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Recent decades have seen a growing interest in the study of extracellular vesicles
(EVs), driven by their role in cellular communication, and potential as biomarkers of
health and disease. Although it is known that embryos secrete EVs, studies on the
importance of embryonic EVs are still very limited. This limitation is due mainly to small
sample volumes, with low EV concentrations available for analysis, and to laborious,
costly and time-consuming procedures for isolating and evaluating EVs. In this respect,
microfluidics technologies represent a promising avenue for optimizing the isolation and
characterization of embryonic EVs. Despite significant improvements in microfluidics for
EV isolation and characterization, the use of EVs as markers of embryo quality has
been held back by two key challenges: (1) the lack of specific biomarkers of embryo
quality, and (2) the limited number of studies evaluating the content of embryonic EVs
across embryos with varying developmental competence. Our core aim in this review is
to identify the critical challenges of EV isolation and to provide seeds for future studies to
implement the profiling of embryonic EVs as a diagnostic test for embryo selection. We
first summarize the conventional methods for isolating EVs and contrast these with the
most promising microfluidics methods. We then discuss current knowledge of embryonic
EVs and their potential role as biomarkers of embryo quality. Finally, we identify key ways
in which microfluidics technologies could allow researchers to overcome the challenges
of embryonic EV isolation and be used as a fast, user-friendly tool for non-invasive
embryo selection.

Keywords: embryo, extracellular vesicles, microfluidics, embryo selection, extracellular vesicles isolation

INTRODUCTION

The selection of the most fit embryo (i.e., highest developmental potential to result in a pregnancy
and birth of a healthy offspring) for transfer after in vitro production remains one of the biggest
challenges faced by embryologists today. Historically, evaluation of embryo quality has been
performed by analyzing embryo morphology under a light microscope (1, 2). It is becoming clear,
however, that embryo competence can be compromised in morphologically normal embryos (3),
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as evidenced by differences in in vitro and in vivo embryo
transcriptomics and methylomics (4, 5), which could result in
implantation failure or miscarriages early in pregnancy (6, 7).
Invasive pre-implantation genomic testing for aneuploidy has
improved embryo selection since the transfer of chromosomally
normal embryos has resulted in better implantation rates and
reduced miscarriages (7, 8). However, ~30% of transferred,
chromosomally normal embryos still fail to implant,
demonstrating a clear need to improve embryo selection
prior to transfer (9). In recent years, the evaluation of embryo
morphokinetics has also been used, and has been positively
correlated with implantation success (10, 11). Moreover, embryo
metabolism has also emerged as a method for evaluating
embryonic competence. The assessment of specific metabolites,
such as oxygen, amino acids, glucose, lactate, leptin, and
sHLA-G, were already described as possible markers for embryo
selection (12-14). Although, current studies have provided a
glimpse of the diverse metabolic mechanisms used by pre-
implantation embryos, we have only scratched the surface
in understanding these mechanisms and their control (15).
There lacks a clear understanding of the broader context of the
embryonic metabolic environment, and importantly, of which
pathways to use to promote optimal quality (15).

To bridge this knowledge gap, significant attempts are being
made at finding measurable and reproducible non-invasive
variables to be used as biomarkers for pre-implantation embryo
selection. Following this principle of non-invasive biomarker
search, extracellular vesicles (EVs) arise as a promising field to
elucidate different aspects of embryo biology. EVs are membrane
encapsulated units carrying regulatory molecules, including
proteins, peptides, RNA species, lipids, and DNA, that have
emerged as an important mechanism of cell communication
(16, 17). EVs are classified as: exosomes (40-140 nm in size),
secreted from most cell types after fusion of a multivesicle body
with the plasma membrane (exocytosis); microvesicles (100-
1,000 nm), shed via budding from the plasma membrane; and
apoptotic bodies (50-5,000 nm), which are outward budding or
blebbing from apoptotic cells (18, 19) (Figure 1). The release
and uptake of EVs by cells depend on different stimuli, cell
signals and biochemical stressors (9). Consequently, EVs have
been isolated from most bodily fluids, and it is evident that
they have a key role not only in the regulation of physiological
processes, but in the pathology underlying several diseases.
Different studies have been performed to elucidate the versatile
roles of mammalian cell-released EVs in health and disease, and
their use as biomarkers for diseases, such as prostate cancer
(20), pre-eclampsia (21), breast cancer (22), glioblastoma (23),
neurological disease (24), among others.

Although significant effort has been placed onto this nascent
field of research, the use of EV's as biomarkers of embryo quality
remains limited by the lack of exclusive biomarkers, limited
sample volumes and concentrations, inefficient separation
methods, and most importantly, the lack of an automated, user-
friendly, reproducible method for isolating and characterizing
EVs in low concentration, small-volume samples. In this regard,
microfluidics has emerged as a promising tool to create platforms
for processing small amounts of fluids (microliter to picoliter)

(25, 26). Besides the small-volume capacity, microfluidics
protocols can be performed with a high level of purity and
sensitivity, while reducing the cost, the volume of reagents
expended, and time invested in the process (27, 28). In this
review, we aim to summarize the knowledge of the most
commonly used methods for EV isolation, elaborate on the
possibilities offered by microfluidics to improve and standardize
current EVs isolation methods, and provide insight on the use of
EVs as biomarkers of pre-implantation embryo quality. Finally,
we debate the prospective applications of integrated microfluidic
platforms for isolating and characterizing EVs from embryo
culture media, for embryo quality analysis and their potential use
as diagnostic devices in the near future.

CONVENTIONAL EV ISOLATION METHODS

Conventional methods for isolating and purifying EVs from
a broad range of biofluids are used widely in established
laboratory and clinical protocols. These methods isolate EVs
on the basis of their physical properties, such as size
and density (ultracentrifugation, density gradient, filtration),
and physicochemical interactions such as their differential
solubility (chemical precipitation), and protein expression
(affinity capture) (29). These techniques can be classified
into four subgroups based on: (1) ultracentrifugation (UC),
(2) filtration (3) precipitation and (4) affinity (Table1). All
conventional techniques vary in their specificity and recovery
(i.e., yield) (30). According to the Minimal Information for
EV Studies guidelines (MISEV2018), the yield of EV isolation
methods can be positioned within a recovery vs. specificity
grid that ranges from low to high along each dimension
(31). Concentration or “enrichment” of EVs is performed
with or without separation using techniques such as UC and
precipitation, which increase the EV count per unit volume or
relative to another component. Separation of different types of
EVs from each other is more challenging and can be achieved
to various degrees by immune- or other affinity isolation.
Some complementary techniques can be combined into multi-
step isolation protocols as opposed to single-step procedures,
depending on the downstream analysis (33). The choice of
isolation protocol is made based on the type of biofluid, nature
of research (e.g., basic vs. clinical), experimental question,
scalability and reproducibility of the technique, and EVs end-
use (32). As a result, isolation approaches can vary between
studies, depending on the downstream application and scientific
question. Though some effort has been made to standardize the
EV isolation methodologies and create best-practice guidelines
(e.g., EV-TRACK) (34), the lack of community standards and
the inability of current methods to isolate EVs with high
enough quality and quantity have created a major “isolation
problem” in the field of EV research (35, 36). Highly purified
EVs are needed to attribute a function or a biomarker to
vesicles as compared with other excretory-secretory bioparticles,
especially when evaluating the relative importance of EVs for
a detected function. Absolute purification of EVs from non-
vesicular substrates (i.e., with high recovery and specificity)
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FIGURE 1 | Biogenesis and release of extracellular vesicles (EVs). Microvesicles bud directly from the plasma membrane; exosomes are formed by budding of small
vesicles into early endosomes and multivesicular endosomes, which are released by exocytosis; and apoptotic bodies are released by outward blebbing of apoptotic
cells (16). This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.
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remains a major challenge for common EV isolation protocols.
Contaminants such as free proteins, ribonucleoproteins, and
lipoproteins may co-isolate with EVs and impact the yield,
diversity and functions of recovered EVs (37, 38). Therefore,
conventional isolation methods have intrinsic limitations that
impair their use in biomarker discovery. The following sections
describe these established methods, their working principles, and
their advantages and shortcomings.

Ultracentrifugation Based Isolation

Ultracentrifugation is currently considered the gold standard for
EV isolation from different biofluids, and the technique of choice
in approximately 56% of all laboratories (39). Centrifugation
is a single-step and label-free method that isolates EVs by
accelerating their natural sedimentation rate, which is based on
the difference of their density compared to the surrounding
media. The protocol consists of successive centrifugation steps

with increasing centrifugal force (g) to remove contaminants that
are larger than the EVs and then pellet the EVs. The efficiency
of EV isolation by centrifugation depends on many factors, such
as acceleration force, type of rotor and its characteristics, and
sample viscosity (30, 40). The main limitations of UC are that it is
time-consuming, requires expensive ultracentrifuge equipment,
and results in relatively low recovery of EVs (41, 42). Different
UC techniques have been developed to isolate smaller from
larger EVs selectively. These methods are discussed further in the
following subsections.

Differential Ultracentrifugation

Differential UC was the first method used to isolate EVs (43)
and continues to be the most common method to concentrate
EVs from body fluids and cell media (38, 44). It involves the
use of successive centrifugation steps with varying g forces to
separate particles. In this method, a low-speed centrifugation
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TABLE 1 | Comparison of conventional EV isolation methods [based on (30-32)].

Isolation Sample EV size Recovery Specificity Processing time Major Major artifact
method volume (nm; on (h) contaminant
average)
Ultracentrifugation nl—=mL 20-100 Low to Low to 2-96 Similar sized EV-particle
based methods intermediate intermediate contaminants and aggregates
lipoproteins

Size based pl—=mL 50-200 Intermediate Intermediate 0.3-2 Same size particles  EV-particle

methods aggregates

Precipitation nl—-mL 60-180 High Low 0.3-12 Protein Protein complex,

based methods EV-particle
aggregates

Affinity based wb 40-150 Low High 4-20 Soluble proteins

methods

“Recovery” refers to the percentage of total EVs preserved after isolation. “Specificity” refers to the recovery of a subtype (or few subtypes) of EVs.

pre-step removes cell debris, after which vesicles are isolated
at 19,000-100,000 x g (45). This enables the enrichment or
concentration of different EVs fractions; however, complete
separation is not achieved. The disadvantages of differential
UC are associated with the use of high centrifugal forces and
density-dependent isolation. Vesicles can clump as a result of
protein aggregation at high velocities (46). Because centrifugation
separates particles by density, the recovered pellet contains both
EVs and smaller contaminants with similar density, such as
viruses, proteins, protein aggregates, lipoproteins and cellular
debris. As a result, classical differential UC can result in low
recovery of small EVs (5-25% of starting concentration of
exosomes) (47). This technique is, therefore, more appropriate
for laboratory applications than clinical; however, isolation
protocols can vary between labs resulting in inconsistencies
from different centrifugation time, speed, type of rotor or
other technical factors (e.g., temperature) (34). Additionally,
this method is not well-suited for the recovery of EVs from
high viscosity biofluids such as plasma (40). Newer UC based
techniques are being designed for the selective isolation of
EVs subtypes by combining centrifugation with ultrafiltration
or size-exclusion chromatography (45) (see section Filtration
Based Methods).

Density Gradient/Cushion Ultracentrifugation

Density-gradient ultracentrifugation (DGUC) is a variation
of the UC method that includes an additional sucrose
gradient/cushion step or OptiPrep™ velocity gradient to separate
EVs based on their buoyant densities with increased sample
purity. In this method, a sucrose gradient (20-60%)/cushion
(30% sucrose) or 5-40% iodixanol gradient is incorporated
into the centrifugation protocol to purify and isolate specific
EV fractions (density range between 1.13 and 1.19 g/mL)
and eliminate contamination (48). Once EV-rich fractions are
obtained, they are usually purified with UC or size-exclusion
chromatography (see section Ultrafiltration). Sucrose is the most
commonly applied density gradient for EVs isolation; however,
sucrose-DGUC protocols may result in the loss of biological
function due to the applied gradient being hyperosmotic and
the extreme g-forces leading to disruption and loss of EVs (30).

Unlike sucrose, iodixanol-DGUC forms iso-osmotic solutions
at all densities and preserves the sizes of EVs in the gradient
(49). The DGUC approach is commonly a two-step isolation
method, involving direct UC followed by DGUC, but new single-
step methods are being developed (50). Although DGUC allows
higher purity separation of EVs based on their densities, some
high-density lipoproteins (HDLs) can be co-isolated (51). This
method also suffers from the impracticalities associated with UC
(i.e., long turnaround time, specialized equipment).

Filtration Based Methods

Numerous protocols for EVs isolation are based on separating
them by their size using filtration methods, which are discussed
in the following subsections.

