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Abstract

Sperm are transcriptionally and translationally quiescent and, therefore, 
rely on the seminal plasma microenvironment for function, survival 
and fertilization of the oocyte in the oviduct. The male reproductive 
system influences sperm function via the binding and fusion of secreted 
epididymal (epididymosomes) and prostatic (prostasomes) small 
extracellular vesicles (S-EVs) that facilitate the transfer of proteins, 
lipids and nucleic acids to sperm. Seminal plasma S-EVs have important 
roles in sperm maturation, immune and oxidative stress protection, 
capacitation, fertilization and endometrial implantation and receptivity. 
Supplementing asthenozoospermic samples with normospermic-
derived S-EVs can improve sperm motility and S-EV microRNAs can be 
used to predict non-obstructive azoospermia. Thus, S-EV influence on 
sperm physiology might have both therapeutic and diagnostic potential; 
however, the isolation of pure populations of S-EVs from bodily fluids 
with current conventional methods presents a substantial hurdle. Many 
conventional techniques lack accuracy, effectiveness, and practicality; 
yet microfluidic technology has the potential to simplify and improve 
S-EV isolation and detection.
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as pivotal components of cell function, might, therefore, improve our 
understanding of basic function and dysfunction of both male and 
female reproductive systems. Several global proteomic and genomic 
approaches to identifying biomarkers within semen have been pub-
lished, but no consensus has been reached on robust biomarkers linked 
to infertility and disease states; thus, seminal plasma S-EVs could have 
the potential to improve our understanding of idiopathic infertility 
and pathophysiological states, while providing novel approaches to 
both diagnostics and therapeutics in assisted reproductive technol-
ogy (ART). Consequently, the isolation of pure populations of S-EVs is 
a step towards personalized reproductive medicine.

Conventional methods of S-EV isolation have many weaknesses 
including high costs, long processing times and low recovery and 
purity of S-EVs. These limitations remain a considerable hurdle in 
the progress of S-EV research and translation into clinical medicine. 
However, microfluidics, which is the multidisciplinary field of fluid 
manipulation and control within geometrically confined microchan-
nels29, has been applied to the separation of S-EVs in cancer research and  
diagnostics, in bladder30, breast31, liver32, ovarian33, pancreatic34  
and prostate35,36 cancers. Microfluidic platforms require microlitre 
sample input volumes primarily using controlled micropumps for 
high purity isolation, low processing times and simple operation and, 
therefore, have the potential for routine application of S-EV isolation 
and analysis for diagnostics and therapeutics. Microfluidic geometry 
can also use and combine conventional approaches on one platform to 
isolate S-EVs, providing unique benefits such as reducing operational 
time, costs and manual steps, as well as enabling multiplex targeting 
of specific S-EVs in simplified workflows without the need for large and 
expensive equipment.

In this Review, we explore the diagnostic potential of male repro-
ductive S-EVs and the practical approaches of implementing point-of-
need and multianalyte diagnostics in infertility treatment, detailing 
microfluidic S-EV isolation and analysis as an accessible and effective 
approach to achieving this outcome, as well as proposing S-EV protein 
and microRNA (miRNA) biomarkers linked to various key events in 
sperm development, maturation and fertilization.

S-EVs and male reproduction
The role of S-EVs in male reproduction has been highlighted in studies 
in which the complex contribution of S-EVs to intercellular communi-
cation is explored in both normal healthy function and pathophysi-
ological states, facilitating a broad array of physiological processes 
including cell proliferation, differentiation, gametogenesis, embryo-
genesis and development37. S-EV biogenesis, localization and transport 
within biofluids to target cells or tissues are imperative to understand-
ing function within male reproduction and the downstream effects in 
which reproductive dysfunction can be identified and treated.

S-EV identification and biogenesis
S-EVs were first described in 1987 in a study in which vesicle formation 
during reticulocyte maturation in rat models was investigated36. Since 
then, a growing body of evidence has been supporting a correlative 
relationship between S-EVs and various physiological functions, disease 
states and diverse intercellular communication38,39. Importantly, S-EV 
cargo can reflect the physiological state of the donor cell, providing 
insight into cellular responses to the extracellular milieu as well as 
intercellular communication40. S-EV biogenesis begins with internaliza-
tion of extracellular molecules via endocytosis, forming multivesicular 
bodies that sequester proteins, RNAs and lipids from the cytosol and 

Key points

 • Epididymosomes and prostasomes, the two distinct populations of 
seminal plasma small extracellular vesicles (S-EVs), have substantial 
roles in sperm function, survival and fertilization of the oocyte.

 • Male reproductive S-EV protein and microRNA cargo might serve as 
biomarkers for infertility and reproductive dysfunction.

 • Conventional methods of S-EV isolation require often laborious or 
costly workflows with suboptimal results but have received substantial 
interest in cancer therapeutics and diagnostics.

 • Microfluidic technology has the potential for miniaturization and 
simplification of S-EV isolation and analysis for use in point-of-need 
diagnostics in male infertility.

 • Infertility treatment can use technology developed for cancer 
diagnostics and therapeutics to approach idiopathic infertility.

Introduction
Nearly all cells in the body secrete at least one form of extracellular 
vesicle (EV) into the extracellular space in vivo and in vitro, with EVs 
having been observed circulating within all body fluids and perceived 
to be integral components of cellular communication in multicellu-
lar organisms1–5. These heterogenous, phospholipid bilayer-bound 
vesicles have garnered considerable attention, owing to their roles 
in intercellular communication to regulate normal function and dis-
ease states6–9. Advances in technology such as mass spectrometry, 
real-time quantitative PCR and nanoparticle tracking analysis (NTA) 
have helped to facilitate research into the highly complex and discrete 
molecular cargo exchanges between cells in nearly all systems within 
the body6,10. Evidence of EVs in biological fluids was first reported by 
Chargaff and West11 in 1946, who analysed ultracentrifuged blood 
plasma using electron microscopy and described thromboplastic 
agents and blood corpuscles that sedimented after this centrifuga-
tion. The term ‘extracellular vesicle’ was not used until 1970, when 
Bonucci12 observed calcifying properties of EVs in epiphyseal cartilage.

EVs can contain proteins, nucleic acids, lipids, metabolites and 
even organelles from parent cells, and range between 30 nm and  
10 μm in size13–15. EVs are divided into three subgroups: small EVs (S-EVs; 
or exosomes); microvesicles (or ectosomes or large EVs); and apoptotic 
bodies (or apoptosomes), which differ in size, morphology, contents, 
biogenesis and secretion10,16. The subgroup nomenclature is specifi-
cally based on size and origin: S-EVs are 30–200 nm in size, spherical 
and are thought to originate from endocytosis; microvesicles are 
100–1,000 nm in size, irregular in shape and are secreted by budding 
of the plasma membrane and shedding into the extracellular space; and 
apoptotic bodies are >1 μm in size,13,17–20 produced by cells undergo-
ing apoptosis and signal phagocytosis by macrophages10. Apoptotic 
bodies differ from other EVs in that they contain organelles, DNA frag-
ments, partially degraded chromatin fragments, cytosolic portions 
and denatured proteins18,21–23 (Fig. 1).

Seminal plasma was one of the first biofluids in which EVs were 
identified and observed24 with S-EVs having been shown to contribute 
to the development, maturation and activation of sperm in the male and 
female reproductive tracts before and during fertilization25–28. S-EVs, 
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trans-Golgi network to form intraluminal vesicles by inward budding 
of the endosomal membrane10,41. These intraluminal vesicles are then 
secreted into the extracellular space as S-EVs via exocytosis when the 
multivesicular and plasma membranes fuse17 (Fig. 1).

S-EVs are subsequently released into the extracellular space to 
mediate intercellular communication via transportation of genetic 
material such as mRNA and miRNA, as well as proteins and lipids 
between cells both locally (autocrine and paracrine) and remotely, 
and can facilitate interaction between cells, both independently and 
in collaboration with growth factors and hormones42–44. Whether S-EVs 
function as single entities or in unison as aggregates with a common tar-
get is yet to be established owing to the challenging nature of S-EV isola-
tion34. Emphasis has been placed on the potential of S-EVs as diagnostic 
biomarkers or therapeutic agents for research into disease states45 such 
as cancer39,46,47, neurodegenerative diseases48,49, immune responses to 
viral infections50,51, and both male and female infertility52–54.

S-EVs in seminal plasma
Fertility treatment is an evolving field with a high demand for improve-
ment; therefore, innovation in understanding both the often idiopathic 
nature of infertility and the treatment approaches is urgently required. 
Seminal plasma has been shown to contain high concentrations of 
S-EVs originating from the prostate and epididymis, accounting for the 
large majority of identifiable S-EV proteins and cargo found in seminal 
plasma55,56. Seminal plasma S-EVs were first described by Ronquist and 
Hedström57 in 1977 who analysed human prostatic fluid using electron 
microscopy; these prostatic EVs were later termed ‘prostasomes’ in 
studies published by the same group in 1983 (ref.58) and 1985 (ref.59) 
based on their origin; however, historically, the term prostasome has 
been used to refer to all S-EVs found in seminal plasma24,60–62. Subse-
quently, S-EVs from the epididymis were discovered in humans and 
aptly named ‘epididymosomes’, and the conclusion was made that 
multiple components of the male reproductive system were secreting 
vesicles into seminal plasma63–65. EVs from bovine seminal vesicles have 
also been identified and shown to present with similar morphology to 
both prostasomes and epididymosomes, although at lower concentra-
tions in ejaculated semen66. However, EVs from seminal vesicles are 
difficult to isolate and study, as no proteins expressed exclusively by the 
seminal vesicles67, or surface markers and morphological differences 
in prostasomes, have been identified64. Seminal vesicles in humans 
primarily contribute fructose68, prostaglandins69 and semenogelins70 
and little research into S-EV-mediated signalling or protein transfer to 
sperm has been conducted.

Seminal plasma S-EVs are particularly important as sperm are 
transcriptionally and translationally quiescent owing to DNA packaging 
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a Fig. 1 | Biogenesis and release of EVs. a, Generation of extracellular vesicles 
(EVs). Small EVs (S-EVs, 50–150 nm) are formed by inward budding of late 
endocytotic intraluminal vesicles called multivesicular bodies (MVBs), which 
fuse with the plasma membrane to release the S-EVs into the extracellular space. 
Microvesicles and ectosomes (large EVs, 100–1,000 nm) are secreted by budding 
from the plasma membrane. b, S-EV structure and cargo. S-EVs are characterized 
by specific surface markers such as tetraspanins, endosomal sorting complex 
required for transport (ESCRT) proteins and adhesion molecules, and contain 
nucleic acids (RNAs and DNA), as well as proteins. ALIX, ALG2-interacting 
protein X; dsDNA, double-stranded DNA; ILV, intraluminal vesicle; lncRNA, 
long non-coding RNA; miRNA, microRNA; ssDNA, single-stranded DNA. 
Adapted from ref.371, Springer Nature Limited.
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from histones to protamines; thus, post-testicular maturation events 
in the epididymis and female reproductive tract need to be facilitated 
through external signals such as S-EVs and soluble signalling mole-
cules60,71–74. Seminal plasma S-EV binding, fusion and cargo delivery to 
sperm occurs both in the epididymis and post-ejaculation in the female 
reproductive tract25. This revelation highlighted the receptiveness of 
sperm to S-EV binding in the vaginal canal and the role prostasomes 
have in capacitation and fertilizing capacity based on the sperm’s 
localization within the female reproductive tract. The importance 
of seminal plasma EVs not only in fertilization, but also in embryo 
implantation and reproductive outcomes has been supported by in 
vitro evidence showing that seminal plasma S-EVs enhance in vitro  
endometrial stromal cell decidualization and increase secretion of 
prolactin, an essential hormone in implantation75, and regulate porcine 
endometrial epithelial cell gene expression linked to immune and 
inflammatory responses, as well as steroid biosynthesis76. Embryo 
implantation was shown to be ~40% lower in mice after intrauterine 
perfusion of seminal plasma from old males than seminal plasma 
from young males77. Furthermore, this reduction in implanta-
tion rate was partially rescued by supplementing old male seminal 
plasma with young seminal plasma S-EVs before pre-implantation 
intrauterine perfusion, with an increase of 20%77. These differences 
were attributed to variations in S-EV contents from the old and young 
males causing immunomodulation of endometrial cells via cytokine 
and chemokine expression77.

A re-evaluation of the protein contents and linked functions of 
seminal plasma EVs showed three distinct populations of EVs based 
on relative density — namely, high-density, medium-density and low-
density vesicles — along with non-vesicular extracellular matter70. 
High-density EVs and non-vesicular extracellular matter could promote 
sperm motility and capacitation, whereas medium-density EVs might 
reduce intrinsic reactive oxygen species (ROS) in sperm, indicating 
the functional and structural heterogeneity of seminal plasma S-EVs 
(Fig. 2), which have various forms of interaction with sperm throughout 
the male reproductive system and post-ejaculation.

Epididymosomes. Epididymosomes were first identified in 1985 and 
described as cholesterol-rich microvesicles in close-contact with sperm 
within the hamster epididymal lumen, and were hypothesized to be 
involved in sperm maturation and membrane stabilization78. These 
vesicles have since been described in epididymal fluid from humans79, 
cows80,81, mice82,83, sheep84,85 and rats86,87. Once sperm leave the testes, 
they migrate through the three segments of the highly convoluted 
epididymis, beginning at the proximal caput, moving through the 
central, elongated corpus and finally into the distal cauda (Fig. 2a). 
These segments are distinct in regional gene and protein expression 
and the caput epididymis has presented with the most abundant and 
diverse secretome, whereby testicular proteins are rapidly absorbed 
and epididymal proteins are secreted to begin the series of biochemi-
cal changes sperm undergo through the epididymis, giving sperm 
the ability to fertilize the oocyte79,88–92. Gene and protein expression 
differences coincide with epididymal epithelial cell morphology and 
functional changes as sperm lose cytosolic organelles during transit 
through the epididymal lumen, as well as the loss or modification of 

testicular surface proteins and acquisition new proteins and lipids 
obtained within the epididymis via epididymosomes, direct transfer or 
associated with binding proteins such as clusterin and lipocalins81,93–95. 
Heterogeneity in the size and content of epididymosomes is also evi-
dent throughout the segments of the epididymis96,97 and release of 
these proteins and lipids from the epididymal epithelium is regulated 
by testicular androgens and other poorly understood factors such as 
luminal pH82, intratubular pressure98 and intraluminal flow63,99. Robust 
human studies into epididymal sperm and the epididymal microenvi-
ronment are limited owing to poor access to epididymal sperm and 
fluid devoid of contributions from the prostate and bulbourethral 
glands. Thus, with most prominent research on epididymosomes and 
epididymal sperm being performed on animal models and results show-
ing species-specific epididymal secretomes, assumptions regarding 
specific biomarkers in humans should be approached with care and 
rigorous validation100.

