, and New 
Zealand dairy farmers through DairyNZ Inc. Further, this work was 
also supported from the Australian Research Council, (Grant No: ARC 
LP160101854).

Availability of data and materials  Any data sets which were generated 
and/or analysed during this study are available from the corresponding 
author upon reasonable request.

Declarations 

Ethics approval and consent to participate  This is a review-based 
study. It has been confirmed that no ethics approval is required.

Consent for publication  All authors have approved the content of this 
manuscript and have given full consent to submit this review for pub-
lication.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Abeysinghe P, Turner N, Peiris H, Vaswani K, Cameron N, 
McGhee N, et al. Differentially expressed extracellular vesi-
cle, exosome and non-exosome miRNA profile in high and 
low tick-resistant beef cattle. Front Cell Infect Microbiol. 
2021;11:780424.

	 2.	 Thery C. Exosomes: secreted vesicles and intercellular commu-
nications. F1000 Biol Rep. 2011;3:15.

	 3.	 Statello L, Maugeri M, Garre E, Nawaz M, Wahlgren J, 
Papadimitriou A, et al. Identification of RNA-binding proteins 
in exosomes capable of interacting with different types of RNA: 
RBP-facilitated transport of RNAs into exosomes. PLoS ONE. 
2018;13:e0195969.

	 4.	 Buschow SI, Liefhebber JM, Wubbolts R, Stoorvogel W. 
Exosomes contain ubiquitinated proteins. Blood Cells Mol Dis. 
2005;35:398–403.

	 5.	 Ghossoub R, Lembo F, Rubio A, Gaillard CB, Bouchet J, Vitale 
N, et al. Syntenin-ALIX exosome biogenesis and budding into 
multivesicular bodies are controlled by ARF6 and PLD2. Nat 
Commun. 2014;5:3477.

	 6.	 Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch 
P, et al. Analysis of ESCRT functions in exosome biogenesis, 
composition and secretion highlights the heterogeneity of extra-
cellular vesicles. J Cell Sci. 2013;126:5553–65.

	 7.	 Colombo M, Raposo G, Thery C. Biogenesis, secretion, and 
intercellular interactions of exosomes and other extracellular 
vesicles. Annu Rev Cell Dev Biol. 2014;30:255–89.

	 8.	 Haney MJ, Klyachko NL, Zhao Y, Gupta R, Plotnikova EG, He 
Z, et al. Exosomes as drug delivery vehicles for Parkinson’s dis-
ease therapy. J Control Release. 2015;207:18–30.

	 9.	 Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall 
JO. Exosome-mediated transfer of mRNAs and microRNAs is 
a novel mechanism of genetic exchange between cells. Nat Cell 
Biol. 2007;9:654–9.

	 10.	 Del Pozo-Acebo L, Hazas MLL, Tome-Carneiro J, Gil-Cabrerizo 
P, San-Cristobal R, Busto R, et al. Bovine milk-derived exosomes 
as a drug delivery vehicle for miRNA-based therapy. Int J Mol 
Sci. 2021;22:1105.

	 11.	 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.

	 12.	 Larios J, Mercier V, Roux A, Gruenberg J. ALIX- and ESCRT-
III-dependent sorting of tetraspanins to exosomes. J Cell Biol. 
2020;219.

	 13.	 Moyano S, Musso J, Feliziani C, Zamponi N, Frontera LS, 
Ropolo AS, et al. Exosome biogenesis in the protozoa parasite 
Giardia lamblia: a model of reduced interorganellar crosstalk. 
Cells. 2019;8:1600.

	 14.	 Matsui T, Osaki F, Hiragi S, Sakamaki Y, Fukuda M. ALIX and 
ceramide differentially control polarized small extracellular vesi-
cle release from epithelial cells. EMBO Rep. 2021;22:e51475.

	 15.	 Morishita M, Takahashi Y, Matsumoto A, Nishikawa M, 
Takakura Y. Exosome-based tumor antigens-adjuvant co-
delivery utilizing genetically engineered tumor cell-derived 

497Drug Delivery and Translational Research (2023) 13:473–502

http://creativecommons.org/licenses/by/4.0/


1 3

exosomes with immunostimulatory CpG DNA. Biomaterials. 
2016;111:55–65.

	 16.	 Banfer S, Schneider D, Dewes J, Strauss MT, Freibert SA, 
Heimerl T, et al. Molecular mechanism to recruit galectin-3 
into multivesicular bodies for polarized exosomal secretion. 
Proc Natl Acad Sci USA. 2018;115:E4396–405.

	 17.	 Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem. 
2019;88:487–514.

	 18.	 Schmidt O, Teis D. The ESCRT machinery. Curr Biol. 
2012;22:R116–20.

	 19.	 Wu Z, He D, Li H. Bioglass enhances the production of 
exosomes and improves their capability of promoting vascu-
larization. Bioact Mater. 2021;6:823–35.

	 20.	 Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland 
F, et al. Ceramide triggers budding of exosome vesicles into mul-
tivesicular endosomes. Science. 2008;319:1244–7.

	 21.	 Gauvreau ME, Cote MH, Bourgeois-Daigneault MC, Rivard 
LD, Xiu F, Brunet A, et al. Sorting of MHC class II molecules 
into exosomes through a ubiquitin-independent pathway. Traf-
fic. 2009;10:1518–27.

	 22.	 Mathieu M, Nevo N, Jouve M, Valenzuela JI, Maurin M, Verweij 
FJ, et al. Specificities of exosome versus small ectosome secre-
tion revealed by live intracellular tracking of CD63 and CD9. 
Nat Commun. 2021;12:4389.

