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Exosomes are membrane extracellular vesicles secreted by almost all kinds of cells, which
are rich in proteins, lipids, and nucleic acids. As a medium of intercellular communication,
exosomes play important roles in biological processes and are closely related to the
occurrence, and development of many diseases. The isolation of exosomes and
downstream analyses can provide important information to the accurate diagnosis and
treatment of diseases. However, exosomes are various in a size range from 30 to 200 nm
and exist in complex bio-systems, which provide significant challenges for the isolation and
enrichment of exosomes. Different methods have been developed to isolate exosomes,
such as the “gold-standard” ultracentrifugation, size-exclusion chromatography, and
polymer precipitation. In order to improve the selectivity of isolation, affinity capture
strategies based on molecular recognition are becoming attractive. In this review, we
introduced the main strategies for exosome isolation and enrichment, and compared their
strengths and limitations. Furthermore, combined with the excellent performance of
targeted peptides, we summarized the application of peptide recognition in exosome
isolation and engineering modification.
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INTRODUCTION

Exosomes are nanoscale extracellular vesicles secreted by almost all kinds of eukaryotic cells (Min et al.,
2021) or bacteria (Vanaja et al, 2016; Tzipilevich et al, 2017). Unlike the outward blebbing of
microvesicles, the biogenesis of exosomes involves a series of complex molecular regulation and
substances exchange (Fei et al, 2021; Hao et al, 2021). It is generally believed that exosomes
originate from the endosomes formed by the inward budding of plasma membrane (Jeppesen et al,
2019). Exosomes were once considered to be the waste products of cells in the original research.
Nowadays, more and more studies have shown that exosomes play important roles in organisms, such as
cell-to-cell communication (Ruhland et al., 2020; Schneider et al.,, 2021), immune response (Kalluri and
LeBleu, 2020; Su et al., 2020), cell growth and differentiation (Yin et al., 2021; Zarnowski et al., 2021), as
well as molecular transport (Zhu Q. et al., 2021). Crucially, the concentration and phenotype of exosomes
have been proved to reflect the state of their parental cells and associate with the occurrence and
development of various diseases, such as cancers (Jiang et al.,, 2021), infectious diseases (Ning et al., 2021;
Xie et al., 2021), metabolic, and cardiovascular diseases (Kalluri and LeBleu, 2020). Therefore, developing
exosome isolation methods with high efficiency and selectivity will definitely promote the deep
understanding of the functions of exosome, as well as the accurate diagnosis and treatment of diseases.
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Exosomes are widely existed in complex bio-systems, such as
blood (Verweij et al., 2021), urine (Zheng et al., 2020), saliva (Wu
et al., 2021), tears (Takeuchi et al., 2020), tissue fluid, and
cerebrospinal fluid (Kalluri and LeBleu, 2020). Due to the
heterogeneity of budding in the cell membrane, exosomes are
not homogeneous vesicles but a series of complex subtypes with a
size range from 30 to 200 nm and various functions respectively
(Kalluri and Lebleu, 2020; Bordanaba-Florit et al., 2021). Besides,
exosomes encapsulate various cargoes, including nucleic acids,
proteins, lipids, and metabolites (Kowala et al., 2016; Mathieu
et al., 2021). The contents of exosomes could be up- or down-
regulated due to cell types or carcinogenesis (Cai et al., 2021).
Such heterogeneity makes the isolation and enrichment of
exosomes a challenging task.

A variety of exosome isolation protocols have been reported in
the past few decades. Currently, ultracentrifugation has become
the most accepted methods for exosome isolation (Théry et al.,
2006; Yang et al., 2020), nevertheless it is often time-consuming
and requires expensive instruments. Ultrafiltration (Liu et al,
2017), size-exclusion chromatography (Xu et al, 2016), and
polymer precipitation (Pegtel and Gould, 2019) based on the
physical characteristics (such as size and solubility) have been
developed to achieve the isolation of exosomes. However, these
methods usually capture the vesicles indiscriminately and cannot
distinguish exosomes and lipoprotein particles efficiently. In
order to improve the specificity, affinity-based capture
strategies are emerging to isolate exosomes via the high
binding abilities of specific exosomal markers to their
corresponding ligands (Benjamin-Davalos et al, 2021).
Because of the high specificity and affinity, antibodies are the
most frequently used recognition tools (Ning et al., 2021; Park
et al., 2021). Except for antibodies, peptides and aptamers have
also been selected for exosome isolation (Gao et al., 2018; Chang
et al., 2020; Zhu Lin et al,, 2021). Through rational design and
screening, specific protein-targeting peptides and aptamers can
be obtained (Suwatthanarak et al., 2021a; Lin et al., 2021). Thus,
highly selective capture and engineering modification of
exosomes can be achieved effectively, which provide new
strategies for exosome isolation and targeted therapy.

In this review, we introduced the main and novel strategies for
exosome separation and enrichment, and discussed their
strengths and limitations. Furthermore, we summarized the
application of peptide recognition in exosome isolation and
engineering modification.

2 ISOLATION AND ENRICHMENT
STRATEGIES OF EXOSOMES

Obtaining exosomes with high yield, purity, and quality is the first
step for the downstream analyses. However, exosomes are not
single-component and have the complicated
heterogeneity, which urgently demand the development of
effective approaches for the isolation and enrichment of
exosomes with high affinity and selectivity. After decades of
efforts, several methods have been established, and successfully
applied in exosome isolation from complex biosystems, such as

vesicles
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“gold-standard” ultracentrifugation, size-exclusion
chromatography, ultrafiltration, and polymer precipitation.
Since these methods are based on the physical characteristics
of exosomes, it is difficult to distinguish exosomes and interfering
particles efficiently. To improve the selectivity of exosome
enrichment, the exosomal markers provide new thoughts to
develop affinity-based capture strategies based on the specific
binding between such markers, and their corresponding ligands.
Through this strategy, exosome subtypes expressing specific
proteins can be efficiently isolated and enriched. In this
section, we will introduce the conventional and new methods
of exosome isolation and enrichment, and compare their
advantages and limitations of each method.

2.1 Conventional Isolation and Enrichment

Strategies

2.1.1 Ultracentrifugation

Ultracentrifugation is the most widely accepted method for
exosome separation, which wusually includes differential
ultracentrifugation, and gradient ultracentrifugation (Théry
et al., 2006; Yang et al., 2020). This method can be employed
to isolate exosomes from large scale of samples, such as more than
400 ml. However, the entire process usually takes more than 4 h
and is very time-consuming (Shao et al., 2018). During the
process of differential ultracentrifugation, cells, cell fragments,
and large microvesicles in samples are removed successively
under different centrifugal forces of 500, 2000, and 20,000 g
(Figure 1A). Exosomes from cell culture medium are
subsequently collected under ultracentrifugation conditions in
excess of 1,10,000 g (Livshits et al., 2015). Li et al. successfully
isolated exosomes from serum of breast cancer patients via
differential ultracentrifugation (Li et al., 2018). Due to the
high viscosity of serum, high centrifugal force of 1,50,000 g,
and longer time of overnight were utilized.

During gradient ultracentrifugation, exosomes can be retained in
the density equilibrium region (1.13-1.21 g/cm®) to isolate from
other impurities (Melo et al., 2015). Paolini et al. isolated exosomes
from serum of patients with multiple myeloma by differential
ultracentrifugation, gradient ultracentrifugation, and one-step
precipitation kits, and then assessed the presence of residual
contaminants. The results showed that exosomes obtained by
gradient ultracentrifugation were highly pure. In contrast,
exosomes isolated by differential ultracentrifugation or one-step
precipitation kits were contaminated by the residual matrix
embedding the exosomes. The residual matrix prevented the
fusion of the exosomes with plasma membrane, which interfered
with the normal functioning of exosomes (Paolini et al., 2016). In
general, exosomes can be obtained by gradient ultracentrifugation
with higher purity, while differential ultracentrifugation has the
advantage of separating large volume of samples at one time.
However, it should be noted that high centrifugal force and
repeated centrifugation may cause irreversible damage to vesicles.

2.1.2 Size-Exclusion Chromatography
Size-exclusion chromatography (SEC) is a newly adopted method
for the isolation of exosomes from complex samples (Suthar et al.,
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FIGURE 1 | (A) Schematic for differential ultracentrifugation (B) Size-exclusion chromatography was employed for the isolation of three exosomes subpopulations
from urines. Reprinted with permission from Zheng et al., 2020. Copyright 2020 American Chemical Society. (C) Exosomes were sorted into subtypes with different size
distribution via ultrafiltration. Reprinted with permission from Liu et al., 2017. Copyright 2017 American Chemical Society.

2020). In SEC columns, the diffusion paths of substances in the
gels are different. The small vesicles and molecules in the samples
have longer paths in the gels with a longer retention time, while
the large vesicles have much shorter paths with a shorter
retention time. Specifically, SEC method has good
reproducibility and can also be used for quantitative detection
of exosomes by fluorescence labeling (Xu et al., 2016).

