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Abstract: Exosomes are important biomarkers for clinical diagnosis. It is critical to isolate secreted exosomes from bodily

fluids such as blood, saliva, breast milk, and urine for liquid biopsy applications. The field of microfluidics provides

numerous benefits for biosample processing, diagnostics, and prognostics. Several microfluidics-based methods have

been employed for the isolation and purification of exosomes in the last ten years. These microfluidic methods can be

grouped into two categories based on passive and active isolation mechanisms. In the first group, inertial and

hydrodynamic forces are employed to separate exosomes based on their size differences. In the second group, external

forcefields are integrated into microfluidic platforms to actively isolate exosomes from other bioparticles. In this

paper, the application of microfluidic methods in exosome isolation is discussed, and future perspectives on this field

are highlighted.

Introduction

Cells maintain tissue homeostasis through the extracellular
vesicles that they secrete to communicate with different cells
and to ensure the transport of molecules to different
locations (Panfoli et al., 2022; You and Qian, 2022). Cells
use the extracellular vesicles derived from endosomes and
plasma membranes for such types of communications.
Among these extracellular vesicles are exosomes that are
secreted from cells, which are the biological structures
having the smallest sizes (30–100 nm). Exosomes can be
isolated from all bodily fluids (such as urine, serum,
synovial fluid, cerebrospinal fluid, and saliva).

The contents of exosomes reflect the composition of the
donor cell from which they originate, and their formation
occurs via cellular stimuli (Valadi et al., 2007). Exosomes
are used to diagnose or treat many diseases, from
cardiovascular diseases to diabetes, cancer to infectious
diseases, and neurodegenerative diseases to immune
deficiencies (Wang et al., 2021a; Lai et al., 2022). The
transport of miRNAs by exosomes has drawn attention in
the pathogenesis of cardiovascular diseases. For instance, it
has been shown that miRNAs carried by exosomes released
by cardiomyocytes isolated from diabetic rats have
antiangiogenic roles. It was also suggested that exosomes

carrying these miRNAs increase the risks of cardiovascular
diseases in diabetes by blocking the repair of damaged blood
vessels (Wang et al., 2014).

Owing to the widespread use of exosomes in diagnosis,
researchers are searching for new ways to isolate them and
make them functional by inducing modifications and also
use them as drug carriers (Abas et al., 2022; Uslu et al.,
2022; Cenik et al., 2022). The isolation of exosomes is
generally done using ultracentrifugation, ultrafiltration,
isolation kits, chromatographic methods, and
immunoaffinity capture (Li et al., 2022). The isolation of
exosomes using these techniques presents advantages or
disadvantages depending on the sample and required
amount (Zheng et al., 2022). Although ultracentrifugation is
the gold standard method to isolate exosomes, there are
disadvantages owing to the high cost of the required
instrumentation, and the long extraction time involved
(Momen-Heravi et al., 2012). Size exclusion
chromatography (SEC) is also widely used to isolate high-
quality exosomes and minimize damage to exosomes.
However, SEC is preferred for industrial exosomal
production because the large sizes of the columns used
cause few restrictive problems (Konoshenko et al., 2018).
While ultrafiltration is widely used in the isolation of
exosomes from bodily fluids given that it is ideal and fast
for large volumes of samples, however, the extraction
efficiency of the exosomal isolation is lowered because of
filter clogging (Shirejini and Inci, 2022). Finally, in the
immunoaffinity capture technique, exosomes are captured
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through specific antibodies, aptamers, and recombinant
proteins that are immobilized on the matrix and
subsequently collected with the help of magnetic beads
(Wang et al., 2019). Due to the high sensitivity of this
approach, it is widely used in diagnostic studies, but it is
however not suitable when the sample volume is large
(Wang et al., 2019). Isolation kits entail the use of polymers
with significant hydrophilic properties that allow the passage
of exosomes to the hydrophobic microenvironment.
However, the problem of purity is often encountered in this
approach. In order to overcome such disadvantages of
traditional exosomal isolation methods, new techniques have
been developed using microfluidic platforms.