	 23.	 Yu J, Lee CY, Changou CA, Cedano-Prieto DM, Takada YK, 
Takada Y. The CD9, CD81, and CD151 EC2 domains bind to 
the classical RGD-binding site of integrin alphavbeta3. Bio-
chem J. 2017;474:589–96.

	 24.	 Zheng Y, Campbell EC, Lucocq J, Riches A, Powis SJ. Moni-
toring the Rab27 associated exosome pathway using nanopar-
ticle tracking analysis. Exp Cell Res. 2013;319:1706–13.

	 25.	 Dowlatshahi DP, Sandrin V, Vivona S, Shaler TA, Kaiser SE, 
Melandri F, et al. ALIX is a Lys63-specific polyubiquitin bind-
ing protein that functions in retrovirus budding. Dev Cell. 
2012;23:1247–54.

	 26.	 Edgar JR, Eden ER, Futter CE. Hrs- and CD63-dependent com-
peting mechanisms make different sized endosomal intralumi-
nal vesicles. Traffic. 2014;15:197–211.

	 27.	 Theos AC, Truschel ST, Tenza D, Hurbain I, Harper DC, Berson 
JF, et al. A lumenal domain-dependent pathway for sorting to 
intralumenal vesicles of multivesicular endosomes involved in 
organelle morphogenesis. Dev Cell. 2006;10:343–54.

	 28.	 Mirzaaghasi A, Han Y, Ahn SH, Choi C, Park JH. Biodistribu-
tion and pharmacokinectics of liposomes and exosomes in a 
mouse model of sepsis. Pharmaceutics. 2021;13:427.

	 29.	 Conigliaro A, Cicchini C. Exosome-mediated signaling in epi-
thelial to mesenchymal transition and tumor progression. J Clin 
Med. 2018;8:26.

	 30.	 Saunderson SC, Dunn AC, Crocker PR, McLellan AD. CD169 
mediates the capture of exosomes in spleen and lymph node. 
Blood. 2014;123:208–16.

	 31.	 Mulcahy LA, Pink RC, Carter DR. Routes and mecha-
nisms of extracellular vesicle uptake. J Extracell Vesicles. 
2014;3:24641.

	 32.	 Myint PK, Park EJ, Gaowa A, Kawamoto E, Shimaoka M. Tar-
geted remodeling of breast cancer and immune cell homing 
niches by exosomal integrins. Diagn Pathol. 2020;15:38.

	 33.	 Paolillo M, Schinelli S. Integrins and exosomes, a dangerous 
liaison in cancer progression. Cancers. 2017;9:95.

	 34.	 Dixon CL, Sheller-Miller S, Saade GR, Fortunato SJ, Lai A, 
Palma C, et al. Amniotic fluid exosome proteomic profile exhib-
its unique pathways of term and preterm labor. Endocrinology. 
2018;159:2229–40.

	 35.	 Ding Y, Cao F, Sun H, Wang Y, Liu S, Wu Y, et al. Exosomes 
derived from human umbilical cord mesenchymal stromal cells 

deliver exogenous miR-145-5p to inhibit pancreatic ductal adeno-
carcinoma progression. Cancer Lett. 2019;442:351–61.

	 36.	 Kandimalla R, Aqil F, Alhakeem SS, Jeyabalan J, Tyagi N, 
Agrawal A, et al. Targeted oral delivery of paclitaxel using 
colostrum-derived exosomes. Cancers. 2021;13:3700.

	 37.	 Das M, Kale V. Extracellular vesicles: mediators of embryo-
maternal crosstalk during pregnancy and a new weapon to fight 
against infertility. Eur J Cell Biol. 2020;99:151125.

	 38.	 James-Allan LB, Rosario FJ, Barner K, Lai A, Guanzon D, McIntyre 
HD, et al. Regulation of glucose homeostasis by small extracellular 
vesicles in normal pregnancy and in gestational diabetes. FASEB J. 
2020;34:5724–39.

	 39.	 Sarker S, Scholz-Romero K, Perez A, Illanes SE, Mitchell MD, 
Rice GE, et al. Placenta-derived exosomes continuously increase 
in maternal circulation over the first trimester of pregnancy. J 
Transl Med. 2014;12:204.

	 40.	 Truong G, Guanzon D, Kinhal V, Elfeky O, Lai A, Longo S, et al. 
Oxygen tension regulates the miRNA profile and bioactivity of 
exosomes released from extravillous trophoblast cells - liquid 
biopsies for monitoring complications of pregnancy. PLoS ONE. 
2017;12:e0174514.

	 41.	 Biro O, Alasztics B, Molvarec A, Joo J, Nagy B, Rigo J Jr. Vari-
ous levels of circulating exosomal total-miRNA and miR-210 
hypoxamiR in different forms of pregnancy hypertension. Preg-
nancy Hypertens. 2017;10:207–12.

	 42.	 Waites BT, Walker AR, Caughey AB. Delivery timing in dicho-
rionic diamniotic twin pregnancies complicated by preeclampsia: 
a decision analysis. J Matern Fetal Neonatal Med. 2022;1–6.

	 43.	 Williams JL, Gatson NN, Smith KM, Almad A, McTigue DM, 
Whitacre CC. Serum exosomes in pregnancy-associated immune 
modulation and neuroprotection during CNS autoimmunity. Clin 
Immunol. 2013;149:236–43.

	 44.	 Jarvela IY, Juutinen J, Koskela P, Hartikainen AL, Kulmala P, 
Knip M, et al. Gestational diabetes identifies women at risk for 
permanent type 1 and type 2 diabetes in fertile age: predictive 
role of autoantibodies. Diabetes Care. 2006;29:607–12.