Ultrafiltration

Ultrafiltration (UF) allows the separation of EVs from soluble
components. The soluble components are eluted using a filter
and either applying pressure or placing in an ultracentrifuge.
Because of the applied pressure, deformable EVs may pass
through the filter. UF is more time efficient than UC and
is effective at concentrating EVs, requiring about 20 min to
recover up to 80% EVs and concentrate them up to 240-fold
(52). Many commercially available filtration methods are based
on sieving the sample through a nanoporous membrane using
centrifugation, pressure or vacuum; however, UF alone is not
applicable for EV isolation since there are no standardized
protocols and EVs can be lost through irreversible binding to
the membranes or through blockage of the membrane pores by
protein aggregates (30, 35).

Size-Exclusion Chromatography

Size-exclusion chromatography (SEC), also referred to as “gel
filtration,” is a single-step liquid chromatography technique
that isolates EVs based on their size distribution in solution
(53). It involves eluting EVs on a single column (either
commercial or homemade) based on a size cutoff determined
by choice of exclusion matrix (54). SEC is the method of choice
for the isolation of high concentrations of EVs from highly
complex fluids such as plasma with very low co-isolation of
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contaminants (99% soluble plasma proteins and >95% HDLs
removed) (55). For solutions such as cell culture media, which
are less concentrated in EVs, the EVs are pre-concentrated
with UF (UF-SEC) (56). The SEC approach has the advantages
of recovering EVs with more intact biophysical composition,
smaller size distribution profile, and higher functionality (57-
59). The sample processing time is short (20 min), and the
SEC components are inexpensive, although sample preparation
and washing are still relatively laborious. One of the main
disadvantages of using liquid chromatography techniques is that
manual collection is required, which may introduce operator-
related variability, and make comparisons across samples
challenging to impossible. Another limitation is the dilution
of the purified sample, which requires additional concentrating
steps and may reduce recovery/yield. Compared to UC, there is
no risk of protein complex formation and vesicle aggregation
or contamination with particles having overlapping densities
(53), however, SEC only permits efficient isolation of EVs
larger than the pore size of the column matrix (55). The
column height, column diameter, pore size of matrix and
sample volume can be optimized to improve the recovery and
purity of isolation. Newer commercially available core bead
chromatography techniques using bind-elute SEC (BE-SEC or
BEC) columns have been shown to purify EVs time efficiently
with 80% recovery (60). The BEC method is multistep and
requires samples to be pre-concentrated with spin filters (usually
100 kDa) using Tangential Flow Filtration (TFF) to reduce
impurities from being loaded into the column. This combined
TFF-BEC can process larger volumes of conditioned media
(up to 200 mL) (60).

Precipitation Based Methods

Precipitation based methods are the second most popular
method after UC (used in 26% of all research papers) (30).
Precipitation kits/polymers are based on the fact that EVs change
their solubility and/or aggregate, instead of isolating them based
on their density and size. The most widely used precipitation
method is discussed further in the following subsection.

Polymeric Precipitation

Polymeric precipitation is based on the formation of a mesh-like
polymeric web that captures EVs of a smaller size range, usually
between 60 and 180 nm, which are later pelleted at low centrifugal
speeds. Multiple commercial precipitation kits are available to
precipitate EVs from different biofluids. These kits are based on
the super hydrophilic volume-excluding polymer poly-ethylene
glycol (PEG) to isolate EVs based on their decreased solubility
in PEG solutions (30). PEG is a non-toxic and non-denaturing
water-soluble synthetic polymer and is the most effective in
terms of both its precipitating ability and cost. In most methods,
samples are incubated with PEG at 4°C for up to 12h and
centrifuged at low speed to collect precipitated EVs in the
buffer. Since EV's are negatively charged due to the presence of
phosphatidylserine on their surface, charge-based precipitation
could also be performed in the presence of PEG by using
positively charged molecules such as protamine (61). PEG has
also been used along with dextran to create a two-phase system

for isolation that significantly decreased protein contamination
(62). Conversely to PEG, some precipitation methods rely on
hydrophobic interactions to aggregate EVs by “salting them
out” using sodium acetate; however, this procedure is non-
specific (63). Precipitation allows for a greater yield of the
EVs (90% recovery); however, it can also co-isolate lipoprotein
contaminants, especially from serum samples (42, 52). It should
also be noted that although this method is inexpensive, requires
no special equipment and is comparable between low and
high sample volumes, PEG precipitation is not suitable for
EV biomarker identification since it concentrates EVs (32).
For biomarker identification, EVs should be isolated before
concentration by precipitation.

Affinity Based Methods

Affinity based methods are a new and upcoming solution to
the EV isolation problem. Their working principle is based
on adsorption or ionic interactions with the molecules on the
EV outer surface. Although these methods are multi-step and
time-consuming, they can isolate specific EV subtypes with
high recovery. Different affinity-based isolation techniques are
discussed in the subsequent sections.

Immunoaffinity Capture

Immunoaffinity purification or immunoprecipitation (IP),
also known as immuno-capture, exploits the presence of
characteristic surface proteins on certain EV classes. Specifically,
this method relies on the use of antibodies to target EV
receptors/surface markers such as tetraspanins (CD9, CD63,
and CD81), heat shock proteins and MHC antigens (64).
Antibodies can be used to select EVs either positively
(immune-enrichment) or negatively (immune-depletion)
from culture media or body fluids (35). IP assays trap/adsorb
EVs using a diversity of antibodies coated on fixed phases
such as magnetic/non-magnetic microbeads, silica microtips,
surface plastic plates, cellulose filters or membrane affinity
filters, and many proprietary IP based isolation kits are
commercially available [reviewed in (30)]. IP techniques are
more efficient and economical than commercially available
precipitation or sedimentation-based EVs purification Kkits
(65). IP protocols can isolate EVs subpopulations with high
specificity regardless of size (62); however, this concomitantly
lowers recovery/yield compared to methods that rely on EVs
physical properties (48). Other affinity capture methods have
been developed that target proteoglycans, heat shock proteins,
phosphatidylserine, glycoproteins and glycolipids, however,
many of these approaches require pre-isolation via methods such
as UF and are therefore more complex and time-consuming
(30, 66).

Affinity and lon-Exchange Chromatography

Both affinity chromatography (AC) and ion/anion-exchange
chromatography (AIEX) are affinity-based chromatographic EV
isolation techniques with the advantage of higher throughput.
AC is based on interactions with immobilized ligands on the
stationary phase, while AIEX uses a positively charged matrix
to attract negatively charged EVs (54). The AC strategy involves
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tagging EVs for capture in the affinity columns, which can then
be eluted to recover enriched tag-specific EVs (67). The AIEX
protocol has been recently improved to enable the isolation from
up to 1 L of cell media within 3 h with fewer protein contaminants
than UC and TFF (68) and sucrose- DGUC (69).

MICROFLUIDICS FOR EV ISOLATION

Driven by recent advances in microfabrication science,
microfluidics has emerged as a low-cost and promising
tool for biological studies. The highly efficient separation and
isolation of micron or nano-sized particles inside a particular
volume of fluid are among the remarkable advantages of
microsystem devices. This attracts research attention for the
on-chip assessment of biological samples. It has been shown
that microfluidic techniques enable an accurate and sensitive
sorting of different subpopulations of EVs by reducing the
consumed reagents, manufacturing cost, and experimental
time (70-72). Aside from immunoaffinity-based EV isolation
methods, microfluidics offer label-free extraction of EVs, which
only rely on the physical properties of the EVs, regardless of
their biochemical properties. Size or density-based separation
techniques are the most frequently used label-free methods
on both active and passive microfluidic platforms. Although
active microdevices consist of multiple complex components
and require advanced equipment for the manufacturing process,
they reveal better performance for nano-scaled size separation
and can be rapidly adjusted for a specific desired size. Here,
different microfluidics-based active (centrifugal and acoustic
microfluidic; Figure 2) and passive techniques (immunoaffinity,
filtration, viscoelastic, and hydrodynamic flows; Figure 3) for EV
isolation will be elaborated and discussed. These techniques are
summarized in Table 2.

On-Chip Centrifugation

Centrifugal microfluidic platforms have been applied to
different biomedical fields such as drug discovery, mixing
of various reagents, plasma separation, cell lysis, analyte
detection, and colorimetric detection of biomarkers (82-85).
Compared to other chip-based separation techniques, centrifugal
microfluidic platforms are mounted on a simple motor to
impose desired forces for the liquid manipulation process,
thereby eliminating the need for syringe pumps to introduce
the sample into microchannels. The centrifugal “lab-on-a-
disk” allows density-based separation of particles by imitating
the classical sedimentation and separation techniques in an
automatic manner at smaller scales (86). The density-based
approaches benefit from the differential centrifugal force acting
on separated elements, causing the denser objects to sediment
faster in a radially outwards direction along the centrifugal
force vector, while the supernatant objects are transferred
downstream (87). In 2018, Yeo et al. introduced a label-free
centrifugal microfluidic model for the extraction of EVs from
cell culture medium (73). Their microdevice was used to separate
bioparticles below 100 nm in a few minutes with 90% efficiency
and 85% purity. The device consisted of three main sections:
the microfluidic chip, the rotor assembly, and the centrifugal

rotor. The microfluidic chip consisted of one serpentine inlet
(to provide sufficient hydrodynamic resistance toward fluid
movement), a separation segment and two outlets for size-
selective separation (Figure 2A). In the microdevice, various
forces, including drag, Coriolis, pressure, buoyancy, and Euler
forces, act on the particles changing their path to one of the
outlets. The direction of the centrifugal force is perpendicular to
the axis of fluid flow and is counteracted by hydrodynamic drag,
buoyancy, and Coriolis forces. The resultant terminal velocity
of nanoscale-sized EVs moves them toward the outer channel
wall. This migration is dominated by centrifugal force, which
is proportional to the square of particle diameter. As a result,
larger particles experience larger centrifugal force and migrate
longer distances. In this way, microvesicles can be separated
from exosomes at a second outlet (73).

Acoustofluidic Separation

In this technique, a pair of interdigital transducers (IDTs) are
patterned on a piezoelectric substrate, usually lithium niobate
(LINbO3) wafer, to form an acoustic field inside the fluid domain.
Because of the inverse piezoelectric effect, applying a sinusoidal
signal to the IDT results in the propagation of two surface
acoustic waves in the piezoelectric domain (88). The interaction
of counter-propagating acoustic waves produces a standing
surface acoustic wave (SSAW) field within the microchannel.
The pressure fluctuation induced from SSAW leads to the
generation of pressure nodes (minimum pressure amplitude)
or antinodes (maximum pressure amplitude) in the medium,
generating acoustic radiation and viscous forces. The magnitude
of acoustic radiation force is proportional to the volume of the
EVs, while the magnitude of the viscous force is proportional to
the radius of EVs. Therefore, larger EV's experience more acoustic
radiation force and move to the pressure nodes or anti-nodes
faster than smaller EVs. Particles with positive acoustic factor
(such as cells and vesicles suspended in aqueous solutions) move
to the pressure nodes, while bioparticles with negative acoustic
contrast factor (such as some subgroups of lipoproteins) move
to the pressure anti-nodes by the acoustic radiation force. The
location and the number of pressure nodes can be tuned to adjust
the desired cut-off size and lateral translation of the target size
of EVs along the cross-section of the channel, so EVs can be
easily fractionated based on their intrinsic physical properties
and isolated in the desired outlet.

Wau et al. (74) developed an on-chip acoustic-based platform
for continuous separation of exosomes from an undiluted
blood sample. The proposed microdevice constituted one cell-
removal module and one exosome-isolation module arranged
in series (Figure 2B). The first unit extracts suspended particles
larger than 1 pum, such as red blood cells (RBCs), white blood
cells (WBCs), and platelets (PLTs), and provides a cell-free
plasma for downstream nanoscale EV separation. Exosomes
are then isolated from other subgroups of EVs including
microvesicles and apoptotic bodies by the second unit. The total
EV isolation time for a 100 wL sample of undiluted human
blood is about 25 min with 98% purity and 82% yield (74). EVs
and lipoproteins are both nanoscale bioparticles and overlap
in size distribution, which makes their separation extremely

Frontiers in Veterinary Science | www.frontiersin.org

January 2021 | Volume 7 | Article 620809


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Talebjedi et al.

Microfluidcs for Embryo EVs Characterization

A Sheath

- Sample flow
inlet

(o) Smaller/less dense { Lo L&)
— particles \ ') &
g f f
(o)) ®
=) P ¢
- .
c Larger/more dense
() particles a \
9 P2 N

B
8 Sheath Debris
— flow outlet 1\ Sheath

: ‘j K flow
LL \\ 2 4
3 O T o
& o il N«
[o) Z s @
) 4 HE— : )
; o
5 i ] o2
o ﬁ """""" Debris \\
%) o - outlet 2
eal

< flow

FIGURE 2 | Schematic view of the active microfluidic-based methods for extracellular vesicles (EVs) isolation: on-chip centrifugation (A) and acoustofluidics (B).