Microfluidics is important for biological and medical
studies because it allows for precise control and
manipulation of small fluid volumes (Akkoyun and Özçelik,
2022; Ozcelik, 2022). Additionally, microfluidic devices can
be used to create microenvironments that mimic those
found in the body, which can be useful to study disease
mechanisms and the effectiveness of potential therapies
(Ozcelik et al., 2022a). Microfluidic devices can also be used
to isolate exosomes based on their size and surface markers.
A few examples of microfluidic-based exosome isolation
methods are depicted in Fig. 1. Exosome isolation using
microfluidics-based platforms is highly efficient and
potentially allows for high-throughput isolation of exosomes
with minimal sample loss, while also providing a high
degree of purity. This can be especially useful for basic
research and drug discovery, as well as for clinical
applications such as diagnostics and therapeutics. A general
summary of the characteristics of microfluidic exosome

isolation methods is given in Table 1. In this paper, different
microfluidic methods for exosome isolation are discussed to
highlight their strengths and weaknesses.

Passive Microfluidic Exosome Isolation

Passive microfluidic exosome isolation methods do not
require an external actuation mechanism and hence are
simpler and more straightforward compared to active
methods. The main passive microfluidic isolation methods
include filtration, inertial focusing, immunoaffinity, lateral
displacement, and viscoelastic flow (Liga et al., 2015; Tayebi
et al., 2020; Shirejini and Inci, 2022; Theel and
Schwaminger, 2022). Except for the immunoaffinity-based
isolation methods, the other passive methods are label-free
and based on the physical properties of the exosomes.

Filtration, in general, is one of the most widely
researched methods for the isolation of target bioparticles.
Microfluidic exosome filtration has been performed by two
common approaches; membrane integrated microfluidics
(Liang et al., 2017) and nanowire trapping (Le and Fan,
2021). Generally, exosomes show a relatively wide range of
size distribution varying from 30 to 150 nm (Ding et al.,
2021; Wu et al., 2017). Such a size variation limits the use of
filtration-based methods in terms of the isolation efficiency
and the recovery of exosomes. The fixed geometry of the
microfluidic filters restricts their target separation window.
A wider target-size filtering approach can increase the
contamination of the isolated exosomes with other
nanoparticles falling within the same size distribution of the
exosomes (Shirejini and Inci, 2022). Nevertheless,

FIGURE 1. Schematic depiction of examples of
microfluidic exosome isolation methods. (a)
Acoustic-based, (b) DEP-based, (c) Immunoaffinity-
based, and (d) DLD-based exosome isolation methods.
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microfluidic filtering is a simple approach to isolate exosomes
from various bodily fluids that do not require extensive user
training or special equipment. The most important
shortcoming of the microfluidic filtering methods is device
clogging that reduces the isolation efficiency and can render
the device unusable (Choe et al., 2021). A recent discovery
has addressed this issue by using mechanical vibrations to
apply negative pressure oscillations and prevent membrane
clogging (Chen et al., 2021). An exosome recovery rate of
about 90% was obtained by the authors which is higher
compared to most of the conventional microfluidic filtering
methods where the yield efficiency was between 40% to 70%
(Wang et al., 2013; Le and Fan, 2021; Wang et al., 2021b).
This is a good example of using a combined strategy for
achieving better functionality and exosome separation
efficiency compared to the traditional filtering approaches.

Inertial focusing takes advantage of inertial lift forces to
push particles to specific locations based on their physical
properties within a microfluidic channel. This is a
continuous process that can enable high throughput
isolation and avoids clogging (Lin et al., 2021; Teoh et al.,
2022). For instance, a spiral device geometry has been
commonly employed for the manipulation and isolation of
submicron microvesicles and microparticles by taking
advantage of inertial microfluidics (Tay et al., 2017).
However, due to the smaller sizes of exosomes, inertial
focusing is not an effective approach to manipulating
exosomes. Thus, rather than direct manipulation, a negative
selection approach is employed in which larger cells and
particles can be separated from the sample flow leaving the
nanosized bioparticles including exosomes behind. To
improve the efficiency of the inertial focusing method for
isolating exosomes, a combined strategy of immuno-binding
and inertial focusing has been developed. Here, surface-
functionalized microbeads are incubated with a solution
containing exosomes, and the exosome-bound microbeads
are isolated by inertial focusing (Dudani et al., 2015;
Shirejini and Inci, 2022). This approach is more efficient

due to the much larger sizes of the microbeads that can
experience stronger inertial effects.