	 45.	 Turner N, Abeysinghe P, Sadowski P, Mitchell MD. Exosomal 
cargo may hold the key to improving reproductive outcomes in 
dairy cows. Int J Mol Sci. 2021;22:2024.

	 46.	 Evans J, Rai A, Nguyen HPT, Poh QH, Elglass K, Simpson RJ, 
et al. Human endometrial extracellular vesicles functionally pre-
pare human trophectoderm model for implantation: understand-
ing bidirectional maternal-embryo communication. Proteomics. 
2019;19:e1800423.

	 47.	 Shi S, Tan Q, Liang J, Cao D, Wang S, Liang J, et al. Placental 
trophoblast cell-derived exosomal microRNA-1290 promotes 
the interaction between endometrium and embryo by targeting 
LHX6. Mol Ther Nucleic Acids. 2021;26:760–72.

	 48.	 Ravichandran R, Itabashi Y, Liu W, Bansal S, Rahman M, 
Poulson C, et al. A decline in club cell secretory proteins 
in lung transplantation is associated with release of natural 
killer cells exosomes leading to chronic rejection. J Heart Lung 
Transplant. 2021;40:1517–28.

	 49.	 Stenqvist AC, Nagaeva O, Baranov V, Mincheva-Nilsson L. 
Exosomes secreted by human placenta carry functional Fas 
ligand and TRAIL molecules and convey apoptosis in activated 
immune cells, suggesting exosome-mediated immune privilege 
of the fetus. J Immunol. 2013;191:5515–23.

	 50.	 Bai K, Li X, Zhong J, Ng EHY, Yeung WSB, Lee CL, et al. 
Placenta-derived exosomes as a modulator in maternal immune 
tolerance during pregnancy. Front Immunol. 2021;12:671093.

	 51.	 Ariyakumar G, Morris JM, McKelvey KJ, Ashton AW, 
McCracken SA. NF-kappaB regulation in maternal immu-
nity during normal and IUGR pregnancies. Sci Rep. 
2021;11:20971.

498 Drug Delivery and Translational Research (2023) 13:473–502



1 3

	 52.	 Pillay P, Moodley K, Vatish M, Moodley J, Duarte R, Mackraj I. 
Exosomal Th1/Th2 cytokines in preeclampsia and HIV-positive 
preeclamptic women on highly active anti-retroviral therapy. 
Cytokine. 2020;125:154795.

	 53.	 Arabpour M, Saghazadeh A, Rezaei N. Anti-inflammatory 
and M2 macrophage polarization-promoting effect of mesen-
chymal stem cell-derived exosomes. Int Immunopharmacol. 
2021;97:107823.

	 54.	 Nair S, Jayabalan N, Guanzon D, Palma C, Scholz-Romero 
K, Elfeky O, et  al. Human placental exosomes in gesta-
tional diabetes mellitus carry a specific set of miRNAs 
associated with skeletal muscle insulin sensitivity. Clin Sci. 
2018;132:2451–67.

	 55.	 Hashimoto A, Sugiura K, Hoshino A. Impact of exosome-
mediated feto-maternal interactions on pregnancy mainte-
nance and development of obstetric complications. J Biochem. 
2021;169:163–71.

	 56.	 Luu TH, Llerena Cari EM, Rushing J, Nel-Themaat L, Polotsky 
AJ, Johnson J. Pd-1 receptor and ligands are concentrated in the 
exosome fraction of human ovarian follicular fluid. Fertil Steril. 
2020;114:e104.

	 57.	 Nair S, Salomon C. Extracellular vesicles and their immu-
nomodulatory functions in pregnancy. Semin Immunopathol. 
2018;40:425–37.

	 58.	 Yang H, Ma Q, Wang Y, Tang Z. Clinical application of 
exosomes and circulating microRNAs in the diagnosis of preg-
nancy complications and foetal abnormalities. J Transl Med. 
2020;18:32.

	 59.	 Salomon C, Nuzhat Z, Dixon CL, Menon R. Placental exosomes 
during gestation: liquid biopsies carrying signals for the regula-
tion of human parturition. Curr Pharm Des. 2018;24:974–82.

	 60.	 Jin Y, Ai L, Chai X, Tang P, Zhang W, Yang L, et al. Maternal 
circulating exosomal miRNAs as non-invasive biomarkers for 
the prediction of fetal ventricular septal defect. Front Genet. 
2021;12:717208.

	 61.	 Ayala-Ramirez P, Machuca-Acevedo C, Gamez T, Quijano S, 
Barreto A, Silva JL, et al. Assessment of placental extracellu-
lar vesicles-associated Fas ligand and TNF-related apoptosis-
inducing ligand in pregnancies complicated by early and late 
onset preeclampsia. Front Physiol. 2021;12:708824.

	 62.	 Che X, Jian F, Chen C, Liu C, Liu G, Feng W. PCOS serum-
derived exosomal miR-27a-5p stimulates endometrial cancer 
cells migration and invasion. J Mol Endocrinol. 2020;64:1–12.

	 63.	 Barcelo M, Mata A, Bassas L, Larriba S. Exosomal microR-
NAs in seminal plasma are markers of the origin of azoospermia 
and can predict the presence of sperm in testicular tissue. Hum 
Reprod. 2018;33:1087–98.

	 64.	 Panner Selvam MK, Agarwal A, Sharma R, Samanta L, Gupta S, 
Dias TR, et al. Protein fingerprinting of seminal plasma reveals 
dysregulation of exosome-associated proteins in infertile men 
with unilateral varicocele. World J Mens Health. 2021;39:324–37.