Centrifugal force

challenging with conventional isolation methods. To overcome
this challenge, an acoustofluidic-based separation strategy for
the separation of EV and lipoprotein subclasses based on the
differences in acoustic properties has been created by precise
implementation of a SSAW on a microchannel (88). The
subgroups of lipoproteins with negative acoustic contrast factor
are collected in a negative contrast outlet in the center of the
microchannel, and purified EVs are focused in two sidewalls and
collected in a positive contrast outlet (side outlets) (88). In this
device, EVs can be separated from very low density lipoproteins,
with a 70% purity.

Immunoaffinity Capture

Immunoaffinity-based separation of EVs in microfluidic devices
is accomplished through coating the microchannels with
antibodies or introducing antibody-coated magnetic beads in
the microchip (79, 89). These methods show the most promise
for the separation of specific subtypes of exosomes from
other subpopulations of EVs. Recent work has shown that
microfluidic immunoisolation methods could be considered as
a powerful alternative method for conventional tumor biopsy.
As an example, He et al. developed a cascading microfluidic
device to analyze the plasma-derived exosomes of patients
with lung cancer by integrating on-chip immunomagnetic
isolation with in situ protein analysis. They demonstrated that
their exosome analysis platform possesses excellent capacity

for screening cancerous from non-cancerous samples (80).
In 2016, Zhao et al. introduced a microfluidics methodology
(named Exosearch) for the large-scale enrichment of tumor-
derived circulating exosomes by employing magnetic beads
conjugated with antibody probes. Three different types of
exosomal markers (CA-125, EpCAM, CD24) were used for
the early diagnosis of ovarian cancer with high accuracy
(81). An affinity-based microfluidic device for exosome capture
from ovarian cancer serum has also been developed (79). In
this device, the microchannel was fabricated with herringbone
grooves functionalized with antibodies against CD9 and EpCAM
(epithelial cell-specific marker) (Figure 3A). The herringbone
grooves improved the capturing efficiency by increasing the fluid-
surface interaction. Using this method, the captured exosomes
remained intact and available for subsequent downstream
analysis. Compared to conventional separation techniques, this
platform had a lower volume sample requirement (100 pl), a
shorter processing time (<20 min), improved yield, and greater
specificity (79). One of the most promising ways to enhance
the specific immunocapture of target EVs subpopulations is the
incorporation of nanostructured coatings in the microfluidic
devices. For instance, Zhang et al. employed a nanostructured
graphene oxide/polydopamine (GO/PDA) interface with a Y-
shaped arrangement of microposts to provide a larger capturing
surface area for targeted EVs and improve the mixing quality.
This nano-IMEX microchip enabled the ultrasensitive molecular
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TABLE 2 | Comparison of microfluidics-based EV isolation methods.

Isolation Sample Sample volume EV size (hm) Recovery Specificity Processing time References
approach

On-chip Cell culture <10 pL 20-1,000 Intermediate to high Low to intermediate <4 min (73)
centrifugation media

Acoustofluidic Whole blood <300 pL 30-1,000 High Intermediate to high <30min (71, 74)
separation

Filtration Urine <100 pL 20-6,200 Intermediate to high Intermediate to high <10min (75, 76)
Viscoelastic flow — Serum, cell <100 pL 30-200 High Low to intermediate <5min (77)
Hydrodynamic Urine <500 pL 20-110 Intermediate to high Low to intermediate 3-7min (78)
mechanism

Immunoaffinity Serum 20-100 pL 30-300 Low to intermediate High 20-40min (79-81)
capture

“Recovery” refers to the percentage of total EV's preserved after isolation. “Specificity” refers to the recovery of a subtype (or few subtypes) of EVs.

analysis and quantitative detection of exosomes derived from
patients with colon and ovarian cancer (90).

Hydrodynamic Mechanism

Deterministic lateral displacement (DLD) is a hydrodynamic
microfluidics method for the manipulation of different-sized
particles by using an array of microposts (78). The pattern
of microposts determines the perpendicular translation of
suspended particles in relation to the direction of primary
flow. The particles below the specific size follow the main
stream flow with no deflection, while bigger particles experience
lateral deviation and separate from the main suspension. The
gap between pillars and the offset of posts are the two main
factors that determine the critical cut-off size. Wunsch et al.
(78), developed a nanoscale DLD methodology by means of
manufacturable silicon processes method for the size-based
separation of particles between 20 and 110nm with sharp
resolution. They fabricated pillars with gap sizes ranging from
25 to 235nm, which successfully fractionated the polydisperse
population of exosomes based on their size (78). Shin et al.
(91) presented a microfluidics methodology for the size-based
separation of EVs without hampering their functionality. Their
device could sort EVs of heterogeneous sizes (0.1 and 5 pum) in
less than an hour. The device consisted of two inlets for sample
and function flow, one magnification channel for flow withdrawal
and nine outlets (Figure 3B). The function flow aligns the nano-
vesicles and micro-particles to the upper wall of the channel.
After the particle alignment, the channel was expanded by 21-
fold and entered into to the pinching region, which was also
expanded by 21-fold, where the slight difference in the position of
particles in the pinch section amplified in the broadened part, to
enable the size-based separation of suspension through multiple
outlets. This separation principle is similar to the pinched-flow
fractionation method described in Pamme (92). To weaken the
effects of Brownian motion and maintain the dominance of
inertia forces on the bioparticles, flow rates are set as relatively
large measures (50-200 pL/min). For providing larger lateral
displacement of particles and improving the accuracy of the

system, unlike conventional microfluidics systems, which work
with Reynolds number (ratio of inertial forces to viscous forces
within a fluid, which is subject to relative internal movement due
to different fluid velocities, RN) smaller than 1, in this study, the
RN for the pinched and broadened region was set in the range
27-54 and 1.8-3.5, respectively. Using this device, exosomes were
collected in outlets 1-3, while bigger EVs, such as apoptotic
bodies, were detected at outlets 5-9. Analysis of outlet 2 samples
demonstrated exosomal cup-shaped morphology with the size
range between 30 and 100 nm, whereas outlet 8 samples showed
apoptotic bodies and large size particles (500-2,000 nm) (91).

Filtration

Filtration is a powerful technique for the continuous separation
and enrichment of sub-cellular vesicles without any need for
active components. Liang et al. (75) developed a double-filtration
microfluidics platform to separate, enrich, and quantify urinary
EVs within the size range of 30-200 nm with a recovery rate of
74.2%. Two polycarbonate membranes with pore sizes of 200
and 30nm were embedded in the microchip to fractionalize
and enrich the EVs. Particles larger than 200 nm were trapped
by the 200 nm pore-sized membrane in the sample chamber,
while particles smaller than 30 nm passed through the second
filtration membrane and were collected in the waste chamber.
The recovery and specificity of the proposed device was 81.3
and 90%, respectively (75). Another microfluidic device for
the isolation of exosome-like lipid vesicles from proteins and
cell debris was fabricated with ciliated micropillars (93). This
nanowire-on-micropillar structure was formed by metal assisted
chemical etching, with a depth of 400nm (94). The porous
silicon nanowires on the side walls of the micropillars trapped
objects in the exosome size range while other molecules passed
without capture (Figure 3C). The selectivity and functionality of
the device could be increased by preloading the 6-10 nm pores,
at the porous silicon nanowires, with antibodies (93). Woo et al.
(76) introduced a sensitive method of EV isolation by integrating
centrifuge microfluidics with two nano-filters called Exodisc.
Exodisc allowed the enrichment of EVs (20-600nm) in only
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30 min, and with a high recovery rate (95%). In this device, the
disc was spun at gravitational forces smaller than 500 x g, and
the generated volume force pushed the biological samples to two
incorporated nanofilters. The first set of nanofilters with 600 nm
pore size captured large particles while EVs were enriched during
the second round of filtration with 20 nm pore size nanofilter,
allowing for the elimination of non-vesicular proteins (76). A
label-free microfluidic filtration platform to purify EVs from
whole blood samples was also developed (95). In situ photo
patterned porous polymer monoliths [PPM, (96)] were utilized
as filter membranes in the proposed microfluidic device. These
nanoporous membranes allow the passage of small vesicle-sized
particles, while trapping cells and larger debris from blood
samples. An electrophoresis cross-flow filtration is also applied
in the PPM filter zone to inhibit the clogging of pores with large
debris and cells from the bulk stream (95).

Viscoelastic Flow

Viscoelastic microfluidics is a passive label-free technique for
nanoparticle separation that relies on the difference between
elastic lift forces imposed on particles with different sizes in a
viscoelastic medium (97). Poly(ethylene oxide) (PEO) and poly-
(vinylpyrrolidone) (PVP) aqueous solution are two frequently
biocompatible synthetic polymers used as viscoelastic media.
The inertial forces are extremely small and negligible in these
high-viscosity fluids, whereas elastic force is the dominant lateral
force exerted on particles. Imbalance in the first (N;) normal
stress difference between the center line and the sidewalls of
the microchannel in a non-Newtonian diluted polymer solution
results in lateral migration of suspended particles away from the
wall to an equilibrium position in the mid-plane. For most of the
polymeric solutions, the magnitude of the second (N,) normal
stress difference is small compared to N; and does not have
considerable impact on dislocating the particles. Liu et al. (77)
introduced a size-dependent label-free viscoelastic microfluidic
system to extract exosomes from cell culture media or serum
with separation purity and recovery rate of more than 90 and
80%, respectively (Figure3D). A PEO solution was used to
enable viscoelastic forces on the EVs, in a controllable manner
in the system. The size-dependent lateral displacement of EVs
happened through elastic lift force exerted on nanoparticles,
where larger nanoparticles align in the center of the microchannel
and are collected from the middle outlet, while smaller ones
remain near the microchannel sidewalls and are collected from
side outlets (77).

EVs AS BIOMARKERS OF EMBRYO
QUALITY

A large number of studies have characterized and investigated
the function of EVs in reproduction, including characterization
of EVs recovered from male and female reproductive tract
fluids such as the prostate (98), epididymis (98), vagina (99),
endometrium (100), follicle (101) and oviduct (102, 103), and
their roles in physiologic and pathologic reproductive processes
(103-106). However, only a few studies have investigated the role

of EVs as a pre-implantation embryo quality marker (9, 107-
113). It is important to note that, to date, the only method for
investigating mammalian embryo-derived EVs is by using in
vitro embryo production and analyzing its culture media. This
meticulous culture system comes with two major challenges: (i)
small sample volume—human embryos are normally cultured
individually in microdrops (10-50 L), which leads to reduced
sample size, and low concentrations of embryonic secretions; and
(ii) contamination with non-embryonic EVs—the culture media
can carry EVs, such as from serum supplementation, that will
interfere with the analysis of embryonic-derived EVs. Embryonic
EV size, number and cargo (DNA, microRNA and proteins) have
been studied as potential biomarkers of embryo quality. It is
known that EV secretion and composition are not a random
process, and that they change according to external stimuli and
active signaling pathways in the cell (114). Therefore, embryonic
EVs can be both a mirror of embryo “health” as well as a way for
the embryo to control the establishment of a healthy pregnancy
with successful embryonic-maternal communication. Embryonic
EVs can be studied aiming to understand this embryonic-
maternal communication or, as will be discussed here, by
directly focusing on the embryo “health status” (developmental
competence) as seen by changes in the sizes and numbers of EV's
produced, as well as EV cargo composition.

Size and Number of EVs as Biomarkers of
Embryo Quality

The analysis of embryo-derived EVs in animals and humans
is a relatively new field that has not been fully explored,
due to the limitations on methods to detect and analyze
such low volume and low concentration samples (9). Only
a few studies have investigated embryonic EVs and their
potential use as embryo quality biomarkers; existing knowledge
is summarized in Figure4. A first attempt to use EVs as
biomarkers of embryo competence was made by hypothesizing
that cultured human embryos would release EVs and that their
size and concentration could reflect embryo quality (110). In this
study, the correlation between embryo morphology (assessed by
standard morphological criteria) and EV size and concentration
was investigated in 239 embryos from 18 women (110). The
authors found that increasing EV size was associated with
decreasing embryo quality, with bigger vesicles detected in
arrested development embryos. Moreover, they also showed that
the EV concentration varied with the developmental stage, being
higher in day 5 compared to day 3 embryos (110). This was
further investigated by Abu-Halima et al. (112) who correlated
the number and size distribution of EVs in embryo-spent culture
media (9 pL of spent media, collected from embryos cultured
individually) with pregnancy rates after transfer. It was observed
that the total number of EVs decreased by 1.93-fold in females
with positive pregnancy outcomes compared to non-pregnant
females (3.8 x 10 vs. 7.35 x 10° particles/mL in pregnant
and non-pregnant women, respectively). A variation in EV size
distribution was also observed between EVs from embryos that
resulted in pregnancies vs. those that did not (112).
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EV Cargoes as Biomarkers of Embryo
Quality

In addition to determining EV size and concentration as
biomarkers of embryo quality, EV cargo composition of the
pre-implantation embryo is also important. The analysis of
embryonic EV. DNA content by measuring DNA positive
EVs using flow cytometry has been described as a non-
invasive embryo selection method (111). EVs (isolated from
single cultured embryos resulting in either pregnant or non-
pregnant outcomes after transfer, 88 patients) labeled with
the DNA dye propidium iodide (PI) were analyzed for PI+
intensity by flow cytometry (111). EVs from embryos with
successful pregnancy outcomes had lower numbers of PI+
EVs than those from the non-pregnant group. Moreover,
the authors determined a cut-off value of 957 PI4+ EV
count, which corresponded to a 0.9 sensitivity and 0.857
specificity (111). Although the authors proposed a cut-off
value based on their data, they suggested that the embryo
with the lowest PI4+ EV count among all embryos produced
from the same mother should be the one selected for
transfer (111).

