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Abstract
Exosomes are extracellular vesicles with a diameter ranging from 30 to 150 nm, which are an important medium for inter-
cellular communication and are closely related to the progression of certain diseases. Therefore, exosomes are considered 
promising biomarkers for the diagnosis of specific diseases, and thereby, treatments based on exosomes are being widely 
examined. For exosome-related research, a rapid, simple, high-purity, and recovery isolation method is the primary prereq-
uisite for exosomal large-scale application in medical practice. Although there are no standardized methods for exosome 
separation and analysis, various techniques have been established to explore their biochemical and physicochemical proper-
ties. In this review, we analyzed the progress in exosomal isolation strategies and proposed our views on the development 
prospects of various exosomal isolation techniques.
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Abbreviations
EVs  Extracellular vesicles
DUC  Differential ultracentrifugation
UF  Ultrafiltration
MWCO  Molecular weight cut-off
TFF  Tangential flow filtration
SEC  Size exclusion chromatography
PEG  Polyethylene glycol
EpCAM  Epithelial cell adhesion molecule
DLD  Deterministic lateral displacement
DEP  Dielectrophoretic
PS  Polystyrene

JH  Joule heating
AF4  Asymmetric flow field-flow fractionation
FCM  Flow cytometry

Introduction

Exosome is one of the main subclasses of extracellular vesi-
cles (EVs), and exosomes are secreted by almost all types of 
cells and are widely found in bodily fluids. They can carry 
specific signaling molecules to mediate intercellular com-
munication (Fig. 1), regulate physiological and pathological 
status of receptor cells, and participate in the occurrence and 
development of a variety of diseases. Therefore, exosomes 
can be used as diagnostic biomarkers of certain diseases. 
Recently, exosome-based cell-free therapy has attracted 
considerable interest in the medical field, and the study of 
exosomes as drug delivery systems has also attracted signifi-
cant attention among many researchers [1, 2].

However, the following technical challenges have hin-
dered the application of exosomes: simplifying the extrac-
tion process, improving the yield of exosomes, distinguish-
ing exosomes from other EVs, and effectively analyzing and 
identifying exosomes. Hence, exosome therapy can demon-
strate significant advantages in the future if the aforemen-
tioned problems are solved at the technical level. Therefore, 
it is imperative to explore an efficient and rapid exosomal 
isolation method. In this review, we conducted an analytical 
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overview of the latest progress on exosomal isolation methods, 
established comparative analyses of various exosomal isolation 
techniques, and proposed our suggestions and opinions on the 
prospects of exosomal isolation techniques.

Main isolation techniques of exosomes

Different exosome isolation methods have been developed 
based on their size, shape, density, and surface proteins 
(Table 1). The large overlap in physical and chemical prop-
erties between exosome and non-exosome vesicles led to 
inclusion of a large number of non-exosome vesicles, such as 
microvesicles and apoptotic bodies, in “exosome samples” 
prepared via prior art. Therefore, unless otherwise specified, 
the term “exosome” used in this article refers to a mixture 
of small extracellular vesicles such as exosomes, apoptotic 
bodies, microparticles, and microvesicles.

Ultracentrifugation (UC)—an active isolation method

Ultracentrifugation is the most commonly used method for 
isolating different biological components, and it has been 

considered as a classical method for exosomal isolation. 
It can be divided into density gradient ultracentrifugation 
and differential ultracentrifugation (DUC).

Differential ultracentrifugation

DUC is the earliest and the most frequently reported exo-
somal isolation strategy [13, 14]. The operation steps are 
shown in Fig. 2. This method involves a simple process 
and no other markers are introduced, and thereby, it is 
suitable for high-dose sample analysis. However, given 
that the extracellular fluid is highly heterogeneous, DUC 
can lead to non-ideal exosome aggregation [15]; there-
fore, it may not be an appropriate exosome purification 
method because different vesicles of similar size and pro-
tein aggregates can be co-formed at 100,000 × g. There-
fore, exosomes prepared using this method should be puri-
fied further. Additionally, centrifugal force can lead to the 
destruction of the exosome structure, which in turn affects 
downstream experiments, particularly functional analysis 
of exosomes.

Fig. 1  Biogenesis of exosomes. Reproduced with permission [3]. Copyright 2020, Springer Nature
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Density gradient ultracentrifugation

Density gradient ultracentrifugation is an improved tech-
nique based on DUC, and it involves the addition of sam-
ple particles to inert media with a density gradient (such 
as sucrose and cesium chloride), and thereby, it utilizes 
differences between the density of the particles and that of 
the medium. Different particles concentrate on their spe-
cific positions in the gradient medium under the action of 
a certain relative centrifugal force. Finally, different zones 
are obtained such that various high-purity particles can be 
collected from different zones (Fig. 3A). This method is 
suitable for the isolation of particles with slight difference 

in their sedimentation coefficient. Given the inherent den-
sity difference between different extracellular components, 
a more purified exosome can be obtained using this method 
[16]. The steps are shown in Fig. 3A.

This technique can separate particles with poor sedimen-
tation coefficients, such as DUC, and also separate particles 
with a certain density difference. The particles remain active 
and do not squeeze or deform.