	 65.	 Agarwal A, Sharma R, Durairajanayagam D, Cui Z, Ayaz A, 
Gupta S, et al. Differential proteomic profiling of spermatozoal 
proteins of infertile men with unilateral or bilateral varicocele. 
Urology. 2015;85:580–8.

	 66.	 Wang L, Fan H, Zou Y, Yuan Q, Hu X, Chen X, et al. Aberrant 
expression of long non-coding RNAs in exosomes in follicle fluid 
from PCOS patients. Front Genet. 2020;11:608178.

	 67.	 Zhang F, Li SP, Zhang T, Yu B, Zhang J, Ding HG, et al. High 
throughput microRNAs sequencing profile of serum exosomes 
in women with and without polycystic ovarian syndrome. PeerJ. 
2021;9:e10998.

	 68.	 Zhao Y, Tao M, Wei M, Du S, Wang H, Wang X. Mesenchy-
mal stem cells derived exosomal miR-323-3p promotes prolif-
eration and inhibits apoptosis of cumulus cells in polycystic 

ovary syndrome (PCOS). Artif Cells Nanomed Biotechnol. 
2019;47:3804–13.

	 69.	 Yuan D, Luo J, Sun Y, Hao L, Zheng J, Yang Z. PCOS fol-
licular fluid derived exosomal miR-424-5p induces granulosa 
cells senescence by targeting CDCA4 expression. Cell Signal. 
2021;85:110030.

	 70.	 McAllister JM, Modi B, Miller BA, Biegler J, Bruggeman R, 
Legro RS, et al. Overexpression of a DENND1A isoform pro-
duces a polycystic ovary syndrome theca phenotype. Proc Natl 
Acad Sci USA. 2014;111:E1519–27.

	 71.	 Yu L, Liu M, Wang Z, Liu T, Liu S, Wang B, et al. Correlation 
between steroid levels in follicular fluid and hormone synthesis 
related substances in its exosomes and embryo quality in patients 
with polycystic ovary syndrome. Reprod Biol Endocrinol. 
2021;19:74.

	 72.	 Sheller-Miller S, Trivedi J, Yellon SM, Menon R. Exosomes 
cause preterm birth in mice: evidence for paracrine signaling in 
pregnancy. Sci Rep. 2019;9:608.

	 73.	 Shahin HI, Radnaa E, Tantengco OAG, Kechichian T, Kammala 
AK, Sheller-Miller S, et al. Microvesicles and exosomes released 
by amnion epithelial cells under oxidative stress cause inflamma-
tory changes in uterine cells. Biol Reprod. 2021;105:464–80.

	 74.	 Pillay P, Vatish M, Duarte R, Moodley J, Mackraj I. Exoso-
mal microRNA profiling in early and late onset preeclamptic 
pregnant women reflects pathophysiology. Int J Nanomedicine. 
2019;14:5637–57.

	 75.	 Zhang L, Li H, Yuan M, Li D, Sun C, Wang G. Serum exosomal 
microRNAs as potential circulating biomarkers for endometrio-
sis. Dis Markers. 2020;2020:2456340.

	 76.	 Khalaj K, Miller JE, Lingegowda H, Fazleabas AT, Young SL, 
Lessey BA, et al. Extracellular vesicles from endometriosis 
patients are characterized by a unique miRNA-lncRNA signa-
ture. JCI Insight. 2019;4:e128846.

	 77.	 Wu J, Fang X, Huang H, Huang W, Wang L, Xia X. Construction 
and topological analysis of an endometriosis-related exosomal 
circRNA-miRNA-mRNA regulatory network. Aging (Albany 
NY). 2021;13:12607–30.

	 78.	 Nazri HM, Imran M, Fischer R, Heilig R, Manek S, Dragovic 
RA, et al. Characterization of exosomes in peritoneal fluid of 
endometriosis patients. Fertil Steril. 2020;113:364–73.

	 79.	 Shareghi-Oskoue O, Aghebati-Maleki L, Yousefi M. Transplan-
tation of human umbilical cord mesenchymal stem cells to treat 
premature ovarian failure. Stem Cell Res Ther. 2021;12:454.

	 80.	 Ishizuka B. Current understanding of the etiology, symptomatol-
ogy, and treatment options in premature ovarian insufficiency 
(POI). Front Endocrinol. 2021;12:626924.

	 81.	 Yang M, Lin L, Sha C, Li T, Zhao D, Wei H, et al. Bone marrow 
mesenchymal stem cell-derived exosomal miR-144-5p improves 
rat ovarian function after chemotherapy-induced ovarian failure 
by targeting PTEN. Lab Invest. 2020;100:342–52.

	 82.	 Liu T, Jing F, Huang P, Geng Z, Xu J, Li J, et al. Thymopentin 
alleviates premature ovarian failure in mice by activating YY2/
Lin28A and inhibiting the expression of let-7 family microRNAs. 
Cell Prolif. 2021;54:e13089.

	 83.	 Zhang X, Dang Y, Liu R, Zhao S, Ma J, Qin Y. MicroRNA-127-5p 
impairs function of granulosa cells via HMGB2 gene in premature 
ovarian insufficiency. J Cell Physiol. 2020;235:8826–38.

	 84.	 Lee DH, Pei CZ, Song JY, Lee KJ, Yun BS, Kwack KB, et al. 
Identification of serum biomarkers for premature ovarian failure. 
Biochim Biophys Acta Proteins Proteom. 2019;1867:219–26.