The selection of gels has a significant effect on the isolation of
exosomes. Xu et al. evaluated the separation efficiency of several
commercially available SEC matrixes (Sepharose CL-2B,
Sepharose CL-4B, Sephacryl S-100, and their combinations)
for fluorescence-labeled exosomes from cell culture medium
(Xu et al, 2016). The results showed that Sepharose CL-4B
SEC column had the best separation efficiency, speed, and
peak shape. Exosomes isolated from cell culture medium by
this method showed a size range of 50-300nm and the
detection limit was calculated to be 2.9 x 107 particles/mL.
Guo et al. recently also investigated Sepharose CL-6B, CL-4B
and CL-2B matrixes for exosome enrichments. Sepharose CL-6B
was superior to CL-4B and CL-2B in the isolation of exosomes
from protein serums (Guo et al,, 2021). The exosomes with the
size of 200 nm were collected. Since the pore sizes of CL-2B, CL-

4B, and CL-6B are 75, 42, and 24 nm, respectively, exosomes with
different sizes require different SEC separation materials.

SEC has also made great contributions in the research of
exosome heterogeneity. Zheng et al. developed a two-dimensional
SEC method for subtypes analysis of exosomes in urine (Zheng
et al., 2020). Exosomes in urine were sorted into three subtypes
(L-Exo, M-Exo, and S-Exo) in the 2" D-SEC (Figure 1B).
Further, 144 glycoproteins and 44 phosphoproteins from
L-Exo, 156 glycoproteins and 46 phosphoproteins from
M-Exo, as well as 134 glycoproteins and 10 phosphoproteins
from S-Exo were identified by liquid chromatography-tandem
mass spectrometry. This confirmed that proteins in three
subtypes of exosomes had different glycosylation and
phosphorylation  levels, which  suggested that the
corresponding exosomes may play different biological functions.

2.1.3 Ultrafiltration

The size of vesicles is larger than that of biological molecules such
as peptides, proteins, and nucleic acids. Vesicles can be
intercepted by the membranes of different apertures. Poly
(ether sulfone) (Heinemann et al, 2014), polycarbonate (Liu
et al,, 2017), and anodic aluminum oxide (Chen et al., 2021)
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TABLE 1 | Comparison of strategies for exosome isolation and enrichment.

Exosome Isolation and Enrichment

Strategy Mechanism Advantages Limitations Reference
Differential density a standard protocol, large sample low yields and specificity, long time (more than ~ Shao et al. (2018);
ultracentrifugation volume 4 h), low purity, needs ultracentrifuge Théry et al. (2006)
Gradient density a standard protocol, high purity low yields, long time (more than 4 h), more Shao et al. (2018);
ultracentrifugation complex operation steps, needs ultracentrifuge  Paolini et al. (2016)
Size-exclusion size fast and easy preparation, both small  low specificity, relatively high device cost Zheng et al. (2020); Guo
chromatography and large sample volume et al. (2021)
Ultrafiltration size fast and easy preparation, both small  low specificity, possible loss due to clogging Liu et al. (2017); Chen
and large sample volume et al. (2021)
Polymer precipitation solubility easy preparation, high yields, large low specificity, long processing time (more Yang et al. (2020)

sample volume

Affinity capture molecular recognition
diagnosis

Microfluidic technique multiple principles,

including affinity or size

can be used for the membrane filter. To address the need of
sorting different-sized exosomes from the same samples, filters
with different apertures can also be used in series (Figure 1C; Liu
et al., 2017). However, the pore size of the membrane is usually
narrow, and it is easy to clog when separating biological samples.
It may also cause the deformation of vesicles under pressure.

Ultrafiltration has the advantages of fast, low cost, easy
operation, and batch processing. Based on this, ultrafiltration
is also feasible to achieve instrument automation. Chen et al.
reported an efficient exosome isolation method via the ultrafast-
isolation system (EXODUS) for varied biofluids (Chen et al,
2021). Double coupled harmonic oscillations were introduced
into a dual-membrane filter configuration for the generation of
transverse waves. The nanoporous membrane allowed small
molecules and fluids to pass through, while exosomes
remained inside the central chamber. EXODUS reduced the
entire isolation time for 10 ml of urine to less than 10 min,
while the isolation time of ultracentrifugation was more than
3h. The exosomal transcriptome in 113 urine samples was
profiled by the automation of EXODUS. According to the
distribution analyses of RNA biotypes, mRNAs (33.1%), long
noncoding RNAs (21.9%) and pseudogenes (21.7%) were
identified as the most abundant biotypes.

2.1.4 Polymer Precipitation

Polymer-based coprecipitation is also a common strategy in
commercial exosome isolation kits, such as ExoQuickTM
(System Biosciences, Unied States), ExoPrep (HansaBioMed,
Estonia), and Total Exosome IsolationTM (Invitrogen, Unied
States). Among various hydrophilic polymers, poly-ethylene
glycol (PEG) is the widely used as the precipitation reagent.
Hydrophilic PEG can interact with water molecules surrounding
the exosomes, leading to a hydrophobic micro-environment
(Yang et al, 2020). During this process, the solubility of
exosomes decreases, and exosomes will precipitate under low-
speed centrifugation. These commercial kits own high yields and
easy adaptation to different researches. Meanwhile, this method
avoids the utility of expensive ultracentrifugation and reduces the
damage to vesicles. But it is worth noting that the process of
polymer precipitation may also coprecipitate proteins, nucleic

high purity, suitable for small volume

portable and integrable, cost-
efficient, fast preparation, high purity

than 12 h)

requires high-cost antibody, needs to select
exosome markers

low sample capacity, complex fabrication

Chang et al. (2020);
Yang et al. (2020)
Lin et al. (2020)

acids, and lipids (Paolini et al., 2016; Shao et al., 2018). Purity is an
important factor that could cause interference during down-
stream analysis. Therefore, it is very important to develop an
exosome extraction kit with high purity and high yield. The
mechanism, advantages, and limitations of the above-mentioned
strategies for exosome isolation and enrichment have been
summarized in Table 1.

2.2 New Isolation and Enrichment

Strategies

Exosomes are widely distributed in complex biological systems,
where many interfering particles exist, such as lipoprotein
particles, protein aggregates, and microvesicles with similarity
in size and structure to exosomes. As shown in Table 1, the
isolation methods based on the physical properties of exosomes
are generally less specific. Therefore, how to effectively
distinguish exosomes from interfering particles is a key
problem to be solved. Meanwhile, biological samples are often
precious and difficult to be obtained, which makes the isolation of
exosomes from small-volume samples a great challenge.
Therefore, affinity-based capture strategies, microfluidic chips,
molecularly imprinted polymer, asymmetric-flow field-flow
fractionation, and other technologies are gradually established.

2.2.1 Affinity Capture with Biopolymers

Affinity capture strategy has been attractive in the isolation and
enrichment of exosomes. Owing to the high affinity and excellent
specificity, antibodies are the most frequently used recognition
tools (Lin et al., 2021; Park et al., 2021). It is generally believed
that certain transmembrane proteins (such as CD9, CD63, and
CD81) are highly expressed on the surface of exosomes. Ning
et al. described an assay approach where exosomes were directly
captured from COVID-19 patient plasma through the interaction
of an antibody with the exosomal surface protein CD81 (Ning
et al, 2021). Then liposomes containing reagents for reverse
transcriptase were introduced to realize the wultrasensitive
detection of SARS-CoV-2 RNA. SARS-CoV-2-positive
exosomes were detected early at 1 day post-infection in a non-
human primate model. Meanwhile, this approach offered a

Frontiers in Chemistry | www.frontiersin.org

February 2022 | Volume 10 | Article 844124


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al. Exosome Isolation and Enrichment
A B EpCAM-S-T, HER2-S-T,
Cancer cell
EpCAM HER2
CD63
c[)53 aptamer
> Extracellular vesicle (EV) p Microbead
i<
> = Mo )
EDTA $7%, \_ WoudHaligAsay /. u 4y | Connector
chclaung agent : / — L
\ Thermophoretic amplification
= g 1480 nm laser =
% = Chamber
NP 1L Anti-Tim4 v
w 4 1
e i 1 EV-conjugated
& { . 5
2" Exosome W‘ Tima@ii-or \ (lieal ) microbeads
“ES-EV Click Chip” based on covalent chemistry ’g-o 5 =
PDMS-based chaotic mixer ‘2" Z}’t =2 ‘{ NP
. e g L
i 2 His-tag His-tay
s 2l & ST &
a S AN ®)
¢ r Br
Tz-grafted % H

SiNWS

(iii) Co-culture
of ES EVs and
recipient cells

(i) Click chemistry-mediated capture

Ewing sarcoma-

. .
ST 2| @ ;
O NH o 0 &
-z Anti-LINGO-1 js' js' j?
racognition k9 k9 "é;., )
oo TCO & bt & “Ev uptake and S
—z % %,' %:‘ RNA cargo transfer ¢  #
) S ] T

L Specific "_'La = Rapid 2 & @

ﬁ ES-EV capture ;i\ ?C\ ES-EV release 31 ¥ mRNA

{ s { { - - &

5 14 § DTTox $ L
AN S AN 2 A 888
?v \{/ { {v Recipient cell

etal,
Reprinted with permission from Dong et al.,
Takeuchi et al., 2020. Copyright 2020 American Chemical Society.