However, this method requires the preparation of an inert 
gradient medium solution, long time, and relatively tedious 
operation. Additionally, given that this method is completely 
dependent on the density difference, exosomes cannot be iso-
lated from EVs with buoyant densities (but different sizes) 

Fig. 2  Schematic of differential ultracentrifugation–based exosome 
isolation. Differential ultracentrifugation is performed via multiple 
cycles of centrifugation with centrifugal forces in the range of 300 × g 
to 100,000 × g. Cells, cell debris, and apoptotic bodies are sequen-

tially removed by controlling different centrifugal forces and time 
periods. After the final centrifugation (i.e., 100,000 × g), exosomes 
are collected by removing the supernatant. The centrifuge is operated 
at 4 °C

Fig. 3  Schematic of gradient 
density ultracentrifugation–
based exosome isolation. A 
Isopycnic density gradient ultra-
centrifugation. B Moving-zone 
gradient ultracentrifugation

7126 Liu W. et al.
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similar to those of exosomes [17, 18]. To effectively solve 
this technical issue, researchers have used moving-zone den-
sity gradient centrifugation, which separates particles based 
on density and size. It is used for the isolation of particles 
with different sizes and shapes but with similar densities. 
As shown in Fig. 3B, when the sample passes through the 
density gradient zone, with increasing density, particles with 
a higher density pass through the gradient layer and reach 
the bottom of the tube more quickly. Therefore, all solutes 

during centrifugation are sequentially separated based on 
density and mass/size. This in turn allows separation of vesi-
cles with the same density but different sizes [17]. However, 
to obtain the optimum exosomal isolation, the centrifugation 
should be immediately stopped when the distance between 
the zones reaches the maximum, or the high-density medium 
should be installed as a buffer at the bottom of the tube. 
Otherwise, particles with similar density and largely distinct 
sedimentation coefficient can concentrate in the same zone.

Cells and 

cell debris
Biofluid

1000nm

Cells and 

cell debris

Biofluid

Biofluid

500 kD MWCO 200 nm

200 nm

20 nm

Exosome

Exosome

Exosome

Protein ProteinProtein

Feed stream

Tangential flow filtration

200nm

200nm 100nm 50nm 30nm

200-100nm 100-50nm 50-30nm 30nm

A B

C

Fig. 4  Schematic of ultrafiltration-based exosome isolation. A Tan-
dem-configured ultrafiltration. When biofluids pass through the two 
membranes, large vesicles, including cell debris, apoptotic bod-
ies, and cells, are trapped in the 200-nm membrane, while vesicles 
with diameter in the range of 20–200  nm are retained on the lower 
20-nm filter. B Sequential ultrafiltration. Larger particles (e.g., cells 

or cell debris) are first removed via a 1000-nm filter; then the filtrate 
is passed through a second filter with 500-kD cut-off to remove free 
proteins; finally, exosomes with diameters in the range of 50–200 nm 
are collected from the filtrate via a 200-nm filter. C Tangential flow 
filtration
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Ultrafiltration (UF)—a passive isolation method

The main principle of UF involves the use of a membrane with 
a specified pore diameter or molecular weight cut-off (MWCO) 
for separating particles in a predetermined size range. There-
fore, it is a size-based isolation technology [19]. Based on this 
principle, two types of ultrafiltration devices have been well 
developed: tandem-configured ultrafiltration and sequential 
ultrafiltration (Fig. 4A and B). Exosome recovery is depend-
ent on the type of a filter. In a previous study, it was observed 
that a cellulose membrane with a pore size of 10 kDa exhibits 
the highest recovery efficiency [20]. UF can drastically shorten 
the processing time and does not require special equipment.

However, membrane blockage is a noticeable problem, 
which reduces the lifetime of expensive membranes and leads 
to low efficiency. Tangential flow filtration (TFF) techniques 
provide an ideal solution. TFF is in the form of cross-flow 
filtration (Fig. 4C). The tangential flow component destroys 
the formation of the concentration polarization layer, which 
can significantly reduce permeation flux [21]. Given that the 
membrane is always under a parallel flow force, potential 
clogging can be effectively minimized [22, 23]. Furthermore, 
TFF can improve the yield [24] and bioactivity of exosomes 
without any side effects derived from impurities [25]. Addi-
tionally, TFF exhibits greater batch-to-batch consistency than 
conventional isolation methods [26]. Apart from pore block-
age, another limitation of UF corresponds to the co-presence 
of nanoparticles with sizes comparable to those of exosomes. 
A feasible approach to address this problem involves combin-
ing UF and other methods [2, 9].

Size exclusion chromatography (SEC)—a passive 
isolation method

SEC uses the initial biological fluid as the mobile phase and 
porous gel-filtered polymers as the stationary phase [27, 28]. 
The nature of the stationary phase allows different elutions 
(Fig. 5): The larger particles are eluted first. They are followed 
by the smaller vesicles and then the non-membrane-bound pro-
teins (as larger particles can pass through fewer pores, they 
pass through a shorter path to the end of the column and elute 
faster). Therefore, eluents at different stages contain particles 
of different sizes.