	 85.	 Plows JF, Stanley JL, Baker PN, Reynolds CM, Vickers MH. The 
pathophysiology of gestational diabetes mellitus. Int J Mol Sci. 
2018;19:3342.

	 86.	 Herrera-Van Oostdam AS, Toro-Ortiz JC, Lopez JA, Noyola 
DE, Garcia-Lopez DA, Duran-Figueroa NV, et al. Placental 

499Drug Delivery and Translational Research (2023) 13:473–502



1 3

exosomes isolated from urine of patients with gestational dia-
betes exhibit a differential profile expression of microRNAs 
across gestation. Int J Mol Med. 2020;46:546–60.

	 87.	 Cao M, Zhang L, Lin Y, Li Z, Xu J, Shi Z, et al. Differential 
mRNA and long noncoding RNA expression profiles in umbili-
cal cord blood exosomes from gestational diabetes mellitus 
patients. DNA Cell Biol. 2020;39:2005–16.

	 88.	 Zhang L, Zhang T, Sun D, Cheng G, Ren H, Hong H, et al. 
Diagnostic value of dysregulated microribonucleic acids in the 
placenta and circulating exosomes in gestational diabetes mel-
litus. J Diabetes Investig. 2021;12:1490–500.

	 89.	 Ramachandrarao SP, Hamlin AA, Awdishu L, Overcash 
R, Zhou M, Proudfoot J, et al. Proteomic analyses of urine 
exosomes reveal new biomarkers of diabetes in pregnancy. 
Madridge J Diabetes. 2016;1:11–22.

	 90.	 Chappell LC, Cluver CA, Kingdom J, Tong S. Pre-eclampsia. 
The Lancet. 2021;398:341–54.

	 91.	 Li H, Ouyang Y, Sadovsky E, Parks WT, Chu T, Sadovsky 
Y. Unique microRNA signals in plasma exosomes from 
pregnancies complicated by preeclampsia. Hypertension. 
2020;75:762–71.

	 92.	 Liang H, Xiao J, Zhou Z, Wu J, Ge F, Li Z, et al. Hypoxia induces 
miR-153 through the IRE1alpha-XBP1 pathway to fine tune the 
HIF1alpha/VEGFA axis in breast cancer angiogenesis. Onco-
gene. 2018;37:1961–75.

	 93.	 Ait-Aissa K, Nguyen QM, Gabani M, Kassan A, Kumar S, Choi 
SK, et al. MicroRNAs and obesity-induced endothelial dysfunc-
tion: key paradigms in molecular therapy. Cardiovasc Diabetol. 
2020;19:136.

	 94.	 Huang Q, Gong M, Tan T, Lin Y, Bao Y, Fan C. Human umbili-
cal cord mesenchymal stem cells-derived exosomal microRNA-
18b-3p inhibits the occurrence of preeclampsia by targeting LEP. 
Nanoscale Res Lett. 2021;16:27.

	 95.	 Salomon C, Guanzon D, Scholz-Romero K, Longo S, Correa P, 
Illanes SE, et al. Placental exosomes as early biomarker of preec-
lampsia: potential role of exosomal microRNAs across gestation. 
J Clin Endocrinol Metab. 2017;102:3182–94.

	 96.	 Navajas R, Ramos-Fernandez A, Herraiz I, Galindo A, Bartha 
JL, Corrales F, et al. Quantitative proteomic analysis of serum-
purified exosomes identifies putative pre-eclampsia-associated 
biomarkers. Clin Proteomics. 2022;19:5.

	 97.	 Fu S, Wang Y, Xia X, Zheng JC. Exosome engineering: current 
progress in cargo loading and targeted delivery. NanoImpact. 
2020;20:100261.

	 98.	 Gilligan KE, Dwyer RM. Engineering exosomes for cancer 
therapy. Int J Mol Sci. 2017;18:1122.

	 99.	 Narayan B, Nelson-Piercy C. Medical problems in pregnancy. 
Clin Med (Lond). 2017;17:251–7.

	100.	 He C, Zheng S, Luo Y, Wang B. Exosome theranostics: biology 
and translational medicine. Theranostics. 2018;8:237–55.

	101.	 Peng H, Ji W, Zhao R, Yang J, Lu Z, Li Y, et al. Exosome: a 
significant nano-scale drug delivery carrier. J Mater Chem B. 
2020;8:7591–608.

	102.	 Herrmann IK, Wood MJA, Fuhrmann G. Extracellular vesicles 
as a next-generation drug delivery platform. Nat Nanotechnol. 
2021;16:748–59.

	103.	 Lobb RJ, Becker M, Wen SW, Wong CS, Wiegmans AP, Leimgruber 
A, et al. Optimized exosome isolation protocol for cell culture super-
natant and human plasma. J Extracell Vesicles. 2015;4:27031.

	104.	 Coughlan C, Bruce KD, Burgy O, Boyd TD, Michel CR, Garcia-
Perez JE, et al. Exosome isolation by ultracentrifugation and pre-
cipitation and techniques for downstream analyses. Curr Protoc 
Cell Biol. 2020;88:e110.

	105.	 Praja RK, Phoksawat W, Tippayawat P, Jumnainsong A, Leelayuwat 
C. Alternative method for HDL and exosome isolation with small 
serum volumes and their characterizations. Separations. 2021;8:204.

	106.	 Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, 
Andriantsitohaina R, et al. Minimal information for studies 
of extracellular vesicles 2018 (MISEV2018): a position state-
ment of the International Society for Extracellular Vesicles 
and update of the MISEV2014 guidelines. J Extracell Vesicles. 
2018;7:1535750.