Epididymosomes constitute a relatively small proportion of 
S-EVs in ejaculated semen, indicating that a large part of their func-
tion occurs during epididymal transit55. Epididymosomes range from 
25 nm to 300 nm in size and have membranes containing choles-
terol-concentrated and sphingomyelin-concentrated lipid rafts that 
are important for protein transfer between epididymosomes and 
sperm, which has been demonstrated in both bull101 and mouse102 
models. These lipid rafts are present on the plasma membranes 
of nearly all mammalian cells and  have a well-described mecha-
nism of signalling via protein and lipid trafficking, suggesting con-
served mechanisms of S-EV interaction with mammalian cells103,104.  
Immotile differentiated sperm departing the testes lack fecundity 
and gain these traits during maturation, largely facilitated by S-EV-
bound proteins released by pseudo-stratified epididymal epithe-
lium in an apocrine manner82,105. The predominant, widely accepted 
method of protein and signal transfer in the mammalian epididymis 
is facilitated by S-EVs, although soluble proteins within epididymal  
luminal fluid have been shown to enter sperm via non-vesicular 
processes106,107.

Epididymosomes are believed to consist of two distinct sub-
groups: epididymal sperm binding protein 1 (ELSPBP1)-enriched 
epididymosomes and CD9-positive epididymosomes, according to 
bovine studies108–110 (Fig. 1b). ELSPBP1-enriched epididymosomes are 
thought to protect epididymal sperm from oxidative damage by form-
ing a complex with biliverdin reductase A (BLVRA) and binding to dead 
and dying sperm, reducing biliverdin to bilirubin using NADPH, which 
can sequester ROS to convert bilirubin back to biliverdin, in the pres-
ence of Zn2+ (refs.111,112). CD9-positive epididymosomes bind and fuse 
with sperm in a temperature-dependent and pH-dependent manner 
during transit through the epididymis and are believed to promote 
mammalian sperm maturation events, such as Ca2+ membrane channel 
regulation113, sperm–zona pellucida (ZP) binding capacity114, motility 
acquisition115 and prevention of premature acrosome reaction, via 
transfer of proteins to the post-acrosomal sheath and midpiece81,88,116. 
This binding and protein transfer occurs via glycosylphosphatidylino-
sitol (GPI)-anchor-mediated docking in a highly selective manner90,117 
(Fig. 2b). The process of epididymal sperm maturation comprises 
several substantial physiological changes to sperm, mediated in 

Fig. 2 | Male reproductive S-EVs from the epididymis and prostate and their 
roles in sperm maturation, protection and interaction with the oocyte. 
a, Epididymosomes are secreted by principal cells of epididymal lumen in an 
apocrine manner. CD9-positive small extracellular vesicles (S-EVs) are involved 
in protein transfer to immotile epididymal sperm leaving the testes, which 
facilitates sperm maturation and ELSPBP1-enriched epididymosomes bind to 
dead and dying sperm and are believed to reduce reactive oxygen species (ROS) 

levels. b, Binding and fusion of epididymosomes and prostasomes occurs by 
different mechanisms, either by glycosylphosphatidylinositol (GPI)-anchor-
mediated lipid raft protein transfer or via formation of transient fusion pores. 
c, Prostasomes are released into the acinar lumen of the prostate and bind to 
sperm in the acidic vagina and fuse once the pH neutralizes through the cervix, 
promoting capacitation. Binding occurs either at the acrosomal cap or neck and 
midpiece17.
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part by epididymosome transfer of proteins and lipids to maturing 
sperm118. These changes have been identified in human, mouse, rat 
and bull models and include increasing levels of sphingomyelin while 
decreasing cholesterol content from the caput to cauda119, reducing 
sperm membrane rigidity82,119, increasing total negative charges on 
the sperm surface120,121, relocalization of sperm surface antigens122,123, 
increasing disulphide bonds124 and removal, addition and modification  
of surface proteins125,126.

Prostasomes. Prostasomes are bilamellar to multilamellar membrane-
bound vesicles measuring 30–500 nm that are released into the acinar 
lumen of prostate epithelial cells and constitute most seminal plasma 
S-EVs127. Unlike the apical blebbing of epididymosomes, prostasomes 
are believed to require membrane fusion of multivesicular bodies 
to the epithelial membrane to be released into prostatic fluid128,129. 
EVs in seminal plasma were first identified in semen; these EVs were 
of prostatic origin and, therefore, the term ‘prostasomes’ was used 
as the nomenclature for all EVs found in seminal plasma130; however, 
here, this term is used exclusively for S-EVs secreted by the prostate. 
In contrast to epididymosomes, acquiring human semen samples  
rich in prostatic secretions is relatively simple and the role of prostas-
omes in sperm physiology131 and possible biomarkers in prostasome 
cargo88 have been extensively explored.

As with epididymosomes, two discrete populations of prostas-
omes exist, depending on size and molecular composition: small, 
glioma pathogenesis-related 2 (GLIPR2)-enriched prostasomes and 
large, annexin A1 (ANXA1)-enriched prostasomes, as shown in vasec-
tomized men and stallions28,132 (Fig. 2b). No functional differentia-
tion has been conducted between the two identified populations of 
prostasomes. Human studies have shown that prostasomes contain 
an assortment of important molecules including enzymes, signal-
ling proteins, cellular chaperone proteins, transport and structural 
proteins and GTP-binding proteins55,61,88. Several important prostate-
specific proteins have been identified in prostasome cargo including 
prostate acid phosphatase (PAP), prostate-specific antigen (PSA), 
type 2 transmembrane serine protease (TMPPRSS2), prostate-specific 
transglutaminase (pTGase) and prostate stem cell antigen (PSCA)55,61. 
Prostasomes have a pivotal role in sperm motility and regulation of 
sperm acrosome reaction timing, executed through to transfer of Ca2+ 
signalling receptors to the neck of ejaculated sperm27. Once sperm 
reach the lower portion of the female reproductive tract, prostasomes 
are postulated to loosely bind or ‘piggy-back’ onto sperm in the acidic 
environment of the vagina (~pH 5.0) and be carried into the uterus and 
oviduct where binding occurs in the presence of bicarbonate at pH 
7.5–8.0 and subsequent fusion and transfer of prostasome contents 
into sperm at more alkaline conditions of the uterus and oviduct before 
fertilization133,134 (Fig. 2c). During migration through the vagina, cervix, 
uterus and oviduct, prostasome fusion transfers proteins, lipids and 
RNAs that promote ZP binding capacity, acrosome reaction priming 
and hyperactive motility before interaction with the cumulus oocyte 
complex (COC)130,134 (Fig. 2c). Specifically, prostasome fusion trans-
ports progesterone receptors, cyclic adenosine diphosphoribose 
(cADPR)-synthesizing enzymes and ryanodine receptors (RyRs) to 
sperm, which leads to increases in Ca2+ in sperm, which is responsible 
for flagellar motility and ultimately fertilization27,135. Prostasomes also 
influence capacitation by increasing intracellular cAMP, stimulating 
protein kinase A (PKA) to induce tyrosine phosphorylation136–139. Fur-
thermore, sperm are well-documented to be immunologically identi-
fied as foreign bodies by the female reproductive tract immune cells; 

consequently, prostasome interactions in the female reproductive 
tract locally regulate female immunological responses to sperm by 
inhibiting monocyte and neutrophil phagocytosis and natural killer 
(NK) cell activity140,141. This inhibition is achieved by rapid binding  
of prostasomes to the female immune cell membranes and transfer of 
immuno-regulatory miRNA biotypes and proteins via endocytosis142. 
Prostasome immunosuppressive activity has been repeatedly corrobo-
rated in humans and animal models by the observed immune responses 
in the vaginal canal and uterus when isolated and washed sperm are 
administered, when compared with a lack of immune response to 
whole semen143–145.

Prostasomes as a target for point-of-care tests have been used in 
prostate cancer diagnostics, with several research groups developing 
diagnostic platforms to isolate prostasomes and prostatic tumour 
S-EVs to identify and characterize cancer-specific proteins35,36 and 
miRNA30 biomarkers for early detection146.

Notable seminal plasma S-EV proteins
Seminal plasma is composed of secretions from the epididymis, seminal 
vesicles, prostate and bulbourethral glands and contains a vast array of 
proteins found within S-EVs and EVs147. Seminal plasma S-EVs contain 
only 3% of total seminal plasma protein, but, owing to their unique 
regulatory functions and reflection of the status and health of their 
parent cell, S-EV proteins have considerable biomarker potential for 
diagnosis or prognosis in male reproductive pathological conditions 
and infertility56,119. Furthermore, S-EVs preserve their contents by iso-
lating these proteins and nucleic acids from deleterious factors such 
as enzymes (proteases and RNases), ROS and environmental factors 
that probably cause degradation148. Protein transfer between seminal 
plasma S-EVs and sperm has been attributed to overall sperm func-
tion149, maturation97, morphology150, acquisition and maintenance of 
motility26, concentration151 and protection from oxidative damage152,153. 
Generally, S-EV protein composition varies drastically, but, owing to 
common methods of biogenesis, most S-EVs express common surface 
markers such as tetraspanins, which are organizing scaffold proteins 
constituting plasma membrane microdomains, containing adhe-
sion, adaptor and signalling proteins, aiding in the identification and 
characterization of S-EV populations once isolated154.

Purification of S-EVs from seminal plasma has enabled identifica-
tion of vast protein content profiles specific to seminal plasma S-EVs 
using global proteomic studies. For example, 1,474 seminal plasma S-EV 
proteins were identified in samples from men with normospermia137 
and 1,282 proteins from prostasomes were identified from both men 
with normospermia and those with non-normospermia138; further-
more, proteins involved in sperm energy production and activity were 
found to be downregulated in non-normospermic men.

The protein composition of seminal plasma S-EVs varies greatly 
depending on origin and proposed function. For example, CD9-positive 
epididymosomes are enriched with P25b, GliPr1L1 and MIF, which are all 
known as important proteins in sperm motility and gain of the ability to 
recognize the oocyte and interact during fertilization109,155. Prostasomes 
contain a discrete protein profile based on the initiation of hypermotil-
ity, capacitation and acrosome reaction once sperm reach the female 
reproductive tract and ultimately the cumulus oocyte complex60,131,156. 
Well-categorized proteins such as PAP, PSA, pTGase, PSCA, TMPRSS2 
and CD48 have been strongly associated with prostasomes and largely 
thought to be involved in Ca2+ concentration and pH regulation within 
sperm, regulating sperm motility, capacitation, acrosome reaction and 
the female reproductive tract immune response27,55,136,157. Prostasome 
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surface proteins such as annexins I, II, IV, V, VII and XI are also believed 
to be regulators of Ca2+ concentration within sperm, therefore, affect-
ing motility61,158. Clinically relevant evidence shows the important role 
that notable proteins have (Table 1, Fig. 3).

Cysteine-rich secretory protein 1. Cysteine-rich secretory protein 1  
(CRISP1) is part of the CRISP, antigen 5 and pathogenesis related 
protein 1 (CAP) superfamily of proteins and is highly conserved and 
enriched in the mammalian reproductive tract, having been identified 
in both secreted epididymosomes and prostasomes63,159. CRISP1 modu-
lates CatSper, the primary Ca2+ channel in sperm, which is essential 
in hyperactivation and fertilization160 (Fig. 3). Studies in rat models 
have identified CRISP1 as a possible de-capacitation factor161–163, and 
recombinant human CRISP1 negatively competes with zona pellu-
cida sperm-binding protein 3 (ZP3), preventing sperm–ZP binding, 
penetration and subsequent fertilization164,165. Furthermore, Crisp1 
double-knockout mice produced sperm with impaired ZP-binding, 
and CRISP1 supplementation can improve pre-capacitation progres-
sive motility113. The relative content of prostasomal CRISP1 is reduced 
in men with non-normospermia138 and considerably reduced levels of 
CRISP1 have been observed in S-EVs from men with azoospermia com-
pared with fertile men with normospermia68 (Table 1, Fig. 3). CRISP1 
has the potential to be used as a biomarker of both sperm capacitation 
ability as well as sperm–ZP binding capacity, which could indicate 
bypassing conventional sperm–oocyte interaction in conventional 
in vitro fertilization (IVF) and opting for intracytoplasmic sperm 
injection (ICSI).

l-Lactate dehydrogenase C chain. l-Lactate dehydrogenase C chain 
(LDHC) is a glycolytic enzyme that is found in both epididymosomes 
and prostasomes and is involved in the development of sperm and 
the production of ATP to fuel flagellar movement and capacitation166 
(Fig. 3). Lactate dehydrogenase (LDH) enzymes catalyse the conversion 
of pyruvate to lactate through the oxidation of NADH to NAD+ (ref.167). 
LDHC has been shown to be highly expressed in testicular germ cells 
and sperm168,169 and inhibition of LDH in both murine and bovine sperm 
has been shown to suppress capacitation170,171. Disruption of the Ldhc 
gene in mice caused severe infertility owing to the impairment of pro-
gressive motility, hypermotility and cellular ATP production172. LDHC 
content has also been shown to be reduced in prostasomes from men 
with non-normospermia63,159 (Table 1). LDHC has biomarker potential 
for sperm motility dysfunction forming part of important capacita-
tion events before fertilization, indicating the method of fertilization 
(IVF or ICSI) that would provide improved results.