When compared with DUC, SEC exhibits certain signifi-
cant advantages. First, SEC has been shown superior to other 
techniques in terms of the purity of isolated exosomes, which is 
mainly realized by improving protein contamination [29]. Sec-
ond, it can preserve the integrity and natural biological activity of 
isolated exosomes [30]. This is probably because SEC does not 
rely on centrifugal force, which is in sharp contrast to the DUC. 
Third, SEC is suitable for use with a small sample size, which is 
reported to be as low as 15 µL [31]. Fourth, the SEC is efficient in 
terms of time and effort, and the entire process can be completed 
in a short time (15 min) [31, 32]. Fifth, similar to the UF method, 
different pore sizes of the materials that are used can produce 
specific subsets of EVs. Finally, the SEC’s non-contact strategy 
(solute does not interact with the stationary phase) is more effi-
cient than UF, and thereby, ensuring no or minimal sample loss 
[33, 34]. In view of these advantages, SEC has recently been 
considered as the optimum method for isolating morphologically 
and functionally intact exosomes from plasma [35]. Importantly, 
this method is easy to expand and automate, and it can be used 
for the preparation of high-throughput exosomes.

SEC has several shortcomings. First, SEC cannot avoid the 
existence of contaminants of similar size. To eliminate these 
pollutants, Gardiner proposed an exosomal isolation strategy 
that combines UF and SEC [36]. Later, Shu et al. confirmed the 
feasibility of this strategy [37]. Second, the total yield isolated 
from SEC is low. However, SEC isolation can be expanded. To 
avoid this problem, combining SEC with DUC can evidently 
reduce exosomal loss, ensure the yield, and effectively remove 
impurity proteins, which is more suitable for target proteomics 
and RNA analysis [30, 38].

Polymer precipitation method—an active isolation 
method

Polymers can create a hydrophobic microenvironment 
by hijacking water molecules that surround exosomes 
and, thereby, forces exosomes to leave the solution and 
sediment under low-speed centrifugation (Fig. 6) [39]. Fig. 5  Schematic of size exclusion chromatography–based exosome 

isolation
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Currently, the commonly used polymers are polyethylene 
glycol (PEG), lectins, protamine, and sodium acetate.

When compared with ultracentrifugation or SEC, this 
method exhibits the advantages of simplicity, scalability, 

high yield, no deformation of exosomes, and can be used 
for a large number of samples without additional equip-
ment [9]. Additionally, it can be used to quickly diagnose 
diseases by integrating various detection platforms for 
exosome (or protein/genetic material content) analysis 
[40]. These advantages show that this method has poten-
tial advantages for future clinical research.

However, the purity of exosomes obtained by polymer is 
lower, which is mainly due to the co-precipitation of solu-
ble non-exosomal proteins, virions, immune complexes, and 
other pollutants [13, 41]. Currently, the quantification of 
exosomes is generally dependent on the total protein con-
tent of test samples. Therefore, given the existence of pro-
tein pollutants, this method can inevitably lead to incorrect 
quantification of exosomal preparations, and it can affect 
downstream analysis. Hence, it is not considered as an 
appropriate method for descriptive or functional analysis 
of exosomes [42].

Immunoaffinity capture—a label‑based isolation 
method

Some specific proteins, lipids, and polysaccharides exist on 
the surface of exosomes (Fig. 7), which are ubiquitous in all 

Fig. 6  Schematic of polymer precipitation–based exosome isolation

Fig. 7  Typical representative 
composition of exosomal cargo

7129Current status and outlook of advances in exosome isolation
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exosomes; therefore, exosomes can be separated based on 
the principle of antigen–antibody specific recognition and 
binding.

To effectively separate exosomes based on immunoaffin-
ity, the antibody must be immobilized on a solid surface. 
Hence, magnetic beads are most commonly used (Fig. 8).

When compared with ultracentrifugation, exosomes iso-
lated via immunoaffinity techniques contain at least two 
times the number of exosome markers and proteins, indi-
cating that exosomes isolated by this method exhibit higher 
specificity and yield [43, 44]. Conversely, this method 
usually leads to a “biased” isolation, for example, the iso-
lation of  CD9+exosome can also lead to the exclusion of 
 CD9− exosome, and thereby, reducing the yield. Further-
more, isolated exosomes exhibit higher purity, and this 
“biased” isolation is conducive to the study of parental cells 
and can provide an important index for the diagnosis of cer-
tain specific diseases. Among them, the most typical method 
involves evaluating the existence of epithelial cell adhesion 
molecule (EpCAM)–related cancer by detecting EpCAM-
positive exosomes [45].