	107.	 Helwa I, Cai J, Drewry MD, Zimmerman A, Dinkins MB, Khaled 
ML, et al. A Comparative study of serum exosome isolation 
using differential ultracentrifugation and three commercial rea-
gents. PLoS ONE. 2017;12:e0170628.

	108.	 Nigro A, Finardi A, Ferraro MM, Manno DE, Quattrini A, 
Furlan R, et al. Selective loss of microvesicles is a major issue 
of the differential centrifugation isolation protocols. Sci Rep. 
2021;11:3589.

	109.	 Ludwig N, Razzo BM, Yerneni SS, Whiteside TL. Optimiza-
tion of cell culture conditions for exosome isolation using 
mini-size exclusion chromatography (mini-SEC). Exp Cell Res. 
2019;378:149–57.

	110.	 Guan S, Yu H, Yan G, Gao M, Sun W, Zhang X. Characterization 
of urinary exosomes purified with size exclusion chromatography 
and ultracentrifugation. J Proteome Res. 2020;19:2217–25.

	111.	 Liu DSK, Upton FM, Rees E, Limb C, Jiao LR, Krell J, et al. Size-
exclusion chromatography as a technique for the investigation of 
novel extracellular vesicles in cancer. Cancers. 2020;12:3156.

	112.	 Shtam T, Evtushenko V, Samsonov R, Zabrodskaya Y, 
Kamyshinsky R, Zabegina L, et al. Evaluation of immune 
and chemical precipitation methods for plasma exosome iso-
lation. PLoS ONE. 2020;15:e0242732.

	113.	 Tauro BJ, Greening DW, Mathias RA, Ji H, Mathivanan S, Scott 
AM, et al. Comparison of ultracentrifugation, density gradient 
separation, and immunoaffinity capture methods for isolating 
human colon cancer cell line LIM1863-derived exosomes. Meth-
ods. 2012;56:293–304.

	114.	 Soares Martins T, Catita J, Martins Rosa I, da Cruz e Silva 
OAB, Henriques AG. Exosome isolation from distinct biofluids 
using precipitation and column-based approaches. PLoS One. 
2018;13:e0198820.

	115.	 Cho S, Yang HC, Rhee WJ. Development and comparative 
analysis of human urine exosome isolation strategies. Process 
Biochem. 2020;88:197–203.

	116.	 Macias M, Rebmann V, Mateos B, Varo N, Perez-Gracia JL, 
Alegre E, et al. Comparison of six commercial serum exosome 
isolation methods suitable for clinical laboratories. Effect in 
cytokine analysis. Clin Chem Lab Med. 2019;57:1539–45.

	117.	 Zhao W, Zhang L, Ye Y, Li Y, Luan X, Liu J, et al. Micro-
sphere mediated exosome isolation and ultra-sensitive detection 
on a dielectrophoresis integrated microfluidic device. Analyst. 
2021;146:5962–72.

	118.	 Wu M, Ouyang Y, Wang Z, Zhang R, Huang PH, Chen C, et al. 
Isolation of exosomes from whole blood by integrating acoustics 
and microfluidics. Proc Natl Acad Sci USA. 2017;114:10584–9.

	119.	 Suwatthanarak T, Thiodorus IA, Tanaka M, Shimada T, Takeshita 
D, Yasui T, et al. Microfluidic-based capture and release of cancer-
derived exosomes via peptide-nanowire hybrid interface. Lab Chip. 
2021;21:597–607.

	120.	 Xiang X, Guan F, Jiao F, Li H, Zhang W, Zhang Y, et al. A new 
urinary exosome enrichment method by a combination of ultrafil-
tration and TiO2 nanoparticles. Anal Methods. 2021;13:1591–600.

	121.	 Singh K, Nalabotala R, Koo KM, Bose S, Nayak R, Shiddiky 
MJA. Separation of distinct exosome subpopulations: isolation 
and characterization approaches and their associated challenges. 
Analyst. 2021;146:3731–49.

	122.	 Kang JY, Kim H, Mun D, Yun N, Joung B. Co-delivery of cur-
cumin and miRNA-144-3p using heart-targeted extracellular 
vesicles enhances the therapeutic efficacy for myocardial infarc-
tion. J Control Release. 2021;331:62–73.

500 Drug Delivery and Translational Research (2023) 13:473–502



1 3

	123.	 Wei D, Zhan W, Gao Y, Huang L, Gong R, Wang W, et al. 
RAB31 marks and controls an ESCRT-independent exosome 
pathway. Cell Res. 2021;31:157–77.

	124.	 Kim MS, Haney MJ, Zhao Y, Mahajan V, Deygen I, Klyachko 
NL, et al. Development of exosome-encapsulated paclitaxel to 
overcome MDR in cancer cells. Nanomedicine. 2016;12:655–64.

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

	126.	 Yang Z, Shi J, Xie J, Wang Y, Sun J, Liu T, et al. Large-scale 
generation of functional mRNA-encapsulating exosomes via cel-
lular nanoporation. Nat Biomed Eng. 2020;4:69–83.

	127.	 Toffoli G, Hadla M, Corona G, Caligiuri I, Palazzolo S, Semeraro 
S, et al. Exosomal doxorubicin reduces the cardiac toxicity of 
doxorubicin. Nanomedicine (Lond). 2015;10:2963–71.

	128.	 Reshke R, Taylor JA, Savard A, Guo H, Rhym LH, Kowalski 
PS, et al. Reduction of the therapeutic dose of silencing RNA 
by packaging it in extracellular vesicles via a pre-microRNA 
backbone. Nat Biomed Eng. 2020;4:52–68.