Macrophage migration inhibitory factor. Macrophage migration inhib-
itory factor (MIF) is a ubiquitous, multifunctional pro-inflammatory  
cytokine with noted roles in innate immune response and inflamma-
tion173 and Leydig cell regulation of Sertoli cell inhibin production174. 
The role of MIF in sperm physiology remains unclear, but it has been 
identified in both epididymosomes and prostasomes and is released 
by primary Sertoli cells, suggesting roles in sperm maturation in the 
epididymis, fertilization and spermatogonial migration, respec-
tively61,175,176. MIF has been observed to concentrate in dense fibres of 
the epididymal sperm flagellar and regulating zinc content, implying 

Table 1 | Male reproductive S-EV proteins of interesta

Accession 
number

Protein name Gene S-EV source Function in male fertility Refs.

P54107 Cysteine-rich secretory protein 1 CRISP1 Epididymosomes 
and prostasomes

Sperm–ZP binding
Decapacitation factor
Regulation of Ca2+ ion channels (hypermotility  
and fertilization)

63,113,159–162,164,165,329

P07864 l-Lactate dehydrogenase C chain LDHC Prostasomes Sperm energy metabolism (anaerobic glycolysis)
Sperm motility
Fertilization

159,167,168,172,330–332

P14174 Macrophage migration inhibitory 
factor

MIF Epididymosomes 
and prostasomes

Sperm maturation and motility (sperm-dense fibres)
Positive association with DFI and reduced motility
Spermatogonia cell migration
High levels linked to endometriosis-linked infertility

101,115,159,174,175,177–179,333

Q7Z4W1 l-Xylulose reductase (P34H) DCXR Epididymosomes Sperm–ZP binding and fertilization 180–187

Q9H2U9 Disintegrin and metalloproteinase 
domain-containing protein 7

ADAM7 Epididymosomes Sperm–oocyte plasma membrane adhesion and fusion 
during fertilization
Sperm migration through female reproductive tract
Sperm maturation

188,189,334–336

P12273 NPC intracellular cholesterol 
transporter 2

NPC2 Epididymosomes 
and prostasomes

Sperm membrane stabilization and fertilization ability 55,63,122,190–192, 

194,337,338

O75715 Epididymal secretory glutathione 
peroxidase

GPX5 Epididymosomes Phospholipid hydroperoxidase (maintains cell and DNA 
integrity by protecting sperm from oxidative stress
Might prevent premature acrosome reaction

82,153,192,197,198,339

P38567 Sperm adhesion molecule 1 SPAM1 Epididymosomes Cumulus penetration
Sperm–ZP adhesion
Sperm maturation and storage

83,114,201,203,204,340–342

Q99497 Parkinson disease protein 7 PARK7 Epididymosomes Protection from oxidative stress
Spermatogenesis
Fertilization

63,205,207–210,343,344

DFI, DNA fragmentation index; S-EV, small extracellular vesicle; ZP, zona-pellucida. aListed in order of those with the most biomarker potential to the least.
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a possible role for MIF in sperm motility and the observed negative 
relationship with seminal plasma zinc concentration115,177 (Fig. 3). Fur-
thermore, the observed amount of sperm-associated MIF has a negative 
correlation with sperm motility and sperm DNA fragmentation index 
(DFI)178,179. Thus, MIF has a role in sperm development and matura-
tion, and might inhibit sperm motility during epididymal migration 
and storage (Table 1). MIF has the potential to be used as a biomarker 
for sperm DFI and both testicular and epididymal sperm maturation.

Dicarbonyl/l-xylulose reductase. Dicarbonyl/l-xylulose reductase 
(DCXR; also known as P34H), is a multifunctional protein involved 
in monosaccharide catabolism, carbonyl detoxification, cell adhe-
sion and male fertility that has been identified in epididymosomes  
in the corpus region of the epididymis180,181. The orthologue of DCXR in 
hamsters (P26H) has been shown to facilitate sperm–ZP binding182 and 
reduced levels of the DCXR orthologue P25b in bulls correlated with 
subfertility183. Furthermore, reduced seminal DCXR content correlated 
with infertility and impaired ZP-binding capacity when comparing  
men with infertility with a fertile population as well as cycle failures in IVF  
treatment184–186 (Fig. 3). DCXR has been proposed as a predictive marker 
of IVF success and might aid in the prediction of sperm maturation 
status before fertilization186,187 (Table 1).

Disintegrin and metalloproteinase domain-containing protein 7.  
Disintegrin and metalloproteinase domain-containing protein 7 
(ADAM7) is an important sperm membrane protein that is transferred 
directly to sperm through epididymosomes within the epididymis188. 
An ADAM7 protein complex is considerably promoted during capacita-
tion events, forming a chaperone complex that is believed to contribute 
to the fertilization capacity of sperm in mice189 (Fig. 3). Results of other 
mice studies showed that Adam7-knockout mice present with impaired 
sperm motility, morphology and disruption of important membrane 
proteins ITM2B and ADAM2 (ref.174). Results of studies using human 
samples have corroborated this observation by showing that reduced 
content of ADAM7 in seminal plasma S-EVs is associated with the pres-
ence of asthenozoospermia26 (Table 1). Thus, ADAM7 has the potential 
to be used as a biomarker of epididymal sperm maturation, sperm 
migration through the female reproductive tract in natural conception 
as well as intrauterine insemination and the sperm–oocyte interaction.

NPC intracellular cholesterol transporter 2. NPC intracellular cho-
lesterol transporter 2 (NPC2; also known as HE1) is an important  
cholesterol-binding protein secreted primarily in the epididymis and 
found in both epididymosomes and prostasomes63,122. NPC2 is thought 
to regulate epididymal sperm membrane cholesterol:phospholipid 
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Fig. 3 | Potential seminal plasma small extracellular vesicle protein 
biomarkers and their involvement in key events during sperm development 
and function. a, Spermatogonial migration for survival, fate maintenance and 
differentiation of germ cells. b, Spermatogenesis, transforming spermatogonia 
into mature spermatozoa. c, Post-testicular maturation of sperm within the 
epididymis comprises membrane lipid remodelling and dynamics for storage 
while preparing for capacitation. d, Preventing premature acrosome reaction 
during storage and epididymal transit. e, Decapacitation is a reversible process 
preventing spontaneous initiation of capacitation signalling cascades.  
f, Protection from reactive oxygen species (ROS) and subsequent oxidative 
stress caused by environmental factors and dead or dying sperm within the 
epididymis. g, Female reproductive tract migration enabled by the motility 

and boundary-following tendency of ejaculated sperm. h, Sperm motility, 
capacitation and AR enable navigation through the oviduct, hyperactivation  
and furrowing through cumulus cells to the zona pellucida (ZP). i, Sperm  
orientation is modulated by hyperactivation and enables sperm to furrow  
through the cumulus cell complex. j, Hyaluronidase enzymes are released  
by the acrosome to digest hyaluronan in the cumulus extracellular matrix  
and corona radiata, enabling access to the ZP. k, Sperm–ZP binding occurs  
once the acrosome reaction has caused the release of enzymes and surface 
antigens permitting fusion of the sperm plasma membrane with the ZP.  
l, Oocyte fusion and fertilization involves the sperm plasma membrane and 
the oolemma and releasing of the sperm pronucleus for fusion with the 
oocyte pronucleus.
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molar ratios during maturation in humans190, mice191 and pigs192,193 
(Fig. 3). Seminal plasma NPC2 content is considerably down-regulated 
in oligoasthenozoospermia and vasectomized men have reduced 
epididymal NPC2 expression, resulting in impaired sperm with abnor-
mally high cholesterol content190,194. Sperm from Npc2-knockout mice 
have reduced fertilizing ability and impaired energy metabolism 
linked to hyperactivation191. NPC2 as an epididymosome or prosta-
some protein marker has the potential to be an indicator of complete 
membrane-based sperm maturation and a functional epididymal 
environment (Table 1).

Epididymal secretory glutathione peroxidase. Epididymal secretory 
glutathione peroxidase (GPX5) is an isoenzyme with glutathione per-
oxidase activity secreted into the epididymis inside epididymosomes 
as free soluble proteins or bound to sperm membranes, functions in 
collaboration with GPX2 to protect sperm from lipid peroxidation and 
prevents premature acrosome reaction in the epididymis153,192,195–197 
(Fig. 3). Gpx5-knockout mice models show increased levels of oxidative 
stress in the testes, resulting in increased miscarriage and offspring 
mortality owing to developmental abnormalities in the embryos pro-
duced153. A positive relationship between seminal plasma GPX5 and 
both sperm quality and artificial insemination outcome in pigs has 
been observed198. GPX5 content in epididymosomes has the potential to 
reflect the antioxidant capacity of the epididymal lumen and protection 
of sperm during storage and migration through the epididymis (Table 1).

Sperm adhesion molecule 1. Sperm adhesion molecule 1 (SPAM1, or 
hyaluronidase PH-20) is a hyaluronidase enzyme found GPI-anchored 
on plasma membranes of both acrosome-intact and acrosome-reacted 
sperm heads199,200, and has a broad pattern of expression in both male 
and female reproductive tissues, including epididymosomes and 
uterosomes (uterine S-EVs)83,114. SPAM1 acts as a hyaluronidase in pen-
etrating the cumulus complex, and as a secondary sperm–ZP binding 
protein in acrosome-reacted sperm201,202, and is particularly active 
under neutral-pH conditions, such as those within the uterus and 
fallopian tubes during ovulation203 (Fig. 3). Epididymal SPAM1 has 
been shown to be transferred by epididymosomes to sperm, probably 
during sperm maturation in the epididymis83. Spam1-knockout mice 
sperm can penetrate the cumulus and fertilize the oocyte, the COC 
entry and cumulus navigation is impaired204. Thus, reduced content 
of SPAM1 might serve as a marker of poor cumulus entry and penetra-
tion, highlighting a major component of both natural conception and 
conventional IVF (Table 1).

Parkinson disease protein 7. Parkinson disease protein 7 (PARK7) is a 
multifunctional protein with possible involvement in protection from 
oxidative stress205, neuroprotection206 and male fertility207 and has 
been identified in epididymosomes surgically retrieved from vasec-
tomized men63. Immunocytochemical analysis has identified PARK7 
all throughout the male reproductive system including Leydig and 
Sertoli cells and sperm flagellar, suggesting functions in spermato-
genesis and sperm motility, respectively208,209 (Fig. 3). PARK7 down-
regulation has been observed in men with asthenozoospermia and 
has been attributed to poor oxidative stress management, causing 
reduced sperm motility207,210. A positive correlation was found between 
PARK7 expression and sperm superoxide dismutase (SOD) activity, 
leading to the hypothesis that PARK7 modulates SOD activity and has 
been supported by PARK7-knockdown cells showing reduced SOD3 
expression207,211 (Table 1). Reduced PARK7 expression might serve as a 

biomarker of increased exposure of sperm to oxidative stress during 
epididymal transit.

Seminal plasma S-EV microRNAs
S-EV miRNAs negatively modulate diverse biological functions at the 
post-translational level by inhibiting specific mRNA targets within tar-
get cells by binding to the 3’-untranslated region (UTR) of their target 
mRNAs and inhibiting protein synthesis by destabilizing the mRNA and 
translational silencing14,212–214. The miRNA contents of seminal plasma 
S-EVs differ greatly: substantially variable miRNA content was detected 
in epididymosomes from each portion of the epididymis64. Further-
more, studies have shown considerable biological value to measurable 
miRNA content in both prostasomes142,215,216 and epididymosomes217–219.

miRNA content patterns in seminal plasma S-EVs have the poten-
tial, along with proteins, to serve as biomarkers for pathophysiological 
states and have already been proposed as markers of prostate cancer216 
and azoospermia220. Encapsulation of miRNAs within S-EVs provides 
protection from extracellular conditions and enzymes while providing 
a more accurate representation of intercellular communication than 
circulating free miRNA that is possibly released by apoptotic bodies 
and cellular debris37. In one study, miRNA markers within seminal 
plasma S-EVs that could enable non-invasive prediction of whether 
surgical sperm collection was viable in men with azoospermia were 
identified205. First, miR-31-5p content in S-EVs in combination with 
blood follicle-stimulating hormone (FSH) concentration was proposed 
to identify samples from men with obstructive conserved spermato-
genesis or spermatogenic failure. Second, levels of miR-539-5p and 
miR-941 can be used as a method of identifying residual sperm in the 
testes. The results of this study corroborate associations between 
aberrant cell-free miRNA levels in semen and deviations in sperm qual-
ity in both whole seminal plasma221,222 and in S-EVs223. Comparison of 
seminal plasma S-EV miRNA from men with oligoasthenozoospermia 
with men with normozoospermia showed increased levels of miR-765 
and miR-1275 and a reduced level of miR-15a208. Furthermore, variable 
content of different RNAs in seminal plasma S-EVs from samples result-
ing in intrauterine insemination pregnancies versus failures has been 
observed, although this observation was not specific to miRNAs209.

As with proteomic analysis of S-EV contents, miRNA biomarker 
discovery relies on highly purified populations of S-EVs; therefore, 
contaminants can distort observations and conclusions made during 
deep sequencing of nucleic acids. Thus, optimizing S-EV purification, 
performing diverse and comprehensive miRNA discovery analysis 
and ultimately consolidating a biomarker panel, has the potential for 
personalized, point-of-need diagnostics in ART.

Clinical utility of seminal plasma S-EVs
The current diagnostic approaches to identifying causes of idiopathic 
and male-factor infertility begin with general health assessments, as 
well as clinical assessment of semen parameters such as those described 
by the WHO224. Semen diagnostics currently focus on observable semen 
characteristics and sperm functional parameters including semen vol-
ume, sperm concentration, motility, viability and morphology224. 
Sperm DNA fragmentation can also be assessed, indicating oxidative 
stress-based damage caused to sperm within the male reproductive  
system that has substantial negative effects on fertility225. Addition-
ally, congenital genetic abnormalities identified using chromosomal 
analysis contribute to 15–20% of severe instances of male-factor infer-
tility, whereas ~60% are idiopathic226. Other commonly identified 
causes of male-factor infertility are reproductive system anatomical 
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complications (including epididymitis and varicocele), testicular fail-
ure, anti-sperm antibodies and epigenetic changes227. The inability of 
health assessment and semen parameters to elucidate causes of idi-
opathic infertility, owing to considerable overlap of these parameters 
between fertile and infertile men, highlights the need for actionable 
molecular approaches to semen diagnostics.