Immunoaffinity-based exosome-capturing methods have
been applied in microfluidics through direct immobilization
of exosome-specific antibodies on the surfaces of the
microfluidic channels or microbeads (Shirejini and Inci,
2022). Magnetic particles are commonly used to capture
exosomes and achieve antibody-specific exosome isolation
(Li et al., 2021). The magnetic approach is also extensively
used commercially due to its effectiveness and separation
efficiency. Despite these advantages of the magnetic
immunoassay binding method, the process is time-
consuming and requires multiple steps.

Deterministic lateral displacement (DLD) is a sized-
based continuous-flow passive isolation method. Pillar
arrays of different sizes and shapes are employed in this
method to laterally separate target bioparticles (McGrath et
al., 2014). Nanoscale DLD has been also enabled by
fabricating pillar arrays with nanometer-size geometries that
allowed the separation of exosomes and nanoparticles that
were as small as 20 nm (Wunsch et al., 2016; Smith et al.,
2018). Nanoscale DLD is a promising approach to
continuous-flow exosome separation. However, several
disadvantages need attention to improve DLD-based
exosome isolation. For example, DLD can have a low yield
of exosomes, especially when working with low-
concentration samples. In addition, DLD can be non-
specific and can result in the isolation of other types of
vesicles and particles. These include liposomes,
microvesicles, and protein aggregates, which can lead to
contamination of the isolated exosome samples. Further
study of this approach is necessary to demonstrate its
application for clinically relevant exosome isolation from
various biofluids.

The viscoelastic flow-based exosome separation method
relies on the elastic lift forces that increase with the volume
of the particles (Yuan et al., 2018). In a recent example, this
method was applied in exosome and bioparticle separation

TABLE 1

A summary table of different microfluidic-based exosome isolation methods

Method Working mechanism Advantages Disadvantages

Microfluidic
filtration

Size-based physical exclusion Label-free, can be scaled-up, no external
fields are required

Susceptible to clogging

Viscoelastic
flow

Sized-based separation Label-free, no external fields, simple
device fabrication

Requires special medium, low purity

Inertial
focusing

Sized-based separation Label-free, simple device fabrication Negative selection is applied due to the
smaller size of exosomes

DLD Sized-based separation Label-free, no external fields are
required

Susceptible to clogging, mixing with other
nano-sized vesicles

Immunoaffinity Affinity-based Exosome-specific, high purity Exosome recovery can be difficult

DEP Sized-based separation Label-free, controllable Potential damage due to Joule heating

Acoustics Sized and mechanical property-
based separation

Biocompatible, label-free, controllable Expensive peripheral equipment may be
required

Note: DLD: Deterministic Lateral Displacement, DEP: Dielectrophoresis.
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by modifying the sample medium with diluted poly
(oxyethylene) achieving more than 90% exosome purity and
a recovery rate of 80% (Liu et al., 2017). Repetitions of the
microchannel geometry were later shown to improve the
device performance by using periodically reversed Dean
secondary flows to yield a purity of more than 92% (Zhou et
al., 2019). Similar to the majority of the other passive
microfluidic exosome separation methods, the viscoelastic
flow-based separation method requires validation with
various bodily fluids to prove the potential of this method
for medical diagnostic applications.

There are several ways to improve viscoelastic flow-based
exosome isolation methods. For example, the flow conditions,
such as the flow rate, pressure, and channel geometry can be
optimized to improve the efficiency and specificity of
exosome isolation. In addition, combining viscoelastic flow-
based isolation with other methods, such as size exclusion,
dielectrophoresis, or magnetic bead-based isolation, can
enhance the purity and yield of exosomes. Machine learning
and artificial intelligence can also be applied to optimize the
isolation process, by analyzing the flow characteristics,
particle size, and surface markers.