Generally, the use of antibodies can shorten the time of 
isolation, improve the purity of exosomes, and enable the 
acquisition of specific exosomal components [45]. However, 
the isolation efficiency is related to the specificity and qual-
ity of antibodies because most of the commercially avail-
able antibodies for immunoprecipitation are non-specific. 
Thus, exosomes are non-specifically adsorbed on the solid 
phase. Additionally, the non-neutral pH and non-physiolog-
ical elution buffers (to separate exosomes and antibodies) 
can irreversibly affect the biological function of the col-
lected exosomes. Although these exosomes can typically 
be used for diagnostic purposes, they are not conducive to 
exosome-based functional research and various therapeutic 

applications [46, 47]. Moreover, it can only be suitable for 
small-sample studies because more expensive antibodies are 
required to address large samples, which limits its large-
scale use to a certain extent. To solve these problems, a fea-
sible method involves the use of immunoaffinity as an addi-
tional step in conjunction with DUC to improve the purity 
of isolated exosomes [48].

Aptamer‑based method—a label‑based isolation 
method

Aptamers are short single-stranded DNA or RNA sequences 
that can recognize and bind to their targets with high affinity 
and specificity in a manner similar to antibodies. In con-
trast to traditional antibodies, aptamers can be produced by 
chemical synthesis in vitro and exhibit several advantages 
such as small variation between batches, low or no immuno-
genicity, low cost, and easy chemical modification [49, 50]. 
Therefore, they can be used as substitutes for antibodies. 
In 2021, Zhang et al. presented an electrochemical micro-
aptasensor that can realize sensitive, specific, and reliable 
detection of exosomes from cancer cells and enable quantita-
tive evaluation of the exosome concentration by introducing 
anti-EpCAM aptamers [51]. In the past few years, several 
aptamer-mediated exosomal isolation platforms have been 
developed [52, 53]. Therefore, we believe that aptamer-
mediated exosomal isolation exhibits significant potential 
for various applications.

Microfluidic technique based on fluid properties

Microfluidic technique is a high-throughput method, which 
is compatible with a variety of exosomal isolation meth-
ods. Importantly, microchannels can be connected together 

Fig. 8  Schematic of the 
magnetic bead–based exosome 
isolation
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according to specific requirements [54]. A microfluidic 
device exhibits several advantages. First, it consumes less 
sample volume, reagents, and isolation time [55]. Sec-
ond, when combined with other exosomal isolation meth-
ods, it can synergistically improve the yield and purity of 
exosomes. However, certain related unsolved problems 
still persist. First, the samples used for analysis can block 
the channel. Second, the output of exosomes is also low 
because of the small sample size. Additionally, this method 
requires advanced equipment, which limits its large-scale 
applications.

Size‑based microfluidic isolation technique—a passive 
and label‑free isolation method

Several size-based microfluidic devices for exosomal isola-
tion have been developed to date. The first device corre-
sponds to the exosome total isolation chip (ExoTIC) [79]. 
It is a module unit composed of membranes with different 
pore sizes (Fig. 9). Multiple module units can be connected 
to isolate exosomes of a specific range of sizes. ExoTIC has a 
simple structure, easy to use, and has little effect on the natu-
ral exosomal structure. The system can realize high recov-
ery and isolation purity with a small sample size (10–100 
μL), making it suitable for clinical testing [56]. The second 
device corresponds to the nanowire-based exosome trip sys-
tem. This device can separate exosomes with 60% recovery 
[80]. In 2020, Yang et al. presented an integrated microflu-
idic device with high sensitivity and specificity for isolat-
ing and detecting exosomes (Fig. 10). The principle of this 
device involves adjusting the membrane pore size by ion-
sputtering gold layers of different exosomes [60]. Although 
size-based microfluidic isolation techniques (similar to SEC) 
can realize high throughput, the purity should be further 
improved.

Deterministic lateral displacement (DLD) technique—a 
passive and label‑free isolation method

DLD device is primarily composed of a cylindrical gradi-
ent array with a specific critical size for particle isolation 
[81]. The principle of DLD involves changing the flow path 
of particles larger than the critical size without affecting 
the paths of other particles. In 2014, Santana et al. devel-
oped a DLD microfluidic device that can be used to iso-
late microvesicles from different populations of cancer 
cell–derived EVs (including exosomes) [62]. In 2016, 
Wunsch et al. designed, for the first time, nanoscale DLD 
arrays. Importantly, exosomes were successfully separated 
using this device, demonstrating its potential for exosomal 
chip sorting and quantification [63]. Recently, DLD has been 
used as a label-free and easy-to-use technology to separate 
exosomes in microfluidic chips. However, current size-based 

technologies are still limited by exosomal saturation and low 
recovery [63]. Additionally, owing to the risk of blockage, it 
presents the challenge of low purity.

Immune microfluidic technique—a label‑based isolation 
method

Similar to the general method of exosomal isolation based on 
immunoaffinity, exosomes are isolated via specific binding 
of antibodies fixed on microfluidic devices (also known as 
chips) to exosome markers. The advantages of this technique 
include efficiency, fast processing, simple operation, and 
small sample size. Therefore, it has attracted a considerable 
interest in the exosomal research.