The protein and miRNA landscape of seminal plasma S-EVs has been 
identified as a method of indicating sperm dysfunction with the accumu-
lation of the knowledge of protein and miRNA origin and biological func-
tion, as well as differential content of these protein and miRNAs within 
S-EVs from fertile and infertile men108,149,159,228. Using S-EVs for infertility 
diagnostics in ART requires three key components for routine adoption: 
first, an effective, simple and fast method of S-EV isolation from semen 
or seminal plasma, which would require a highly purified population of 
S-EVs, devoid of contaminants, whereby targeted analysis could identify 
sub-populations of S-EVs and/or measure relative abundance of specific 
proteins and nucleic acids, with pre-determined normalization and 
reference values; second, a robust panel of biomarkers that have been 
shown in randomized-controlled trials to have statistically significant 
correlations with specific deficiencies in sperm functions (such as 
sperm maturation, capacitation, acrosome reaction, motility, DNA 
fragmentation, sperm–ZP binding and sperm–oolemma membrane 
fusion) and subsequent downstream effects after oocyte fertilization; 
and third, an actionable output of information with statistical power, 
informing clinicians and scientists on how to personalize the treatment 
of a patient having undergone such a test. For example, biomarkers 
indicating dysfunction in sperm capacitation or interaction with the 
cumulus-oocyte-complex would indicate ICSI over conventional IVF, 
whereas those indicating poor blastocyst development might suggest 
earlier cleavage-stage embryo transfer rather than day 5 or 6 embryo 
transfer. Biomarkers of repetitive implantation failure or miscarriage 
might indicate pre-implantation genetic testing for aneuploidy to select 
euploid embryos. Using these tools could create a molecular method 
of reducing repetitive cycles for patients undergoing infertility treat-
ment, whereby unsuccessful cycles are inadvertently used as pseudo-
diagnostics to manipulate subsequent treatment approaches yet come 
with a substantial financial, emotional and physical cost for patients.

Isolation of S-EVs
Considering the considerable advances in separation science and cell 
isolation technology, isolating S-EVs as a pure population remains 
extremely difficult, particularly the differentiation of various subtypes 
of S-EVs and EVs of similar size from a highly heterogenous biofluid such  
as blood. To date, no fast, inexpensive, portable method of isolat-
ing S-EVs from seminal plasma or whole semen exists. Seminal plasma  
S-EVs have been studied by implementing and adapting conventional 
methods optimized for other body fluids as their clinical and diag-
nostic value increased55,142,229; however, difficulties arise when the pro-
cesses involved rely on multiple, laborious ultracentrifugation steps 
at various temperatures and require high initial volumes of sample to 
isolate a relatively pure population of S-EVs. Contamination by non-
S-EV proteins and extracellular subpopulations is common, which 
inevitably causes incorrect or inaccurate deductions from quantita-
tive biomarker analyses and other specific conclusions made from 
these samples230. These traditional and sometimes out-dated methods 
have also been observed to interfere with the structural morphology 
of native S-EVs231,232, distorting the reality of how these vesicles are 
structured and the mode by which they function. Additionally, the 
lack of portability and access to isolation methods in clinical settings 

can cause contamination and increased background when biofluids 
are cryopreserved before processing, whereby disruption of vesicles 
and cells causes protein and nucleic acid leakage, preventing pure sam-
ples of S-EVs from being isolated downstream233. With high-resolution 
next-generation sequencing for quick profiling of miRNA and liquid 
chromatography–tandem mass spectrometry for complex protein 
analysis, innovative and accurate methods of S-EV isolation have the 
potential to open up avenues of personalized medicine that have been 
previously neglected in ART.

The S-EV isolation approach must be tailored according to needs 
and outcome of analyses. For example, diagnostic research and study-
ing S-EV protein content can be approached in a global, exploratory 
mode or a targeted biomarker analysis. These metrics can be highly 
influenced by contamination, poor technique and operator variabil-
ity, therefore, careful selection of a method is required. Isolation of 
S-EVs for therapeutic purposes is a field in which S-EVs are used as 
possible target delivery mechanisms for drugs and biomolecules to 
treat disease and/or altered physiological states234,235. The Interna-
tional Society for Extracellular Vesicles (ISEV) recommends specific 
conventional approaches to experimental requirements based on S-EV 
specificity and recovery capabilities, as well as initial biofluid complex-
ity236. Conventional approaches to S-EV isolation thereby fall into four 
categories according to the ISEV recommendations: high recovery with 
low specificity; intermediate recovery with intermediate specificity; 
low recovery with high specificity; and high recovery with high speci-
ficity. However, high recovery with high specificity is considered by 
the ISEV to be unachievable with current technology236. These recom-
mendations remain broad and require thorough interpretation by 
researchers and operators and a clear understanding of experimental 
or clinical requirements and outcomes.

Conventional methods of isolating EVs include precipitation, 
differential and gradient density ultracentrifugation, size-exclusion 
chromatography (SEC), immune-affinity-based isolation and ultrafiltra-
tion218. The rapidly evolving field of microfluidics and integration with 
immunoaffinity-based capture, membrane-based filtration, nanowire 
trapping, acoustic nanofiltration, deterministic lateral displacement 
(DLD) and viscoelastic flow sorting, is enabling this technology to be 
used as a possible method of S-EV isolation for liquid biopsies218.

Conventional methods of S-EV isolation
Conventional methods of S-EV isolation are widely used and have largely 
been developed and optimized for blood and conditioned media and 
rarely for semen and seminal plasma. Raw semen and seminal plasma 
present similar challenges to blood, yet require adaptations to over-
come the specificities of the fluid. As with blood, semen has both a 
cellular fraction (sperm, immature germ cells, leukocytes and epithelial 
cells) and an acellular fraction (seminal plasma)237. However, isolation 
of S-EVs from raw semen presents a unique challenge in that sperm are 
motile and highly heterogenous from different donors or between ejac-
ulates of the same donor. Simple, low-speed centrifugation is effective 
at isolating sperm from semen, resulting in seminal plasma. Approaches 
to isolating S-EVs from semen are relatively uniform, in that most of 
these techniques begin with a simple, low-speed centrifugation step to 
remove large cells and particles, then either polymer precipitation or 
ultracentrifugation combined with SEC, gradients or filtration (Table 2).

Precipitation. Precipitation of S-EVs from biofluids has become 
a highly commercialized method of S-EV isolation as the need for 
ultracentrifugation is removed, improving accessibility and ease238. 
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Currently, two common approaches to S-EV precipitation exist, both 
of which require conventional centrifugation at lower speeds than 
ultracentrifugation (<10,000 g): polymer precipitation, which induces 
S-EV precipitation based on binding of hydrophilic polymers to water 
molecules surrounding S-EVs (Fig. 4Aa); and two-phase precipitation, 
which consists of a hydrophilic and hydrophobic solution added to a 

biofluid, enabling accumulation of S-EVs and other EVs in the hydro-
philic phase after centrifugation (Fig. 4Ab). Both methods of precipita-
tion produce higher S-EV purity and recovery than ultracentrifugation, 
assessed via size-distribution and concentration within the output 
solution239–241, yet risk damaging S-EVs and the precipitation matrices 
might influence S-EV biological activity and cargo characteristics238,242. 

Table 2 | Studies on seminal plasma S-EV isolation

Field of study Centrifugation Ultracentrifugation SEC Gradient Filtration Precipitation Specifics Organism Ref.

HIV ✓ ✓ X X X ✓ ExoQuick precipitation Human 229

HIV ✓ ✓ X X X ✓ ExoQuick precipitation Human 243

HIV ✓ ✓ X X X ✓ ExoQuick precipitation Human 246

HIV ✓ ✓ X X X ✓ ExoQuick precipitation Human 345

HIV ✓ ✓ X X X ✓ ExoQuick precipitation Human 244

HIV ✓ ✓ X X X ✓ ExoQuick precipitation Human 245

Prostasome analysis ✓ X ✓ X X X NA Human 143

Prostasomes improving 
swim-up sperm isolation 
efficiency

✓ ✓ ✓ X X X NA Human 346

Prostasome analysis ✓ ✓ ✓ X X X NA Horse 347

Prostate cancer 
prostasomes

✓ ✓ ✓ X X X NA Human 348

Prostasome analysis ✓ ✓ ✓ X X X NA Human 61

Epididymosome and 
prostasome analysis 
in patients undergoing 
vasectomy reversal

✓ ✓ ✓ X X X Epididymosomes: 
differential centrifugation; 
Prostasomes: differential 
centrifugation and SEC

Human 63

Prostasome function ✓ ✓ X ✓ X X Sucrose gradient Human 55

Prostate cancer 
prostasomes

✓ ✓ ✓ X X X NA Human 349

Prostasome function ✓ ✓ ✓ X X X NA Human 139

Progesterone-induced 
sperm motility

✓ ✓ ✓ X X X NA Human 27

Association of cystatin 
C with prostasomes in 
human seminal plasma

✓ ✓ ✓ X X X NA Human 350

Prostasome analysis ✓ ✓ ✓ ✓ X X Sucrose block gradient Human 134

Sperm capacitation ✓ ✓ ✓ ✓ X X Sucrose block gradient Horse 28

S-EV function (RNA) ✓ ✓ X ✓ X X Sucrose cushion gradient Human 142

S-EV miRNAs ✓ ✓ X ✓ X X Sucrose cushion gradient Human 351

Sperm function ✓ ✓ X X ✓ X Nanofiltration Pig 352

Prostasome analysis 
from normospermic 
versus non-
normospermic men

✓ ✓ X X X X NA Human 159

Azoospermia ✓ ✓ X X ✓ X Microfiltration Human 220

Prostate cancer ✓ ✓ X X ✓ X Microfiltration Human 216

Sperm motility and 
S-EVs

✓ ✓ X X X X NA Human 25

Oligozoospermia ✓ ✓ ✓ X X X NA Human 353

Epididymosome role  
in sperm maturation

✓ ✓ X ✓ X X Discontinuous iodixanol 
gradient ultracentrifugation

Mice 97

miRNA, microRNA; NA, not applicable; SEC, size-exclusion chromatography; S-EV, small extracellular vesicle.
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Polymer-based methods commonly involve the use of polyethylene 
glycol (PEG), which has been adopted and used to effectively isolate 
highly purified S-EVs from large volumes of biofluids using a method 
called ExtraPEG, which involves overnight PEG incubation at 4 °C, but 
requires a short ultracentrifugation step225. Furthermore, a technique 
to coat Fe3O4 magnetic nanoparticles with PEG has been developed to 
remove contaminating protein aggregates from serum S-EV isolates, 
improving S-EV purity when performing highly sensitive protein analy-
sis226. Commercial kits for S-EV isolation based on polymer precipita-
tion are available, such as the ExoQuick portfolio (System Biosciences), 
which has been shown to be highly effective for isolating and purifying 
S-EVs from semen243–246, serum247,248, human breast milk249 and bovine 
milk250 (Table 2). Commercial precipitation-based kits require lower 
sample input volumes (<1 ml) than ultracentrifugation (>1 ml)241 and 
are relatively simple to operate, but they have limited specificity for 
various S-EV populations, are relatively high cost and require further 
processing to remove precipitants before being analysed251.

Ultracentrifugation. Ultracentrifugation is the gold-standard parti-
cle separation technique based on size, consisting of sequential cen-
trifugation of the sample at progressively increasing speeds252. Cells, 
apoptotic bodies and large EVs are separated by initial centrifugation 
steps below 20,000g and S-EVs are isolated from protein aggregates 
using subsequent ultracentrifugation above 100,000g (Fig. 4B). This 
process requires high sample volume (millilitres) input owing to low 
recovery yield (5–25%) and long processing times253. Additionally, 
contamination with particles of similar size as well as particulates and 
protein aggregates cause decreased purity254,255. Furthermore, special-
ized equipment is required for ultracentrifugation, which might not 
be accessible to routine clinic and hospital laboratories and requires 
training and a dedicated team owing to long run times (>4 h)256,257.  
This low recovery yield has been improved with incorporation of gradi-
ent density-based ultracentrifugation, such as isopycnic density-gradient 
ultracentrifugation (particle density-based separation) (Fig. 4Ca) and 
moving-zone gradient ultracentrifugation (particle density and mass–
size separation)258,259 (Fig. 4Cb). Many seminal plasma S-EV isolation  
methods make use of ultracentrifugation (Table 2), most probably 
owing to the extremely high concentration of S-EVs in seminal plasma, 
negating the need for high recovery yields if labour, time and equipment  
are available25.

Size-exclusion chromatography. SEC has been used to remove S-EVs 
from fluids containing contaminants and protein aggregates in which 
pre-centrifugation is often required to remove large cells, EVs and cel-
lular debris260. The sample solution then flows through a stationary 
phase column containing a porous matrix using gravity, trapping and 
slowing of the flow of small particles and permitting faster elution of 
large particles (Fig. 4D). Thus, particles can be isolated based on size 
according to the time taken to flow through the stationary column. 
S-EV purity (based on size determination and albumin contamination) 
and structural integrity (determined via electron microscopy) are high 
with SEC; however, run times (owing to gravity often being the flowing 
force), yield and input volumes require improvement compared with 
other techniques261,262. Combinations of ultracentrifugation and SEC 
are often used to isolate S-EVs from seminal plasma with fairly good 
results (Table 2), but a series of laborious processing steps remain to 

reach unspecific populations of S-EVs. Commercial systems, such as 
the qEV Isolation platform (IZON Science), integrate a proprietary SEC 
column with an automatic fraction collector, which automates collec-
tion of eluents, minimizing labour requirements and improving the 
purity of size-based EV isolation, but are a relatively expensive invest-
ment263–265. Exo-spin™ (Cell Guidance Systems) provides a modular sys-
tem, adaptable to various requirements, enabling users to customize 
their column based on biofluid input, and to be effective at purifying 
S-EV populations from cancer cell lines266, serum267 and plasma240.