Another recent study has investigated the presence and
role of microRNAs (miRNAs) in embryo-derived EVs. miRNAs

are small, conserved, single-stranded, non-coding RNA of
approximately 22 nucleotides in length (115, 117). They function
as molecular switches that bind to complementary sequences
of mRNAs, which may then be degraded, downregulated or
upregulated (117). miRNAs were already described to be secreted
by EVs from embryos of different species, including human,
bovine, and porcine (112, 117-120). miRNAs were shown to
modulate the embryonic-maternal communication, as seen by
modulation of maternal genes following interactions between
embryonic miRNAs and uterine cells (118, 121). Analysis of
miRNAs released in the embryo culture media (individually
cultured embryos) has shown that embryos which established
a pregnancy had 103 miRNAs (out of 621 identified miRNAs)
differentially expressed when compared to embryos that did
not result in a pregnancy (112). Interestingly, another study
revealed that miR-20a and miR-30c were present at higher
concentrations in culture media (single cultured embryos) from
embryos that implanted vs. those that did not implant (115).
Rosenbluth et al. (116) demonstrated that miR-191 was highly
concentrated in culture media (individually cultured embryos)
from aneuploidy embryos, and that miR-191, miR-372, and miR-
645 were highly concentrated in culture media from failed IVF
embryos. Altogether, these results demonstrate that miRNAs are
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potential biomarkers of embryo quality, but more research on
their role is clearly needed.

Embryonic EVs were also used as a non-invasive method of
performing pre-implantation genomic testing (113), as they were
shown to contain genomic DNA (gDNA). By using microarray-
based comparative genomic hybridization, EV gDNA was
evaluated, and a representation of all 23 pairs of chromosomes
was present (113). However, when comparing with embryonic
biopsy (cell extracted gDNA), the rate of similitude between
chromosome abnormalities detected in individually cultured
embryos and their respective EVs was 70-80% (113). In
addition to gDNA and miRNA analysis, the characterization of
embryonic EV proteins can also serve as a quality biomarker.
Giacomini et al. (108) have shown that embryonic EVs carry
a high amount of HLA-G (histocompatibility antigen, class I,
G). Although the authors did not investigate whether HLA-
G is differentially expressed between embryos of varying
developmental competence, Rizzo et al. showed that HLA-G
plays a key role in implantation by controlling trophoblast
invasion and maintaining local immunosuppressive state (14).
The HLA-G antigen (sHLA-G) has also been shown to play
a predictive role in pregnancy outcomes (122), indicating a
possibility for quantification of sHLA-G in embryonic EVs as a
measure for embryo developmental competence.

Prospective Use of Microfluidics to Assess

EVs as Biomarkers of Embryo Quality

Lab-on-a-chip (LOC) platforms have revolutionized the field of
miniature and portable chemical and biomolecular analytical
systems and are capable of precise manipulation and rapid
detection of a vast number of analytes. By using these
LOC systems, conventional macroscale chemical and biological
processes have been scaled down in terms of both sample size
and device footprint (123). In recent years, significant effort
has been made to implement the use of these microfluidic
technologies to improve assisted reproductive technologies
(ARTs). Microfluidics have already been applied to: sperm
capacitation and selection [as reviewed by (124)]; oocyte
maturation and selection (125, 126); in vitro fertilization and
embryo development [reviewed by (127-129)]; ovary-, oviduct-
and testis-on-a-chip development (130-133); full menstrual
cycle-on-a-chip development (134); and gametes and embryo
cryopreservation (135, 136). Although the use of microfluidic
technologies for ARTs and EV isolation/characterization has
grown in the past years, the use of microfluidics specifically
for embryonic EV isolation has yet to be established. Among
the benefits of using microfluidics for EV isolation are:
overcoming the challenge of low concentration and small sample
volume when isolating embryonic EVs; providing a user-friendly
standardized and automated method of EVs isolation and
characterization in different laboratories; rapid processing of
samples; as well as being low cost, as seen by reduced use of
reagents (microscale) and elimination of expensive equipment.
In addition to microfluidics overcoming the challenges of
embryonic EV isolation from low concentrated samples, this
technology can also be used to perform on-chip characterization

of EVs, allowing non-invasive and time-dependent analyses
to be performed. A summary of advantages and challenges
of microfluidics over conventional methods to isolate EVs is
presented in Table 3. Among the embryonic EV characteristics
that can be used as embryo quality biomarkers, five of them
have the potential to be automated in a microfluidics platform
for quick characterization: (1) size of EVs; (2) number of EVs;
(3) EV protein markers; (4) EV DNA concentration; and (5) EV
microRNA markers. For all models, at least two steps must be
performed in the device: (1) isolation and (2) characterization.

On-Chip Embryonic EV Isolation

As discussed above, both traditional and microfluidic EV
isolation methods have specific advantages and pitfalls.
Embryonic EV isolation methods should, ideally, allow the use
of small volume samples, have high yield (working with low EV
concentration samples), and detect a wide range of EV sizes.
Therefore, microfluidics appears as a promising technique to
isolate embryonic EVs, since it allows high yield and purity of
EV isolation from low sample volumes. Specifically, on-chip
filtration and acoustofluidic separation appear to be the most
promising methods, since they are label-free methods which
allow the isolation of a higher EV size-range (20-6,000 nm)
with high recovery, high specificity and short time (<30 min)
(71, 74-76).

On-Chip Embryonic EV Characterization
Micromixers for On-Chip EVs Labeling

A micromixer is a device based on mechanical microparts
used to mix fluids. Sample mixing in microfluidic devices is
achieved by external turbulences and/or special microstructures
inside the microchannels to obtain a larger surface-to-volume
ratio and increasing heat and mass transfer efficiency (137).
Micromixers are classified into two categories: passive and
active mixers. Active micromixers can be driven by pressure,
sound, electrical, thermal and magnetic fields, while passive
micromixers, can be developed by unbalanced collisions, two-
dimensional obstacles, three-dimensional lamination, spiral
and convergence-divergence structures [reviewed by (137)].
Most of the EVs characterization methods we will discuss
here require the micromixing technologies to boost the on-
chip biochemical detection assays, such as labeling EVs with
commonly used lipophilic fluorescence (PKH26, DiO, DiA, Dil,
and DiR), and DNA (propidium iodide) dyes. The integration
of micromixers with biochemical sensors is a necessary and
promising development.

Nano Flow Cytometer and On-Chip Microscopy to

Characterize EVs Concentration, Size and DNA Cargo
A nano flow cytometer device for fluorescence-based detection
and characterization of small lipid vesicles was created by
Friedrich et al. and accurately counted the number of lipid
vesicles down to a concentration of 170 fM using only 20
WL of sample volume (138). This device works by individually
visualizing vesicles by fluorescence microscopy during their
passage through hundreds of parallel nanochannels in a pressure-
driven flow (138). Moreover, it can be imaged under a standard
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TABLE 3 | Advantages and challenges of conventional and microfluidics methods of EVs isolation.

Conventional methods

Microfluidics methods

Advantages Capable in scaling up a single experiment
Well-established protocols

Available assays and standardization

Small device footprint

Low contamination risk

Low sample consumption

Easy in integration of multi-step protocols

Easily disposable

Rapid and easy fluid manipulation

Real time process monitoring

Flexible in changing the protocols or experimental setup
Low shear force on biological samples

Challenges Low recovery rate
Fixed device design and architecture
High volume consumption

Limited to end-point analysis

Labor intensive and trained technicians for running

experimental tests
Less control over the process
High maintenance cost

Complex operational control and manufacturing
Requires multiple components such as pump, valve,
tubing, and connectors for operation
Standardization and industrialization

Sensitive to operational conditions

Difficult for mass production

epi-fluorescence microscope, which provides an easy method of
measurement and detection (138). This nano flow cytometer can
also resolve the size-distribution of the lipid vesicles, based on the
vesicle’s fluoresce intensity (138). To make this device portable
and ready to use without the need of a fluorescence microscope,
on-chip fluorescence analysis can be used. Several studies
have demonstrated the creation of different kinds of on-chip
fluorescence analyses: contact fluorescence microscopy (139),
random microlens diffuser (140), tapered fiber-optic faceplate
(141), and spectrally filtered passive Si photodiode array (142).
Most promisingly, on-chip light sheet illumination accurately
tracked fluorescence labeled single EVs, characterizing their
size and concentration in cell culture medium and interstitial
fluid collected from primary human breast tumors (143). The
combination of these technologies allows the characterization of
EV size and concentration, when labeled with lipophilic dyes, and
EV DNA cargo if, instead of labeling with lipophilic dyes, EVs are
labeled with the DNA marker PI.

On-Chip ELISA and Western Blot to Characterize EV
Protein Cargo

An enzyme-linked immunosorbent assay (ELISA) LOC was
designed and developed for field-use (123). This device had the
flow operated by three micropumps, which replicated the steps of
anormal ELISA: Analyte perfusion and incubation for binding to
the primary antibody (coated in a detection chamber); secondary
antibody incubation; colorimetric substrate incubation; and
wash of unbound antibodies/substrates (123). This ELISA-on-
a-chip is attached to an universal serial bus (USB)-interfaced
mobile platform to control, execute, and read microfluidic-based
immunoassays (123). This smart-phone interfaced ELISA-on-
a-chip was used to detect the presence and concentrations of
BDE-47 (2,20,4,40-tetrabromodiphenyl ether), an environmental
contaminant found in our food supply with adverse health
impact (123). Interestingly for embryonic EV analysis, this
ELISA-on-a-chip requires low sample volume (2 pL) and has
high sensitivity (concentration range of 1073-10% jLg/L).

Western blot (WB) is an essential analytical tool, benefiting
clinical diagnostics and fundamental questions in the life
sciences (144). On-chip WB was already described and can also
be used as a tool for EV protein detection (144). Specifically,
a WWB was created by combining isotachophoretic sample
stacking during sample injection, weight-based separation
of denatured protein analytes through SDS-PAGE, and in
situ immunoblotting with fluorescently labeled primary and
secondary antibodies (144). This pWB advances four key
aspects of analytical performance: exceptional protein blotting
efficiency with near complete analyte capture, accelerated
run times (10-60min), small device footprint (800-fold
smaller device area compared with conventional gel lane),
and outstanding reagent economy, with a 10°-fold reduction
in antibody and buffer requirements over conventional
WB. Important to embryonic EV protein measurements,
the WWB requires low starting sample concentration
(low picomolar), and low starting sample total mass and
volume (144).

On-Chip EV miRNAs Detection

A simple and rapid PCR-free microfluidics device to detect EV
miRNAs was developed by integrating surface acoustic wave
(SAW) to perform EV lysis, concentration and sensing in a
microfluidic device. This device incorporates an electrokinetic
membrane sensor that is based on non-equilibrium ionic
currents (ion exchange membrane—IEM) (145). Complimentary
target miRNAs probes are attached to the IEM, to allow
miRNAs hybridization and detection. For detection of target
miRNA, the depletion side of an anion-exchange membrane
(AEM) is used where the hybridization of target miRNA
with oligoprobes attached to the AEM reduces the ion
depletion action, resulting in shifted over-limiting current
in the current-voltage curve. This large voltage shift, due to
gating of the depletion ion current by the hybridized miRNAs
is much larger than voltage signals from electrochemical
sensors and offers sensitive quantification of hybridized

Frontiers in Veterinary Science | www.frontiersin.org

13

January 2021 | Volume 7 | Article 620809


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Talebjedi et al.

Microfluidcs for Embryo EVs Characterization

miRNAs (145). Differently from conventional RT-qPCR
methods, this technology does not require RNA purification,
reverse transcription, or amplification (145). Crucial for
embryonic EV characterization, this device is capable of absolute
quantification (<10% uncertainty) of EV miRNAs with 1 pM
detection sensitivity and requires ~20 pL of sample (145).
Moreover, the assay is completed in only 30 min as opposed
to the 13h time period required for conventional RT-qPCR
techniques (145).