FIGURE 2| (A) Schematic for synthesis of Tim4@ILI-01 immunoaffinity flake and exosomes enrichment and downstream analysis. Reprinted with permission from
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powerful tool for the diagnosis of patients with COVID-19. In
addition, tumor-derived exosomes have also been identified to
contain corresponding tumor biomarkers (Min et al., 2021), such
as EpCAM, PD-L1, and EGFR. Li et al. established a strategy for
the disease diagnosis based on microbead-assisted flow
cytometry. Exosomes were enriched by aldehyde beads and
flow cytometry was then performed to detect the disease
markers by using corresponding antibodies. Using these
strategies, they succeeded in achieving a highly sensitive
diagnosis of breast cancer (Li et al, 2018) and invasive
nonfunctional pituitary adenomas (Wang et al., 2019).
Although antibodies reveal the high affinity and excellent
specificity in exosome isolation, antibodies also have some
limitations, such as the complex preparation process,
expensive costs, and low stability (Chang et al, 2020).
Compared with antibodies, aptamers and peptides show the
advantages of easy chemical synthesis, flexible modification,
and high stability, which have expanded their applications in

exosome isolation and enrichment (Zhu L. et al., 2021; Chang
et al,, 2020). Li et al. modified the microbeads with CD63-
aptamers and developed a new thermophoretic aptasensor for
the separation and detection of exosomes (Figure 2B; Li et al.,
2021). In this process, exosomes in the samples were first
captured by CD63-aptamers to the surface of microbeads.
Then, infrared laser was used for local heating to lead to the
directional enrichment of microbeads. Employing this platform,
breast cancer patients and healthy donors could be discriminated
with a high accuracy of 97%. This strategy was also successfully
applied in therapeutic response in metastatic breast cancer (Tian
et al., 2021) and the classification of prostate cancer (Liu Chao
et al, 2019). Chang et al. reported an CD63-aptamer-based
magnetic graphene composites to achieve the convenient
capture and efficient enrichment of exosomes from cell culture
medium (Chang et al., 2020). The prepared composites were then
applied to profile the metabolite composition of MCF-7- and
MCEF-10A-derived exosomes, and 119 metabolites were identified
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in total. Compared with exosomes from MCF-10A, 43, and 42
metabolites were upregulated and downregulated in exosomes
from MCEF-7.

During the biogenesis of vesicles, phosphatidylserine is regulated
by the flippase and distributed in the outer membrane of exosomes
(Shao et al, 2018). Therefore, the highly expressed
phosphatidylserine can also be used as a target for the isolation
of exosomes. TiO, is often modified on the surface of magnetic beads
to separate exosomes via the non-covalent bond of Ti-PO;-Ti (Pang
etal,, 2020). In addition, phosphatidylserine can also specifically bind
to Tim4 protein and is identified to be Ca®"-dependent. Magnetic
beads immobilized with Tim4 can capture exosomes quickly, and
intact exosomes can be easily eluted by chelating agent (Xu et al,
2018). Zhang et al. developed a novel Tim4@ILI-01 immunoaffinity
flake material for the enrichment of exosomes from serum
(Figure 2A; Zhang et al, 2021b). The gene analysis of eluted
exosomes showed that the level of the expressed CD44 gene was
significantly high in lung adenocarcinoma patients. The captured
exosomes significantly induced more migration than the uneducated
cells via a wound-healing assay, and the expression of epithelial-
mesenchymal transition-related proteins changed significantly
during cell migration. Since phosphatidylserine is not unique to
exosomes and is also found in other vesicles, such as microvesicles,
the specificity of this method remains to be assessed.

2.2.2 Molecular Imprinting Technique

As a kind of artificial antibodies, molecularly imprinted polymers
(MIPs) have the unique advantages of high specificity, good
chemical stability, tailor-made versatility (BelBruno, 2018). Shape,
size, and spatial matching play the indispensable roles in the
recognition process of MIPs with exosomes. Yang et al. reported
a surface imprinting technology for antibody-free magnetic isolation
of small extracellular vesicles (sEVs) (Yang et al., 2021). sEVs bound
to the magnetic beads were easily removed by mild ultrasonic
treatment, and vesicles could be isolated by the imprinted holes.
The MIPs presented a higher capture yield in 20 min, which was 3-
fold enrichment of sEVs compared with ultracentrifugation (more
than 4 h). CD24 and EpCAM on sEVs were highly overexpressed in
phenotype analyses, providing an effective predictive tool for real-
time noninvasive monitoring of tumor development in mice. Mori
et al. reported a kind of molecular imprinting-based antibody-
conjugated nanocavities (Mori et al, 2019). Exosomes in tears
were captured to the surface of MIPs by the double recognition
of antibody and nano holes. The MIPs were successfully employed to
discriminate normal exosomes and prostate cancer patients’
exosomes in tear drops. However, when exosomes were used as
the templets for exosome imprinting, it was usually difficult to
synthesize MIPs with uniform pore sizes. Aslo, during the
polymerization, the integrity and surface properties of exosomes
might be destroyed. To overcome these drawbacks, silica
nanoparticles have been used to simulate exosomes, aiming to
create MIPs with uniform pore sizes (Figure 2D; Takeuchi et al,
2020). The apparent dissociation constant of MIPs to exosomes was
calculated to be 2.4 x 107 mol/L, which was almost 1000-fold lower
than that of commercial immunoassays. Exosomes from tears were
successfully captured and used for the noninvasive diagnosis of
breast cancer. Even though, the preparation routes of MIPs are still

Exosome Isolation and Enrichment

relatively complex and required multi-step chemical modification
(BelBruno, 2018). Meanwhile, the reproducibility and affinity of
MIPs need to be improved.

2.2.3 Microfluidic Technique

Conventional exosome separation and purification methods often
require a large volume of samples, complicated operation, or long
time consuming. Microfluidics as a new technology can
manipulate tiny fluids (ranging from a few microlitre to
hundreds of microlitres) in microtubes. Microfluidic chip owns
unique advantages of fast separation speed, high throughput, and
less required samples, which is very suitable for the separation of
exosomes from few precious biological samples (Lin et al., 2020;
Hassanpour Tamrin et al., 2021).

Antibodies, aptamers, or peptides are often modified in
microfluidic channels to increase the specificity of exosome
isolation (Xu et al, 2018; Suwatthanarak et al., 2021b; Yu
et al, 2021). Furthermore, in order to enhance the
opportunities of collisions between exosomes and antibodies,
aptamers, or peptides, a variety of micropipe shapes have been
rationally designed for exosome enrichment, and such as trapping
microchannel (Tayebi et al., 2020), Y-shaped micropillars (Xu
et al, 2018), and nanowires (Sun Na et al., 2020). Their
combination will help to improve the selectivity and efficiency
of exosome isolation. Yu et al. reported a highly integrated
exosome separation and detection chip (ExoSD) which was
modified with anti-CD63 antibodies (Yu et al, 2021).
Exosomes were efficiently isolated from cell culture
supernatant and clinical serums of gastric cancer patients
(stages I and II). To isolate Ewing sarcoma-derived exosomes,
Dong et al. developed a specific purification system by a silicon
nanowire-embedded microchip conjugated with antibodies
(Figure 2C; Dong et al,, 2020). The purified exosomes could
be released intactly by disulfide cleavage and internalized once
more by recipient cells, transferring their RNA cargoes in vivo to
exhibit their potential roles in intercellular communication.

In addition, the isolation and analysis of single cell-derived
exosomes is still a scientific problem. Zhu et al. designed a
microwell array chips to trap a single cell, and antibody-
coated glass slide could capture exosomes secreted from the
single cell (Zhu F. et al, 2021). The number of exosomes
secreted from every single cell was quantified by combining
gold nanoparticle-enhanced silver staining, which reflecting
the ability of individual cells to secrete exosomes. A very few
cells (2-3%) in the cell line secreted exosomes 60 to 80 times
faster than the other cells. If these cells were excluded, the total
number of exosomes secreted would reduce by 2/3. This strategy
would also provide a powerful tool for the research of other
precious and rare cells with minimal consumption, such as
circulating tumor cells.

2.2.4 Asymmetric-flow field-flow Fractionation

Asymmetric-flow field-flow fractionation (AF4) is a powerful
fractionating technique with great flexibility to separate samples
in a large size range, such as proteins, virus, liposomes, and
various polymers (Kim et al, 2020). Compared with
ultracentrifugation and ultrafiltration, AF4 could obtain intact
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TABLE 2 | The sequences and targets of exosome-targeting peptides.