However, the integrity and purity of exosomes obtained 
by this method should be improved. Non-specific binding 
is another problem in microfluidic immunoaffinity isolation 
because blocking and washing steps cannot be conducted in 
microfluidic devices. Nanotechnology has provided valuable 
opportunities for solving this problem. In 2014, Ramanathan 
et al. presented a microfluidic system with a fivefold increase 
in capture and detection performance when compared to that 
of hydrodynamic fluid flow, and this approach exhibits the 
potential of being applicable to essentially any biochemi-
cal assay based on immunocapture [82]. Dudani et al. used 
inertial manipulation of antagonist-coated magnetic beads 
to realize a high signal-to-noise exosomal isolation [65]. 
Another solution involves the use of monoclonal antibodies 
to reduce non-specific binding. Additionally, the exosomes 
bound to the antibodies should be eventually released by 
dissolving in an acidic solution, which can contaminate the 
collected exosomes, and thereby, affecting its downstream 
application. A possible solution involves allowing release of 
the exosomes in a neutral solution. In 2021, Suwatthanarak 
et al. used NaCl solution to release captured exosomes, 
which showed integrity in downstream miRNA analysis 
[67].

Dielectrophoretic (DEP) technique—an active 
and label‑free method isolation

In a non-uniform electric field, particles are polarized and 
subjected to dielectric force related to their size (inversely 
proportional to its radius) and electrical properties. There-
fore, under this electric field, smaller particles can be cap-
tured via a larger gradient of the square electric field (and 
vice versa), and size-dependent exosomal isolation can be 
realized [68, 83]. In 2017, Ibsen et al. used alternating cur-
rent electrokinetic microarray chips to rapidly isolate glio-
blastoma exosomes from undiluted plasma (Fig. 11). The 
samples required by this method can be as low as 30 μL and 
exosomes can be separated within 30 min [68]. In 2019, 
Ayala-Mars et al. designed a direct current insulator-based 
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Fig. 9  Schematic illustration of 
the ExoTIC device for EV isola-
tion. A Various biofluids can be 
processed. B Schematic illustra-
tion of the ExoTIC device. 
Intact EVs are enriched and 
purified at the filter, whereas the 
free proteins and nucleic acids 
are washed out. C Downstream 
analysis of isolated EVs. D 
Schematic of EV isolation from 
sample-in to EV-out. Total 
operation time for 5–10 mL of 
sample is under 3 h. E Design 
schematic of the ExoTIC device. 
F Image of an actual modular 
ExoTIC device. It is comprised 
of 5 modules, each module 
with a different membrane pore 
size, that connect in series for 
isolation of EVs. Reproduced 
with permission [56]. Copy-
right 2017, American Chemical 
Society
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dielectrophoretic approach that can simultaneously capture 
and separate exosomes based on size [70]. In 2020, Stan-
ley et al. designed a unique microfluidic device based on 
the DEP force and electrohydrodynamic drag in low- and 
high-conductivity media, which can separate high-quality 
and high-purity nanoparticles, such as exosomes, from bio-
logical body fluids [84]. In 2021, Zhao et al. developed a 
microfluidic device (ExoDEP-chip) for exosome isolation 
and detection (Fig. 12). Exosomes were first isolated via 
binding to antibodies pre-immobilized on the polystyrene 
(PS) microsphere surface. Then, single microspheres were 
trapped into single microwells under the DEP force in the 
ExoDEP-chip, which realized microsphere mediated DEP 
isolation and immunoaffinity detection. The method exhib-
ited a low limit of detection and a large detection range and 
also realized protein analysis of different cell lines [71]. 
However, given Joule heating (JH) and electrothermal heat-
ing effects, a good electrode design must be adopted to avoid 
their effect on the isolation performance [85]. Currently, a 
few reports examined the isolation of exosomes based on 
DEP technology, and this is mainly due to the low resolu-
tion and low purity. In addition, the complete integrity of 
exosomal function remains to be explored. Therefore, further 
in vitro research and downstream analyses, such as RNA 
sequencing and proteomic analyses, are necessary. However, 
a method based on DEP is unlabeled, non-contact, rapid, 
and provides a high throughput, suggesting good applica-
tion prospects.

Acoustofluidic isolation—an active and label‑free isolation 
method

Particles with different mechanical properties (such as 
size and density) are subjected to different acoustic forces 
in the sound field, thereby realizing isolation of different 
particles. In 2017, Wu et al. developed an exosomal isola-
tion chip based on acoustofluidic technology capable of 
directly isolating exosomes or other types of EVs from 
undiluted whole-blood samples in an automated fashion, 
and the purity of the exosomes isolated from a mixture of 
EVs was 98.4% [72]. In 2020, Wang et al. developed an 
acoustic flow control platform that separated exosomes, 
and the average yield of exosomal small RNA extracted 
from this platform was 15 times higher than that of the 
DUC (Fig. 13) [75].

However, acoustofluidic isolation is mainly used to 
isolate larger objects, such as cells and bacteria, and few 
breakthroughs were achieved in the isolation of exosomes 
because it is still challenging to manipulate objects below 
100 nm. Currently, although few studies have reported exo-
some isolation based on acoustics, it is expected that with 

the unlabeled, rapid, and non-contact technology, a variety 
of acoustics-based microfluidic chips may garner more inter-
est in the field of exosomal isolation (Table 2).