	129.	 Li YJ, Wu JY, Wang JM, Hu XB, Cai JX, Xiang DX. Gemcit-
abine loaded autologous exosomes for effective and safe chemo-
therapy of pancreatic cancer. Acta Biomater. 2020;101:519–30.

	130.	 Hajipour H, Farzadi L, Roshangar L, Latifi Z, Kahroba H, Shahnazi 
V, et al. A human chorionic gonadotropin (hCG) delivery platform 
using engineered uterine exosomes to improve endometrial recep-
tivity. Life Sci. 2021;275:119351.

	131.	 Lou G, Song X, Yang F, Wu S, Wang J, Chen Z, et al. Exosomes 
derived from miR-122-modified adipose tissue-derived MSCs 
increase chemosensitivity of hepatocellular carcinoma. J Hema-
tol Oncol. 2015;8:122.

	132.	 Bellavia D, Raimondo S, Calabrese G, Forte S, Cristaldi M, 
Patinella A, et al. Interleukin 3- receptor targeted exosomes 
inhibit in vitro and in vivo Chronic Myelogenous Leukemia cell 
growth. Theranostics. 2017;7:1333–45.

	133.	 Kojima R, Bojar D, Rizzi G, Hamri GC, El-Baba MD, Saxena 
P, et al. Designer exosomes produced by implanted cells intrac-
erebrally deliver therapeutic cargo for Parkinson’s disease treat-
ment. Nat Commun. 2018;9:1305.

	134.	 Shtam TA, Kovalev RA, Varfolomeeva EY, Makarov EM, Kil 
YV, Filatov MV. Exosomes are natural carriers of exogenous 
siRNA to human cells in vitro. Cell Commun Signal. 2013;11:88.

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

	136.	 Sun L, Fan M, Huang D, Li B, Xu R, Gao F, et al. Clodronate-
loaded liposomal and fibroblast-derived exosomal hybrid system 
for enhanced drug delivery to pulmonary fibrosis. Biomaterials. 
2021;271:120761.

	137.	 Nooshabadi VT, Khanmohammadi M, Shafei S, Banafshe HR, 
Malekshahi ZV, Ebrahimi-Barough S, et al. Impact of atorvas-
tatin loaded exosome as an anti-glioblastoma carrier to induce 
apoptosis of U87 cancer cells in 3D culture model. Biochem 
Biophys Rep. 2020;23:100792.

	138.	 Sato YT, Umezaki K, Sawada S, Mukai SA, Sasaki Y, Harada 
N, et al. Engineering hybrid exosomes by membrane fusion with 
liposomes. Sci Rep. 2016;6:21933.

	139.	 Kim H, Kim EH, Kwak G, Chi SG, Kim SH, Yang Y. Exosomes: 
cell-derived nanoplatforms for the delivery of cancer therapeu-
tics. Int J Mol Sci. 2020;22:14.

	140.	 Joshi BS, Zuhorn IS. Heparan sulfate proteoglycan-mediated 
dynamin-dependent transport of neural stem cell exosomes 
in an in  vitro blood-brain barrier model. Eur J Neurosci. 
2021;53:706–19.

	141.	 Donoso-Quezada J, Guajardo-Flores D, Gonzalez-Valdez 
J. Enhanced exosome-mediated delivery of black bean 

phytochemicals (Phaseolus vulgaris L.) for cancer treatment 
applications. Biomed Pharmacother. 2020;131:110771.

	142.	 Zhang X, Liu L, Tang M, Li H, Guo X, Yang X. The effects 
of umbilical cord-derived macrophage exosomes loaded with 
cisplatin on the growth and drug resistance of ovarian cancer 
cells. Drug Dev Ind Pharm. 2020;46:1150–62.

	143.	 Qu M, Lin Q, Huang L, Fu Y, Wang L, He S, et al. Dopamine-
loaded blood exosomes targeted to brain for better treatment 
of Parkinson’s disease. J Control Release. 2018;287:156–66.

	144.	 Wang J, Chen D, Ho EA. Challenges in the development and 
establishment of exosome-based drug delivery systems. J Con-
trol Release. 2021;329:894–906.

	145.	 Wang C, Li N, Li Y, Hou S, Zhang W, Meng Z, et al. Engineer-
ing a HEK-293T exosome-based delivery platform for efficient 
tumor-targeting chemotherapy/internal irradiation combination 
therapy. J Nanobiotechnol. 2022;20:247.

	146.	 Tian T, Cao L, He C, Ye Q, Liang R, You W, et al. Targeted 
delivery of neural progenitor cell-derived extracellular vesicles 
for anti-inflammation after cerebral ischemia. Theranostics. 
2021;11:6507–21.

	147.	 Zhang W, Peng P, Kuang Y, Yang J, Cao D, You Y, et al. Char-
acterization of exosomes derived from ovarian cancer cells 
and normal ovarian epithelial cells by nanoparticle tracking 
analysis. Tumour Biol. 2016;37:4213–21.

	148.	 Dragovic RA, Gardiner C, Brooks AS, Tannetta DS, Ferguson DJ, 
Hole P, et al. Sizing and phenotyping of cellular vesicles using 
nanoparticle tracking analysis. Nanomedicine. 2011;7:780–8.

	149.	 Turner NP, Abeysinghe P, Kwan Cheung KA, Vaswani K, 
Logan J, Sadowski P, et al. A comparison of blood plasma 
small extracellular vesicle enrichment strategies for proteomic 
analysis. Proteomes. 2022;10:19.