CONCLUSIONS

The selection of the most fit embryo for transfer and successful
pregnancy remains an under-developed field, with many
future directions to pursue. The study of EVs as biomarkers
has exponentially grown in the past years, specifically in the
immunology and cancer areas. Additionally, as reviewed here,
EVs hold promising perspectives for use as pre-implantation
embryo quality biomarkers. However, their widespread use for
embryo quality has been hindered by low sample volume and
EV concentration, which limits single embryo EV isolation and
characterization using conventional methods. The optimization

REFERENCES

1. Rubio I, Galdn A, Larreategui Z, Ayerdi F, Bellver J, Herrero J, et al. Clinical
validation of embryo culture and selection by morphokinetic analysis:
a randomized, controlled trial of the EmbryoScope. Fertil Steril. (2014)
102:1287-94.€5. doi: 10.1016/j.fertnstert.2014.07.738

2. Bolton VN, Leary C, Harbottle S, Cutting R, Harper JC. How should we
choose the ‘best’ embryo? A commentary on behalf of the British Fertility
Society and the Association of Clinical Embryologists. Hum Fertil. (2015)
18:156-64. doi: 10.3109/14647273.2015.1072646

3. Rhenman A, Berglund L, Brodin T, Olovsson M, Milton K, Hadziosmanovic
N, et al. Which set of embryo variables is most predictive for live birth? A
prospective study in 6252 single embryo transfers to construct an embryo
score for the ranking and selection of embryos. Hum Reprod. (2015) 30:28-
36. doi: 10.1093/humrep/deu295

4. Salilew-Wondim D, Saeed-Zidane M, Hoelker M, Gebremedhn S, Poirier
M, Pandey HO, et al. Genome-wide DNA methylation patterns of bovine
blastocysts derived from in vivo embryos subjected to in vitro culture
before, during or after embryonic genome activation. BMC Genomics. (2018)
19:1-19. doi: 10.1186/512864-018-4826-3

5. Salilew-Wondim D, Fournier E, Hoelker M, Saeed-Zidane M, Tholen E,
Looft C, et al. Genome-wide DNA methylation patterns of bovine blastocysts
developed in vivo from embryos completed different stages of development
in wvitro. PLoS ONE. (2015) 10:1-31. doi: 10.1371/journal.pone.01
40467

6. Van Soom A, Mateusen B, Leroy J, de Kruif A. Assessment of mammalian
embryo quality: what can we learn from embryo morphology? Reprod
Biomed Online. (2003) 7:664-70. doi: 10.1016/S1472-6483(10)62089-5

7. Scott RT, Upham KM, Forman EJ, Hong KH, Scott KL, Taylor D, et al.
Blastocyst biopsy with comprehensive chromosome screening and fresh
embryo transfer significantly increases in vitro fertilization implantation and
delivery rates: a randomized controlled trial. Fertil Steril. (2013) 100:697-703.
doi: 10.1016/j.fertnstert.2013.04.035

8. Garcfa-Pérez MA, Pineda B, Hermenegildo C, Tarin JJ, Cano A.
Isopropanolic Cimicifuga racemosa is favorable on bone markers but neutral
on an osteoblastic cell line. Fertil Steril. (2009) 91(4 Suppl.):1347-50.
doi: 10.1016/j.fertnstert.2008.03.04

of EV isolation and characterization using microfluidic
technologies is encouraging and has yet to be included in the
reproduction field. Although microfluidic technologies can
improve our ability to study EVs in a faster, more sensitive
manner, the lack of a gold-standard embryo quality marker
limits its routine use in IVF clinics. Consequently, the immediate
application for non-invasive microfluidic EV analyses reviewed
here are more toward selecting the most fit embryo among a pool
of embryos from the same donor rather than creating devices
to evaluate embryo quality based on biomarker thresholds. Yet,
microfluidics is a promising technology that should be explored.

AUTHOR CONTRIBUTIONS

All authors contributed to the article, reviewed, and approved the
submitted version.

FUNDING

MD funding has been provided by the Alexander von Humboldt
Foundation in the framework of the Sofja Kovalevskaja Award
endowed by the Federal Ministry of Education and Research.

9. Marin D, Scott RT. Extracellular vesicles: a promising tool for assessment
of embryonic competence. Curr Opin Obstet Gynecol. (2018) 30:1.
doi: 10.1097/GC0.0000000000000458

. Meseguer M, Herrero ], Tejera A, Hilligsoe KM, Ramsing NB, Remoh J. The
use of morphokinetics as a predictor of embryo implantation. Hum Reprod.
(2011) 26:2658-71. doi: 10.1093/humrep/der256

. Kirkegaard K, Kesmodel US, Hindkjer JJ, Ingerslev HJ. Time-lapse
parameters as predictors of blastocyst development and pregnancy outcome
in embryos from good prognosis patients: a prospective cohort study. Hum
Reprod. (2013) 28:2643-51. doi: 10.1093/humrep/det300

. Houghton FD, Thompson JG, Kennedy CJ, Leese HJ. Oxygen consumption
and energy metabolism of the early mouse embryo. Mol Reprod Dev. (1996)
44:476-85. doi: 10.1002/(SICI)1098-2795(199608)44:4<476::AID-MRD7>3.
0.CO52-1

. Houghton FD, Hawkhead JA, Humpherson PG, Hogg JE, Balen AH,
Rutherford AJ, et al. Non-invasive amino acid turnover predicts human
embryo developmental capacity. Hum Reprod. (2002) 17:999-1005.
doi: 10.1093/humrep/17.4.999

. Rizzo R, Melchiorri L, Stignani M, Baricordi OR. HLA-G expression is a
fundamental prerequisite to pregnancy. Hum Immunol. (2007) 68:244-50.
doi: 10.1016/j.humimm.2006.10.012

. Krisher RL, Schoolcraft WB, Katz-Jaffe MG. Omics as a window
to view embryo viability. Fertii  Steril. (2015) 103:333-41.
doi: 10.1016/j.fertnstert.2014.12.116

. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and
friends. J Cell Biol. (2013) 200:373-83. doi: 10.1083/jcb.201211138

. Lotvall J, Hill AE Hochberg E Buzas EI, Di Vizio D, Gardiner C,
et al. Minimal experimental requirements for definition of extracellular
vesicles and their functions: a position statement from the International
Society for Extracellular Vesicles. ] Extracell Vesicles. (2014) 3:1-6.
doi: 10.3402/jev.v3.26913

. Kalra H, Drummen G, Mathivanan S. Focus on extracellular vesicles:
introducing the next small big thing. Int ] Mol Sci. (2016) 17:170.
doi: 10.3390/ijms17020170

. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology
of extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213-28.
doi: 10.1038/nrm.2017.125

Frontiers in Veterinary Science | www.frontiersin.org

14

January 2021 | Volume 7 | Article 620809


https://doi.org/10.1016/j.fertnstert.2014.07.738
https://doi.org/10.3109/14647273.2015.1072646
https://doi.org/10.1093/humrep/deu295
https://doi.org/10.1186/s12864-018-4826-3
https://doi.org/10.1371/journal.pone.0140467
https://doi.org/10.1016/S1472-6483(10)62089-5
https://doi.org/10.1016/j.fertnstert.2013.04.035
https://doi.org/10.1016/j.fertnstert.2008.03.04
https://doi.org/10.1097/GCO.0000000000000458
https://doi.org/10.1093/humrep/der256
https://doi.org/10.1093/humrep/det300
https://doi.org/10.1002/(SICI)1098-2795(199608)44:4<476::AID-MRD7>3.0.CO;2-I
https://doi.org/10.1093/humrep/17.4.999
https://doi.org/10.1016/j.humimm.2006.10.012
https://doi.org/10.1016/j.fertnstert.2014.12.116
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.3402/jev.v3.26913
https://doi.org/10.3390/ijms17020170
https://doi.org/10.1038/nrm.2017.125
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Talebjedi et al.

Microfluidcs for Embryo EVs Characterization

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dhondt B, Geeurickx E, Tulkens ], Van Deun ], Vergauwen G, Lippens L,
etal. Unravelling the proteomic landscape of extracellular vesicles in prostate
cancer by density-based fractionation of urine. J Extracell Vesicles. (2020)
9:1736935. doi: 10.1080/20013078.2020.1736935

Tan KH, Tan SS, Ng MJ, Tey WS, Sim WK, Allen JC, et al. Extracellular
vesicles yield predictive pre-eclampsia biomarkers. ] Extracell Vesicles. (2017)
6:1408390. doi: 10.1080/20013078.2017.1408390

Rontogianni S, Synadaki E, Li B, Liefaard MC, Lips EH, Wesseling J, et al.
Proteomic profiling of extracellular vesicles allows for human breast cancer
subtyping. Commun Biol. (2019) 2:325. doi: 10.1038/s42003-019-0570-8
Lane R, Simon T, Vintu M, Solkin B, Koch B, Stewart N, et al. Cell-
derived extracellular vesicles can be used as a biomarker reservoir
for glioblastoma tumor subtyping. Commun Biol. (2019) 2:315.
doi: 10.1038/s42003-019-0560-x

Wang S, Kojima K, Mobley JA, West AB. Proteomic analysis of urinary
extracellular vesicles reveal biomarkers for neurologic disease. EBioMedicine.
(2019) 45:351-61. doi: 10.1016/j.ebiom.2019.06.021

Whitesides GM. The origins and the future of microfluidics. Nature. (2006)
442:368-73. doi: 10.1038/nature05058

Dietzel A. A brief introduction to microfluidics. In: Dietzel A, editor.
Microsystems for Pharmatechnology: Manipulation of Fluids, Particles,
Droplets, and Cells. Cham: Springer International Publishing (2016). p. 1-21.
doi: 10.1007/978-3-319-26920-7_1

SS, Dunlay CJ, Simeone DM, Nagrath S. Microfluidic
device  (ExoChip) for on-chip isolation, quantification and
characterization of circulating exosomes. Lab Chip. (2014) 14:1891-900.
doi: 10.1039/c41c00136b

Nahavandi S, Baratchi S, Soffe R, Tang SY, Nahavandi S, Mitchell A, et al.
Microfluidic platforms for biomarker analysis. Lab Chip. (2014) 14:1496—
514. doi: 10.1039/c31c51124¢

Pariset E, Agache V, Millet A. Extracellular vesicles: isolation methods. Adv
Biosyst. (2017) 1:1700040. doi: 10.1002/adbi.201700040

Konoshenko MY, Lekchnov EA, Vlassov A V, Laktionov PP. Isolation of
extracellular vesicles: general methodologies and latest trends. Biomed Res
Int. (2018) 2018:8545347. doi: 10.1155/2018/8545347

Théry C, Witwer KW, Aikawa E, Alcaraz M], Anderson JD,
Andriantsitohaina R, et al. Minimal information for studies of extracellular
vesicles 2018 (MISEV2018): a position statement of the International
Society for Extracellular Vesicles and update of the MISEV2014 guidelines. ]
Extracell Vesicles. (2018) 7:1535750. doi: 10.1080/20013078.2018.1535750
Coumans FAW, Brisson AR, Buzas EI, Dignat-George F, Drees EEE, El-
Andaloussi S, et al. Methodological guidelines to study extracellular vesicles.
Circ Res. (2017) 120:1632-48. doi: 10.1161/CIRCRESAHA.117.309417
Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization
of exosomes from cell culture supernatants and biological fluids. Curr Protoc
Cell Biol. (2006) 30:3.22.1-29. doi: 10.1002/0471143030.cb0322530

Van Deun J, Mestdagh P, Agostinis P, Akay O, Anand S, Anckaert ], etal. EV-
TRACK: transparent reporting and centralizing knowledge in extracellular
vesicle research. Nat Methods. (2017) 14:228-32. doi: 10.1038/nmeth.4185
Witwer KW, Buzds EI, Bemis LT, Bora A, Lisser C, Lotvall J, et al.
Standardization of sample collection, isolation and analysis methods
in extracellular vesicle research. J Extracell Vesicles. (2013) 2:20360.
doi: 10.3402/jev.v2i0.20360

Kirbag OK, Bozkurt BT, Asutay AB, Mat B, Ozdemir B, Oztiirkoglu
D, et al. Optimized isolation of extracellular vesicles from various
organic sources using aqueous two-phase system. Sci Rep. (2019) 9:19159.
doi: 10.1038/s41598-019-55477-0

Montis C, Zendrini A, Valle E Busatto S, Paolini L, Radeghieri A,
et al. Size distribution of extracellular vesicles by optical correlation
techniques.  Colloids Surfaces B  Biointerfaces. (2017) 158:331-8.
doi: 10.1016/j.colsurfb.2017.06.047

Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular vesicles:
composition, biological relevance, and methods of study. Bioscience. (2015)
65:783-97. doi: 10.1093/biosci/biv084

Li X, Corbett AL, Taatizadeh E, Tasnim N, Little JP, Garnis C, et al.
Challenges and opportunities in exosome research—perspectives from
biology, engineering, and cancer therapy. APL Bioeng. (2019) 3:011503.
doi: 10.1063/1.5087122

Kanwar

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Momen-Heravi F, Balaj L, Alian S, Trachtenberg A, Hochberg F
Skog J, et al. Impact of biofluid viscosity on size and sedimentation
efficiency of the isolated microvesicles. Front Physiol. (2012) 3:162.
doi: 10.3389/fphys.2012.00162

Momen-Heravi E Balaj L, Alian S, Mantel P-Y, Halleck AE, Trachtenberg AJ,
et al. Current methods for the isolation of extracellular vesicles. Biol Chem.
(2013) 394:1253-62. doi: 10.1515/hsz-2013-0141

Furi I, Momen-Heravi F, Szabo G. Extracellular vesicle isolation: present and
future. Ann Transl Med. (2017) 5:263. doi: 10.21037/atm.2017.03.95

Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding C V, Melief
CJ, etal. Blymphocytes secrete antigen-presenting vesicles. ] Exp Med. (1996)
183:1161-72. doi: 10.1084/jem.183.3.1161

Livshits MA, Khomyakova E, Evtushenko EG, Lazarev VN, Kulemin NA,
Semina SE, et al. Isolation of exosomes by differential centrifugation:
theoretical analysis of a commonly used protocol. Sci Rep. (2015) 5:17319.
doi: 10.1038/srep17319

Xu R, Simpson RJ, Greening DW. A protocol for isolation and proteomic
characterization of distinct extracellular vesicle subtypes by sequential
centrifugal ultrafiltration. In: Hill AE editor. Exosomes and Microvesicles:
Methods and Protocols New York, NY: Springer New York (2017). p. 91-116.
doi: 10.1007/978-1-4939-6728-5_7

Linares R, Tan S, Gounou C, Arraud N, Brisson AR. High-speed
centrifugation induces aggregation of extracellular vesicles. | Extracell
Vesicles. (2015) 4:29509. doi: 10.3402/jev.v4.29509

Lamparski HG, Metha-Damani A, Yao J-Y, Patel S, Hsu D-H, Ruegg
C, et al. Production and characterization of clinical grade exosomes
derived from dendritic cells. J Immunol Methods. (2002) 270:211-26.
doi: 10.1016/S0022-1759(02)00330-7

Szatanek R, Baran J, Siedlar M, Baj-Krzyworzeka M. Isolation of extracellular
vesicles: determining the correct approach (review). Int ] Mol Med. (2015)
36:11-7. doi: 10.3892/ijmm.2015.2194

Onddi Z, Pelyhe C, Terézia Nagy C, Brenner GB, Almasi L, Kittel A, et al.
Isolation of high-purity extracellular vesicles by the combination of iodixanol
density gradient ultracentrifugation and bind-elute chromatography from
blood plasma. Front Physiol. (2018) 9:1479. doi: 10.3389/fphys.2018.01479
Gupta S, Rawat S, Arora V, Kottarath SK, Dinda AK, Vaishnav PK, et al.
An improvised one-step sucrose cushion ultracentrifugation method for
exosome isolation from culture supernatants of mesenchymal stem cells.
Stem Cell Res Ther. (2018) 9:180. doi: 10.1186/s13287-018-0923-0

Yuana Y, Levels J, Grootemaat A, Sturk A, Nieuwland R. Co-isolation
of extracellular vesicles and high-density lipoproteins using density
gradient ultracentrifugation. ] Extracell Vesicles. (2014) 3:23262.
doi: 10.3402/jev.v3.23262

Lobb RJ, Becker M, Wen SW, Wong CSE, Wiegmans AP, Leimgruber A,et al.
Optimized exosome isolation protocol for cell culture supernatant and
human plasma. J Extracell Vesicles. (2015) 4:27031. doi: 10.3402/jev.v4.27031
Boing AN, van der Pol E, Grootemaat AE, Coumans FAW, Sturk
A, Nieuwland R. Single-step isolation of extracellular vesicles by
size-exclusion chromatography. ] Extracell Vesicles. (2014) 3:23430.
doi: 10.3402/jev.v3.23430

Tengattini S. Chromatographic approaches for purification and
analytical characterization of extracellular vesicles: recent advancements.
Chromatographia. (2019) 82:415-24. doi: 10.1007/s10337-018-3637-7
Stranska R, Gysbrechts L, Wouters J, Vermeersch P, Bloch K, Dierickx D,
et al. Comparison of membrane affinity-based method with size-exclusion
chromatography for isolation of exosome-like vesicles from human plasma.
J Transl Med. (2018) 16:1. doi: 10.1186/s12967-017-1374-6

Benedikter BJ, Bouwman FG, Vajen T, Heinzmann ACA, Grauls
G, Mariman EC, et al. Ultrafiltration combined with size exclusion
chromatography efficiently isolates extracellular vesicles from cell culture
media for compositional and functional studies. Sci Rep. (2017) 7:15297.
doi: 10.1038/541598-017-15717-7

Rood IM, Deegens JKJ, Merchant ML, Tamboer WPM, Wilkey DW,
Wetzels JEM, et al. Comparison of three methods for isolation of urinary
microvesicles to identify biomarkers of nephrotic syndrome. Kidney Int.
(2010) 78:810-6. doi: 10.1038/ki.2010.262

Nordin JZ, Lee Y, Vader P, Mager I, Johansson HJ, Heusermann W,
et al. Ultrafiltration with size-exclusion liquid chromatography for high

Frontiers in Veterinary Science | www.frontiersin.org

15

January 2021 | Volume 7 | Article 620809


https://doi.org/10.1080/20013078.2020.1736935
https://doi.org/10.1080/20013078.2017.1408390
https://doi.org/10.1038/s42003-019-0570-8
https://doi.org/10.1038/s42003-019-0560-x
https://doi.org/10.1016/j.ebiom.2019.06.021
https://doi.org/10.1038/nature05058
https://doi.org/10.1007/978-3-319-26920-7_1
https://doi.org/10.1039/c4lc00136b
https://doi.org/10.1039/c3lc51124c
https://doi.org/10.1002/adbi.201700040
https://doi.org/10.1155/2018/8545347
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1161/CIRCRESAHA.117.309417
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1038/nmeth.4185
https://doi.org/10.3402/jev.v2i0.20360
https://doi.org/10.1038/s41598-019-55477-0
https://doi.org/10.1016/j.colsurfb.2017.06.047
https://doi.org/10.1093/biosci/biv084
https://doi.org/10.1063/1.5087122
https://doi.org/10.3389/fphys.2012.00162
https://doi.org/10.1515/hsz-2013-0141
https://doi.org/10.21037/atm.2017.03.95
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.1038/srep17319
https://doi.org/10.1007/978-1-4939-6728-5_7
https://doi.org/10.3402/jev.v4.29509
https://doi.org/10.1016/S0022-1759(02)00330-7
https://doi.org/10.3892/ijmm.2015.2194
https://doi.org/10.3389/fphys.2018.01479
https://doi.org/10.1186/s13287-018-0923-0
https://doi.org/10.3402/jev.v3.23262
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.3402/jev.v3.23430
https://doi.org/10.1007/s10337-018-3637-7
https://doi.org/10.1186/s12967-017-1374-6
https://doi.org/10.1038/s41598-017-15717-7
https://doi.org/10.1038/ki.2010.262
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Talebjedi et al.

Microfluidcs for Embryo EVs Characterization

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

yield isolation of extracellular vesicles preserving intact biophysical and
functional properties. Nanomed Nanotechnol Biol Med. (2015) 11:879-83.
doi: 10.1016/j.nan0.2015.01.003

Mol EA, Goumans M-], Doevendans PA, Sluijter JPG, Vader P. Higher
functionality of extracellular vesicles isolated wusing size-exclusion
chromatography compared to ultracentrifugation. Nanomed Nanotechnol
Biol Med. (2017) 13:2061-5. doi: 10.1016/j.nano.2017.03.011

Corso G, Miger I, Lee Y, Gorgens A, Bultema ], Giebel B, et al.
Reproducible and scalable purification of extracellular vesicles using
combined bind-elute and size exclusion chromatography. Sci Rep. (2017)
7:11561. doi: 10.1038/s41598-017-10646-x

Deregibus MC, Figliolini F, D’Antico S, Manzini PM, Pasquino C, De Lena
M, et al. Charge-based precipitation of extracellular vesicles. Int ] Mol Med.
(2016) 38:1359-66. doi: 10.3892/ijmm.2016.2759

Zarovni N, Corrado A, Guazzi P, Zocco D, Lari E, Radano G, et al.
Integrated isolation and quantitative analysis of exosome shuttled proteins
and nucleic acids using immunocapture approaches. Methods. (2015) 87:46—
58. doi: 10.1016/j.ymeth.2015.05.028

Brownlee Z, Lynn KD, Thorpe PE, Schroit AJ. A novel “salting-out”
procedure for the isolation of tumor-derived exosomes. J Immunol Methods.
(2014) 407:120-6. doi: 10.1016/j.jim.2014.04.003

Shtam TA, Samsonov RB, Volnitskiy A V, Kamyshinsky RA, Verlov NA,
Kniazeva MS, et al. Isolation of extracellular microvesicles from cell culture
medium: comparative evaluation of methods. Biochem (Moscow), Suppl Ser
B Biomed Chem. (2018) 12:167-75. doi: 10.1134/S1990750818020117

Brett SI, Lucien F Guo C, Williams KC, Kim Y, Durfee PN, et al
Immunoaffinity based methods are superior to kits for purification of
prostate derived extracellular vesicles from plasma samples. Prostate. (2017)
77:1335-43. doi: 10.1002/pros.23393

Whiteside TL. Extracellular vesicles isolation and their biomarker
potential: are we ready for testing? Ann Transl Med. (2017) 5:54.
doi: 10.21037/atm.2017.01.62

Hung ME, Lenzini SB, Stranford DM, Leonard JN. Enrichment of
extracellular vesicle subpopulations via affinity chromatography. In: Patel T,
editor. Extracellular RNA: Methods and Protocols. New York, NY: Springer
New York (2018). p. 109-24. doi: 10.1007/978-1-4939-7652-2_9

Heath N, Grant L, De Oliveira TM, Rowlinson R, Osteikoetxea X,
Dekker N, et al. Rapid isolation and enrichment of extracellular vesicle
preparations using anion exchange chromatography. Sci Rep. (2018) 8:1-12.
doi: 10.1038/s41598-018-24163-y

Kosanovi¢ M, Milutinovi¢ B, Go¢ S, Miti¢ N, Jankovi¢ M. Ion-exchange
chromatography purification of extracellular vesicles. Biotechniques. (2017)
63:65-71. doi: 10.2144/000114575

Ku A, Ravi N, Yang M, Evander M, Laurell T, Lilja H, et al
Correction: A urinary
discovery pipeline; from automated extracellular vesicle enrichment by
acoustic trapping to microRNA sequencing PLoS ONE. (2019) 14:1-13.
doi: 10.1371/journal.pone.0224604

Ku A, Lim HC, Evander M, Lilja H, Laurell T, Scheding S, et al. acoustic
enrichment of extracellular vesicles from biological fluids. Anal Chem. (2018)
90:8011-9. doi: 10.1021/acs.analchem.8b00914

Guo S-C, Tao S-C, Dawn H. Microfluidics-based on-a-chip systems for
isolating and analysing extracellular vesicles. J Extracell Vesicles. (2018)
7:1508271. doi: 10.1080/20013078.2018.1508271

Yeo JC, Kenry, Zhao Z, Zhang P, Wang Z, Lim CT. Label-free extraction of
extracellular vesicles using centrifugal microfluidics. Biomicrofluidics. (2018)
12:024103. doi: 10.1063/1.5019983

Wu M, Ouyang Y, Wang Z, Zhang R, Huang PH, Chen C, et al. Isolation of
exosomes from whole blood by integrating acoustics and microfluidics. Proc
Natl Acad Sci USA. (2017) 114:10584-9. doi: 10.1073/pnas.1709210114
Liang L, Kong M, Zhou S, Sheng Y, Wang P, Yu T. An integrated double-
filtration microfluidic device for isolation, enrichment and quantification of
urinary extracellular vesicles for detection of bladder cancer. Sci Rep. (2017)
7:46224. doi: 10.1038/srep46224