Immunoaffinity-based isolation. S-EVs have unique surface mark-
ers268; therefore, specific antibody binding affords the option to target 
populations of S-EVs and EVs in a heterogenous solution. S-EVs have 
ubiquitous surface protein markers regardless of origin, as well as 
organ-specific or tissue-specific markers, which give immunoaffinity-
based methods increased specificity when it comes to studying S-EVs269. 
Antibodies can either be immobilized on a stationary surface or on 
particles such as magnetic beads, which bind to specific S-EV popula-
tions in a biofluid, enabling simple elution of S-EVs with subsequent 
steps (Fig. 4E). S-EV purity and specificity remain high owing to S-EV-
specific antibodies selected (such as EpCAM or CD63), depending 
on unintended binding of antibodies to collateral cells and vesicles, 
sample volume processing capacity is limited257,270. Purity is assessed via 
immunostaining, western blotting and size-determination methods. 
S-EV recovery yields are lower than other methods and reagents are 
often costly, yet separation time is low and biofluid pre-processing is 
not required271. Comparison of immunological separation techniques 
with ultracentrifugation showed drastic improvements in yield (at least 
two-fold more) and purity of S-EVs based on quantification of common 
S-EV protein markers such as ALIX, TSG101, CD9 and CD81 (refs.252,253). 
Several immunoaffinity-based kits are commercially available for S-EV 
isolation, such as the MACSPlex Exosome Kit (Miltenyi Biotec), consist-
ing of a multiplex approach, and enable up to 37 surface epitopes for 
continuous flow cytometric detection of S-EVs within a biofluid. This 
kit provides a broad spectrum of detection for comprehensive and 
customizable detection of S-EVs for variable approaches.

Ultrafiltration. Filtration-based approaches to S-EV isolation are simple 
but often require integration with ultracentrifugation to separate S-EVs 
from protein aggregates of S-EV-sized nanoparticles after filtration240. 
Membranes with nanopores for size-based isolation of particles from 
a fluid can be used in various configurations260. Tandem-configured 
microfiltration consists of two or more nanofilters of known exclu-
sion sizes, arranged in a vessel that allows particles of desired size to 
flow through (Fig. 4Fa). Sequential ultrafiltration requires multiple 
steps of filtration through different vessels based on size (Fig. 4Fb). 
Tangential flow filtration (TFF) isolates particles from a sample feed 
stream, flowing parallel to a sequence of membranes of decreasing 
pore size, with a perpendicular tangential flow pressure directing 
particles through the membranes (Fig. 4Fc). Filtration is consider-
ably faster than ultracentrifugation but often requires high sample 
input volumes with substantial risk of low S-EV recovery, owing to 
pore clogging257,272. A major problem with filtration-based methods is 
membrane surface binding by vesicles and S-EVs that clog the mem-
brane pores and drastically reduce sample purity273. Membrane pore 
clogging can theoretically be avoided with repetitive washing steps; 

Fig. 4 | Conventional methods of isolating S-EVs and EVs from biofluids.  
A, Precipitation: polymer precipitation (part Aa) and two-phase precipitation 
(part Ab). B, Differential ultracentrifugation. C, Gradient density ultracentrifu-
gation: isopycnic density-gradient ultracentrifugation (part Ca) and the  
moving-zone gradient ultracentrifugation (part Cb). D, Size-exclusion 

chromatography (SEC). E, Immunoaffinity-based small extracellular vesicle (S-EV) 
isolation. F, Ultrafiltration: tandem-configured microfiltration (part Fa), sequential 
ultrafiltration (part Fb) and tangential flow filtration (part Fc). EV, extracellular 
vesicle; MV, microvesicle; PEG, polyethylene glycol; S-EV, small extracellular vesicle. 
Adapted from ref.260, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

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


Nature Reviews Urology

Review article

however, this process adds substantial amounts of processing time 
to each step. Ultrafiltration relies solely on size selection; therefore, 
S-EV purity is high based on size distribution; however, proteins and 
other nanoparticles are also selected273. Thus, extra selection for S-EV 
subpopulations and removal of protein and debris contaminants are 
required. A benefit of ultrafiltration is that large, specialized equipment 
is not required and many techniques only require simple, low-speed 
centrifuges. Commercial products such the EV spinner and TFF filters 
from HansaBioMed Life Sciences, are effective S-EV purifiers for use in 
conjunction with centrifugation274. Ultrafiltration has large scalability 
potential but with increasing flow pressures, shear stress and clogging 
might cause EV membrane damage and reduced EV output; however, 
automated TFF arrays running at low pressures with programmed 
washing and elution steps could negate these issues275,276.

The effectiveness of conventional methods of S-EV isolation relies 
heavily on the heterogeneity and complexity of biological samples 
and they often provide results that are dependent on substantial pre-
processing and debulking of collateral cells and contaminants before 
separation. The biochemical and physiological properties of EVs and 
S-EVs make the output of these techniques highly variable and opera-
tor dependent, without combining multiple techniques for improved 
results. For example, combining ultracentrifugation with targeted 
immunoaffinity capture can isolate S-EVs from the S-EV, protein and 
lipoprotein pellet created from only performing ultracentrifugation. 
However, these processes are associated with considerable time and 
costs and require complex equipment and dedicated staff to operate 
it. Microfluidics can integrate these methods and other methods ena-
bled only by the geometry and physics of microfluidic platforms, in a 
simplified, cost-effective and user-friendly format, therefore enabling 
routine use of S-EVs in medicine.

Microfluidic S-EV isolation and detection
Microfluidics is the study and manipulation of small volumes of fluid 
at the micrometre scale29, and in the context of S-EV isolation, relies 
upon the physical and biochemical properties of S-EVs including size, 
density, charge and surface proteins present to perform isolation256.

In 1990, Manz et al.277 pioneered microfluidic particle separation 
by showing the efficiency of electrophoretic separation in a “micro 
total analysis system” (μ-TAS), when compared with conventional 
electrophoresis; consequently, the use of microsystems capable 
of incorporating sampling, sample pre-treatment, separation and 
detection was proposed. Microfluidics has since evolved into a robust 
approach to miniaturizing, often simplifying conventional laboratory 
equipment251,278,279 and has shown promise for applications in infertility 
treatment with sperm selection from motile280–282 and azoospermic sur-
gical samples283–285, as well as routine use in clinical embryo and oocyte 
cryopreservation286. Commercial success has been achieved using 
microfluidic products both in sperm selection (such as the ZyMōt cata-
logue (ZyMōt Fertility)) and in embryo and oocyte cryopreservation 
(such as the Gavi® automated vitrification system (Genea Biomedx)). 
Microfluidic sperm selection is based on fundamentally different sci-
ence from the isolation of S-EVs dictated primarily by size differences 
in target cells or molecules. Sperm are motile and are ~55 000 nm in 
length, whereas the diameter of an S-EV is 30–150 nm (refs.13,287). Thus, 
the physics and geometry of sperm isolation microfluidic platforms are 
much larger and can work using static fluidics to exploit sperm motil-
ity or considerable differences in cell sizes283, whereas S-EV isolation 
requires flow and specific chemistry and physics to target S-EVs from 
other particles253.

Conventional isolation methods are often combined to create 
optimized protocols with increased S-EV yield and purity, but the inher-
ent weaknesses of each method can persist and are not fully overcome. 
However, microfluidics can combine conventional approaches on a 
single miniaturized platform, typically requiring drastically reduced 
sample input volumes and exploiting S-EV-specific physiology, chem-
istry and physics. Thus, microfluidics can enable isolation, detec-
tion, characterization and analysis of S-EVs from biofluids on a single 
platform. Isolation of S-EVs using microfluidics has been performed 
using multiple approaches, based on conventional methods such as 
immunoaffinity-based isolation and filtration, as well as novel tech-
niques such as deterministic lateral displacement (DLD), acoustic 
nanofiltration and nanowire trapping (Table 3).

Most microfluidic S-EV isolation platforms are purpose-built for 
cancer diagnostics with a blood-based or urine-based liquid biopsy 
approach. No semen or seminal plasma S-EV diagnostic devices exist, 
possibly because of the lack of consensus on S-EV importance in repro-
duction or the value of S-EV diagnostics in fertility. Furthermore, many 
of these devices have been designed to provide a point-of-care model 
to cancer diagnostics, whereas, if applied to infertility diagnostics, 
a point-of-need model would be more practical. Point-of-need diag-
nostics will help to shape and direct treatment before or during ART 
procedures. For general diagnostics, input volumes of liquid biopsies 
are often kept low but not at the expense of providing clinical signi-
ficance. Biofluids, particularly semen, are highly heterogenous in 
nature but have an extremely high concentration of S-EVs55. Available 
volumes vary greatly between patients and often limit functionality if 
recovery yields are low, providing clinically insignificant amounts of 
S-EVs for analysis when processed with conventional methods. In this 
regard, the microfluidic isolation of S-EVs benefits from the innate 
ability to process small volumes of biofluids and when using micro-
fluidic platforms for on-chip detection of specific S-EV populations or 
surface markers: limit of detection (LOD) is an important performance 
metric and depends largely on the target S-EV concentration within 
a given biofluid288. For example, healthy semen has trillions of S-EVs 
per ejaculate, reducing the importance of LOD. However, in the case 
of therapeutics, the scalable processing of biofluid volumes for bulk 
preparation of S-EVs is difficult and limits their commercial viability.

S-EVs are identified and counted using physical analysis methods, 
such as NTA, dynamic light scattering as well as scanning electron 
microscopy and transmission electron microscopy. These methods 
are effective at measuring S-EV size, concentration, and homogeneity, 
and are often used to validate these methods. However, an important 
caveat is the developer bias with idealizing representations of device 
performance based on simple, processed samples, such as conditioned 
media or highly processed and isolated S-EV samples, which might not 
equate to biofluids with increased complexity, such as whole blood. 
For example, recovery yield reporting might be misleading and should 
be analysed critically when deciding which technique suits specific 
requirements. S-EV capture efficiency is often quantified using relative 
protein content (Table 3), which has obvious flaws when considering 
soluble protein contaminants in complex biofluids. More complex 
investigation of S-EVs and their contents is performed using biochemi-
cal and compositional analysis based on immunodetection, flow cytom-
etry, western blotting, enzyme-linked immunosorbent assays (ELISA), 
mass spectrometry and PCR-based analysis of nucleic acids.

Detection and quantification of specific S-EVs post-isolation is 
commonly performed using flow cytometry; therefore, simplifying and 
improving flow cytometry workflows and equipment have garnered 
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Table 3 | Microfluidic approaches to S-EV isolation and detectiona

Method and description Field of application Sample Input volume 
(µl)

Flow rate 
(µl/min)

Recovery 
yield (%)

Isolation 
size (nm)

Ref.

Acoustic isolation

Continuous acoustic nano-filtration Ovarian carcinoma 
diagnostics

Ovarian carcinoma cells 
(OvCA429) (ultracentrifuged)

50 ~0.24 >80 ~30–200 354

Dual-module, cell-removal and S-EV 
isolation, acoustic filtration device using 
tilted angle standing sequential surface 
acoustic wave

General blood 
diagnostics

Whole blood 100 4 82 <150 312

Acoustic trapping of S-EVs within seed 
particles using scattered sound particle 
aggregation on an ‘AcouTrap’ instrument

General biomarker 
diagnostics

Conditioned culture media, 
urine and plasma samples 
(ultracentrifuged)

300–5,000 15 NA 30–500 355

Acoustofluidic S-EV and lipoprotein 
isolation using standing surface acoustic 
waves

General blood 
diagnostics

Plasma Continuous 
flow with pump

0.5 (dual 
inlets)

NA 20–600 356

Dielectrophoretic separation

ACE microarray chip with dielectrophoretic 
separation force

Glioblastoma 
diagnostics

Plasma or buffer spiked with 
glioblastoma S-EVs and EVs

30–50 ~3–5 NA 50–150 317

iDEP chip with borosilicate micropipette 
microarrays

General biomarker 
diagnostics

Healthy serum, saliva and 
conditioned media

200 NA NA 30–150 357

Microsphere-mediated immunocapture 
and detection with DEP integration on 
‘ExoDEP-chip’

Cancer 
diagnostics

Conditioned media from 
adenocarcinomic alveolar  
basal epithelial cells (A549),  
HEK293 cells and hepato-
cellular cancer cells (HepG2) 
(ultracentrifuged and diluted)

Continuous 
flow with pump

1 83.5 <150 318

DLD

DLD-based size exclusion array Pancreatic cancer 
diagnostics

BxPC-3 (pancreatic epithelial 
cells), extracellular shed 
vesicles (centrifuged) and 
packed RBC units

3,500 NA 39 <250 320

Nano-DLD sorting using micropillar array General blood 
diagnostics

Commercial urine-derived 
S-EVs

Continuous 
flow with pump

0.003 NA 20–110 358

Nano-DLD sorting using micropillar array Prostate cancer 
diagnostics

Serum and urine from patients 
with prostate cancer

1,000 15 50 30–200 35

FlFFF

FlFFF microfluidic separation based on 
hydrodynamic diameter

General biomarker 
diagnostics

HB1.F3 immortalized human 
neural stem cell isolated S-EVs 
in solution (centrifuged)

Continuous 
flow with pump

45 NA 30–120 325

Immunoaffinity (targeted marker)

Functionalized (CD63) channel with 
herringbone grooves

Cancer 
diagnostics

Serum (filtered) 400 13.1 42–94 20–135 293

Modified mica disc surfaces (CD41) with 
flow cell

General blood 
diagnostics

Plasma (centrifuged and 
diluted)

10 10 NA 30–140 295

Functionalized (CD63) multi-chamber and 
channel device ‘ExoChip’

Pancreatic cancer 
diagnostics

Pancreatic cancer patient and 
healthy serum

400 4 NA ~30–300 34

Reusable ‘nPLEx’ assay: functionalized flow 
cell (CD24, CD63 and EpCAM) with gold-
layered nanoholes and gold nanoparticle 
secondary labelling

Ovarian cancer 
diagnostics

Ascite samples from ovarian 
cancer cells (filtered)

Continuous 
flow with pump

10 NA ~100 298

Immunomagnetic (EpCAM, IGF1R, CA125, 
CD9, CD63 and CD81) microbeads

Lung cancer 
diagnostics

Plasma from patients with 
lung cancer (pre-mixed 
with microbeads)

30 2 NA ~40–250 232

Capture on functionalized (CD9 and HER2) 
gold electrodes using alternating current-
induced nanoshearing

Breast and 
prostate cancer 
diagnostics

Serum from patients with breast 
cancer and breast cancer 
(BT-474 and MDA-MB-23) and 
prostate cancer (PC3) cell line 
S-EVs (centrifuged) in PBS.