Active Microfluidic Exosome Isolation

Active exosome isolation methods generally employ external
force fields to manipulate particles and separate exosomes
through negative or positive selection. The typical methods
in this category are acoustic and dielectrophoretic isolation
methods (Lin et al., 2021; Su et al., 2019). Both of these
methods enable continuous-flow exosome isolation and are
dynamically controllable. Even though active methods are
more complex and demanding, there is a considerable
research effort to actively improved exosome isolation
strategies (Wang et al., 2021b).

The acoustic exosome isolation approach usually
employs surface acoustic wave-based devices that generate
mechanical waves on a piezoelectric surface (Wu et al.,
2019). In the acoustic methods, depending on the interplay
of acoustic radiation and streaming forces, bioparticles have
been separated from each other based on their mechanical
and physical differences (Ozcelik and Huang, 2020; Zhang
et al., 2020; Ozcelik et al., 2022b). An important milestone
in acoustic exosome isolation was the demonstration of
exosome isolation from whole blood using an integrated
microfluidic chip (Wu et al., 2017). In this approach, a cell
removal module and an exosome separation module were
functionally fused to isolate blood-derived exosomes in a
continuous process with an efficiency of 98.4%. A similar
approach was used for salivary exosomes to detect cancer
(Wang et al., 2020). Even though acoustic exosome isolation
offers dexterity and relatively higher efficiencies compared
to most passive isolation methods, the complexity of the
system demands a high level of user expertise. In addition,
the equipment required for acoustic methods can be
expensive and may not be accessible to all laboratories. To
reduce the complexity of the isolation process, one can use
commercially available kits and devices that are designed
specifically for acoustic exosome isolation. These kits can

simplify the isolation process and make the approach more
accessible to researchers.

Dielectrophoresis (DEP) is another commonly explored
particle isolation method that depends on medium and
sample conductivity (Lee et al., 2020). In this method,
externally applied alternating or direct currents can be
applied to induce polarization for particle separation. DEP is
employed to enrich and isolate exosomes from small sample
volumes (Ibsen et al., 2017). In a study, DEP was utilized in
two separate sections to identify two subpopulations of
exosomes of varying sizes. Exosomes were captured by
introducing a 2000 V electric potential differential for 20 s.
Once the exosomes were captured, they were recovered
using an electroosmotic flow (Ayala-Mar et al., 2019). While
similar examples of DEP applications also exist in literature
with good separation efficiencies, an important drawback of
DEP-based isolation methods is the undesired Joule heating
that can be detrimental to the biospecimen. In addition,
device fabrication and operation are generally more intricate
and costly in contrast to passive exosome isolation methods.

Conclusion and Future Perspectives

Both active and passive microfluidics platforms present viable
alternatives to traditional benchtop exosome isolation
methods that rely on expensive facilities, are time-
consuming, and are potentially harmful to the exosomes due
to extremely high g forces generated during ultra-
centrifugation. Numerous microfluidic approaches have
been implemented in exosome isolation studies with
different advantages and disadvantages. In general, passive
microfluidic exosome isolation methods are simpler in terms
of the required peripheral equipment and user expertise. On
the other hand, passive methods do not allow the dynamic
control that active isolation methods offer. Both acoustic
and DEP-based isolation methods have been demonstrated
to yield high exosome isolation efficiencies. However, these
methods are far from being the industrial standard for
nanoparticle or exosome isolation because of their inherited
limitations and current challenges.

An important limitation of microfluidic platforms is the
lack of standardization. The majority of the reported
microfluidic exosome isolation examples are proof of
concept demonstrations that rely on niche architectures and
distinct working mechanisms without universal standards.
This prevents the improvement of microfluidic platforms for
desired standards in terms of user experience and
performance. This is also a problem in the global
benchmarking of microfluidic isolation technologies.
Commercialization is the only viable option for the
widespread adoption of these microfluidic tools in life
sciences and medical applications, but the lack of
standardization limits the number of commercial products.
Finally, the efficiencies of the microfluidic exosome isolation
methods have been generally demonstrated in simple
applications including standard samples. These platforms
should be tested with a variety of bodily fluids and sample
concentrations for simulating real-life clinical applications.
This validation is also critical for faster commercialization of
the documented microfluidic platforms.
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