Asymmetric flow field‑flow fractionation (AF4)—a 
passive isolation method

The AF4 is a size-based isolation technique. In contrast 
to SEC, AF4 exhibits programmable cross-flow intensity, 
which can be optimized in exosomal isolation to improve 
efficiency [86]. Thus, AF4 is very attractive to isolate of EV 
subsets. Zhang et al. successfully classified the subclasses of 
EVs based on the technique [11, 12]. The significant poten-
tial of AF4 in separating exosomes with high reproducibility 
and purity is demonstrated in extant studies [87, 88]. There-
fore, AF4 technique can serve as a powerful platform for the 
isolation/purification of exosomes, and the technology can 
promote the development of exosomes including proteomics, 
biomarker discovery, and functions.

Prospects and challenges

Currently, research on exosomes is mainly focused on the 
following aspects: (1) the role of exosome in various dis-
eases, (2) exploration of the therapeutic effect of exosome 
in diseases, (3) use of exosome as a drug delivery system 
to deliver drugs to specific areas of the body. All of the 
aforementioned aspects are based on obtaining high-qual-
ity exosomes. Therefore, exploring an efficient isolation 
method is the first prerequisite for exosomal application. In 
the past few decades, exosomal isolation technique has also 
undergone rapid development. However, a reality for most 
researchers is that they are often unable to immediately find 
an exosome isolation method that is completely appropriate 
for their research. Additionally, due to financial constraints, 
not all researchers have the ability to attempt different meth-
ods. Hence, a reference is of great significance for the pro-
gress of the entire research and cost savings.

The ideal exosomal isolation method is relatively simple, 
fast, does not require complex or expensive equipment, and 
allows exosome isolation from a large number of samples 
with high throughput, purity, and recovery rate. Unfortu-
nately, no specific technique (even the ultracentrifugation, 
which is the current gold standard (Table 1)) does not satisfy 
these requirements. Existing techniques should be fully eval-
uated in large-scale studies to determine their stability and 
repeatability. In addition, it is also a challenge to ensure that 
the exosomes exhibit high biological stability and activity 
without compromising the subsequent analysis of exosomes.
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Thus, the problem of obtaining an efficient exosomal 
isolation method is not resolved, which is largely due to 
the complexity of biological body fluids, significant over-
lap between physical, chemical, and biochemical proper-
ties of exosomes, lipoproteins, viruses and other EVs, and 
heterogeneity of exosomes themselves [18]. These factors 
further limit the downstream analysis of exosomes. Thus, the 
combined application of two or more isolation techniques 
provides a feasible strategy for effective isolation. In 2021, 
Tayebi et al. demonstrated an approach based on electrical 
and acoustic forces to manipulate exosomes for determinis-
tic sorting. The acoustic/electric approach and specifically 
exosomes (< 200 nm) and microvesicles (> 300 nm) can be 
used to sort subpopulations of EVs. More importantly, the 
purity of the exosomes obtained via this approach exceeded 
95%, and the recovery rate was 81%, which significantly 
exceeded those of comparable approaches [76].

However, although combined different isolation tech-
niques can improve the purity of exosomes, they typically 
increase the difficulty and cost of operation and can lead to 
decreases in overall yield and unreliable downstream analy-
sis. Therefore, prior to selecting an isolation strategy, it is 
necessary to carefully consider the nature of the sample and 
the purpose of the study to choose an appropriate combina-
tion of techniques. For example, when using immunoaffin-
ity-based methods, pretreatment of polymer precipitation 
can improve the efficiency of exosomal isolation and avoid 
the use of several expensive antibodies [89].

The advantages of UF include simple operation, conveni-
ent analysis of large quantities of biological samples, and 
the ability to separate exosomes of specific sizes. However, 
it also displays evident limitations, particularly membrane 
blockage, which shortens the life of the expensive membrane 
and reduces isolation efficiency, thereby leading to the mis-
interpretation of test results. Hence, TFF technology can 
effectively solve this problem. Although a few limitations 
continue to exist in current TFF technology, we believe that 
by considering the continuous progress of fluid mechanics 
and material science, the use of the TFF technique will sig-
nificantly increase in the field of exosomal isolation. Simi-
larly, SEC offers high-quality isolation of exosomes, good 
repeatability, and considerable potential for high-throughput 
industrial applications. A significant advantage of SEC is 
that it preserves the integrity and natural biological activity 
of the isolated exosomes. Therefore, isolation by SEC can 
maximize exosomal functions. In addition, SEC exhibits 
technical advantages such as removing most excess solu-
ble plasma proteins to allow for the recovery of purer exo-
some preparations. Specifically, SEC is more user-friendly 
and less time-consuming than other isolation methods and 
maintains characteristics of exosomes to ensure upcoming 
applications. Based on the aforementioned advantages, we 
expect that SEC can be easily adapted in most laboratories. 
Although SEC is a feasible candidate for exosomal isolation, 
additional direct comparative studies are needed to support 
this conclusion. Hence, we also expect that a combination of 