500 4.2 NA ~30–350 299
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Method and description Field of application Sample Input volume 
(µl)

Flow rate 
(µl/min)

Recovery 
yield (%)

Isolation 
size (nm)

Ref.

Immunoaffinity (targeted marker) (continued)

Immuno-magnetic S-EV RNA ‘iMER’ 
analysis using immunomagnetic beads 
(EGFR) and RNA isolation and real-time 
PCR integration

Glioblastoma 
cancer diagnostics

Serum from patients with 
glioblastoma (filtered) and GBM 
cell lines

100 4 93 <100 297

Continuous immunomagnetic (CA125, 
EpCAM and CD24) microbead capture 
‘ExoSearch’

Ovarian cancer 
diagnostics

Plasma 20 0.8 72 ~50–250 300

Immunocapture (CD63, CD81 and EpCAM) 
on graphene oxide and polydopamine-
coated, Y-shaped microposts with the 
‘nano-IMEX’ platform

Ovarian cancer 
diagnostics

Plasma (diluted) 20 0.05 NA <150 296

Two-step sandwich approach with 
functionalized (CD9 and CD63) gold surface 
and cancer-specific S-EV capture (HER2)

Breast cancer 
diagnostics

BT474 breast cancer cell-line 
and breast cancer patient 
serum

250 5 NA ~30–300 301

Smartphone-enabled optofluidic 
platform using negative (CD45 and CD61) 
and positive (CD81) enrichment with 
microbeads of different size ‘μMED’

Brain trauma 
diagnostics

Rat neuronal cell S-EVs and 
mouse serum

~100 <10 NA ~117 302

Capture on immunomagnetic (CD63) 
particles

Breast cancer 
diagnostics

Plasma from healthy individuals 
and patients with breast cancer 
(pre-incubation with capture 
particles) and breast cancer 
cell lines

~1,000 2 NA <100 294

‘ExoPCD-chip’ with magnetic bead (TIM4) to 
isolate CD63-positive S-EVs, with Y-shaped 
micropillars and electrochemical sensor

Liver cancer 
diagnostics

HepG2 cell line (centrifuged) 
and serum from patients with 
liver cancer

30 0.2 68.5 <150 32

Functionalized (CD63 and EpCAM) 
channels with herringbone pattern

Ovarian cancer 
diagnostics

Serum from patients with 
HGSOC (filtered)

100 20 ~60 30–150 303

Functionalized (CD63 and EpCAM) 
channels with herringbone pattern

Ovarian cancer 
diagnostics

Serum from patients with 
HGSOC (filtered), HGSOC cell 
lines, ovarian surface epithelial 
cells and fallopian tube 
secretory epithelial cells

100 20 NA NA 291

Functionalized (CD81, EpCAM, FRα) 
3D-herringbone nanostructure 
immunocapture in ‘Nano-HB chip’

Ovarian cancer 
diagnostics

Plasma 20–100 0.5 76.5–80 40–160 33

Micropillar-based PDMS chip (CD9) 
queuing functionalized beads and 
quantum dot probes

Lung cancer 
diagnostics

Plasma from patients with lung 
cancer (centrifuged)

80 3 NA ~25–250 359

Dual-module isolation of CTCs and S-EVs 
using immunocapture (MCAM and MCSP) 
on ‘dual-utilization OncoBEAN’ (DUO)

Melanoma 
diagnostics

Plasma from patients with 
melanoma (filtered)

1,000 16.7 75 ‘S-EV 
size’

304

Simple continuous flow microfluidic 
device using magnetic bead capture (CD9)

Pancreatic cancer 
diagnostics

Whole blood from patients with 
pancreatic cancer

Continuous 
flow with pump

50 NA 130 292

Magnetic bead immunocapture (CD63) 
on triangular pillar array and integrated 
Raman detection region with EpCAM-
functionalized Raman beads

Prostate cancer 
diagnostics

Serum from patients with 
prostate cancer and healthy 
donors

20 0.6 72.5 100 36

Membrane-based filtration

Pressure-based filtration Melanoma 
diagnostics

Mouse whole blood 3 0.075 >1.5 ~150 360

Electrophoresis-based filtration Melanoma 
diagnostics

Mouse whole blood 240 2 1.5 ~150 360

Electrophoretic filtration on nanoporous 
membrane

General 
diagnostics

Mouse plasma (diluted) 1000 20 65 10–400 361

Dual-filtre centrifugal microfluidic ‘Exodisc’ Cancer 
diagnostics

Urine 1,000 36 >95 20–600 323

Table 3 (continued) | Microfluidic approaches to S-EV isolation and detectiona
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Table 3 (continued) | Microfluidic approaches to S-EV isolation and detectiona

Method and description Field of application Sample Input volume 
(µl)

Flow rate 
(µl/min)

Recovery 
yield (%)

Isolation 
size (nm)

Ref.

Membrane-based filtration (continued)

Dual-filtre channel with on-chip ELISA-
based (CD63) detection

Bladder cancer 
diagnostics

Urine (centrifuged and filtered) 8,000 33 74.2 155 362

Modular ‘ExoTIC’ multi-membrane 
sequential filtre units

Lung cancer 
diagnostics

Blood plasma, urine, and lung 
BAL fluid from patients with non-
small-cell lung cancer (diluted)

500 25 NA 30–200 309

Dual-module filtration and immunocapture Biomarker 
diagnostics

Whole blood and PFP 500 22 94 50–200 278

Double nanofiltre ‘ExoID-Chip’ with 
integrated photonic crystal nanostructure

Breast cancer 
diagnostics

Serum from patients with breast 
cancer (centrifuged)

20 10 NA 20–200 363

Electrophoretic filtration on 
nanomembrane ‘ExoSMP’

Cancer 
diagnostics

MDA-MB231 cancer cell 
line-derived small EVs 
(ultracentrifuged)

500 5, 10 
and 20

94.2 30–120 310

Pressure-based filtration and CD63 
antibody immunoaffinity-based capture

Liposarcoma 
diagnostics

LPS cell lines (centrifuged) and 
serum from patients with LPS 
(centrifuged)

Continuous 
flow with pump

10–25 76% LPS 
cell lines 
32% LPS 
serum

125–165 364

Tangential flow filtration Cancer 
diagnostics

HeLa Kyoto EGFP-H2B cell line 
and plasma (ultracentrifuged)

500 50 87 ~140 365

Nanowire trapping

Ciliated porous silicon micropillars General 
diagnostics

Mixture of BSA, liposomes and 
beads

30 10 60% 83 nm 
liposomes, 
15% 120 nm 
liposomes

80–160 326

Nanowire-embedded PDMS surface 
microchannel

Bladder and 
prostate cancer 
diagnostics

Urine 1,000 50 ~99 <200 30

Ciliated anti-CD63 micropillars Breast cancer 
diagnostics

Breast cancer cell line 
MDA-MB-231 (centrifuged)

Continuous 
flow with pump

10 ~75 ~100 327

EWI-2 peptide-functionalized ZnO 
nanowire micropillars

Breast cancer 
diagnostics

MDA-MB-231 (breast cancer 
cells) cancer-derived S-EVs

Continuous 
flow with pump

50 ~70 80–160 31

Two-phase precipitation

Aqueous two-phase serpentine 
microfluidic system using PEG and DEX

General blood 
diagnostics

Human plasma (diluted and 
centrifuged)

10 (continuous 
flow with a 
syringe)

2 83.4 40 366

Inertial and viscoelastic flow

Viscoelasticity-based microfluidic 
separation of S-EVs

Cancer 
diagnostics

Adenocarcinoma human 
alveolar basal epithelial cell 
isolated S-EVs

Continuous 
flow with pump

3.3 >80 <200 324

Rapid inertial solution exchange ‘RInSE’ 
(CD63 and EpCAM)

Cancer 
diagnostics 
(melanoma and 
breast cancer)

Prepared healthy whole blood 
and melanoma cell culture 
and breast cancer cell culture 
(centrifuged, RBCs lysed and 
incubated with capture beads 
and labels)

Continuous 
flow with pump

70 NA ~30–120 367

‘µCENSE’ low-speed centrifugal PDMS 
microfluidic disc

Breast and lung 
cancer diagnostics

Breast adenocarcinoma 
cell line MCF-7 and lung 
adenocarcinoma cell line H1975

15 NA 90 ~50–200 368

Wave-like channel, viscoelasticity-based 
microfluidic separation of S-EVs using 
poly-(oxyethylene) sheath fluid

Breast cancer 
diagnostics

MCF-7 and MDA-MB-231 cell 
culture isolated S-EVs

Continuous 
sheath flow 
with pump

25 81 30–200 369

Sequential, waved channel PDMS inertial 
flow chip

Cancer 
diagnostics

Nasopharyngeal cancer C666-1 
cell-conditioned media

Continuous 
flow with pump

25 NA <500 370

ACE, alternating current electrokinetic; BAL, broncheolar lavage; BSA, bovine serum albumin; CTC, circulating tumour cell; DEP, dielectrophoretic; DEX, dextran; DLD, deterministic lateral 
displacement; ELISA, ELISA, enzyme-linked immunosorbent assay; FIFFF, flow field-flow fractionation; HGSOC, high-grade serous ovarian cancer; iDEP, insulator-based dielectrophoretic; LPS, 
lipopolysaccharide; NA, not applicable; PDMS, polydimethylsiloxane; PEG, polyethylene glycol; PFP, platelet-free plasma; RBC, red blood cell; S-EV, small extracellular vesicle. aBiofluids are of 
human origin unless otherwise stated.
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attention, with innovative approaches, such as improving antibody 
binding and subsequent S-EV capture by bead nanocoating with metal 
organic frameworks materials to increase surface area289. Nanocoat-
ing increases antibody immobilization density on the beads and further  
increases detection resolution of S-EV biomarkers for use in diagnos-
tics. Improving flow cytometry sensitivity and resolution to cater for 
S-EV size has also been achieved using high-throughput nanoflow 
cytometry systems such as the Flow Nanoanalyzer (NanoFCM), which 
operates with high resolution and sensitivity to nanoparticles from  
7 to 1,000 nm, also providing comprehensive measurement of particle 
size, concentration and phenotyping.

Similar to conventional methods, the quantitative and qualita-
tive approaches to analysing S-EVs isolated from microfluidic devices 
differ greatly between studies. In the majority of studies, total S-EV 
level measurement, S-EV subgroup differentiation, or intravesicular 
proteins or mRNA analysis is performed253. Several devices integrate 
two approaches to isolation into a single chip, providing improved 
outcomes but increasing the complexity of the device. However, these 
devices display the potential for an integrated platform, functioning 
as an S-EV isolator, quantifier and analyser.

Immunoaffinity capture microfluidics. Like conventional immu-
noaffinity-based methods, microfluidic immunoaffinity-based S-EV 
capture is relatively simple and has high S-EV specificity256. S-EV capture 
methods are based on two fundamental applications of this technique: 
antibody modification to solid surfaces within the microfluidic chan-
nels or capture beads with immobilized antibodies. S-EVs bound on 
magnetic beads are retained using an external magnetic field, whereas 
capture beads are commonly magnetic, enabling protein aggregates 
and other contaminants to be flushed through the device232. Antibody 
binding specificity is unique amongst other methods in that it ena-
bles S-EV or EV differentiation amongst heterogenous populations. 
Immunoaffinity-based and capture-based microfluidic S-EV isolation 
are by far the most common techniques used, with an abundance of 
novel platforms having been developed. CD markers are commonly 
used as targets for specific S-EV immunocapture. These markers (or 
tetraspanins) are a discrete feature of all S-EVs, irrespective of origin154. 
Importantly, antibodies are not the only affinity-based molecules that 
can be used to isolate and detect S-EVs, antibody mimetic molecules 
such as affibodies, have been shown in conventional immunoaffinity 
isolation to bind with high affinity to S-EV surface proteins290. Aptam-
ers also bind effectively to S-EV surface markers and can produce 
a detectable signal upon S-EV binding, enabling on-chip detection 
capabilities90.

Capturing S-EVs on functionalized surfaces requires optimized 
interaction between as many S-EVs as possible within the biofluid or 
solution and the surface. A herringbone micromixer structure has 
been used to considerably improve capture efficiency270. This design 
has subsequently been replicated and improved upon by Dorayappan 

and colleagues291. Y-shaped micropillars were used in two platforms to 
increase retention time, mixing, and aid in exosome capture31,273,. The 
Nano-IMEX platform was created using a graphene oxide and polydopa-
mine nanocoating on these micropillars, which enables improvement 
of S-EV capture at the 3D-nanostructured interface273. Efficiently using 
antibodies to selectively isolate a target range of surface antigens has 
been effective in multiple devices based on a functionalized channel 
surface or capture beads using CD9 (ref.292), CD63 (refs.34,36,293,294), CD41 
(ref.295), CD81 (ref.296), epidermal growth factor receptor (EGFR)297, TIM4 
(ref.32) or multiple markers in conjunction, such as CD24, CD63, EpCAM, 
FRα, IGF1R, CA125, HER2, MCAM and MCSP33,232,291,296,298–304 (Table 3).