Woo HK, Sunkara V, Park J, Kim TH, Han JR, Kim CJ, et al. Exodisc
for rapid, size-selective, and efficient isolation and analysis of nanoscale
extracellular vesicles from biological samples. ACS Nano. (2017) 11:1360-70.
doi: 10.1021/acsnano.6b06131

extracellular vesicle microRNA biomarker

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Liu C, Guo J, Tian E Yang N, Yan E Ding Y, et al. Field-free isolation of
exosomes from extracellular vesicles by micro fl uidic viscoelastic flows. ACS
Nano. (2017) 11:6968-76. (2017) doi: 10.1021/acsnano.7b02277

Wunsch BH, Smith JT, Gifford SM, Wang C, Brink M, Bruce RL,
et al. Nanoscale lateral displacement arrays for the separation of
exosomes and colloids down to 20 nm. Nat Nanotechnol. (2016) 11:936-40.
doi: 10.1038/nnano.2016.134

Hisey CL, Dorayappan KDP, Cohn DE, Selvendiran K, Hansford DJ.
Microfluidic affinity separation chip for selective capture and release
of label-free ovarian cancer exosomes. Lab Chip. (2018) 18:3144-53.
doi: 10.1039/c81c00834e

He M, Crow J, Roth M, Zeng Y, Godwin AK. Integrated immunoisolation
and protein analysis of circulating exosomes using microfluidic technology.
Lab Chip. (2014) 14:3773-80. doi: 10.1039/c41c00662c

Zhao Z, Yang Y, Zeng Y, He M. A microfluidic ExoSearch chip
for multiplexed exosome detection towards blood-based ovarian cancer
diagnosis. Lab Chip. (2016) 16:489-96. doi: 10.1039/c51c01117e

Gorkin R, Park J, Siegrist ], Amasia M, Lee BS, Park JM, et al. Centrifugal
microfluidics for biomedical applications. Lab Chip. (2010) 10:1758-73.
doi: 10.1039/b924109d

Kido H, Micic M, Smith D, Zoval ], Norton J, Madou M. A novel,
compact disk-like centrifugal microfluidics system for cell lysis and
sample homogenization. Colloids Surfaces B Biointerfaces. (2007) 58:44-51.
doi: 10.1016/j.colsurfb.2007.03.015

Czilwik G, Vashist SK, Klein V, Buderer A, Roth G, Von Stetten E et al.
Magnetic chemiluminescent immunoassay for human C-reactive protein
on the centrifugal microfluidics platform. RSC Adv. (2015) 5:61906-12.
doi: 10.1039/c5ra12527h

Juelg P, Specht M, Kipf E, Lehnert M, Eckert C, Keller M,
et al.  Automated serial dilutions for  high-dynamic-range
assays  enabled by fill-level-coupled  valving in  centrifugal
microfluidics. Lab  Chip. (2019) 19:2205-19. doi:  10.1039/c91cO
0092e

Al-Fagheri W, Thio THG, Qasaimeh MA, Dietzel A, Madou M, Al-
Halhouli A. Particle/cell separation on microfluidic platforms based on
centrifugation effect: a review. Microfluid Nanofluidics. (2017) 21:1-23.
doi: 10.1007/s10404-017-1933-4

Steigert J, Brenner T, Grumann M, Riegger L, Lutz S, Zengerle R,
et al. Integrated siphon-based metering and sedimentation of whole blood
on a hydrophilic lab-on-a-disk. Biomed Microdevices. (2007) 9:675-9.
doi: 10.1007/510544-007-9076-0

WuM, Chen C, Wang Z, Bachman H, Ouyang Y, Huang PH, et al. Separating
extracellular vesicles and lipoproteins via acoustofluidics. Lab Chip. (2019)
19:1174-82. doi: 10.1039/c81c01134f

Chen C, Skog J, Hsu C-H, Lessard RT, Balaj L, Wurdinger T,
et al. Microfluidic isolation and transcriptome analysis of serum
microvesicles.  Lab  Chip.  (2010) 10:505-11. doi:  10.1039/B91
6199F

Zhang P, He M, Zeng Y. Ultrasensitive microfluidic analysis of circulating
exosomes using a nanostructured graphene oxide/polydopamine coating.
Lab Chip. (2016) 16:3033-42. doi: 10.1039/c61c00279j

Shin S, Han D, Park MC, Mun JY, Choi J, Kim §, et al. Separation
of extracellular nanovesicles and apoptotic bodies from cancer cell
culture broth using tunable microfluidic systems. Sci Rep. (2017) 7:9907.
doi: 10.1038/541598-017-08826-w

Pamme N. Continuous flow separations in microfluidic devices. Lab Chip.
(2007) 7:1644-59. doi: 10.1039/b712784g

Wang Z, Wu HJ, Fine D, Schmulen J, Hu Y, Godin B, et al. Ciliated
micropillars for the microfluidic-based isolation of nanoscale lipid vesicles.
Lab Chip. (2013) 13:2879-82. doi: 10.1039/c31c41343h

Chiappini C, Liu X, Fakhoury JR, Ferrari M. Biodegradable porous silicon
barcode nanowires with defined geometry. Adv Funct Mater. (2010) 20:2231-
9. doi: 10.1002/adfm.201000360

Davies RT, Kim J, Jang SC, Choi EJ, Gho YS, Park J. Microfluidic filtration
system to isolate extracellular vesicles from blood. Lab Chip. (2012) 12:5202-
10. doi: 10.1039/c21c41006k

Yu C, Davey MH, Svec E, Fréchet JMJ. Monolithic porous polymer for on-
chip solid-phase extraction and preconcentration prepared by photoinitiated

Frontiers in Veterinary Science | www.frontiersin.org

16

January 2021 | Volume 7 | Article 620809


https://doi.org/10.1016/j.nano.2015.01.003
https://doi.org/10.1016/j.nano.2017.03.011
https://doi.org/10.1038/s41598-017-10646-x
https://doi.org/10.3892/ijmm.2016.2759
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1016/j.jim.2014.04.003
https://doi.org/10.1134/S1990750818020117
https://doi.org/10.1002/pros.23393
https://doi.org/10.21037/atm.2017.01.62
https://doi.org/10.1007/978-1-4939-7652-2_9
https://doi.org/10.1038/s41598-018-24163-y
https://doi.org/10.2144/000114575
https://doi.org/10.1371/journal.pone.0224604
https://doi.org/10.1021/acs.analchem.8b00914
https://doi.org/10.1080/20013078.2018.1508271
https://doi.org/10.1063/1.5019983
https://doi.org/10.1073/pnas.1709210114
https://doi.org/10.1038/srep46224
https://doi.org/10.1021/acsnano.6b06131
https://doi.org/10.1021/acsnano.7b02277
https://doi.org/10.1038/nnano.2016.134
https://doi.org/10.1039/c8lc00834e
https://doi.org/10.1039/c4lc00662c
https://doi.org/10.1039/c5lc01117e
https://doi.org/10.1039/b924109d
https://doi.org/10.1016/j.colsurfb.2007.03.015
https://doi.org/10.1039/c5ra12527h
https://doi.org/10.1039/c9lc00092e
https://doi.org/10.1007/s10404-017-1933-4
https://doi.org/10.1007/s10544-007-9076-0
https://doi.org/10.1039/c8lc01134f
https://doi.org/10.1039/B916199F
https://doi.org/10.1039/c6lc00279j
https://doi.org/10.1038/s41598-017-08826-w
https://doi.org/10.1039/b712784g
https://doi.org/10.1039/c3lc41343h
https://doi.org/10.1002/adfm.201000360
https://doi.org/10.1039/c2lc41006k
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Talebjedi et al.

Microfluidcs for Embryo EVs Characterization

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

in situ polymerization within a microfluidic device. Anal Chem. (2001)
73:5088-96. doi: 10.1021/ac0106288

Liu C, Ding B, Xue C, Tian Y, Hu G, Sun J. Sheathless focusing
and separation of diverse nanoparticles
with minimized shear thinning. Anal Chem.
doi: 10.1021/acs.analchem.6b04564

Saez E, Frenette G, Sullivan R. Epididymosomes and prostasomes: their roles
in posttesticular maturation of the sperm cells. ] Androl. (2003) 24:149-54.
doi: 10.1002/j.1939-4640.2003.tb02653.x

Smith JA, Daniel R. Human vaginal fluid contains exosomes that have an
inhibitory effect on an early step of the HIV-1 life cycle. AIDS. (2016)
30:2611-6. doi: 10.1097/QAD.0000000000001236

Burns G, Brooks K, Wildung M, Navakanitworakul R, Christenson LK,
Spencer TE. Extracellular vesicles in luminal fluid of the ovine uterus. PLoS
ONE. (2014) 9:€90913. doi: 10.1371/journal.pone.0090913

da Silveira JC, Veeramachaneni DNR, Winger QA, Carnevale EM, Bouma
GJ. Cell-secreted vesicles in equine ovarian follicular fluid contain miRNAs
and proteins: a possible new form of cell communication within the ovarian
folliclel. Biol Reprod. (2012) 86:1-10. doi: 10.1095/biolreprod.111.093252
Al-Dossary AA, Strehler EE, Martin-DeLeon PA. Expression and secretion
of plasma membrane Ca%t-ATPase 4a (PMCA4a) during murine estrus:
association with oviductal exosomes and uptake in sperm. PLoS ONE. (2013)
8:1-14. doi: 10.1371/journal.pone.0080181

Ferraz M de AMM, Carothers A, Dahal R, Noonan MJ, Songsasen N.
Oviductal extracellular vesicles interact with the spermatozoon’s head and
mid-piece and improves its motility and fertilizing ability in the domestic
cat. Sci Rep. (2019) 9:9484. doi: 10.1038/541598-019-45857-x

Morales Dalanezi F, Mogollon Garcia HD, de Andrade Ferrazza R, Fagali
Franchi E Kubo Fontes P, de Souza Castilho AC, et al. Extracellular
vesicles of follicular fluid from heat-stressed cows modify the gene
expression of in vitro-matured oocytes. Anim Reprod Sci. (2019) 205:94-104.
doi: 10.1016/j.anireprosci.2019.04.008

Hailay T, Hoelker M, Poirier M, Gebremedhn S, Rings F, Saeed-Zidane
M, et al. Extracellular vesicle-coupled miRNA profiles in follicular fluid of
cows with divergent post-calving metabolic status. Sci Rep. (2019) 9:1-14.
doi: 10.1038/s41598-019-49029-9

Fereshteh Z, Bathala P, Galileo DS, Martin-DeLeon PA, Martin-DeLeon PA.
Detection of extracellular vesicles in the mouse vaginal fluid: Their delivery
of sperm proteins that stimulate capacitation and modulate fertility. J Cell
Physiol. (2019) 234:12745-56. doi: 10.1002/jcp.27894

Mellisho EA, Veldsquez AE, Nufiez M], Cabezas JG, Cueto JA, Fader
C, et al. Identification and characteristics of extracellular vesicles from
bovine blastocysts produced in vitro. PLoS ONE. (2017) 12:¢0178306.
doi: 10.1371/journal.pone.0178306

Giacomini E, Vago R, Sanchez AM, Podini P, Zarovni N, Murdica V,
et al. Secretome of in vitro cultured human embryos contains extracellular
vesicles that are uptaken by the maternal side. Sci Rep. (2017) 7:5210.
doi: 10.1038/s41598-017-05549-w

Giacomini E, Alleva E, Fornelli G, Quartucci A, Privitera L, Vanni VS,
et al. Embryonic extracellular vesicles as informers to the immune cells
at the maternal-fetal interface. Clin Exp Immunol. (2019) 198:15-23.
doi: 10.1111/cei.13304

Gardiner C, Ferriera JE Poli M, Turner K, Child T, Sargent IL,
et al. IVF embryos release extracellular vesicles which may act as
an indicator of embryo quality. J Extracell Vesicles. (2013) 2: 20826.
doi: 10.3402/jev.v2i0.20826

Pallinger E, Bognar Z, Bodis J, Csabai T, Farkas N, Godony K, et al.
A simple and rapid flow cytometry-based assay to identify a competent
embryo prior to embryo transfer. Sci Rep. (2017) 7:39927. doi: 10.1038/srep
39927

Abu-Halima M, Hausler S, Backes C, Fehlmann T, Staib C, Nestel S, et al.
Micro-ribonucleic acids and extracellular vesicles repertoire in the spent
culture media is altered in women undergoing in vitro fertilization. Sci Rep.
(2017) 7:13525. doi: 10.1038/s41598-017-13683-8

Aguilera C, Veraguas D, Henriquez C, Velasquez A, Castro FO, Rodriguez-
Alvarez L. 80 Evaluation of extracellular vesicles from culture medium of
human embryos as a possible method of pre-implantation genetic diagnosis.
Reprod Fertil Dev. (2020) 32:166. doi: 10.1071/RDv32n2Ab80

in viscoelastic solutions
(2016) 88:12547-53.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Verweij FJ, Bebelman MP, Jimenez CR, Garcia-Vallejo JJ, Janssen H,
Neefjes ], et al. Quantifying exosome secretion from single cells reveals
a modulatory role for GPCR signaling. J Cell Biol. (2018) 217:1129-42.
doi: 10.1083/jcb.201703206