Fig. 10  Integrative microfluidic device for exosome isolation and 
detection. a  Design of the integrative microfluidic device.  b  Sche-
matic illustration of in-situ detection of exosome.  c  A photographic 
image of the integrative microfluidic device. d SEM image of nano-

porous gold (Au) nanoparticles deposited on AAO membrane with a 
thickness of 50 nm. e, f The side view of Au coating. g SEM image of 
the formed complex nanoporous gold nanocluster (AuNC)-Exosome-
AuR. Reproduced with permission [60]. Copyright 2020, Elsevier
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Fig. 11  Schematic representation of exosome isolation on the ACE 
device (chip) microelectrodes. Electric field lines (blue) run between 
individual microelectrodes on the microarray and converge onto the 
edges of the microelectrodes, thereby forming the DEP high-field 
regions. The exosomes collect in the high-field regions while cells or 
larger particles in the sample are concentrated into the DEP low-field 

areas between microelectrodes, and lower molecular weight biomole-
cules are unaffected by DEP electric fields. A fluid wash removes any 
cells and the other plasma materials while the nanosize biomarkers 
(exosomes, etc.) remain concentrated in the DEP high-field regions. 
Reproduced with permission [68]. Copyright 2017, American Chemi-
cal Society
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UF and SEC can facilitate the preparation of clinical-grade 
exosome products in the future.

Moreover, for any isolation method, it is essential to 
standardize protocols used by all laboratories. Even with the 
same exosomal isolation methods, the diversity of protocols 

interferes with the verification, comparison, and analysis of 
data obtained via different research teams. Therefore, it is 
very important to comprehensively examine exosomal isola-
tion schemes and standardize characterization of exosomes. 
Several methods (transmission electron microscopy, 

Fig. 12  Schematic of exosome 
isolation on the ExoDEP-chip. 
A Schematic of the ExoDEP-
chip. B Cross-section view of 
the ExoDEP-chip. Reproduced 
with permission [71]. Copyright 
2021, The Royal Society of 
Chemistry

A

B

PS microspheres

Capture antibody

Exosomes

Microwell

PDMS Parylene Au electrode Glass subsrtate

30µm

6µm

60µm

Fig. 13  Schematic and 
mechanism of the acoustofluidic 
device for exosome separation. 
A, B Schematic and optical 
image of the acoustofluidic 
device (penny shown for size 
comparison). C There is a 
size-based separation in each 
module. Given the acoustic 
radiation force (Fr) and a drag 
force induced by fluid (Fd), 
larger particles are separated 
into the sheath flow while small 
particles remain in the primary 
sample flow. Reproduced with 
permission [75]. Copyright 
2020, Elsevier
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nanoparticle tracking analysis, dynamic light scattering, 
flow cytometry, and immunohistochemical analysis) can be 
combined to characterize morphology, biochemical compo-
nents, and receptors of exosomes [90]. In addition, when 
using a specific method to isolate exosomes, it is necessary 
to consider the characteristics of the sample to be analyzed 
because the specific scheme should be adapted to the specific 
characteristics of the sample such as the presence of specific 
proteins and viscosity. Different methods can produce dif-
ferent EV subsets. Each exosome isolation method displays 
its own advantages and disadvantages (Table 1), and thus it 
may be impossible to develop a general exosomal isolation 

method. Therefore, a specific method or several specific 
combinations of different techniques can be selected based 
on the type of the initial sample to be processed and the pur-
pose of the study. We believe that it is currently important to 
develop one or more isolation methods that are suitable for 
various scientific and clinical studies.

Currently, scientific research on exosomes mainly focuses 
on basic research, where only a small quantity of exosomes 
is sufficient for research purposes. In contrast to basic 
research, clinical research focuses on convenience, stabil-
ity, and accuracy of isolation techniques. In addition, the 
yield of exosomes should also be considered. Requirements 

Table 2  Studies of microfluidic techniques for exosome isolation

Study Principle Year Biofluids Recovery Purity Time Sample volume

Liu et al. [56] Size-based 2017 Plasma, lavage, 
and urine

 > 90% High  < 3 h 10 μL–120 mL

Sunkara et al. [57] Size-based 2019 Blood, plasma 75% 107–108 particles/
μg protein

10–40 min 30–600 μL

Han et al. [58] Size-based (TFF) 2021 Cell culture super-
natant, plasma

80% 97%  < 3 h 500 μL

Liu et al. [59] Size-based 2020 Cell culture 
medium and 
serum

94.3% 87.9% 1 h 100 μL

Yang et al. [60] Size-based 2020 Urine 5 ×  109 particles/5nL High Long 5 mL
Inci et al. [61] Size-based 2022 Cell culture 

medium
1.46 ×  108 ± 2.82 ×  107 

particles/mL
NA NA 2 mL

Santana [62] DLD 2014 Cell culture super-
natant

 < 40%  > 98%  < 1.5 h 170 μL

Wunsch et al. [63] DLD 2016 Urine NA NA  > 24 h 10 μL
Smith et al. [64] DLD 2018 Urine, serum 50% NA 1 h 900 μL
Dudani et al. [65] Immunoaffinity 2015 Cell culture super-

natant, blood
NA NA  > 6 h NA

Hisey et al. [66] Immunoaffinity 2018 Serum  ~ 60% NA  < 1 h 100 μL
Suwatthanarak 

et al. [67]
Immunoaffinity 2021 Cell culture 

medium
 ~ 70% fourfold high than 

UC
 < 2 h 1 mL

Ibsen et al. [68] DEP 2017 Plasma NA NA 30 min 30–50 μL
Lewis et al. [69] DEP 2018 Blood NA NA 30 min  < 25 μL
Ayala-Mars et al. 