Alternatively to surface immobilization, functionalized micro-
beads have also been effective for isolating S-EVs. By mixing functional-
ized microbeads with S-EVs before sample input, separating, washing 
and analysing (visualization, characterization and molecular profiling) 
on chip becomes possible232,294 (Fig. 5a). The ExoPCD-chip includes an 
array of Y-shaped micropillars to repetitively cross mix S-EVs and Tim4-
modified magnetic microbeads, increasing collisions and, therefore, 
capture32. The Nano-IMEX platform had similar capabilities to the 
ExoPCD-chip, using enzyme-linked immunosorbent assay (ELISA)-
based S-EV detection, showing extremely high sensitivity to targeted 
S-EVs and an LOD of 50 S-EVs μl−1 (ref.296). Multiscale integration using 
a designed self-assembly system has also been developed for the Nano-
HB chip, which had a similar herringbone nanopattern with increased 
surface area for interactions and on-chip detection of CD24-positive, 
EpCAM-positive and FRα-positive S-EVs at an extremely low LOD of  
10 S-EVs μl−1. The ELISA-based μMED platform282 involves negative label-
ling of common S-EVs from leukocytes and platelets and positive  
labelling of target S-EVs to diminish background contamination when 
analysed using smartphone-based fluorescence detection, resulting in 
an LOD of 104 S-EVs μl−1. The Raman Biochip immunocapture platform is 
integrated with a Raman detection region using EpCAM-functionalized 
Raman beads to detect specific S-EVs post CD63-bead capture on-
chip34. This detection is performed by measuring surface-enhanced 
Raman scattering peaks, providing a simple method of distinguishing 
between serum from healthy individuals and serum from patients with 
prostate cancer. On-chip multiplexed real-time quantitative PCR has 
been used to identify mRNA content specific to glioblastoma S-EVs277.

These prototypes display high specificity for S-EVs and require 
low input volumes, displaying potential for point-of-care diagnostics 
when integrated with simple methods of characterization and analysis 
of S-EVs. However, the high specificity for S-EVs has been brought into 
question, as common S-EV surface markers have been detected on both 
microvesicle membranes and apoptotic bodies, highlighting the risk 
of contamination reducing sample purity305,306. However, the use of 
increased flow rates has, in some cases, been detrimental to the capture 
efficiency and recovery yield of S-EVs32. Furthermore, the high cost of 
S-EV-specific antibodies limits scalability and increases in processing 
times owing to pre-incubation steps could be improved.

Fig. 5 | Examples of microfluidic-based methods of S-EV isolation and 
detection. a, Immunoaffinity-based microfluidic small extracellular vesicles 
(S-EV) capture232. Immunoisolation and on-chip detection of S-EVs using 
immunomagnetic beads enriched with common S-EV antibodies. b, Membrane-
based microfluidic filtration323. Centrifugal microfluidic platform (Exodisc) using 
dual membrane filters to isolate S-EVs with a low-speed centrifuge. c, Acoustic 
nanofiltration312. Separation of S-EVs using a dual-module ‘acoustofluidic’ 
platform with interdigital transducers, creating acoustic waves that discriminate 
between particle size. d, Dielectrophoretic (DEP) microfluidic S-EV isolation317. 
Isolating S-EVs using an alternating current electrokinetic microarray chip, 
concentrating S-EVs on microelectrodes. e, Nano-deterministic lateral 
displacement (DLD) microfluidic S-EV isolation35. A flat channel microfluidic 

platform with parallel pillar arrays shifted laterally down flow direction to 
separate particles in a passive flow. f, Inertial and viscoelastic flow microfluidic 
platform309. Separation of S-EVs using particle migration behaviour caused by 
size-dependent elastic lift forces in a viscoelastic medium. g, Flow field-flow 
fractionation (FlFFF) microfluidic S-EV isolation325. Fractionation of S-EVs 
according to hydrodynamic diameter, in which a carrier flow separates particles 
based on size when met by perpendicular field flow. h, Nanowire trapping 
microfluidic platform326. Separation of S-EV-like microvesicles using ciliated 
silicon nanowires electrodeposited on uniformly arranged micropillars using 
silver nanoparticle catalysts. EV, extracellular vesicle; MV, microvesicle; PBS, 
phosphate buffered saline; PEO, poly-(oxyethylene); PLT, platelet; RBC, red blood 
cell; WBC, white blood cell.
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A simplified and rapid ELISA-based method of detecting isolated 
S-EVs has been proposed, although not yet integrated into microfluidic 
systems, and provides a simple negative or positive result. This method —  
lateral flow immunoassay testing or rapid antigen testing — is well 
established but has only just been applied to isolated cancer S-EVs and 
consists of a capture antibody (CD81) and detection probe (CD9 conju-
gated with gold nanoparticles)307. Briefly, an S-EV solution is transferred 
into a microtube containing the detection probe and homogenized, 
then a nitrocellulose dipstick strip with an anti-tetraspanin antibody 
test line (T) and an anti-mouse immunoglobulin antibody control 
line (C) for test verification, is placed into the microtube and allowed  
to run for 15 min. Unbound AuNP conjugates migrate further to  
the control line whereas test S-EVs remain on the test line, indicating the 
presence of the test S-EV population. This test showed a LOD 8.54 × 105 
S-EVs/μl for detection with the naked eye. The addition of quantifica-
tion to this test was attempted using magnetic nanoparticles and an 
inductive sensor308. Using CD63, total EV content was measured, and 
a targeted S-EV quantification was performed using EVs expressing 
CD147, a potential colorectal cancer biomarker. This system provided 
quantification using optical measurements for test line colour intensity 
from a lateral flow analyser as well as magnetic detection of test lines 
using a home-made inductive sensor. This technology has the potential 
for cheap and fast point-of-care diagnostics, but it remains effective 
only using isolated S-EVs in enriched media and has not been shown 
to function in minimally processed biofluids, such as seminal plasma 
after low-speed centrifugation.

Membrane-based filtration microfluidics. Membrane-based filtration 
in microfluidics is comparable with conventional ultrafiltration, in that 
nanomembranes are used to isolate particles by movement through 
pores of a predetermined size251. Thus, nanoporous membranes only 
permit flow of particles smaller than that of the pore size. A microfluidic 
filtration-based platform has been developed in which either pressure-
based filtration or direct-current electrophoresis can be used to iso-
late S-EVs from mouse whole blood288. The pressure-based method 
clogged the nanopores after extracting only 4 μl of filtrate, whereas 
the electrophoresis-based isolation negated this issue by removing 
protein aggregates and resulted in substantially higher recovery of 
S-EVs with 79.10 (±67.31) ng average RNA per 100 μg protein versus 
6.62 (±1.84) ng for the pressure-based method, as well as a higher flow 
rate of 2 μl min−1 versus 0.075 μl min−1 for the pressure-based method 
(Table 3). These outputs required improvement, and dual-filtration 
platforms have since been developed, such as the Exodisc, which has 
two integrated nanofilters with low-speed centrifugation to supply 
flow forces; EVs within the size range of 20–600 nm are isolated using 
20-nm pores (Fig. 5b). A dual-nanofilter ExoID-Chip was developed that 
improved size specificity of EV isolation and integrated detection on 
the device with photonic crystal nanostructures290,309. Size specificity 
was then further increased using the modular ExoTIC system, which 
consists of multiple membranes with various pore sizes (200, 100, 50 
and 30 nm), enabling connection in sequence for specific size ranges 
to pass through291. This system is simple, fast and has an extremely 
high yield compared with conventional methods, showing a four-
fold higher yield of S-EVs from culture media and up to 1,000-fold 
higher yield of S-EVs from blood plasma than ultracentrifugation. The 
ExoSMP has a tri-layer, dual-filtration (100 and 30 nm) and an electro-
phoretic separation channel310. High S-EV recovery (94%) was reported 
using this device, but cancer cell culture media were used, not highly 
heterogenous whole blood, serum or plasma.

Filtration alone has a high size specificity but lacks selectivity 
between S-EV populations or vesicles of similar size253. Thus, filtration 
is better used as an initial isolation step before more selective methods 
such as immunoaffinity rather than being used as a lone isolation tech-
nique. A tri-modular, pneumatically driven, microfluidic platform capa-
ble of extremely high S-EV recovery yield (94%) has been developed258. 
S-EVs were isolated from blood using a pressure-driven nanoporous 
filter with a 200-nm pore size and then enriched with magnetic-bead 
immunocapture using CD63-antibody-coated microbeads, premixed 
with S-EVs and fluorescent markers in an on-chip vortex micromixer. 
Fluorescence was then detected using a photomultiplier tube equipped 
on a fluorescence microscope. Another pressure-based system has 
been created that integrates a 200-nm nanoporous filter with a CD63-
antibody-functionalized channel293; however, a low S-EV recovery yield 
(32%) from serum of patients with liposarcoma was achieved.

Acoustic isolation microfluidics. Acoustic isolation microfluidics 
(also known as acoustofluidics) is a size-based method of isolating 
EVs consisting of acoustic waves that subject varying forces to par-
ticles based on their size311. A dual-module acoustofluidic filtration 
platform for whole blood was developed using tilted angle standing 
surface acoustic waves on each module294 (Fig. 5c). The initial module 
removes microscale blood components and cells (red blood cells, 
white blood cells and platelets), and enriches EVs, whereas the second 
module separates EVs into S-EVs and other vesicles based on size. This 
device produced high recovery of S-EVs (82%) and requires no sample 
pre-processing. Similar prototypes using standing surface acoustic 
waves to isolate vesicles from conditioned media with blood microvesi-
cles295 and plasma294 have also been created. A commercially available 
AcouTrap instrument (AcouSort AB) was used to trap S-EVs amongst 
larger seed particles from culture media, urine and plasma using scat-
tered sound particle aggregation296. S-EVs are then released once the 
acoustic wave is turned off.

Acoustofluidics is a new method of microfluidic S-EV isolation and 
requires further development; the contactless, rapid and label-free 
properties have the potential for widespread use, but this platform 
has limited specificity when targeting specific S-EV populations similar 
to other size-based selection methods such as membrane and inertial 
microfluidics311,312.

Dielectrophoretic separation microfluidics. Dielectrophoretic (DEP) 
separation is based on the dielectric force experienced by particles 
within a non-uniform electric field313. This electric field causes spatial 
polarization based on particle size and the electrical properties of the 
surrounding medium. The intensity and frequency of the electric field 
can be manipulated to alter particle polarization314–316. This method has 
been used in microfluidic separation of S-EVs from undiluted plasma317. 
This device consists of an alternating current electrokinetic microar-
ray using a DEP force to isolate glioblastoma S-EVs in low electric field 
areas (Fig. 5d). However, this technique suffers from electrothermal 
heating, which causes reductions in separation ability. Another device, 
called the ExoDEP chip, integrates immunoaffinity-based capture on 
microspheres in DEP-based trapping chambers containing pairs of 
interdigital DEP electrodes, trapping S-EV-bound microspheres with 
an up to 83% recovery yield from conditioned media318. This platform 
also integrates S-EV detection on-chip and has an extremely low LOD 
of 193 S-EVs ml−1. Another DEP-based device differed in that the electric 
field gradient formed at the tip of borosilicate micropipettes and used 
a relatively low voltage direct current302. This design might negate 



Nature Reviews Urology

Review article

unintended heating, but improving S-EV isolation purity is difficult 
with this method when processing complex biofluids. Furthermore, 
the lack of usability and perceived difficulty in scalability and manu-
facturability means that this method has limited potential for routine 
and translatable use.

Deterministic lateral displacement microfluidics. Deterministic 
lateral displacement (DLD) microfluidic separation consists of an array 
of micropillars to passively separate S-EVs based on size using a continu-
ous flow through the array319. Micropillars are arranged such that the 
interaction of microparticles with the micropillars can precisely control  
the trajectory of these particles and isolate particles greater or smaller 
than a predetermined critical diameter (Dc). The flow path of particles 
with a diameter greater than the Dc will be altered, whereas particles with  
a diameter less than the Dc will remain unaffected. Multiple experi-
mental DLD devices have been developed to isolate nanoparticles319–322.  
An important innovation was made by developing a Nanoscale-DLD 
array in which pillar gap sizes ranged from 25 to 235 nm, enabling 
targeted isolation of S-EVs between 20 and 100 nm, yet functioned 
with a very low flow rate of ∼0.003 μl min−1 owing to the high hydrody-
namically resistive features required to isolate exosomes through these 
arrays305. This prototype was improved by integrating >1,000 nanoDLD 
arrays on a single chip, therefore, increasing the flow rate to 15 μl min−1 
and S-EVs were isolated from the serum and urine from patients with 
prostate cancer with a S-EV yield (50%)35 (Fig. 5e). This improvement in 
yield is considerable higher than that of a previous DLD-based device 
reporting a yield of 39%320, but the yield of other techniques such as 
membrane filtration (Table 3) is better278,323. Microfluidic DLD-based 
S-EV isolation is often a label-free process; however, reduced S-EV yield 
and clogging risks reduce the practicality of this technique compared 
with other methods.

Inertial and viscoelastic flow microfluidics. S-EV isolation using 
viscoelastic flow is based on the migration patterns of particles in 
non-Newtonian viscoelastic fluids using inertial properties to iso-
late S-EVs324. A sample fluid containing S-EVs is loaded into a chan-
nel with a dynamic sheath flow containing a viscoelastic medium, 
which subsequently creates an elastic lift force, manipulating and 
isolating S-EVs and particles in the medium according to size260.  
A viscoelasticity-based microfluidic platform was developed that is 
capable of separating S-EVs with >80% S-EV recovery at a moderate  
flow rate of 3.3 μl min−1 from conditioned media using a continuous flow  
of 0.1% poly-(oxyethylene) (PEO) sheath fluid324. The isolation of  
S-EVs <200 nm was set by PEO concentration within the sheath 
fluid, and this size distribution can be manipulated in increasing or 
decreasing PEO concentration (Fig. 5f). A similar platform was cre-
ated that had a wave-like channel structure and a slightly higher PEO  
concentration (0.16%) and much higher flow rate (25 μl min−1)306. This 
platform improves the rate recovery of S-EVs from conditioned media 
when compared with the previous platform (25 versus 3.3 μl min−1); 
however, testing on unprocessed, heterogenous biofluids would be a 
better indication of the efficacy of these approaches than using con-
ditioned media. A simple inertial microfluidic system was designed 
with a wave-like series of channels with variable thicknesses but low 
specificity for particles under 500 nm when processing conditioned 
media307. Not inertial microfluidics, but a simple, centrifugal force-
based EV separation device called CEntrifugal Nanoparticles Separa-
tion and Extraction (mCENSE) has been developed308. This device is 
easy to use but has poor specificity when targeting S-EVs, yet provides 

a potential platform for downstream integration with other methods 
to improve specificity.