Peptide Sequence Target
CP05 CRHSQMTVTSRL CD63

pP238 RSHRLRLH CD9

Vnoo6 PSQGKGRLSLSRFSWGALTLGEFLKL ~ Heat shock protein 70
BP RPPGFSPFR Exosome membranes
PS-specific peptide FNFRLKAGAKIRFGRGC Phosphatidylserine

EGFR-specific peptide ~ FALGEA

extracellular vesicles easily without high centrifugal force and
pressure (Zhang and Lyden, 2019). By employing AF4, Zhang
et al. identified two exosome subtypes (large exosome vesicles,
90-120nm and small exosome vesicles, 60-80 nm) and
discovered an abundance of non-membranous nanoparticles
termed “exomeres” (~35nm) (Zhang et al, 2018). Compared
with exosomes, exomeres had unique N-glycosylation, proteins,
lipids, DNA, and RNA profiles. These subsets were proved to
diverse organ biodistribution, playing distinct biological
functions. However, in the current study, AF4 for exosome
isolation are usually lengthy duration and limited by the
expensive equipment.

2.2.5 Liposome Fusion Technique

Liposomes and exosomes have the similar membrane structures,
and the fluidity of the bilayer membrane allows the fusion of
liposomes and exosomes. This principle has also been applied to
the isolation and content analysis of exosomes (Ning et al., 2021).
Liu et al. designed an antibody-modified lipid patch microarray
for rapid capture of cancer extracellular vesicles (Liu Hui-Yu
et al,, 2021). The binding exosomes successfully fused with the
lipid layer to trap the contents to the surface of the microarray.
The RNA cargo trapped in the lipid patches offered a high
potential for the downstream analysis.

3 PEPTIDE RECOGNITION-GUIDED NEW
STRATEGIES FOR EXOSOME RESEARCH

Molecular recognition involves almost every link of life process
and plays an important role in the growth, development,
metabolism, and aging process of life. As a classical molecular
recognition tool, antibody has been widely used in the recognition
and research of target molecules. Meanwhile, peptides are one of
the most crucial biomolecules in life, which are formed by
dehydration of various amino acids. Compared with biological
macromolecules, peptides have their unique advantages, such as
high stability, diverse properties, and easy preparation (He et al.,
2017). The rapid development of solid-phase synthesis strategy
offers great convenience for the automatic batch synthesis and
site-specific chemical modification of peptides (Pedersen et al.,
2012).

In recent years, the applications of peptides towards exosome
research received more and more concentration. Exosome-
anchoring peptides were obtained by the rational design and
screening from peptide libraries (Liu Xiangwei et al., 2019). The

Epidermal growth factor receptor
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sequences and targets of exosome-targeting peptides have been
shown in Table 2. Exosome-targeting peptides with high binding
affinity and selectivity were successfully applied for the efficient
separation and enrichment of exosomes. Furthermore, cargo
molecules coupled with peptides can be easily modified to
exosomes via a non-covalent way, which play a huge role in
drug delivery, and treatment of diseases.

3.1 Peptide Recognition-Based Exosome

Isolation and Enrichment

To obtain a new exosome-targeting peptide, the highly expressed
molecules in exosomes can be selected as the targets, such as
transmembrane proteins (CD9, CD63, or CD81), tumor markers,
and or phosphatidylserine on biofilms. Gao et al. selected the second
extracellular loop of CD63 as a target and obtained a high affinity
exosome-targeting peptide CP05 by phage display technology (Gao
et al,, 2018). CPO05 can bind to the surface of exosomes efficiently
(binding efficiency up to 88.7%) without changing the original
properties of exosomes. When CP05 was fixed on dynabeads,
108.98 + 7.82 ug of exosomes could be captured efficiently from
per milliliter of serum. For another exosomal marker protein CD9,
Suwatthanarak et al. designed and synthesized a candidate peptide
library in a microporous array, in which the peptide sequences were
derived from the CD9 partner protein EWI-2 (Suwatthanarak et al,,
2021a). A CD9-targeting peptide P238 was screened out, revealing a
dissociation constant of 4.66 x 107 mol/L. In order to further
explore the binding mechanism of P238 to CD9, a site-by-site
alanine substitution of P238 was performed. The results showed
that the binding ability decreased significantly after the substitution
of arginine, histidine, and serine. This also suggested that
electrostatics and polarity played important roles in the binding
of P238 to CD9 (Suwatthanarak et al., 2021b).

Besides, tumor-targeting peptides can accurately locate the
tumor-derived exosomes from numerous exosomes, and provide
a powerful tool for the early diagnosis of tumors. Sun et al.
designed an electrochemical sensor, combining EPGR-targeted
peptides with Zr-MOFs for the quantification of exosomes from
glioblastoma (Sun Zhaowei et al., 2020). The detection range was
from 9.5 x 10°~1.9 x 10 particles/p, and the detection limit was
7.83 x 10’ particles/ul. The signals of exosomes from
Glioblastoma patients were significantly higher than healthy
samples, being consistent with the higher expression of EGFR
in Glioblastoma-derived exosomes than normal cells.

Heat shock protein (HSP) is highly expressed in exosomes.
When HSP-targeting peptide Vn96 was bind to exosomes, the
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FIGURE 3 | (A) Schematic diagram of the membrane modified by fusion peptide-mediated exosomes. Reprinted with permission from Zhang et al., 2021b. (B)
Protein ligating enzymes mediate a covalent conjugation of exosomes with peptides. Reprinted with permission from Pham et al., 2021.

hydrophilicity of exosomes might be changed, and reducing the  increasing the anchoring ability of peptides. Gori et al.
solubility of exosomes (Ghosh et al, 2014). Inspired by this  designed a microarray platform modified with curvature-
principle, Bijnsdorp et al. designed a new exosome isolation  targeting peptide to isolate exosomes from serum without
kit to obtain exosomes with low-speed centrifugation  pretreatment (Gori et al., 2020). Fluorescence imaging results
(Bijnsdorp et al., 2017). By the excellent binding ability of  showed that the captured exosomes ranged a particle size of
Vn96, Bathini et al. presented an immunoaffinity chip for the = 50-120 nm and were rich in CD63, CD81, and CD9.
capture of exosomes from the MCF-7 cell culture medium
(Bathini et al., 2021). The isolation efficiency obtained was . . .
about 90% when 200 pl MCEF-7 cell culture medium was added. 3.2 Peptide-Engineering Exosomes for

In addition, curvature-targeting peptide (Saludes et al, 2013)  Targeted Therapy

and phosphatidylserine-targeting peptide (Liu Xuejiao et al,  Since the first clinical trial in the treatment of metastatic
2021) have also been reported for exosome isolation and melanoma patients (Escudier et al, 2005), exosomes have
enrichment. Curvature-targeting peptide (BP) rich in positive-  attracted more and more attention in the field of drug delivery
charged amino acids (e.g., arginine) can bind to the negative-  and disease treatment (Meng et al., 2021; Xie et al., 2021). As a
charged exosome membranes via the electrostatic interaction.  platform for drug delivery and disease treatment, exosomes have

Meanwhile, the secondary helical structure can induce the  several significant advantages. Firstly, homing effect is the unique
peptides to be embedded in the defect of membranes, thus  advantage of exosomes compared with liposomes (Zhang et al.,

Frontiers in Chemistry | www.frontiersin.org 8 February 2022 | Volume 10 | Article 844124


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

2017). Tumor-derived exosomes have natural targeting ability to
tumor cells. Secondly, the membrane of exosomes protects the
contents from release in the circulatory system (Zhu et al., 2020).
After exosomes are fused with the target cell membrane, drugs
loaded by exosomes can be released efficiently. Thirdly, exosomes
secreted by cells are low immunogenic (Kalluri and Lebleu, 2020),
such as plant- or milk-derived exosomes.

For drug loading, electroporation is a widely used method,
however it can damage the membrane structure of exosomes
(Gudbergsson et al,, 2019). Different from electroporation, using
exosome-targeting peptide as a bridge, the peptide-drug conjugates
can be anchored to the surface of exosomes via the non-covalent
interaction between the peptides and exosomes in a mild condition,
which do not affect the original physiological activity of exosomes.

As described in the previous section, CP05 is an excellent
exosome-targeting peptide that can anchor to the exosomal
surface protein CD63. Gao et al. constructed a ternary
complex with an oligonucleotide drug PMO, a muscle-
targeting peptide M12 and an exosome-targeting peptide
CP05. By the targeted recognition of CP05, exosomes were
successfully loaded PMO and MI12. The muscle-targeting
peptide functionalized exosomes can accurately deliver
oligonucleotide drugs to muscle tissue for the treatment of
duchenne muscular dystrophy (Gao et al, 2018). Besides,
CP05 was also successfully applied in the treatment of other
several diseases, including tumor immunotherapy (Zuo et al,
2020), proliferative retinopathy (Dong et al., 2021), and traumatic
optic neuropathy (Wang et al, 2021). CP05 can also work
synergistically with other targeted peptides. For example, two
collagen-binding peptides (LHERHLNNN and KELNLVY) were
combined with CP05 to promote the engineering modification of
exosomes derived from umbilical cord mesenchymal stem cells
(Figure 3A; Zhang et al, 2021a). The peptide-exosome
conjugates could improve tissue regeneration and were
successfully used to the treatment of tissue injury.