Capalbo A, Ubaldi FM, Cimadomo D, Noli L, Khalaf Y, Farcomeni
A, et al. MicroRNAs in spent blastocyst culture medium are derived
from trophectoderm cells and can be explored for human embryo
reproductive competence assessment. Fertil Steril. (2016) 105:225-35.e3.
doi: 10.1016/j.fertnstert.2015.09.014

Rosenbluth EM, Shelton DN, Wells LM, Sparks AETT, Van Voorhis
BJ. Human embryos secrete microRNAs into culture media - a
potential biomarker for implantation. Fertil Steril. (2014) 101:1493-500.
doi: 10.1016/j.fertnstert.2014.01.058

Gross N, Kropp J, Khatib H. MicroRNA signaling in embryo development.
Biology (Basel). (2017) 6:34. doi: 10.3390/biology6030034

Bidarimath M, Khalaj K, Kridli RT, Kan FWK, Koti M, Tayade C.
Extracellular vesicle mediated intercellular communication at the porcine
maternal-fetal interface: a new paradigm for conceptus-endometrial cross-
talk. Sci Rep. (2017) 7:40476. doi: 10.1038/srep40476

Russell SJ, Menezes K, Balakier H, Librach C. Comprehensive profiling of
Small RNAs in human embryo-conditioned culture media by improved
sequencing and quantitative PCR methods. Syst Biol Reprod Med. (2020)
66:129-39. doi: 10.1080/19396368.2020.1716108

Andrade GM, Bomfim MM, del Collado M, Meirelles FV, Perecin F, da
Silveira JC. Oxygen tension modulates extracellular vesicles and its miRNA
contents in bovine embryo culture medium. Mol Reprod Dev. (2019)
86:1067-80. doi: 10.1002/mrd.23223

Tan Q, Shi S, Liang J, Zhang X, Cao D, Wang Z. MicroRNAs in small
extracellular vesicles indicate successful embryo implantation during early
pregnancy. Cells. (2020) 9:645. doi: 10.3390/cells9030645

Sher G, Keskintepe L, Nouriani M, Roussev R, Batzofin J. Expression of
sHLA-G in supernatants of individually cultured 46-h embryos: a potentially
valuable indicator of “embryo competency” and IVF outcome. Reprod
Biomed Online. (2004) 9:74-8. doi: 10.1016/S1472-6483(10)62113-X

Chen A, Wang R, Bever CRS, Xing S, Hammock BD, Pan T.
Smartphone-interfaced  lab-on-a-chip  devices for field-deployable
enzyme-linked immunosorbent assay. Biomicrofluidics. (2014) 8:064101.
doi: 10.1063/1.4901348

Suarez SS, Wu M. Microfluidic devices for the study of sperm migration. Mol
Hum Reprod. (2016) 23:227-34. doi: 10.1093/molehr/gaw039

Lai D, Ding J, Smith GW, Smith GD, Takayama S. Slow and steady cell
shrinkage reduces osmotic stress in bovine and murine oocyte and zygote
vitrification. Hum Reprod. (2015) 30:37-45. doi: 10.1093/humrep/deu284
Angione SL, Oulhen N, Brayboy LM, Tripathi A, Wessel GM. Simple
perfusion apparatus for manipulation, tracking, and study of oocytes and
embryos. Fertil Steril. (2015) 103:281-90.e5. doi: 10.1016/j.fertnstert.2014.
09.039

Meseguer M, Kruhne U, Laursen S. Full in vitro fertilization laboratory
mechanization: toward robotic assisted reproduction? Fertil Steril. (2012)
97:1277-86. doi: 10.1016/j.fertnstert.2012.03.013

Smith GD, Takayama S. Application of microfluidic technologies to
human assisted reproduction. Mol Hum Reprod. (2017) 23:gaw076.
doi: 10.1093/molehr/gaw076

Le Gac SS, Nordhoff V. Microfluidics for mammalian embryo culture and
selection: where do we stand now? Mol Hum Reprod. (2016) 23:213-26.
doi: 10.1093/molehr/gaw061

Nagashima JB, El Assal R, Songsasen N, Demirci U. Evaluation of an ovary-
on-a-chip in large mammalian models: species specificity and influence
of follicle isolation status. J Tissue Eng Regen Med. (2018) 12:e1926-35.
doi: 10.1002/term.2623

Ferraz MAMM, Rho HS, Hemerich D, Henning HHW, van Tol HTA,
Holker M, et al. An oviduct-on-a-chip provides an enhanced in vitro
environment for zygote genome reprogramming. Nat Commun. (2018)
9:4934. doi: 10.1038/s41467-018-07119-8

Ferraz MAMM, Henning HHW, Costa P, Jos M, Melchels FPW, Wubbolts R,
et al. Improved bovine embryo production in an oviduct-on-a-chip system:
prevention of poly-spermic fertilization and parthenogenic activation. Lab
Chip. (2017) doi: 10.1039/C6LC01566B

Frontiers in Veterinary Science | www.frontiersin.org

January 2021 | Volume 7 | Article 620809


https://doi.org/10.1021/ac0106288
https://doi.org/10.1021/acs.analchem.6b04564
https://doi.org/10.1002/j.1939-4640.2003.tb02653.x
https://doi.org/10.1097/QAD.0000000000001236
https://doi.org/10.1371/journal.pone.0090913
https://doi.org/10.1095/biolreprod.111.093252
https://doi.org/10.1371/journal.pone.0080181
https://doi.org/10.1038/s41598-019-45857-x
https://doi.org/10.1016/j.anireprosci.2019.04.008
https://doi.org/10.1038/s41598-019-49029-9
https://doi.org/10.1002/jcp.27894
https://doi.org/10.1371/journal.pone.0178306
https://doi.org/10.1038/s41598-017-05549-w
https://doi.org/10.1111/cei.13304
https://doi.org/10.3402/jev.v2i0.20826
https://doi.org/10.1038/srep39927
https://doi.org/10.1038/s41598-017-13683-8
https://doi.org/10.1071/RDv32n2Ab80
https://doi.org/10.1083/jcb.201703206
https://doi.org/10.1016/j.fertnstert.2015.09.014
https://doi.org/10.1016/j.fertnstert.2014.01.058
https://doi.org/10.3390/biology6030034
https://doi.org/10.1038/srep40476
https://doi.org/10.1080/19396368.2020.1716108
https://doi.org/10.1002/mrd.23223
https://doi.org/10.3390/cells9030645
https://doi.org/10.1016/S1472-6483(10)62113-X
https://doi.org/10.1063/1.4901348
https://doi.org/10.1093/molehr/gaw039
https://doi.org/10.1093/humrep/deu284
https://doi.org/10.1016/j.fertnstert.2014.09.039
https://doi.org/10.1016/j.fertnstert.2012.03.013
https://doi.org/10.1093/molehr/gaw076
https://doi.org/10.1093/molehr/gaw061
https://doi.org/10.1002/term.2623
https://doi.org/10.1038/s41467-018-07119-8
https://doi.org/10.1039/C6LC01566B
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Talebjedi et al.

Microfluidcs for Embryo EVs Characterization

133.

134.

135.

136.

137.

138.

139.

140.

141.

Komeya M, Kimura H, Nakamura H, Yokonishi T, Sato T, Kojima K, et al.
Long-term ex vivo maintenance of testis tissues producing fertile sperm in a
microfluidic device. Sci Rep. (2016) 6:1-10. doi: 10.1038/srep21472

Xiao S, Coppeta JR, Rogers HB, Isenberg BC, Zhu J, Olalekan SA, et al.
A microfluidic culture model of the human reproductive tract and 28-day
menstrual cycle. Nat Commun. (2017) 8:14584. doi: 10.1038/ncomms14584
Scherr T, Knapp GL, Guitreau A, Park DS-W, Tiersch T, Nandakumar K,
et al. Microfluidics and numerical simulation as methods for standardization
of zebrafish sperm cell activation. Biomed Microdevices. (2015) 17:1-10.
doi: 10.1007/s10544-015-9957-6

Liu J, Shi C, Wen J, Pyne D, Liu H, Ru C, et al. Automated vitrification
of embryos: a robotics approach. IEEE Robot Autom Mag. (2015) 22:33-40.
doi: 10.1109/MRA.2014.2386195

Cai G, Xue L, Zhang H, Lin J. A Review on micromixers. Micromachines.
(2017) 8:274. doi: 10.3390/mi8090274

Friedrich R, Block S, Alizadehheidari M, Heider S, Fritzsche J, Esbjorner EK,
et al. A nano flow cytometer for single lipid vesicle analysis. Lab Chip. (2017)
17:830-41. doi: 10.1039/C6LC01302C

Takehara H, Kazutaka O, Haruta M, Noda T, Sasagawa K, Tokuda
T, et al. On-chip cell analysis platform: implementation of contact
fluorescence microscopy in microfluidic chips. AIP Adv. (2017) 7:095213.
doi: 10.1063/1.4986872

Kuo G, Linda Liu E, Grossrubatscher I, Ng R, Waller L. On-chip fluorescence
microscopy with a random microlens diffuser. Opt Express. (2020) 28:8384.
doi: 10.1364/0e.382055

Coskun AF, Sencan I, Su TW, Ozcan A. Wide-field lensless fluorescent
microscopy using a tapered fiber-optic faceplate on a chip. Analyst. (2011)
136:3512-8. doi: 10.1039/c0an00926a

142.

143.

144.

145.

Xiong Z, Hwang FJ, Sun E Xie Y, Mao D, Li GL, et al. Spectrally filtered
passive Si photodiode array for on-chip fluorescence imaging of intracellular
calcium dynamics. Sci Rep. (2019) 9:1-9. doi: 10.1038/s41598-019-
45563-8

Deschout H, Raemdonck K, Stremersch S, Maoddi P, Mernier G, Renaud
P, et al. On-chip light sheet illumination enables diagnostic size and
concentration measurements of membrane vesicles in biofluids. Nanoscale.
(2014) 6:1741-7. doi: 10.1039/C3NR04432G

Hughes AJ, Herr AE. Microfluidic Western blotting. Proc Natl
Acad  Sci USA. (2012) 109:21450-5. doi:  10.1073/pnas.1207
754110

Ramshani Z, Zhang C, Richards K, Chen L, Xu G, Stiles
BL, et al.  Extracellular  vesicle = microRNA  quantification
from  plasma  using an  integrated  microfluidic  device.
Commun Biol. (2019) 2:189. doi: 10.1038/542003-019-
0435-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Talebjedi, Tasnim, Hoorfar, Mastromonaco and De Almeida
Monteiro Melo Ferraz. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

18

January 2021 | Volume 7 | Article 620809


https://doi.org/10.1038/srep21472
https://doi.org/10.1038/ncomms14584
https://doi.org/10.1007/s10544-015-9957-6
https://doi.org/10.1109/MRA.2014.2386195
https://doi.org/10.3390/mi8090274
https://doi.org/10.1039/C6LC01302C
https://doi.org/10.1063/1.4986872
https://doi.org/10.1364/oe.382055
https://doi.org/10.1039/c0an00926a
https://doi.org/10.1038/s41598-019-45563-8
https://doi.org/10.1039/C3NR04432G
https://doi.org/10.1073/pnas.1207754110
https://doi.org/10.1038/s42003-019-0435-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Exploiting Microfluidics for Extracellular Vesicle Isolation and Characterization: Potential Use for Standardized Embryo Quality Assessment
	Introduction
	Conventional EV Isolation Methods
	Ultracentrifugation Based Isolation
	Differential Ultracentrifugation
	Density Gradient/Cushion Ultracentrifugation

	Filtration Based Methods
	Ultrafiltration
	Size-Exclusion Chromatography

	Precipitation Based Methods
	Polymeric Precipitation

	Affinity Based Methods
	Immunoaffinity Capture
	Affinity and Ion-Exchange Chromatography


	Microfluidics for EV Isolation
	On-Chip Centrifugation
	Acoustofluidic Separation
	Immunoaffinity Capture
	Hydrodynamic Mechanism
	Filtration
	Viscoelastic Flow

	EVs as Biomarkers of Embryo Quality
	Size and Number of EVs as Biomarkers of Embryo Quality
	EV Cargoes as Biomarkers of Embryo Quality
	Prospective Use of Microfluidics to Assess EVs as Biomarkers of Embryo Quality
	On-Chip Embryonic EV Isolation
	On-Chip Embryonic EV Characterization
	Micromixers for On-Chip EVs Labeling
	Nano Flow Cytometer and On-Chip Microscopy to Characterize EVs Concentration, Size and DNA Cargo
	On-Chip ELISA and Western Blot to Characterize EV Protein Cargo
	On-Chip EV miRNAs Detection


	Conclusions
	Author Contributions
	Funding
	References