[70]
DEP 2019 Cell culture super-

natant
High NA  < 30 min 100

Zhao et al. [71] DEP 2021 Exosomes sus-
pended in PBS

83.5% NA 1 µL/min NA

Wu et al. [72] Acoustic force 2017 Blood 82.4% 98.4%  < 30 min 100 μL
Evander et al. [73] 

and Ku et al. [74]
Acoustic force 2018 Cell culture super-

natant, blood, 
urine

9.3% NA 30 min 0.3–0.5 mL

Wang et al. [75] Acoustic force 2020 Saliva 15.18-fold higher than 
DUC

High 10–20 min NA

Tayebi et al. [76] Acoustic and elec-
tric forces

2021 Cell culture super-
natant

81%  > 95% NA NA

Tay et al. [77] Spiral inertia 2021 Blood threefold increase 
compared to UC

High (details 
unknown)

1 h 5 mL

Chen et al. [78] A chitosan-modi-
fied shuttle flow

2021 Serum  > 84%  > 90% 15 min 10 μL

7137Current status and outlook of advances in exosome isolation



1 3

for exosomal yield are not extremely strict for diagnosis 
purposes while large-scale exosome production with high 
quality must be guaranteed for treatment purposes. However, 
current techniques are limited in their ability to produce clin-
ical-grade exosomes for scaled-up manufacturing processes 
[91]. In a preclinical study in 2021, Shi et al. successfully 
prepared clinical-grade extracellular vesicles via a technical 
combination of ultracentrifugation and PEG (Fig. 14) [92], 
and they used this method in a subsequent clinical study 
(MEXCOVID, NCT04276987) to obtain clinical-grade 
exosomes and explore the safety and efficacy of aerosol 
inhalation of the exosomes in patients with COVID-19 and 
indicated a good therapeutic effect [93].

In summary, despite significant progress in microfluidic 
technology in recent years, it necessitates considerable devel-
opment prior to clinical use. The relatively low efficiency 
of microfluidic techniques can adversely affect downstream 
assessment (genome and proteome analysis) and lead to 
inaccurate diagnostic results. Therefore, it is imperative to 
develop an unlabeled passive microfluidic technique for exo-
somal isolation because it is simpler and does not lead to 

outfield or surface markers. In 2021, Tay et al. developed 
a continuous-flow and scalable microfluidic device to iso-
late exosomes from whole blood. This device is a passive 
(hydrodynamic) isolation technique with high efficiency 
(threefold increase in yield compared to UC) [77]. Liu 
et al. reported a novel microfluidic device that can separate 
exosomes from microliters of cell culture media and human 
serum in a label-free, continuous-flow, and size-dependent 
manner and achieved a high recovery rate (94.3%) and high 
purity (87.9%) [59]. In 2021, Chen et al. proposed a simple, 
fast, and label-free chitosan-modified shuttle flow microchip 
to isolate exosomes from trace serum of patients. This chip 
could flexibly capture and release exosomes with a purity 
of over 90% and an RNA recovery ratio over 84% within 
15 min, which is not possible for ultracentrifugation methods 
[78]. Therefore, it is expected that improvements in micro-
fluidic devices will certainly bring more opportunities to the 
medical field in the future, and simple, continuous, and rapid 
exosomal isolation can be achieved via this method. How-
ever, further exploration is needed to overcome the Brownian 
motion of exosomes in microchannels to improve efficiency.
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Fig. 14  Manufacture of haMSC-EVs. haMSC-EVs, human adipose–
derived MSC-extracellular vesicles; NTA, nanoparticle tracking 
analysis; CQCP, critical quality control points. Reproduced with per-

mission [92]. Copyright 2021, The authors. Journal of Extracellular 
Vesicles published by Wiley Periodicals, LLC on behalf of the Inter-
national Society for Extracellular Vesicles
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In addition, given that exosomes are a new class of drugs and 
specific guidelines on the exosomal manufacture and quality 
assessment have not been published, it is critical for developers 
to closely communicate with regulators to proactively address 
problems that may arise in biotherapeutic exosomes [91].

Conclusion

In this study, we reviewed the latest advances in exosomal 
isolation techniques including conventional and microfluidic 
techniques. Despite significant progress and the increasing 
maturity of exosomal isolation techniques, none of the exist-
ing techniques is perfect and considerable explorations are 
necessary prior to clinical application. We suggest that com-
bining different isolation techniques will isolate specific exo-
some subsets with high purity. Currently, sufficient clinical 
samples are required to test the stability, accuracy, and con-
venience of each technique. Continuous efforts by researchers 
are believed to realize the development of an ideal technique 
that can be easily used in clinical applications in the future.
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