In addition to these engineering approaches, it has also been
reported that peptide can be inserted into exosomal surface
proteins by transfection or ligase (Gudbergsson et al., 2019).
Pham et al. used protein ligase to introduce EGFR-targeting
peptides and HER2-targeting peptides to the surface of
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4 CONCLUSION

With an extensive research interest in exosomes in recent years, a
variety of methods based on different principles have been developed
by researchers for the isolation and enrichment of exosomes from
biofluids. Great progress has been achieved regarding the isolation
performance, including vyield, purity, quality, and efficiency.
However, as summarized above, every method has its inherent
merits and shortcomings based on these evaluation index.
Therefore, it is wise and highly recommended to select the right
isolation method or method combination that well suits the aim of
downstream research on exosomes. Despite of the progress, there is
much space for growth in this area. The development of novel
materials, isolation methods that hold a better performance, as well
as integrating them with online analytical instruments will be
promising to achieve a more accurate and efficient isolation and
analysis of exosomes in the years to come. Furthermore, the
screening of exosome-targeting peptides as the affinity materials
and developing new methods for the construction of peptide-
exosome complex will provide useful tools for the peptide-
recognition guided exosome research and applications.

AUTHOR CONTRIBUTIONS

RZ, KX, and Y] conceived the concept. KX wrote the original
draft. All authors modified the manuscript and approved the
submitted version.

FUNDING

Financial support from the National Natural Science Foundation
of China (21974143, 21874141, and 22174145) and Chinese
Academy of Sciences (E01Z0112) is gratefully acknowledged.

Bordanaba-Florit, G., Royo, F., Kruglik, S. G., and Falcon-Pérez, J. M. (2021). Using
Single-Vesicle Technologies to Unravel the Heterogeneity of Extracellular
Vesicles. Nat. Protoc. 16, 3163-3185. doi:10.1038/s41596-021-00551-z

Cai, T., Zhang, Q., Wu, B., Wang, J., Li, N., Zhang, T., et al. (2021). LncRNA-
encoded Microproteins: A New Form of Cargo in Cell Culture-Derived and
Circulating Extracellular Vesicles. J. Extracell Vesicles 10, e12123. doi:10.1002/
jev2.12123

Chang, M., Wang, Q., Qin, W,, Shi, X., and Xu, G. (2020). Rational Synthesis of
Aptamer-Functionalized Polyethylenimine-Modified Magnetic Graphene
Oxide Composites for Highly Efficient Enrichment and Comprehensive
Metabolomics Analysis of Exosomes. Anal. Chem. 92, 15497-15505. doi:10.
1021/acs.analchem.0c03374

Chen, Y., Zhu, Q., Cheng, L., Wang, Y., Li, M., Yang, Q., et al. (2021). Exosome
Detection via the Ultrafast-Isolation System: EXODUS. Nat. Methods 18,
212-218. doi:10.1038/541592-020-01034-x

Dong, J., Zhang, R. Y., Sun, N,, Hu, J., Smalley, M. D., Zhou, A., et al. (2020).
Coupling Nanostructured Microchips with Covalent Chemistry Enables
Purification of Sarcoma-Derived Extracellular Vesicles for Downstream

Frontiers in Chemistry | www.frontiersin.org

February 2022 | Volume 10 | Article 844124


https://doi.org/10.1016/j.bios.2021.113585
https://doi.org/10.1021/acs.chemrev.8b00171
https://doi.org/10.3389/fimmu.2021.638111
https://doi.org/10.3389/fimmu.2021.638111
https://doi.org/10.1080/20013078.2017.1313091
https://doi.org/10.1080/20013078.2017.1313091
https://doi.org/10.1038/s41596-021-00551-z
https://doi.org/10.1002/jev2.12123
https://doi.org/10.1002/jev2.12123
https://doi.org/10.1021/acs.analchem.0c03374
https://doi.org/10.1021/acs.analchem.0c03374
https://doi.org/10.1038/s41592-020-01034-x
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

Functional Studies. Adv. Funct. Mater. 30, 2003237. doi:10.1002/adfm.
202003237

Dong, X,, Lei, Y., Yu, Z., Wang, T,, Liu, Y., Han, G,, et al. (2021). Exosome-
mediated Delivery of an Anti-angiogenic Peptide Inhibits Pathological
Retinal Angiogenesis. Theranostics 11, 5107-5126. doi:10.7150/thno.
54755

Escudier, B., Dorval, T., Chaput, N., André, F.,, Caby, M.-P., Novault, S., et al.
(2005). Vaccination of Metastatic Melanoma Patients with Autologous
Dendritic Cell (DC) Derived-Exosomes: Results of Thefirst Phase 1 Clinical
Trial. J. Transl. Med. 3, 10. doi:10.1186/1479-5876-3-10

Fei, X,, Li, Z,, Yang, D., Kong, X, Lu, X, Shen, Y., et al. (2021). Neddylation of
Corola Determines the Fate of Multivesicular Bodies and Biogenesis of
Extracellular Vesicles. J. Extracell. Vesicles 10, e12153. doi:10.3402/jev.v2i0.
2036010.1002/jev2.12153

Gao, X, Ran, N,, Dong, X, Zuo, B., Yang, R., Zhou, Q., et al. (2018). Anchor
Peptide Captures, Targets, and Loads Exosomes of Diverse Origins for
Diagnostics and Therapy. Sci. Transl. Med 10, eaat0195. doi:10.1126/
scitranslmed.aaw0534

Ghosh, A., Davey, M., Chute, I. C, Griffiths, S. G., Lewis, S., Chacko, S., et al.
(2014). Rapid isolation of extracellular vesicles from cell culture and biological
fluids using a synthetic peptide with specific affinity for heat shock proteins.
PloS One, 9:2110443. doi:10.1371/journal.pone.0110443

Gori, A., Romanato, A., Bergamaschi, G., Strada, A., Gagni, P., Frigerio, R, et al.
(2020). Membrane-binding Peptides for Extracellular Vesicles On-chip
Analysis. J. Extracellular Vesicles 9, 1751428. doi:10.1080/20013078.2020.
1751428

Gudbergsson, J. M., Jensson, K., Simonsen, J. B., and Johnsen, K. B. (2019).
Systematic Review of Targeted Extracellular Vesicles for Drug Delivery -
Considerations on  Methodological and  Biological Heterogeneity.
J. Controlled Release 306, 108-120. doi:10.1016/j.jconrel.2019.06.006

Guo, J., Wu, C,, Lin, X, Zhou, J., Zhang, J., Zheng, W., et al. (2021). Establishment
of a Simplified Dichotomic Size-Exclusion Chromatography for Isolating
Extracellular Vesicles toward Clinical Applications. J. Extracell Vesicles 10,
€12145. doi:10.1002/jev2.12145

Hao, Y., Song, H., Zhou, Z., Chen, X,, Li, H,, Zhang, Y, et al. (2021). Promotion or
Inhibition of Extracellular Vesicle Release: Emerging Therapeutic
Opportunities. J. Controlled Release 340, 136-148. doi:10.1016/j.jconrel.2021.
10.019

Hassanpour Tamrin, S., Sanati Nezhad, A., and Sen, A. (2021). Label-free Isolation
of Exosomes Using Microfluidic Technologies. ACS Nano 15, 17047-17079.
doi:10.1021/acsnano.1c03469

He, J., Gui, S., Huang, Y., Hu, F,, Jin, Y., Yu, Y, et al. (2017). Rapid, Sensitive, and
In-Solution Screening of Peptide Probes for Targeted Imaging of Live Cancer
Cells Based on Peptide Recognition-Induced Emission. Chem. Commun. 53,
11091-11094. doi:10.1039/c7cc06485¢

Heinemann, M. L., Ilmer, M, Silva, L. P., Hawke, D. H., Recio, A., Vorontsova, M.
A., et al. (2014). Benchtop Isolation and Characterization of Functional
Exosomes by Sequential Filtration. J. Chromatogr. A 1371, 125-135. doi:10.
1016/j.chroma.2014.10.026

Jeppesen, D. K., Fenix, A. M., Franklin, J. L., Higginbotham, J. N., Zhang, Q.
Zimmerman, L. J., et al. (2019). Reassessment of Exosome Composition. Cell
177, 428-445. doi:10.1016/j.cell.2019.02.029

Jiang, C., Zhang, N., Hu, X, and Wang, H. (2021). Tumor-associated Exosomes
Promote Lung Cancer Metastasis through Multiple Mechanisms. Mol. Cancer
20, 117. doi:10.1186/s12943-021-01411-w

Kalluri, R, and LeBleu, V. S. (2020). The Biology, Function, and Biomedical
Applications of Exosomes. Science 367, 640-655. doi:10.1126/science.aau6977

Kim, Y. B, Yang, ]. S., Lee, G. B., and Moon, M. H. (2020). Evaluation of Exosome
Separation from Human Serum by Frit-Inlet Asymmetrical Flow Field-Flow
Fractionation and Multiangle Light Scattering. Analytica Chim. Acta 1124,
137-145. doi:10.1016/j.aca.2020.05.031