Integrating inertial microfluidic approaches with other techniques 
such as immunocapture can improve S-EV specificity, such as with 
the RInSE platform, in which inertial focussing and buffer exchange 
enabled flow cytometry analysis with continuous fluorescence detec-
tion on-chip with an unreported LOD, and selective immunocapture 
for more in-depth analysis downstream. Similar to DLD, inertial and 
viscoelastic flow microfluidic devices suffer from a lack of specificity 
in S-EV targeting without the use of immunoaffinity binding or more 
specific size discrimination.

Flow field-flow fractionation microfluidics. Flow field-flow frac-
tionation (FIFFF) microfluidics is an elution-based method of isolat-
ing microparticles and nanoparticles from solutions based on size325. 
Isolation occurs using a migration flow in a rectangular channel with an 
applied secondary crossflow field containing S-EVs. First, this crossflow 
is applied through a porous channel, creating a diffusion of particles 
based on size against the wall of the channel causing differential dis-
tribution and smaller particles to distribute at a higher mean elevation 
while larger particles remain lower325. The parabolic migration flow is 
then applied, which removes the smaller particles with a higher mean 
layer thickness first while larger particles elute last (Fig. 5g). This tech-
nique was demonstrated by isolating S-EVs from conditioned culture 
media using a continuous flow pump, as well as partnering the isolation 
with liquid chromatography–tandem mass spectrometry310. Recovery 
yield or purity was not reported but the relatively high flow rate would 
enable samples to be processed in a short time.

Nanowire trapping and filtration microfluidics. Nanowire trapping 
is the multiscale filtration of particles within a solution based on size  
and electrostatic interactions, using nanowires coating micropillars and  
surfaces326. This pore-free filtration has the capability to trap S-EVs  
and vesicles within a particle size range that can be subsequently recov-
ered by elution. A platform with a silicon-ciliated micropillar ‘forest’ was 
developed that is capable of capturing liposomes from a conditioned  
test solution with an input volume of 30 μl and variable recovery yield 
of 60% using 83 nm liposomes and only 15% using 120 nm liposomes311 
(Fig. 5h). The liposomes were then eluted by dissolving the ciliated 
nanowires in PBS for 24 h. A ZnO nanowire-coated polydimethylsi-
loxane surface was created that is able to isolate EVs of S-EV size and 
morphology without the need for a lengthy elution process28. This 
device had an in situ lysis step for miRNA analysis. This technique was 
estimated to have a recovery yield of 99% from urine; however, vesicles 
captured by this method lack specificity.

The purity of S-EV populations captured in nanowire devices can 
be improved via integration with immunocapture techniques, which 
have shown improved recovery yields (70–75%) in isolating breast can-
cer S-EVs31,327. This technique has potential owing to the high recovery 
yield and low run times; however, delicate microstructures require 
simplification and optimization for capture. The lack of robustness and 
integrity of these nanofilaments under increased flow rates is a major 
flaw when compared with more versatile yet less specific systems, such 
as inertial microfluidics.

Microfluidics is a field in which persisting problems faced by con-
ventional methods, such as starting sample volume, reagents required, 
time and cost efficiency, and output purity can be addressed. Innova-
tive design and rigorous optimization are required, but the potential 
for routine use of microfluidics in isolating EVs and S-EVs for clinical use 
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is now being realized as new technologies are applied to nanoparticle 
separation and adapted for use in microfluidic devices. The potential 
for extremely high separation specificity and purity of output samples 
provides new possibilities for meaningful analysis of targeted popula-
tions of S-EVs and, therefore, with further development, providing the 
possibility of analysing EVs and specifically S-EVs as biomarker carriers.

Idealized diagnostic systems for male infertility
The technology and theoretical basis for an ideal S-EV testing system 
in male infertility diagnostics might not yet exist, but with microfluid-
ics and increased biomarker research, it could become a reality soon. 
Hypothetical, idealized systems based on two different approaches have 
potential in biomarker-based diagnosis of male factor infertility (Fig. 6).

Point-of-need system
A simplified, point-of-need system to identify the levels of three key 
biomarkers related to sperm dysfunction and subsequent male-factor 
infertility, which is based on rapid lateral flow immunoassay technol-
ogy is one potential approach308 (Fig. 6A). This test should be fast, 
cheap and user-friendly, centred around point-of-need diagnostics 
and implemented during sperm isolation within an IVF cycle or during 
semen analysis for screening. A lateral flow analyser for optical quan-
tification of reads (to prevent user variability for T-line assessment), 
such as the ESE-Quant LR3 lateral flow system (Qiagen Inc.) is required 
for a basic output. Isolated seminal plasma would be incubated and 
homogenized with three types of nanoparticle-conjugated antibod-
ies chosen for biomarker utility (in this case, CRISP1, SPAM1 and MIF). 
These antibody conjugates and seminal plasma will be transferred to 
three nitrocellulose strips and placed into a lateral flow reader, which, 
using optical colour intensity measurements, quantifies increased or 
reduced levels of each biomarker based on predetermined ranges. 
For these three potential biomarker examples, low content of CRISP1 
and SPAM1 could indicate possibly impaired sperm interaction with 
the ZP and cumulus cells; thus, ICSI might lead to higher fertilization 
than conventional IVF. Similarly, increased MIF could indicate impaired 
sperm motility and increased sperm DFI, prompting ICSI as well as 
further investigation into sperm DFI analysis.

Multianalyte diagnostics
A multianalyte comprehensive microfluidic-based semen analyser 
would provide a higher-resolution output of information than a point-
of-need system (Fig. 6B). Briefly, a disposable microfluidics chip will be 
inserted into a specially designed comprehensive semen analyser and 
reader, which will prime the chip’s channels with a buffer and raw semen 
will be aliquoted directly into the machine at an inlet. Once primed, the 
machine will then allow the semen to flow into the microfluidic chip 
inlet (Fig. 6Ba). The sample will flow into a semen analysis chamber in 
which basic semen parameters, including sperm concentration, motil-
ity and sperm morphology, will be assessed using computer-aided 
semen analysis software (Fig. 6Bb). Simultaneously, a portion of the 
sample flows through the device along with a dilution buffer through 
a nanoporous membrane filtration module with 200-nm pores, isolat-
ing only S-EVs and proteins (Fig. 6Bc). The semen filtrate then flows 
into an immunocapture module and binds to a functionalized her-
ringbone surface with S-EV-specific surface marker antibodies CD9, 
CD63 and CD81 bound with fluorescent reporter antibodies33 while 
the protein-containing filtrate is collected and filtered once again to 
remove any S-EVs or other debris apart from soluble proteins, and is 
analysed later (Fig. 6Bd). After sufficient S-EV capture has occurred, 

determined by exosome-bound reporter antibody fluorescence, elu-
tion buffer is re-flushed over the functionalized surface to release the 
captured S-EVs (Fig. 6Be). The eluent is divided and analysed within 
the device with distinct, clinically relevant outputs (Fig. 6Bf). This 
approach need not be rapid and could be implemented during fol-
licle stimulation, providing important information relating to sperm 
functionality and the approach to insemination that would offer the 
highest rate of success. This improvement in success would be achieved 
by both replacing current diagnostics for semen and adding multiple 
molecular predictors of fertilization rates, embryo quality and preg-
nancy outcome. Soluble proteins, S-EV protein and miRNA panels will 
be assessed based on predetermined biomarkers of all stages of sperm 
function. These biomarkers would be used to identify possible impair-
ments in sperm function that are not identified by computer-aided 
semen analysis. These outputs can provide information to clinicians 
and scientists to tailor treatments to patients before insemination and  
embryo creation, further personalizing treatment and possibly  
elucidating idiopathic infertility.

Future directions
Seminal plasma as a biofluid for liquid biopsies is relatively easy to 
acquire and store, enabling integration into diagnostic workflows in 
hospitals, clinics or even homes. The clinical implications of under-
standing male reproductive S-EV contents and their interaction with 
sperm in instances of both male and female infertility include the abil-
ity to elucidate therapeutic approaches directed by S-EV protein or 
nucleic acid profiles and provide actionable molecular and mecha-
nistic information for clinicians to tailor ART treatments to a patient’s 
pathophysiology down to a molecular level. However, overcoming 
the practical limitations of isolating and using S-EVs in diagnostics or 
therapeutics requires substantial progress.

Protein and miRNA biomarkers might be a step towards refining 
decisions in treating infertility. For example, identifying protein levels 
in S-EVs related to poor sperm–ZP binding might indicate improved 
outcomes by performing ICSI as opposed to IVF, to bypass the interac-
tion between sperm and ZP, therefore, reducing the risk of fertilization 
failure. This knowledge could reduce time to pregnancy and have major 
financial and emotional benefits for patients and could be executed by 
hypothetical idealized systems (Fig. 6). S-EV miRNA has been used to 
predict the presence of testicular sperm in men with azoospermia205, 
which could prevent unnecessary surgery and the associated costs. The 
potential for S-EV-based therapeutics in ART is also incredible: purified 
S-EVs from men with normospermia who had undergone vasectomy 
can improve sperm motility; however, S-EVs purified from men with 
asthenozoospermia reduce motility68. This observation not only shows 
that seminal plasma S-EVs function independently of seminal plasma 
and also in the post-ejaculation period, but additionally highlights 
the feasibility of S-EV supplementation to improve sperm parameters 
clinically, or S-EVs serving as delivery vehicles for drugs or nutrient 
molecules ex vivo. The future of S-EVs in drug delivery therapeutics is 
promising, with technology for the manipulation of target-cell-specific 
moieties on S-EV membranes improving, as well as integration with 
therapeutic cargoes and the understanding of biodistribution in the  
body234,235. However, the primary limitations remain in the large- 
scale isolation of pure populations of S-EVs and efficient storage of 
these S-EVs for future use.328. Currently, microfluidics might not provide  
the scalability for large-scale S-EV isolation in therapeutics, but the 
personalized patient-specific diagnostic potential of microfluidic 
S-EVs cannot be ignored.
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Fig. 6 | Idealized seminal plasma diagnostic systems. A, A point-of-need 
diagnostic system based on rapid lateral flow immunoassay technology 
using three proposed seminal plasma biomarkers (CRISP1, SPAM1 and MIF) to 
determine an insemination approach. B, Multianalyte diagnostic microfluidic 
device and reader using semen analysis, biomarker panel-based proteomics 
and microRNA (miRNA) analysis to inform clinical decisions based on sperm 
functionality. Ba, Raw semen is loaded into the reader and flows through the 
loading inlet into a disposable microfluidic chip within the reader. Bb, Computer-
assisted semen analysis (CASA) assesses semen parameters. Bc, Multianalyte 

reader flows semen through 200-nM nanofilters to isolate small extracellular 
vesicles (S-EVs) and soluble proteins. Bd, S-EV filtrate then flows over an 
antibody-functionalized herringbone surface and the non-bound proteins are 
collected for analysis in which the S-EVs are captured on the functionalized 
surface (part Be). Bf, Elution buffer flows over the immunocapture module and 
releases S-EVs from the herringbone surface into the elution tube, which is then 
analysed with targeted proteomics and miRNA analysis. DFI, DNA fragmentation 
index; ICSI, intra-cytoplasmic sperm injection; IVF, in vitro fertilization; ZP, zona 
pellucida.
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Overall, four key parameters must be addressed if microfluidics is 
to be applied in clinical diagnostics in ART: cost effectiveness, usabil-
ity, reproducibility and accuracy. Devices can often be manufactured 
on an industrial scale through injection moulding or polymer cast-
ing, enabling rapid production once functional and workable devices 
are developed, or developed around complex multianalyte readers. 
Supplementary components do increase costs but provide powerful 
multiplexing capabilities, enabling sorting, detection and analysis 
on a single platform. The usability of a microfluidics platform relies 
heavily on the simplicity of the system workflow, and device proto-
cols need to be robust enough to avoid human error. In routine ART, 
microfluidics-based devices could be integrated into pre-treatment or 
post-treatment diagnostics to identify underlying molecular causes of 
infertility. Processing times of even the most laborious and delicate 
microfluidic devices are still lower than those of conventional methods, 
although purity and yields vary. The high concentration of seminal 
plasma S-EVs enables sufficient S-EV output for meaningful analysis 
even from low-yield devices, provided that purity is high. To create 
reproducible diagnostic systems, simple operation by non-expert or 
semi-expert users, combined with consistent flow behaviour of semen 
or seminal plasma with varying viscosities and densities, is required. 
Validating these microfluidics devices using analytical methods such 
as NTA and electron microscopy is simpler once a working product is 
developed. Medical safety regulatory bodies also require extensive 
conformity assessments for newly developed medical devices and 
proof of accuracy with diagnostic devices.

Conclusions
The versatility of S-EV function and variability of their contents high-
lights the necessity for innovative methods of exploiting these func-
tions while further characterizing proteins and nucleic acids within 
S-EVs. S-EV function relating to infertility and the associated dysfunc-
tions in human reproductive systems are not fully understood, but 
these vesicles present a new mode of approaching stagnating success 
rates within ART and could provide a basis for strong basic science sup-
porting clinically relevant research and ultimately translation. A high 
demand for novel methods of diagnostics and therapeutics remains, 
especially when approaching idiopathic infertility, and with further 
development of microfluidics platforms to integrate routine S-EV iso-
lation and analysis, with proven biomarkers, clinicians can be better 
informed when approaching arguably ambiguous treatment decisions.
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