	150.	 Gupta S, Rawat S, Arora V, Kottarath SK, Dinda AK, Vaishnav 
PK, et al. An improvised one-step sucrose cushion ultracentrifu-
gation method for exosome isolation from culture supernatants 
of mesenchymal stem cells. Stem Cell Res Ther. 2018;9:180.

	151.	 Kajimoto T, Okada T, Miya S, Zhang L, Nakamura S. Ongoing 
activation of sphingosine 1-phosphate receptors mediates matu-
ration of exosomal multivesicular endosomes. Nat Commun. 
2013;4:2712.

	152.	 Nkosi D, Sun L, Duke LC, Patel N, Surapaneni SK, Singh 
M, et  al. Epstein-Barr virus LMP1 promotes syntenin-1- 
and hrs-induced extracellular vesicle formation for its own 
secretion to increase cell proliferation and migration. mBio. 
2020;11:e00589-20.

	153.	 Spencer N, Yeruva L. Role of bacterial infections in extracel-
lular vesicles release and impact on immune response. Biomed 
J. 2021;44:157–64.

	154.	 Harada T, Yamamoto H, Kishida S, Kishida M, Awada C, Takao 
T, et al. Wnt5b-associated exosomes promote cancer cell migra-
tion and proliferation. Cancer Sci. 2017;108:42–52.

	155.	 Yuyama K, Sun H, Mikami D, Mioka T, Mukai K, Igarashi Y. 
Lysosomal-associated transmembrane protein 4B regulates cer-
amide-induced exosome release. FASEB J. 2020;34:16022–33.

	156.	 Marie PP, Fan S-J, Mendes CC, Wainwright SM, Harris AL, 
Goberdhan DCI, et  al.  Drosophila wingless is loaded on 
exosome-like vesicles but forms a gradient in an exosome-
independent manner. 2020.

	157.	 Barclay RA, Schwab A, DeMarino C, Akpamagbo Y, Lepene 
B, Kassaye S, et al. Exosomes from uninfected cells activate 
transcription of latent HIV-1. J Biol Chem. 2017;292:11682–701.

	158.	 Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G, Geeraerts A, 
et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. 
Nat Cell Biol. 2012;14:677–85.

	159.	 Hikita T, Kuwahara A, Watanabe R, Miyata M, Oneyama C. Src 
in endosomal membranes promotes exosome secretion and tumor 
progression. Sci Rep. 2019;9:3265.

501Drug Delivery and Translational Research (2023) 13:473–502



1 3

	160.	 Shrivastava S, Devhare P, Sujijantarat N, Steele R, Kwon YC, 
Ray R, et  al. Knockdown of autophagy inhibits infectious 
hepatitis C virus release by the exosomal pathway. J Virol. 
2016;90:1387–96.

	161.	 Iguchi Y, Eid L, Parent M, Soucy G, Bareil C, Riku Y, et al. 
Exosome secretion is a key pathway for clearance of pathological 
TDP-43. Brain. 2016;139:3187–201.

	162.	 Gurunathan S, Kang MH, Jeyaraj M, Kim JH. Platinum nanopar-
ticles enhance exosome release in human lung epithelial adeno-
carcinoma cancer cells (A549): oxidative stress and the ceramide 
pathway are key players. Int J Nanomed. 2021;16:515–38.

	163.	 Essandoh K, Yang L, Wang X, Huang W, Qin D, Hao J, et al. 
Blockade of exosome generation with GW4869 dampens the 

sepsis-induced inflammation and cardiac dysfunction. Biochim 
Biophys Acta. 2015;1852:2362–71.

	164.	 Phuyal S, Hessvik NP, Skotland T, Sandvig K, Llorente A. Regu-
lation of exosome release by glycosphingolipids and flotillins. 
FEBS J. 2014;281:2214–27.

	165.	 Abdullah M, Takase H, Nunome M, Enomoto H, Ito J, Gong 
JS, et al. Amyloid-beta reduces exosome release from astro-
cytes by enhancing JNK phosphorylation. J Alzheimers Dis. 
2016;53:1433–41.

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

502 Drug Delivery and Translational Research (2023) 13:473–502


	The exosome: a review of current therapeutic roles and capabilities in human reproduction
	Abstract
	Exosomes: an introduction to their origin, diversity, and cellular roles
	Exosomal formation and maturation
	Exosomal functions, cellular interactions, and clinical applicability

	Exosomal changes in reproductive disorders
	Exosomal functions in the healthy reproductive cycle
	Exosomes in the fertilisation process
	Exosomes in the placental development process
	Exosomes in the foetal development process

	Exosomes as therapeutic tools in reproductive pathology
	Exosomal functions in male reproductive pathology
	Exosomal functions in female reproductive pathology
	Exosomes in polycystic ovarian syndrome
	Exosomes in reproductive inflammation
	Exosomes in endometriosis
	Exosomes in premature ovarian failure
	Exosomes in gestational diabetes mellitus
	Exosomes in pre-eclampsia


	Exosomal isolation and loading methods
	Exosome isolation methods
	Ultracentrifugation
	Differential centrifugation
	Size-exclusion chromatography
	Immunoaffinity
	Polyethylene polymer precipitation
	Microfluidics
	Ultrafiltration

	Exosome loading methods
	Incubation
	Electroporation
	Sonication
	Transfection
	Extrusion
	Freeze–thaw
	Surfactant permeabilisation


	Exosomal therapeutics and targeted cargo delivery
	Remaining limitations
	Conclusions and finalising thoughts
	Acknowledgements 
	References