Kowal, J., Arras, G., Colombo, M., Jouve, M., Morath, J. P., Primdal-Bengtson,
B., et al. (2016). Proteomic Comparison Defines Novel Markers to
Characterize Heterogeneous Populations of Extracellular Vesicle
Subtypes. Proc. Natl. Acad. Sci. USA. S. A. 113, E968-E977. doi:10.1073/
pnas.1521230113

Li, W,, Shao, B., Liu, C., Wang, H., Zheng, W., Kong, W, et al. (2018). Noninvasive
Diagnosis and Molecular Phenotyping of Breast Cancer through Microbead-

Exosome Isolation and Enrichment

Assisted Flow Cytometry Detection of Tumor-Derived Extracellular Vesicles.
Small Methods 2, 1800122. doi:10.1002/smtd.201800122

Li, Y., Deng, J., Han, Z, Liu, C, Tian, F, Xu, R, et al. (2021). Molecular
Identification ~ of = Tumor-Derived  Extracellular ~ Vesicles  Using
Thermophoresis-Mediated DNA Computation. J. Am. Chem. Soc. 143,
1290-1295. doi:10.1021/jacs.0c12016

Lin, B,, Tian, T., Lu, Y., Liu, D., Huang, M., Zhu, L., et al. (2021). Tracing Tumor-
Derived Exosomal PD-L1 by Dual-Aptamer Activated Proximity-Induced
Droplet Digital PCR. Angew. Chem. Int. Ed. 60, 7582-7586. doi:10.1002/
anie.202015628

Lin, S, Yu, Z.,, Chen, D., Wang, Z., Miao, ], Li, Q., et al. (2020). Progress in
Microfluidics-Based Exosome Separation and Detection Technologies for
Diagnostic Applications. Small 16, 1903916. doi:10.1002/smll.201903916

Liu, C,, Zhao, J., Tian, F., Cai, L., Zhang, W., Feng, Q., et al. (2019). Low-cost
Thermophoretic Profiling of Extracellular-Vesicle Surface Proteins for the Early
Detection and Classification of Cancers. Nat. Biomed. Eng. 3, 183-193. doi:10.
1038/s41551-018-0343-6

Liu, F., Vermesh, O., Mani, V., Ge, T. J., Madsen, S. J., Sabour, A, et al. (2017). The
Exosome Total Isolation Chip. ACS Nano 11, 10712-10723. doi:10.1021/
acsnano.7b04878

Liu, H-Y., Kumar, R., Zhong, C., Gorji, S., Paniushkina, L., Masood, R,, et al. (2021).
Rapid Capture of Cancer Extracellular Vesicles by Lipid Patch Microarrays.
Adv. Mater. 33, 2008493. doi:10.1002/adma.202008493

Liu, X,, Wang, Q., Chen, J., Chen, X,, and Yang, W. (2021). Ultrasensitive
Electrochemiluminescence Biosensor for the Detection of Tumor Exosomes
Based on Peptide Recognition and Luminol-AuNPs@g-C3n4 Nanoprobe
Signal Amplificationluminol-AuNPs@g-C3n4 Nanoprobe Signal
Amplification. Talanta 221, 121379. doi:10.1016/j.talanta.2020.121379

Liu, X,, Yang, X,, Sun, W.,, Wu, Q.,, Song, Y., Yuan, L., et al. (2019). Systematic
Evolution of Ligands by Exosome Enrichment: A Proof-Of-Concept Study for
Exosome-Based Targeting Peptide Screening. Adv. Biosys. 3, 1800275. doi:10.
1002/adbi.201800275

Livshits, M. A., Khomyakova, E., Evtushenko, E. G., Lazarev, V. N., Kulemin, N. A,,
Semina, S. E,, et al. (2015). Isolation of Exosomes by Differential Centrifugation:
Theoretical Analysis of a Commonly Used Protocol. Sci. Rep. 5, 17319. doi:10.
1038/srep17319

Mathieu, M., Névo, N., Jouve, M., Valenzuela, J. I, Maurin, M., Verweij, F. ], et al.
(2021). Specificities of Exosome versus Small Ectosome Secretion Revealed by
Live Intracellular Tracking of CD63 and CD9. Nat. Commun. 12, 4389. doi:10.
1038/s41467-021-24384-2

Melo, S. A., Luecke, L. B,, Kahlert, C., Fernandez, A. F., Gammon, S. T., Kaye, J.,
et al. (2015). Glypican-1 Identifies Cancer Exosomes and Detects Early
Pancreatic Cancer. Nature 523, 177-182. doi:10.1038/nature14581

Meng, Q. F., Zhao, Y., Dong, C,, Liu, L., Pan, Y., Lai, J., et al. (2021). Genetically
Programmable Fusion Cellular Vesicles for Cancer Immunotherapy. Angew.
Chem. Int. Edit 60, 1-8. doi:10.1002/anie.202108342

Min, L., Wang, B., Bao, H,, Li, X., Zhao, L., Meng, J., et al. (2021). Advanced
Nanotechnologies for Extracellular Vesicle-Based Liquid Biopsy. Adv. Sci. 8,
2102789. doi:10.1002/advs.202102789

Mori, K., Hirase, M., Morishige, T., Takano, E., Sunayama, H., Kitayama, Y., et al.
(2019). A Pretreatment-Free, Polymer-Based Platform Prepared by Molecular
Imprinting and Post-Imprinting Modifications for Sensing Intact Exosomes.
Angew. Chem. 131, 1626-1629. doi:10.1002/ange.201811142

Ning, B., Huang, Z., Youngquist, B. M., Scott, J. W., Niu, A., Bojanowski, C. M.,
et al. (2021). Liposome-mediated Detection of SARS-CoV-2 RNA-Positive
Extracellular Vesicles in Plasma. Nat. Nanotechnol. 16, 1039-1044. doi:10.
1038/541565-021-00939-8

Pang, Y., Shi, J., Yang, X., Wang, C., Sun, Z., and Xiao, R. (2020). Personalized
Detection of Circling Exosomal PD-L1 Based on Fe304@TiO2 Isolation and
SERS Immunoassay. Biosens. Bioelectron. 148, 111800. doi:10.1016/j.bios.2019.
111800

Paolini, L., Zendrini, A., Noto, G. D., Busatto, S., Lottini, E., Radeghieri, A., et al.
(2016). Residual Matrix from Different Separation Techniques Impacts
Exosome Biological Activity. Sci. Rep. 6, 23550. doi:10.1038/srep23550

Park, J., Park, J. S.,, Huang, C.-H,, Jo, A., Cook, K., Wang, R, et al. (2021). An
Integrated Magneto-Electrochemical Device for the Rapid Profiling of Tumour
Extracellular Vesicles from Blood Plasma. Nat. Biomed. Eng. 5, 678-689. doi:10.
1038/s41551-021-00752-7

Frontiers in Chemistry | www.frontiersin.org

10

February 2022 | Volume 10 | Article 844124


https://doi.org/10.1002/adfm.202003237
https://doi.org/10.1002/adfm.202003237
https://doi.org/10.7150/thno.54755
https://doi.org/10.7150/thno.54755
https://doi.org/10.1186/1479-5876-3-10
https://doi.org/10.3402/jev.v2i0.2036010.1002/jev2.12153
https://doi.org/10.3402/jev.v2i0.2036010.1002/jev2.12153
https://doi.org/10.1126/scitranslmed.aaw0534
https://doi.org/10.1126/scitranslmed.aaw0534
https://doi.org/10.1371/journal.pone.0110443
https://doi.org/10.1080/20013078.2020.1751428
https://doi.org/10.1080/20013078.2020.1751428
https://doi.org/10.1016/j.jconrel.2019.06.006
https://doi.org/10.1002/jev2.12145
https://doi.org/10.1016/j.jconrel.2021.10.019
https://doi.org/10.1016/j.jconrel.2021.10.019
https://doi.org/10.1021/acsnano.1c03469
https://doi.org/10.1039/c7cc06485c
https://doi.org/10.1016/j.chroma.2014.10.026
https://doi.org/10.1016/j.chroma.2014.10.026
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1186/s12943-021-01411-w
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.aca.2020.05.031
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1002/smtd.201800122
https://doi.org/10.1021/jacs.0c12016
https://doi.org/10.1002/anie.202015628
https://doi.org/10.1002/anie.202015628
https://doi.org/10.1002/smll.201903916
https://doi.org/10.1038/s41551-018-0343-6
https://doi.org/10.1038/s41551-018-0343-6
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1002/adma.202008493
https://doi.org/10.1016/j.talanta.2020.121379
https://doi.org/10.1002/adbi.201800275
https://doi.org/10.1002/adbi.201800275
https://doi.org/10.1038/srep17319
https://doi.org/10.1038/srep17319
https://doi.org/10.1038/s41467-021-24384-2
https://doi.org/10.1038/s41467-021-24384-2
https://doi.org/10.1038/nature14581
https://doi.org/10.1002/anie.202108342
https://doi.org/10.1002/advs.202102789
https://doi.org/10.1002/ange.201811142
https://doi.org/10.1038/s41565-021-00939-8
https://doi.org/10.1038/s41565-021-00939-8
https://doi.org/10.1016/j.bios.2019.111800
https://doi.org/10.1016/j.bios.2019.111800
https://doi.org/10.1038/srep23550
https://doi.org/10.1038/s41551-021-00752-7
https://doi.org/10.1038/s41551-021-00752-7
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

Pedersen, S. L., Tofteng, A. P., Malik, L., and Jensen, K. J. (2012). Microwave
Heating in Solid-phase Peptide Synthesis. Chem. Soc. Rev. 41, 1826-1844.
doi:10.1039/clcs15214a

Pegtel, D. M., and Gould, S. J. (2019). Exosomes. Annu. Rev. Biochem. 88, 487-514.
doi:10.1146/annurev-biochem-013118-111902

Pham, T. C,, Jayasinghe, M. K., Pham, T. T., Yang, Y., Wei, L., Usman, W. M,, et al.
(2021). Covalent Conjugation of Extracellular Vesicles with Peptides and
Nanobodies for Targeted Therapeutic Delivery. J. Extracell Vesicles 10,
€12057. doi:10.1002/jev2.12057

Ruhland, M. K., Roberts, E. W., Cai, E., Mujal, A. M., Marchuk, K., Beppler, C., et al.
(2020). Visualizing Synaptic Transfer of Tumor Antigens Among Dendritic
Cells. Cancer Cell 37, 786-799. doi:10.1016/j.ccell.2020.05.002

Saludes, J. P., Morton, L. A., Coulup, S. K., Fiorini, Z., Cook, B. M., Beninson, L.,
et al. (2013). Multivalency Amplifies the Selection and Affinity of Bradykinin-
Derived Peptides for Lipid Nanovesicles. Mol. Biosyst. 9, 2005-2009. doi:10.
1039/¢3mb70109¢

Schneider, E., Winzer, R., Rissiek, A., Ricklefs, I., Meyer-Schwesinger, C.,
Ricklefs, F. L., et al. (2021). CD73-mediated Adenosine Production by
CD8 T Cell-Derived Extracellular Vesicles Constitutes an Intrinsic
Mechanism of Immune Suppression. Nat. Commun. 12, 5911. doi:10.
1038/541467-021-26134-w

Shao, H., Im, H., Castro, C. M., Breakefield, X., Weissleder, R., and Lee, H. (2018).
New Technologies for Analysis of Extracellular Vesicles. Chem. Rev. 118,
1917-1950. doi:10.1021/acs.chemrev.7b00534

Su, D., Tsai, H. I, Xu, Z., Yan, F., Wu, Y., Xiao, Y., et al. (2020). Exosomal PD-L1
Functions as an Immunosuppressant to Promote Wound Healing.
J. Extracellular Vesicles 9, 1709262. doi:10.1080/20013078.2019.1709262

Sun, N, Lee, Y.-T., Zhang, R. Y., Kao, R, Teng, P.-C,, Yang, Y., et al. (2020).
Purification of HCC-specific Extracellular Vesicles on Nanosubstrates for Early
HCC Detection by Digital Scoring. Nat. Commun. 11, 4489. doi:10.1038/
541467-020-18311-0

Sun, Z, Wang, L, Wu, S, Pan, Y., Dong, Y., Zhu, S, et al. (2020). An
Electrochemical Biosensor Designed by Using Zr-Based Metal-Organic
Frameworks for the Detection of Glioblastoma-Derived Exosomes with
Practical Application. Anal. Chem. 92, 3819-3826. doi:10.1021/acs.analchem.
9b05241

Suthar, J., Parsons, E. S., Hoogenboom, B. W., Williams, G. R, and Guldin, S.
(2020). Acoustic Immunosensing of Exosomes Using a Quartz crystal
Microbalance with Dissipation Monitoring. Anal. Chem. 92, 4082-4093.
doi:10.1021/acs.analchem.9b05736

Suwatthanarak, T., Tanaka, M., Miyamoto, Y., Miyado, K., and Okochi, M.
(2021b). Inhibition of Cancer-Cell Migration by Tetraspanin CD9-
Binding Peptide. Chem. Commun. 57, 4906-4909. doi:10.1039/
dlcc01295a

Suwatthanarak, T., Thiodorus, I. A., Tanaka, M., Shimada, T., Takeshita, D., Yasui,
T., et al. (2021a). Microfluidic-based Capture and Release of Cancer-Derived
Exosomes via Peptide-Nanowire Hybrid Interface. Lab. Chip 21, 597-607.
doi:10.1039/d01c00899k

Takeuchi, T., Mori, K., Sunayama, H., Takano, E., Kitayama, Y., Shimizu, T,
et al. (2020). Antibody-conjugated Signaling Nanocavities Fabricated by
Dynamic Molding for Detecting Cancers Using Small Extracellular Vesicle
Markers from Tears. J. Am. Chem. Soc. 142, 6617-6624. d0i:10.1021/jacs.
9b13874

Tayebi, M., Zhou, Y., Tripathi, P., Chandramohanadas, R., and Ai, Y. (2020).
Exosome Purification and Analysis Using a Facile Microfluidic Hydrodynamic
Trapping Device. Anal. Chem. 92, 10733-10742. doi:10.1021/acs.analchem.
0c02006

Théry, C., Amigorena, S., Raposo, G., and Clayton, A. (2006). Isolation and
Characterization of Exosomes from Cell Culture Supernatants and
Biological Fluids. Curr. Protoc. Cel Biol Chapter 3. doi:10.1002/0471143030.
cb0322s30

Tian, F.,, Zhang, S., Liu, C,, Han, Z,, Liu, Y., Deng, J., et al. (2021). Protein Analysis
of Extracellular Vesicles to Monitor and Predict Therapeutic Response in
Metastatic Breast Cancer. Nat. Commun. 12, 2536. doi:10.1038/s41467-021-
22913-7

Tzipilevich, E., Habusha, M., and Ben-Yehuda, S. (2017). Acquisition of Phage
Sensitivity by Bacteria through Exchange of Phage Receptors. Cell 168, 186-199.
doi:10.1016/j.cell.2016.12.003

Exosome Isolation and Enrichment

Vanaja, S. K., Russo, A. ], Behl, B., Banerjee, I, Yankova, M., Deshmukh, S. D., et al.
(2016). Bacterial Outer Membrane Vesicles Mediate Cytosolic Localization of
LPS and Caspase-11 Activation. Cell 165, 1106-1119. doi:10.1016/j.cell.2016.
04.015

Verweij, F. J., Balaj, L., Boulanger, C. M., Carter, D. R. F., Compeer, E. B., D’Angelo,
G., et al. (2021). The Power of Imaging to Understand Extracellular Vesicle
Biology In Vivo. Nat. Methods 18, 1013-1026. doi:10.1038/s41592-021-01206-3

Wang, H., Chen, K, Yang, Z., Li, W., Wang, C., Zhang, G., et al. (2019). Diagnosis
of Invasive Nonfunctional Pituitary Adenomas by Serum Extracellular Vesicles.
Anal. Chem. 91, 9580-9589. doi:10.1021/acs.analchem.9b00914

Wang, T., Li, Y., Guo, M., Dong, X., Liao, M., Du, M., et al. (2021). Exosome-
mediated Delivery of the Neuroprotective Peptide PACAP38 Promotes Retinal
Ganglion Cell Survival and Axon Regeneration in Rats with Traumatic Optic
Neuropathy. Front. Cel Dev. Biol. 9, 659783. doi:10.3389/fcell.2021.659783

Wu, M., Chen, Z, Xie, Q., Xiao, B., Zhou, G., Chen, G, et al. (2021). One-step
Quantification of Salivary Exosomes Based on Combined Aptamer Recognition
and Quantum Dot Signal Amplification. Biosens. Bioelectron. 171, 112733.
doi:10.1016/j.bi0s.2020.112733

Xie, F., Su, P, Pan, T., Zhou, X., Li, H., Huang, H., et al. (2021). Engineering
Extracellular Vesicles Enriched with Palmitoylated ACE2 as COVID-19
Therapy. Adv. Mater. 33, 2103471. doi:10.1002/adma.202103471

Xu, H,, Liao, C., Zuo, P., Liu, Z., and Ye, B.-C. (2018). Magnetic-based Microfluidic
Device for On-Chip Isolation and Detection of Tumor-Derived Exosomes.
Anal. Chem. 90, 13451-13458. doi:10.1021/acs.analchem.8b03272

Xu, R, Fitts, A., Li, X., Fernandes, J., Pochampally, R., Mao, J., et al. (2016).
Quantification of Small Vesicles by Size
Chromatography ~ with ~ Fluorescence  Detection.  Anal.
10390-10394. doi:10.1021/acs.analchem.6b03348

Yang, D., Zhang, W., Zhang, H., Zhang, F., Chen, L., Ma, L., et al. (2020). Progress,
Opportunity, and Perspective on Exosome Isolation - Efforts for Efficient
Exosome-Based Theranostics. Theranostics 10, 3684-3707. doi:10.7150/thno.
41580

Yang, J., Pan, B., Zeng, F., He, B., Gao, Y., Liu, X,, et al. (2021). Magnetic Colloid
Antibodies Accelerate Small Extracellular Vesicles Isolation for point-of-care
Diagnostics. Nano Lett. 21, 2001-2009. doi:10.1021/acs.nanolett.0c04476

Yin, Y., Chen, H., Wang, Y., Zhang, L., and Wang, X. (2021). Roles of Extracellular
Vesicles in the Aging Microenvironment and Age-Related Diseases. J. Extracell
Vesicles 10, e12154. doi:10.1002/jev2.12154

Yu, Z., Lin, S., Xia, F., Liu, Y., Zhang, D., Wang, F., et al. (2021). ExoSD Chips for
High-Purity Immunomagnetic Separation and High-Sensitivity Detection of
Gastric Cancer Cell-Derived Exosomes. Biosens. Bioelectron. 194, 113594.
doi:10.1016/j.bios.2021.113594

Zarnowski, R., Noll, A., Chevrette, M. G., Sanchez, H., Jones, R., Anhalt, H., et al.
(2021). Coordination of Fungal Biofilm Development by Extracellular Vesicle
Cargo. Nat. Commun. 12, 6235. doi:10.1038/s41467-021-26525-z

Zhang, H., Freitas, D., Kim, H. S., Fabijanic, K., Li, Z., Chen, H., et al. (2018).
Identification of Distinct Nanoparticles and Subsets of Extracellular Vesicles by
Asymmetric Flow Field-Flow Fractionation. Nat. Cel Biol. 20, 332-343. doi:10.
1038/s41556-018-0040-4

Zhang, H., and Lyden, D. (2019). Asymmetric-flow Field-Flow Fractionation
Technology for Exomere and Small Extracellular Vesicle Separation and
Characterization. Nat. Protoc. 14, 1027-1053. doi:10.1038/s41596-019-0126-x

Zhang, L., Ma, S., Wei, P, Zhao, Y., Mu, Y., Wu, ], et al. (2021a). Small Intestinal
Submucosa Membrane Modified by Fusion Peptide-Mediated Extracellular
Vesicles to Promote Tissue Regeneration. Adv. Healthc. Mater., 2101298.
doi:10.1002/adhm.202101298

Zhang, L., Wang, H., Zhao, G., Li, N., Wang, X,, Li, Y, et al. (2021b). Anti-Tim4
Grafting Strongly Hydrophilic Metal-Organic Frameworks Immunoaffinity
Flake for High-Efficiency Capture and Separation of Exosomes. Anal. Chem.
93, 6534-6543. doi:10.1021/acs.analchem.1c00528

Zhang, W., Yu, Z.-L., Wu, M,, Ren, J.-G., Xia, H.-F,, Sa, G.-L., et al. (2017).
Magnetic and Folate Functionalization Enables Rapid Isolation and Enhanced
Tumor-Targeting of Cell-Derived Microvesicles. ACS Nano 11, 277-290.
doi:10.1021/acsnano.6b05630

Zheng, H., Guan, S, Wang, X, Zhao, J, Gao, M, and Zhang, X. (2020).
Deconstruction of Heterogeneity of Size-dependent Exosome Subpopulations
from Human Urine by Profiling N-Glycoproteomics and Phosphoproteomics
Simultaneously. Anal. Chem. 92, 9239-9246. doi:10.1021/acs.analchem.0c01572

Exclusion
Chem. 88,

Extracellular

Frontiers in Chemistry | www.frontiersin.org

11

February 2022 | Volume 10 | Article 844124


https://doi.org/10.1039/c1cs15214a
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1002/jev2.12057
https://doi.org/10.1016/j.ccell.2020.05.002
https://doi.org/10.1039/c3mb70109c
https://doi.org/10.1039/c3mb70109c
https://doi.org/10.1038/s41467-021-26134-w
https://doi.org/10.1038/s41467-021-26134-w
https://doi.org/10.1021/acs.chemrev.7b00534
https://doi.org/10.1080/20013078.2019.1709262
https://doi.org/10.1038/s41467-020-18311-0
https://doi.org/10.1038/s41467-020-18311-0
https://doi.org/10.1021/acs.analchem.9b05241
https://doi.org/10.1021/acs.analchem.9b05241
https://doi.org/10.1021/acs.analchem.9b05736
https://doi.org/10.1039/d1cc01295a
https://doi.org/10.1039/d1cc01295a
https://doi.org/10.1039/d0lc00899k
https://doi.org/10.1021/jacs.9b13874
https://doi.org/10.1021/jacs.9b13874
https://doi.org/10.1021/acs.analchem.0c02006
https://doi.org/10.1021/acs.analchem.0c02006
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1038/s41467-021-22913-7
https://doi.org/10.1038/s41467-021-22913-7
https://doi.org/10.1016/j.cell.2016.12.003
https://doi.org/10.1016/j.cell.2016.04.015
https://doi.org/10.1016/j.cell.2016.04.015
https://doi.org/10.1038/s41592-021-01206-3
https://doi.org/10.1021/acs.analchem.9b00914
https://doi.org/10.3389/fcell.2021.659783
https://doi.org/10.1016/j.bios.2020.112733
https://doi.org/10.1002/adma.202103471
https://doi.org/10.1021/acs.analchem.8b03272
https://doi.org/10.1021/acs.analchem.6b03348
https://doi.org/10.7150/thno.41580
https://doi.org/10.7150/thno.41580
https://doi.org/10.1021/acs.nanolett.0c04476
https://doi.org/10.1002/jev2.12154
https://doi.org/10.1016/j.bios.2021.113594
https://doi.org/10.1038/s41467-021-26525-z
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1038/s41596-019-0126-x
https://doi.org/10.1002/adhm.202101298
https://doi.org/10.1021/acs.analchem.1c00528
https://doi.org/10.1021/acsnano.6b05630
https://doi.org/10.1021/acs.analchem.0c01572
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

Zhu, D., Duo, Y., Suo, M., Zhao, Y., Xia, L., Zheng, Z., et al. (2020). Tumor-
Exocytosed Exosome/Aggregation-Induced Emission Luminogen Hybrid
Nanovesicles Facilitate Efficient Tumor Penetration and Photodynamic
Therapy. Angew. Chem. Int. Ed. 59, 13836-13843. doi:10.1002/anie.202003672

Zhu, F, Ji, Y., Li, L., Bai, X,, Liu, X, Luo, Y., et al. (2021). High-throughput Single-
Cell Extracellular Vesicle Secretion Analysis on a Desktop Scanner without Cell
Counting. Anal. Chem. 93, 13152-13160. doi:10.1021/acs.analchem.1c01446

Zhu, L., Xu, Y., Wei, X, Lin, H., Huang, M., Lin, B, et al. (2021). Coupling Aptamer-
based Protein Tagging with Metabolic Glycan Labeling for In Situ Visualization
and Biological Function Study of Exosomal Protein-Specific Glycosylation.
Angew. Chem. Int. Ed. 60, 18111-18115. doi:10.1002/anie.202103696

Zhu, Q., Cheng, L., Deng, C., Huang, L., Li, ., Wang, Y., et al. (2021). The Genetic
Source Tracking of Human Urinary Exosomes. Proc. Natl. Acad. Sci. U. S. A.
118, €2108876118. doi:10.1073/pnas.2108876118

Zuo, B., Qi, H, Lu, Z,, Chen, L., Sun, B, Yang, R,, et al. (2020). Alarmin-painted
Exosomes Elicit Persistent Antitumor Immunity in Large Established Tumors
in Mice. Nat. Commun. 11, 1790. doi:10.1038/s41467-020-15569-2

Exosome Isolation and Enrichment

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Jin, Li, Huang and Zhao. 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 Chemistry | www.frontiersin.org

12

February 2022 | Volume 10 | Article 844124


https://doi.org/10.1002/anie.202003672
https://doi.org/10.1021/acs.analchem.1c01446
https://doi.org/10.1002/anie.202103696
https://doi.org/10.1073/pnas.2108876118
https://doi.org/10.1038/s41467-020-15569-2
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Recent Progress of Exosome Isolation and Peptide Recognition-Guided Strategies for Exosome Research
	Introduction
	2 Isolation and Enrichment Strategies of Exosomes
	2.1 Conventional Isolation and Enrichment Strategies
	2.1.1 Ultracentrifugation
	2.1.2 Size-Exclusion Chromatography
	2.1.3 Ultrafiltration
	2.1.4 Polymer Precipitation

	2.2 New Isolation and Enrichment Strategies
	2.2.1 Affinity Capture with Biopolymers
	2.2.2 Molecular Imprinting Technique
	2.2.3 Microfluidic Technique
	2.2.4 Asymmetric-flow field-flow Fractionation
	2.2.5 Liposome Fusion Technique


	3 Peptide Recognition-Guided New Strategies for Exosome Research
	3.1 Peptide Recognition-Based Exosome Isolation and Enrichment
	3.2 Peptide-Engineering Exosomes for Targeted Therapy

	4 Conclusion
	Author Contributions
	Funding
	References


